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O maior pecado do ser humano, € ignorar suas forgas interiores,
seus poderes criadores e sua heranga.
Estuda-te...
V€ quanta coisa és capaz de fazer..”

(C. 5. Marden)
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Resumo

A desnervaciio aguda ¢ um modelo reprodutivel de resisténcia a insulina. Misculos soleus
de ratos controles e de ratos submetidos & desnervagio foram utilizados para investigar as
bases moleculares da resisténcia 3 insulina. A desnervacBo aguda induziu uma reducHo
significativa na taxa de captagiio de glicose (62%) analizada pelo clamp euglicémico-
hiperinsulinémico de membro isolado, a qual foi associada 4 diminuicdo significativa da
fosforilacdo em tirosina do IR (73%), IRS1 (69%), IRS2 (82%) e fosforilagfio em serina da
Akt (39%), estimuladas pela insulina. Além disso, a desnervacio reduziu a associagio entre
IRS1/IRS2 e p85/PI3kinase, induzida pela insulina. No entanto, a desnervacdo causou um
aumento da atividade da PI3-kinase associada ao IRS1 (275%) e IRS2 (180%), embora o
conteido de fosfoinositdis fosforilados, detectados por HPLC, fosse significativamente
reduzido em fra¢Bes lipides. Diante dessa aparente discrepancia, avaliarnos a expressio €
atividade da fosfatase SHIP2 e a fosforilagdo em serina da p85/PI3-kinase. Ndo houve
diferenca na expressdio da SHIP2 entre musculos controles e desnervados. Entretanto, a
fosforilagio em serina da p85/PI3-kinase foi reduzida no misculo desnervado, enquanto
que o bloqueio da expressiio da SHIP2 pelo tratamento com oligonucleotideo antisense
especifico restaurou parcialmente o contetido de fosfoinositdis fosforilados e normalizou a
captagio da glicose. Concluindo, alteragdes no estado funcional da SHIP2 podem

contribuir para a resisténcia a insulina induzida pela desnervagéo.



Abstract

Short—term muscle denervation is a reproducible model of tissue specific insulin resistance.
To investigate the molecular basis of insulin resistance in denervated muscle the
downstream signaling molecules of the insulin-signaling pathway were examined in intact
and denervated soleus muscle of rats. Short—term denervation induced a significant fall in
glucose clearance rates (62% of control, p<0.05) as detected by euglycemic-
hyperinsulinemic clamp, and was associated with significant decrease in insulin-stimulated
tyrosine phosphorylation of IR (73% of control, p<0.05), IRS1 (69% of control, p<0.05)
and TRS2 (82% of control, p<0.05) and serine phosphorylation of Akt (39% of control,
p<0.05). Moreover, denervation reduced insulin-induced association between IRS1/IRS2
and p85/PI3-kinase. Notwithstanding, denervation caused an increase in IRS1 (275%,
p<0.05) and IRS2 (180%, p<0.05) associated PI3-kinase activity, but the contents of
phosphorylated phosphoinositides detected by HPLC were significantly reduced in lipid
fractions. In face of the apparent discrepancy we evaluated the expression and activity of
the S-inositol, lipid phosphatase SHIP2 and the serine phosphorylation of p85/P13-kinase.
No major differences in SHIP2 expression were detected between intact and denervated
muscle. However, serine phosphorylation of p85/PI3-kinase was reduced in denervated
muscle, while the blockade of SHIP2 expression by antisense oligonucleotide treatment led
to partial restoration of phosphorylated phosphoinositide contents and to improved glucose
uptake. Thus, modulation of the functional status of SHIP2 may be a major mechanism of

insulin resistance induced by denervation.
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1. Introducao.




Diabetes mellitus é uma das principais causas de morbidade e mortalidade em
humanos e, pode ser definida como um distirbio metabolico multifatorial resulianic da
faléncia na producdo de insulina bem como da resisténcia a acic deste hormbnio. Uma
pequena parcela de pacientes apresenta diabetes mellitus tipo 1a, resultante da destruigdo
autoimune das células beta pancredticas, e que se traduz por deficiéncia absoluta de msulina
(Nathan, 1993). Diabetes mellitus tipo 2 ¢ a forma mais freqiiente da doenga, caracterizada
por grau varidvel de insulinopenia associada & resisténcia periférica a insulina (Taylor,
1999). Em ambas as formas de apresentagdo, seja diabetes mellitus clinicamente manifesto
ou reduzida tolerdncia a glicose, tecidos muscular, adiposo e hepatico tornam-se resistentes
3 aclo da insulina. Tal estado pode ser também observado em outras situac3es clinicas
comuns tais como, obesidade, sindromes de ovarios policisticos, hiperlipidemia,
hipertens3o e aterosclerose (Saltiel & Kahn, 2001).

A insulina estimula a captagfio e o armazenamento de glicose em musculo e tecido
adiposo, ao mesmo tempo que inibe a produgio hepatica de glicose, servindo assim, como
um regulador primdrio da concentragiio de glicose sanguinea. Este horménio estimula
também uma série de outros pardmetros fisiolégicos tais como, ¢ crescimento e a
diferenciacdo celular. No musculo, a insulina age através da estimulagio da sintese de
proteinas ¢ de glicogénio, enquanto no tecido adiposo, através da estimulagio da
lipogénese (Klip & Paquet, 1990). No figado, a insulina inibe a glicogendlise e a
gliconeogénese, e estimula a sintese de glicogénio. Portanto, a resisténcia a insulina resulta
da regulagio anormal desses processos, produzindo concentracdes elevadas de glicose ¢
lipideos séricos tanto nos periodos de jejum como no estado poés-alimentado (Saltiel &

Kahn, 2001).
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Desde sua descoberta em 1921, muito esforco tem sido dedicado ao entendimento
dos mecanismos de ag¢fo da insulina. Porém, o exato mecanismo molecular de smnalizacfo
mtracelular que € mediado pelo receptor da insulina e que resulta em diversas respostas
bioldgicas, ainda nfo esté completamente elucidado. Na busca do entendimento dos
processos que levam a resisténcia & insulina, vérios modelos foram propostos nas dltimas
décadas, dentre estes, a despervagéo.

Desnervagiio ¢ um modelo reprodutivel de resisténcia a insulina, caracterizado por
uma diminuicfio da habilidade do horménio em estimular a captacfio da glicose, a sintese de
glicogénio, e o transporte de aminodcidos através da membrana plasmatica (Elmendorf et
al., 1997), além da reducdio da expressfio do mRNA dos transportadores de glicose, GLUT!
e GLUT4 (Henriksen et al., 1991; Coderre et al, 1992). Esses efeitos ja@ podem ser
observados 3 horas apds a sec¢fio do nervo (Turinski et al., 1998). Buse e Buse (1959)
foram os primeiros a mostrar que a interrupgdo do nervo que supre os musculos
esqueléticos resulta no desenvolvimento da resisténcia a insulina nos mesmos. Assim, a
desnervacgfio passou a ser um modelo tecido-especifico de resisténcia 4 insulina, uma vez
que os sinais da resisténcia ao hormonio ocorrem somente na musculatura desnervada,
sendo o misculo da pata contralateral utilizado como controle.

