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Abstract
Over the past two decades, adiponectin has been studied in more than eleven thousand
publications. A classical adipokine, adiponectin was among the first factors secreted from adipose
tissue that were found to promote metabolic function. Circulating levels of adiponectin
consistently decline with increasing body mass index. Clinical and basic science studies have
identified adiponectin’s cardiovascular-protective actions, providing a mechanistic link to the
increased incidence of cardiovascular disease in obese individuals. While progress has been made
in identifying receptors essential for the metabolic actions of adiponectin (AdipoR1 and
AdipoR2), few studies have examined the receptor-mediated signaling pathways in cardiovascular
tissues. T-cadherin, a GPI-anchored adiponectin-binding protein, was recently identified as critical
for the cardiac-protective and revascularization actions of adiponectin. Adiponectin is abundantly
present on the surfaces of vascular and muscle tissues through a direct interaction with T-cadherin.
Consistent with this observation, adiponectin is absent from T-cadherin-deficient tissues. Since T-
cadherin lacks an intracellular domain, additional studies would further our understanding of this
signaling pathway. Here, we review the diverse cardiometabolic actions of adiponectin.
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II. Obesity increases the risk of cardiovascular disease
It is well-appreciated that elevated body mass index (BMI) is associated with an increased
risk of cardiovascular disease and overall mortality. Severe obesity (BMI >40 kg/m2) can
shorten lifespan by up to 10 years (1). While vascular disease is the main cause of mortality
in obese individuals, the mechanisms underlying obesity-associated mortality are
incompletely understood. Here, we discuss recent findings that have elucidated the role of
the adipocyte-secreted protein adiponectin in vascular function and disease.
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III. Adipokines in action
Besides energy storage, adipose tissue has an important endocrine function. Factors secreted
from this tissue are termed adipokines. Many adipokines are pro-inflammatory but a subset
has anti-inflammatory functions (2). With increasing adiposity, expression of pro-
inflammatory adipokines is increased while expression of anti-inflammatory adipokines is
reduced. Classical examples of pro- and anti-inflammatory adipokines are tumor necrosis
factor α (TNFα) and adiponectin, respectively. With increasing BMI, serum levels of TNFα
are elevated while circulating adiponectin levels are reduced. These changes in adipokine
profile contribute to the state of low-grade inflammation observed in obese individuals.

The adiponectin monomer has a collectin protein-like structure with a globular head and a
collagenous tail. These monomeric subunits coalesce to form large oligomeric structures.
Adiponectin circulates as three distinct fractions including trimers, hexamers and high
molecular weight isoforms that are composed of 12 to 18 monomers (30kDa per monomer).
The high molecular weight isoform is considered to be the most biologically active (3). The
trimeric form undergoes proteolytic cleavage, at least in vitro, to form an 18-25kDa globular
fragment (4). Similar cleavage may also occur in vivo by leukocyte elastase secreted by
tissue-resident inflammatory cells (5). However, circulating levels of globular adiponectin
are barely, if at all, detectable (6, 7).

Adiponectin has diverse effects throughout the body including cardiovascular-protection and
metabolic regulation. Many of these protective actions can be attributed to its anti-
inflammatory properties. Ouchi, et al. reported that adiponectin inhibits nuclear factor κB
(NF-κB) activation in endothelial cells following treatment with pro-inflammatory factors
such as TNFα (8). Conversely, TNFα inhibits the expression of adiponectin. Adiponectin
has been shown to promote macrophage clearance of apoptotic cells via interaction with cell
surface proteins calreticulin (CRT) and low density lipoprotein related receptor (LRP1) (9).
We and others have recently extended observations of adiponectin’s anti-inflammatory
effects by identifying that this adipokine promotes M2 macrophage polarization (10-12).

Numerous studies to date have examined the insulin sensitizing actions of adiponectin.
Yamauchi et al. have demonstrated that adiponectin modulates glucose uptake,
gluconeogenesis and fatty acid oxidation in skeletal muscle and liver (13). Mouse genetic
evidence suggests that overexpression of globular or full-length adiponectin is protective in
mouse models of obesity, such as the ob/ob leptin-deficient mouse (14, 15). Strikingly,
despite having an elevated body weight, adiponectin transgenic mice on an ob/ob
background have preserved metabolic function (14).

