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Abstract. Obesity is defined as increased mass of adipose tissue, conferring a higher risk of

cardiovascular and metabolic disorders such as diabetes, hyperlipidemia, and coronary heart

disease. To investigate the role of transcriptional factors, which are involved in adipocytes

differentiation and adiposity, we have generated peroxisome proliferator-activated receptor

(PPAR) �  or CREB-binding protein (CBP)-deficient mice by gene targeting. Heterozygous

PPAR� -deficient mice were protected from the development of insulin resistance due to adipocyte

hypertrophy under a high-fat diet. Heterozygous CBP-deficient mice showed increased insulin

sensitivity and were completely protected from body weight gain induced by a high-fat diet.

PPAR�  or CBP deficiency results in increased effects of hormones such as adiponectin and

leptin. Adiponectin was decreased in obesity and lipoatrophy, and replenishment of adiponectin

ameliorated insulin resistance. Moreover, adiponectin-deficient mice showed insulin resistance

and atherogenic phenotype. Finally, cDNA encoding adiponectin receptors (AdipoR1 /R2) have

been identified by expression cloning. The expression of AdipoR1 /R2 appears to be inversely

regulated by insulin in physiological and pathophysiological states such as fasting / refeeding,

insulin deficiency, and hyperinsulinemia models, and it is correlated with adiponectin sensitivity.

These results facilitate the understanding of molecular mechanisms of adiponectin actions and

obesity-linked diseases such as diabetes and atherosclerosis and propose the molecular targets for

anti-diabetic and anti-atherogenic drugs.
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adiponectin, adiponectin receptor, insulin resistance

Introduction

Insulin resistance induced by a high-fat diet and

associated with obesity is a major risk factor for

diabetes, atherosclerosis, and cardiovascular diseases.

However, the molecular basis for that association

remains to be elucidated. The adipose tissue itself serves

as the site of triglyceride (TG) storage and free fatty acid

(FFA)/glycerol release in response to changing energy

demands. It is not simply a store of excess energy, but

also secretes a variety of proteins into circulating blood

that influence systemic metabolism. These include leptin

(1), adiponectin (2 – 5), tumor necrosis factor (TNF) �

(6), plasminogen-activator inhibitor type 1 (PAI-1) (7),

adipsin (8), and resistin (9); these are collectively

known as adipocytokines (10). This article focuses on

the role of adipocytes and its related molecules such as

peroxisome proliferator-activated receptor (PPAR) � ,

CREB (cAMP response element-binding protein)-bind-

ing protein (CBP), and adiponectin, which have impor-*Corresponding author (affiliation #1). FAX: +81-3-5689-7209
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tant roles in regulating adiposity and insulin resistance.

Heterozygous PPARg -deficient mice were protected

from high-fat diet-induced adipocyte hypertrophy

and insulin resistance

PPAR�  is a ligand-activated transcription factor and a

member of the nuclear hormone receptor superfamily

that functions as a heterodimer with a retinoid X receptor

(RXR) (11, 12). Agonist-induced activation of PPAR�

is known to cause adipocyte differentiation and insulin

sensitivity (13, 14). To investigate the role of PPAR�  in

vivo, we have generated PPAR�-deficient mice by gene

targeting (15). Homozygous PPAR�-deficient mice

were embryonic lethal due to placental dysfunction.

Unexpectedly, we found that weight gain and an

increase in white adipose tissue mass under a high-fat

diet was significantly less in heterozygous PPAR�-

deficient mice than wild-type mice. Histological analy-

ses revealed that the size of adipocytes from heterozy-

gous PPAR�-deficient mice was significantly smaller

than that of adipocytes from wild-type mice under a

high-fat diet. Quite unexpectedly, the glucose-lowering

effect of insulin was larger in heterozygous PPAR�-

deficient mice than in wild-type mice, indicating that

under a high-fat diet, heterozygous PPAR�-deficient

mice were more insulin sensitive than wild-type mice.

These phenotypes were abrogated by PPAR�  agonist

treatment. Heterozygous PPAR�-deficient mice showed

overexpression and hypersecretion of leptin despite the

smaller size of adipocytes and decreased fat mass, which

may explain these phenotypes at least in part. These

results suggested that PPAR�  mediates high-fat diet-

induced obesity, adipocyte hypertrophy, and insulin

resistance. As shown in Fig. 1, in wild-type mice, a

high-fat diet promotes adipocyte hypertrophy, which

converts small adipocytes into large adipocytes, which

in turn induce factors such as TNF�  and free fatty

acids, thereby causing insulin resistance. In heterozy-

gous PPAR�-deficient mice, adipocyte hypertrophy and

development of insulin resistance under a high-fat diet

are partially protected against (15).

