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Adiponectin is an adipokine that is specifically and abundantly expressed in adipose tissue and directly sensi-
tizes the body to insulin. Hypoadiponectinemia, caused by interactions of genetic factors such as SNPs in the
Adiponectin gene and environmental factors causing obesity, appears to play an important causal role in insulin
resistance, type 2 diabetes, and the metabolic syndrome, which are linked to obesity. The adiponectin receptors,
AdipoR1 and AdipoR2, which mediate the antidiabetic metabolic actions of adiponectin, have been cloned and
are downregulated in obesity-linked insulin resistance. Upregulation of adiponectin is a partial cause of the insu-
lin-sensitizing and antidiabetic actions of thiazolidinediones. Therefore, adiponectin and adiponectin receptors
represent potential versatile therapeutic targets to combat obesity-linked diseases characterized by insulin resis-
tance. This Review describes the pathophysiology of adiponectin and adiponectin receptors in insulin resistance,

diabetes, and the metabolic syndrome.

The prevalence of obesity has increased dramatically in recent
years (1, 2). It is commonly associated with type 2 diabetes, coro-
nary artery disease, and hypertension, and the coexistence of these
diseases has been termed the metabolic syndrome (3-7). Insulin
resistance is a key feature of these diseases and is defined as a state
that requires more insulin to obtain the biological effects achieved
by alower amount of insulin in the normal state. Thus, any defects
in the insulin signaling cascade can cause insulin resistance. Insu-
lin stimulates a signaling network composed of a number of mol-
ecules, initiating the activation of insulin receptor tyrosine kinase
and phosphorylation of the insulin receptor substrate (IRS) pro-
teins (e.g., IRS-1 and IRS-2) (8). Among several components of
the network, the signaling axis of IRS proteins and PI3K, which
activates downstream serine/threonine kinases including Akt,
regulates most of the metabolic actions of insulin, such as sup-
pression of hepatic glucose production and activation of glucose
transport in muscle and adipocytes (9). It is known that this path-
way is impaired at the multiple steps through alterations in the
protein levels and activities of the signaling molecules, enzymes,
and transcription factors in insulin resistance caused by obesity, a
state of increased adiposity (9).

White adipose tissue (WAT) is a major site of energy storage
and is important for energy homeostasis: it stores energy in the
form of triglycerides during nutritional abundance and releases
it as FFAs during nutritional deprivation (10, 11). While WAT
provides a survival advantage in times of starvation, excess WAT
is now linked to obesity-related health problems in the current
nutritionally rich environment. Regulated by multiple hormonal
signals, nuclear hormone receptors (12, 13), and the CNS (14),
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WAT has been increasingly recognized as an important endocrine
organ that secretes a number of biologically active “adipokines”
(15-19). Some of these adipokines have been shown to directly or
indirectly affect insulin sensitivity through modulation of insulin
signaling and the molecules involved in glucose and lipid metabo-
lism (20). Of these adipokines, adiponectin has recently attracted
much attention because of its antidiabetic and antiatherogenic
effects and is expected to be a novel therapeutic tool for diabetes
and the metabolic syndrome (21). Indeed, a decrease in the cir-
culating levels of adiponectin by genetic and environmental fac-
tors has been shown to contribute to the development of diabetes
and the metabolic syndrome. The thiazolidinedione (TZD) class
of antidiabetic drugs, which also have pleiotropic effects on car-
diovascular diseases and lipid metabolism, is known to exert its
effects partly through increasing the levels of the active form of
adiponectin, as described below.

In this Review, we describe recent progress in research on the
pathophysiological role of adiponectin and adiponectin receptors
in insulin resistance, type 2 diabetes, and the metabolic syndrome.
Since the length of this Review is limited, we recommend that readers
also consult other recent reviews on adiponectin research (21-23).

Association of hypoadiponectinemia with insulin
resistance, diabetes, and the metabolic syndrome
Adiponectin, also termed Acrp30 (24), AdipoQ (25), apM1 (26), or
GBP28 (27), was originally identified independently by 4 groups
using different approaches. The Adiponectin gene encodes a secret-
ed protein expressed exclusively in both WAT and brown adipose
tissue. Adiponectin has a carboxyl-terminal globular domain and
an amino-terminal collagen domain and is structurally similar
to complement 1q (28, 29), which belongs to a family of proteins
that form characteristic multimers (30, 31). Adiponectin exists in a
wide range of multimer complexes in plasma and combines via its
collagen domain to create 3 major oligomeric forms: alow-molec-
ular weight (LMW) trimer, a middle-molecular weight (MMW)
hexamer, and high-molecular weight (HMW) 12- to 18-mer adi-
ponectin (32, 33). In contrast to the expression of adipokines such
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Table 1

