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Review

that exert beneficial actions on cardiovascular and 
metabolic diseases.

Adiponectin

Adiponectin, also known as ACRP30 and ADI-
POQ, has been identified as an adipose-specific adipo-
cytokine, which is abundantly present in human plasma 
at concentrations ranging from 3 to 30 µg/ml4, 7). This 
protein contains a collagen-like domain followed by a 
globular domain similar to compliment factor C1q. 
Clinical studies demonstrated that plasma adiponectin 
levels are negatively associated with body mass index 
(BMI) and visceral fat area in both men and women7, 8), 
suggesting that circulating adiponectin is downregu-
lated by obese states. Circulating adiponectin level is 
associated with the presence of metabolic disorders, 
and measurement of visceral fat accumulation and adi-
ponectin levels is valuable for evaluation of the cluster-
ing of metabolic abnormalities9). In addition, adipo-
nectin levels are reported to associate with the athero-
genic lipoprotein profiles10). We have demonstrated 
that plasma adiponectin concentrations are signifi-
cantly lower in patients with coronary artery disease 
(CAD) than those in age- and BMI-adjusted control 
subjects11). Hypoadiponectinemia (plasma adiponectin 
concentrations ＜4.0 µg/ml in male patients) is inde-
pendently associated with CAD using multiple logistic 
regression analysis with confounding factors12). In addi-
tion, adiponectin is a crucial indicator of plasma rem-

Introduction

Obesity, particularly excessive visceral fat accu-
mulation, is causally linked with the cluster of type 2 
diabetes, hypertension and dyslipidemia, also known 
as metabolic syndrome1-3). This results in the progres-
sion of atherosclerotic cardiovascular diseases1-3). Adi-
pose tissue has been considered as a long-term energy 
storage organ; however, it is now recognized that fat 
tissue produces numerous secretory factors, referred to 
as adipocytokines or adipokines, which directly influ-
ence nearby or remote tissues4-6). Considering this, the 
adipose tissue functions as an endocrine organ that 
regulates various pathophysiological processes in obese 
complications. The adipocytokines comprise a large 
number of pro-inflammatory mediators that can pro-
mote disease progression. In contrast, there are a small 
number of anti-inflammatory adipocytokines that 
protect against obese complications. Thus, an imbal-
ance of anti- and pro-inflammatory adipocytokines 
under conditions of obesity contributes to the patho-
genesis of metabolic and cardiovascular diseases. In 
this review, we provide an overview of our research, 
determining the significance of crucial adipocytokines 
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reperfusion in mice, with an accompanying increase in 
myocardial apoptosis and TNF-α production29). Adi-
ponectin inhibits apoptosis of cultured cardiac cells 
under conditions of hypoxia-reoxygenation via activa-
tion of the AMPK signaling cascade29). Adiponectin 
also reduces LPS-induced secretion of TNF-α from 
cardiac cells through its ability to modulate COX-2 
expression and prostaglandin E2 (PGE2) synthesis. 
Collectively, adiponectin can protect against ischemic 
injury in the heart through the AMPK-dependent 
anti-apoptotic and COX-2-dependent anti-inflamma-
tory mechanisms. Likewise, adiponectin has been 
reported to ameliorate myocardial ischemia-reperfu-
sion damage through reduction of oxidative/nitrative 
stress30). Adiponectin also inhibits cardiac hypertrophy 
and dysfunction in vivo following pressure overload or 
angiotensin II infusion31-33). The beneficial actions of 
adiponectin on pathological cardiac remodeling are 
dependent, at least in part, on activation of AMPK 
signaling pathways. Moreover, adiponectin improves 
myocardial fibrosis and systolic dysfunction after myo-
cardial infarction34). Loss of adiponectin leads to 
enhanced left ventricular hypertrophy and diastolic 
heart failure in mice following aldosterone infusion35). 
Conversely, overexpression of adiponectin improves 
left ventricular hypertrophy, diastolic dysfunction and 
myocardial oxidative stress in response to aldosterone 
infusion36). We have also demonstrated that adiponec-
tin prevents doxorubicin-induced cardiotoxicity 
through its ability to stimulate myocyte survival37). 
Overall, adiponectin acts as an adipocytokine that 
protects against the development of various heart dis-
eases.