Cardiovascular and metabolic dysfunction are strongly associated. Increased adipose tissue
vascularity is associated with improved metabolic function and reduced accumulation of
inflammatory cells (16). Serum adiponectin levels are positively associated with capillary
density in adipose tissue in mice (17). Pro-angiogenic and anti-inflammatory actions of
adiponectin are presumed to contribute to metabolic adaptation during the development of
obesity including adipocyte proliferation (14) and vascular cell migration and proliferation
(18). These actions are thought to maintain adequate nutrient supply during tissue
expansion.

IV. Clinical studies implicating adiponectin in cardiovascular disease
Epidemiological evidence supports a protective role for adiponectin in cardiovascular
disease. Serum levels of adiponectin in normal, healthy individuals can exceed 40μg/mL.
Low levels of adiponectin are associated with cardiovascular risk factors including smoking
(19), diabetes (20) and dyslipidemia (21). Reduced circulating levels of adiponectin are also
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linked to a higher prevalence of ischemic heart disease in both men and women (22, 23)
whereas individuals with high adiponectin have a lower risk of myocardial infarction
independent of other variables (24). Low serum adiponectin is also predictive of a future
coronary artery ischemic event (25, 26), and the development of hypertension (27) and the
levels of this adipokine correlate with left ventricular hypertrophy (28, 29). High serum
adiponectin is associated with better recovery of cardiac function post-injury (30). On the
contrary, hyperadiponectinemia is associated with mortality in patients with heart or
respiratory failure (31, 32).

Peripheral artery disease is characterized by reduced blood flow in the lower extremities
usually due to atherosclerotic plaque accumulation. Clinically, levels of total and high
molecular weight adiponectin are inversely associated with development of this condition
(33, 34). In those affected by peripheral artery disease, ankle-brachial pressure index and
declining limb function are proportionally associated with hypoadiponectinemia (35, 36). In
patients requiring a bypass surgery for this condition, serum adiponectin is a positive
predictor of surgical recovery (37). Collectively, these data highlight the important clinical
connection between adiponectin and cardiovascular function.

V. Angiogenic actions of adiponectin
Previous experimental studies by our laboratory and others have shown that adiponectin
promotes revascularization in a mouse model of peripheral artery disease. In the murine hind
limb ischemia model, blood flow is unilaterally restricted and recovery monitored over the
course of 2-4 weeks (38, 39). Mice deficient in adiponectin have impaired recovery
compared with wild-type mice (40-42). In this model, administration of exogenous
adiponectin promotes the revascularization response and rescues the impairment observed in
adiponectin-deficient mice (40, 41). Intracellular signaling molecules that are important for
this effect include 5′ adenosine monophosphate-activated protein kinase (AMPK) (40),
endothelial nitric oxide synthase (eNOS) and cyclooxygenase-2 (COX-2) (43). Treatment
with an adenovirus-expressing dominant-negative AMPK (dnAMPK) attenuates blood flow
recovery in wild-type mice. In addition, exogenous adiponectin treatment is ineffective at
improving blood flow in the dnAMPK-treated mice. A similar study subjected endothelial
cell-specific COX-2-deficient mice to hind limb ischemia. Again, these mice had impaired
revascularization that was not improved by adiponectin treatment (43).

In situations where vessel expansion is pathological, such as retinal neovascularization,
adiponectin inhibits detrimental vessel expansion (44). This study showed that the action of
adiponectin to inhibit dysregulated angiogenesis was mediated by its ability to suppress
TNFα expression. Accordingly, when treated with a pharmacological TNFα inhibitor, the
pathological vascularization is reduced in the retina (44). Rosiglitazone, a PPARγ-agonist
known to increase serum adiponectin (45), also ameliorates pathological neovascularization
in this model (46). Similarly, in a murine mammary tumor model, loss or reduced expression
of adiponectin results in decreased tumor angiogenesis (47-49). The poorly vascularized
tumors in adiponectin-deficient mice display reduced growth; however, the rate of
metastases is significantly increased. Collectively, these data suggest that adiponectin does
not act as a classical angiogenic factor. Rather, it is likely that it functions to promote
physiological and inhibit pathological angiogenesis as a consequence of its ability to
promote endothelial cell function.

