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Abstract
Obesity-related disorders are closely associated with the pathogenesis of cardiovascular disease.
Adiponectin is a circulating adipose tissue-derived hormone that is down-regulated in obese
individuals. Hypoadiponectinemia has been identified as an independent risk factor for type 2
diabetes, coronary artery disease, and hypertension, and experimental studies show that adiponectin
plays a protective role in the development of insulin resistance, atherosclerosis, and inflammation.
More recent findings have shown that adiponectin directly affects signaling in myocardial cells and
exerts beneficial actions on the heart after pressure overload and ischemia–reperfusion injury. This
review focuses on the role of adiponectin in the regulation of myocardial remodeling and acute
cardiac injury.

Obesity is strongly associated with type 2 diabetes, hypertension, and heart disease (Friedman
2003, Reilly and Rader 2003). However, the link between excess fat accumulation and the
development of obesity-linked disease is poorly understood at a molecular level. Accumulating
evidence suggests that adipose tissue is not simply an energy storage tissue but that it also
functions as a secretory organ producing a variety of bioactive molecules that are referred to
as adipokines. Adipokines include leptin, tumor necrosis factor-α (TNF-α), plasminogen
activator inhibitor type 1, interleukin (IL) 1β, IL-6, IL-8, IL-10, resistin, retinol binding
protein-4, and Adipokines are believed to directly or indirectly affect the pathophysiology of
various obesity-linked disorders and biologic processes that involve dysregulated immune
responses.

Adiponectin and Obesity
Adiponectin, also referred to as ACRP30, AdipoQ, and gelatin-binding protein-28 (Hu et al.
1996, Maeda et al. 1996, Scherer et al. 1995), is an adipocyte-derived protein that is abundantly
present in plasma (range, 3–30 μg/mL) and accounts for 0.01% of total plasma protein (Arita
et al. 1999, Ouchi et al. 2003a). Adiponectin exists in three major oligomeric forms: trimer,
hexamer, and a high-molecular-weight form in both human and mouse plasma (Kishida et al.
2003, Pajvani et al. 2003). Adiponectin is also processed by proteolysis, and fragments
including the globular domain can also be detected in plasma (Fruebis et al. 2001).

Plasma concentrations of total adiponectin can be measured by an enzyme-linked
immunosorbent assay system. Although adiponectin is secreted by adipose tissue, plasma
levels of this adipokine are significantly lower in obese subjects than in nonobese subjects
(Arita et al. 1999). A significant negative correlation is found between body mass index (BMI)
and plasma adiponectin levels (Arita et al. 1999, Cnop et al. 2003), and adiponectin levels are
negatively correlated with percent body fat, waist-to-hip ratio, and intra-abdominal fat (Cnop
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et al. 2003, Weyer et al. 2001). The paradoxical down-regulation of adiponectin during obesity
results from complex cross-regulatory interactions between adiponectin and inflammatory
cytokines (Fasshauer et al. 2003, Ouchi et al. 2003a).

Plasma adiponectin concentrations have also been studied in various obesity-related diseases.
In patients with type 2 diabetes, plasma adiponectin concentrations are lower than in age-and
BMI-matched nondiabetic men and women (Hotta et al. 2000). Conversely, individuals with
high adiponectin concentrations were found to be at lower risk of developing type 2 diabetes
than those with low concentrations (Lindsay et al. 2002, Spranger et al. 2003). Plasma
adiponectin concentrations are also lower in patients with clinical manifestations of coronary
artery disease than in age- and BMI-adjusted control subjects (Kumada et al. 2003, Ouchi et
al. 1999). Finally, circulating adiponectin levels are inversely correlated with other
cardiovascular risk factors, including hyperlipidemia, high blood pressure, and C-reactive
protein (CRP) levels (Iwashima et al. 2004, Ouchi et al. 2003a). Collectively, these
epidemiologic studies suggest that adiponectin may play a pivotal role in the development of
vascular and metabolic diseases that are prevalent in obese individuals.