Physiological and pathophysiological conditions and treatment
modalities associated with either decrease or increase in plasma
adiponectin levels

Pathophysiological conditions or treatment modality Ref.
Hypoadiponectinemia is associated with:

Genetic variation in Adiponectin gene 33, 72-77
Obesity 35-37
Insulin resistance 37,38
Type 2 diabetes 37,39-44
Metabolic syndrome 45
Dyslipidemia 45
Cardiovascular disease 46, 47
Hypertension 48, 49
Sex hormones (androgen, testosterone) 51,52
Oxidative stress 57
Carbohydrate-rich diet 56

Increase in adiponectin levels is observed following:
Administration of:

TZDs 58,79, 104-108
Angiotensin Il receptor blocker (ARB) 110
Angiotensin-converting enzyme inhibitors (ACEls) 111
Heart failure 114
Renal failure 115
Weight loss 112,113
Dietary factors:
Soy protein 53
QOils 54, 55

as TNF-o and resistin, which cause insulin resistance, adiponectin
expression is reduced in obese, insulin-resistant rodent models
(25). Plasma adiponectin levels are also decreased in an obese rhe-
sus monkey model that frequently develops type 2 diabetes (34).
Importantly, a decrease in plasma adiponectin levels preceded the
onset of diabetes in these animals, in parallel with the observa-
tion of decreased insulin sensitivity (34). Plasma adiponectin levels
have also been reported to be reduced in obese humans, particu-
larly those with visceral obesity, and to correlate inversely with
insulin resistance (35-38) (Table 1). Prospective and longitudinal
studies (37, 39-44) have shown that lower adiponectin levels are
associated with a higher incidence of diabetes. Adiponectin, but
not inflammatory markers such as C-reactive protein and IL-6,
has been shown to be significantly related to the development of
type 2 diabetes in Pima Indians (44). Hypoadiponectinemia has
also been demonstrated to be independently associated with the
metabolic syndrome — indeed, more strongly than are any other
inflammatory markers (45). Reduced plasma adiponectin levels
are also commonly observed in a variety of states frequently asso-
ciated with insulin resistance, such as cardiovascular disease (46,
47) and hypertension (48, 49).

How is the level of plasma adiponectin physiologically regulat-
ed? There is a sexual dimorphism in the circulating levels of adi-
ponectin. Indeed, female humans and rodents have higher plasma
adiponectin levels than males, suggesting that sexual hormones
regulate the production of adiponectin, although it is controver-
sial how these hormones, such as estrogen and testosterone, are
involved in the regulation of plasma adiponectin level (50-52).
Nevertheless, this may partly account for the fact that females are
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more sensitive to insulin than males. Some dietary factors, such
as soy protein (53), fish oils (54), and linoleic acid (55), are also
suggested to increase plasma adiponectin levels, which is consis-
tent with the fact that intake of these factors is thought to have
a protective effect on the development of diabetes. On the other
hand, a carbohydrate-rich diet appears to decrease plasma adi-
ponectin level (56). Oxidative stress has also been suggested to
inhibit the expression of adiponectin (57). Although the mecha-
nism underlying this regulation is unclear, this may contribute to
the decrease in plasma adiponectin in obesity, which is associated
with increased oxidative stress in adipose tissue. Thus, the plasma
adiponectin level is affected by multiple factors, including gender,

aging, and lifestyle.

Discovery of the insulin-sensitizing action of adiponectin
The insulin-sensitizing effect of adiponectin was first identified
by 3 independent groups in 2001 (58-60). We assessed whether
adiponectin was able to improve insulin resistance in KKAY mice
(KK mice overexpressing the agouti protein), as a model of the
metabolic syndrome and type 2 diabetes linked to obesity. Plasma
adiponectin levels were decreased in KKAY mice fed a high-fat diet.
Replenishment of adiponectin significantly ameliorated high-fat
diet-induced insulin resistance and hypertriglyceridemia, which
led us to propose that adiponectin is an insulin-sensitizing adi-
pokine (58). These data also strongly suggested that the high-fat
diet-induced, obesity-linked decrease in adiponectin level is caus-
ally involved in obesity-linked insulin resistance and the metabolic
syndrome. Scherer and colleagues reported that an acute increase
in the level of circulating adiponectin triggers a transient decrease
in basal glucose level by inhibiting both the expression of hepat-
ic gluconeogenic enzymes and the rate of endogenous glucose
production in both wild-type and type 2 diabetic mice, and they
proposed that adiponectin sensitizes the body to insulin (59). A
truncated form of adiponectin that includes the globular domain
cleaved proteolytically from full-length adiponectin has been
reported to exist in plasma, although in very small amounts (60).
Lodish and colleagues reported that a proteolytic cleavage product
of adiponectin, which structurally resembles globular adiponectin,
increases fatty-acid oxidation in muscle, decreases plasma glucose,
and causes weight loss in mice (60).

