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Diabetes mellitus tipo 2 ¢ uma doenga de etiologia multifatorial que resulta da confluéncia
de pelo menos dots fenfmenos distintos, resisténcia & ag¢io e faléncia na produgdo de insulina.
Evidéncias recentes tem sugerido que mecanismos comuns podem participar dos eventos gue
precipitam o desenvolvimento tanto da resisténcia a insulina quanto da faléncia da célula beta
pancredtica. A caracterizagiio destes eventos pode abrir perspectivas para abordagens terapéuticas
unificadas visando corrigir simultaneamente os dois mais importantes distiirbios que participam da
génese desta doenga. A protefna co-ativador la do receptor ativado por proliferador de
peroxissoma, ou PGC-la, cumpre alguns requisitos que permitern sea inclusio numa lista de
possivels participantes nos mecanismos acima expostos. Para avaliar o papel desta proteina na
produgdo e na agiio periférica da insulina, utilizou-se um oligonuclectideo antisense capaz de
reduzir significativamente a expressdo da PGC-la. Através deste método observou-se que a PGC-
la responde a estimulos simpaticos que promovem a inibigio da secregdio de insulina. Tais
estimulos induzem o aumento da expressdo desta proteina que por sua vez leva a um aumento da
expressio da proteina desacopladora-2 (UCP-2) em ilhotas pancreaticas. O desacoplamento da
respira¢gio mitocondrial deve favorecer a redugiio da produgio de ATP decorrente do metabolismo
da glicose ¢ desta forma reduzir a secregdio de insulina. Por outro lado, em um modelo animal de
obesidade e diabetes induzido por dieta hiperlipidica observou-se um aumento da expressio da
PGC-1a em figado e tecido adiposo. A inibigdo da expressio da PGC-1a nestes animais promoveu
restauragdo da homeostase da glicose, aumento da secregdo de insulina, melhora na sinalizagfio de
insulina em tecidos periféricos e surpreendentemente, regressdo da esteatose hepética induzida por
dieta. Portanto, a proteina PGC-la surge como promissor alvo para abordagem terapéutica em

diabetes mellitus e doengas afins.
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Type 2 diabetes mellitus is a multifactorial disease that results from the confluence of at
least two distinct events, insulin resistance and failure of the pancreatic beta cell. Recent evidences
suggest that common mechanisms may participate in the events that precipitate the development of
both insulin resistance and beta cell disarrangement. The characterization of such events may offer
new perspectives for a unified therapeutic approach for diabetes. The protein PGC-1o. fulfills some
of the requirements to be included in 2 list of potential candidates for playing a role in the genesis of
both the main mechanisms involved in the development of diabetes. To evaluate the role of this
protein in the production and action of insulin we employed an antisense oligonucleotide to PGC-
1a, which is capable of significantly reducing the expression of this protein. Through this approach
it was observed that PGC-1a responds to sympathetic stimuli that inhibit insulin secretion. Such
stimuli induce the expression of PGC-1a and subsequently of the uncoupling protein-2 (UCP-2).
Once induced UCP-2 favors a reduction of ATP production from glucose metabolism and therefore
reduces insulin secretion. In addition, the expression of PGC-Ia was increased in liver and adipose
tissue of an animal model of diet-induced obesity and diabetes. The inhibition of PGC-1a promoted
an increase of insulin secretion, an increase of peripheral insulin action, an improvement of insulin
signal transduction and, surprisingly the reversal of diet-induced hepatic steatosis. Thus, PGC-1a

appears as an attractive potential target for therapeutics in diabetes and related diseases.

Abstract xvi



17



Diabetes mellitus € hoje um dos principais problemas de saide publica do mundo.
Nas ultimas duas décadas tem ocorrido aumento alarmante no nmimero de pessoas com
diagnostico de diabetes mellitus. Na maior parte dos casos, existe associag8o ao estilo de
vida sedentdrio ¢ & obesidade. Atualmente, o niimero global de pessoas com diabetes esta
em torno de 150 milhSes, com estimativa de 220 milhGes em 2010 e 300 milhdes em 2025
(ZIMMET, 2001). No Brasil, onde doengas infecciosas e carenciais ainda contribuem para
elevada mortalidade precoce, estudos epidemioldgicos revelam prevaléncias de 15% e 9%
para obesidade ¢ diabetes mellitus, respectivamente (FREIRE et al., 2003; FILOZOF et al,,
2001). Uma vez reconhecida a relevancia do diabetes mellitus como problema de satde
publica, tem se observado surpreendente aumento no investimento em pesquisa nesta drea.
Porém, a prevaléncia de obesidade e diabetes mellitus tipo 2 tem superado em muito o
avango cientifico.

O diabetes mellitus tipo 2 ¢ o resultado da falha da célula beta pancreatica em
compensar adequadamente & reduzida sensibilidade periférica 4 insulina, aumentando a
secregio do hormdnio (PICK et al., 1998; WEIR et al., 2001). Dessa forma, a hiperglicemia
resultante estd relacionada a diminuwigfio na captaghio de glicose pelos tecidos periféricos e a
um aumento na produgio hepatica de glicose. Em individuos com fungfio da céiula beta
normal, aumentos na demanda de insulina devido a resisténcia periférica ao horménio sio
compensados por um aumento coordenado na secregfio de insulina, mantendo assim os
niveis de glicose plasmatica dentro da normahdade. Em individuos geneticamente
predispostos ao diabetes mellitus tipo 2, a falha da célula beta em compensar o aumento na
demanda, resuita em progressiva elevacio dos niveis de glicose e determina o inicio do

quadro clinico da doenga (DONATH ¢ HALBAN, 2004).
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A perda da fase aguda da secregéio de insulina induzida por glicose € um defeito
funcional que se desenvolve durante a progresséio do diabetes. A habilidade da cé€lula beta
em secretar insulina em resposta a glicose € conferida a fatores genéticos proprios, sinais
neurais ¢ hormonais. O importante neste sentido € a manutencio de vias que otimizam o
metabolismo dos combustiveis para a geragio de sinais metabolicos, tal como o ATP, que
acopla os niveis de glicose plasmatica a secreciio de msulina (MALAISSE et al.,, 1976).

Entre os produtos do metabolismo da glicose nas células beta, o ATP ¢ o fator mais
importante para ativar a secrecfio de insulina. Nas células beta, o incremento na razdo
ATP/ADP inibe os canais de potissio dependentes de ATP (K srp), diminuindo o potencial
de membrana, levando ao influxo dos jons cdlcio (Ca®") e a secregio de insulina. No
entanto, fatores de origem neural também desempenham papel importante no controle da
secregdo de msulina. O sistema nervoso autonomo tem fungio importante na regulacio da
secre¢do de msulina estimulada por glicose. A fungio do estimulc neural sobre a fungéo
das células beta tem sido grandemente investigado nos tiltimos anos (GILON e HENQUIN,
2001). Acredita-se que o efeito exercido pelas fibras parassimpaticas originadas no micleo
motor dorsal do vago (BERTHOUD et al, 1990) e pelas fibras simpaticas da cadeia
simpética paravertebral (AHREN et al., 1990), sejam ambos controlados pelo hipotalamo
(GILON e HENQUIN, 2001).

A acetilcolina estimula diretamente a secrecdo de insulina pelas células beta através
da ativagfio de recepiores muscarinicos. Uma caracteristica do efeito colinérgico na ilhota é
a acdo sinergistica com a glicose, aumentando, assim, a hidrélise de fosfoinositol (PI) € a
secregio de insulina (KELLEY et al., 1995). A hidrélise de fosfoinositol € ativada pela

fosfolipase C (PLC) por mecanismo acoplado a proteina G. Este acoplamento € iniciado por
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um agonista ligado aos receptores muscarinicos (VERSPOHL e HERMANN, 1996). A
hidrolise da PI resulta na formagfio de inositol trifosfato (IP;), liberando célcio dos estoques
de célcio intracelular, aumentando a concentragio de calcio citosdlico, o qual €
acompanhado por répida estimulaciio da exocitose e secrecio de insulina (NIWA et al,,
1998). Por outro lado, a secregiio de insulina estimulada pela glicose ¢ inibida pela
noradrenalina (liberada pelas terminagSes nervosas simpaticas) por meio da ativagio de
receptores o2-adrenérgicos que agem através das proteinas G; e Gy, ¢ modulam
negativamente a atividade da adenilil ciclase (AC), reduzindo a produgdo de AMP ciclico e
por 1iltimo a secregdo de insulina. (NAKAKI et al., 1981).

Como descrito acima, em ndividuos primariamente insulino-resistentes, somente
uma falha da célula beta pancredtica em atender & crescente demanda de insulina na
periferia, devera permitir 0 desenvolvimento do diabetes mellitus tipo 2. Uma vez que o0s
niveis de ATP na célula beta desempenbam fungfio central no acoplamento estimulo-
secregdo, € possivel que alteragfio na raziio ATP/ADP seja um dos mecanismos pelos quais
ndo ha continuo ajuste da producfio de insulina em situagdes clinicas nas quais ha maior
demanda. Nesse sentido, a demonstragdo que a proteina desacopladora 2 (UCP-2) ¢
expressa em ilhotas pancreaticas (FLEURY et al.,, 1997), criou um novo foco de interesse,
uma vezZ que, esta proteina parece participar na adaptagfio cromica da célula beta ao
aumento dos secretagogos € contribuir para a supressio da secregiio de insulina estimulada
por glicose (CHAN et al, 1999). A proteina desacopladora mitocondrial (UCP),
inicialmente identificada em tecido adiposo marrom ¢ denominada termogenina, cumpre o
papel fisioldgico de dissipar o gradiente protdnico. As UCPs sfio proteinas de

aproximadamente 32 kDa, localizadas na membrana mitocondrial interna, responsével por
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estimular o consumo de oxigénio sem sintese de ATP, gerando calor NICHOLLS, 1976).
A UCP-1, quando estimulada pelo sistema nervoso simpatico em adaptagéio ao frio, é capaz
de provocar um aumento da condutincia de protons na membrana mitocondrial interna,
permitindo a dissipagfio do ApH™ (gradiente potencial eletroquimico de prétons) e gerar
calor. Em geral, a fungfio das UCPs ¢ diminuir a eficiéncia metabélica por dissociar a
oxidacdo dos substratos na mitocdndria para a proteina ATP sintetase (FoF))
(SCHAUWEN e HESSELINK, 2002).

O controle da expressio do gene das UCPs € pouco conhecido. Contudo, recentes
estudos revelaram que a proteina denominada Coativador 1 alfa do receptor ativado por
proliferador do peroxissoma (PGC-lo) desempenha papel importante nesta regulagéio
(PIUGSERVER et al., 1998) e parece participar de ¢ventos que conectam expressio génica
a fungfio mitocondrial A PGC-la € uma proteina de 798 aminodcidos, inicialmente
descrita em tecido adiposo marrom, através de um sistema hibrido em levedura
(PIUGSERVER et al., 1998). Essa molécula nfo se liga a0 DNA, mas age através de sua
interacdio (proteina-proteina) com os fatores tramscripcionais do DNA regulando a
expressdo génica. A expressdo e a indugfio pela exposiciio ao frio evidenciam a participacio
da PGC-la no metabolismo energético e termogénese adaptativa. Marcadamente, a
superexpresséo de PGC-la pode induzir fungbes ligadas a biogénese mitocondrial. Assim,
a PGC-lu apresenta uma intrincada habilidade de interagir com componentes da
maquinaria metabolica.

A termogénese adaptativa € um componente importante da homeostase energética ¢
uma defesa metabdlica contra a obesidade (FLIER, 2004). Em orgios termogenicamente

ativos tais como o tecido adiposo marrom e o musculo esquelético, a exposi¢iio ao frio
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promove a expressio da PGC-1a devido 20 aumento do tonus simpético via receptores p-3
adrenérgicos e AMP ciclico (BOSS et al, 1999). A indugio de PGC-la aumenta
significativamente a atividade transcripcional da PPARy e do receptor do hormdnio
tiroideano no promotor da UCP-1 (WU et al,, 1999). A expressdo ectépica da PGC-1a em
células de tecido adiposc marrom ativa a expressio da UCP-1 e das principais enzimas
mitocondriais da cadeia respiratoria, como os fatores respiratérios nucleares (NRFs), além
de aumentar o conteudo celular do DNA mitocondrial (SPTEGELMAN e FLIER, 2001).
Estes resultados indicam que a PGC-lo desempenha papel chave no programa
transcripcional dos receptores nucleares da termogénese adaptativa e que a expressio dessa
proteina é dependente de estimulos neurais.

A andlise de fungfo e estrutura revela gue a PGC-la contém um dominio de
ativacio franscricional potente junto ao aminoacido 200 na regiio N-terminal. A regido
entre os aminoacidos 142 e 146 € conhecida como a seqiiéncia responsavel pela interacio
dependente de ligante com outros coativadores de receptores nucleares, tais como;
receptores de estrogeno (TCHEREPANOVA et al., 2000), PPARax (VEGA et al,, 2000) e
receptor de glicocorticoide (KNUTTI et al., 2000), e provavelmente outros receptores
nucleares. Interessante € que o fator nuclear de hepatdcito (HNF-4a) também interage com
a PGC-la sem adigdio de qualquer higante, sugerindo que este receptor nuclear de horménio
estéd em uma conformago ativa sem adigfio de ligantes exdgenos (YOON et al, 2001). A
PGC-1a usa também o dominio entre os aminoacidos 200 e 400, interagindo com o PPARy
(PUIGSERVER et al., 1998) ¢ NRF-1 (WU et al., 1999); ¢ a regido entre os aminoacidos
400 ¢ 500 mteragem com MEF2-C (MICHAEL et al, 2001). Em adicdo, KNUTTI e

KRALLI (2001) sugeriram que a PGC-Ia promove transcrig&o por um complexo contendo
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histona acetiltransferase (HAT), pela proteina ligada a0 AMP ciclico (CREBP/p300) ou
amda pelo coativador 1 do receptor de esterdide (SRC-1).

A principio, a PGC-1a pareceun ser um alvo terapéutico potencial na obesidade, uma
vez que esta proteina parecia estar envolvida na termogénese, ou seja, aumento na
expresséo de tal proteina poderia resultar em maior gasto energético (PUIGSERVER et al,,
1998). No entanto, posteriormente, alguns trabalhos demonstraram que a PGC-1x € uma
proteina chave em modular a gliconeogénese hepética, podendo estar envolvida na elevada
produgfo hepética de glicose (YOON et al., 2001), ocorréncia comum em individuos com
diabetes mellitus tipo 2; achados estes confirmados por outros (DAITOKU et al., 2003;
KOO et al, 2004). A mais bem sucedida explicagfio molecular para tal achado foi realizada
por DAITOKU et al. (2003). Este grupo demonstrou que a AKT modula a transativagio da
FOXO-1 no gene da PGC-la conferindo, assim, efeito supressivo da insulina sobre a
expressdo da PGC-la, eles concluiram que a fosforilagio de CREB e a defosforilagdo da
FOXO-1 podem sinergicamente induzir a expressio de PGC-la, isso resulta em rapida
gliconeogénese, ¢ que maniém os niveis de glicose sanguinea, € que, nos casos de
resisténcia a insulina essa via estd permanentemente ativa, resultados comprovados também
por outros (PUIGSERVER et al., 2003; KOO et al., 2004).

Investiga¢des clinicas tém demonstrado que mutagGes no gene da PGC-la estfio
associados com diabetes mellitus tipo 2 ou obesidade (MULLER et al, 2003). Esses
autores verificaram que o polimorfismo na posi¢io 482, com a substituicio do aminodcido
glicina por serina, aumenta a suscetibilidade ¢ a predisposicio ao diabetes mellitus ¢

obesidade em indios Pima. Em adigfio, outros grupos revelaram que o mesmo polimorfismo
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resulta em diabetes mellitus tipo 2 em dinamarqueses (EK et al.,, 2001) e em pessoas do
Remo Unido (ANDERSEN et al., 2002).

Ultimamente foi sugerido que a PGC-la pode estar envolvida na lipogénese
hepatica (OBERKOFLER et al.,, 2004). Trabalhando com hepatdcitos isolados, estes
autores verificaram que células superexpressando PGC-lo tinham elevada expressdo
génica da enzima dcido graxo sintase (FAS) e da acetil coA carboxilase (ACC), enzimas
conhecidas pelo efeito lipogénico. Esses autores verificaram, ainda, que tal efeito €
mediado pela SREBP-lc (regulador chave na ativagho transcripcional de genes
lipogénicos), uma vez que ao expressar o dominante negativo de tal proteina ocorreu
reducio da expressdo tanto da FAS quanto da ACC.