Both heterozygous PPARg  deficiency and PPARg

agonist improved insulin resistance, which is asso-

ciated with decreased TG contents in liver and

muscle and prevention of adipocytes hypertrophy

The relationship between PPAR�  and insulin sensi-

tivity is highly controversial. We attempted to explain

how insulin resistance could be improved by two

opposite PPAR�  activity states, supraphysiological acti-

vation of PPAR�  and moderate reduction. We did so

by using heterozygous PPAR�-deficient mice and a

pharmacological activator of PPAR�  in wild-type mice

(16). Supraphysiological activation of PPAR�  by

PPAR�  agonist thiazolidinediones (TZD) stimulates

adipogenesis, which promotes a flux of FFA from liver

and muscle into white adipose tissue (WAT), leading

to a decrease in TG content in liver and muscle and

Fig. 1. The mechanisms by which PPAR�  regulates insulin sensitivity and anti-atherosclerosis.
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improvement of insulin sensitivity at the expense of

increased WAT mass, i.e. obesity. In contrast, moderate

reduction of PPAR�  activity observed in untreated

heterozygous PPAR�-deficient mice decreases TG

content in WAT, skeletal muscle, and liver. This effect is

due to a combination of increased leptin expression by

antagonism of PPAR�-mediated suppression of the

gene, thereby reducing expression of lipogenic enzymes,

and consequent activation of the PPAR�  pathway in

liver, brown adipose tissue (BAT), and skeletal muscle,

leading to an increase in expression of UCP2 and

enzymes involved in �-oxidation. Moreover, although

heterozygous PPAR�  deficiency and TZD have opposite

effects on total WAT mass, heterozygous PPAR�

deficiency decreases lipogenesis in WAT, whereas TZD

stimulate adipocyte differentiation and apoptosis, thereby

both preventing adipocyte hypertrophy, which is asso-

ciated with alleviation of insulin resistance presumably

due to decreases in free fatty acids. These observations

indicated that although by different mechanisms, both

heterozygous PPAR�  deficiency and PPAR�  agonist

improve insulin resistance, which is associated with

decreased TG content of muscle / liver and prevention of

adipocyte hypertrophy (16).

Heterozygous CBP-deficient mice showed increased

insulin sensitivity despite lipodystrophy

The CBP protein is a co-activator for several

transcription factors with a wide range of important

biological functions such as sterol regulatory element-

binding proteins (SREBPs), CCAAT /enhancer-binding

proteins (C /EBPs), nuclear receptors (including PPARs),

and signal transducers and activators of transcription

(STATs) (11, 17 – 24). These transcription factors are

well known to have important biological functions

regarding glucose and lipid metabolism, which prompted

us to investigate the physiologic role of CBP in vivo

using CBP-deficient mice, which were generated pre-

viously (25 – 27). As CBP-null mice died during

embryogenesis (25 – 27), we used heterozygous CBP-

deficient mice (27, 28). Interestingly, only WAT weight

per body weight of heterozygous CBP-deficient mice

was markedly decreased compared with that of wild

type mice in contrast to other tissues, including BAT.

Heterozygous CBP-deficient mice were completely

protected from high-fat diet – induced body weight gain.

Moreover, despite the phenotype of lipodystrophy, which

exhibits severe insulin resistance in human disease,

heterozygous CBP-deficient mice had a higher insulin

sensitivity and increased glucose tolerance compared

with wild-type mice both on the high-carbohydrate and

high-fat diet. Furthermore, the serum adiponectin levels

in heterozygous CBP-deficient mice were significantly

higher than those of wild-type mice, and leptin sensi-

tivity was also increased in heterozygous CBP-deficient

mice. As shown in Fig. 1, these increased effects of

insulin-sensitizing hormones secreted from WAT, as

well as diminution of molecules causing insulin resis-

tance, such as FFA and TNF� , may explain, at least in

part, the phenotypes of heterozygous CBP-deficient

mice (28).