Role of Adiponectin in Obesity-Linked Diseases
Increasing evidence from experimental models indicates that adiponectin plays a causal role
in the development of obesity-linked disorders, including insulin resistance and vascular
diseases. Adiponectin-deficient (APN-KO) mice exhibit diet-induced insulin resistance when
fed high-fat/sucrose (Maeda et al. 2002) or high-fat (Nawrocki et al. 2006) diets. Adiponectin-
deficient mice are also reported to exhibit moderate insulin resistance when fed a normal chow
diet (Kubota et al. 2002). In contrast, another strain of adiponectin-deficient mice does not
display an insulin-resistant phenotype (Ma et al. 2002). The reason for the phenotype
differences between the two lines is unknown. In another study, administration of the globular
domain fragment of adiponectin was found to increase fatty acid oxidation in muscle and cause
weight loss in mice that had been fed a high-fat/sucrose diet (Fruebis et al. 2001). These effects
were accompanied by reductions in plasma levels of glucose, free fatty acids, and triglycerides.
It has also been shown that adiponectin treatment reduces plasma glucose levels in mice without
affecting insulin levels (Berg et al. 2001). Collectively, these data suggest that adiponectin may
act as a protective factor against the development of insulin resistance and diabetes.

Adiponectin stimulates glucose metabolism by promoting the phosphorylation and activation
of adenosine monophosphate-activated protein kinase (AMPK), a stress-responsive kinase, in
skeletal muscle (Tomas et al. 2002, Yamauchi et al. 2002), liver (Yamauchi et al. 2002) and
adipocytes (Wu et al. 2003). AMPK activation is believed to be mediated, at least in part, by
adiponectin binding to the cell surface receptors AdipoR1 and AdipoR2 (Yamauchi et al.
2003). Recently, T-cadherin was also identified as an adiponectin receptor (Hug et al. 2004),
but its role in intracellular signaling remains unclear.

Several studies have shown that low adiponectin levels are associated with development of
vascular disease. APN-KO mice exhibit increased neointimal hyperplasia after acute vascular
injury (Kubota et al. 2002, Matsuda et al. 2002), impaired endothelium-dependent vasodilation
on an atherogenic diet (Ouchi et al. 2003b), and impaired neovascularization in response to
ischemia (Shibata et al. 2004b). Conversely, adiponectin overexpression was found to reduce
atherosclerotic lesion formation in a mouse model of atherosclerosis (Okamoto et al. 2002)
and promote angiogenesis response to ischemia (Shibata et al. 2004b).

Consistent with its vasculoprotective actions, in vitro experiments show that adiponectin
protein reduces TNF-α-stimulated expression of adhesion molecules and IL-8 in endothelial
cells (Kobashi et al. 2005, Ouchi et al. 2000), inhibits macrophage-to-foam cell transformation
(Ouchi et al. 2001), and suppresses growth factor-stimulated proliferation of smooth muscle
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cells (Arita et al. 2002). Consistent with its angiogenic actions, adiponectin stimulates
endothelial cell migration and differentiation into capillary-like structures in vitro through
activation of AMPK signaling (Ouchi et al. 2004). AMPK signaling also mediates adiponectin-
stimulated nitric oxide production in endothelial cells through its ability to phosphorylate
endothelial nitric oxide synthase (Chen et al. 2003). Finally, adiponectin has antiapoptotic
actions in human endothelial cells that are dependent on the induction of AMPK signaling
(Kobayashi et al. 2004). Collectively, these findings suggest that down-regulation of the
adiponectin–AMPK regulatory pathway may participate in endothelial cell dysfunction and
vessel rarefaction that are observed in obese states (Al Suwaidi et al. 2001, Lind and Lithell
1993, Steinberg et al. 1996, Yilmaz et al. 2003).

Adiponectin and Hypertrophic Cardiomyopathy
Pathologic cardiac remodeling is associated with many obesity-related conditions (Ilercil et al.
2001, Rutter et al. 2003), and diastolic dysfunction is one of the earliest clinical manifestations
of insulin resistance (Schannwell et al. 2002). Recent studies have shown that adiponectin
influences cardiac remodeling in pathologic states. Pressure overload in APN-KO mice results
in enhanced concentric cardiac hypertrophy and increased mortality (Liao et al. 2005, Shibata
et al. 2004a). Conversely, adenovirus-mediated delivery of adiponectin attenuates cardiac
hypertrophy in response to pressure overload in APN-KO, wild-type, and diabetic db/db mice
(Shibata et al. 2004a). Adiponectin over-expression also attenuates angiotensin II-induced
cardiac hypertrophy, suggesting that adiponectin functions as a general repressor of pathologic
cardiac growth. These findings suggest that low adiponectin levels may contribute to the
development of hypertrophic cardiomyopathy in obese individuals (Figure 1).

