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Obesity and insulin resistance have been recognized as leading
causes of major health issues. We have endeavored to deplct
the molecular mechanism of insulin resistance, focusing on the
function of adipocyte.

We have investigated a role of PPARy on the pathogenesis
of Type Il diabetes. Heterozygous PPARy-deficient mice were
protected from the development of insulin resistance due to
adipocyte hypertrophy under a high-fat diet. Moreover, a
Pro12Ala polymorphism in the human PPARy2 gene was asso-
clated with decreased risk of Type Il diabetes in Japanese.
Taken together with these results, PPARy is proved to be a
thrifty gene mediating Type |l diabetes. Pharmacological inhibi-
tors of PPARYy/RXR ameliorate high-fat diet-induced insulin re-
sistance in animal models of Type Il diabetes.

We have performed a genome-wide scan of Japanese Type
2 diabetic families using affected sib pair analysis. Our genome
scan reveals at least 9 chromosomal regions potentially harbor
susceptibility genes of Type Il diabetes in Japanese. Among
these regions, 3q26-q28 appeared to be very attractive one, be-
cause of the gene encoding adiponectin, the expression of
which we had found enhanced in insulin-sensitive PPARy-
deficient mice. Indeed, the subjects with the G/G genotype of
SNP276 in the adiponectin gene were at increased risk for Type
Il diabetes compared with those having the T/T genotype. The
plasma adiponectin levels were lower in the subjects with the G
allele, suggesting that genetically inherited decrease in adipo-
nectin levels predispose subjects to insulin resistance and
Type Il diabetes. Our work also confirmed that replenishment of
adiponectin represents a novel treatment strategy for insulin
resistance and Type Il diabetes using animal models. Further
investigation will be needed to clarify how adiponectin exerts
its effect and to discover the molecular target of therapies. Exp
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besity and insulin resistance have been quite well
Orecognizéd as fundamental and leading causes of

major health issues such as diabetes, hyperlipid-
emia, hypertension, and cardiovascular diseases. There is a
plentiful body of evidence indicating high-fat diet is the
major cause of obesity and insulin resistance. Indeed, con-
cordant with a rapid increase in fat consumption in recent
Japan, the number of people with diabetes is increasing
rapidly to be estimated around 6.9 million by the report of
the national survey in 1997 (1). However, the molecular
mechanism of how high-fat diet induces obesity and how
obesity causes insulin resistance and a wide range of meta-
bolic disorders remains to be vigorously investigated. This
article focuses on the role of adipocyte and its related mol-
ecules, which have essential roles in regulating insulin
sensitivities. By our work and others, it has been widely
accepted that adipose tissue is not a mere storage of fat
but endocrine tissue, which secretes molecules regulating
insulin sensitivities. We have also endeavored to depict ge-
netic background predisposing people of Japan to Type Il
diabetes by molecular genetics using SNP (single nucleotide
polymorphism).