O musculo desnervado difere ainda do normal, uma vez que a interrupcdo
completa da inervaciio motora promove a perda imediata da atividade voluntéria e reflexa
do mesmo, atrofia muscular progressiva, além da perda de substincias neurais que suprem
o nervo como, por exemplo, a acetilcolina (Hofmann, 1987). Em 2001, Day et al
observaram que apds oito semanas de desnervacio, o musculo gastrocnémio apresentou

diminui¢iio de didmetro, de peso e, ainda, reducfio da forga de contracfio. Esta perda de
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peso foi de 30%, 50% e 60% a 80% apds 30, 60 e 120 dias, respectivamente (Sunderland,
1978). Os efeitos morfofisiologicos da desnervagio prolongada nfo foram corrigidos pela
reinervacéio dos musculos séleo, gastrocnémio lateral e tibial anterior, realizada vinte e uma
semanas apos a seccdo do nervo cidtico (Paassen, et al., 2002).

Dentre os principais substratos utilizados pelo tecido muscular como fonte de
energia destaca-se a glicose que, apds ser captada, € convertida em glicogénio que €
reconvertido em glicose para ser utilizada de acordo com as necessidades energéticas das
fibras musculares. Nesse tecido, a insulina estimula a sintese de glicogénio através da
desativacio da proteina GSK3, em resposta ao aumento da atividade da Aktl, o que resulia
na fosforilacdo da enzima glicogénio sintase (GS) (Markuns et al., 1999). No entanto, no
misculo desnervado, a sintese de glicogénio estd diminuida em 80% depois de 3 dias.
Nessas condigdes, a insulina perde a capacidade de estimular a fosforilacio da glicogénio
sintase (GS) contribuindo, a médio e longo prazos para a degeneracgiio muscular (Smith et
al., 1988). As observagbes descritas nos paragrafos anteriores foram confirmadas mais
recentemente (Lin et al,, 2002). Esses pesquisadores observaram ainda uma redugfo da
atividade da glicogénio sintase (GS) em média de 65%, apos 24 horas de desnervagio.

Além da sintese de glicogénio, a insulina estimula o transporte da glicose através
das membranas das fibras musculares. Este transporte envolve diferentes proteinas que
promovem a translocacdo do GLUT4 dos sitios intracelulares para a membrana plasmdtica.
Interessante notar que o efeito da desnervacfo reduz o transporte da glicose em 28% no
mtsculo desnervado por 24 horas, quando estimulado pela msulina in vitre (Wilkes et al.,
2000). Tal reducfio ¢ também observada no musculo /7 vivo ap6s 24 horas de desnervagio,

atingindo valores de 80% na queda do transporte da glicose {Turinsky, et al., 1998). Quanto
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a desnervacdo aguda, de 3 a 6 horas, ¢ transporte da glicose mediado pela insulina também
é reduzido de 20% a 58% (Turinsk, 1987). Quanto & reduciio no transporte da glicose citada
acima, observa-se que o mnumero do transportador GLUT4 € reduzido, embora a
translocacBo para @ membrana plasmatica das vesiculas contendo GLUT4 esté preservada
no musculo desnervado. Porém, existe um aumento de duas vezes nos niveis das vesiculas
contendo GLUT1, que passam a responder a insulina, ¢ estiio presentes na superficie
celular. A formacio dessas vesiculas contendo GLUT1 pode ser considerada como um
mecanismo compensatorio da diminuicdio do nivel do transportador GLUT4 nos miusculos
desnervados (Zhou et al., 2000). Estudos comparativos, entre msculos de ratos tornados
diabéticos por estreptozotocina e misculos de ratos controles desnervados (sete dias de
desnervacdo), mostram que o transporte da glicose, estimulado pela insulina, € duas vezes
menor no musculo desnervado (40%-60%) do que no musculo do animal diabético
(redugdo de 18%-24%). Esta diferenca é associada a redugfo mais significativa na
expressdo do mRNA da proteina GL.UT4 po musculo desnervado (75%) comparada ao
musculo do animal diabético (30%-40%) (Han et al., 2000).

A essa altura € necessario lembrar que o fluxo sanguineo no musculo desnervado
(Turinsky, 1998) e a ligacfo da insulina ao seu receptor localizado na membrana plasmatica
das fibras musculares (Forsayeth, 1992) nfio se alteram, e portanto nfo contribuem para o
aumento da resisténcia & insulina. O mesmo se aplica 4 perda da atividade contratil do
musculo pela desnervacdo (Etgen, 1993).

A acfo da insulina em células alvo inicia-se através da sua unifio ao seu receptor que
estd localizado na membrana celular (Freytchet et al., 1971; Cuatrecasas, 1972; Khan,

1985). Este receptor estd presente em praticamente todos os tecidos dos mamiferos, sendo
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que nas células do musculo esquelético ele exerce uma fungfo importante na mediacdo da
captagiio de muitos substratos metabdlicos, sendo a glicose o substrato mais importante.
Além disso, a insulina participa do controle da captagio de aminoacidos utilizados no
crescimento e reparo das fibras musculares (Holfmann, 1987). O receptor de insulina ¢ uma
glicoproteina heterotetramérica constituida por duas subunidades «, cada uma com 135
kDa e duas subunidades B, cada uma com 95 kDa, unidas por ligagdes dissulfeto (Khan,
1985). A subunidade « ¢ inteiramente extracelular ¢ contém o sitio de ligagdo da insulina.
A subunidade § € uma proteina transmembrana e responsavel pela transducéo do sinal.

Em 1982, Kasuga et al., demonstraram que a subunidade B do receptor de insulina €
uma proteina com atividade tirosina-quinase, capaz de se autofosforilar ¢ de fosforilar
outros substratos em residuos de tirosina apés a ligacdo do hérmonio 4 subunidade a. O
ATP age como doador de fosfatos ¢ a fosforilagio ocorre em aminodacidos tirosina.
Camundongos nos quais a expressido do receptor de insulina em misculo foi suprimida por
tecnologia recombinante apresentam tolerdncia normal & glicose (Bruning et al.,1998).

Tém sido descritos vérios substratos enddgenos para os receptores de insulina
(Bornier et al., 1987). Estas proteinas sio fosforiladas em tirosina pela ativagdo do receptor.
A primeira a ser descrita fol uma proteina de aproximadamente 185 kDa denominada
pp185 ou substrato 1 do receptor de insulina (White et al., 1985). O componente de maior
peso molecular (pp1835), clonado em 1991 por Sun et al., foi denominado substrato 1 do
receptor de insulina (IRS1) o qual € localizado no citoplasma das células-alvos da insulina.
Camundongos com krnockout do IRS1 exibem retardo no crescimento pré e pos-natal, assim

como, resisténcia dos tecidos periféricos & agfio da insulina além de tolerancia reduzida a
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glicose (Tamemoto et al., 1994; Araki et al, 1994). Desnervagio por sete dias do musculo
s0leo reduz em 34% a fosforilagio do IRS1, apés exposicdo a insulina (Hirose et al., 2001},

Insulina promove a associaglio entre a enzima fosfatidilinositol 3'-kinase que
possui dois dominios SH2 (Carpenter & Cantley, 1990), com o IRS! (Folli et al., 1992).
Essa associacfo, esta relacionada com a ativagio do transportador de glicose (Sanches-
Margalet et al., 1994; Cheataham & Khan, 1995). Contudo, nenhuma alteracio na atividade
da PI3-kinase foi verificada no musculo sdleo apds 24 horas de desnervacio {Elmendorf et
al.,1997).