Adiponectin receptors are expressed by cardiac myocytes and heart tissues (Ivanov et al.
2001, Lord et al. 2005, Takahashi et al. 2005, Yamauchi et al. 2003), and recent studies have
shown that adiponectin will modulate intracellular signaling and growth in these cells. In rat
neonatal cardiac myocytes, adiponectin activates AMPK and inhibits both extracellular signal-
regulated kinase (ERK) activation and the hypertrophic response to α-adrenergic receptor
stimulation (Shibata et al. 2004a). The inhibition of ERK and hypertrophy by adiponectin can
be reversed by transduction with dominant-negative AMPK. Consistent with these findings in
myocytes, AMPK is reported to suppress angiotensin II-stimulated ERK phosphorylation and
proliferation in vascular smooth muscle cells (Nagata et al. 2004). It has also been shown that
activation of AMPK inhibits protein synthesis and hypertrophic responses in cardiac myocytes
via decreased p70S6 kinase phosphorylation and increased phosphorylation of eukaryotic
elongation factor-2 (Chan et al. 2004). Activation of AMPK by adiponectin also increases
glucose and fatty acid uptake in cardiac myocytes (Pineiro et al. 2005), and these metabolic
effects will influence cardiac remodeling. AMPK phosphorylation is attenuated in APN-KO
mice after pressure overload (Shibata et al. 2004a), whereas AMPK activity is increased as
hearts undergo pressure overload hypertrophy (Tian et al. 2001). Collectively, these findings
suggest that the adiponectin-AMPK regulatory axis negatively regulates changes in
intracellular signaling and metabolism that are linked to the progression of myocardial
hypertrophy (Figure 1).

Adiponectin and Myocardial Ischemia–Reperfusion Injury
Obesity-related disorders have a major impact on the incidence, severity, and outcome of
ischemic heart disease (Orlander et al. 1994, Wolk et al. 2003). In a recent clinical study, high
plasma adiponectin levels were associated with a lower risk of myocardial infarction,
independent of CRP levels and glycemic status (Pischon et al. 2004). Furthermore, adiponectin
levels rapidly decline after acute myocardial infarction (Kojima et al. 2003). The reduction of
plasma adiponectin levels after acute myocardial infarction negatively correlates with plasma
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CRP levels, suggesting that hypoadiponectinemia is associated with an increased inflammatory
response to acute myocardial ischemia.

Recent work from our group demonstrates that after ischemia–reperfusion, APN-KO mice
develop larger infarcts than wild-type mice (Shibata et al. 2005). These larger infarcts were
associated with increased myocardial cell apoptosis and TNF-α expression in the APN-KO
mice. Conversely, adenovirus-mediated delivery of adiponectin diminished infarct size,
myocardial apoptosis, and TNF-α production in both APN-KO and wild-type mice. Of note,
this study showed that the one-time administration of recombinant adiponectin protein, injected
either 30 min before the induction of ischemia, during ischemia, or 15 min after reperfusion,
results in a reduction in infarct size. Thus, short-term administration of adiponectin may have
practical clinical utility in the treatment of acute myocardial infarction.

Adiponectin inhibits apoptosis in cardiac myocytes and fibroblasts that are exposed to hypoxia-
reoxygenation stress (Shibata et al. 2005). Transduction with dominant-negative AMPK blocks
the prosurvival actions of adiponectin, indicating that adiponectin inhibits cardiac cell
apoptosis through AMPK-dependent signaling. In this regard, activation of AMPK in heart
after ischemia–reperfusion is markedly attenuated in APN-KO mice compared with wild-type
mice. Consistent with these findings, transgenic mice expressing a kinase-dead mutant of
AMPK display increased apoptosis and cardiac dysfunction after ischemic–reperfusion injury
ex vivo (Russell et al. 2004). AMPK signaling may be beneficial for the ischemic heart through
its ability to stimulate glucose transport (Li et al. 2005, Russell et al. 1999) and decrease
endoplasmic reticulum stress (Terai et al. 2005). Taken together, these studies suggest that
activation of AMPK signaling plays an important role in the favorable actions of adiponectin
on cardiac damage after ischemia–reperfusion.