Subsequently, the chronic effects of adiponectin on insulin resis-
tance in vivo were investigated by generation of adiponectin trans-
genic mice (61, 62) or adiponectin-deficient mice (63-66). Globu-
lar adiponectin transgenic ob/ob mice showed partial amelioration
of insulin resistance and diabetes (61). Full-length adiponectin
transgenic mice showed suppression of insulin-mediated endog-
enous glucose production (62). Our adiponectin-deficient mice
showed mild insulin resistance with glucose intolerance while on
a standard diet (63). The adiponectin-deficient mice examined by
Maeda et al. exhibited a near-normal insulin sensitivity when fed
astandard laboratory diet but developed severe insulin resistance,
especially in skeletal muscle, in as few as 2 weeks on a high-fat,
high-sucrose diet (64). Ma et al. reported that adiponectin-defi-
cient mice displayed increased fatty-acid oxidation in skeletal mus-
cle but showed no effect on either insulin sensitivity or glucose
tolerance whether on a standard or a high-fat diet (65). Scherer’s
group reported that adiponectin-deficient mice showed mild insu-
lin resistance in the liver while on a standard diet (66), and their
phenotype was very similar to those of our adiponectin-deficient
mice. On the other hand, some discrepancies in phenotypes that
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have been described among adiponectin-deficient mice are most
likely due to differences in genetic background. Adiponectin-defi-
cient mice exhibited other features of the metabolic syndrome,
such as hyperlipidemia and hypertension (48, 63).

With respect to the molecular mechanisms underlying the insu-
lin-sensitizing action of adiponectin, we found that full-length
adiponectin stimulated AMP-activated protein kinase (AMPK)
phosphorylation and activation in the liver, while globular adipo-
nectin did so in both skeletal muscle and the liver (67). Blocking
AMPK activation by use of a dominant-negative mutant inhibited
these effects of full-length or globular adiponectin, indicating that
stimulation of glucose utilization and fatty-acid combustion by
adiponectin occurs through activation of AMPK (67). Thus, an
adipocyte-derived antidiabetic hormone, adiponectin, activates
AMPK, thereby directly regulating glucose metabolism and insu-
lin sensitivity (67). These data also suggested that there may be 2
distinct receptors for adiponectin in the liver and skeletal muscle,
with different binding affinities for globular and full-length adi-
ponectin. Lodish, Ruderman, and colleagues also showed that the
adiponectin globular domain could enhance muscle fat oxida-
tion and glucose transport via AMPK activation and acetyl-CoA
carboxylase inhibition (68). Scherer et al. reported that in adipo-
nectin transgenic mice (62), reduced expression of gluconeogenic
enzymes such as phosphoenolpyruvate carboxylase and glucose-
6-phosphatase is associated with elevated phosphorylation of
hepatic AMPK, which may account for inhibition of endogenous
glucose production by adiponectin (59, 67, 69).

Adiponectin also increased fatty-acid combustion and energy
consumption, in part via PPARa activation, which led to decreased
triglyceride content in the liver and skeletal muscle, and thereby a
coordinated increase of in vivo insulin sensitivity (61).