Ha sete anos, outro constituinte da banda ppl85, o IRS2, foi purificado e 2
seqiiéncia cDNA determinada apresentando, aproximadamente, 45% de homologia com o
IRS1. Aparentemente, o IRS2 atua sipergicamente com o IRS1 na ativacdo da PI3-kinase,
tendo, portanto, uma funcio importanie nos eventos que controlam o metabolismo de
glicose nos tecidos-alvos da insulina (Sun et. al,, 1995). Camundongos com knockout do
IRS2 exibem resisténcia & insulina no musculo, tecido adiposo e figado, e apresentam
alteragdes no crescimento de alguns tecidos, incluindo certas regides do cérebro, ilhotas e
retina (Withers et al., 1998; Kido et al., 2000). Nestes camundongos, a resistencia & insulina
combinada com a diminuigdo significativa da massa das células-beta resulta no
desenvolvimento da diabetes mellitus tipo 2 {Withers et al., 1998).

O IRS1 e o IRS2 guando fosforilados associam-se a PI3-kinase ativando-a, tanto
in vivo como in vifro (Folli et al, 1992; Saad et al, 1995). A ativacdo da PI3-kinase
aumenta os niveis teciduais de fosfatidilinositol 3 fosfato, que é um intermediario essencial
na ativagfo da serina-kinase Akt!1/PKB (proteina kinase B) (Kohn et al., 1996; Krook et al.,

1998).
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A Aktl-kinase € essencial para o transporte da glicose e para a sintese de
ghicogénio em tecidos insulino-sensiveis. Essa enzima ¢ fosforilada por uma kinase ainda
ndo identificada, numa reagio que depende da formagiio de 3,4,5 trifosfato de
fosfatidilinositol induzida pela PI3-kinase. A Aktl-kinase medeia a captagfio da glicose
estimulada pela insulina através da translocaco do GLUT4 para a membrana plasmatica
como verificado em adipécitos 3T3-L1 (Turinsky et al, 1998). Apds trés dias de
desnervacdo do misculo séleo a atividade da Aktl-kinase foi reduzida em 86% enquanto
que o transporte da glicose estimulado pela insulina foi reduzido em 60% (Turinsky et al,
1998).

Como dito acima, a ativagdo da serina kinase Akt1/PKB depende da sua ligacfio
aos fosfatidilinositdis Pls,4P; e P34 sP; gerados pela acio da PI3-kinase. Uma vez ligada
aos fosfatidilinositdis, a Aktl torna-se disponivel para a atividade catalitica da PDK1, a
qual medeia a fosforilacdo em treonina, e também de uma serina kinase desconhecida
necessaria para a ativagdo completa da Akt1 (Coffer et al., 1998).

A acdo da insulina € reduzida por tirosinas fosfatases, que catalizam a
desfosforilagdo do seu receptor ¢ de seus substratos. Mais recentemente, foi identificada a
SHIP2, uma inositol 5-fosfatase, envolvida na sinalizacfio da via da PI3-kinase. A SHIP2
tem por fun¢do desfosforilar fosfoinositois ligados 4 membrana celular pela retirada do
fosforo da posigéo 5°.

A SHIP2 ¢ um membro da familia da inositol 5-fosfatase que contém um dominio
SH2 na por¢do NHr-terminal, um dominio 5-fosfatase na porgio central e um dominio rico
em prolina na por¢io COOH-terminal (Dyson et al., 2001) e, atua como um potente

regulador negativo da sinalizacfio e da sensibilidade & insulina in vivo. A protema-fosfatase
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SHIP2 foi detectada em fibroblastos, mi6citos, e em diferentes areas do cérebro de ratos
(Muraille et al., 1999). Em camundongos, no décimo quinto dia de vida intrauterina, a
SHIP2 foi marcadamente expressa no figado, regides especificas do sistema nervoso
central, timo e pulmdo. Ja no camundongo adulto, o mRNA da SHIP2 esté presente apenas
no cérebro e no timo (Schurmans et al., 1999).

A superexpress@io da SHIPZ em mioblastos L6 inibiu a fosforilacio e ativagio da
Akt induzida pela insulina. A fosforilagdo e inativacdo da GSK3, a ativacio da glicogénio
sintase (GS) e a sintese de glicogénio foram também reduzidas nessas células pela
superexpressio da SHIP2. Esses efeitos nfio ocorreram pela superexpresséio de uma variante
inativa dessa enzima (Sasaoka et al., 2001). A superexpressio da SHIP2 ndo alterou a
fosforilagdio em tirosina do IRS1, a sua associagio com a subunidade p85 da Pi3-kinase ¢ a
ativacio desta, porém, inibiu a ativacio da Akt. A superexpressio da SHIP2 nfio alterou
também a fosforilag8io em tirosina da subunidade B do receptor de insulina e a fosforilagéio
da Shc, e ainda, mibiu a associagdo da Shc com a Gbr2, resultando assim, na reducdo da
ativagdo da MAP-Kinase, proteina responsdvel pela via da mitogénese induzida pela
insulina (Ishihara et al., 1999).

Camundongos com knockout da SHIP2 apresentam aumento da sensibilidade 3
msulina, caracterizada por hipoglicemia grave. Nesses animais foi observado ainda,
expressdo alterada dos genes envolvidos no processo de gliconeogénese hepatica e morte
dos animais no periodo perinatal. Em camundongos adultos, que apresentavam mutaciio
heterozigota para o gene da SHIP2, observou-se aumento da tolerdncia a glicose € da

sensibilidade 4 insulina associado ao aumento do mimero do transportador de glicose
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GLUT4 na membrana plasmaética, e ainda, aumento da sintese de glicogénio no musculo
esquelético (Clement et al,, 2001).

A func¢iio da fosforilag8o em tirosina da SHIP2 sobre sua atividade fosfatase ainda
¢ controversa. Inicialmente, sugeriu-se que a fosforilag&o em tirosina dessa enzima poderia
reduzir a atividade da fosfatase SHIP1 (Osborne et al., 1996; Sattler et al, 1997).
Entretanto, a regula¢do da fosforilagiio em tirosina da SHIP2 pela insulina e por outros
fatores de crescimento, parece influir no controle positivo da sua atividade fosfatase
(Ishihara et al., 1999; Taylor et al., 2000) que em outras palavras, significa torna-la mais
eficaz quanto suas a¢les antagdnicas 2 insulina.

Sabe-se ainda que mutagdes no gene INPPL1 que codifica 2 SHIP2 contribuem
para o aumento da susceptibilidade ao diabetes mellitus tipo 2 em ratos e humanos, uma
vez que tais muta¢des resultam no aumento da expressio do mRNA repdérter e da proteina
in vitro, e ao aumento da expressio da SHIP2 in vivo, 0 que leva a diminuicdo da
sensibilidade & insulina (Marion et al., 2002).