Adiponectin reversed insulin resistance associated

with both lipoatrophy and obesity

Adiponectin is an adipocyte-derived hormone, which

was originally identified independently by four groups

(2 – 5). Genome-wide scans have mapped a susceptibility

locus for type 2 diabetes and metabolic syndrome to

chromosome 3q27 (29 – 31), where the gene encoding

adiponectin is located. Serum Adiponectin levels are

reported to be decreased in obesity (4, 32). Moreover,

we demonstrated that the decreased expression levels of

adiponectin coincided with insulin resistance in murine

models of altered insulin sensitivity (33). Insulin resis-

tance in lipoatrophic diabetes might be due to deficiency

of adipocytokines that sensitize tissues to insulin. To

determine the role of adipocytokine deficiency in the

development of insulin resistance in lipoatrophic mice,

we administered adiponectin and leptin to these mice.

Insulin resistance in lipoatrophic mice was completely

reversed by the combination of physiological doses of

adiponectin and leptin, but only partially by either

adiponectin or leptin alone (33). We next studied

whether adiponectin can improve insulin resistance and

diabetes in db/db and KKAy mice, two different mouse

models of type 2 diabetes characterized by obesity,

hyperlipidemia, insulin resistance, and hyperglycemia.

Serum adiponectin levels in db/db mice or KKAy mice

were decreased compared with their wild-type control

mice. Replenishment of adiponectin reversed hyper-

glycemia and hyperinsulinemia of these obese mice (33).

Adiponectin decreased insulin resistance by decreasing

triglyceride content in muscle and liver in obese mice,

through increased expression of molecules involved in

both fatty-acid combustion and energy dissipation in

muscle (33). These data indicate that the replenishment

of adiponectin might provide a novel treatment for

insulin resistance and type 2 diabetes.

Adiponectin stimulated glucose utilization and fatty-

acid oxidation by activating 5'-AMP-activated pro-

tein kinase (AMPK)

The activation of AMPK by muscle contraction and
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hypoxia has been reported to increase fatty-acid oxida-

tion (34, 35) in skeletal muscle. The activation of AMPK

has also been shown to stimulate glucose uptake inde-

pendent of its action on fatty acid in skeletal muscle (36)

and to reduce expression levels of molecules involved in

gluconeogenesis such as phosphoenolpyruvate carboxy-

kinase (PEPCK) and glucose-6-phosphatase (G6Pase) in

hepatocytes (37). Adiponectin suppresses hepatic glucose

production (38) and also stimulates oxidation of fatty

acids primarily in skeletal muscle and the liver (33),

thereby preventing the accumulation of lipids in insulin

target tissues, which can lead to the amelioration of

insulin resistance (33). Thus, we investigated the role of

AMPK in the signal transduction of adiponectin in the

liver and skeletal muscle (39). Adiponectin stimulated

phosphorylation and activation of AMPK in skeletal

muscle and liver. Adiponectin increased phosphoryla-

tion of acetyl coenzyme A carboxylase (ACC), fatty-

acid oxidation, glucose uptake in C2C12 myocytes,

phosphorylation of ACC, and reduction of molecules

involved in gluconeogenesis in the liver (Fig. 2). Block-

ing AMPK activation by dominant-negative mutant

inhibits each of these effects, indicating that stimulation

of glucose utilization and fatty-acid oxidation by

adiponectin occurs through activation of AMPK (39).

The observations that exercise (34, 35), antidiabetic

adipokines such as adiponectin and leptin (40), and the

antidiabetic drug metformin (41) activate AMPK sug-

gest that AMPK plays crucial and central roles in the

regulation of energy expenditure and glucose and lipid

metabolism.

Disruption of adiponectin caused insulin resistance

and neointimal formation and overexpression of

globular adiponectin protected apolipoprotein E

(apoE)-deficient mice from atherosclerosis

It has been reported that adiponectin may have puta-

tive anti-atherogenic properties in vitro such as suppres-

sion of endothelial inflammatory response and vascular

smooth muscle cell proliferation, as well as macrophage-

to-foam cell transformation in vitro (42, 43). Thus we

generated adiponectin-deficient mice to directly investi-

gate whether adiponectin has a physiological protective

role against atherosclerosis in vivo (44). Homozygous

adiponectin-deficient mice showed moderate insulin

resistance and glucose intolerance and showed twofold

more neointimal formation in response to external vas-

cular cuff injury than wild-type mice (44). To examine

whether overexpression of adiponectin is protective

against atherosclerosis in vivo, we analyzed globular

adiponectin (gAd) transgenic (Tg) mice crossed with a

well-established animal model of atherosclerosis, apoE-

deficient mice (45). Despite similar plasma glucose and

lipid levels on an apoE-deficient background, gAd Tg

apoE-deficient mice showed amelioration of athero-

sclerosis, which was associated with decreased expres-

sion of class A scavenger receptor and TNF�  (45).