VI. Cardiac actions of adiponectin
In multiple experimental models of cardiac dysfunction, overexpression of adiponectin
preserves function, whereas its deficiency exacerbates damage due to cardiac stress. In a
model of ischemia reperfusion injury, adiponectin-deficiency is marked by a larger infarct
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size (50). Exogenous adiponectin preserves cardiac cell survival at least in part, through
activation of both AMPK- and COX-2-dependent signaling mechanisms. Immediately after
ischemic injury, serum adiponectin is localized to injured cardiac tissue (51). It was noted
that a striking decrease in serum levels of the high molecular weight isoform of adiponectin
was observed in parallel with the cardiac localization of adiponectin suggesting that this
isoform predominantly accumulates in damaged cardiac tissue. The protective actions of
acutely-administered exogenous adiponectin protein were subsequently identified in a
preclinical porcine ischemia reperfusion model (52). In other studies, it has been shown that
following myocardial infarction, mice lacking adiponectin are more susceptible to systolic
dysfunction and capillary loss (53). Similarly, in mice subjected to pressure overload by
transverse aortic constriction, poor ventricular remodeling and reduced cardiac angiogenesis
propelled the transition from hypertrophy to heart failure in the absence of adiponectin
(54-56).

VII. The “AdipoR” adiponectin receptors
A small number of recent in vivo studies have provided insight on the receptor(s)
responsible for mediating the numerous cardiovascular actions of adiponectin. Adiponectin
receptors 1 and 2 (AdipoR1 and AdipoR2, respectively) have the structure of seven
transmembrane-spanning domains with an extracellular C-terminus (57). Ubiquitously
expressed, the receptors can be found on the plasma membrane as homomers or heteromers
(58, 59). AdipoR1 promotes cell surface-localization of AdipoR2 though direct interactions
via their N-terminus domains (60).

Although several groups have generated AdipoR1- or AdipoR2-deficient mice (13, 61, 62),
they have never been tested in cardiac or vascular in vivo models, and the majority of the
AdipoR1 and AdipoR2 research to date has focused on their metabolic functions. Two
groups independently reported mouse models of AdipoR1 gene ablation. In these studies
AdipoR1-deficiency is associated with metabolic dysfunction and excess adipose tissue
accumulation (13, 61). Similarly it has been shown that AdipoR1 muscle-specific ablation or
overexpression in mice is marked by metabolic perturbation and protection, respectively (63,
64). In murine genetic and diet-induced models of metabolic syndrome, overexpression of
AdipoR1 in macrophages improves glucose tolerance and insulin sensitivity (65, 66).
However, controversy exists regarding whether AdipoR2-deficiency is protective or
detrimental to systemic metabolism (13, 61, 62). Mechanistically, the diverse actions of
adiponectin may be mediated by its ability to modulate sphingolipid metabolism via
AdipoR1 and AdipoR2 (67).

One study has described a possible functional role for caveolin 3 in the cardioprotective
actions of adiponectin using the ischemia-reperfusion model. The authors proposed a
mechanism involving protein-protein interactions among caveolin 3, AdipoR1 and APPL1,
which comprise an adiponectin “signalsome” (68). Finally, recent studies suggest that the
actions of adiponectin may be mediated through additional receptors including PAQR3
(renamed AdipoR3) (69) and AdipoRX (70). AdipoR1 and AdipoR2 are members of the
PAQR family (69)_ENREF_141 and it is possible that other members of this poorly
characterized family may confer actions of adiponectin or other C1q/TNF-related proteins
(CTRPs) that share homology with adiponectin.

