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ABSTRACT
An increased amount of adipose tissue or its disproportionate distribution between central
and peripheral body regions is related to the development of insulin resistance, type 2 diabetes mellitus, dyslipidemia, atherosclerosis, and coronary artery disease. Until recently, adipose tissue was regarded as a storage depot for lipids. It is now viewed as a hormonally active
organ that plays a crucial metabolic role. The most important products of adipose tissue collectively referred to as adipocytokines, include adiponectin, leptin, tumor necrosis factor–alpha
(TNF-), interleukin-6 (IL-6), resistin, plasminogen-activating inhibitor–I (PAI-1), and angiotensinogen. These low and medium molecular weight proteins play an important role in
the adipose tissue physiology and are believed to be a link between obesity, insulin resistance and endothelial dysfunction. This review describes the metabolic role of two of these
proteins, adiponectin, and leptin in relation to insulin sensitivity.
INTRODUCTION

I

N THE PAST DECADE,

it has become better appreciated that the relationship between obesity and
the metabolic syndrome is mediated by the release of several hormones from adipose tissue.
Collectively, these hormones are called adipocytokines. In this article, we review the role of two
of these adipocytokines—adiponectin and leptin—and describe how they may lead to insulin
resistance and the metabolic syndrome.

ADIPONECTIN STRUCTURE
AND SYNTHESIS
In 1995, Scherer et al.1 reported the cDNA
encoding the Acrp30 protein in mice (adipocyte

complement–related protein). This same protein, later named “adiponectin,” was identified
from a human adipose tissue library and called
apM1 (Adipose Most Abundant gene transcript).2 In the same year, another group identified the protein in mice and termed it adipoQ.3
Finally, Nanko et al.4 isolated the human adiponectin protein from plasma.
Human adiponectin contains 244 amino acid
residues and consists of a 20-residue signal sequence, an N-terminal region without homology
to any known proteins, a collagen-like region,
and a C-terminal globular domain. The three
dimensional structure of its C-terminal globular domain is similar to that of tumor necrosis
factor–alpha (TNF-), even though there is no
sequence homology at the primary structure
level.5 Adiponectin is abundant in plasma and
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accounts for 0.01% of total plasma proteins in
humans.6 It is possible that adiponectin is
cleaved proteolytically after secretion. A smaller
form of adiponectin containing the C-terminal
domain has been detected in human plasma.7
This cleavage product has a higher biological
value than native adiponectin. Two adiponectin
receptors (AdipoR1, AdipoR2) have been cloned.
AdipoR1 is abundantly expressed in skeletal
muscle, whereas AdipoR2 is predominantly
expressed in the liver. They serve as receptors
for globular and full-length adiponectin, and
mediate increased AMP kinase, PPAR- ligand
activity, fatty acid oxidation, and glucose uptake by adiponectin.8