Assim, distirbios da expressio e fungio da SHIP2 podem levar a maior
susceptibilidade ao diabetes mellitus tipo 2, uma desordem metabdlica freqiiente,
caracterizada pela presenca da resisténcia & insulina bem como por defeitos na produciio €

secregdo de insulina pelas células beta pancreéatica.
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Figura A. Vias intracelulares da transmisséo do sinal da insulina

Introducio
i1






Neste trabalho avaliamos a expressfio e atividade funcional dos elementos participantes
da via de sinalizacio insulinica emn um modelo animal de resisténcia 2 insulina induzida

pela desnervacfo aguda.
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3. Resultados




Os resultados desta tese originaram o seguinte trabatho:

Reversal of denervation-induced insulin resistance by SHIP2 protein

synthesis blockade

Esse trabatho foi apresentado:

- No 38 ® Annual Meeting of European Association for the study of Diabetes (EASD)
realizado de 01 a 05 de setembro de 2002 em Budapeste-Hungria

- No 1° Internacional Simposium on cellular and molecular mechanisms involved in
the physiopathology of diabetes mellitus and therapeutic advances realizado de 15 a
17 de agosto de 2002 em Campinas, SP

- No V Congresso Paulista de Diabetes e Metabolismo realizado de 25 2 27 de abril
de 2002 em Aguas de Sio Pedro, SP

- Foi publicado pelo American Journal Physiology — Endocrinology and Metabolism
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protein synthesis blockade
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ABSTRACT

Short—term muscle denervation is a reproducible model of tissue specific insulin resistance.
To mvestigate the molecular basis of insulin resistance in denervated muscle the
downstream signaling molecules of the insulin-signaling pathway were examined in intact
and denervated soleus muscle of rats. Short-term denervation induced a significant fall in
glucose clearance rates (62% of control, p<0.05) as detected by -euglycemic-
hyperinsulinemic clamp, and was associated with significant decrease in insulin-stimulated
tyrosine phosphorylation of IR (73% of control, p<0.05), IRS1 (69% of control, p<0.05)
and IRS2 (82% of control, p<0.05) and serine phosphorylation of Akt (39% of control,
p<0.05). Moreover, denervation reduced insulin-induced association between IRS1/IRS2
and p85/PI3-kinase. Notwithstanding, denervation caused an increase im IRS1 (275%,
p<0.05) and IRS2 (180%, p<0.05) associated PI3-kinase activity, but the contents of
phosphorylated phosphoinositides detected by HPLC were significantly reduced in lipid
fractions. In face of the apparent discrepancy we evaluated the expression and activity of
the 5-inositol, lipid phosphatase SHIP2 and the serine phosphorylation of p85/PI3-kinase.
No major differences in SHIP2 expression were detected between intact and denervated
muscle. However, serine phosphorylation of p85/PI3-kinase was reduced in denervated
muscle, while the blockade of SHIP2 expression by antisense oligonucleotide treatment led
to partial restoration of phosphorylated phosphoinositide contents and to improved glucose
uptake. Thus, modulation of the functional status of SHIP2 may be a major mechanism of
msulin resistance induced by denervation.

Key words: Denervation, SHIP2, P13 kinase, insulin-resistance.
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INTRODUCTION
Muscle denervation is a reproducible model of insulin resistance. It is characterized by a
decreased ability of insulin to stimulate glucose uptake, glycogen synthesis, and amino acid
transport (9). Several studies have attempted to characterize the major mechanisms
involved in the development of impaired insulin action following denervation, and as it
stands now, we know that modulation of muscle blood flow (31), reduced binding of
insulin to its receptor (13), and loss of mechanical activity (10) are not responsible for the
phenomenon. Defects in different steps of the insulin-signaling pathway are currently under
scrutiny and some advances have been achieved. No study was able to demonstrate a major
loss of IR kinase activity (1, 20), while one study (14) demonstrated a reduced insulin-
stimulated IRS1 phosphorylation afier seven days denervation. The activity of the lipid
metabolizing enzyme PIl3-kinase was shown to be unaltered 30 min and 24 h after
denervation, and decreased three days after denervation (2, 9). The activity of Akt was
shown to be unaltered one day and reduced three days after denervation (30), while the
ability of msulin to induce dephosphorylation of glycogen synthase was shown to be
reduced three days after denervation (27). Finally, glucose transporters GLUT1 and
GLUT4 undergo significant decrease in mRNA and protein expression one day after
denervation with no changes if analyzed afier shorter periods (4). Thus, a yet unclear
picture suggests that defects at several levels and branches of the insulin signaling cascade,
occurring at different time points following denervation, participate in the mechanisms that
produce the final phenétype of insulin resistance,

The objective of the present study was to evaluate the expression and functional

activity of molecular elements participating in insulin signaling from IR to Akt, in a model
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of skeletal muscle insulin resistance due to short-term denervation. Besides differences in
msulin induced tyrosine or serine phosphorylation in most elements analyzed, an apparent
incongruent finding of increased IRS1 and IRS2 associated PI3-kinase activity paralleled
by lower insulin-stimuiated levels of phosphorylated phosphoinositides in depervated
muscle lipid extracts led us to investigate the role of the recently described lipid
phosphatase SHIP2. Although no changes in SHIP2 protein expression could be detected, a
reversal of insulin resistance was achieved by treating denervated rats with an antisense

oligonucleotide capable of blocking SHIP2 protein synthesis.

MATERIALS AND METHODS

Materials. Reagents for SDS-polyacrylamide gel electrophoresis and immunoblotting
were from Bio-Rad (Richmond, CA). HEPES, phenylmethylsulfonyl fluoride, antipain,
aprotinin, leupeptin, peptstatin, benzamidine hydrochloride, dithiothreitol, ATP,
phosphatidylinositol 4-monophosphate, Triton X-100, Tween 20, glycerol, and bovine
serum albumin (fraction V) were from Sigma (St. Luis, MO). Nonindet P-40 was from
Calbiochem (La Jolla, CA), phospbatidylinositol was from Avanti (Alabaster, AL), silica
gel thin-layer chromatography plates were from Merck (Gibbstown, NJ), protein A-
Sepharose 6MB was from Pharmacia (Uppsala, Sweden), '*I-protein A was from ICN
Biomedicals (Costa Mesa, CA), [y->> PJATP was from Du Pont-New England Nuclear
(Beverly, MA) and nitrocellulose paper (BA8S, 0.2 pm) was from Amersham (Aylesbury,
UK). Sodium thiopental (Amytal) and human recombinant insulin (Humulin R) were from

Lilly (Indianapolis, IN). Polyclonal anti-phosphotyrosine antibodies were raised in rabbit

URECANP
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and affinity-purified on phosphotyramine columns (19). Anti-IR (rabbit; sc-711), anti-IRS1
(rabbit; sc-559), anti-IRS2 (goat; sc-1555), anti-SHIP2 (goat; sc-14504) and anti-phospho
[Ser*”Akt (goat; sc-1618) were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
rat-p85/PI3-kinase (rabbit; #06-195) antiserum was from UBI (Lake Placid, NY). Anti-
phospho-serine (rabbit; AB1603) antiserum was from Chemicon. The catheters were made
of Tygon (Norton Performance Plastics, CO), polyvinyl (Silverwater B.C., Australia) and
polyethylene (PE 50 — Clay Adams, Parsippany).

Experimental animals. Eight-week-old Wistar male rats (150-180 g) were allowed access
to standard rodent chow and water ad libitum. Food was withdrawn 8 hours before
experiments. For each set of experiments rats were submitted to surgical denervation of
only one hind limb and soleus muscle specimens were collected from both the denervated
and from the intact limb. The experimental protocol was approved by the University of
Campinas Ethical Committee.

Denervation. The hind limb was denervated as previously described (29). Rats were briefly
anesthetized with sodium thiopental (15 mg/kg body weight, i.p.) and used 10-15 min
thereafier, i.e. as soon as anesthesia was assured by loss of pedal and corneal reflexes. A
small superficial incision was made at the most proximal portion of the hind-limb, the thigh
muscles were bluntly separated from the lateral side, the sciatic nerve was exposed and
approximately 0.5 cm of the nerve was removed. A sham operation was performed in the
contralateral leg. Incisions on both legs were closed with surgical clips, and a topical

disinfectant was applied to the skin.
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Protein extraction, immunoprecipitation and immunoblotting. Four hours afier
denervation, the rats were anaesthetized again with sodium thiopental (15 mg/kg body
weight, i.p.), the abdominal cavity was opened and 0.5 ml of saline (0.9% NaCl), with or
without 10" mol/ insulin, was injected in the cava vein. Ninety seconds after insulin
injection, the soleus muscle was excised and homogenized. The extracts were centrifuged at
12,000 rpm at 4°C for 1 h to remove insoluble material, and equal amounts of the
supernatant were used in immunoprecipitation experiments with anti-IR, anti-IRS1, or anti-
IRS2 antibodies. The samples were processed for SDS-polyacrylamide gel electrophoresis

and Western blotting (6).