VIII. AdipoR1 & AdipoR2 in cardiovascular cells
AdipoR1 and AdipoR2 are expressed on many cardiovascular-relevant cells including
endothelial cells, vascular smooth muscle cells, and monocytes. Recent in vitro studies
implicate AdipoR1 and AdipoR2 in mediating the diverse actions of adiponectin. For
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example, treatment of 293 cells with siRNA-targeting both receptors inhibits adiponectin-
stimulated ERK1/2 activation. However, reducing expression of either AdipoR1 or AdipoR2
individually does not inhibit the stimulatory actions of adiponectin (71). Similarly, the
ability of adiponectin to induce eNOS phosphorylation in human umbilical vein endothelial
cells (HUVECs) was attenuated only with downregulation of both AdipoR1 and AdipoR2,
while individual receptor siRNA knockdowns had no effect (72). Additional siRNA
knockdown experiments suggest an in vitro pro-angiogenic role for AdipoR1 in the AMPK
signaling pathway (43). Also in HUVECs, decreased expression or inhibition of AdipoR1 or
AdipoR2 impairs the angiogenic actions of adiponectin (41, 73). Accordingly, it is reported
that overexpression of AdipoR1 and AdipoR2 enhances the anti-inflammatory effects of
adiponectin in endothelial cells (74). Therefore, AdipoR1 and AdipoR2 appear to mediate
multiple in vitro cardiovascular actions of recombinant adiponectin protein in cell culture
models. However, few if any studies have examined the in vivo activities of AdipoR1 and
AdipoR2 in murine genetic models.

IX. T-cadherin in the heart and vasculature
Another membrane-associated, adiponectin-binding protein is T-cadherin. T-cadherin is a
GPI-anchored protein that lacks an intracellular domain (75). In contrast to AdipoR1 and
AdipoR2, it is highly expressed in the plasma membrane of heart, skeletal muscle and
vascular tissue (76). Adiponectin and T-cadherin co-localize on the surfaces of murine
cardiovascular tissues (77). A potential in vivo functional relationship between these two
proteins has been assessed using genetic models of adiponectin and/or T-cadherin deficiency
(41, 77). In these studies, cardiac or vascular stress were induced to determine whether
ligand deficiency phenocopied receptor deficiency. Furthermore, the ability of T-cadherin-
deficient mice to respond to exogenous adiponectin was evaluated.

Neither adiponectin-deficient nor T-cadherin-deficient mice display a cardiovascular
phenotype under non-stress conditions. However, Denzel, et al. demonstrated in vivo that T-
cadherin-deficiency mimics the phenotype of adiponectin-deficiency in both chronic and
acute mouse models of cardiac injury (77). In the transverse aortic constriction model of
pressure overload, mice lacking T-cadherin developed increased hypertrophy and reduced
cardiac capillary density. In the acute model, infarct size following ischemia-reperfusion
was larger in mice lacking T-cadherin. Adiponectin-deficient mice, analyzed in parallel to
T-cadherin-deficient mice, had a similar degree of cardiac impairment in these models (50,
54, 77). While exogenous adiponectin rescues the stress-induced cardiac injuries in
adiponectin-deficient mice, it does not improve recovery in T-cadherin-deficient mice (77).
The conclusion from these studies is that T-cadherin is essential for the cardiac-protective
actions of adiponectin.

T-cadherin is also highly expressed throughout the vasculature including endothelial cells,
smooth muscle cells and pericytes (76). In skeletal muscle tissue, T-cadherin and
adiponectin are abundant and highly co-localized (41). Given these observations, T-
cadherin-deficient mice were evaluated in a model of chronic limb ischemia. Similar to the
previously described cardiac study (77), mice deficient in T-cadherin were phenotypically
similar to adiponectin-deficient mice such that both had impaired blood flow recovery and
limb function (41). Furthermore, systemic administration of adiponectin did not promote
revascularization in mice lacking T-cadherin. The conclusion from these studies is that T-
cadherin is essential for the vascular-protective actions of adiponectin (41).