RELATION BETWEEN ADIPONECTIN
AND INSULIN RESISTANCE
Experimental animal studies
Reduction in adiponectin gene expression in
adipose tissue is associated with obesity and insulin resistance in some animal models. Hu et al.3
found that levels of transcripts for adiponectin in
white adipose tissue were lower in obese (ob/ob)
mice than in wild-type mice.3 These investigators
hypothesized that feedback inhibition from other
factors associated with obesity were responsible
for the suppressed levels.9 A prospective study in
rhesus monkeys showed that decrease in plasma
adiponectin level paralleled the development of
insulin resistance and diabetes, as the animals became obese.10 These studies suggest that diminishment of adiponectin levels are secondary to
obesity and insulin resistance. On the other hand,
administration of the globular region of adiponectin to experimental animals was accompanied with weight loss in mice consuming a
high-fat, high-sucrose diet.7 This observation
suggests that low plasma adiponectin may be a
primary cause of weight gain and thereby insulin
resistance.
More recently, evidence for a primary role
for adiponectin in the pathogenesis of insulin
resistance comes from a mouse model lacking
adiponectin. In these animals, the heterozygous adiponectin-deficient mice (adipo /+)
show mild insulin resistance, while the homozygous adiponectin mice (adipo /) show
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moderate insulin resistance with glucose intolerance and weight gain.11 Feeding the Adipo
/ mice a high-fat, high-sucrose diet induces
insulin resistance. This suggests that adiponectin deficiency is important in the pathogenesis of insulin resistance.12 Other studies have
shown that insulin resistance in lipoatrophic
mice can be reversed by the combination of
physiologic doses of adiponectin and leptin,
but only partially by either alone.13 Taking all
these observations together, it is possible to
conclude that reduction of adiponectin plays a
primary role in the development of insulin resistance in murine models of adiposity and
lipoatrophy. These data further suggest that
replenishment of adiponectin might provide a
novel treatment modality for both insulin resistance and type 2 diabetes.
Human studies
In clinical studies a relationship between adiponectin and fat mass has been observed.6,14–16
Arita et al.6 showed that mean plasma adiponectin level in obese patients is lower than
in lean subjects. In a longitudinal study, it was
reported that plasma adiponectin concentrations decreased with increasing adiposity in
children 5 and 10 years of age.14 In a study of
normal weight and obese women, plasma adiponectin levels were negatively correlated with
body mass index, body fat mass, serum leptin
concentrations, fasting insulin level, and insulin resistance.15 Adiponectin concentration is
higher among women than men.16
Hotta et al.17 have shown that plasma adiponectin levels are lower in those with type 2
diabetes than non-diabetic individuals. When
their cohort was stratified by presence or absence of CAD, diabetic patients with CAD had
lower adiponectin levels than diabetic patients
without CAD. In that study, plasma adiponectin
levels were negatively correlated with fasting
plasma glucose, serum insulin, serum triglycerides, and body mass index, and positively
correlated with HDL-cholesterol. In other words,
there was an inverse relationship with the metabolic syndrome. The same group found that a
10% weight loss leads to significant increase in
adiponectin level (40–60%) in both diabetic and
non-diabetic patients. In a recent study by our
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group,18 we also found that 7% reduction in
body weight, by combined caloric reduction
and increased physical activity for 6 months,
resulted in significant increase in plasma adiponectin level in obese type 2 diabetic patients
with insulin resistance. Yang et al.19 demonstrated that reduction of body weight after gastric bypass surgery was associated with a similar
increase in plasma adiponectin level. From
these studies, it is not clear if the increase in
adiponectin is related to weight loss per se or
to the improvement of insulin sensitivity after
weight loss. In Pima Indians,20 an ethnic group
with a high prevalence of type 2 diabetes and
insulin resistance, adiponectin levels have
been demonstrated to correlate positively with
insulin-stimulated glucose disposal rate (GDR)
measured by a hyperinsulinemic-euglycemic
clamp. Multivariate analysis demonstrated that
hypoadiponectinemia is more strongly related
to the degree of insulin resistance and hyperinsulinemia than to the degree of adiposity or
glucose intolerance.20 This observation has been
confirmed by another study, which found that,
when subjects who are discordant for insulin
sensitivity are matched for BMI, age, and gender,
insulin-sensitive subjects had twofold higher
plasma adiponectin level.21 A recent cross-sectional study by Stephan et al.22 demonstrated
that low fasting adiponectin concentrations are
associated with low insulin stimulated skeletal
muscle insulin receptor tyrosine phosphorylation, which is associated with insulin resistance
and type 2 diabetes. Taken together, these studies suggest that insulin resistance and hyperinsulinemia are the major determinants of the
hypoadiponectinemia in obesity and type 2 diabetes.
Given these results, it is logical to ask whether
decreased adiponectin is a risk factor for type
2 diabetes independent of obesity. Longitudinal comparison between diabetic patients and
BMI-matched non-diabetic Pima Indians show
that increased adiponectin levels protect against
later development of type 2 diabetes.23 This
observation suggests that decreased adiponectin
by itself, not necessarily consequent to obesity,
predisposes humans to type 2 diabetes. In
a case control study, Spranger et al.24 showed
that increased concentrations of adiponectin are
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strongly and independently associated with reduced risk of type 2 diabetes. The Funagata
study from Japan25 also showed that decreased
serum adiponectin is an independent risk factor for progression to type 2 diabetes. Another
study showed that first-degree relatives of
type 2 diabetic patients, with normal circulating levels of adiponectin, have reduced adiponectin mRNA expression in adipose tissue
compared to controls.26 From these human
studies, we may conclude that adiponectin
has a substantial role in the pathogenesis of
type 2 diabetes and that it may be used in the
future as an indicator of diabetes risk. Although adiponectin seems to be implicated in
the development of insulin resistance, explicit
mechanisms linking adiponectin to incident
type 2 diabetes remained speculative. Genetic
polymorphisms might be involved in the regulation of adiponectin plasma concentration,
especially when you take into account the existing linkage in the region of the adiponectin
gene with type 2 diabetes.27,28 Some missense
mutations in the globular domain were associated with low adiponectin levels and type 2
diabetes.29