Obesity causes chronic low grade inflammation, 
thereby resulting in the initiation and progression of 
pathological conditions, including insulin resistance, 
type 2 diabetes and atherosclerotic cardiovascular dis-
ease6, 38, 39). Plasma adiponectin levels are negatively 
correlated with plasma levels of an established inflam-
matory marker, high-sensitive C-reactive protein 
(CRP)40, 41). There is an inverse correlation between 
plasma adiponectin and interleukin-6 levels, and body 
weight reduction through lifestyle changes is associ-
ated with a reduction in CRP and interleukin-6 levels 
and an increase in adiponectin levels42). Thus, the 
reciprocal association of adiponectin and the inflam-
matory mediators may contribute to the development 
of obese complications. In support of this notion, sev-
eral experimental studies indicate that adiponectin 
exerts anti-inflammatory actions through modulation 
of the macrophage phenotype. We have shown that 
adiponectin can switch macrophage polarization 
towards an anti-inflammatory phenotype43). Macro-

nant lipoprotein levels, which are linked with coro-
nary plaque vulnerability13, 14). It has also been shown 
that high plasma adiponectin levels are associated with 
a reduced risk of myocardial infarction in healthy 
men15) and CAD in diabetic men16). Furthermore, a 
high adiponectin level has been found to be a signifi-
cant predictor of CAD in men initially free of CAD17). 
Thus, it is plausible that adiponectin may be a useful 
biomarker for assessment of CAD.

Experimental studies indicate that adiponectin 
plays a protective role in obesity-linked vascular dis-
eases. Our initial observations demonstrated that phys-
iological concentrations of adiponectin dose-depend-
ently reduced monocyte attachment to TNF-α-stimu-
lated human aortic endothelial cells11). Adiponectin 
also attenuates TNF-α-stimulated expression of endo-
thelial adhesion molecules, including vascular cell 
adhesion molecule-1 (VCAM-1) in human endothe-
lial cells through its ability to suppress NF-κB activa-
tion18). Similarly, adiponectin suppresses TNF-α-induced 
expression of IL-8 in human vascular endothelial cells 
by reducing NF-κB activity19). Adiponectin also inhib-
its high glucose-induced production of reactive oxygen 
species in endothelial cells20). Furthermore, adiponec-
tin prevents endothelial cell apoptosis under condi-
tions of serum starvation and promotes migration and 
angiogenic response of endothelial cells21, 22). These 
data suggest that adiponectin suppresses endothelial 
cell activation and injury in vitro (Fig.1).

Adiponectin inhibits the transformation of 
human macrophages into foam cells by suppressing 
the expression of class A scavenger receptor (SR-A)23). 
Adiponectin also suppresses lipopolysaccharide (LPS)-
stimulated production of TNF-α in cultured macro-
phages24, 25). The accumulation of lipid-laden foam cells 
and macrophage activation in atherosclerotic lesions 
are crucial events in atherogenesis. Thus, it is plausible 
that adiponectin is anti-atherogenic. Consistent with 
these in vitro findings, overproduction of circulating 
adiponectin suppresses atherosclerotic lesion forma-
tion and reduces expression of SR-A, TNF-α, and 
VCAM-1 in the aorta of a mouse model of atheroscle-
rosis26, 27). Conversely, adiponectin deficiency exacer-
bates atherosclerotic lesion formation and T-lympho-
cyte accumulation in the vascular wall in an athero-
sclerosis model28). Therefore, adiponectin can prevent 
the development of atherosclerosis by directly affect-
ing the behavior of vascular component cells, includ-
ing endothelial cells and macrophages.

Several studies, including ours, have demon-
strated that adiponectin is protective against obesity-
related heart diseases. Disruption of adiponectin exac-
erbates myocardial injury in response to ischemia-
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tively, adiponectin can promote the anti-inflammatory 
macrophage phenotype, thereby contributing to pro-
tection against various obesity-linked diseases (Fig.1).

Adipolin/CTRP12

Recently we performed screening of predicted 
adipocytokines that were regulated by obese states, 
identified C1q/TNF-related protein (CTRP) 12 as a 
novel adipocytokine, and designated this adipocyto-
kine as adipolin (adipose-derived insulin-sensitizing 
factor) to indicate its potential function50). Adipolin is 
a member of CTRPs, conserved adiponectin paralogs 
that contains a collagen-like domain and C1q-like 
domain. Adipolin is mainly expressed in adipose tis-
sue, particularly in adipocytes. Adipolin expression in 
adipose tissue and plasma is decreased in mouse mod-
els of obesity. Adipolin expression is also reduced in 
cultured 3T3L1 adipocytes by treatment with various 
stimuli that mimic obese conditions, such as the pro-
inflammatory cytokine TNF-α or the inducer of endo-
plasmic reticulum and oxidative stress50). We also dem-
onstrated that the transcriptional factor Krüppel-like 
factor (KLF) 15 enhances adipolin expression in cul-
tured adipocytes51). TNF-α attenuates mRNA expres-