Adiponectin gene SNPs in human insulin

resistance and type 2 diabetes

The Adiponectin gene is located on chromosome 3q27, which has
been reported to be linked to type 2 diabetes and the metabolic
syndrome (70-72). Therefore, the Adiponectin gene appears to be
a promising candidate susceptibility gene for type 2 diabetes.
Among the SNPs in the Adiponectin gene, 1 SNP located 276 bp
downstream of the translational start site (SNP 276) was concomi-
tantly associated with decreased plasma adiponectin level, greater
insulin resistance, and an increased risk of type 2 diabetes (73).
The subjects, both of whose 2 alleles of SNP 276 are the G (G/G
1786
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Figure 1

Adiponectin hypothesis for insulin resistance, the meta-
bolic syndrome, and atherosclerosis. Reduced adiponec-
tin levels can be caused by interactions of genetic factors
such as SNP 276 in the Adiponectin gene itself and envi-
ronmental factors, i.e., lifestyle changes that cause obe-
sity, such as a high-fat diet and sedentary lifestyle. This
reduction in adiponectin levels in turn appears to play
an important causal role in the development of insulin
resistance, type 2 diabetes (T2D), and metabolic disease,
thereby indirectly causing atherosclerosis. Moreover,
reduced adiponectin levels also directly play a causal role
in the development of atherosclerosis.

genotype), had an approximately doubled risk for developing type
2 diabetes as compared with those with the T/T genotype (73). It
is noteworthy that more than 40% of Japanese individuals have the
“at-risk” G/G genotype, which makes subjects prone to genetically
decreased adiponectin levels and thus susceptible to type 2 diabe-
tes (73). Subjects with an 1164T missense mutation in the globular
domain of adiponectin had significantly lower plasma adiponectin
levels than those without, independently of BMI (74).

Similar associations of the Adiponectin gene with susceptibility
to type 2 diabetes have also been reported in other ethnic groups.
In white German and North American subjects, SNP 276, either
independently or as a haplotype together with SNP 45 in exon 2,
was shown to be associated with obesity and insulin resistance
(75, 76). In white French subjects, 2 SNPs in the promoter region
of the Adiponectin gene, SNP 11377 and SNP 11391, were signifi-
cantly associated with hypoadiponectinemia and type 2 diabetes
(72). Taken together, these data strongly support the hypothesis
that adiponectin plays a pivotal role in the pathogenesis of type 2
diabetes. A recent haplotype analysis based on a dense SNP map
in a large sample clarified a 2-block linkage disequilibrium struc-
ture of the Adiponectin gene, the first block including the promoter
SNPs and the second spanning the exons and introns (77). It is
noteworthy that neither block has more than 1 SNP significantly
associated with the plasma adiponectin level. The haplotypes in
the first block were associated with increased adiponectin level,
whereas the haplotypes in the second block were associated with
decreased adiponectin level. This result indicated the existence of
at least 2 causal haplotypes or SNPs in the Adiponectin gene.

Based on the significant body of evidence discussed above, we
have proposed the “adiponectin hypothesis,” in which reduced
plasma adiponectin levels caused by interactions between genetic
factors, such as SNPs in the Adiponectin gene itself, and environ-
mental factors causing obesity, such as a sedentary lifestyle, may
play a crucial role in the development of insulin resistance, type 2
diabetes, and the metabolic syndrome (21) (Figure 1).

Role of HMW adiponectin in insulin

resistance and type 2 diabetes

Several observations support the hypothesis that HMW adiponec-
tin is the more active form of the protein and has a more relevant
role in insulin sensitivity and in protecting against diabetes. First,
rare mutations — G84R and G90S — in the collagen domain are
closely associated with type 2 diabetes (33, 73, 78). Subjects with
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Structure of adiponectin receptors. AdipoR1 and AdipoR2 (66.7% amino acid identity with AdipoR1) are predicted to contain 7 transmem-
brane domains but are structurally and topologically distinct from GPCRs. Redrawn with permission from Endocrine Reviews (21); copyright

2005, The Endocrine Society.

either of these 2 mutations have extremely low levels of HMW adi-
ponectin (Table 1). Moreover, the 2 mutant adiponectins recom-
binantly expressed in NIH-3T3 fibroblasts were not able to form
the HMW form of adiponectin. Second, increases in the ratio of
plasma HMW adiponectin levels to total adiponectin levels cor-
relate with improvement in insulin sensitivity during treatment
with an insulin-sensitizing drug, TZD, in both mice and human
diabetic patients, whereas increases in total serum adiponectin
levels do not show good correlations with improvement in insulin
sensitivity during treatment with TZD at the individual level (79).
Third, the level of plasma HMW adiponectin was reported to be
associated with parameters related to glucose homeostasis in a
cohort study (80). It is noteworthy that the ratio of plasma HMW
adiponectin to total adiponectin correlated more significantly
with glucose and insulin levels than did the total adiponectin
level (80), suggesting that alterations in plasma HMW adiponec-
tin level may be more relevant to the prediction of insulin resis-
tance than are total plasma adiponectin alterations. Consistent
with this, levels of total adiponectin, HMW adiponectin, LMW
adiponectin, and the HMW-to-total adiponectin ratio all cor-
related significantly with key features of central obesity and the
insulin-stimulated glucose disposal rate (81). However, HMW adi-
ponectin levels, not total adiponectin levels, are primarily respon-
sible for these relationships, suggesting that measurement of the
HMW adiponectin level may be superior to measurement of total
adiponectin (81). Using an ELISA system for selective measure-
ment of HMW adiponectin (82), we also found HMW adiponectin
and the HMW-to-total adiponectin ratio to have significantly bet-
ter power for the prediction of insulin resistance and the metabol-
ic syndrome in humans (83). Thus, HMW adiponectin level may
be the superior biomarker for insulin resistance, the metabolic
syndrome, and type 2 diabetes.