For protein analysis by immunoblotting the samples were treated with Laemmli sampie
buffer containing 100 mmol/l DTT and heated in a boiling water bath for 4 min. For total
extracts, 200 pg aliquots were subjected to SDS-PAGE (6% Tris-acrylamide) in a Bio-Rad
miniature lab gel apparatus (Mini-Protean, Bio-Rad).

The nitrocellulose blots were incubated for 4 h at 22°C with anti-phospho-tyrosine
antibody, anti-IR antii?ody, anti-IRS1 antibody, anti-IRS2 antibody, anti-p85/P13-kinase
antibody, anti-phospho-serine antibody or anti-phospho{Ser*””]Akt. The blots were
incubated with 2 pCi of ['*°I] Protein A (30 pCi/ug) in 10 ml of blocking buffer for 1 h at
22°C and washed again as described above for 2 h. [**°I] Protein A bound to the antibodies
was detected by autoradiography using preflashed Kodak XAR film (Eastman Kodak,
Rochester, NY) with Cronex Lighting Plus intensifying screens (Du Pont, Wilmington, DE)
at -70°C for 12-48 h. Band intensities were quantified by densitometry (Scion software,

ScionCorp) of the developed autoradiogram.
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PI3-kinase activity assay. PI3-kinase activity was measured by ix vitro phosphorylation of
phosphatidylinositol as previously described with minor modifications (17, 21, 32).
Shortly, following insulin injection into the cava vein, a portion of the hind limb soleus
muscle was removed and homogenized. Insoluble material was removed by centrifugation
at 15,000 rpm in a Ti-70 rotor {(Beckman) for 50 min. IRS1 and IRS2 were
immunoprecipitated from aliquots of the supernatants containing 4 mg of total protein
utilizing anti-IRS1 or anti-IRS2 antisera followed by protein A-Sepharose 6MB.
Alternatively, anti-rat p85/PI3-kinase antibodies (whole serum, 1 pl/ml) were used. The
immunoprecipitates were washed successively in appropriate ice-cold phosphate-buffered
saline. To each pellet was added 10 pl of 100 mmoll MgCh and 10 pl of
phosphatidylinositol (2 pg/ul) sonicated in 10 mmol/l Tris (pH 7.5) with I mmol/l EGTA.
The PI3-kinase reaction was started by the addition of 10 pl of 440 pumoll ATP
containing 30 pCi of [* PJATP. After 10 min at room temperature with constant shaking,
the reaction was stopped by the addition of 20 ul of 8 N HCl and 160 pl of CHC; :
methanol (1:1). The samples were centrifuged, and the lower organic phase was removed
and applied to a silica gel TLC plate (Merck) coated with 1% potassium oxalate. TLC
plates were developed i CHCl;:CH3OH:H,O:NH4OH (60:47:11.3:2), dried, and visualized
by autoradiography. The radioactivity in spots, which co-migrated with a PI-4 standard,
was measured by densitometry of the autoradiographic images obtained (Scion software).

Clamp Studies: All procedures for clamp studies followed a previously published
description of the method (7). After 6 h fast, a 2 h hyperinsulinemic euglycemic clamp

study was performed in denervated or sham operated limb. Under sodium thiopental
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anesthesia and aseptic conditions, a mono-occlusive polyethylene catheter was inserted into
the femoral artery towards the limb for infision of insulin and glucose. A second polyvinyl
catheter was inserted into the femoral vem for blood sampling, and the animal was kept in a
heated box (37°C) throughout the study. During the first phase of the study (30 min) a
priming dose of insulin was infused followed by a rate of glucose infusion necessary to
reach a plateau. After glicose equilibration, insulin infusion (3 mU.Kg”min') was
maintained for 2 h with constant rate (0.20 ml/h) and a variable infusion of glucose (5%
solution) was adjusted to maintain the plasma glucose concentration at approximately 120
mg/dl. Blood samples were collected from the femoral vein every 5 min for plasma glucose
and every 30 min for plasma msulin determinations. Insulin was measured in duplicate by
radioimmunoassay and oscillated between 6,0 and 11,0 ng/ml in denervated limb blood
samples, and between 4,0 and 9,0 ng/ml in sham operated limb blood samples.

HPLC analysis: The methods used were previously published (16, 26, 34). For
identification of phosphoinositols (IPs), soleus muscle was excised and homogenized in 1.8
ml of a mixture of methanol:chloroform:HCIO4 (8%) (20:10:1). After addition of 500 pl of
chloroform and 500 pl of 1% HCIO:, the lower organic phase was collected, washed twice
with 1% HClO4 and evaporated. Deacylation was made as described previously (16). The
product of the deacylation was resolved on an anion-exchange column (Shodex Aschipak,
E8502 N7C) with the gradient of 980 uM (A)-3M NaH,PO, (B), pH 3.8. The linear
gradient rose to 7% over 30 min, a 1 min step to 15% was followed by a linear gradient to
30% B at 60 min, followed by a linear gradient to 60% B at 80min. Finally, buffer B was

increased to 100% over 5 min. Non-phosphorylated IP control was obtained by resolving
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highly purified IP from Avanti (which peaked at 25 min) in parallel to sample analysis.
Phosphorylated IPs were detected as a peak occurring at 28-29 min.

Sense and antisense oligonucleotide studies : Sense and antisense oligonucleotides were
diluted to a final concentration of 20 pmol/ in dilution buffer containing 10 mmol/1 Tris-
HCl and 1 mmol/! EDTA. The rats were injected (ip) with 200 pl of dilution buffer
containing or not sense or antisense oligonucleotides 2 h before and immediately after
denervation. Phosphothioate-modified oligonucleotides were designed according to NM
022944 Ratrus norvegicus SHIP-2 sequence and were composed of sense (5°-CTG CGG
AGG AGC TGC T-3") and antisense (5’-AGC AGC TCC TCC GCA G-37).

Statistical Analysis: The resulis obtained in the denervated limb were always compared
with data obtained in the sham-operated limb, in experiments performed in parallel
Student’s #-test for paired samples was used for comparison. The level of significance was

set at p < 0.05.