RELATIONSHIP BETWEEN PPARGAMMA AGONISTS AND ADIPONECTIN
The peroxisome proliferator–activated nuclear
receptor (PPAR-) is a key transcriptional factor that induces adipocyte differentiation and
controls many adipocyte genes. PPAR- is not
only a regulator of adipocyte function but also
an insulin sensitizer. Because it is abundant in
adipose tissue, it is thought that PPAR- in
adipose tissue plays a crucial role in explaining insulin resistance. One mechanism by which
it can improve insulin sensitization could be
through increased adiponectin production and
secretion. Several laboratory studies suggest
that such is the case.
In differentiated 3T3-L1 adipocytes, the
mRNA of adiponectin is increased by administration of rosiglitazone, a synthetic PPAR-
agonist.30 It has also been reported that adiponectin mRNA expression is normalized or
even increased by thiazolidinediones in the adi-
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pose tissue of obese mice.31 In cultured 3T3-L1
adipocytes, incubation with troglitazone—another thiazolidinedione—enhances adiponectin
mRNA expression and adiponectin secretion in
a dose- and time-dependent fashion. Further,
troglitazone reverses the suppressive effect of
TNF- on the expression of adiponectin in
adipocytes.31
A recent study has shown that plasma levels
of adiponectin are affected by PPAR- agonist
in both lean and obese mice. Coombs et al.32
showed that, in db/db mice, chronic treatment
with PPAR- agonists induced a significant
increase in plasma adiponectin levels. Similar
effects were noted in a non-genetic type 2 diabetes model (fat-fed and low-dose streptozocintreated mice). In contrast, treatment of these
mice (db/db or fat fed mice) with metformin
or a PPAR- agonist did not affect plasma adiponectin levels.
Human studies have replicated these findings. In a group of mildly overweight subjects
with glucose intolerance, administration of trogitazone for 12 weeks significantly increased
plasma adiponectin level in a dose-dependent
way.31 Yu et al.33 have also shown that treatment with troglitazone for 3 months resulted
in increased adiponectin levels in diabetic subjects and in both lean and obese non-diabetic
subjects. Baseline adiponectin levels were significantly lower in diabetic subject versus lean
non-diabetic controls, but rose uniformly in all
subjects after treatment, with no significant difference between the three groups. In a recent
randomized double-blind placebo-controlled
trial performed in 64 diabetic patients, rosiglitazone therapy for 6 months was accompanied
by more than twofold increase in adiponectin
level.34 The increase in adiponectin induced by
TZD’s was not affected by co-administration
of glyburide or metformin.35

ADIPONECTIN, INFLAMMATION
AND ATHEROSCLEROSIS
Recent studies have established the fundamental role of inflammation in mediating all
stages of atherosclerosis.36 Adiponectin is involved in the modulation of inflammatory re-