Cloning, function, and regulation

of adiponectin receptors

In order to further determine the pathophysiological significance
and molecular mechanism of adiponectin action, we isolated
cDNA for adiponectin receptors mediating the antidiabetic effects
of adiponectin from a human skeletal muscle cDNA library by
screening for globular adiponectin binding (84). The cDNA ana-
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lyzed encoded a protein designated human adiponectin receptor 1
(AdipoR1) (84). This protein is structurally conserved from yeast
to humans (especially in the 7 transmembrane domains). Interest-
ingly, the yeast homologue (YOL002c) plays a key role in meta-
bolic pathways that regulate lipid metabolism, such as fatty-acid
oxidation (85). Since at that time there may have been 2 distinct
adiponectin receptors, as was described above (67), we searched for
a homologous gene in the human and mouse databases. We found
only 1 gene that was significantly homologous (67% amino acid
identity) with AdipoR1, which was termed AdipoR2 (84). AdipoR1
is ubiquitously expressed, including abundant expression in
skeletal muscle, whereas AdipoR2 is most abundantly expressed
in the mouse liver. AdipoR1 and AdipoR2 appear to be integral
membrane proteins; the N-terminus is internal and the C-termi-
nus is external — opposite to the topology of all other reported
G protein-coupled receptors (GPCRs) (84) (Figure 2). Expres-
sion of AdipoR1 and AdipoR2 or suppression of AdipoR1 and
AdipoR2 expression supports our conclusion that AdipoR1 and
AdipoR2 serve as receptors for globular and full-length adiponec-
tin and mediate increased AMPK, PPARa ligand activities, fatty-
acid oxidation, and glucose uptake by adiponectin (Figure 3).

Lodish’s group reported that T-cadherin was capable of bind-
ing adiponectin in C2C12 myoblasts; however, T-cadherin was
not expressed in hepatocytes or the liver (86), the most impor-
tant target organ (66, 69, 87). Moreover, T-cadherin by itself was
thought to have no effect on adiponectin cellular signaling or
function, since T-cadherin is without an intracellular domain.
These data raised the possibility that T-cadherin may be one of
the adiponectin-binding proteins.