RESULTS

Protein expression and insulin-induced activation/phosphorylation of elements
participating of the insulin-signaling cascade. Binding of circulating insulin to its
receptor promotes § subunit autophosphorylation and triggers a series of intracellular
events responsible for the final effects of insulin in a given cell. In the present model of
muscle insulin resistance no changes in IR protein content was detected (Fig 1A), but a
significant fall in insulin-induced IR tyrosine phosphorylation was observed (Fig. 1B, 73%

of control, p<0.05). The protein contents of the main substrates of the IR (IRS1 and IRS2)
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were unaffected by short-term denervation (Figs. 2A and 3A). Nonetheless, insulin induced
tyrosine phosphorylation of either IRS1 (69%, p<0.05) or IRS2 (82%, p<0.05) were
reduced (Figs. 2B and 3B). A metabolically active branch of the insulin-signaling cascade
depends on activation of the lipid-metabolizing enzyme PI3-kinase. In order to be activated
by insulin stimulus, the p85 subunit of the PI3-kinase must be engaged by either IRS1 or
IRS2. In shortly denervated soleus muscle the insulin-induced association of p85 with IRS1
(73%, p<0.05) or IRS2 (73%, p<0.05) were significantly reduced (Fig. 2C and 3C).
However, the activity of the associated PI3-kinase, as measured by its capacity to
incorporate phosphorus in phosphoinositide (PI) was unexpectedly increased (275%,
p<0.05 for IRS1 associated and 180%, p<0.05 for IRS2 associated) (Fig. 2D and 3D).
Divergence between IRS1- and IRS2-associated p85/PI3-kinase amounts and the associated
PI3-kinase activity have been observed in other situations, and differences in the level of
serine phosphorylation of p85/PI3-kinase was pointed as a possible reason for the observed
phenomenon (11, 12, 32). Therefore, membranes from IRS1 and IRS2 immunoprecipitates
were stripped and reblotted with anti-phospho-serine antibodies. As depicted in Figure 4 a
significantly lower level of serine phosphorylation is detected in the associated p85/PI3-
kinase (52% and 46% of control for IRS1- and IRS2-associated respectively, p<0.05),
which possibly explains the increased associated PI3-kinase activity, despite of its lower
association with the msulin receptor substrates. The resulting Pls-4-P; and Pls4-5P; serve as
docking sites for the enzymes Akt and PDK1. Apparently, PDK1 binds preferentially to
Pl;4P; and once in the same subcellular location of Akt (which binds with higher affinity
to Plj4sP3) catalyzes its serine phosphorylation and activation. In spite of the higher IRS1

and IRS2 associated PI3-kinase activity, in shortly denervated soleus muscle a significantly

Resultades
25



lower level of serine phosphorylated Akt was detected (39%, p<0.05) (Fig. 5). In face of
the incongruent finding of higher IRS1/IRS2 associated PI3-kinase activity in a known
model of insulin resistance and occurring in parallel with reduced insulin-induced IR, IRS1
and IRS2 tyrosine phosphorylation and insulin-induced Akt serine phosphorylation, we
decided for measuring the amounts of phosphorylated species of PI in lipid extracts of
insulin stimulated intact (sham-operated) and denervated soleus muscle.

Glucose clearance and accumulation of P IPs. Muscle denervation is known to produce
insulin resistance. In order to investigate if the present model was in accordance with the
current lterature, denervated and intact rats were submitted to an isolated limb
hyperinsulinemic euglycemic clamp. As expected, denervation produced a significant fall in
the rate of glucose uptake under high insulin stimulus (62% of control, p<0.05) (Fig. 6).
Akt is one of the major participants in the insulin-induced activation of GLUT4 trafficking
from an intracellular to a membrane pool. As stated above the presence of Pl;4 P, and
mostly Pls.4>5°P3 are necessary for activation of Akt and thus, for mediating insulin-induced
glucose uptake. Therefore, we evaluated the amount of P IPs in lipid extract from soleus
muscles obtained from intact and denervated hind limbs. By using an anion exchange
column the IPs of the membranes were resolved by HPLC and a significant reduction in
total amount of phosphorylated membrane inositols were detected (Fig. 7B). Since
approximately 95% of membrane IPs are composed by the 5° phosphorylated forms of IPs,
we suspected that a dysfunction of the 3’-position phosphoinositide phosphatase SHIP2
could participate in the phenomena observed in shortly denervated muscle. Thus, we

measured the protein amounts and phosphorylation status of SHIP2.
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Expression and tyrosine phosphorylation of SHIP2. SHIP2 is an SH2 domain-containing
5’inositide phosphatase involved in the control of the insulin signal (3). As a significant
reduction in total phosphorylated IPs was detected in soleus muscle of hind limb
denervated rats (Fig. 7B), we performed experiments to determine the protein amount and
tyrosine phosphorylation status of SHIP2. No difference in SHIPZ protein content was
detected when comparing total extracts obtained from soleus muscle of control and
denervated hind limbs (Fig. 8A, first and second lanes). However, when insulin-induced
tyrosine phosphorylation of SHIP2 was evaluated, a significant increase was detected in
denervated hind limb soleus muscle as compared to control (Fig. 8B). Moreover, even in
non-insulin stimulated samples a higher-than-control tyrosine phosphorylation of SHIP2
was found, which matched the levels of tyrosine phosphorylation of SHIP2 present in
insulin-stimulated control muscle (Fig. 8B).

Rate of glucose clearance and accumulation of P IP in rats treated with SHIP2
antisense oligonucleotide. To test the hypothesis of involvement of SHIP2 in the
mechanisms of denervation-induced insulin resistance control and denervated rats were
treated with two doses of 6 nmol phosphothioate sense or antisense oligonucleotides.
Treatment with antisense oligonucleotide significantly reduced SHIP2 protein expression
(Fig. 9A, 5™ and 6™ lanes). Antisense, but not sense oligonucleotide, partially restored the
rate of insulin stimulated glucose clearance as detected by isolated Limb Zyperinsulinemic
euglycemic clamp (Fig. 10) and promoted a partial recovery of total phosphorylated IPs

amounis as detected by HPLC (Fig 9G).
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Figure 1. Expression of insulin receptor and levels of tyrosine

phosphorviation of insulin receptor in denervated and sham-denervated
muscle. Equal amounts of protein (4 mg), extracted from sham-denervated (Cirl)
and denervated muscles (Den), were subjected to immunoprecipitation (IP) with
anti-IR antibody and immunoblotting {IB) with anti-IR antibody {A} or anti-
phosphotvrosine (PY) (B). The black bars and white bars represent control and
denervated muscle, respectively. Intensities of the bands in the autoradiograms
were normalized 10 the levels of the insulin-stimulated sham-denervated muscles,