117

sponses both by its anti-inflammatory effect
and by its specific function in the blood vessel
wall.37 Adiponectin attenuates TNF-–mediated
inflammatory response,38 probably through the
activation of cAMP protein kinase A. It has been
also shown that adiponectin inhibits some functions of mature macrophage, such as phagocytosis and cytokine production.37 Strong inverse
relationship between TNF- and adiponectin
was shown in nondiabetic subjects with varying degrees of obesity and insulin resistance.39
Adiponectin also modulates endothelial function and has an inhibitory effect on proliferation of vascular smooth muscles induced by
growth factors.40,41 Low plasma concentrations
of adiponectin are found in patients with coronary artery disease.42 In tissue cultures, adiponectin attenuates adhesion of monocyte to
endothelial cells by reducing the expression of
adhesion molecules in endothelial cells. Adiponectin also suppresses lipid accumulation in
monocyte-derived macrophages in the blood
vessel wall through the suppression of macrophage scavenger receptor expression.43 It has
also been reported that adiponectin infiltrates
rapidly into the subendothelial space when
the endothelial barrier of the arterial wall is
injured by balloon angioplasty.44 The recent
finding that adiponectin deficiency aggravates
neointimal thickening, and that supplementation with adiponectin decreases neointimal
thickening in mechanically injured arteries, suggests that increasing plasma adiponectin might
be useful in preventing restenosis after vascular intervention.45

LEPTIN STRUCTURE AND SYNTHESIS
Leptin is a 16-kDa adipocyte-derived hormone that circulates in the serum in the free
and bound form.46 Positional cloning of ob/ob
mouse model of obesity, which is deficient in
leptin, led to the discovery of the leptin gene
(ob gene).47 The ob mRNA, encodes a 167–
amino acid protein whose crystal structure suggests that it belongs to the cytokine family.48,49
Analysis of the ob gene product also reveals a
high degree of homology among species, showing that human leptin is 84% identical to mouse
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leptin and 83% identical to rat leptin. Leptin
exerts its effect on energy balance mainly by
acting in the brain. Intravenous leptin injection
activates neurons in the arcuate, venteromedial, and dorsomedial hypothalamic nuclei
and in brainstem neuronal circuits implicated
in the regulation of feeding behavior and energy balance.50,51 Leptin acts either directly or
by activating specific centers in the hypothalamus to decrease food intake, increase energy
expenditure, influence glucose and fat metabolism, or alter neuroendocrine function.52
Leptin levels increase exponentially with increased fat mass.52,53 Considine et al.53 found
that the mean serum leptin concentrations were
7.5 ng per milliliter in normal-weight subjects
and 31.3 ng per milliliter in obese subjects. The
ob mRNA content of adipocytes was twice as
high in the obese subjects as in the normalweight subjects. This observation suggests that
obese persons are insensitive to endogenous
leptin production, indicating the possible existence of a leptin resistant state. Heymsfield
et al.54 conducted a study in which varying
amounts of leptin were administered to a group
of obese subjects. Those who received the highest dose showed a significant and progressive
reduction of body weight (7 kg) with no change
in glycemic control or in insulin action over 24
weeks. Interestingly the average serum leptin
concentration in this group was as high as 667
ng/mL, 30–40-fold higher than its level in the
placebo and at baseline. This observation indicates that very high leptin levels are needed to
overcome leptin resistance. Leptin transport to
the brain appears to be a saturable carriermediated process, which may limit its entry
into the central nervous system and may create
resistance.55
Leptin mRNA is expressed predominantly
by subcutaneous rather than visceral fat cells.56
This suggests a role for leptin in modulating
adipose tissue mass and distribution. After adjustment of BMI, women seem to have higher
leptin levels than men.57–59 This could be either
related to the increased percentage peripheral
body fat in women, or a result of stimulation
of leptin production by estrogen/progesterone
and/or by androgens.60 The relationship between serum leptin level and the subcutaneous
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fat mass was also observed in Japanese type 2
diabetic subjects.61