The Role of PPARY as a Thrifty Genotype

Clarifying the Role of PPARYy as a Thrifty Gene
through Gene Targeting. PPARy (peroxisome prolif-
erative activated receptor) is a transcription factor that is
abundantly expressed in adipose tissue, having a key role in
adipocyte differentiation. Thiazolidinediones (TZD), an in-
sulin-sensitizing drug, can stimulate adipocyte differentia-
tion via binding directly to PPARY and activate it. We have
previously shown that treatment of Zucker fa/fa rats with
TZD increased the number of small adipocytes and de-
creased the number of large adipocytes that produced a
large amount of TNFa and free fatty acids, presumably
leading to insulin resistance (2). These results led us to
propose that stimulation of PPAR<y with potent synthetic
agonist increases the number of small adipocytes through
adipocyte differentiation, ameliorating insulin resistance
(2). However, it is generally accepted that adipocyte differ-
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entiation does not usually take place in adipose tissue of
adulthood and adipocyte differentiation by TZD is far from
a physiological event. To clarify the physiological role of
PPARYy in vivo, we have generated PPARy-deficient mice
by gene targeting (3). Homozygous PPARvy-deficient mice
were embryonic lethal due to placental dysfunction. To in-
vestigate the role of PPARYy, we studied the phenotypes of
heterozygous PPARvy-deficient mice under a high-carbohy-
drate diet and a high-fat diet. Expectedly, under a high-fat
diet, both wild-type and heterozygous PPARv-deficient
mice gained significantly more body weight than under a
high-carbohydrate diet. However, unexpectedly, we found
that weight gain and an increase in white adipose tissue
mass under a high-fat diet was significantly less in hetero-
zygous PPARvy-deficient mice than wild-type mice. Histo-
logical analyses revealed that under a high-fat diet, adipo-
cytes from wild-type mice and heterozygous PPARy-
deficient mice were significantly larger than those under a
high-carbohydrate diet. Very interestingly, the size of adi-
pocytes from heterozygous PPARy-deficient mice was sig-
nificantly smaller than that of adipocytes from wild-type
mice under a high-fat diet. Surprisingly, the glucose-lower-
ing effect of insulin was larger in heterozygous PPAR«y-
deficient mice than in wild-type mice, indicating that under
a high-fat diet, heterozygous PPAR<y-deficient mice were
more insulin sensitive than wild-type mice. We further in-
vestigated to clarify the mechanism of this unexpected phe-
notype of PPARy-deficient mice under a high-fat diet. Food
intake was significantly lower in heterozygous PPAR~y-
deficient mice than in wild-type mice. Rectal temperature of
heterozygous PPARYy-deficient mice was significantly
higher than that of wild-type mice and adipocytes in BAT in
heterozygous PPAR<y-deficient mice were smaller than
those from wild-type mice, indicating that energy expendi-
ture was higher in PPARy-deficient mice than in wild-type
mice. These results suggested that PPARY is a thrifty gene
mediating high-fat diet induced obesity, adipocyte hyper-
trophy, and insulin resistance. In wild-type mice, a high-fat
diet promotes adipocyte hypertrophy, which converts small
adipocytes into large adipocytes, which in turn induce fac-
tors such as TNFa and free fatty acids, thereby causing
insulin resistance. In heterozygous PPARvy-deficient mice,
adipocyte hypertrophy and development of insulin resis-
tance under a high-fat diet are partially protected (3-5).
Clarifying the Role of PPARy as a Type II-
Diabetes Susceptibility Gene through Molecular
Genetics. In humans, a Pro12Ala substitution has been
detected in the PPARY2 gene. This non-conservative sub-
stitution of proline to alanine reduces transactivational ac-
tivity of PPARy by 20% to 30% (6). Based on the results
that PPARy-deficient mice were more insulin sensitive
compared with wild type, we hypothesized that subjects
with this polymorphism may be protected from Type II
diabetes. To test this hypothesis we compared the frequency
of Alal2 bearer in the non-related Type II diabetic and
non-diabetic subjects. The frequency of subjects bearing the
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Alal2 allele was significantly lower in the diabetic group
(3.6%) than in the non-diabetic group (8.3%) (P = 0.003)
(7). Indeed, subjects with the Alal2 allele had a decreased
risk for Type II diabetes (OR = 0. 413, 95% CI; 0.220-
0.735). After this work on PPARY Prol12Ala polymorphism,
we and 9 other groups in Japan performed a large and col-
laborative work to confirm the protective effect of this poly-
morphism; 2201 subjects with Type II diabetes and 1212
normal control subjects participated in this study (8). The
allele frequency for the Alal2 variant was significantly
lower in the Type II diabetic group than in the control group
(2.39 vs 4.13%, P = 0.000054), consistent with the previ-
ous result. Meta-analysis of major published reports on the
association between this polymorphism and Type II diabe-
tes confirmed that the Ala12 allele is consistently associated
with reduced risk of diabetes in several ethnic groups (9).
PPARy: Therapeutic Target of Insulin Resis-
tance and Type Il Diabetes. The results in mice and
humans indicate that partial decrease of PPARYy activity
exerted protection from high-fat-diet induced adipocyte hy-
pertrophy, obesity, and insulin resistance (3). These find-
ings raise the possibilities that functional antagonism of
PPARY/RXR could serve as a fundamental treatment strat-
egy for obesity and Type II diabetes especially in western-
ized countries. To address these issues, we investigated the
effects of the RXR antagonist, HX531, on body weight,
glucose, and insulin concentrations in an animal model of
diabetes, KKAy mice (10), on HF diet. Untreated KKAy
mice gained significantly more weight than the mice on the
high-carbohydrate (HC) diet, whereas treatment with
HX531 prevented an increase in weight on the high-fat (HF)
diet. Treatment with HX531 also prevented HF diet-induced
hyperglycemia and hyperinsulinemia. On the HF diet, the
glucose-lowering effect of insulin was greater in mice
treated with HX531 than in untreated mice. These findings
clearly indicate that the functional antagonist can be an
anti-obesity and anti-diabetic drug. Then, how far can we
reduce the level of PPAR«y activity to treat insulin resis-
tance? To address this issue, we investigated the effects of
HX531 on PPARY- deficient mice, a state of already-
reduced PPARvy activity. Administration of HX531 to het-
erozygous PPARvy-deficient mice for 4 weeks resulted in
the disappearance of visible white adipose tissue (WAT),
similar to lipoatrophy in humans (11). Like lipoatrophy,
heterozygous PPARy-deficient mice treated with HX531
had marked hyperglycemia and insulin resistance.
PPARy and Adipocytekines. Recognizing PPARYy
as a key molecule mediating high-fat-diet induced obesity
and insulin resistance prompted us to investigate the expres-
sion profile of PPAR«y-deficient mice to elucidate how