Assim, partindo-se do conceito de que o diabetes mellitus é o resultado de
complexa associagdo entre diminuiciic da sensibilidade periférica & insulina e perda
funcional da capacidade de ajuste da célula beta pancreatica em responder a aumentada
demanda, e considerando-se que a PGC-lo esta envolvida tanto no processo de secregéo
quanto na sensibilidade periférica a insulina , decidiu-se avaliar o envolvimento desta

proteina na génese do diabetes mellitus e doengas relacionadas.
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Os objetivos do presente estudo foram:

Estudo 1

+ Avaliar se estimulos adrenérgicos gerados pela exposi¢do ao frio seriam capazes de
induzir a expressio da proteina PGC-1a em ilhotas de ratos e se esta modularia a expressio

da UCP-2 e, conseqgilentemente regularia a secregdo de insulina

Estude 2

+ Avaliar a participagio da PGC-la no diabetes mellitus induzido por dieta
hiperlipidica ¢ se a inibigdo in vive da PGC-lo exerceria algum efeito nos

parimetros clinicos da doenga.
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3.1 — Caracterizacdo dos modelos:
3.1.1 ~ Animais:

e Estudo 1: Para os experimentos constando na primeira publicagio da presente tese
(Item resultados), foram utilizados ratos machos, da linhagem Wistar-Hannover, de 8
semanas de idade, fornecidos pelo Biotério Central da UNICAMP (CEMIB). Os ratos
foram alimentados com ragdo comercial para roedores da Nuvital, a qual foi oferecida ad
libitum. Os animais foram divididos nos seguintes grupos: exposi¢do a temperatura de 4°C
em incubadora refrigerada com porta de vidro por 8 dias (grupo exposto a0 frio) ou
exposigio a temperatura ambiente (23 % 1°C) por igual periodo (grupo controle). A
avaliagiio da temperatura corporal, ingestdo alimentar, peso corpdreo e a coleta de amostras
de sangue para determinagfio de pardmetros bioquimicos ¢ hormonais foi sempre realizada
por volta das 9:00 hs, ap6s jejum de 2 horas. Tais medidas foram realizadas nos tempos 0 e
2 horas e diariamente por oito dias apés inicio da exposigdo ao fiio (4°C). A temperatura
corpérea foi aferida utilizando-se um termémetro retal de alta sensibilidade {Thermistor —
Hanna Instruments).

o Estudo 2: Na segunda parte do estudo, foram utilizados camundongos machos, das
linhagens Swiss ¢ CBA de 3 semanas de idade, fornecidos pelo Biotério Central da
UNICAMP (CEMIB). Imediatamente apds o recebimento, 0s camundongos foram
subdivididos em quatro grupos, a saber: CBA/Uni/C ¢ SW/Uni/C (animais gue foram
alimentados com ragfio comercial para roedores da Nuvital, a qual foi oferecida ad libitum)
e CBA/Uni/F ¢ SW/Uni/F (animais que foram alimentados com dieta hiperlipidica, a qual
foi oferecida ad libitum). Os animais foram sacrificados em diferentes tempos (0,4, 8, 12 ¢

16 semanas de tratamento). Tanto no estudo 1 quanto no 2 os animais foram mantidos em
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ciclo de luz controlado de 12 hs. Todos os experimentos animais foram realizados em

conformidade com as recomendacdes do comité de ética da Unicamp.

3.1.2 - Avaliacao metabélica, bioquimica e hormonal:
o Determinacdo da glicose plasmdtica: A dosagem da glicose sérica foi realizada
pelo método enzimdtico colorimétrico de glicose oxidase-peroxidase (TRINDER, 1969).

Os resultados foram expressos em mg/dl.

e Determina¢do da insulina: A insulina plasmética das amostras foi avaliada por
radioimunoensaio e, a curva padrio determinada com insulina de rato (SCOTT et al,

1981). Os resuitados foram expressos em ng/ml.

e Determinagdo de dcidos graxos livres (AGL) e de triglicerideos séricos: Os acidos
graxos livres e os triglicerideos das amostras de soro foram dosados utilizando-se o kit
comercial de ELISA segundo a indicagfio do fabricante (Wako Chemicals, Richmond, CA,

USA). Os resultados foram expressos em mM.

o Determinagdo de Leptina: A leptina das amostras de soro foram dosadas
utilizando-se o kit comercial de ELISA segundo a indicacio do fabricante (Linco Research

Inc, St Charles, MO,USA). Os resultados foram expressos em pg/ml.

o Determinacdo de TSH: O hormdnio estimulador da tiredide das amostras de soro
foi dosado utilizando-se kit de radioimunoensaio conforme a descrigdo do fabricante

{Amersham Pharmacia Biotech, Aylesbury, UK). Os resultados foram expressos em ng/ml.
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 Determinagdo de corticosterona: Os niveis de corticosterona nas amostras de soro
foram dosadas utilizando-se kit de radioimunoensaio conforme a descrigio do fabricante

(Amersham Pharmacia Biotech, Aylesbury, UK). Os resultados foram expressos em ng/ml.

3.2 — Protocolo experimental:

3.2.1 — Animais:

» Estudo 1. Ap6s a caracterizagio preliminar do modelo, os animais foram
subdivididos em seis grupos: animais que permaneceram em temperatura ambicnte (23 +

1°C; C), animais mantidos em temperatura ambiente e submetidos a vagotomia, animais

. -

mantidos a temperatura ambiente ¢ submetidos a simpatectomia (23 + 1°C; C+8), animais
que foram expostos ao frio (23 + 1°C; 4°C), expostos ao frio e submetidos a vagotomia, ou
simpatectomizados expostos ao frio (23 = 1°C; 4°C+S). Como a vagotomia ndo produziu
efeito significativo sobre a secre¢fio de insulina in vivo, decidiu-se pela nfio inclusio do
grupo vagotomizado no restante dos estudos.

e Estudo 2: ApOs a caracterizagfo preliminar do modelo, os animais foram
subdivididos em trés grupos, a saber: camundongos Swiss dieta padrio que nfo foram
tratados com oligonucleotideo (SW/Uni/C); Swiss obesos-diabéticos que foram submetidos
ao tratamento com oligonucleotideo sense (SW/Uni/F); e Swiss obesos-diabéticos que
foram submetidos ao tratamento com oligonucleotideo antisense (SW/Uni/F/PGC-1a/AS).
Como, os animais CBA nfio desenvolveram o quadro de diabetes, estes foram usados
apenas como controles na caracterizagdo do estudo, sendo posteriormente excluidos do

restante dos protocolos.
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3.2.2 - Desnervacgio cinirgica do vago e dos ramos paravertebrais simpéticos:

Os animais privados de alimentac@io por 10 hs foram anestesiados com pentobarbital
de sodio (70 mg/Kg intraperitonealmente). Apds incisdo da linha transversa abdominal, o
lobo esquerdo do figado foi rebatido e o estbmago suavemente tracionado permitindo assim
a exposigdo da porcéio troncular do nervo vago no seu trajeto peri-esofagico trans-
diafragmatico. Assim os ramos a serem seccionados foram gentilmente liberados do tecido
conjuntivo, suportado por um fino micro-gancho ¢ seccionados com micro-tesoura, A
parede abdominal foi suturada por planos.

Para desnervac@o simpatica paravertebral, a cavidade abdominal foi aberta por incisio
transversal, ¢ apds afastamento adequado de lobos hepaticos a grande curvatura gastrica foi
mobilizada permitindo a exposi¢io da retrocavidade com visualizaciio por microscopia
binocular de génglios celiacos e paravertebrais altos os quais foram removidos por
seccionamento com micro-fesoura. A parede abdominal foi suturada por planos. O
tratamento pés-operatorio incluiv aplicagdo de Nitrofurazona para os ferimentos, injegio
intramuscular de 10 mg/Kg de antibidtico sulfate de gentamicina, e injecio subcutinea de
20 mg/Kg de hidrocloreto de meperidina como analgésico, conforme descrito (LARSON et
al., 1985). Em alguns experimentos, amimais simpatectomizados foram tratados
intraperitonealmente durante trés dias (quinto ao oitavo dia de exposig¢do ao frio) com um
agonista o—2 adrenérgico (clonidina) (Sigma, St. Louis, Mo, USA) (0,025 mg/Kg) as 7:00

am, 3:00 pme 11:00.

3.2.3 — Oligonucleotideos sense e antisense especificos:
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O oligonucleotideo portando modificagiio fosforotioato da UCP-2 (semse, 5° TGT
ATT GCA GAT CTC A 3’ e antisense, 5° TGA GAT CTG CAA TAC A 3°) e da PGC-la
( sense, 5° TCA GGA GCT GGA TGG C 3’ e antisense, 5° GCC ATC CAG CTC CTG A
3) foram produzidos pela Invitrogen Corporation (Carisbad, CA, USA). Cada seqliéncia
foi selecionada entre trés pares nfo relacionados de oligonucleotideos com base nas suas
habilidades em bloquear a expressfio das proteinas UCP-2 e PGC-1a, respectivamente,
como avaliado por imunoblot. A seqiiéncia selecionada foi analisada pelo programa
BLAST — NCBI. Para o estudo 1, o bloqueio das proteinas por oligonucleotideo foi
realizado em ilhotas isoladas no meio de cultura priméria como descrito abaixo no item
secrecdo estdtica de insulina. Para o estudo 2 os oligonucleotideos foram utilizados por 16
dias (quando os niveis de glicose estabilizaram por 3 dias consecutivos), com aplicacdo (IP)
disria de 1,0 nmol de oligonucleotideo diluido em veiculo. A concentragéo ideal foi

determinada por curva dose-resposta.

3.3 - Teste de tolerincia intraperitoneal a glicose (GTT):

Foi realizado ap6s 12 horas de jejum (9:00PM/9:00AM), apés completar 8 dias de
exposicio ao frio ou temperatura ambiente. Através de corte na extremidade da cauda do
animal efetou-se uma primeira coleta de sangue em capilar previamente heparinizado, que
em seguida foi centrifugado (micro centrifuga) para a obtencfio da fragio sérica para a
dosagem de glicose, 0 que equivaleu ao tempo zero (10) do teste. Em seguida, foi realizada
a injegio de uma solucio de glicose 50% (2 g/Kg de peso corporal) administrada

intraperitoneamente e posteriormente foram coletadas amostras de sangue nos tempos 30,
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60, 120 minutos, para as dosagens de glicose. Para a dosagem de insulina utilizou-se 75 pl

de sangue, diluido em 200 jl de solucdo fisioldgica nos mesmos tempos acima citado.

3.4 - Teste de tolerdncia intraperitoneal i insulina (ITT):

O alimento foi retirado seis horas antes do teste, ao final do periodo experimental.
Por meio de um corte na extremidade da cauda do animal efetuou-se uma primeira coleta
de sangue para dosagem de glicose, o que equivaleu ao tempo zero do teste. Em seguida,
foi injetado intraperitonealmente 2 U de insulina por quilo de peso corporal ¢ amostras de
sangue foram coletadas pela cauda nos tempos 5, 10, 15, 20, 25 e 30 minutos para a
determinacdio da glicose sérica. A velocidade constante do decaimento da glicose (Kitt) foi
calculada usando a formula 0,693/t1,. O t), da glicose foi calculado a partir da curva da
analise dos minimos quadrados da concentracio da glicose sérica durante a fase de

decaimento Lnear.

3.5 - Ciamp hiperinsulinémico-euglicémico:

Apbs jejum de 12 horas, uma dosagem de glicose foi tomada como valor basal, o
qual foi utilizado como ponto de partida para o inicio do clamp. Em seguida os animais
foram anestesiados intraperitonealmente com pentobarbital de sodio (50 mg/kg) e cateteres
foram inseridos na veia jugular esquerda (para infusdo) e artéria cardtida (para amostras de
sangue). Apds a cirurgia de colocagdo dos cateteres, aguardou-se aproximadamentie 60
minutos ou que os valores de glicose se aproximassem do basal, quando entdo foi iniciada a
infusio continua de insulina regular (21,6 nmolKg? min?). Amostras de sangue (I pL)

foram coletadas em mtervalos de 5 minutos para a medida imediata da concentragéo de
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glicose (glicosimetro One Touch Ultra), e glicose, a uma concentragio de 10%, foi
infundida em freqiiéncia necessaria por manter os niveis de glicose proéximos ao basal.
Todas infusbes foram realizadas usando equipamento Harvard. Ao final do clamp os

animais foram sacrificados através de infusfio intravenosa de pentobarbital de sédio.

3.6 — Método Gravimétrico para determinacéio dos lipideos hepaticos totais:

Os fragmentos de tecido hepético (0,2g) foram macerados em tubos de ensaio de 7,5
ml e a estes foi adicionada uma solugio de metanol/cloroformio na proporgio 1:2, ambos
da Merck. Os tubos foram deixados em repouso 4 temperatura ambiente por uma noite,
tempo suficiente para a decanta¢io dos residuos do tecido delipidado. No dia seguinte, os
extratos foram filirados em filtro de papel 50 e transferidos para frascos pré-pesados e
secos. Apos a total evaporagio da solugio de extragfo, os frascos foram novamente pesados
e a diferenca com relagio ao peso anterior foi considerada a gordura extraida

gravimetricamente.

3.7 - Isolamentos das ilhotas pancreaticas:

Apés o sacrificio dos animais e laparotomia com visualizagio do ducto biliar
comum, este foi clampeado na sua extremidade distal junto ao duodeno, e dissecado
préximo ao pediculo hepdtico. Nesse ponto foi introduzida uma cénula de polietileno e
injetados cerca de 10 mi de solugfio de Hanks (NaCl 137 mM, KCi 5 mM, CaCl, 1 mM,
MgS0O; 1 mM, Na,HPQO,; 0,3 mM, KH,POs 0,4 mM, NaHCO; 4 mM, equilibrada com
carbogénio e mistura de O,/CO> — 95%/5%) e colagenase na proporgdo de 0,7 mg/mL

(Colagenase Type V). A solugfo fluiu através dos ductos pancredticos provocando a
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divulsiio do tecido acinar. O pincreas foi entdo retirado e colocado em placa de Petri para
dissecglo de ginglios linfaticos, gordura e vasos sangiiineos. Em seguida, com o emprego
de tesoura foi fragmentado em pedacos de aproximadamente 1,5 mm™ Os fragmentos
foram transferidos para tubo de ensaic de 9,5 x 1,5 cm. Durante 20 minutos, a preparagio
foi incubada a 37 C e gaseificada com carbogénio. Em seguida, agitou-se o tubo durante 5
minutos a 37C e logo apds, durante 2 minutos A temperatura ambiente. Posteriormente,
vérias lavagens das ilhotas com solugio de Hanks foram realizadas para a interrupcdo da
digestdio do tecido pancreético. Entfio, procedeu a separagfio do tecido acinar das ithotas de
Langerhans por decantagio (LACY ¢ KOSTIANOVSKI, 1967), modificado por

BOSCHERO et al. (1980).

3.8 - Secreciio estitica de insulina:

Apbs obtengdo das ilbotas, estas foram colhidas uma a2 uma com uma micropipeta
siliconizada de 100 pl sob upa e colocadas em recipientes plasticos (5 ithotas por frasco),
contendo 1 ml de solugio de Krebs (Na* 139 mM, K" 5 mM, Ca>* 1 mM, Mg** 1 mM, CI
124 mM, HCO; 24 mM). As ilhotas foram pré-incubadas por 30 minutos em solugio de
Krebs contendo 5,6 mM de glicose. Logo apds a pré-incubagfo, o meio foi descartado e as
ilhotas foram colocadas em um novo meio ¢ a este, diferentes concentragdes de glicose
(2.8; e 16,7 mM) foram acrescidas. Esses recipientes foram entfio colocados em banho tipo
Dubinoff com agitagio a 37°C, durante 60 minutos e atmosfera de carbogénio através da
injecdo de uma mistura de O,/CO; (95%/5%). Para o estudo de secrecdio estitica em ilhotas
tratadas com ou sem oligonucleotideo antisense, o seguinte protocolo foi realizado: grupos

de cinco ilhotas isoladas foram inicialmente incubadas por 14 horas a 37°C, em meio RPMI
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a 5,6 mM de glicose sem oligonucleotideo ou na presenca de 2,0 nmol de sense ou 2,0
nmol de antisense UCP-2 ou PGC-la. Apés o término da pré-incubacgéio de 14 horas, o
meio foi entio removido. As ilhotas foram entdo colocadas em um novo meio RPMI e
mantidas por uma hora mas condigdes de 2,8 mM ou 16,7 mM de glicose sem
oligonucleotideo ou com sense ou antisense (UCP-2 ou PGC-la). Terminada a incubagfo,
o sobrenadante foi recolhido em microtubos Eppendorf ¢ armazenado para determinagdo da
insulina, através de radioimunoensaio. Parte das ilhotas foi utilizada para a avaliagdo da

efetividade do bloqueio.