One mechanism for these effects is that T-cadherin is responsible for tissue-localization of
adiponectin (78). In vitro, several laboratories have identified a direct interaction between T-
cadherin and adiponectin by co-immunoprecipitation experiments (41, 77, 79). T-cadherin
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selectively binds the hexameric and high molecular weight isoforms of adiponectin (79).
While adiponectin is present on the cell surfaces of the vascular endothelium and myocytes
in wild-type mice, adiponectin is absent from these tissues in T-cadherin-deficient mice (41,
77, 78). In contrast, expression of either AdipoR1 or AdipoR2 is not sufficient for
adiponectin localization to T-cadherin-deficient skeletal muscle, heart or vasculature. Along
with a lack of cardiovascular tissue-resident adiponectin, T-cadherin-deficient mice have
significantly elevated serum levels of hexameric and high molecular weight adiponectin
(Figure 1). Thus, it appears that a majority of the whole body adiponectin is localized to
cardiovascular tissues by T-cadherin (41). Strikingly, in the setting of adiponectin-
deficiency, tissue expression of T-cadherin is also reduced suggesting a regulatory axis
between these proteins (41, 77).

With regard to adiponectin ligand-receptor interactions it should be noted that aspects of
adiponectin biology are unusual. For example, traditional signaling molecules are 1,000-fold
less abundant than adiponectin in serum. Adiponectin monomers are also found as
oligomeric units in serum. High molecular weight adiponectin that may exceed 500kDa in
size is structurally similar to C1q and the collectin family of proteins. Given the high
abundance and complex structure of adiponectin, it is reasonable to expect that its receptor
interactions will be atypical. In this regard, T-cadherin, also referred to as truncated-
cadherin, lacks the typical cadherin family transmembrane and intracellular domains. Thus,
T-cadherin may function as a co-receptor to localize adiponectin to the tissue of interest for
presentation to a receptor (e.g. AdipoR1 or AdipoR2) with intracellular signaling
capabilities (41, 77). Furthermore, one might predict that T-cadherin has the ability to
facilitate interactions between adiponectin and multiple other proteins as it tethers
adiponectin to the surfaces of cardiovascular tissues (80-82). Finally, adiponectin is capable
of activating intracellular signaling molecules such as AMPK (50). Given the critical role of
T-cadherin in mediating the cardiovascular protective actions of adiponectin, future studies
of the potential signaling capabilities of this complex would greatly advance this field.

X. Genomic associations with cardiovascular disease
Genomic associations between adiponectin (Adipoq) and cardiovascular disease have been
well documented (83-88). Few studies have identified a significant cardiovascular
association for AdipoR1 or AdipoR2 polymorphisms (89-92) with other studies reporting
negative results (93-96). In contrast, the gene encoding T-cadherin (CDH13) is associated
with blood pressure (97), serum lipids (98, 99), myocardial infarction (99), and ischemic
stroke (100). Furthermore, numerous studies (Table 1) have identified polymorphisms in
CDH13 that affect circulating levels of adiponectin (101-106).

XI. Summary
The anti-inflammatory adipokine adiponectin has important metabolic and cardiovascular-
protective actions. Clinically, hypoadiponectinemia is associated with both obesity and
cardiovascular disease, whereas high serum adiponectin levels correlate with improved
cardiovascular function. Administration of exogenous adiponectin is protective in mouse
models of cardiac or vascular stress such as ischemia reperfusion, cardiac pressure overload
and peripheral artery disease. In the state of adiponectin-deficiency, cardiovascular injury is
exacerbated. Adiponectin promotes cardiac cell survival and endothelial cell function
through AMPK-dependent signaling mechanisms. However, the receptor-mediated signaling
pathways are incompletely understood. The candidate adiponectin receptors AdipoR1 and
AdipoR2 have received the most attention. These receptors appear to mediate the metabolic
actions of adiponectin, but their cardiovascular actions are relatively unexplored. Recent
studies identified T-cadherin as essential for localizing adiponectin to cardiovascular tissues.
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T-cadherin tethers the high molecular weight isoforms of adiponectin to the heart, skeletal
muscle and vasculature. In the setting of T-cadherin-deficiency, tissue-localized adiponectin
is absent and serum adiponectin is elevated. Consistent with this observation is the fact that
multiple clinical studies have found an association between serum adiponectin and the T-
cadherin gene, CDH13. In experimental disease models, the protective actions of exogenous
adiponectin in ischemia-reperfusion injury, pressure overload and peripheral artery disease
are lost in the state of T-cadherin-deficiency. However, since T-cadherin lacks a
transmembrane and intracellular domain, other proteins are likely to be required for
intracellular signaling. The atypical receptor-interactions of adiponectin are consistent with
the atypical features of this ligand including its complex quaternary structure and high
abundance in serum. While much progress has been made, additional studies are needed to
clarify the cardiovascular-protective mechanisms of adiponectin in both experimental
models and the clinical population.
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Research agenda