- PPARy mediates high-fat diet-induced obesity and insulin

resistance (Fig. 1). Leptin, abundantly expressed in adipo-
cyte, regulates energy balance by decreasing food intake
and increasing energy expenditure (12). Under a high-fat
diet, expression of leptin was increased only modestly in
wild-type mice. Expression levels of leptin and serum leptin
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levels were more markedly increased in heterozygous
PPARy-deficient mice despite the fact that adipocytes under
a high-fat diet were significantly smaller than in wild-type
mice despite the fact that mass of WAT under a high-fat diet
was significantly less than in wild-type mice (3). These
results suggested that PPARy mediate high-fat-diet induced
obesity and insulin resistance at least in part through the
depression of leptin. Among molecules whose expression
was enhanced in PPARy-deficient mice, we particularly
paid attention to adiponectin because of several distinct fea-
tures. Details of why and how we have investigated adipo-
nectin are described later in this article.

PPARy-Dependent and Independent Pathway
Mediating Adipocyte Hypertrophy

The CBP protein (cCAMP response element binding pro-
tein (CREB) binding protein) (13) is a co-activator (14) for
several transcription factors such as sterol regulatory ele-
ment binding proteins (SREBPs) (15), CCAAT/enhancer-
binding proteins (C/EBPs) (16), nuclear receptors (17,18)
including peroxisome proliferator—activated receptors,
PPARs (19), and signal transducers and activators of tran-
scription (STATs) (20). These transcription factors are well
known to have important biological functions regarding glu-
cose and lipid metabolism, which prompted us to investi-
gate the physiologic role of CBP in vivo using Crebbp*'"~
mice generated previously. Fat mass of Crebbp*'~ mice was
significantly decreased compared with that of wild-type
mice on a high-carbohydrate (HC) diet (3). Reduction of
adipose tissue was mainly attributed to the loss of white
adipose tissue (WAT). The size of adipocytes from
Crebbp*"~ mice was markedly smaller than that of adipo-
cytes from wild-type mice on an HC diet. Amounts of adi-
pose tissue in Crebbp*'~ mice were almost normal at 3 days
post natum (21,22), suggesting that markedly reduced WAT
mass in Crebbp*’~ mice was due to the inhibition of triglyc-
eride accumulation in WAT, not due to the inhibition of
adipocyte differentiation. Despite the phenotype of lipodys-