phages in obese adipose tissue mainly express markers 
of the M1 or “classically activated” macrophages, which 
cause exacerbation of inflammation and tissue destruc-
tion44, 45). In contrast, macrophages from lean adipose 
tissue express markers of the M2 or “alternatively acti-
vated” macrophages, which lead to resolution of inflam-
mation and metabolic dysfunction45). Adiponectin 
deficiency results in increased expression of M1 mark-
ers and decreased expression of M2 markers in perito-
neal macrophages and the stromal vascular fraction 
cells of adipose tissue in mice43). Adiponectin also 
increases the expression of M2 markers in cultured 
human and mouse macrophages43, 46). The effects of 
adiponectin on M2 macrophage polarization are medi-
ated through modulation of multiple signaling path-
ways including AMPK, PPARα and IL-4/STAT646, 47). 
We have also shown that adiponectin promotes mac-
rophage-mediated removal of early apoptotic bodies, 
which is important for prevention of inflammatory 
response48). Moreover, the ability of adiponectin to 
facilitate the phagocytosis of apoptotic cells by macro-
phages is dependent on its interactions with calreticu-
lin and its adaptor protein CD91 on the cell surface. 
Enhanced clearance of early apoptotic debris by mac-
rophages can lead to the M2 phenotype49). Collec-

Fig.1. Cardiovascular protection by adiponectin

Adiponectin exerts protective actions on the cardiovascular system. Adiponectin reduces foam cell trans-
formation of macrophages and attenuates inflammatory response in macrophages. Adiponectin switches 
the macrophage phenotype from inflammatory M1 to the anti-inflammatory M2 and promotes clearance 
of early apoptotic cells. Adiponectin also reduces apoptosis, expression of adhesion molecules, and mono-
cyte adhesion in endothelial cells. Furthermore, adiponectin attenuates apoptosis, inflammation, and 
hypertrophic response in cardiomyocytes.
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expressed in adipose tissue, and circulating CTRP9 
levels are reduced in obese mice55, 57). CTRP9 is 
reported to exert beneficial actions on glucose metabo-
lism55, 58). We have demonstrated that CTRP9 attenu-
ates neointimal hyperplasia in mice following arterial 
injury59). CTRP9 also suppresses the numbers of pro-
liferating cells in injured arteries and promotes re-
endothelialization. The in vitro data showed that 
CTRP9 reduces the proliferation of vascular smooth 
muscle cells following stimulation with growth factors 
through the cyclic AMP-protein kinase A (PKA)-
dependent pathways59). It has also been shown that 
CTRP9 induces vascular relaxation through the adi-
ponectin receptor 1/AMPK/eNOS-dependent path-
way60). A recent report indicated that CTRP9 attenu-

sion of KLF15 and adipolin in adipocytes, partly 
through modulation of c-Jun N-terminal kinase. More-
over, KLF15 expression is decreased in fat tissue of 
obese mice. Thus, it is plausible that adipose tissue 
inflammation caused by obesity suppresses adipose 
KLF15 expression, leading to reduction of adipolin 
transcription in adipose tissue (Fig.2). Experimental 
studies show that adipolin improves glucose intoler-
ance in obesity. Systemic administration of adipolin to 
diet-induced obese mice results in improvement of 
glucose intolerance and insulin resistance, with an 
accompanying reduction of macrophage accumulation 
and expression of pro-inflammatory genes in fat tis-
sue50). In cultured macrophages, adipolin suppresses 
the expression of pro-inflammatory mediators in 
response to inflammatory stimuli. Thus, it is conceiv-
able that adipolin acts as an anti-inflammatory adipo-
cytokine that promotes insulin sensitivity, at least in 
part, by suppressing macrophage activation in fat tis-
sue. Similarly, adipolin ameliorates glucose tolerance 
and insulin sensitivity in obese and diabetic mice, 
partly through enhancement of insulin signaling in 
the liver and adipose tissue52). Therefore, adipolin can 
serve as an insulin sensitizing adipocytokine. It has 
been shown that adipolin exists in plasma as two iso-
forms (full and cleaved forms)52, 53). It has also been 
reported that the endopeptidase furin cleaves adipolin 
protein between 91-K and 92-S, resulting in the gen-
eration of the cleaved form of adipolin54). We have 
shown that obese mice have reduced levels of plasma 
full and total (full and cleaved) adipolin with an 
increase in the ratio of cleaved to full isoform53). Furin 
is upregulated in fat tissue of obese mice, and TNF-α 
increases furin expression in adipocytes. These obser-
vations suggest that adipose tissue inflammation caused 
by obese states contributes to enhanced cleavage of 
adipolin, presumably through upregulation of furin 
(Fig.2). It has also been reported that the full form of 
adipolin is more effective in promoting insulin-induced 
glucose uptake in adipocytes compared with its 
cleaved form54). Thus, obese conditions may lead to 
reduced circulating levels of full isoform of adipolin, 
thereby contributing to the development of metabolic 
dysfunction (Fig.2). Taken together, the approaches 
to enhance the generation of adipolin, particularly its 
full isoform, at transcriptional and post-translational 
levels may be beneficial for manipulation of obesity-
linked metabolic disorders.