3.9 — Western blot e Imunopreciptagio:

3.9.1 - Extraciio dos tecidos:

Para o estudo 1, a obtengdio das ilhotas pancreaticas para a avaliagfio da expresséo
de UCP2 e de PGC-la foi reafizada como descrito acima (item, isolamento das ilhotas
pancredticas). Para o estudo da PGC-1a., de proteinas envolvidas no metabolismo lipidico
¢ na sinalizacio da insulina, os animais foram anestesiados intraperitonealmente com
tiopentat sédico (50 mg/kg peso), e submetidos 4 extragdo do tecido adiposo branco e de
figado para avaliagio dos niveis protéicos dessas protefnas, bem como fosforilagdo do IR.
Inicialmente foi aberta a cavidade abdominal e injetada solugdo fisioldgica (grupo
negativo) ou insulina regular (grupo positivo — 0,2 mi) pela veia cava do animal. Apds
tempos pré-estabelecidos da injegdio da insulina, foram coletados fragmentos de tecidos
periféricos (figado e tecido adiposo branco), os quais foram colocados imediatamente em

tubo cdnico tipo falcon contendo tampio de extragdio, mantidos em gelo. Os tecidos foram
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homogeneizados durante 20 segundos com processador do polyfron PTA 208 (modelo PT
10/35, Brinkmann Instruments, Westbury, NY, USA), operado em velocidade méxima.
Durante e apos o procedimento, o material homogeneizado foi mantido em banho de gelo
para evitar a desfosforilagiio das protefnas. Ao final da extragdo, foi adicionado Triton X-
100 1% em todas as amostras ¢ mantidas em gelo. ApOs quarenta minutos, 0s materiais
extraidos e homogeneizados foram submetidos a centrifugacgo. Utilizou-se a velocidade de
12;000 rpm por 20 minutos a 4°C, para remover o material insohivel, utilizando-se o
sobrenadante para as etapas seguintes: uma parte foi utilizada para determinar a
concentracio protéica de cada amostra pelo método colorimétrico de biureto
(BRADFORD, 1976); outra parte foi utilizada para avaliagio do extrato total, ou seja,
separagfio das proteinas em SDS-PAGE, com tampdo de Laemmli (LAEMMLI, 1970),
acrescido de DTT 200 mM, em proporgdo de 5:1, mantido sempre a 4°C até o momento de
submeter A fervura a 100°C durante 5 minutos, e posteriormente aplicados em gel de
poliacrilamida; e finalmente outra parte foi utilizada para imunoprecipitagdo com

anticorpos especificos para os antigenos a serem estudados.
3.9.2 — Western blot:

Aliquotas contendo 250 pg de proteina por amostra foram aplicadas sobre gel de
poliacrilamida (SDS-PAGE), de 1,5 mm de espessura. A eletroforese foi realizada em cuba
de minigel da Bio Rad (Mini-Protean), com solu¢o tampéo para eletroforese, previamente
diluida. O SDS-PAGE foi submetido a 25 volts, inicialmente, até a passagem da linha
demarcada pela fase de empilhamento e 120 volts até o final do gel de resolugio. Na

seqiiéncia, as proteinas separadas no SDS-PAGE, foram transferidas para a membrana de
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nitrocelulose, utilizando-se o equipamento de eletrotransferéncia de minigel da Bio Rad, e a
solugéio tampdo para transferéncia mantido em voltagem constante de 120 volts por 2 horas,
sob refrigeragdo continua por gelo. As membranas de nitrocelulose contendo as proteinas
transferidas foram incubadas em soligfio bloqueadora por 2 horas, a temperatura ambiente,
para diminuir a ligagfio inespecifica de proteinas. A seguir, as membranas foram lavadas
com solucgéio basal por 3 sessdes de 10 minutos e incubadas com anticorpos especificos sob
agitacfio constante por uma noite a 4°C. Foram entfo lavadas novamente com solugdo basal
por 3 sessdes de 10 mmutos e incubadas a seguir em solugfio com proteina A, marcada com
'], durante 2 horas & temperatura ambiente. O excesso de protefna A foi lavado com
solugiio basal e entfio, as membranas expostas ao filme de RX (Kodak XAR - Rochester,
NY), com intensificador (Cronex Lightning Plus - DuPont, Wilmington, DE) em cassete
mantido a -80°C. Apds 48 horas ou mais, os filmes foram revelados na forma convencional.

A mtensidade das bandas foi determinada através da leitura das autoradiografias
reveladas por densitometria Otica, utilizando um scanner (HP 3400) e o programa Scion

Image (Scion Corporation).

3.9.3 - Imunoprecipitacgiio:

Volumes das amostras, com concentracio protéica de 5 mg, foram utilizadas para
imunoprecipitacio com anticorpos especificos, sendo que a determinagio das proteinas
seguiu as etapas descritas anteriormente no item “extragdo dos tecidos”. As amostras foram
colocadas sob incubagdo durante 12 horas a 4°C, sob agitagiio continua. Em seguida,

acrescentou-se proteina A-Shepharose 6MB em todas as amostras para precipitagio do
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complexo antigeno/anticorpo, sendo mantidas em agitagfio continua por mais duas horas.
Apos nova centrifugaciio por 15 minutos, a 12.000 rpm a 4°C, o sobrenadante foi
descartado e o material precipitado lavado por trés vezes com a solugio tampéo especifico
para lavagem. As proteinas precipitadas, a seguir, foram tratadas com tampdo de Laemmbi
contende 100 mM de DTT, aquecidas em dgua fervente por 5 minutos e centrifugadas por 1
minuto. As proteinas foram entdo submetidas a eletroforese em SDS-PAGE e transferidas
para membrana de nitrocelulose, seguindo as etapas descritas no item “Western blot™.
Nestes experimentos de imunoprecipitagio, as membranas foram submetidas ao blotting

com anticorpo antifosfotirosina.

3.10 - Histologia com coloraciio Hematoxilina - Eosina:

Apoés sacrificio dos animais, fragmentos do tecido hepético foram coletados e
colocados em frasco contendo paraformaldeido & 4% por 12 horas. O 6rgio foi entio
processado com dlcool em diferentes concentracdes (70%, 80%, 95% e 100 %), xilol, ¢
xilol/parafina. A seguir, o tecido foi incliido em blocos de parafina, onde foi seccionado
em cortes de 5 pum e fixados emiminas de microscopia previamente silanizadas. Apos um
repouso de cerca de 24 horas (para completa fixacio dos cortes) as ldminas foram
desparafinizadas com xilol, re-hidratadas com as diferentes concentragbes de dlcool. Em
seguida foi realizada a coloragdo com hematoxilina € eosina. A andlise foi realizada através

de microscopia dptica (Olympos BX 60).

3.10 - Imunochistoquimica:
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Os animais foram anestesiados com tiopental (50 mg/Kg), por via intra-peritoneal.
Ap6s a perda dos reflexos pedioso e cornmeano, realizou-se toracotomia mediana com
posterior canulagio trans-cardiaca da aorta toracica. Os animais foram entdo perfundidos
com cerca de 80 mi de soluggio fisiologica heparinizada (0,01% volume/volume), ¢ a seguir
80 m! de paraformaldeido (Sigma) a 4% dissolvidos em agua destilada pré-aguecida e
" tampdio fosfato 0,2 M, pH 7,4. Ambas as perfusGes foram feitas com bomba de infusdo,
numa velocidade fixa de 4,0 ml/min. Apés notar-se a completa fixaciio do tecido
pancreatico, este foi retirado e colocado em frasco contendo paraformaldeido & 4% por 12
horas. O orgdo foi entfio processado com dlcool em diferentes concentragdes (70%, 80%,
95% e 100 %), xilol, e xiloVparafina. Entfo foi nchido em blocos de parafina, onde foi
seccionado em cortes de 5 pm e fixados laminas silanizadas. Ap6s um repouso de cerca de
24 horas (para completa fixagdo dos cortes) as liminas foram desparafinizadas com xilo},
re-hidratadas com as diferentes concentracdes de alcool e lavadas cerca de trés vezes com
PBS 0,1M, pH 7,4. A seguir foi iniciada a reagfio de imunoperoxidase. Apds os cottes
haverem sido desparafinizados, re-hidratados e tratados com Triton X-100 por 10 min,
foram submetidos ao tratamento com H,0» a 1% em PBS 0,1M, pH 7,4, para o bloqueio da
peroxidase endogena, por cerca de 30 min e protegidos da juz. A seguir, foi feito o bloqueio
com leite desnatado 5% em PBS 0,1M, pH 7,4 por uma hora. Na seqiiéncia os cortes foram
submetidos a incubagdio com anticorpo primério especifico na diluicdo de 1/100 em lette
desnatado 1% e PBS 0,1 M, overnight 3 4°C. Em seguida, os cortes foram lavados e
submetidos ao anticorpo secundério associado a peroxidase (Santa Cruz), diluidos em 1/200
em leite desnatado 1% e PBS 0,1M, pH 7,4, durante 2 horas em temperatura ambiente.

Os cortes foram entiio novamente lavados e incubados com a soluggio reveladora contendo
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diaminobenzidina (DAB), H,0, ¢ PBS 0,IM pH 7,4, durante aproximadamente 3 min. A
reacdo foi bloqueada colocando-se as ldminas em dgua deionizada e o tecido foi conira-
corado com hematoxilina de Harris. Os cortes foram entfio desidratados nas diferentes

concentracdes de dlcool e xilol e as laminas foram montadas com Entellan®. A analise foi

realizada através de microscopia éptica (Olympos BX 60).

3.12 - Anilise estatistica:

Os resultados foram expressos como média (X) + erro padréo da meédia (E.P.M.).
Para comparagdo de dois grupos, foi utilizado teste f de Student para dados ndo pareados,
com nivel de significancia de 5 % (p<0,05). Para comparagio de mais que 2 grupos de
valores, foi utilizado andlise de varifncia (ANOVA), seguida de teste para comparacio

multipla de médias (teste de Tukey-Kramer), com nivel de significincia de 5 % (p<0,05).
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Abstract

Aims/hypothesis. Sympathetic inputs inhibit insulin
secretion through o2-adrenergic receptors coupled
with Gi protein. High adrenergic tonus generated by
exposure of homeothermic animals to cold reduces
insulin secretion. In this study we evaluate the partici-
pation of UCP-2 in cold-induced reguiation of insulin
secretion.

Methods. Static insulin secretion studies, western blot-
ting and immunohistochemisiry were used in this in-
vestigation.

Results. Exposure of rats to cold during 8 days pro-
moted 60% (n=15, p<0.05) reduction of basal serum
insulin levels concentration accompanied by reduction
of the area under insulin curve during i.p. GTT (30%,
n=15, p<0.05). Isolated islets from cold-exposed rais
secreted 57% (n=6, p<0.05) less insulin following a
glucose challenge. Previous sympathectomy, partially
prevented the effect of cold exposure upon insulin
secretion. Islets isolated from cold-exposed rats ex-

pressed 51% (n=6, p<0.5) more UCP-2 than islets
from control rats, while the inhibition of UCP-2 ex-
pression by antisense oligonucleotide treatment par-
tiaily restored insulin secretion of islets obtained from
cold-exposed rats. Cold exposure aiso induced an in-
crease of 69% (n=6, p<0.05) in PGC-1 protein content
in pancreatic islets. Inhibition of isiet PGC-1 expres-
sion by antisense oligonucleotide abrogated cold-in-
duced UCP-2 expression and partially restored insulin
secretion in islets exposed to cold.
Conclusion/interpreatation. Our data indicate that
sympathetic tonus generated by exposure of rats to
cold induces the expression of PGC-1, which partici-
pates in the control of UCP-2 expression in pancreatic
islets. Increased TJCP-2 expression under these condi-
tions could reduce the beta-cell ATP/ADP ratio and
pegatively regulate insulin secretion. Diabetologia
(2003) 46:1522-1531]

Keywords Insulin, uncoupling protein, PGC-1, islet,
sympathetic.

The role played by neural inputs on beta-cell fuaction
has been a matter of intense investigation over the lat-
est forty years [1]. The highest effect is believed to be
exerted by parasympathetic fibres originated at the
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dorsal motor mucleus of the vagus [2] and by sympa-
thetic fibres of the paravertebral sympathetic chain
[3], both of which are under tight control of the hy-
pothalmms [1].

Acetylcholine (Ach) mediates parasympathetic sig-
nals and acts upon pancreatic beta cells activating
muscarinic M3 receptor subtype [4, 5], which in tun
promotes phospholipase f (PLCP) stimmulation with
subsequent diacylglycerol (DAG) and inositol 1.4,5
triphosphate (IP3) accumulation [6]. The net result is
the elevation of cytosolic Ca?* and increased insulin
secretion. In contrast, norepinephrine (NE) released
by sympathetic terminals stimulates beta-cell o2
adrenergic receptors that acting through G; or Gq pro-
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teins negatively modulate adenyl cyclase activity,
reducing cAMP production and, ultimately, insulin
secretion [7, 8, 9].

Tight regulation of the ATP/ADP ratio in pancreat-
ic beta cells is mostly under the control of metabolite-
dependent pathways, and exerts direct effects upon in-
sulin secretion by controlling ATP-sensitive K+ chan-
nels [10]. Recent findings show that uncoupling pro-
tein 2 (UCP-2) could participate in physiological con-
trol of insulin secretion by modulating mitochondria
efficiency and thus the production of ATP [11]. More-
over, adenoviral over-expression of UCP-2 in pancre-
atic islets leads to impaired insulin secretion due to
mechanisms proximal to Ca?+-dependent steps {12].

In thermogenically active organs such as brown ad-
ipose tissue and skeletal muscle, exposure to cold pro-
motes the expression of a transcriptional coactivator
named PPARY coactivator-1 (PGC-1). The induction
of PGC-1 increases the transcriptional activity of
PPARY and the thyroid hormone receptor in the un-
coupling protein 1 (UCP-1) promoter. Since exposure
of homoeothermic animals negatively modulates insu-
lin secretion [13], which seems to be driven by high
sympathetic tonus, we hypothesized that adrenergic
inputs such as those generated by cold exposure might
induce PGC-1 expression in rat pancreatic islets and
thus modulate UCP-2 expression. The data obtained
reveal a novel pathway that participates in neural con-
trol of insulin secretion.

Materials and methods

Antibodies. oligonucleotides, chemicals and buffers. Antibodies
against UCP-2 (sc-6526), and PGC-1 (sc-5816) were from
Santa Cruz Biotechnology (Santa Cruz, Calif., USA). 12-Pro-
tein A Sepharose and 1-insulin were from Amersham (Buck-
inghamshire, UK). Protein A Sepharose 6MB was from
Pharmacia (Uppsala, Sweden). All the remaining chemicals
used in the experiments were from Sigma (St. Lonis, Mo.,
USA). Buffer A, used in immunoblotting experiments, consist-
ed of 100 mmol/ Tds, 10 g/l SDS, 50 mmol/l Hepes (pH 7.4),
100 mmol/l sodium pyrophosphate, 100 mmol/l sodiurn fluo-
ride, 10 mmoi/l EDTA, 10 mmol/l sodium vanadate, 2.0 mmol/]
PMSF and 0.1 mg/ml aprotinin. Krebs-bicarbonate buffer cqnil-
ibrated with 95% Oy 5% CO,, pH 7.4 was used in islet isola-
tion and contained either 2.8 or 16.7 mmol/l glucose. Insulin
was determined by RIA and serum glucose by the glucose-oxi-
dase method. Sense and antisense phosphorthioate-modified
oligonucleotide specific for UCP-2 (sense, 5 TGT ATT GCA
GAT CTC A ¥ and zntisense, 3’ TGA GAT CTG CAA TAC
A 3% and PGC-1 (sense, 5 TCA GGA GCT GGA TGG C 3
and antisense, 5° GCC ATC CAG CTC CTG A 3"y were pro-
duced by Invitrogen (Carlsbad, Calif., USA). Each sequence
was selected among three unrelated pairs of oligonucieotides on
the basis of their ability to block UCP-2 or PGC-1 protein ex-
pression as evaluated by immunoblot of total protein extracts of
isolated pancreatic islets utilizing specific anti-UCP-2 ot anti-
PGC-1 antibodies, respectively. The selected sequences were
analyzed (BLAST, NCBI) [14] for similarities with mRNA of
other proteins and presented an intra-species 100% matching
only for Rartus norvegicus UCP-2 and PGC-1, respectively.

Cold exposure protocols and characterization of the model.
Male Wistar rats (Rartus norvegicus) (8 weeks 0ld/200-260 g)
obtained from the University of Campinas Central Animal
Breeding Cenier were used in the experiments. The investiga-
tion followed the University guidelines for the use of animals
in experimental studies and conforms to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH publication no. 85-23 revised 1996)
and the protocol (protocol #510-1) was approved by the State
University of Campinas Ethical Committee. The animals were
maintained on 12:12 artificial light-dark cycle and housed in
individual cages. After an acclimatization period (3 days), the
animals were randomly divided into two groups: coid-exposed
(4=1°C, up to 8 days —~4°C) and thermoneutrally maintained
animals (23+1°C—also referred to as C). The animals were
allowed free access to standard rodent chow and water ad
libitum. For experimental procedures rats were anaesthetized
by intraperitoneal injection of sodium amobarbital (15 mg/kg
body weight), and the experiments were carried out after loss
of comeal and pedal reflexes. Blood samples were obtained
from rats fasted for 2 h for measurement of serum glucose and
insulin.

Intraperitoneal glucose tolerance test (GTT). An intraperitoneal
{i.p.) GTT was carried out at the end of the experimentai period
(8 days). After an overnight fast, the rats were anaesthetized as
described above. After collection of an unchallenged sample
(time 0}, 2 solution of 20% glucose (2.0 g/kg body weight) was
admministered into the peritoneal cavity. Blood samples were
coilected from the tail at 30, 60, 90 and 120 min for determina-
tion of glucose and insulin concentrations.

Insulin tolerance test (ITT), An intravenous (iv.) ITT was car-
ried out at the end of the experimental period (8 days). Food
was withdrawn 6 h before the test and the rats were anacsthe-
tized as described above. Insulin (6.0 pg) was injected through
the tail vein and blood samples were collected from the tail at
0, 4, 8, 12 and 16 min for serum glucose determination. The
constant rate for glucose disappearance (Kirr) was calculated
nsing the formula 0.6934,,. The glucose t,, was calculated
from the slope of the least-square analysis of the plasma glu-
cose concentrations during the linear decay phase [13).