Figure 1. An approach for discovering noel adi-
pocytekines regulating insulin sensitivity.
Leptin

adiponectin

trophy, which exhibits severe insulin resistance in human
disease, Crebbp*'~ mice had a higher insulin sensitivity and
increased glucose tolerance compared with wild-type mice
on both the HC and HF diet. Expression levels of neuro-
peptide regulating appetite, such as neuropeptide Y and
hypocretin, were comparable in Crebbp*’~ mice and food
intake was not significantly lower in Crebbp*~ mice. In
contrast, resting oxygen consumption was significantly in-
creased in Crebbp*’~ mice. In Crebbp*'~ mice, serum leptin
(23) levels were increased in spite of extremely decreased
WAT mass. Moreover, the serum levels and mRNA levels
in WAT of the insulin-sensitizing hormone adiponectin (24)
in Crebbp*”~ mice were significantly higher than those of
wild-type mice, despite their markedly lower WAT mass
(25). These data suggested that protection of Crebbp*'~
from insulin resistance was at least in part mediated by 2
major adipocytekines, leptin and adiponectin. These data
suggest that heterozygous Crebbp deficiency prevented adi-
pocyte hypertrophy, which finally led to the alleviation of
insulin resistance through the diminution of molecules caus-
ing insulin resistance, such as FFA and TNFa, as well as
through increased effects of insulin-sensitizing hormones
secreted from WAT (23, 25, 26). The important roles of
adiponectin in regulating insulin sensitivity are described in
the next section.

Adiponectin: Key Molecule Mediating Insulin
Resistance in Obesity

Adiponectin: Susceptibility Gene of Insulin Re-
sistance and Type Il Diabetes in Japanese. Type II
diabetes is a complex disorder where multiple genes having
weak or moderate genetic effects on the susceptibility to
diabetes interact with each other to develop this disease.
Combination of susceptibility genes may be different
among different families of diabetes. Thus, conservative
linkage analysis has no power to detect susceptibility genes
of diabetes. It is also possible that there may be different -
genes in different ethnic backgrounds. This prompted us to
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perform a genome-wide scan of Japanese Type II diabetic
families using affected sib pair analysis, which requires no
specific model of inheritance in disease. Our Japanese ge-
nome scan reveals that at least 9 chromosomal regions
(Ip36-p32, 2q34, 3q26-q28, 6p23, 7p22-p21, 9p, 15q13-
q21, and 20q12-q13) potentially harbor susceptibility genes
of Type II diabetes in Japanese. Among these chromosomal
regions, 3q26-q28 appears to be very attractive one. These
data were replicated by another genome-wide scan in
French Caucasians and in Caucasians living in the United
States. The former detected the strongest linkage to diabetes
in 3q27-qter, and the latter found several significant QTL
(quantitative trait loci) associated with metabolic traits
(BMLI, leptin, insulin, and anthropometric measurements) in
the same region. Moreover, the gene encoding adiponectin,
expression of which we had found enhanced in insulin sen-
sitive PPARy deficient mice, is located in 3q26-q28. Adi-
ponectin is abundantly expressed in adipose tissue (27-31),
but plasma adiponectin levels are reduced in patients with
obesity (31), Type II diabetes (32), and coronary artery
diseases (32), all of which are closely related to insulin
resistance. We were excited by the coincidence to scan the
adiponectin gene polymorphism and perform the associa-
tion study using discovered SNPs to elucidate the role of
adiponectin as a susceptibility gene of Type II diabetes. We
detected 10 relatively frequent polymorphisms in the adi-
ponectin gene. For SNPs at positions 276 (SNP276), statis-
tically significant differences in the distribution of geno-
types (P = 0.007) between Type II diabetic and non-
diabetic subjects were detected. The subjects with the G/G
genotype of SNP276 were at increased risk for Type II diabe-
tes (OR 2.16, 95% CI 1.22-3.95) compared with those having
the T/T genotype. After adjusting for possible confounding
effects of age, sex, and body mass index (BMI), we found
significant associations between SNP276 and the insulin-
resistance index. Moreover, the plasma adiponectin levels
were lower in the subjects with the G allele, suggesting that
genetically inherited decreases in adiponectin levels predis-
"~ pose subjects to insulin resistance and Type II diabetes.