noted as 100%. The results are expressed as means + SEM of 10 independent
experiments {¥p<(0.05, vs. Ctrl + insulin}.
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Figure 2. Expression and levels of tyrosine phosphoryiation of [RSI, insulin-
stimulated association of IRS1 with Pi3-kinase, and IRS! associated PI3-kinase
activity in denervated and sham-denervated muscle. Equal amounts of protein (4 mg).
extracted from sham-denervated (Crrl) and denervated muscles {(Den), were subjected to
immunoprecipitation (IP) with IRS1 antibody (A-D) and immunoblotting (IB) with IR51
antibody {A), anti-phosphotyvrosine (PY) (B) and with anti-p&5 (). The IRS1 associated
PI3-kinase activity is showed in (D). The black bars and white bars represent control and
denervated muscle, respectively. Intensities of the bands in the autoradiograms were
normalized to the levels of the insulin-stimulated sham-denervated muscles, noted as
100%. The results are expressed as means = SEM of 4 to 15 independent experiments
(*p=<(.03, vs. Ctrl + nsulinj.
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Figure 3. Expression and levels of tyrosine phosphorylation of IRS2, insulin-
stimulated association of IRS2 with PI3-kinase, and IRS2 associated PlI3-kinase
activity in denervated and sham-denervated muscles. Equal amounts of protein (4 mg),
extracted from sham-denervated (Ctrl) and denervated muscles (Den). were subjected to
immunoprecipitation (IP) with IRS2 antibody (A to D) and immunoblotting (IB) with
IRS2 antibody (A), anti-phosphotyrosine (PY) (B) and with anti-p85 (). The IRS2
associated PI3-kinase activity is showed in (B). The black bars and white bars represent
control and denervated muscle, respectively. Intensities of the bands in the
autoradiograms were normalized to the levels of the insulin-stimulated sham-denervated
muscies, noted as 100%. The results are expressed as means £ SEM of 4 to 12
independent experiments (*p<0.05, vs. Ctrl + insulin).
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Figure 4. Serine phosphorytation of IRS1- and IRSZ-associated p85. Membranes from
the experiments presented in Figures 2 and 3 were stripped and reblotted with anti-phospho-
serine (pSer) antibody. Bands appearing at 385 kDa, corresponding to IRS1- (A) or IRS2-
(B) associated p85-PI3kinase were scanned and densitometricaly measured. The black bars
and white bars represent control (Cirl) and denervated (Den) muscle, respectively,
Intensities of the bands in the autoradiograms were normalized to the levels of the insulin-
stimulated sham-denervaied muscles, noted as 100%. The results are expressed as means
SEM of 6 independent experiments {(*p<0.05, vs. Ctrl + insulin).
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Figure 5. Levels of [ser?”]-phosphorylation of Aktl in denervated and
sham-denervated muscles. Equal amounts of protein (200 mg), extracted
from sham-denervated (Cirl) and denervated muscles (Den), were subjected to
immunoblotting (IB) with [ser*”*]-pAkt antibodies. The black bars and white
bars represent control and denervated muscle, respectively. Intensities of the
bands in the autoradiograms were normalized to the levels of the insulin-
stimulated sham-denervated muscles, noted as 100%. The results are expressed
as means = SEM of 3 independent experiments (¥*p<0.05, vs. Ctrl + insulin).
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Figare 6. Hind limb glucose uptake as evaluated by
hyperinsulinemic clamp study. The two-hour-study of
euglycemic-hyperinsulinemic clamp performed in isolated limbs
detected a 38% reduction of glucose uptake in denervated (Den)
as compared to sham-denervated (Ctrl) muscle (n = 6, *p<0.05,
vs. Ctrl + insulin).
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Figure 7. Measurement of phosphorylated phosphoinositols in denervated and sham-
denervated muscle by HPLC. After extraction and deacylation the phospholipids were
resolved on anion-exchange column as described in Research Design and Methods. The
identification of the peaks was determined based on comparison with the mobility of IP.
The peak appearing at 25 min corresponds to non-phosphorylated phosphoinositols (IP) as
determined by the resolution of purified IPs from Avanti (C). Phosphorylated
phosphoinositols peaks at 28-29 min and is present in high amounts in sham-denervated
muscle (A), but is almost absent in denervated muscie samples (B) (n = 3).
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Figure 8. Expression and levels of fyrosine phosphorylation of SHIP2 in denervated and
sham-denervated musele. Equal amounts of protein (200 mg for mmunoblot and 4 mg for
immunoprecipitation), extracted from sham-denervated (Ctrl) and denervated muscle (Den), were
subjected to immunoblotting (IB) with anti-SHIP2 antibody (A) or immunoprecipitation (IP) with
anti-phosphotyrosine (PY) and immunoblotting (IB) with anti-SHIP2 antibody (B). The black bars
and white bars represent control and denervated muscle, respectively. Intensities of the bands in
the autoradiograms were normalized to the levels of the insulin-stimulated sham-denervated
muscles, noted as 100%. The results are expressed as means = SEM of 5 independent experiments
(*p<0.053, vs. Ctrl + insulin). In A, WO means not exposed to oligonucleotide; S8 exposed to
sense SHIP2 oligonucleotide; and AS exposed to antisense SHIPZ oligonucleotide.

Resultados
35



)

A. | 0.047controlsense D. T 004 denervated-sense
L o - 100
£ ] 75
< 0.02- 50
g ] 25
l. 0
.. 0.00- 0.00
B. | 0.04ycontrol-antisense E. | 0.04-denervated-antisense
£ B E 75
o 0.021 50 o o 0.025 5)
£ ] X3 pia
] 0 - 0
c. T0os F. T oe
. 0441P control - | 0.04qyp_
L IP-contro 100 | ]iP-control 10
£ . s E 75
3 002 0. 300y P 50
g 23 & ] 2%
0 0
0 0 W B/ 4 0 0 2 W 40
(time min.) (time min.)

Figure 9. HPLC analysis of PIP derivatives associated with SHIP2 oligonucleotide
treatment. For HPLC (A to F), the tissues were extracted 4 hours after denervation,
phospholipids were extracted, deacylated and resolved on anion-exchange column as described
in Research Design and Methods. The identity of the peaks was determined based on
comparison with the mobility of IP. (A) sham-demervated treated with sense SHIP2
oligonucleotide, (B) sham-denervated treated with antisense SHIP2 oligonucleotide, (C) IP-
control, (D) denervated treated with sense SHIP2 oligonucleotide, (E) denervated treated with
antisense SHIP2 oligonucleotide, (F) IP-control (n = 3, *p<0.05, vs. Ctrl + insulin).
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Figure 10. Hind limb glucose uptake as evaluated by hyperinsulinemic clamp
study in rats treated antisense SHIP2 oligonucleotide, The two-hour-study of
euglycemic hyperinsulinemic clamp performed in isolated limb of rats treated with
antisense (AS) SHIP2 oligonucleotides revealed a significant improvement of
glucose uptake as compared to animals treated with no oligonucleotide (WOQ) or
treated with sense SHIP2 oligonucleotide (SS) (n= 4, *p<0.05, vs. Ctrl + insulin).
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DISCUSSION

The negative modulation of different steps of the insulin-signaling pathway has been
demonstrated in several clinical and experimental situations where insulin resistance
prevails (22). Thus, reduction in protein expression or functional status of the IR, IRS1,
IRS2, PI3-kinase and Akt are known to occur at various degrees and displaying specific
characteristics during aging, dexamethasone or epinephrine treatment, hypertension, and
obesity, among other situations (23). The characterization of the molecular mechanisms of
insulin signaling, in such a diversity of situations, known to couple with insulin resistance
has contributed to reinforce the concepts of multifactoriality and complexity of type 2
diabetes and insulin resistance.

In the present series of experiments it is demonstrated that short-term denervation
leads to impaired glucose uptake strictly in the denervated portion of the body. As in sham-
operated limb, muscle from the denervated side presents no changes in the protein amount
of IR, as well as no modulation in TRS1 and IRS2 protein expression. However, insulin-
induced IR, IRS1 and IRS2 tyrosine phosphorylation and p85-IRS1/2 association are
significantly reduced in denervated muscle. Up to these steps of the insulin signaling
cascade the data herein presented are somewhat similar to those presented in a few recent
studies {14). Notwithstanding, when analyzing the next step of the pathway we were
surprised by an apparently incongruent finding. Thus, although a significant reduction in
insulin-induced IRS1 and IRS2 tyrosine phosphorylation was accompanied by reduced
binding of p85/PI3-kinase in soleus muscle from denervated limbs, a significant increase in
insulin-induced IRS! and IRS2 bound PI3-kinase activity was detected. Finally, and in

accordance with recent studies (33), a significant reduction of insulin stimulated serine
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phosphorylation of Akt was detected in denervated soleus muscle. Divergence between
catalytic activity and association of p85/PI3-kinase with either IRS1 and IRS2 was
previously observed in angiotensin II-induced activation of clements of the insulin
signaling pathway (11, 12, 32), which was accounted for by differential serine
phosphorylation of p85/P13-kinase. In the present model of insulin resistance a significant
reduction of IRS1- and IRS2-associated p85/PI3-kinase activity was detected in soleus
muscle of denervated hind limb, which might respond for the increased PI3-kinase activity
detected.