Experimental protocols. Following the preliminary character-
jzation of the model, rats were divided into six groups: thermo-
nentrally maintained (23x1°C; Cx thermoneutrally maintained
and submitted to vagotomy; thermoneutrally maintained and
submitted to sympathectomy (23x1°C; C+S); cold-exposed
(4°Cx1°C; 4°C}; cold-exposed and submited to vagotomy; and
cold-exposed and submitted to sympathectomy (4°Cx1°C;
4°C+8). Islets isolated from rats of each group were evalnated
for basal and glucose-induced insulin secretion. Since previous
vagotomy exerted no effect upon cold-induced modulation of
insulin secretion we decided not to include vagotomy groups in
further studies. Therafter, only groups C, 4°C, C+8 and 4°C+3
were evaluated. Sympathectomy and vagotomy followed pre-
viously described techniques [186].

In vivo clonidine treatment. In some experiments sympathec-
tomized rats were treated during 3 days with the ¢ adrenergic
agonist compound clonidine. For that, rats were allowed a
7-day recovery period from the surgical procedure and then
submitted to cold exposure protocol during 8 days. From day 5
of cold exposure on the rats were treated intraperitoneally with
clomidine (Sigma St. Louis, Mo., USA) (0.025 mg/hkg) at
7.00 a.m., 3.00 p.m. and 11.00 p.m. {}7].
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Isler isolation and static insulin secretion studies. Isiets were
isotated by hand picking foilowing the collagenase digestion
method [5, 18]. To measure insulin secretion groups, five islets
were pre-incubated for 45 min at 37°C in Krebs-bicarbonate
buffer. The solution was then repliced by fresh buffer contain-
ing fow (2.8 mmoll) or supra-physiological (16.7 mmoi/t)
concentrations of glucose, and the islets were incubated for 1 h
additionally. The insulin conteat of the medium at the end of
the incubation period was determined by RIA. For static insu-
lin secretion studies in islets treated with sense or antisense oli-
gonucleotides, the following protocol was used; groups of five
freshly isolated islets were initially incubated for 14 b at 37°C,
in RPMI 5.6 mmol/l glucose with no oligonucleotide or in the
presence of either 2.0 nmol sense or 2.0 nmotl antisense UCP-2
or PGC-1 oligonucleotide. The medium was then replaced by
freshly prepared RPMI and islets were maintained for 1 b addi-
tionally under experizental conditions (2.8 mmol/l glucose
or 16.7 mmel/l glucose, with either no oligonuclectide addition
or with sense or antisense UCP-2 or PGC-1 oligonucleotide}.
At the end of the incubation period, samples of the ncubation
medium were coliected for hormone measurement. For mea-
surement of the total insulin content, groups of 10 islets were
sonicated and maintained overnight in 1 mi of 75% etha-
not/0.2 mol/l HCL. After extraction an aliquot was assayed for
insulin content, expressed as ng/islet.

Immunohistochemistry. Pancreatz from two control rats and
two cold-exposed rats were exarnined to determine the expres-
sion and tissue distribution of UCP-2 and PGC-1. Hydrated,
5.0 pm sections of paraformaldehyde-fixed, paraffin-embedded
tissue were stained by the avidine-peroxidase method using
primary antibodies against UCP-2 or PGC-1. Analysis and
photo-documentation were done using an Olympus BX60
Microscope (Olympus America, Melville, N.Y., USA) [19].

Immunoblor and immunoprecipitation. For specific protein de-
termination groups of 1500 freshly isolated islets from each ex-
perimental group were lysed in 0.2 ml of boiling buffer A and
insoluble material was removed by centrifugation during 20 min
at 12000xg. Protein determination in the supernatants was deter-
mined by the Bradford methed [20]. Samples containing 0.2 mg
total proteins were separated by SDS-PAGE, transferred o0
aitrocellulose membranes and blotted with specific antibodies.
For immunoprecipitation followed by immunoblot, groups of
1500 pancreatic islets were exposed first to experimental condi-
tions and then to cef! lysis. Protein deterrnination was canried
ont and samples of 1,0 mg total protein were incubated with pri-
mary aniibody during 12 h at 4°C. Precipitation of immunocom-
plexes, protein separation and transfer to mitroceliulose mem-
branes was done as previously described [21]. Visualization of
specific protein bands was carried out by incubating membranes
with 125E-protein A followed by exposure to RXfilms.

Statistical analysis. Specific protein bands present in the blots
were quantified by densitometry (ScionCorp, Frederick, Md.,
USA). Mean values+SEM obtained from densitometric scans,
and values for serum insulin and glucose during tp. GTT, ITT
and static secretion studies were compared ntilizing Turkey-
Kramer test (ANOVA). A p value of less than 0.03 was consid-
ered statistically significant.

Results

Metabolic characterization of rats exposed to cold.
Several metabolic changes are induced by exposure of

C. T. De Souza et al.: Peroxisome proliferator-activated receptor ¥ coactivator-1-dependent

Table 1. Effccts of 8 days cold expesure upon metabolic
parameters of rats

Parameters Conirol T+4°C

Food Intake (g/day) 18.0+0.5 34.0+1.0%
Temperature (°C) 36.2=0.1 36.0£0.2
Glucose {mg/dl} 99.4x0.4 972403
Insulin (ng/ml} 2.43+0.12 1462023
Leptin (pg/ml) 23352267 20032234
TSH (ng/ml) 13.45x1.43 13.32x1.58
Corticosterone (ngfrl} 102.5x15.5 112.6+123

*p<(0.05 vs. Contro}

homoeothermic animals to cold. As a rule, they pres-
ent a discrete and transitory fall in body temperature,
an increase in food consumption accompanied by
weight loss during the initial days of cold exposure,
and a discrete and transitory fall in blood glucose con-
centration, paralleled by a fall in insulin concentra-
tion. In this study similar characteristics were found
in rats exposed to cold during a period of 8 days
(Table 1). Concerning glucose metabolism and insulin
secretion, we observed a fall in basal glucose levels at
2 h of cold exposure (Fig. 1a), which was promptly re-
covered and kept at similar levels of control through-
out the remaining experimental period. In contrast, in-
sulin concentration was lower in cold-exposed rats
throughout the experimental period (Fig. 1b}. During
an i.p. GTT the concentration of blood glucose in con-
trol rats reached a maximum of about 270 mg/dl at
30 min, and was higher than the glucose concentration
of cold-exposed rats throughout the test (maximum
glucose level in cold-exposed rats was about
128 mg/di at 30 min) (Fig. lc). Although glocose
clearance rates were higher in cold-exposed rats, the
insulin concentration during the i.p. GTT were lower
in these rats (Fig. 1d). A maximum 11.0 ng/mi blood
insulin was reached at 30 min in control rats while at
the same point in time it reached only about 4.0 ng/ml
in cold-exposed rats. Higher responsiveness to insulin
in cold-exposed rats was further shown during an
i vITT, Cold-exposed rats presented an about 43% in-
crease in Kitt (Fig. 1e).

Sympathectomy partially restores glucose-induced
insulin secretion in cold-exposed rats. To evaluate the
role of neural signals upon cold-induced inhibition of
insulin secretion rats were submitted to sympathecto-
my and vagotomy and static insulin secretion studies
were carried out. Vagotomy did not produce an impact
on insulin secretion from islets of cold-exposed rats
and was therefore excluded from further studies. In
contrast sympathectomy produced an increase in glu-
cose-induced insulin secretion in islets isolated from
cold-exposed rats (Fig. 2), in such a way that 4°C+S
group became statistically similar to C.
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8 days (n=15). (e) The constant rate for glucose disappearance
(Kirf) was calculated and ITT was carried out in rats exposed
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Cold exposure induces the expression of PGC-1 and
U/CP-2 in rat pancreatic islets. By immunoblot of pro-
tein extracts from isolated islets, low levels amounts
of PGC-1 and UCP-2 were detected in rats from group
C (Fig. 3b). By immunohistochemical apalysis both
UCP-2 (Fig. 3c) and PGC-1 (Fig. 3¢} were detected as
faint stains in a few scattered islet cells. Following
cold exposure (4°C) increases In UCP-2 (51%,
p<0.05) and PGC-1 (59%, p<0.05) were observed in
immunoblots (Fig. 3b) and could be more easily de-
tected by immunohistochemistry (Figs. 3d.f). Previous
sympathectomy in cold-exposed rats (4°C+5} led to a
reduction in UCP-2 and PGC-1 expression (Fig. 3a,b).
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Fig. 2a, b. Static insulin secretion studies. Groups of five is-
lets/well isolated from rats maintained at thermoneutrality and
submitted (C+8) or not (C) to sympathectomy, or isolated from
rats exposed to cold and submitted (4°C+S) or not (4°C) to
sympathectomy, were incubated in the presence of 2.8 mmol/l
glucose (a) or 16.7 mmol/l glucose (b) and evaluated for insu-
lin secretion. In all experiments n=6, *p<0.05 vs. control ({8}
and #p<0.05 vs. 4°C

Inhibition of UCP-2 expression partially restores
cold-induced inhibition of insulin secretion. Rats from
each experimental group were treated with sense (S)
or antisense (AS) UCP-2 phosphorthioate modified
oligonucleotide and compared to animals treated with
no oligonucleotide, for basal and glucose-stimulated
static insulin secretion. Treatment with AS but not S
oligonucleotide led to decreases of 34% (n=4, NS)
and 53% (n=4, p<0.05) in pancreatic islet UCP-2 pro-
tein expression in C and 4°C groups, respectively
(Fig. 4a). S oligonucleotide treatment produced no
changes in any of the evaluated conditions in the pat-
tern of insulin secretion as compared to islets treated
with no oligonucleotide. In contrast, inhibition of
UCP-2 expression in pancreatic islets from 4°C rats
increased basal (Fig. 4c¢) and glucose-induced
(Fig. 4g) static insulin secretion. Islet insulin content
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Fig. 3a—f. Expression of UCP-2 and PGC-1 in pancreafic is-
lets. The protein amounts of UCP-2 (a) and PGC-1 (b) were
determined in protein extracts obtained from islets of rats
maintained at thermoneutrality and submitted (C+8S) or not (C)
to sympathectomy, or islets of rats exposed to cold and submit-
ted (4°C+S) or not (4°C) to sympathectomy. 200 ug of total
protein extracts from each group were separated by SDS-
PAGE, transferred to nitrocellulose membranes and blotted
with anti-UCP-2 (a). or anti-PGC-1 (b) antibodies. Tissue dis-
tribution of UCP-2 (¢, d) and PGC-1 (e, f) were evaluated by
immunohistochemistriy in paraffin-embedded sections of pan-
creata obtained from rats maintained in thermoneutrality (C),
or exposed to cold (4°C) during & days. In (a) and (b), n=6,
*p<0.05 vs. control (C). From ¢ to f, n=2

Fig. 4a-i. Effect of UCP-2 protein expression blockade upon in-
sulin secretion. The protein amounts of UCP-2 (a) were deter-
mined in profein extracts obtained from islets of rats maintained
at thermonentrality (C) or exposed to cold (4°C) and treated
with sense (s) or antisense (as) UCP-2 phosphorthioate-modified
oligonucleotide. 200 pg of total protein extracts from each group
were separated by SDS-PAGE, transferred to nitrocellulose
membranes and blotted with anti-UCP-2 antibody. Groups of
five islets/well isolated from rats maintained at thermoneutrality
(C) (b, d, £, h) or exposed to cold (4°C) (¢, e, g, 1), were incubat-
ed in the presence of 2.8 mmol/ glucose (b—e) or 16.7 mmol/l
glucose (f-I) and evaluated for static insulin secretion. Groups
of islets were previously treated with sense (s), antisense (as) or
no (wo) UCP-2 phosphorthioate-modified oligonucleotide. In all
experiments n=6, *p<0.05 vs. wo
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was neither modified by cold exposure (58.1£6.9 vs
51.6+4.5 ngfislet, for C and 4°C, tespectively; n=4,
NS), nor by UCP-2 protein expression blockade within
each of the experimental groups {(control + UCP-2
antisense oligonucleotide =48.7x7.8 ngfislet, n=4, N§
vs C; and 4°C + UCP-2 antisense oligonucleotide
=48 424 6 ngfislet, n=4, NS vs 4°C).

PGC-1 expression blockade abrogates cold-induced
UCP-2 expression and partially restores cold-induced
inhibition of insulin secretion. Rats of each experi-
mental group were treated with sense (S) or antisense
(AS) PGC-1 phosphorthioate modified oligonucle-
otide and compared to rats treated with no oligonucle-
otide, for basal and glucose-stimulated static insulin
secretion, and for UCP-2 protein expression. Treat-
ment with AS but not S PGC-1 oligonucleotide led to
decreases of 25% (n=4, NS) and 58% (n=4, p<0.05}
in pancreatic islet PGC-1 protein expression in C
and 4°C groups, respectively (Fig. 5a). Blockade of
PGC-1 expression produced significant effects upon
cold-induced UCP-2 expression, in such a way that
cold-exposed, AS PGC-1-treated islets from 4°C rats
expressed 40% (n=4, p<0.05) less UCP-2 than islets
from 4°C rats treated with no oligonucleotide
(Fig. 5a). Similar to that observed in islets treated with
AS UCP-2 oligonucleotide, in all of the herein evalu-
ated conditions S PGC-1 oligonucleotide treatment
produced no changes in the pattern of insulin secretion
as compared to islets treated with no oligonucleotide.
In contrast, inhibition of PGC-1 expression in pancre-
atic islets from 4°C rats increased basal (Fig. 5c) and
glucose-induced (Fig. 5g) static ipsulin secretion. The
blockade of PGC-1 protein expression did not modify
islet insulin content within each of the experimental
groups (control + PGC-1 antisense oligonucleotide
=46.3+6.7 ngfislet, n=4, NS vs C; and 4°C + PGC-1
antisense oligonucleotide =44.425.8 ngfislet, n=4, NS
vs 4°C}.

Clonidine reestablishes pancreatic islet PGC-1 amounts
in cold-exposed sympathectomized rats. Since most
studies suggest that sympathetic stimulus inhibits insu-
lin secretion through o adrenergic recepiors, 4°C+S
rats were treated during 3 days with the o adrenergic
compound clonidine following a previously described
in vivo clonidine treatment protocol [17]. Clonidine
treatment of cold-exposed sympathectomized rats re-
established pancreatic islet PGC-1 protein expression
to amounts similar to those encountered in 4°C rats

(Fig. 6).
Discussion
Fine-tuning of the insulin secretion rate is an impor-

tant requirement for avoiding great variations in blood
glucose concentration. Nutrients, hormones and neural

C. T. D¢ Souza et al.: Peroxisome proliferator-activated receptor Y coactivator-1-dependent

signals are the main participants of this complex and
integrated system {22]. Since early studies {23], nor-
adrenergic stimulation of pancreatic islets is known to
produce a net inhibitory effect upon insulin secretion.
During the last three decades several studies have
provided strong evidence that NE, acting through o2
adrenergic receptors expressed on the beta-cell sur-
face, leads to reduced cAMP formation [24] and sub-
sequently, to inhibition of the distal components of the
insulin exocytotic machinery {9]. In addition, hyper-
polarization of the pancreatic beta cells following
adrenergic stimulus favours the opening of ATP-regu-
lated K+ channels [25]. The maintenance of opened
ATP-regulated K* channels inhibits Ca?+ uptake and
therefore inhibits insulin secretion. The molecular
events that contribute for a sustained opening of the
ATP-regulated K* channels in adrenergic stimulated
beta cells are not yet fully understood.

In this study we provide evidence that high sympa-
thetic tonus generated by exposure of homoeothermic
animals to cold induces an increase of PGC-1 and
UCP-2 protein amounts in the pancreatic islets, and
that blockade of expression of either protein partially
reverses cold-induced inhibition of insulin secretion.
Since UCP-2 expression in mice pancreatic islet in-
hibits ATP production and through this mechanism in-
terferes with insulin secretion {111, we hypothesized
that the hyperpolarization of beta cells described in
adrenergic-stimulated islets could be due to decreased
ATP production as consequence of higher UCP-2 ex-

ession.