These studies provide direct evidence that adiponectin

plays a protective role against atherosclerosis in vivo.

Fig. 2. Molecular mechanisms of insulin sensitizing effects of adiponectin in muscle and liver.



A Tsuchida et al168

Cloning of adiponectin receptors and regulation of

their expression levels by insulin

Cloning of adiponectin receptor should facilitate

studies on the regulation of glucose and lipid metabo-

lism, the molecular causes of diabetes and athero-

sclerosis, and the development of anti-diabetic and anti-

atherosclerotic drugs. We cloned the cDNAs encoding

adiponectin receptors 1 and 2 (AdipoR1 and AdipoR2)

by expression cloning (46). Expression of AdipoR1 /R2

or suppression of AdipoR1 /R2 expression by small-

interfering RNA supported that they bind to adiponectin

and mediate increased AMP kinase and PPAR�  ligand

activities, as well as fatty-acid oxidation and glucose

uptake by adiponectin (46). We next determined whether

the expressions of AdipoR1 /R2 are altered in physio-

Fig. 3. Streptozotocin treatment increased AdipoR1 /R2 expressions, whereas insulin decreased them.

Fig. 4. Adiponectin (Ad) had a higher binding to the membrane fractions of muscle of wild-type (C57) mice than ob/ob mice.

Adiponectin was able to activate AMPK in skeletal muscle of wild-type mice, whereas adiponectin was unable to activate AMPK

in skeletal muscle of ob/ob mice.
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logical and pathophysiological states (47). We showed

that the expressions of AdipoR1 /R2 in skeletal muscle

and liver were significantly increased in fasted mice and

decreased in refed mice. Insulin deficiency induced by

streptozotocin (STZ) increased and insulin replenish-

ment reduced the expression of AdipoR1 /R2 in vivo

(Fig. 3). Incubation of hepatocytes or myocytes with

insulin reduced the expression of AdipoR1 /R2 via the

PI3-kinase /Foxo1-dependent pathway (48) in vitro.

Moreover, the expressions of AdipoR1 /R2 in obese

diabetic ob/ob mice were significantly decreased in

skeletal muscle and adipose tissue, which were corre-

lated with decreased adiponectin binding to membrane

fractions of skeletal muscle and decreased AMP kinase

activation by adiponectin (Fig. 4). This study demon-

strated that insulin negatively regulates the expression

levels of adiponectin receptors via the PI3-kinse /Foxo1

pathway. Our data also suggest that not only agonism

of AdipoR1 /R2 but also strategies to increase AdipoR1

/R2 may be a logical approach to provide a novel treat-

ment modality for insulin resistance and type 2 diabetes

(Fig. 5). 

References

1 Flier JS. Obesity wars: molecular progress confronts an expand-

ing epidemic. Cell. 2004;116:337–350.

2 Maeda K, Okubo K, Shimomura I, Funahashi T, Matsuzawa Y,

Matsubara K. cDNA cloning and expression of a novel adipose

specific collagen-like factor, apM1 (AdiPose Most abundant

Gene transcript 1). Biochem Biophys Res Commun. 1996;221:

286–289.

3 Nakano Y, Tobe T, Choi-Miura NH, Mazda T, Tomita M.

Isolation and characterization of GBP28, a novel gelatin-binding

protein purified from human plasma. J Biochem (Tokyo). 1996;

120:803–812.

4 Hu E, Liang P, Spiegelman BM. AdipoQ is a novel adipose-

specific gene dysregulated in obesity. J Biol Chem. 1996;271:

10697–10703.

5 Scherer PE, Williams S, Fogliano M, Baldini G, Lodish HF. A

novel serum protein similar to C1q, produced exclusively in

adipocytes. J Biol Chem. 1995;270:26746–26749.

6 Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expres-

sion of tumor necrosis factor-alpha: direct role in obesity-linked

insulin resistance. Science. 1993;259:87–91.

7 Shimomura I, Funahashi T, Takahashi M, Maeda K, Kotani K,

Nakamura T, et al. Enhanced expression of PAI-1 in visceral fat:

possible contributor to vascular disease in obesity. Nat Med.

1996;2:800–803.

8 White RT, Damm D, Hancock N, Rosen BS, Lowell BB, Usher

P, et al. Human adipsin is identical to complement factor D and

is expressed at high levels in adipose tissue. J Biol Chem.

1992;267:9210–9213.

9 Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee RR,

Wright CM, et al. The hormone resistin links obesity to diabetes.

Nature. 2001;409:307–312.