Most recently, a 2-hybrid study revealed that the C-terminal
extracellular domain of AdipoR1 interacted with adiponectin, where-
as the N-terminal cytoplasmic domain of AdipoR1 interacted with
APPL (adaptor protein containing pleckstrin homology domain,
phosphotyrosine-binding domain, and leucine zipper motif) (88).
Moreover, interaction of APPL with AdipoR1 in mammalian cells
was stimulated by adiponectin binding, and this interaction played
important roles in adiponectin signaling and adiponectin-mediated
downstream events such as lipid oxidation and glucose uptake. These
data clearly indicated that adiponectin receptors directly interacted
with adiponectin and mediated adiponectin effects. Furthermore,
Number 7 1787
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Signal transduction by adiponectin receptors. Globular adiponectin exists as a trimer, whereas full-length adiponectin exists as at least 3 species
of multimers: an LMW trimer, an MMW hexamer, and an HMW multimer. Suppression of AdipoR1 by RNA interference markedly reduces globular
adiponectin binding, whereas suppression of AdipoR2 by RNA interference largely reduces full-length adiponectin—specific binding (21, 84). The
dotted line between AdipoR2 and globular adiponectin reflects that AdipoR2 is a relatively low-affinity receptor for globular adiponectin. AdipoR1
and AdipoR2 do not seem to be coupled with G proteins, since overexpression of AdipoR1/R2 has little effect on cAMP, cGMP, and intracellular
calcium levels, but instead these receptors activate unique sets of signaling molecules such as PPARa, AMPK, and p38 MAPK. In C2C12 myo-
cytes overexpressing AdipoR1/R2, adiponectin stimulates PPARa, AMPK, and p38 MAPK activation, glucose uptake, and fatty-acid oxidation (84).
Suppression of AMPK or PPARo. partially reduces adiponectin-stimulated fatty-acid oxidation, and suppression of AMPK or p38 MAPK partially
reduces adiponectin-stimulated glucose uptake. In hepatocytes overexpressing AdipoR1/R2, adiponectin stimulates PPARa. or AMPK and fatty-
acid oxidation (84). Suppression of AMPK or PPARa in these hepatocytes partially reduces adiponectin-stimulated fatty-acid oxidation. Moreover,
treatment with adiponectin reduces plasma glucose levels and molecules involved in gluconeogenesis in the liver, and dominant-negative AMPK
partly reduces these effects. These data support the conclusion that AdipoR1 and AdipoR2 serve as receptors for globular and full-length adipo-
nectin and mediate increased AMPK, PPARa ligand activities, p38 MAPK, and adiponectin-induced biological functions. T-cadherin is capable of
binding adiponectin but is thought to have no effect on adiponectin cellular signaling, since T-cadherin lacks an intracellular domain (86). Interac-
tion of APPL1 (adaptor protein containing pleckstrin homology domain, phosphotyrosine-binding domain, and leucine zipper motif 1) with AdipoR1
appears to play important roles in adiponectin signaling and adiponectin-mediated downstream events such as lipid oxidation and glucose uptake
(88). S-S, disulfide bond. Adapted with permission from Endocrine Reviews (21); copyright 2005, The Endocrine Society.

these data strongly supported that the N-terminus of adiponectin
receptors is internal and the C-terminus is external (88).

The expression levels of both AdipoR1 and AdipoR2 were signifi-
cantly decreased in muscle and adipose tissue of insulin-resistant
ob/ob mice, probably in part because of obesity-linked hyperinsu-
linemia (89). Moreover, adiponectin-induced activation of AMPK
was impaired in the skeletal muscle of 0b/0ob mice. These data suggest
that adiponectin resistance is present in ob/ob mice, presumably due
to decreased expression of AdipoR1 and AdipoR2 (89). Thus, obesity
decreases not only plasma adiponectin levels but also AdipoR1/R2
expression, thereby reducing adiponectin sensitivity and leading to
insulin resistance, which in turn aggravates hyperinsulinemia, cre-
ating a “vicious cycle” (89). Adiponectin receptor expression in the
skeletal muscle of type 2 diabetic patients has been reported to be
1788
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decreased (90). In addition, a correlation has been reported between
adiponectin receptor gene expression and insulin sensitivity in non-
diabetic Mexican Americans with or without a family history of type
2 diabetes (91). Moreover, AdipoR1 mRNA expression was positively
correlated with in vivo insulin and C-peptide concentrations, first-
phase insulin secretion, and plasma triglyceride and cholesterol
concentrations before and after adjustment for sex, age, waist-to-hip
ratio, and body fat. Expression of AdipoR2 mRNA was clearly asso-
ciated only with plasma triglyceride concentrations. In multivariate
linear regression models, mRNA expression of AdipoR1, but not
AdipoR2, was a determinant of first-phase insulin secretion inde-
pendently of insulin sensitivity and body fat (92). Since AdipoR1
and AdipoR2 are expressed in pancreatic 3 cells, these receptors may
play a role in insulin secretion (93).

Number 7

Volume 116 July 2006



Adipose tissue

TZD
v,

Adipose tissue

£ 3 A

<y Increased adiponectin  —————————-
o : '

review series

Decreased insulin resistance
Increased AMPK activation
Decreased gluconeogenesis

Skeletal muscle

Decreased insulin resistance

L N
| N \ Decreased adipocyte size
A Decreased FFAs
f 7 - Decreased TNF-a
VX Decreased resistin

Nt

Figure 4

TZDs ameliorate insulin resistance and diabetes by both adiponectin-dependent and -independent pathways. We propose that there are 2
different pathways in the amelioration of insulin resistance induced by the PPARy agonists TZDs, such as pioglitazone and probably rosigli-
tazone. One involves an adiponectin-dependent pathway and the other an adiponectin-independent pathway. TZDs increase adiponectin levels,
ameliorating insulin resistance, increasing AMPK activation, and decreasing gluconeogenesis in the liver. On the other hand, independently of
adiponectin, TZDs decrease adipocyte size, serum FFA levels, and expression of TNF-a and resistin, thus contributing to amelioration of insulin

resistance in skeletal muscle.