UCP-2 is a member of the mitochondrial uncou-
pling protein family [26, 271. Proteins that belong to
this family are characterized by sub-cellular localiza-
tion to the inper mitochondrial membrane where they
uncouple biochemical respiration from oxidative
phosphorylation by leaking protons into the mitochon-
drial matrix, which leads to a bypass of ATP synthase
[28]. UCP-1 is the prototype of uncoupling proteins. It
is predominantly expressed in brown adipose tissue

Fig. Sa—i. Effect of PGC-1 protein expression blockade upon
UCP-2 expression and insulin secretion of pancreatic islets iso-
lated from cold exposed rats. The protein amounts of PGC-1
and UCP-2 (a) were determined in protein extracts obtained
from islets of rats maintained at thermoncutrality (C) or ex-
posed to cold (4°C} and treated with sense (s} O antisense (as)
PGC-1 phosphorthioate-mrodified oligonucleotide. 200 pg of
total protein extracts from each group were separated by SDS-
PAGE, transferred to nitrocellulose membranes and blotted
with anti-PGC-1 (a, upper blot) or anti-UCP-2 (a, lower blot)
antibodies. Groups of five islets/well isolated from rats main-
tained at thermoneutrality (C) (b, d, f, b} or exposed to cold
{4°C) (c, e, g, 1), were incubated in the presence of 2.8 mmol/i
glucose {b-€) or 16.7 mmol/l glucose (f=i) and evaluated for
static insulin secretion. Groups of islets were previously treat-
ed with sense (), antisense (as) or no {wo) PGC-1 phosphor-
thioate-modified oligonucleotide. In all experiments n=6,
*p<(.05 vs. wo
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Fig. 6. Effect of in vivo clonidine treatment upon PGC-1 ex-
pression in pancreatic islets of cold-exposed, sympathectomi-
zed rats. The protein amounts of PGC-1 were determined in
protein extracts obtained from islets of rats maintained at
thermoneutrality (C), exposed to cold (4°C), exposed to cold
and submitted to sympathectomy (4°C+S) and exposed 1o cold,
submitted to sympathectomy and treated with colnidine
(4°C+S+clon). 200 pg of total protein extracts from each group
were separated by SDS-PAGE, transferred to nitrocellulose
membranes and blotted with anti-PGC-1 antibody. n=6,
#p<0.05 vs. control (C)

and participates in adaptive thermogenesis [29]. UCP-2
[30] and UCP-3 [31] have been identified more re-
cently and are expressed in different tissues than
UCP-1. UCP-2 is the homologue with the widest dis-
tribution and the only one reported to be expressed in
pancreatic islets [32]. In a recent study, pathophysio-
logical significance for UCP-2 expression in pancreat-
ic islets was established in the obesity prone, leptin
deficient ob/ob mouse [11]. According to this study
obese mice express higher amounts of UCP-2 in the
pancreatic islets than their respective controls. By in-
tercrossing heterozygous ob/+ with UCP-2 +/— mice,
double KO mice were generated (ob/ob, UCP-2 —/-).
The abrogation of UCP-2 expression in ob/ob mice
led to an improvement of first phase insulin secretion
and whole body glucose metabolism [11]. It is of in-
terest that exposure of pancreatic islets to leptin inhib-
its UCP-2 expression [33]. Thus, in ob/ob mice the
lack of leptin could be the main factor responsible for
increased islet UCP-2 expression. Another possible
linkage between UCP-2 expression in pancreatic islets
and anomalous insulin secretion refers to the fact that
some fatty acids induce UCP expression and function,
so it is possible that defective insulin secretion ob-
served in some hyperlipidaemic states could be a con-
sequence of UCP-2 expression [34, 35]. Therefore, in
at least two examples of defective insulin secretion, a
possible involvement of UCP-2 hyperexpression in
pancreatic islets has been described. However, in none
of these conditions the molecular mechanisms that
lead to increased UCP-2 expression were shown.
PGC-1 is a nuclear receptor coactivator initially
shown to be expressed in response to cold exposure in
brown adipose tissue and skeletal muscle [36]. There
is a difference from most nuclear receptor coactiva-
tors, PGC-1 activity seems to be regulated mostly by

C. T. De Souza et al.: Peroxisome proliferator-activated receptor y coactivator-1-dependent

its tissue concentration [36]. The main physiological
consequence of cold-indoced PGC-1 expression in
brown adipose tissue and skeletal muscle is the induc-
tion of UCP-1 protein expression and a subsequent in-
crease in thermogenesis. The transcriptional control of
the Ucp-1 gene is regulated by cAMP levels contents
[37], thyroid hormone [38] and PPARY [36]. The same
seems to be true for UCP-2 gene transcriptional con-
trol [39, 40, 41].

Our study shows that PGC-1 is expressed at low
amounts in rat pancreatic islets. Exposure of rats to a
cold environment or treatment of isolated islets with an
o adrenergic agonist augment PGC-1 expression,while
sympathectomy prevents this effect. A straight correla-
tion between PGC-1 and UCP-2 amounts was estab-
lished and inhibition of PGC-1 expression abrogates
both cold-induced UCP-2 hyperexpression and cold-
induced defective insulin secretion. In fact, this study
shows that partial blockade of PGC-1 or UCP-2 ex-
pression results in up to a 60% increase in basal and a
55% increase in glucose-induced insulin secretion.
However, this increase was not sufficient to completely
overcome the secretion defect induced by cold expo-
sure. As reviewed elsewhere [42], reduction of cAMP
accumulation in pancreatic islets is responsible for
some, but not all, inhibitory effects of an adrenergic
stimulus upon insulin secretion. By stimulating PGC-1
protein expression, adrenergic stimulus controls the
amount of UCP-2 in pancreatic islets and therefore
might modulate the ATP/ADP ratio. This mechanism,
in parallel to classic dampening of cAMP signalling,
transduces the inhibitory signal generated by adrener-
gic stimulus and thus regulates insulin secretion.
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Abstract Aims/hypothesis: The coactivator of nuclear re-
ceptors, peroxisome proliferator-activated receptor-y coac-
tivator-lae (PGC-1x) has been implicated in a series of
events that contribute to the control of ghucose metabolism.
We have recently reported the use of a PGC-1 o antisense
oligonucleotide (PGC-10AS) that inhibits up to 60%
of PGC-1u expression i pancreatic islets, leading to in-
creased msulin secretion. This oligonucleotide was used in
this study to try to amelorate diet-indueed type 2 diabetes
in a genetically predisposed mouse strain (Swiss mice).
Materials and methods: Glucose and nsulin tolerance
tests, englycacmic—hyperinsulinaemic clamp, immunopre-
cipitation assays, immunoblotting assays and immunohis-
tochemistry were used in this investigation. Results: Swiss
mice became ohese and overtly diabetic after 8 weeks of
feeding with chow containing 24% saturated fat. One daity
dose (1.0 nmol) of PGC-1xAS significantly reduced ghs-
cose and mereased insulin blood levels without affecting
food intake and body weight. These effects were accom-
panied by a reduced area under the glucose curve during
an intraperitoneal glucose tolerance test, an increased con-
giant of glucose decay (Kj,) during an msulin tolerance
test, and an increased glucose consumption rate during a
euglycaemic-hyperinsulinacmic clamp. Moreover, mice
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treated with PGC-1aAS presented an outstanding reduc-
tion of macroscopic and microscopic featres of hepatic
steatosis. These effects were accompanied by reduced ex-
pression or function of a series of proteins involved in
lipogenesis. Conclusions/interpretation: PGC-lo is an
attractive target for pharmacological therapeutics in type 2
diabetes mellitus and diet-induced bepatic steatosis.

Keywords Insulin resistance - Obesity - Peroxisome
proliferator-activated receptor-y coactivator-la - PGC-
lex - Steatosis

Abbreviations ACC: acetyl CoA carboxylase - AMPK:
AMP-activated kinase - CBA/Uni/C: CBA/Uni mice fed
with standard rodent chow - CBA/Uni/F: CBA/Uni mice
fed with fat-rich chow - CREB: cyclic AMP response
element binding protein - CPT-1: camitine palmitoyl
transferase-1 - FAS: fatty acid synthase - HNF-4o:
hepatocyte nuclear factor-4o - IR: insulin receptor -

ITT: insulin tolerance test - PPARx: peroxisome
proliferator-activated receptor-& - PPARy:

peroxisome proliferator-activated receptor-y - PGC-la
peroxiseme proliferator-activated receptor-y coactivator-
lx - PGC-1xAS: peroxisome proliferator-activated
receptor-y coactivator-1¢ antisense oligonucleotide -
PGC-1x8: peroxisome proliferator-activated

receptor-y coactivator-1c sense oligomicleotide - pY:
phosphotyrosine - SW/Uni/C: SW/Uni rmice fed with
standard rodent chow - SW/Uni/F: SW/Unt mice fed with
fat-rich chow - WAT: white adipose tissue - SRC-1: steroid
receptor coactivator-1 - SREBP-1¢: sterol-regulatory-
element-binding-protein-1c

Iniroduction

Insulin resistance and type 2 diabetes mellitus are the
phenotypic results of complex interactions between genetic
and environmental predisposing factors {1, 2]. In recent
years, the progressive increase in the prevalence of obesi-
ty in populations of several areas of the world has contrib-
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uted enormously to the parallel increase in the prevalence
of diabetes meHits [2, 3]. Although dictetic and behav-
ioural approaches, associated with the use of cumently
available drags, contribute to a certain degree to loss of
body weight and improved contrel of blood glucose lev-
els, the optimal therapeutic approach for diabetes has yet
to be developed [4]. In this regard, the search for candi-
date targets for drug action that may be useful for the con-
trol of this metabolic disease is the main focus of much of
the current research in this field [4].

Peroxisome proliferator-activated receptor-y coactiva-
tor-1oc (PGC-1ix) is 2 795-amino-acid protein identified in
brown adipose tissue and skeletal muscle by a yeast two-
hybnd system [5]. As a transcriptional coactivator, PGC-
lo: has several functional domains that participate in
protein—protein interaction with PPARy 5], PPAR«x [6],
myclear respiratory factor [7}, cyclic AMP response el-
ement binding protein (CREB)-binding protein [8], he-
patocyte nuclear factor-dee (HNF-4a) [9, 10], forkhead
transcription factor-1 {11], steroid receptor coactivator-1
[12] and myoeyte enhancer factor-2 [13]. Recent studies
have implicated PGC-1 o expression in the control of glu-
cose uptake and insulin sensitivity in muscle ceils [13] and
the Hver [6]. Moreover, at least two clinical series have
found a comelation between mutations of the Ppargela
(previously known as PGC-1x gene) and msulin resistance
or diabetes [14, 15].

In a previous study, we employed an antisense phos-
phorothioate-modified oligonucleotide to PGC-1o (PGC-
1xAS), which inhibits the expression of this protein by
up to 60% in pancreatic islets and leads to a significant
increase in ghicose-stimulated insulin secretion [16]. As
the development of dizbetes in primary insulin-resistant
subjects is thought to be a consequence of a failure of the
pancreatic beta cell to compensate for the peripheral de-
mand for insulin {17], we used PGC-1AS in an attempt
fo reverse diet-induced diabetes in a genetically predis-
posed mouse strain. To our surprise, not only 2 significant
improvement in insulin secretion was achieved, but also
increased insulin action in peripheral tissues and an out-
standing amelioration of hepatic steatososis.

Materials amd methods
Antibodies. chemicals and buffers

Reagents for SDS-PAGE and immunoblotting were from
Bic-Rad (Richmond, CA, USA). HEPES, phenylmethyl-
sulphonyl fluoride, aprotinin, dithiothreitol, Triton X-100,
Tween 20, glycerol and bovine serumn albumin (fraction V)
were from Sigma (St Louis, MO, USA). 'ZI-protein A and
nitrocellulose paper (BA8S, 0.2 um) were from Amersham
{Aylesbury, UK). Sodinm thiopental and human recombi-
nant msulin (Humulin R} were from Lilly (Indianapolis,
IN, UUSA). Anti-insulin receptor (IR) (sc-711, rabbit poly-
clonal), anti-Akt (sc-1618, goat polyclonsl), anti-phospho-
tyrosine (pY) (s¢-508, mouse monoclonal), anti-phospho
[Ser*”*JAkt (rabbit polyclonal, sc-7985-R), anti-PGC-1a
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(goat polyclonal, sc-5816), anti-faity acid synthase (FAS)
(goat polyclonsl, sc-16146), anti-carmitine palmitoy] trans-
ferase-1 (CPT-1) (goat polyclonal, s¢-20514), anti-HNF 4o
(goat polyclonal, sc-6556) and anti-peroxisome prolifer-
ator-activated receptor-y (PPARYy) (rabbit polyclonal, sc-
7196) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-phospho [Thr' *JAMP-ac-
tivated kinase {AMPK) (rabbit polyclonal, no. 25318) was
from Cell Signaling Technology (Beverly, MA, USA) and
anti-phospho [Sex” Jacetyl CoA carboxylase (ACC) (rabbit
polyclonal, no. 07-184) was from Upstate Biotechnology
{Charlottesville, VA, USA).

Sense and antisense oligonucleotide treaiment
protocols

Sense and antisense oligonucleotides (Invitrogen, Carls-
bad, CA, USA) were diluted to a final concentration of 5.0
wmolA in dilution buffer containing [0 mmoll Tris-HCI
and 1.0 mmol/) EDTA. The mice were injected (i.p.) with
one daily dose of 200 ul dilution buffer containing, or
not, sense (PGC-1o/S) or antisense (PGC-1a/AS) oligo-
pucleotides. Phosphorothioate-modified oligonucleotides
were designed according to the Mus musculus and Rattus
norvegicus Ppargcla sequences deposited at the NIH-
NCBI (http://www.ncbi.nlm.nih.gov/enirez) under the des-
ignations BC 066868 and NM 031347, and were composed
of sense (5"- TCA GGA GCT GGA TGG C -3") and an-
tisense (3~ GCC ATC CAG CTC CTG A -3'). These oki-
gonuclectides have been tested previously: PGC-1a/AS
reduced the expression of PGC-lx by around 60% in
pancreatic islets [16] and around 70% i skeletal muscle
[18]-

Experimental protocols

Male, 4-week-old Swiss (SW/Uni) and CBA/Uni mice,
inbred strains, originally imported from the Jackson Lab-
oratory (Bar Harbor, ME, USA) and currently bred at the
State University of Campinas Breeding Center were used
in all experiments. The investigation followed the Uni-
versity guidelines for the use of animals in experimental
studies and conformed to the Guide for the Care and Use
of Laboratory Animals published by the US National In-
stitutes of Health (NIH publication no. 85-23, revised
1996). The animals were maintzined on a 12-h anificial
light—dark cycle and housed in individual cages. After the
acclimatising period (3 days), the animals were randomly
divided into four experimental groups: SW/Uni mice fed
with standard rodent chow (SW/TIni/C), SW/Uni mice fed
with fat-rick chow (SW/Uni/F; composition, see Table 1),
CBA/Uni mice fed with standard rodent chow (CBA/
Uni/C), and CBA/Uni mice fed with fat-rich chow (CBA/
Uni/F). In the first part of the study the animals were
evaluated every 4 weeks for biochemical and hormonal
parameters to assess diet-induced modulation of glucose
homeostasis. Blood samples were always collected at 11.00
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Table 1 Macronuirient composition of diets

Standard chow Fat-nich chow

% k% 2% KI%
Protein 19 20 24 20
Carbohydrate 67 70 4] 35
Saturated fat 4 10 24 45
kl/g 158 19.6

hours, after 4 h of fasting. Fight weeks of fat-rich diet
feeding was set as the time by which all SW/Uni/C mice
should have developed diabetes; after this period a sec-
ond part of the study was started. In this experimental
approach, SW/Uni/C and SW/Uni/F were treated etther
with a daily dose of oligonucleotide dilution vehicle, with
PGC-10/S oligonucleotides or with PGC-1o/AS oligo-
nucleotides from the 8th week of the diet cowards. In this
part of the study, hormonal and biochemical parameters
were evaluated every second day. At day 16 of oligomnm-
cleotide treatment, glucose and insulin tolerance tests were
performed. Seme animals were anaesthetised and tissne
was extracted for measurement of PGC-1x expression,
liver histology, triglyceride content, insulin-induced acti-
vation of IR and Akt signalling and expression of key
proteins of the liver metabolism.

Hormone and biochemical measurements

Plasma insulin was measured by RIA according to a previ-
ously described method [19]. Serum glucose was measured
by the glucose oxidase method [20]. Serum triglycerides
were assessed by colorimetric assays (Wzko Chemicals,
Neuss, Germany). Liver total lipids were measured by the
gravimetric method.

Intraperitoneal glucose tolerance test

After an overnight fast, the mice were anaesthetised, and
following the collection of an unchallenged sample (time
0), a solution of 25% glucose (11.1 mmol/kg body weight)
was administered into the peritoneal cavity. Blood samples
were collected from the tail at 30, 60, 90 and 120 min for
measurement of glicose and insulin concentrations.

insalin tolerance test

Insulin {14.5 nmol/’kg) was administered by intraperitoneal
injection and blood samples were collected at 0, 5, 10, 13,
20, 25 and 30 min for measurement of serum glucose. The
constant rate for ghicose disappearance (Kj,) was calcu-
lated using the formula 0.693/¢,,. The glucose f,, was
calculated from the slope of the least-square amalysis of
the plasma glucose concentrations during the linear decay
phase [21].

Clamp studies

After a 4-h fast, a 2-h euglycaemic—-hyperinsulinaemic
clamp study was performed in the lower limb. Under
sodium thiopental anaesthesia and aseptic conditions, a
mono-occhusive polyethylene catheter was inserted into the
femoral artery for infusion of insulin and glucose. A second
polyvinyl catheter was inserted into the femoral vein, for
blood sampling, and the animal was kept in a heated
box (37°C) throughout the study. Dunng the first phase
of the study (30 min), 2 priming dose of insulin was in-
fiised at a rate of 3.6 mU kg™ min”" to achieve steady state
concentrations of plasma insulin. After glucose equilibra-
tion, insulin infusion was maintained for 2 h with constant
rate, and a variable infusion of glucose (5% solution) was
adjusted to maintain the serum glucose concentration at
approximately 6.6 mmol/l. Blood samples were collected
from the femoral vein every 5 min for serum glucose
measurement and every 30 min for measurement of plas-
ma insulin. Insulin was measured in duplicate by RIA
and oscillated between 0.65 and 15.0 nmol/l in samples
cellected from animals of both experimental groups,

Liver histology

Hydrated, 5.0-pun sections of paraformaldehyde-fixed, par-
affin-embedded liver fragments were stained with haemat-
oxylin—eosin, and analysed and photo-documented using
an Olympus BX60 microscope.