10 Matsuzawa Y, Funahashi T, Nakamura T. Molecular mechanism

of metabolic syndrome X: contribution of adipocytokines

adipocyte-derived bioactive substances. Ann NY Acad Sci.

1999;892:146–154.

11 Kersten S, Desvergne B, Wahli W. Roles of PPARs in health

and disease. Nature. 2000;405:421–424.

12 Spiegelman BM, Flier JS. Obesity and the regulation of energy

balance. Cell. 1996;87:377–389.

13 Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO,

Willson TM, Kliewer SA. An antidiabetic thiazolidinedione is a

high affinity ligand for peroxisome proliferator-activated

receptor gamma (PPAR gamma). J Biol Chem. 1995;270:

12953–12956.

14 Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM,

Evans RM. 15-Deoxy-delta 12,14-prostaglandin J2 is a ligand

for the adipocyte determination factor PPAR gamma. Cell.

1995;83:803–812.

15 Kubota N, Terauchi Y, Miki H, Tamemoto H, Yamauchi T,

Komeda K, et al. PPAR�  mediates high-fat diet-induced

adipocyte hypertrophy and insulin resistance. Mol Cell. 1999;

4:597–609.

16 Yamauchi T, Kamon J, Waki H, Murakami K, Motojima K,

Komeda K, et al. The mechanisms by which both heterozygous

peroxisome proliferator-activated receptor �  (PPAR�) defi-

ciency and PPAR�  agonist improve insulin resistance. J Biol

Chem. 2001;44:41245–41254.

17 Oliner JD, Andresen JM, Hansen SK, Zhou S, Tjian R. SREBP

transcriptional activity is mediated through an interaction with

the CREB-binding protein. Genes Dev. 1996;10:2903–2911.

18 Goodman RH, Smolik S. CBP /p300 in cell growth, transforma-

tion, and development. Genes Dev. 2000;14:1553–1577.

19 Westin S, Rosenfeld MG, Glass CK. Nuclear receptor coactiva-

tors. Adv Pharmacol. 2000;47:89–112.

20 Brown MS, Ye J, Rawson RB, Goldstein JL. Regulated

intramembrane proteolysis: a control mechanism conserved

from bacteria to humans. Cell. 2000;100:391–398.

21 Darlington GJ, Ross SE, MacDougald OA. The role of C /EBP

genes in adipocyte differentiation. J Biol Chem. 1998;273:

30057–30060.

22 Perlmann T, Evans RM. Nuclear receptors in Sicily: all in the

famiglia. Cell. 1997;90:391–397.

23 Mark M, Ghyselinck NB, Wendling O, Dupe V, Mascrez B,

Kastner P, et al. A genetic dissection of the retinoid signalling

Fig. 5. Decreased adiponectin effects and insulin resistance (Hypo-

thesis).



A Tsuchida et al170

pathway in the mouse. Proc Nutr Soc. 1999;58:609–613.

24 Horvath CM. STAT proteins and transcriptional responses to

extracellular signals. Trends Biochem Sci. 2000;25:496–502.

25 Tanaka Y, Naruse I, Maekawa T, Masuya H, Shiroishi T, Ishii S.

Abnormal skeletal patterning in embryos lacking a single Cbp

allele: a partial similarity with Rubinstein-Taybi syndrome.

Proc Natl Acad Sci USA. 1997;94:10215–10220.

26 Yao TP, Oh SP, Fuchs M, Zhou ND, Ch’ng LE, Newsome D,

et al. Gene dosage-dependent embryonic development and pro-

liferation defects in mice lacking the transcriptional integrator

p300. Cell. 1998;93:361–372.

27 Oike Y, Hata A, Mamiya T, Kaname T, Noda Y, Suzuki M, et al.

Truncated CBP protein leads to classical Rubinstein-Taybi

syndrome phenotypes in mice: implications for a dominant-

negative mechanism. Hum Mol Genet. 1999;8:387–396.

28 Yamauchi T, Oike Y, Kamon J, Waki H, Komeda K, Tsuchida

A, et al. Increased insulin sensitivity despite lipodystrophy in

Crebbp heterozygous mice. Nat Genet. 2002;30:221–226.

29 Vionnet N, Hani El-H, Dupont S, Gallina S, Francke S, Dotte S,

et al. Genomewide search for type 2 diabetes-susceptibility

genes in French whites: evidence for a novel susceptibility locus

for early-onset diabetes on chromosome 3q27-qter and indepen-

dent replication of a type 2-diabetes locus on chromosome 1q21-

q24. Am J Hum Genet. 2000;67:1470–1480.