ROLE OF LEPTIN IN
REGULATING APPETITE
Leptin levels reflect the amount of stored fat
and the degree of energy imbalance. Prolonged
fasting decreases leptin levels, whereas overfeeding greatly increases levels.62,63 Composition
of the diet may also regulate leptin levels—
specifically intake of macronutrients such as carbohydrates64 and micronutrients such as zinc.65
Regulation of leptin expression by nutrition is
probably mediated in part by insulin. Leptin
expression increases after peak insulin secretion
during the feeding cycle.66 Insulin stimulates
leptin expression directly in isolated adipocytes
in vitro67 and increases leptin levels when
injected into rodents.66 In contrast, leptin is decreased in low insulin states, such as experimentally induced diabetes, and increases after
insulin treatment.68 In humans, leptin expression is also correlated with insulin levels and
increases after insulin infusion for several
days.69,70 Segal et al.71 studied the relationship
between insulin sensitivity and serum leptin
concentration in three groups of patients: lean
insulin-sensitive, lean insulin-resistant, and
obese insulin-resistant. They found that insulin
resistance is associated with elevated plasma
leptin levels independent of body fat mass. In
a study from a multiethnic group in Mauritius,72 the association between insulin resistance
and leptin concentration was also observed after
controlling for overall and central adiposity. In
that study, serum leptin concentration increased
across quartiles of fasting insulin irrespective
of gender or body mass index (BMI). Leptin
concentrations were also found to be high in
first-degree relatives of patients with type 2 diabetes.73 In a cross-sectional study of obese men,
multiple regression analysis showed abdominal subcutaneous adipose tissue, glucose disposal rate (GDR) and BMI to explain most of
the variability in serum leptin concentration.74
Tatti et al.75 found that BMI, waist-to-hip
ratio, and fasting plasma insulin were significantly related to leptin only in the nondiabetic

13811C04.PGS

9/20/04

12:24 PM

Page 119

ADIPONECTIN AND LEPTIN IN RELATION TO INSULIN SENSITIVITY

population, but not in diabetic patients. On the
other hand, Wauters et al.76 found that fat mass
and gender are the main independent predictors of leptin concentration in type 2 diabetic
patients, and that insulin secretion and the degree of insulin resistance contribute significantly
to leptin levels. Fischer et al.77 found that, when
the influence of body fat mass or BMI were
excluded, the correlations between leptin and
insulin or insulin sensitivity remained significant in type 2 diabetic patients.
In patients with lipodystrophy, there is absence of adipose tissue, and leptin levels are
very low. The low leptin levels correlate significantly with markers of insulin resistance. Leptin therapy in lipodystrophic patients was
shown to improve glycemic control, improve
insulin stimulated hepatic and peripheral glucose metabolism and to reduce hepatic and
muscle triglyceride content, suggesting that leptin acts as a signal that contributes to regulation of total body sensitivity to insulin.78

119

ance, and normal glucose tolerance subjects
over seven years. They found that leptin was
independently associated with cardiovascular
mortality. One explanation of this association is
the prothrombotic effect of leptin. Nakata et al.86
found that higher concentration of leptin promotes adenosine diphosphate (ADP)–induced
aggregation of human platelets via the long
form of its receptor. At 50 ng/mL, human leptin
induced phosphorylation of several platelet proteins on tyrosine residues, inducing in turn a
thrombotic tendency. More recently, other investigators87 raised the possibility that phospholipase C, protein kinase C, phospholipase A2, and
calcium play a role in mediating the proaggregating action of leptin. Interestingly, Corsonello
et al.88 found that platelet aggregation response
to leptin is blunted, but not completely abolished in overweight/obese subjects, thus suggesting that platelet may also represent a site of
leptin resistance in human obesity.