The protective action of adiponectin against myocardial ischemia–reperfusion injury is also
mediated by its ability to activate cyclooxygenase-2 (COX-2) in cardiac cells (Shibata et al.
2005). The up-regulation of COX-2 by adiponectin leads to an increase in prostaglandin E2
synthesis and inhibition of lipopolysaccharide (LPS)-induced TNF-α production, consistent
with findings in other cell types (Meja et al. 1997, Pruimboom et al. 1994). Pharmacologic
inhibition of the COX-2–prostaglandin E2 pathway reverses the inhibitory effects of
adiponectin on LPS-induced TNF-α production, and COX-2 inhibition partially reversed the
protective actions of adiponectin on infarct size in vivo (Shibata et al. 2005). Of interest, COX-2
inhibition had no effect on adiponectin-mediated AMPK activation in cultured cardiac cells.
Conversely, AMPK-inhibition had no effect on COX-2 induction by adiponectin or on the
suppressive effect of adiponectin on TNF-α production caused by LPS. These findings suggest
that adiponectin protects the heart from ischemia–reperfusion injury through the regulation of
independent signaling pathways involving both AMPK-mediated antiapoptotic actions and
COX-2-mediated anti-inflammatory actions (Figure 1).

Cyclooxygenase-2 and its metabolites have been shown to be required for late preconditioning
and play important protective roles in myocardial ischemia–reperfusion damage (Bolli et al.
2002, Camitta et al. 2001, Hohlfeld et al. 2000, Xiao et al. 2001, Xiao et al. 2004). Recent
clinical trials reveal that treatment with selective COX-2 inhibitors results in an increased risk
for cardiovascular complications including myocardial infarction (Bresalier et al. 2005,
Solomon et al. 2005). Therefore, interference with the protective actions of adiponectin on the
heart could partly explain why COX-2 inhibition contributes to adverse cardiovascular events.

Adiponectin and Heart Failure
Adiponectin may also influence the development of chronic heart failure, but at this time, little
is known about the effects of this adipokine on left ventricular remodeling. In this regard,
epidemiologic data do not provide straightforward explanations. Paradoxically, although
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obesity is a risk factor for the development of heart failure, a higher BMI is associated with an
improved prognosis in patients with established chronic heart failure because wasting is
strongly associated with the increased risk of death in this patient population (Anker et al.
1997). Therefore, high adiponectin levels are a predictor of mortality in patients with heart
failure because high body mass, hence low adiponectin, improves survival once heart failure
is established (Kistorp et al. 2005). Similarly, high serum cholesterol is also associated with
improved survival in these patients because it probably serves as a surrogate marker of body
mass (Rauchhaus et al. 2000). Therefore, the results of epidemiologic studies are complicated
and counterintuitive due to the confounding pathologic responses that are associated with heart
failure. Thus, detailed biochemical and mouse genetic studies are required to better understand
the roles of adipokines in this disease.

Conclusion
Adiponectin is an adipose-derived hormone that exhibits protective properties on the heart and
blood vessels. In heart, adiponectin serves as a regulator of cardiac injury through modulation
of anti-inflammatory and prosurvival reactions, and it also functions to inhibit hypertrophic
remodeling. Future work will be required to identify the oligomeric isoform(s) of adiponectin
that confer cardioprotection and clarify the receptor-mediated signaling mechanisms that
inhibit myocardial apoptosis, inflammation, and hypertrophy. Evaluation of the molecular and
cellular mechanisms of adiponectin action should lead to better understanding of how obesity
affects the heart and permit the development of novel approaches to treat heart disease.
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Figure 1.
Cardioprotective actions of adiponectin. Plasma adiponectin level is negatively regulated by
adiposity, which is influenced by the levels of food intake and physical activity. Adiponectin
stimulates myocardial AMPK signaling, leading to a suppression of myocyte hypertrophy and
apoptosis. Adiponectin also stimulates COX-2 expression, resulting in reduction in cardiac
inflammation.

Ouchi et al. Page 10

Trends Cardiovasc Med. Author manuscript; available in PMC 2009 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