30 Kissebah AH, Sonnenberg GE, Myklebust J, Goldstein M,

Broman K, James RG, et al. Quantitative trait loci on chromo-

somes 3 and 17 influence phenotypes of the metabolic syn-

drome. Proc Natl Acad Sci USA. 2000;97:14478–14483.

31 Mori H, Ikegami H, Kawaguchi Y, Seino S, Yokoi N, Takeda J,

et al. The Pro12 � Ala substitution in PPAR-gamma is asso-

ciated with resistance to development of diabetes in the general

population: possible involvement in impairment of insulin

secretion in individuals with type 2 diabetes. Diabetes. 2001;

50:891–894.

32 Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa

J, et al. Paradoxical decrease of an adipose-specific protein,

adiponectin, in obesity. Biochem Biophys Res Commun. 1999;

257:79–83.

33 Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K,

et al. The fat-derived hormone adiponectin reverses insulin

resistance associated with both lipoatrophy and obesity. Nat

Med. 2001;7:941–946.

34 Hardie DG, Carling D, Carlson M. The AMP-activated /SNF1

protein kinase subfamily: metabolic sensors of the eukaryotic

cell? Annu Rev Biochem. 1998;67:821–855.

35 Winder WW, Hardie DG. AMP-activated protein kinase, a

metabolic master switch: possible roles in type 2 diabetes. Am J

Physiol. 1999;277:E1–E10.

36 Mu J, Brozinick JT Jr, Valladares O, Bucan M, Birnbaum MJ.

A role for AMP-activated protein kinase in contraction- and

hypoxia regulated glucose transport in skeletal muscle. Mol Cell.

2001;7:1085–1094.

37 Lochhead PA, Salt IP, Walker KS, Hardie DG, Sutherland C.

5-Aminoimidazole-4-carboxamide riboside mimics the effects

of insulin on the expression of the 2 key gluconeogenic genes

PEPCK and glucose-6-phosphatase. Diabetes. 2000;49:896–903.

38 Berg AH, Combs TP, Du X, Brownlee M, Scherer PE. The

adipocytesecreted protein Acrp30 enhances hepatic insulin

action. Nat Med. 2001;7:947–953.

39 Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S,

et al. Adiponectin stimulates glucose utilization and fatty-acid

oxidation by activating AMP-activated protein kinase. Nat Med.

2002;8:1288–1295.

40 Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, Carling

D, et al. Leptin stimulates fatty-acid oxidation by activating

AMP-activated protein kinase. Nature. 2002;415:339–343.

41 Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al.

Role of AMP-activated protein kinase in mechanism of

metformin action. J Clin Invest. 2001;108:1167–1174.

42 Yokota T, Oritani K, Takahashi I, Ishikawa J, Matsuyama A,

Ouchi N, et al. Adiponectin, a new member of the family of

soluble defense collagens, negatively regulates the growth of

myelomonocytic progenitors and the functions of macrophages.

Blood. 2000;96:1723–1732.

43 Ouchi N, Kihara S, Arita Y, Nishida M, Matsuyama A, Okamoto

Y, et al. Adipocyte-derived plasma protein, adiponectin,

suppresses lipid accumulation and class A scavenger receptor

expression in human monocyte-derived macrophages. Circula-

tion. 2001;103:1057–1063.

44 Kubota N, Terauchi Y, Yamauchi T, Kubota T, Moroi M,

Matsui J, et al. Disruption of adiponectin causes insulin resis-

tance and neointimal formation. J Biol Chem. 2002;277:25863–

25866.

45 Yamauchi T, Kamon J, Waki H, Imai Y, Shimozawa N, Hioki K,

et al. Globular adiponectin protected ob /ob mice from diabetes

and apoE-deficient mice from atherosclerosis. J Biol Chem.

2003;278:2461–2468.

46 Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S,

et al. Cloning of adiponectin receptors that mediate antidiabetic

metabolic effects. Nature. 2003;423:762–769.

47 Tsuchida A, Yamauchi T, Ito Y, Hada Y, Maki T, Takekawa S,

et al. Insulin /Foxo1 pathway regulates expression levels of

adiponectin receptors and adiponectin sensitivity. J Biol Chem.

2004;279:30817–30822.

48 Nakae J, Park BC, Accili D. Insulin stimulates phosphorylation

of the forkhead transcription factor FKHR on serine 253 through

a Wortmannin-sensitive pathway. J BIol Chem. 1999;274:

15982–15985.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