Immunoprecipitation and immunoblotting

The abdominal cavities of anaesthetised mice were opened
and the animals received an infusion of insulin (200 wl,
167 mol/l) or saline (200 wi) through the cava vein. Af-
ter different intervals (see Results), fragments (3.0x3.0%
3.0 mm) of white adipose tissue (WAT) and liver were
excised and immediately homogenised in solubflisation
buffer at 4°C (1% Triton X-100, 100 mmolA Tris-HCl
[pH 7.4}, 100 mmol/l sodium pyrophosphate, 100 mmol/
sodium fluoride, 10 mmol/t EDTA, 10 mmol/l sodium
orthovanadate, 2.0 mmol/l phenylmethylsulphonylftuo-
ride and 0.] mg aprotinin/mi) using a Polytron PTA 208
generator (inodel PT 10/35; Brinkmann Instruments, West-
bury, NY, USA). Insoluble material was removed by cen-
trifisgation for 20 min at 9,000 g in 2 70.Ti rotor (Beckman,
Fullerton, CA, USA) at 4°C. The protein concentration
of the supematants was measured by the Bradford dye-
binding method. Aliquots of the resuiting supematants
containing 5.0 mg of total protein were used for immu-
noprecipitation overnight with antibodies against IR at
4°C, followed by SDS-PAGE, fransfer to nitrocellulose
membranes and blotting with anti-pY antibodies. In di-
rect immunoblot experiments, 0.2 mg of protein extracts
obtained from each tissue were separated by SDS-PAGE,
transferred to nitrocelluiose membranes and blotted with
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anti-IR, anti-Akt, anti-phospho [Ser*”°]Akt, anti-PGC-1ox,
anti-HNF-4¢, anti-phospho [Thr' *JAMPK, anti-phospho
[Ser”®]ACC, anti-CPT-1, anti-FAS and anti-PPARy anti-
bodies. Specific bands were lzbelled with 11“'SI-]prm;ein A, a8
previously described [22]. Visualisation of protein bands
was performed by exposure of membranes to RX-films.

Statistical analysis

Specific protein bands present in the blots were quantified
by digital densitometry (ScionCorp, Frederick, MD, USA).
Mean values+SEM obtained from densitometric scans,
and values for insulin, glucose, triglycerides, body weight,
glucose consumption rates and food intake were compared
using the Tukey—-Kramer test (ANQVA). A p value of less
than 0.05 was accepted as statistically significant.

Resulis
Metabolic characterisation of the animal model

Swiss/SW and CBA are mice strains genetically related to
the obesity- and diabetes-prone AKR strain {23]. To eval-
uate the metabolic consequences of long-term exposure to
z fat-rich diet, Swiss (SW/Uni) and CBA (CBA/Uni) mice
were fed exclusively with a fat-rich diet (Table 1) from the
fourth week of age and compared, every fourth week, with
respective controls (fed regular rodent chow), for body
weight variation, mean daily food ingestion, serum glucose
and plasma insulin. As shown in Fig. 1, SW/Uni fed a fat-
rich diet (SW/Uni/F) became obese, hyperinsulinaemic and
hyperglycacmic after 8 wecks of fat-rich feeding. CBA/Uni
fed a fat-rich diet (CBA/Uni/F) also became obese {more
than 30% body weight increase as compared with re-
spective controls, p<0.05) and hyperinsulinaemic, but did
not develop diabetes. Fat-rich feeding did not promote sig-
nificant changes in mean daily food intake in any of the
strains (data not shown}.

Ageing and fat-rich diet feeding increased
the expression of PGC-1a in the liver
and adipose tissue

To evaluate the effect of fat-rich feeding on the expression
of PGC-1¢, SW/Unt and CBA/Uni mice fed regular chow
or a fat-rich diet were maintained on respective diets for
0, B, 12 or 16 weeks. At the end of predetenmined ex-
perimental periods, fragments of liver and adipose tissue
were obtamed for protein extraction and immunoblotting
experiments. As shownm in Fig. 2, the protein levels of
PGC-la were very low in both tissues, m SW/Uni and
CBA/Uni mice, before infroduction of the experimental
diet (at the fourth week of age). Both ageing and a fat-
rich diet promoted significant increases in PGC-loa ex-
piession in the liver and adipose tissue in the two strains
evalnated.
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Fig. 1 Body mass (a), serum ghtcose (b) and plasma insulin (¢)
levels in SW/Uni and CBA/Uni mice fed a regular (C) or fat-rich (F)
diet. Respective diets were introduced at 4 weeks of age and pa-

rameters were evaluated every 4 weeks. For all experiments the re-

sults are presented as means+SEM of n=6; *p<0.05 vs. SW/UniC
mice

Inhibition of PGC-1e expression reversed
dict-induced dizbetes

To evaluate the effect of the inhibition of PGC-1a ex-
pression on the glucose homeostasis of SW/Uni mice,
a phosphorothioate-modified antisense oligonucleotide to
PGC-1a (PGC-10/AS) was used. Given that glucose and
imsulin levels became significantly bigher from 8 weeks
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Fig. 2 Immunoblot evaluation
of PGC-1x expression in the
liver and WAT of SW/Uni and
CBA/Uni mice fed a regular
(control) or fat-rich diet, Mice
were infroduced to the respec-
tive diets at 4 weeks of age (time
0). Groups of four mice were
randomly selected every 4
weeks (up to 16 weeks) for
extraction of liver and WAT
protein. Samples containing 0.2
mg total protein were resolved
by SDS-PAGE, transferred to
nitrocellulose membranes and
blotted with anti-PGC-1x anti-
bodies. Specific bands were
quantified by digital scanning
densitometry. For all experi-
ments, n=4 and results are pre-
sented as mean fold increase in
band digital density

Time (weeks)

after the introduction of the fat-rich diet in SW/Uni mice,
we decided to begin PGC-1o/AS treatment from the eighth
experimental week onwards. The potency of PGC-1a/AS
was tested in a dose—tesponse experiment. As shown in Fig.
3a, a daily dose of 0.5 nmol PGC-1a/AS was sufficient to
inhibit PGC-1oc expression by 44£7% and 40+8% (n=4,
p<0.05). while 2.0 nmol/day resulted in 86+11% and 75
+14% (n=4, p<0.05) inhibition of PGC-1e expression in
the liver and adipose tissue of SW/Uni/F mice, respec-
tively. One daily dose of 1.0 nmol PGC-1a/AS was suf-
ficient to inhibit PGC-1« expression by 84+12% and 70+
13% (n=4, p<0.05) in the liver and adipose tissue of SW/
Uni/F mice, respectively (Fig. 3a,b), and was therefore
used in the remaining experiments. PGC-1a/AS promot-
ed no significant changes n the expression of the struc-
tural proteins actin and vimentin in the liver and adipose
tissue, respectively (Fig. 3b). From the eighth day of PGC-
1o/AS admunistration, the levels of serum glucose be-
came significantly lower than control levels and presented
a continuous drop until reaching the level of 7.2 mmol/] at
the 14th day (Fig. 3c). The levels of plasma insulin in-
creased significantly from the tenth day of PGC-1a/AS
treatment (Fig. 3d). PGC-10/AS caused no significant
changes in body mass and food intake (Fig. 3e.f). Howev-
er, during an intraperitoneal glucose tolerance test, mice
treated with PGC-10/AS presented a reduced area under
the glucose curve and an increased area under the insulin
curve (Fig. 4a,b), and during an ITT, a higher constant of
glucose decay (Kj,) was observed in PGC-10/AS mice
(Fig. 4c). Finally, during a euglycaemic—hyperinsulinae-
mic clamp, an increase in glucose consumption rate (new
rate 75%) was observed in PGC-1a/AS mice (Fig. 4d).

Fat-rich diet
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Improved insulin signal transduction in the liver
and adipose tissue of PGC-1a/AS-treated mice

To evaluate the effect of PGC-10/AS on the activity of the
insulin signal transduction pathway, we anaesthetised SW/
Uni/F mice, treated or not with PGC-10/AS for 16 days,
and injected a single dose of saline (200 pl) or insulin (200
ul, 107 mol/l) through the cava vein. After 2 or 5 min,
fragments of liver and WAT were obtained and used in
typical immunoprecipitation and immunoblotting experi-
ments to assess tyrosine phosphorylation of the IR, and
[Ser**]-phosphorylation of Akt. As depicted in Fig. 5,
inhibition of PGC-la expression was associated with a
significant increase in insulin-induced ?rrosine phosphor-
ylation of the IR (Fig. 5a,b) and [Ser*’*]-phosphorylation
of Akt (Fig. 5c¢,d) in the liver and adipose tissue. These
phenomena were accompanied by increased expression of
IR in the liver and adipose tissue and increased expression
of Akt in adipose tissue but not in the liver (Fig. 5).

Reversal of diet-induced hepatic steatosis

by PGC-1a/AS

During the preceding experiments, we observed out-
standing macroscopic modification in the livers of mice
fed a fat-rich diet. The livers of SW/Uni/F mice were yel-
lowish in colour and slightly larger in size. After 16 days
of PGC-1a/AS treatment, the livers of SW/Uni/F mice
recovered their reddish colour and normal size. Four SW/
Uni/F mice treated with PGC-1a/AS, PGC-1a/S or vehi-
cle for 16 days were randomly selected for histological
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Fig. 3 Clinical and meiabolic effects of PGC-la expression in-
hibition. a, b Immunoblot evaluation of PGC-1a expression in the
liver and WAT of SW/Uni mice fed a fat-rich diet and treated with a
daily dose of sense (S) or antisense (AS) PGC-1a oligonucieotide,
or vehicle (C). a Dose-response to PGC-1atAS; doses employed are
depicted in the panel. b The dose of PGC-1aS and PGC-1xAS was
1.0 nmol/day. Liver and WAT protein extracts were obtained after
8 days of treatment and samples containing 0.2 mg protein were
resolved by SDS-PAGE, transferred to nitrocellulose membranes
and blotted with anti-PGC-lo, anti-actin or anti-vimentin anti-
bodies. ¢ Evaluation of effects of PGC-1a expression inhibition

analysis of the liver. As shown in Fig. 6a, SW/Uni/F mice
treated with vehicle or PGC-10a/S for 16 days presented a
steatotic liver, with intra-hepatocyte fat depots predomi-
nantly in the perivenular zone with extension to the ex-
ternal areas of the lobule. Treatment with PGC-1a/AS
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on serum glucose levels (¢), plasma insulin levels (d), body mass
(e) and mean daily food ingestion (f). In all of these experiments
(e—f), groups of six SW/Um mice fed a fat-rich diet were treated
with a single daily dose (1.0 nmol) of PGC-1aS (filled circles) or
PGC-1aAS (filled triangles) oligonucleotides and compared with
controls (filled squares). Measurements (every 4 days) began 12
days before starting treatment with oligonucieotides (first dose of
oligonucleotides is marked with the vertical arrow, time 0), and
continued until the 16th day of oligonucleotide injection. Results
are presented as means+SEM of n=4 (a, b) or n=6 (c-f); *p<0.05
vs. C

almost completely restored the microscopic aspect of the
liver (Fig. 6a). In SW/UnV/F mice not treated with PGC-
1o/AS, the serum levels of triglycerides were low while
the concentration of total lipids in hepatic tissue was high.
The treatment with PGC-1a/AS for 16 days promoted
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Fig. 4 Clinical and metabolic effects of PGC-la expression
inhibition. For all experiments, groups of six SW/Uni mice fed a
fat-rich diet were treated with a single daily dose (1.0 nmol) of PGC-
1&S (filled circles) or PGC-1xAS (filled triangles) oligonucleotides
and compared with controls (filled squares). Mice from each group
were used for the assessment of the area under the glucose (a) and
insulin (b) curves during a glucose tolerance test, or were submitted

significant reduction in liver total fat content but increased
the levels of triglycerides in serum (Fig. 6b,c). Finally, the
amount of protein (CPT-1, FAS, HNF-4x and PPPAY) or
the molecular activation status (AMPK and ACC) of pro-
teins involved in key steps of the control of liver lipo-
genesis and gluconeogenesis were evaluated by typical
immunoblot. As expected, fat-rich feeding increased the
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for an ITT and the constant of glucose decay (Kj,) was calculated
(e). The excursion curves for glucose (a—c) and insulin (b) are de-
picted as insets. d The rate of glucose consumption (mg kg™ ' min ")
during a euglycaemic-hyperinsulinaemic clamp is presented. In all
experiments the results are presented as means+SEM of n=6; *p<
0.05vs. C

molecular activation of AMPK and inhibited the molecular
activation of ACC, as measured by [Th:”z]—phosphoryl&
tion of the first and [Ser’”|-phosphorylation of the second
enzyme (Fig. 6d). Moreover, a fat-rich diet increased the
expression of CPT-1, FAS and PPARYy, but promoted a sig-
nificant reduction in HNF-4« (Fig. 6d). The treatment with
PGC-10/AS promoted a complete restoration of CPT-1 and
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Fig. 5 Analysis of insulin-induced tyrosine phosphorylation of
the IR (a, b) and of insulin-induced [Ser'”] phosphorylation of
Akt (¢, d) in the liver (a, ¢) and WAT (b, d) of SW/Uni mice fed
a fat-rich diet and treated (AS) or not (C) with the antisense oligo-
nucleotide to PGC-1e. Mice were treated for 16 days with a single
daily dose (1.0 nmol) of oligonucleotide (AS) or vehicle (C). Insulin
(+) (200 l, 1075 mol/1) or a similar volume of saline (=) was injected
through the cava vein, and after 2 min (a, b) or 5 min (¢, d), fragments
of liver and WAT were obtained for protein extraction. a, b Samples
containing 5.0 mg were used in immunoprecipitation (IP) experi-
ments with anti-IR antibodies; the immunocomplexes obtained were
separated by SDS-PAGE, transferred to nitrocellulose membranes

IB: Vimentin t

HNF-4« levels and restoration of AMPK [Thr'”?]-phos-
phorylation and ACC [Ser”’]-phosphorylation to levels
similar to those observed in SW/Uni/C mice (Fig. 6d). Fi-
nally, in PGC-l1o/AS-treated mice, FAS and PPARy
protein levels dropped to levels below those seen in SW/
Uni/C mice (Fig. 6d).
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and immunoblotted (IB) with anti-pY antibodies. ¢. d 0.2 mg protein
was resolved by SDS-PAGE, transferred to nitrocellulose membranes
and immunoblotted with anti-phospho[Ser'”] Akt antibody. In all
panels, the upper blots were obtained by immunoblotting nitrocel-
lulose transfers of 0.2 mg total protein extracts, separated by SDS-
PAGE, with anti-insulin receptor (a, b) or anti-Akt (c, d) antibodies.
In all panels, the lower blots were obtained by reprobing the original
nitrocellulose transfers used for IR and Akt assessment (upper blots)
with anti-actin (a, ¢) and anti-vimentin (b, d) antibodies, Respective
bands were quantified by digital densitometry. For all experiments the
results are presented as means+SEM of n=4, *p<0.05 vs. C+

PGC-loc was first identified as a coactivator of nuclear
receptors that participate in the control of thermogenesis,
responding directly to environmental thermal oscillations
[5]. In recent years, questions have been raised about
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the possible roles played by this protein in tissues not
traditionally involved in thermogenesis. Some of these
studies have provided important clues regarding a multi-
faceted and multi-organic role for PGC-1a in the control of

glucose homeostasis [24]. In this context, PGC-1a was
shown to participate in the regulation of hepatic gluconeo-
genesis [ 8], in the connection of neural stimuli and beta cell
insulin production [16], in the control of muscle glucose
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«Fig. 6 Effects of PGC-1x expression inhibition on histological
and metabolic parameters of the liver. a Haematoxylin staining of
5.0-pm sections of livers obtained from SW/Uni mice fed 2 fatrich
diet and treated with vehicle (control} or sense or antisense oli-
gonucleotide to PGC-1a for 16 days. Liver content of total lipids (h)
and seram levels of triglycerides (¢} were measured in SW/Uni mice
fed 2 fat-rich diet and treated for 16 days with sense (8) or antisense
{AS) oligonucleotide to PGC-1a or with vehicie (C). d The protein
amounts 0f PGC-1a, HNF-4¢x, CPT-1, FAS and PPAR'y, the {Thr' 1-
phosphorylation of AMPK, and the [Ser’’|-phosphorylation of ACC
were measured in the livers of SW/Uni mice fed a control (SW/Uni/C)
or Fat-rich diet, and treated (SW/Uni/F+PGC-1o/AS) or not (SW/llni/
F) with the PGC-1xAS oliganucleotide by immunoblot (IB) of nitro-
cellulose membranes containing the transfers of liver total protein
extracis resolved by SDS-PAGE. a The figures are representative of
four different experiments. b—d Results are presented as means+SEM
for n=6 (b, <) and n=4 {d}; ¥p<0.05 vs. C

uptake [18] and in the modulation of adipose tissue nsulin
signalling [25].