Adiponectin: Adipocyte-Derived Insulin-Sensi-
tizing Hormone. Our work on genetic study on adipo-
nectin gene, and previous reports that plasma adiponectin
levels were decreased in Type II diabetes and obesity,
prompted us to investigate the role of adiponectin in vivo
using animal models. Adiponectin expression correlates im-
pressively with insulin sensitivity and adiponectin is de-
creased in obese mice and depleted in lipoatrophic mice. We
investigated whether adiponectin reverses insulin resistance
in those mice. Continuous systemic infusion of a physi-
ological dose of recombinant adiponectin significantly ame-
liorated hyperglycemia and hyperinsulinemia. Insulin resis-
tance in lipoatrophic mice is completely reversed by a com-
bination of physiological doses of adiponectin and leptin but
only partially by either adiponectin or leptin alone (24),
suggesting that adiponectin/leptin deficiency explains insu-
lin resistance in lipoatrophic mice. We next studied whether
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adiponectin can improve insulin resistance and diabetes in
wild-type mice under high-fat diet, db/db, and KKAY mice
(KK mice overexpressing agouti). Continuous systemic in-
fusion of low doses of recombinant adiponectin signifi-
cantly ameliorated hyperglycemia and hyperinsulinemia in
those mice, indicating that high-fat feeding, leptin-receptor
deficiency, or agouti overexpression causes insulin resis-
tance, partially through decreases in adiponectin (24). Adi-
ponectin increased expression of molecules involved in
fatty-acid transport, combustion and energy dissipation such
as CD36 (33, 34), acyl-CoA oxidase (ACO) (35, 36), and
uncoupling protein (UCP) 2 (37, 38), indicating that adipo-
nectin acts primarily on skeletal muscle to increase influx
and combustion of FFA, thereby reducing muscle triglyc-
eride content. As a consequence of decreased serum FFA
and triglyceride levels, hepatic triglyceride content is de-
creased. Decreased triglyceride content accounts for the im-
proving insulin signaling in both organs. Adiponectin is
composed of an N-terminal collagen-like sequence (cAd)
and a C-terminal globular region (gAd) (39, 40). Full-length
adiponectin undergo proteolytic processing and a small
amount of gAd exists in plasma. Interestingly, gAd amelio-
rated hyperglycemia and hyperinsulinemia much more po-
tently than full-length adiponectin.

We further investigated the role of adiponectin by gen-
erating adiponectin-deficient mice. Heterozygous adiponec-
tin-deficient (adipo*'™) mice showed mild insulin resistance,
while homozygous adiponectin-deficient (adipo-'") mice
showed moderate insulin resistance and glucose intolerance
despite a body weight gain similar to that of wild-type mice.
This study provides the first direct evidence that adiponectin
plays a protective role against insulin resistance and athero-
sclerosis in vivo. These observations clearly indicated that
adiponectin is indeed an insulin-sensitizing hormone and
exerts a protective role against insulin resistance in vivo.

Molecular Mechanism of Insulin-Sensitizing Ef-
fect by Adiponectin. What are the signaling molecules
that mediate the metabolic effects of adiponectin? The ac-
tivation of 5’-AMP-activated protein kinase (AMPK) by
muscle contraction has been reported to increase fatty-acid
oxidation (31, 41, 42) and glucose uptake in skeletal muscle
(43). Activation of AMPK reduces expression levels of
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-
6-phosphatase (G6Pase), key molecules of gluconeogenesis
in hepatocytes (44). AMPK is a molecular candidate medi-
ating the insulin-sensitizing effect of exercise (45-47) and
the antidiabetic drug metformin (48-49). We investigated
the role of AMPK in the signal transduction of adiponectin
in the liver and skeletal muscle. The administration of gAd
or full-length Ad in mice increased AMPK phosphorylation