PI3-kinase plays a pivotal role in the molecular linkage between early and late
cellular events triggered by a number of hormones, growth factors and cytokines (8).
Active PI3-kinase mediates the incorporation of phosphate at 3’ position in membrane
bound phosphoinositides generating phosphatidylinositol 3,4-bisphosphate (PI;<P2) and
phosphatidylinositol 3,4,5-trisphosphate (PI345P3). These phosphorylated PIs participate in
the control of cellular mitogenesis, apoptosis, membrane trafficking, oncogenesis and
nutrient uptake and stocking. As a substrate of the insulin-signaling pathway, PI3-kinase is
activated downstream to JRS1 and IRS2 and induces the activation of the serine kinase Akt.
The activation of Akt/PKB depends on its binding through a pleckstrin homology (PH)
domain to Pl; 4P and Pl;4sP; present in cellular membrane. Once bound to membrane Pls
Akt becomes available for the catalytic activity of PDK1, which mediates threonine
phosphorylation, and for a yet unknown serine kinase necessary for full activation of Akt
(5). Since recent studies have emphasized the predominant role of Pl34sP; as target and
mediator of Akt activation, and as 5° position phosphorylated Pls correspond to more than

90 % of the membrane’s Pls, we measured by HPLC, the total amount of PIs in the cell
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membranes of denervated and sham operated limb muscle. As shown in Fig. 7 denervation
led to substantial reduction in the amount of phosphorylated PIs in cell membrane. Thus,
although an apparent mechanistic explanation for reduced msulin-induced serine
phosphorylation of Akt in denervated muscle was found, a question about the outcome of
an increased PI3-kinase activity induced by insulin remained. Supposing that enough
substrate for PI3-kinase (PlLisP» and PLP;) should be available, a rate of Pls
dephosphorylation that would surplus the rate of phosphate incorporation might explain the
present findings. Two recently identified phosphatases involved in PI3-kinase signaling are
known to dephosphorylate membrane bound phospho-Pls, PTEN and SHIP2. PTEN is the
protein product of the PTEN tumor suppressor gene that is highly associated with
development of glioblastomas and endometrial carcinomas when mutated or lost (23).
PTEN is a 3° position PI phosphatase, which antagonizes the actions of PI3-kinase by
reducing the amount of membrane bound PI; 4P, and PI;4sPs. The loss of PTEN activity
leads to increased Akt activation, while hyperexpression of PTEN reduces the amounts of
serine-phosphorylated Akt inducing cell cycle arrest and increased rate of apoptosis (28).
As stated above, highest levels of membrane bound PIs are accounted by the 5° position
phosphorylated Pls. Therefore, as in the present model a drastic reduction in total
phosphor-PIs in the membranes was detected, an increased activity of 5° position
phosphatases should become the primary candidate to be investigated. SHIP2 is a member
of the inositol polyphosphatase 5-phosphatase family and a potent negative regulator of
insulin signaling and msulin sensitivity in vivo. In response to stimulation by insulin,
SHIP?2 is closely linked to signaling events mediated by PI3-kinase and Ras/mitogen-

activated protein kinase. The loss of SHIP2 leads to increased sensitivity to insulin
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associated with an increased recruitment of the GLUT4 glucose transporter and increased
givcogen synthesis in skeletal muscie (3). In the present model no difference in SHIP2
protein content was detected between control and denervated muscle when performing
immunoblot analysis of total protein extracts. However, when evaluating tyrosine
phosphorylation status of the 5° phosphatase, a significant difference was detected between
control and denervated soleus muscle, both in insulin-treated and non-insulin treated rats. In
fact, muscle from non-insulin stimulated animals presented a SHIP2 tyrosine
phosphorylation status that was similar to that detected in insulin stimulated control muscle.

The role for tyrosine phosphorylation of SHIP2 upon its phosphatase activity is a
matter of controversy. In initial reports it was suggested that tyrosine phosphorylation
would hamper SHIP1 phosphatase activity (18, 24). However, in recent studies the
regulation of SHIP2 tyrosine phosphorylation by insulin and other growth factors was
demonstrated, and suggestively participates in the positive control of its phosphatase
activity (15, 28).

To investigate the participation of SHIP2 in denervation-induced insulin resistance
we designed phosphothioate-modified antisense oligonucleotides against SHIP2Z mRNA,
and treated the experimental animals with two doses of the compound which resulted in 50
% reduction of SHIP2 content in both control and denervated soleus muscle (Fig. 8A).
Restrained SHIP2 expression led to significant increase in membrane bound total
phosphorylated IPs and coincided with a reversal of denervation-induced decrease in
insulin-induced glucose uptake as evaluated by hyperinsulinemic euglycemic clamp.

Site specific insulin resistance generated by acute denervation is accompanied by a

complex interplay of functional modulatory events occurring upon several participants of
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the insulin signal transduction cascade. In the present study it is demonstrated that
significantly reduced amounts of phosphorylated PIs is present in the membrane of
denervated muscle, which is accompanied by increased steady-state and insulin-induced
tyrosine phosphorylation of SHIP2. The blockade of SHIP2 protein expression by antisense
oligonucleotide treatment reverted the most remarking clinical manifestation of muscle
insulin resistance i.e., nsulin induced glucose uptake. Thus, it is suggested that functional
modulation of SHIPZ may participate in the genesis of denervation-induced insulin

resistance and approaches that hamper SHIP2 action may serve as therapeutic methods in

diabetes mellitus and syndromes of insulin resistance.
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4. Conclusoes




Os resultados do presente trabalho demonstraram que:

- A desnervac¢io aguda provocou resisténcia 4 insulina, reduzindo a utilizagfo de glicose

pelo musculo esquelético.

- No musculo desnervado houve redugio da fosforilagfio em tirosina do IR, IRS1 e IRS2

e da fosforilacio em serina da Akt] apds estimulo agudo com insulina.

- No musculo desnervado, ap6s estimulo agudo com insulina, ocorreu também redugio
da associag@io entre IRS1/IRS2 e p85/PI3kinase ¢ reducio da fosforilagfio em serina da
p85/PI3-kinase. Entretanto, houve aumento da atividade da PI3-kinase associada ao

IRS1 e IRS2, porém, com reducfio do contetido de fosfoinositéis fosforilados nas

fragdes lipidicas.

- A desnervacio aguda nfo alterou a expressio da fosfatase SHIP2, mas aumentou sua
fosforilagdo apds estimulo agudo com insulina. Bloqueio da expressdo da SHIP2 pelo
tratamento com o oligonucleotideo antisense resultou na restauracio parcial do

contetdo de fosfoinosit6is fosforilados e aumento da captagio de glicose pelo misculo.

- A modulagiio do estado funcional da SHIP2 pode ser um dos mecanismos moleculares
de instalacdo da resisténeia 4 insulina induzida pela desnervagfio aguda. Assim,
manobras que levam a reducgio da atividade da fosfatase SHIP2 pode se constituir numa

ferramenta para o tratamento de sindromes de resisténcia a insulina.
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Figura B. Efeito da desnervagfio na transmisséo do sinal da insulina no misculo
esquelético

Baseado nos achados do presente estudo propde-se 0 modelo acima onde (1) representa os
fendmenos moleculares e funcionais que ocorrem ap6s a ligag@io da insulina ao seu receptor
em musculo esquelético nfo desnervado € em (2) as alteragdes decorrentes da desnervagao.

(O calibre das setas representa a magnitude do evento)
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