As a participant of the transcriptional confrol of several
programs Telated to glucose metabolism and energy mo-
bilisation, PGC-1x has become an interesting potential
target for therapeutics in diabetes, obesity and related dis-
eases. Therefore, we decided to employ a PGC-lo anti-
sense oligonucelotide to study the effects of the inhibition
of whole-body PGC-1a expression on some clinical pa-
rameters of diet-induced diabetes. Previous studies have
demonstrated that the AKR-related [23] SW/Uni mouse
strain develops diabetes, hyperinsulinaemia and obesity
when fed a fat-rich diet (M. J. Saad, unpublished data). In
the first part of the study, we confirmed the predisposition
of SW/Uni mice to diabetes and showed that this is not a
common feature of all strains related to AKR mice, since
CBA/Uni mice developed obesity and hyperinsulinaemia
bt not diabetes. It is interesting to note that, like in many
humans, the mice strains evaluated here depend on a com-
bination of environmental and genetic factors to present the
complete obesity and diabetes phenotype [26). Thus, they
become attractive models to study these complex diseases
[271.

We next evaluated the effects of a fat-rich diet on the
expression of PGC-1a in the liver and adipose tissue of the
two mice strains, At 4 weeks of age, the levels of PGC-la
are very low in both tissues of both strains. However,
ageing as well as consumption of a fat-rich diet promoted
significant increases in PGC-1 o expression in the liver and
adipose tissue. Moreover, the magnitude of the increases in
PGC-1 o expression owing to ageing and diet seemed to be
more pronounced in the SW/Uni mice than in the CBA/Um
straim.

By treating the SW/Uni/F mice with a single daily dose
of 1.0 nmol PGC-1o/AS, we obtained an almost com-
plete inhibition of PGC-la expression in the liver and
adipose tissue. The effectiveness of this antisense oligonu-
cleotide was surprising, and even a dose as low as 0.5 nmol/
day was capable of significantly reducing the expression
of the target protein. As a result, we observed a complete
remission of hyperglycaemia after 16 days. This effect was
a consequence of increased insulin production and um-
proved peripheral insulin action as assessed by functional
tests and the evaluation of important steps of the insulin
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signalling pathway. Interestingly, the inhibition of PGC-1a
expression was accompanied not only by improved signal
transduction through IR and Akt, but also by an increased
expression of IR and Akt in the liver and of IR in adipose
tissue. Thus, the inbibition of PGC- 1 exerts a coordinated
effect to amplify insulin signalling, acting simultancously
upon protein expression and functional activation. How-
ever, at this time, we cannot be surc whether the effect of
PGC-1o inhibition on IR and Akt expression occurs at
transcriptional levels, at translationat levels, or perhaps at
both levels.

The ability of PGC-1x to inhibit insulin secretion by
pancreatic islets has been previously shown [16, 28]. Sym-
pathetic tonus generated by the exposure of expenmental
animals to a cold environment, or a direct stimulus of iso-
lated pancreatic islets with the adrenergic agonist cloni-
dine, increases PGC-loc expression in islets and reduces
glucose-stimulated insulin secretion. Inhibition of PGC-1a
expression partially restores the capacity of beta cells to
secrete insulin [16]. Furthermore, adenoviral induction of
PGC-1 in pancreatic islets reduces insulin secretion [28].
Finally, in several animal models of diabetes, the expres-
sion of PGC-1« is increased, coinciding with the suppres-
sion of proteins involved in beta cell metabolism and
production of ATP [16, 28]. Therefore, we were not sur-
prised that the inhibition of PGC-1 in the animal model
presented here produced an increase in insulin secretion.

Conversely, the effect of PGC-loc suppression upon
whole-body insulin action was unexpected. Using three
distinct methods, ITT, euglycaemic-hypermsulinaemic
clamp and evaluation of insulin-induced molecular activa-
tion of IR aud Akt in fat and the liver, we observed an
improvement in insulin. function in SW/Uni/F mice treated
with PGC-10/AS. Few studies have evaluated the role of
PGC-le in WAT, and fbe data available indicate that its
expression in this tissue activates a transcriptional program
that induces mitochondria biogenesis and promotes a phe-
notypical and functional shift towards brown adipocyte
[29). Moreover, some studies have suggested a correlation
between the level of expression of PGC-1« in WAT and
insulin action [25, 30]. However, no study has evaluated
whether PGC-1x expression in WAT plays a mechanistic
role or is a consequence of insulin resistance. In this con-
text, Coulter and coworkers [31] have shown that the con-
sumption of dietary fat, which leads to insulin resistance,
imposes a regulation upon PGC-1o expression that is dif-
ferent in brown and white adipose tissue.

In contrast to the limited information available regarding
the roles for PGC-la in WAT, enormous progress in the
characterisation of PGC-lox functions in the liver has
occurred in recent years. In this tissue, induction of PGC-
1o participates in the late regulation of gluconeogenesis
during prolonged fasting {9, 32]. It does so by acting
as a coactivator of transcriptional factors that induce the
expression of gluconeogenic proteins such as phospho-
enolpyruvate carboxylase and G6Pase [8, 9]. To exert this
function, PGC-1x depends on the expression of HNF-4a
[9]; in the absence of HNF-4a PGC-1ox may participate
in the control of the expression of other genes, but not of
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gluconeogenic genes [9, 32]. In parallel to its mvolvement
in gluconeogenic pathways, PGC-la also plays an im-
portant role in the complex mechanisms that coordinate
lipid storage and oxidation in the liver [33]. During fasting,
in parafiel to the increased expression of PGC-loc the
transcription factor CREB is induced in response to cortisol
and glacagon [33]. The induction of CREB imposes a
negative regulation upon the expression of PPARY which
results in increased lipid oxidation and reduced lipogenesis
[33]. In the present study, we demonstrate that with a fat-
rich diet, the hepatic expression of lipogenic genes is sig-
nificantly increased while the expression of HNF-4a 1s
inhibited. When PGC-lo expression is blunted, a rapid
reversal of the macroscopic and microscopic features of
steatosis is achieved and this is accompanied by a reduction
in the expression of genes involved in lipogenesis. In con-
trast, the expression of HNF-4e is restored. Of partic-
ular interest is the finding that inhibition of PGC-1ct leads
to a remarkable reduction of FAS expression. In this con-
text, in a recent stady, Oberkofler and colleagues showed
that PGC-1« induces the expression of the sterol-regu-
latory-¢lement binding protein-1c and, through this mech-
anism, regulates the expression of FAS and ACC [34].

Although we did not measure the hepatic production of
glucose, we show that the molecular activation of Akt is
reduced, and several studies have demonstrated the asso-
ciation of steatosis and hepatic insulin resistance [33, 36].
In a recent study, PGC-la was shown to induce hepatic
insulin resistance through PPARw, a protein known to be
hyperexpressed in diet-induced steatotic livers [6, 37].
Therefore, the consumption of a high-fat diet stimulates
liver lipogenesis and induces insulin resistance m associ-
ation with increased PGC-lo expression. Inhibition of
PGC-1x expression reduces lipogenesis while ameliorat-
ing molecular parameters of insulin action. The net result is
the reversal of dict-induced diabetes and improvement of
histological steatosis, but with increased levels of blood
triglycerides.

In conclusion, the present study demonstrates that in
contrast to previous ideas, not only hepatic, but, at least in
certain clinical conditions, whole-body PGC-1« may be an
attractive target for therapeutics in diabetes and related
diseases.
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Diabetes mellitus € uma doenga crbnica e progressiva que associada a condicGes
como hipertensio, aterosclerose, obesidade e outras, € responsavel por elevados indices de
mortalidade em varias regides do planeta (ZIMMET et al., 2001). Individuos com diabetes
mellitus tipo 2 tm um fendtipo complexo que inclui, em graus varidveis, defeitos na
secrecdo de insulina, elevada producdio hepética de glicose ¢ resisténcia & agfo da msulina.
Todos esses fatores contribuem para o surgimento da hiperglicemia. Entretanto, os
mecanismos precisos através dos quais estes trés fatores interagem e levam ao
desenvolvimento do diabetes sdo desconhecidos. De uma forma geral, existem evidéncias
de que na maior parte dos pacientes ocorre faléncia da célula beta pancredtica em suprir a
demanda periférica por insulina (MARTIN et al.,, 1992; WIESLI et al., 2004; DeFRONZO,
2004). Assim defeitos de secrecdio de insulina parecem desempenhar um papel central na
fisiopatologia desta doenca.

Com base nos conceitos expostos acima e, visando avaliar os mecanismos
moleculares envolvidos na fimcfio da célula beta em uma situagdo onde ha reduzida
secregio de insulina, utilizou-se na primeira parte da presente tese o modelo de exposicéio
ao frio. A exposi¢iio de animais homeotérmicos ao frio constitui situagio fisiolégica tnica,
caracterizada por baixa secre¢do de insulina e acompanhada por aumento na mobilizagdo de
glicose, methora na resposta biologica 4 agfo da insulina (GASPARETTI et al, 2003) e
aumento na captagfio muscular de glicose por mecanismos dependente ¢ independente da
insulina (OLIVEIRA et al., 2004).

De forma similar a estudos pregressos (BING et al, 1998), foi observado no
presente modelo, aumento na ingestdo alimentar acompanhado de perda inicial na massa

corporal ¢ menor ganho de massa pelos animais expostosao frio, 0 que pode estar
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relacionado 2 um aumento na termogénese pois, embora tenha havido breve e discreta
queda na temperatura corporal desses animais, a mesma retornou a normalidade ¢ manteve-
se estavel até o fim do periodo experimental. Por outro lado, a manutengfo de baixas
concentragdes de insulina ao longo do periodo de exposigio ao frio nfo foi acompanhada
por hiperglicemia ou redug#o dos niveis circulantes de AGL conforme verificado em outro
estudo (HOO-PARIS et al., 1988). Isto pode ser explicado pelo fato desses autores terem
utilizado diferente protocolo experimental de hipotermia, o mesmo nio acontecendo no
atual trabatho onde a temperatura corporal dos animais expostos ao frio manteve-se estivel.

Embora a exposigio ao frio seja utilizada em alguns estudos como modelo
experimental de estresse, a auséncia de alteragdes nos niveis circulantes de TSH e
corticosterona observada no presente trabalho exclui a possibilidade dos demais resultados
refletirem respostas a condicio de estresse. Por outro lado, glicocorticdides estdo
associados 4 reducfio na termogénese e atividade do tecido adiposo marrom, provavelmente
por estimular diretamente a expressdo de neuropeptideo Y no nicleo arqueado (STRACK
et al., 1995). Portanto, é provavel que a ndo elevaciio nos niveis de corticosterona seja um
dos fatores necessdrios para que haja aumento da termogénese e conseqiiente sobrevivéncia
frente 3 exposigio prolongada ao frio. Adicionalmente, animais expostos ao frio
apresentam maior mobilizagdo da gordura corporal evidenciada pelo menor percentual de
massa gorda associada a0 aumento na massa magra e elevagfio nos niveis hepiticos de
glicogénio (PEREIRA-DA-SILVA et al,, 2003).

No presente estudo, a exposigio de ratos ao frio foi utilizada como modelo para que,
num primeiro momento se avaliasse o papel do estimulo neural sobre a secregiio de

insulina, e num segundo momento investigar se o aumento no ténus adrenérgico modularia
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proteinas envolvidas na fungfo da c€lula beta.

O controle fino da secre¢do de insulina desempenha papel fundamental nos
mecanismos que visam evitar mudangas drasticas da concentrag@o da glicose sanguinea. Os
nutrientes, hormdnios e estfmulos neurais sdo os principais participantes deste complexo e
integrado sistema (NEWGARD, 2002). Estudo prévio (PORTE e WILLIAMS, 1966),
verificou que estimulos adrenérgicos em ithotas pancredticos sdo capazes de produzir efeito
inibitorio sobre a secrecfio de insulina. No presente estudo, o grupo exposto ao frio
apresentou menor secregdo de insulina tanto basal quanto estimulada por glicose. Por outro
lado, a simpatectomia restaurou parcialmente a secrecio de insulina estimulada por glicose.

Durante as tiltimas trés décadas varios estudos tém proporcionado fortes evidéncias
de que a noradrenalina, agindo através de receptores o2-adrenérgicos expressos em células
beta, induz reduzida formagio de AMP ciclico (NAKAKI et al., 1981) e subsegilentemente,
inibicdo de componentes distais da exocitose (SHARP, 1996). Mais recentemente,
PETERHOFF et al. (2003) utilizando camundongos knockout do receptor a2—adrenérgico
verificaram maior secrecfio de insulina induzida por glicose, porém, ndo observaram
diferenga na concentragdo de 2,8 mM, resultado também encontrado no presente estudo.
Tal fato deve decorrer da conhecida capacidade do AMP ciclico em potencializar a
secregdo de insulina a qual é observada em altas concentragSes de glicose, porém, ausente
em baixas concentragBes, mesmo na presencga de agonistas como o ghicagon e forskolina
(HEDESKOV, 1980; MALAISSE e MALAISSE-LAGAE, 1984; HENQUIN e
MEISSNER, 1984; MALAISSE et al, 1984; SHARP, 1979; ULRICH ¢ WOLLHEIN,

1984).
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Em animais expostos ao frio ocorrem virios ajustes ao nivel celular, um dos mais
importantes € a alteragfo da biogénese mitocondrial ¢ a expressio dos genes que controlam
a razéio da oxidacfio dos combustiveis e sintese de ATP nessas organelas (WU et al., 1999).
Neste sentido, num segundo momento, avaliou-se a participagdo das proteinas
desacopladoras mitocondriais no processo de secregfio de insulina em animais expostos ao
frio. Pdde-se verificar através de imunoblot ¢ imunohistoquimica que animais expostos ao
fiio apresentam aumento na expressio da UCP-2 e que a desnervagio reduzin a expressio
dessa proteina, revertendo parcialmente a inibicio da secre¢éio de msulina.

As UCPs participam dos mecanismos de regulagio do aproveitamento energético
em células, promovendo o desacoplamenio entre a cadeia mitocondrial de elétrons e a
producfio de ATP. A secregiio de insulina depende primariamente do ATP no acoplamento
metabolismo-secreclio e € estimado que 90% da produgdio de ATP na célula beta seja
proveniente do processo oxidativo na mitocondria (ERECINSKA et al., 1992). No trabaiho
atual, apesar de ndo terem sido quantificados os niveis de ATP, a secrecdo reduzida de
insulina em animais expostos ao frio foi revertida apds o uso de oligonucleotideo antisense
anti-UCP-2, o0 que demonstra a importédncia dessa proteina em controlar a relacho
ATP/ADP.

Com o knockout de UCP-2, surgiu um modelo para que se determinasse diretamente
o papel dessa proteina na secreco de insulina. Em cultura de ilhotas isoladas ocorre
aumento na responsividade a glicose, caracterizada por desvio da curva concentragéo-
resposta para a esquerda (JOSEPH et al.,, 2002). Camundongos knockout apresentam um
aumento na razéo insuling/glicose in vivo. Além disso, camundongos heterozigotos para o

gene UCP-2 desenvolveram padrfio secretorio intermedidrio entre o tipo selvagem eo
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knockout (ZHANG et al., 2001). Porém, estes autores utilizaram como base para a mutacio,
camundongos deficientes de leptina (ob/ob), sendo fato conhecido que a exposigdo de
ilhotas pancreaticas & leptina inibe a expressdio da UCP-2 (BROWN et al, 2002). Desse
modo, em camundongo ob/ob, a auséncia de leptina pode ser um dos fatores responsaveis
pelo aumento na expressdo da UCP-2. Os efeitos modulatérios da glicose, leptina e 4cidos
graxos (ZHOU et al, 1997; YAMASHITA et al, 1999; VILLARROYA et al, 2001;
LAMELOISE et al., 2001; BROWN et al., 2002; LI et al.,, 2002) foram minimizados uma
vez que tais pardmetros foram modulados de forma limitrofe pela exposicdo ao frio. Assim,
no presente estudo, 0 componente neural assumiu papel central no controle dos parametros
avaliados. Em adigfo, vérios estudos proporcionaram evidéncias diretas de que a UCP-2 ¢
capaz de regular negativamente a secrego de insulina por catalisar a evasio do gradienie
eletro-quimico na mitocéndria da célula beta, levando a redugdo dos niveis de ATP gerado
nesta organela (CHAN et al., 1999; CHAN et al., 2001; HONG et al,, 2001; ZHANG et al.,
2001: NAKAZAKI et al., 2002). No entanto, nesses estudos, os mecanismos moleculares
que levam ao aumento da expressdo da UCP-2, ndo foram identificados.