• Since GPI-anchored T-cadherin is essential for cardiovascular-protective actions
of adiponectin, studies should be completed to determine how intracellular
signaling is transduced.

• Determine whether AdipoR1 or AdipoR2 are important for the cardiovascular
actions of adiponectin in vivo.

• Identify and validate strategies to mimic the actions of adiponectin, taking into
account its abundance and structural complexity, to develop candidates for
cardiovascular therapy.
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Figure 1. T-cadherin is essential for localization of adiponectin to cardiovascular tissues
A) In wild-type mice, high molecular weight adiponectin (shown in purple) is tethered to
vascular and muscle tissue through binding T-cadherin (shown in blue). B) In the absence of
T-cadherin, adiponectin is liberated leading to increased serum adiponectin levels while the
adipokine is absent from cardiac and skeletal muscle tissue. C) In the setting of adiponectin-
deficiency, T-cadherin tissue expression is reduced suggesting a feedback regulatory axis
between these proteins.
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Table 1
Genetic associations between adiponectin receptors (AdipoRI, AdipoR2 and CDH13),
circulating adiponectin levels, and cardiovascular disease

Gene(s) Population Results

ADIPOR1 Individuals with type II diabetes (USA and
Italy)

Association with coronary artery
disease (89)

ADIPOR2 Individuals with impaired glucose
tolerance (Finland)

Association with cardiovascular
disease and type 2 diabetes (90)

ADIPOR2 Individuals with coronary artery disease
(Greece)

Association with coronary artery
disease (91)

ADIPOR2 Overweight individuals with insulin
resistance (Germany)

Association with circulating adiponectin
levels and blood lipid levels (92)

ADIPOR1,
ADIPOR2

Male physicians with prostate cancer
(USA)

No association with circulating
adiponectin levels (93)

ADIPOR1,
ADIPOR2 Females aged 40-79 (USA) No association with circulating

adiponectin levels (94)

ADIPOR1,
ADIPOR2

General population and type II diabetes
cohorts (Australia)

No association with circulating
adiponectin levels (95)

ADIPOR1 Individuals with coronary heart diseases
(China)

No association with coronary heart
diseases (96)

CDH13 General population (Germany, Estonia,
and UK) Association with blood pressure (97)

CDH13 Predominantly Hispanic populations
(USA, Dominican Republic) Association with blood lipid levels (98)

CDH13 Individuals with coronary artery disease
and hyperlipidemia (Taiwan)

Association with hyperlipidemia and
myocardial infarction (99)

CDH13 Young-onset hypertensive subjects
(Taiwan)

Association with metabolic syndrome,
type 2 diabetes and ischemic stroke
(100)

CDH13
General population and overweight
individuals or individuals with dyslipidemia
(Europe)

Association with circulating adiponectin
levels(101)

CDH13 General population of mothers and young
adult offspring (Phillipines)

Association with circulating adiponectin
levels (102)

CDH13 General population (Korea) Association with circulating adiponectin
levels (103)

CDH13 Males aged 40-69 years (Korea) Association with circulating adiponectin
levels (104)

CDH13 General population (Japan) Association with circulating adiponectin
levels (105)

CDH13 Individuals treated with fenofibrate (USA) Association with circulating adiponectin
levels (106)
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