+ in the soleus muscle in a dose-dependent fashion. Globular

Ad had a more pronounced effect on AMPK activation in
skeletal muscle. In contrast to muscle, only full-length Ad,
which has a higher binding affinity to the membrane frac-
tions of the liver, was capable of stimulating phosphoryla-
tion and activation of AMPK in the liver. Both globular and
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Figure 2. Mechanism of sensitizing effect of adiponectin in liver and
muscle.

full-length Ad induced an increase in ACC phosphorylation,
fatty-acid oxidation, glucose uptake, and lactate production
in C2C12 myocytes. These effects were blocked by the
retrovirus- or adenovirus-mediated expression of dominant
negative (DN) AMPK. Thus, the activation of AMPK is
necessary for the Ad-induced stimulation of ACC phosphor-
ylation, fatty-acid oxidation, and glucose uptake and lactate
production in muscle cells. We next studied the mechanisms
by which the expression of DN AMPK in the liver reduced
the glucose-lowering effect of Ad. Full-length Ad reduced
expression levels of molecules involved in gluconeogenesis
such as PEPCK and G6Pase in the liver as reported (7).
Expression of DN-1AMPK in the liver blocked these ef-
fects of Ad, which was consistent with a previous report that
activation of AMPK reduced expression levels of PEPCK
and G6Pase (44). Thus, activation of AMPK in the liver is
necessary for Ad to reduce expression levels of molecules
involved in gluconeogenesis in the liver, and trigger an
in vivo reduction in glucose levels. These results indicate
that AMPK is requires for adiponectin to exert insulin-
sensitizing effects in the liver and skeletal muscle (Fig. 2).
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Figure 3. Molecular mechanism of insulin resistance induced by
hypertrophic obesity (“small adipocyte” hypothesis).

Conclusions

It is evident from the preceding results that PPARy is a
key molecule to mediate high-fat-diet induced obesity and
that depression of adiponectin action have crucial roles in
insulin resistance induced by obesity. Figure 3 summarizes -
our understanding of the mechanism of high-fat-diet induced
obesity and insulin resistance (“small adipocyte™ hypoth-
esis). Small adipocyte differentiated from pre-adipocyte and
accumulation of lipid is small, secreted insulin-sensitizing
hormone, adiponectin, and leptin. Pre-adipocyte is unable to
produce insulin-sensitizing hormone, a leading cause of in-
sulin resistance in lipoatrophic diabetes. High-fat-diet in-
duced adipocyte hypertrophy (large adipocyte), which
causes decrease in expression and secretion of insulin-
sensitizing hormone and increase in insulin-resistant hor-
mone, leading to insulin resistance in obesity. Partial reduc-
tion in dose or activity of PPARYy, due to genetically inher-
ited or functional antagonist, leads to the protection against
obesity and Type 1I diabetes induced by high-fat diet. Both
in mice and humans, PPARY is an important thrifty gene me-
diating insulin resistance and Type II diabetes. It is quite in-
teresting that the frequency of Pro12 allele of PPARYProl12Ala
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Figure 4. Fundamental therapies target-
ing key molecules involved in obesity-
induced insulin resistance.
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polymorphism, which raises the risk of diabetes, is much
higher in Japanese people than in Caucasians. This means
that the Japanese may be more prone to diabetes under
westernized lifestyle, accounting for the rapid increase in
the number of cases of diabetes in Japan. Genetical and/or
environmental depression of adiponectin leads to insulin
resistance and Type II diabetes. It is of note that more than
40% of Japanese have genotype that makes subjects prone
to genetically decreased adiponectin levels and thus suscep-
tible to Type II diabetes. This may be an alert to our society,
because high-fat diet may have a disastrous effect on glu-
cose metabolism to further decrease the adiponectin levels
in those subjects. Our work confirmed that replenishment of
adiponectin represents a novel treatment strategy for insulin
resistance and Type II diabetes (Fig. 4). Because supple-
ment of adiponectin itself is not practical due to its large
molecular weight, an agonist of adiponectin receptor or a
compound-inactivating molecule that disturbs adiponectin
action should be developed. Further investigation will be
needed to clarify how adiponectin exerts its effect and to
discover the molecular target of therapies.
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