Adiponectin and adiponectin receptors
as therapeutic targets
According to our adiponectin hypothesis (21), a therapeutic strategy
for the treatment of insulin resistance, type 2 diabetes, the metabolic
syndrome, and cardiovascular disease may include the upregulation
of plasma adiponectin levels, the upregulation of adiponectin recep-
tors, or the development of adiponectin receptor agonists.
TZD-mediated upregulation of plasma adiponectin level. TZDs are
known to improve systemic insulin sensitivity in animal models
of obesity-linked insulin resistance and diabetes, by enhancing
glucose disposal in skeletal muscle and suppressing gluconeogen-
esis in the liver. TZDs have been widely used as therapeutic agents
for the treatment of type 2 diabetes (94-99). TZDs have been
proposed to ameliorate insulin resistance by binding to and acti-
vating PPARy in adipose tissue, thereby promoting adipocyte dif-
ferentiation and increasing the number of small adipocytes that
are more sensitive to insulin (100-103). Plasma adiponectin levels
have been shown to be upregulated by TZDs (58, 79, 104-108)
(Table 1), and HMW adiponectin is a predominant form of adi-
ponectin upregulated by TZDs (89). TZDs may upregulate adi-
ponectin by generating small adipocytes that abundantly express
and secrete adiponectin (100, 102, 109) and/or directly activating
Adiponectin gene transcription (106). TZDs may also directly facili-
tate the generation of HMW adiponectin. Since adiponectin is an
insulin-sensitizing adipokine, it is reasonable to speculate that
the action whereby TZDs increase insulin sensitivity is mediated,
at least in part, by increased plasma adiponectin levels. However,
whether the TZD-induced increase in plasma adiponectin level
is causally involved in TZD-mediated insulin-sensitizing effects
has not been addressed experimentally. Adiponectin-deficient
(Adipo~~) ob/ob mice with a C57BL/6 background were used to
investigate whether the PPARy agonist pioglitazone is capable of
ameliorating insulin resistance in the absence of adiponectin (63,
87). The absence of adiponectin had no effect on either the obesi-
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ty or the diabetic phenotype of these mice. The severity of insulin
resistance and diabetes observed in 0b/ob mice was significantly
reduced in association with significant upregulation of serum
adiponectin levels by low-dose (10 mg/kg) pioglitazone treatment.
Amelioration of insulin resistance in 0b/0b mice was attributed to
decreased glucose production and increased AMPK levels in the
liver, but not to increased glucose uptake in skeletal muscle. In
contrast, the severity of insulin resistance and diabetes was not
reduced in Adipo/-ob/ob mice (87). With high-dose pioglitazone
treatment, the insulin resistance and diabetes of 0b/0b mice were
again significantly ameliorated; this was attributed not only to
decreased glucose production in the liver but also to increased
glucose uptake in skeletal muscle. Interestingly, Adipo~-ob/ob
mice also displayed significant amelioration of insulin resistance
and diabetes. The serum FFA and triglyceride levels as well as adi-
pocyte sizes in ob/ob and Adipo~~0b/ob mice were unchanged after
low-dose pioglitazone treatment but were significantly reduced
to a similar degree after high-dose pioglitazone treatment. More-
over, the expression of TNF-a and resistin in adipose tissues
of ob/ob and Adipo~-ob/ob mice were unchanged after low-dose
pioglitazone but were decreased after high-dose pioglitazone.
Although both high and low doses of pioglitazone ameliorated
insulin resistance and diabetes, the underlying mechanisms may
be different (87). We propose that there are 2 different pathways
in the amelioration of insulin resistance induced by TZDs such
as pioglitazone, and probably rosiglitazone. One involves an adi-
ponectin-dependent pathway and the other an adiponectin-inde-
pendent pathway (Figure 4). TZDs increase adiponectin levels via
activation of Adiponectin gene transcription without stimulating
adipocyte differentiation (58, 106), thereby increasing AMPK acti-
vation, decreasing gluconeogenesis in the liver, and ameliorating
insulin resistance and type 2 diabetes. On the other hand, inde-
pendently of adiponectin, TZDs induce adipocyte differentiation,
leading to an increase in the number of small adipocytes, which is
Volume 116 1789
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associated with decreased serum FFA levels and decreased TNF-o.
and resistin expression, together contributing to amelioration of
insulin resistance in skeletal muscle (87).