CTRP9

Among CTRPs, CTRP9 shows the highest amino 
acid identity to adiponectin55, 56). CTRP9 is abundantly 

Fig.2. Regulation of adipolin

Obesity is associated with adipose tissue inflammation. These con-
ditions reduce transcript levels of adipolin by suppressing KLF15 
expression. Obese states also facilitate the cleavage of adipolin 
through upregulation of furin in adipose tissue. Thus, obesity leads 
to reduction of the full form of adipolin, contributing to the pro-
gression of metabolic dysfunction.
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of PKA65). Therefore, CTRP9 appears to act as an adi-
pocytokine that protects against ischemic heart dis-
ease. Collectively, CTRP9 displays a cardiovascular 
protective function that overlaps with adiponectin, 
and future research is needed to dissect the similarities 
and differences in signal transduction cascades between 
these two adipocytokines.

Omentin

Omentin, also referred to as intelectin-1, was 
identified as a soluble galactofuranose-binding lec-
tin66). Omentin is abundantly expressed in human vis-
ceral adipose tissue, and it exists in human plasma67, 68). 
Circulating omentin levels are decreased in patients 
with obesity, impaired glucose tolerance and type 2 
diabetes68, 69). Circulating omentin levels negatively cor-
relate with the multiplicity of metabolic risk factors, 
such as increased waist circumference, dyslipidemia, 
elevated blood pressure, and glucose intolerance70). 
Furthermore, plasma omentin levels are decreased in 
patients with CAD71). It has also been shown that 
serum omentin levels are negatively associated with 
the severity of CAD in patients with metabolic syn-
drome72). In addition, omentin levels inversely corre-
late with carotid intima-media thickness, which is a 
marker for atherosclerosis73, 74). Thus, omentin may be 
a valuable marker for assessment of obesity-linked 

ates inflammatory responses of endothelial cells via 
activation of AMPK61). CTRP9 enhances the plaque 
stability in a mouse model of atherosclerosis through 
suppression of pro-inflammatory gene expression in 
macrophages62). Thus, CTRP9 may exert vasculopro-
tective actions by directly affecting vascular compo-
nent cells.

Furthermore, we have shown that systemic 
administration of CTRP9 to mice leads to reduction 
of myocardial infarct size, apoptosis and pro-inflam-
matory gene expression following ischemia-reperfu-
sion57, 63). CTRP9 also improves left ventricular dys-
function in mice after injection of LPS63). Although 
CTRP-9-KO mice are indistinguishable from control 
mice under physiological conditions, CTRP9-KO mice 
show exacerbation of myocardial injury and inflam-
matory response following ischemia-reperfusion or 
LPS injection57, 63). CTRP9 reduces hypoxia-reoxygen-
ation-induced apoptosis and LPS-stimulated expres-
sion of pro-inflammatory cytokines in cardiac myo-
cytes63). The protective actions of CTRP9 in cardiac 
myocytes are mediated through its ability to modulate 
AMPK or cyclic AMP signaling pathways. It has also 
been reported that CTRP9 reduces myocardial infarct 
size, apoptosis and oxidative stress in diabetic mice 
after ischemia-reperfusion64). Furthermore, CTRP9 
treatment ameliorates pathological cardiac remodeling 
in vivo following myocardial infarction via activation 

Fig.3. Vasculoprotective and cardioprotective effects of omentin

Omentin attenuates endothelial cell injury, endothelial inflammation, and neointimal forma-
tion. Moreover, omentin prevents cardiac ischemic injury, myocardial hypertrophy, and car-
diomyocyte death.

Omentin 

Cardioprotection 

Cardiac ischemic injury 
Myocardial hypertrophy 
Cardiomyocyte death 

Endothelial injury 
Endothelial inflammation 
Neointimal formation 

Vasculoprotection 

Adipose tissue 



650 Ouchi

Conclusion

During the last decade, several adipocytokines 
that potentially exert protective actions on obese com-
plications have been identified. Reduced production 
of these protective adipocytokines caused by obesity, 
particularly excess visceral fat accumulation, may lead 
to development of metabolic dysfunction and cardio-
vascular disorders. Thus, the approach to enhance the 
synthesis and secretion of these adipocytokines or to 
promote their receptor-mediated signaling pathways 
can be valuable for prevention and treatment of obe-
sity-related metabolic and cardiovascular complica-
tions.
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