LEPTIN AND INSULIN SENSITIZERS
LEPTIN, INFLAMMATION,
AND THROMBOSIS
Leptin plays an important role in the inflammatory process. During the inflammatory reaction, plasma leptin is enhanced and may
contribute to the anorexia and cachexia of
infection. It also plays an important role in regulating the hypothalamo-pitutary-adrenocortical axis, in angiogenesis, and in regulation of
the immune response.79 It has been reported to
induce proliferation, differentiation, and functional activation of hematopoietic cells. It can
enhance the proliferation and phagocytic activity of macrophages.80,81 Bullo et al.82 studied
the links between systemic inflammation and
leptin expression. By dividing patients into tertiles of C-reactive protein (CRP), they found
that TNF- and leptin expression in adipose
tissue were particularly high in the upper tertile. In another study, plasma leptin levels were
found to correlate closely with inflammatory
cytokine levels (TNF-, IL-6) and also with acute
phase proteins (CRP, alpha-1-antitrypsin).83,84
Piemonte et al.85 prospectively studied the effect of fasting plasma leptin on cardiovascular
mortality in diabetic, impaired glucose toler-

Troglitazone was found to decrease leptin expression in adipocytes with no reduction in fat
mass.89 The glucocorticoid induced leptin secretion was also shown to be blocked by troglitazone in obese nondiabetic individuals.90 There
was no gender-related difference in the effect of
troglitazone to inhibit dexamethasone-stimulated leptin release.91 It was also noted that
omental adipocytes may be more responsive to
such hormonal regulation in vivo than are subcutaneous adipocytes.92 In contrast, an earlier clinical study showed that troglitazone 200 mg twice
daily for 12 weeks in obese patients was not associated with any change in fasting plasma leptin concentrations, despite a 40–50% reduction in
fasting and postmeal plasma insulin concentrations.93 This observation can be explained by the
improvement in insulin sensitivity and reduction in plasma insulin concentrations after troglitazone therapy.93

CONCLUSION
We have so far discussed the roles of adiponectin and leptin on insulin resistance sepa-
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rately. The question arises, which of these two
fat-related cytokines has the greater impact or
association with insulin resistance when looked
at together. A recent study has tried to answer
this question.94 It examined the relationship
between insulin resistance and both adiponectin
and leptin in a large group of obese and lean
non-diabetic subjects. After adjustment for age
and gender, adiponectin negatively and leptin
positively correlated with Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR),
BMI, waist, mean blood pressure (MBP), fasting
plasma glucose, and insulin glucose disposal.
In addition, adiponectin correlated negatively
with total cholesterol/HDL ratio and triglycerides and positively with HDL, while leptin
was not correlated. After further adjustment
for BMI, similar correlations were present with
the above parameters for adiponectin, but not
for leptin. In other words, once the effects of
overweight were accounted for, leptin was no
longer related to factors associated with the insulin resistance syndrome (IRS). A subset of
the obese patients was also evaluated after
weight reduction. As expected, adiponectin increased while leptin decreased. IRS prevalence
significantly decreased. After adjusting data
for BMI reduction, the variation in adiponectin
level, but not that of leptin, was associated
with the persistence of IRS. These data confirm
that leptin is a marker of the adipose tissue
mass, but indicate that it does not play the
major role in determining IRS. In contrast, adiponectin reduction may be a new component
of IRS, independent of BMI.94
Another recent study looked at the relationship between adiponectin, leptin, and body fat
distribution in relation to the metabolic parameter of the insulin resistance syndrome. Subjects
were categorized into two groups: a subcutaneous fat dominant group (SFDG) and visceral
fat dominant group (VFDG). The VFDG showed
significantly lower adiponectin levels than the
SFDG, but leptin levels did not differ between
groups. The study found that adiponectin was
more strongly related to visceral abdominal
fat, while leptin was more closely related to
subcutaneous fat content.95
As can be seen from this brief review, adiponectin and leptin are integrally related to the
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IRS. For now, many aspects of that association
are unclear. The coming years should shed light
on the relationships between them and offer
the prospect for new treatments for overweight
and the metabolic syndrome.
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