A biogénese da mitocOndria ¢ um fendmeno dependente da participagdo de um
grande mmero de proteinas, das quais a maioria é codificada pelo genoma nuclear, mas seu
controle ndo €& totalmente conhecido. A identificaciio da PGC-1c, uma proteina coativadora
transcricional, despertou grande interesse na area. Em orgdos termogenicamente ativos, tal
como o tecido adiposo marrom, a exposigiio ao frio promove a expressio da PGC-la
devido a um aumento do tonus simpético via receptores B-3 adrenérgicos ¢ AMP ciclico
(BOSS et al, 1999). A inducfio de PGC-la significativamente aumenta a atividade

transcripcional do PPARy, receptor do horménio tireoidiano e AMP ciclico no promotor da
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UCP-1 (WU et al,, 1999). O presente estudo demonstrou, simultaneamente a outro (YOON
et al., 2003), que a PGC-la esta expressa em ilhotas pancredticas. A exposicdo de ratos ao
frio induz ao aumento na expressio da PGC-1a, enguanto que a simpatectomia reverte tal
efeito. Em adigfio, tratamento in vivo de ratos simpatectomizados expostos ao fric com um
agonista o2-adrenérgico (clonidina) induz expressdo de tal proteina, mostrando que o
estimulo simpatico & responsavel por controlar a expressdio da PGC-1a nesse modelo. Em
adiciio, ao incubar ilhotas pancredticas de ratos expostos ao frio com oligonucleotideo
antisense anti-PGC-lo, houve significativo blogqueio de tal proteina, o que foi
acompanhado por inibi¢do da proteina UCP-2 e conseqgiiente reversio parcial da secre¢io
reduzida de insulina. Isso demonsira a estreita associagdo entre PGC-la e UCP-2 em
ilhotas de ratos.

Por fim, a inibicfio da expressdo da PGC-1a reverte tanto a superexpressio da UCP-
2, quanto defeitos na secre¢io de insulina induzidos pelo frio. De fato, nossos resultados
mostram que o bloqueio parcial da expressdo da PGC-la ou UCP-2 resulta em aumento
tanto na secrecdio de insulina basal quanto estimulada por glicose. Isso demonstra a
importancia dessas duas protefnas sobre a secre¢do de insulina ¢ abre oportunidade para
consideracbes quanto as fungdes dessas em diabetes mellitus. Sendo assim, na segunda
parte da presente tese investigou-se a expressiio da PGC-la em modelo experimental de
diabetes mellitus tipo 2 e avaliou-se o papel da inibigdo de tal proteina sobre os parametros
clinicos nesse modelo.

Até o momento, existem evidéncias que sugerem ser 2 PGC-la um co-fator

transcricional chave na modulagdo da secregfo da insulina. No entanto, em anos recentes,
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questdes foram levantadas sobre os possiveis papeis desta proteina em outros tecidos. Um
desses estudos encontrou resultados importantes, mostrande que a PGC-la esta presente
em varios tecidos e tem muitas e diferentes fungdes, inclusive no controle da homeostase da
glicose (para revisio PUIGSERVER ¢ SPIEGELMAN, 2003). Neste contexto, a PGC-la
esta envolvida na regulagiio da gliconeogénese hepatica (YOON et al,, 2001; HERZIG et
al., 2001) captaciio de glicose pelo musculo (MICHAEL et al, 2001; OLIVEIRA et al,
2003), na modulagdo da acfio da insulina no tecido adiposo branco (HAMMARSTEDT et
al., 2003) e controle da secregdo de insulina pela célula beta pancredtica (YOON et al.,
2003 e o presente estudo).

A PGC-la passou a ser um alvo terapéutico potencial no diabetes, obesidade ¢
doengas relacionadas, uma vez que esta participa do controle transcricional de varios
programas relacionados a0 metabolismo da glicose e mobilizacio energética; dessa forma,
a inibigio da expressdo dessa proteina poderia ser de interesse terapéutico. Para isso,
utilizou a técnica do oligonucleotideo antisense para modular a expressdo da PGC-la in
vivo. Essa técnica tem sido usada e demonstrou ser eficiente em véarios estudos (SHAN et
al., 2003; SLOOP et al., 2004; AMARAL et al,, 2004; ARAUJO et al., 2005).

Inicialmente, confirmou-se a predisposicio de camundongos Swiss a0
desenvolvimento de diabetes. Segundo relatos do nosso laboratério (M.J. SAAD, dados nfo
publicados) esses animais quando alimentados com dieta hiperlipidica desenvolvem
obesidade, hiperinsulinemia, e diabetes. FEnquanto que a linhagem controle (CBA)
desenvolve obesidade, hiperinsulinemia, mas nfio diabetes mellitus. Isto ¢ interessante,
pois, assim como em humanos, as linhagens de camundongos avaliadas aqui dependem de

uma combinaciio de fatores genéticos e ambientais para desenvolverem, ou nio, o fenétipo
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(SPEAKMAN, 2004). Desse modo, estabeleceu-se um modelo atrativo para os estudos
desta complexa doenca.

Em seguida, avaliou-se o efeito da dieta rica em lipideos sobre a expresséo da PGC-
1ot em figado e tecido adiposo de ambas linhagens. A 1rés semanas de idade, os niveis de
PGC-la siio baixos em ambos tecidos de ambas linhagens avaliadas. Entretanto, apds oito
semanas de tratamento com dieta hiperlipidica, verificou-se que tanto a idade quanto o
consumo de dieta promoveram aumento significativo na expressio de PGC-1a no figado e
no tecido adiposo, porém, em maiores propor¢es nos camundongos Swiss. YOON et al.
(2001) ¢ HERZIG et al. (2001), verificaram, recentemente, que figados de animais
diabéticos € obesos apresentam maiores expressdes de PGC-1o comparados aos controles.

Através do tratamento de camundongos Swiss com uma dose didria de 1,0 nmol de
antisense PGC-lo, obteve-se uma quase completa inibigio da expressdo da PGC-lot no
figado e no tecido adiposo, e apés dezesseis dias observou completa reversdio da
hiperglicemia. Este efeito foi conseqiiéncia de aumento moderado na producsio de insulina,
pois camundongos tratados com oligonucleotideo antisense apresentaram maiores niveis de
insulina basal ou estimulada por glicose ¢ uma melhora na agfio periférica da insulina,
comprovado por aumento no desaparecimento da glicose sérica durante o ITT ¢ aumento no
consumo de glicose durante o clamp hiperinsulinémico-euglicémico. A melhora na agéo da
insulina em tecidos alvos foi posteriormente confirmada por aumento na fosforilagdo da
AKT e fosforilagiio em tirosina do IR induzida por insulina, tanto no figado quanto no
tecido adiposo de camundongos tratados com antisense. E de interesse que 2 inibigdo da
PGC-1¢ foi acompanhada por um aumento na expressio da AKT no tecido adiposo, o qual,

em base estoiquiométrica, pode mostrar que o efeito da inibicdo da PGC-la neste tecido
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leva ao aumento pa expressdo e também na ativagdo funcional da AKT. De forma diferente,
no figado, nenhuma modulagio da expressio da AKT pode ser observada, revelando que a
inibicio da PGC-la nesse tecido alterou apenas a ativagio funcional dessa proteina. A
partir da técnica de RNA interferéncia, KOO et al. (2004) observaram que um intbidor
natural da AKT (TRB-3) é dependente da PGC-1c. Isso demonstra que a PGC-1a pode
exercer papel direto sobre a fosforilagdo da proteina AKT, o que justificaria os achados do
presente estudo, ou seja, inibigho da PGC-1a, inibe por sua vez 2 TRB-3, com conseqiiente
aumento da fosforilagio da AKT. Porém, os mecanismos que levam ao aumento da
expressdo da AKT no tecido adiposo nfio sfo claros. Em adi¢o, o aumento na fosforilacéo
do receptor de insulina parece ser, pelo menos em parte, resultado da reverséo do perfil
lipidico do figado.

Como 3 habilidade da PGC-1c em inibir a secrecdo de insulina em ilhotas isoladas
fora demonstrado na primeira parte da presente tese, ndo houve surpresa no fato da inibicio
da PGC-la corporal total promover aumento na secregdo de insulina. Por outro lado, o
efeito da inibicio da PGC-la sobre a agdo da insulina foi inesperado. Através de trés
métodos distintos (ITT, clamp hiperinsulinémico-euglicémico e avaliagio da ativagio
molecular do IR e AKT estimulado por insulina no figado e tecido adiposc) observou-se
gue o antisense PGC-1o methora a fungfo da msulina. Como descrito acima, a PGC-1a foi
inicialmente identificada em tecido adiposo marrom e muitos dados demonstram que sua
indugiio ativa programas que adaptam a célula 4 resposta do estimulo ambiental
(PUIGSERVER et al, 1998). No entanto, a expressio da PGC-la em tecido adiposo
branco € menos estudada, mas alguns dados indicam que sua expressdo nesse tecido ativa

num programa transcricional que induz biogénese mitocondrial ¢ promove, nesse tecido,
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fungdio de tecido adiposo marrom (TIRABY et al, 2003). Finalmente, poucos estudos
abordando os efeitos da PGC-la sobre a agéio da insulina em tecido adiposo branco estio
disponiveis. De acordo com esses trabalhos, ha correlagfio direta entre a expressio da PGC-
la e a agfio da insulina (HAMMARSTEDT et al., 2033; YANG et al., 2003). Entretanto,
nenhum destes estudos avaliou se a expressio da PGC-la no tecido adiposo branco
desempenha fun¢do primaria ou se esta é conseqiiéncia da resisténcia a insulina. Neste
contexto, COULTER et al. (2003) mostraram que o consumo de dieta hiperlipidica, a qual
leva a resisténcia 2 insulina, promove regulagio da expressfio da PGC-la diferente em
tecido adiposo branco ¢ em marrom. Sendo assim, suspeita-se que a elevada expressio da
PGC-la em tecido adiposo branco atende 3 demanda lipogénica e ocorre em paralelo com
a instalacfio da resisténcia & insulina.

Em contraste com a informac#o limitada a respeito do papel da PGC-la no tecido
adiposo branco, em anos recentes houve progresso na caracterizagio da fungfio da PGC-la
no figado. Neste tecido, a induciio da PGC-la participa na regulagio tardia da
gliconeogénese durante jejum prolongado (YOON et al., 2001; RHEE et al., 2003). Esta co-
ativa fatores transcricionais que induzem a expressfio de proteinas gliconeogénicas; tais
como a fosfoenolpiruvato quinase e a glicose 6-fosfatase (HERZIG et al., 2001; YOON et
al., 2001). Para exercer esta fimgdo, a PGC-la depende da associacio com o fator nuclear
de hepatécito-4cc (HNF-4a); na auséncia do HNF-4a, a PGC-1a pode participar no
controle da expressiio de outros genes, mas nio de genes gliconeogénicos (YOON et al,
2001; RHEE et al., 2003). Em adi¢fo, foi recentemente observado que a FOXO-1 (fator de
transcrigio da familia das forkhead) interage com a PGC-1a para regular a gliconeogénese

¢ que esse processo é dependente da via de sinalizagiio da insulina (PUIGSERVER et al.,
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2003). Estes autores verificaram que, mediante inibicdo da FOXO-1, a PGC-1a falha em
ativar a transcrigio de genes gliconeogénicos mesmo com altas doses de insulina.

Em paralelo ao seu envolvimento na via gliconeogénica, a PGC-lo também
desempenha fun¢iio importante no mecanismo complexo que coordena estoque e oxidagio
de lipideos no figado (I-tERZIG et al., 2003). Durante o jejum, em paralelo a0 aumento na
expressio da PGC-1a, o fator de transcri¢io CREB é induzido em resposta ao cortisol e
glucagon (HERZIG et al, 2003). A indugdo de CREB impde regulagio negativa sobre a
expressio do PPARy o que resulta em aumento na oxidagio de lipideos e reduzida
lipogénese (HERZIG et al, 2003; GRAVILOVA et al,, 2003; KOO et al, 2004). Nosso
estudo demonstra, que sob dieta hiperlipidica, a expressfio hepatica de genes lipogénicos
estd aumentada significativamente, inclusive a expressiio da PPARy. Quando a expressio
da PGC-la ¢ inibida, ocorre uma rapida reversio da esteatose hepética e isto €
acompanhado por redugdo significativa da PPARy. De interesse especial € o achado que a
inibiciio da PGC-1la leva a reducdo marcante da expressdo da enzima 4dcido graxo sintase
(FAS). A FAS tem sua transcrigio génica regulada pela proteina ligadora -lc do elemento
regulador de esterol (SREBP-1c). De fato, em estudo recente, OBERKOFLER et al. (2004)
demonstraram que a PGC-1a induz a expressio da SREBP-1c e através desse mecanismo

regula a expresséo da FAS.

Outra enzima lipogénica que também € controlada transcricionalmente pela SREBP-
Ic é a acetil-CoA carboxilase (ACC). Redugio na atividade da ACC leva ao aumento no
contetido de malonil-CoA, este substrato por sua vez ativa alostericamente a atividade da
camnitina palmitoil transferase —1 (CPT-1), o que resulta em oxidacio mitocondrial

aumentada (NICOT et al, 2004; KERNER et al, 2004). No presente estudo, animais
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submetidos a dieta hiperlipidica apresentaram reduzida atividade da ACC e aumento na
CPT-1. Em adi¢@o, os animais tratados com dieta hiperlipidica apresentam aumento na
fosforilagio da AMPK [Thr'™], possivelmente, induzida por altos niveis de leptina
(STEINBERG et al., 2004) no modelo de obesidade apresentado. Em acréscimo, estudos
tém demonstrado que a AMPK pode inibir a atividade da ACC (KUDO et al, 1996;
KRAUSE et al., 2002). Sendo assim, tanto a SREBP-Ic¢ quanto AMPK podem ser os
moduladores responsaveis por reduzir a atividade da ACC e conseqiientemente aumentar

CPT-1 no modelo atual. Segundo LOUET et al. (2002) a PGC-la ativa diretamente o

promotor da CPT-1.

Acreditamos que, no presente estudo, a inibi¢ho da expressdo da PGC-la leve a
uma menor associacio PGC-10/SREBP-1¢ e/ou reduzida fosforilagdo da AMPK, levando a
um aumento na atividade da ACC com subseqiiente reducfio no actimulo da malonil-CoA e
inibiciio da CPT-1. Ainda, que a inibigdc da PGC-la reduz diretamente a expressdo da
CPT-1. Por fim, a reduc3o na fosforilacio da AMPK pode ser explicada pelo aumento na
ativacio da via clissica da insulina (RUTTER et al., 2603), uma vez que houve aumento na
sensibilidade a insulina, comprovada por trés distintos métodos, conforme ja citado acima.

Em nosso estudo, apesar de niio ter se aferido diretamente a produgfo hepdtica de
glicose, verificou-se diminnicdo da ativagfio molecular da AKT e, varios estudos tém
demonstrado a associacio de esteatose hepética e resisténcia hepatica a msulina (GUPTA et
al., 2000; BROWNING ¢ HORTON, 2004). Finalmente, o consumo de dieta hiperlipidica
induz resisténcia hepatica 4 insulina associado & reduzida fosforilacdo da AKT; dessa
forma, a AKT ¢é incapaz de fosforilar o fator de transcrigdo da familia forkhead (FOXO-1).

Por sua vez, a FOXO-1 em associa¢gio com a superexpressdo de PGC-la, induz genes
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gliconeogénicos, resultando em elevada producio hepatica de glicose. Por outro lado, a
superexpressio de PGC-la ativa o fator de trancrigio SREBP-1c¢, este fator estd envolvido
na siniese de acido graxo ¢, no caso do figado, elevado acimulo de lipideos. No presente
estudo, os animais tratados com dieta hiperlipidica apresentaram duas condigfes clinicas
que aconteceram em paralelo; resisténcia hepdtica & insulina, com elevada produgdo de
glicose ¢ esteatose hepatica. Neste sentido, a inibiglio da proteina que desempenha papel
central nas duas condigdes, PGC-la, tem duplo efeito; primeiro por inibir proteinas
conhecidas por seus efeitos lipogénicos, como a ACC, FAS e PPARY, ¢ na seqiiéncia por
restaurar a sensibilidade & insulina, com aumento na fosforilagio da AKT e inibigdo direta
ou indireta da interagio FOXO-1/PGC-1a/HNF-4c, ¢ comseqiientemente, reducéo da
producdo hepatica de glicose.

Por fim, a segunda parte do estudo demonstra que a inibicdo da expressdo da PGC-
lo reduz a lipogénese enquanto melhora os pardmetros moleculares da agfio da insulina no
figado e tecido adiposo. O resultado final € a reversfio do diabetes e da esteatose hepatica
induzidos por dieta.

Nossos resuitados colocam a PGC-1a numa posigéio central como controladora de
varios fendmenos, tanto centrais (célula beta), quanto periféricos (figado e tecido adiposo)

envolvidos na fisiopatologia do diabetes meliitus tipo 2 e doencas relacionadas.
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A partir dos resultados encentrados pode-se concluir que:

O estimulo simpéatico induzido pela exposicio ao frio induz a expressio de PGC-1a
em ilhotas pancreaticas. A protefna PGC-1« participa do controle da expresso de UCP-2 a
qual desacopla a respiragio mitocondrial resultando em reduzida relacdo ATP/ADP e

subseqiiente reducfio da secregio de insulina.

A inibiciio da expressio da PGC-la reduz a lipogénese enquanto melhora os

pardmetros moleculares da a¢éio da insulina no figado e tecido adiposo. O resultado final &

a reversdo do diabetes mellitus ¢ da esteatose hepatica.
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