Scherer’s group demonstrated that 0b/ob mice showed signifi-
cantly improved glucose tolerance after rosiglitazone treatment,
whereas Adipo”/-0b/ob mice responded only partially to this treat-
ment and remained severely glucose intolerant (66), suggesting
that rosiglitazone ameliorated glucose intolerance via both adipo-
nectin-dependent and -independent pathways. Moreover, rosigli-
tazone significantly increased AMPK activity in the livers of wild-
type mice, whereas it had no effect on Adipo~/~ mice. In skeletal
muscle, AMPK activity was also significantly increased in wild-
type mice, while no increase was detectable in Adipo~~ mice. These
data are in complete agreement with our data. Other pharmaco-
logical agents as well as lifestyle changes have also been reported
to be associated with upregulation of plasma adiponectin levels
(53,55, 110-115) (Table 1).

Upregulation of adiponectin receptors and development of adiponec-
tin receptor agonists. Since AdipoR1 and AdipoR2 are downregu-
lated in obesity-linked insulin resistance and diabetes, both
upregulation of AdipoR1 and AdipoR2 expression and agonism
of AdipoR1 and AdipoR2 may be a logical approach to providing
a novel treatment modality for insulin resistance and type 2 dia-
betes (84, 89). Previously, Staels’s group reported that adiponec-
tin receptors are expressed in human macrophages and that adi-
ponectin receptor expression levels may be regulated by agonists of
the nuclear receptors PPAR«, PPARY, and liver X receptor (116).
We have recently shown that, in KKAY mice, a PPARa agonist
reversed decreases in AdipoR1 and AdipoR2 expression, which
was lower in white and brown adipose tissue of KKAY mice than
in that of wild-type control KK mice (117). These data suggested
that dual activation of PPARY and PPARa enhanced the action of
adiponectin by increasing both total and HMW adiponectin level
and adiponectin receptor number, which can ameliorate obesity-
linked insulin resistance.

Osmotin is a member of the pathogenesis related-5 (PR-5) fam-
ily of plant defense proteins (24 members in Arabidopsis thaliana)
that induce apoptosis in yeast. It is ubiquitous in fruits and veg-
etables, etc., and the genes encoding the PR-5 protein sequenced
from many different species are about 50-95% identical. PR-5 fam-
ily proteins are also extremely stable and may remain active even
when in contact with the human digestive or respiratory system.
Bressan’s group isolated a yeast clone that exhibited hypersensi-
tivity to osmotin, sequenced the cDNA inserts, and found that
PHO36/YOL002c, the yeast homologue of AdipoR1, is a recep-
tor for osmotin (118). X-ray crystallographic studies revealed that
both globular adiponectin and osmotin consist of antiparallel
B-strands arranged in the shape of a §-barrel. Domain I (lectinlike

domain) of osmotin showed similarity to globular adiponectin in
3D structure, suggesting that these 2 proteins share the lectin-
like domain (118). Interestingly, osmotin activates AMPK via adi-
ponectin receptors in mammalian C2C12 myocytes (118). These
data raise the possibility that further research examining simi-
larities in adiponectin and osmotin may facilitate the develop-
ment of potential adiponectin receptor agonists (118). Although
further studies will be needed to determine the physiological and
pathophysiological roles of AdipoR1 and AdipoR2, the enhance-
ment or mimicking of adiponectin action through modulation
of expression and/or function of AdipoR1 and AdipoR2 can be a
novel therapeutic strategy for the treatment of insulin resistance,
the metabolic syndrome, and type 2 diabetes.

In summary, adiponectin is an adipokine that exerts a potentinsu-
lin-sensitizing effect by binding to its receptors such as AdipoR1
and AdipoR2, leading to activation of AMPK, PPARa, and pre-
sumably some other unknown signaling pathways. Indeed, cir-
culating levels of adiponectin, especially HMW adiponectin, are
positively correlated with insulin sensitivity and altered by various
genetic and environmental factors, pathological conditions, and
medications. Thus, monitoring the levels of HMW adiponectin is
a good predictable marker for type 2 diabetes and the metabolic
syndrome. Moreover, methods to increase adiponectin levels,
such as TZD administration, are expected to be effective for the
treatment of these diseases. In the future, enhancing or mimick-
ing adiponectin action through modulation of expression and/or
function of the adiponectin receptors may be a novel and promis-
ing therapeutic strategy for insulin resistance, type 2 diabetes, and
the metabolic syndrome.
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