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Adiponectin is an adipocyte-specific factor, first described in 1995. Over the past two decades, numerous studies have elucidated the

physiological functions of adiponectin in obesity, diabetes, inflammation, atherosclerosis, and cardiovascular disease. Adiponectin,

elicited through cognate receptors, suppresses glucose production in the liver and enhances fatty acid oxidation in skeletal muscle,

which together contribute to a beneficial metabolic action in whole body energy homeostasis. Beyond its role in metabolism, adipo-

nectin also protects cells from apoptosis and reduces inflammation in various cell types via receptor-dependent mechanisms.

Adiponectin, as a fat-derived hormone, therefore fulfills a critical role as an important messenger to communicate between adipose

tissue and other organs. A better understanding of adiponectin actions, including the pros and cons, will advance our insights into

basic mechanisms of metabolism and inflammation, and potentially pave the way toward novel means of pharmacological intervention

to address pathophysiological changes associated with diabetes, atherosclerosis, and cardiometabolic disease.
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Introduction

Adiponectin, a fat-derived hormone, was discovered two decades

ago. It attracted considerable attention due to its involvement as a

critical messenger for the crosstalk between adipose tissue and

other metabolic related organs. Over the past 20 years, the metabol-

ism community has shown tremendous interest in adiponectin,

and enormous efforts have been directed to dissect the molecular

mechanisms of action (Figure 1). Adiponectin targets the liver,

heart, pancreatic b cells, kidney, potentially muscle, and many

other cell types in various tissues. Adiponectin strongly suppresses

hepaticgluconeogenesisby inhibiting genes involved inglucose pro-

duction. Through its local action in key metabolic tissues, adiponec-

tin promotes insulin sensitization and therefore improves whole

body energy homeostasis. Adiponectin exerts strong protection

against a number of pathological events in various cells by suppres-

sing cell death, inhibiting inflammation, and enhancing cell survival.

The identification of adiponectin receptors has greatly facilitated our

efforts to delineate adiponectin functions. Solving the crystal struc-

tures of both adiponectin and its receptors has provided critical

insights toward a better understanding of the molecular mechan-

isms, which also enables the structure-guided design of adiponectin

mimetics with potentially potent effects on diabetes, atheroscler-

osis, and cardiovascular disease. Moreover, the elucidation of the

basic cellular mechanisms emerging from adiponectin research

also helped establish the concept that adipose tissue serves as

an important endocrine organ (Scherer, 2006; Deng and Scherer,

2010). Here, we provide a historic perspective on adiponectin re-

search during the past two decades, discuss major findings along

the way (Figure 2), and highlight existing and new questions about

adiponectin and adiponectin-related therapeutic applications.

The discovery

In 1995, we published the first report on adiponectin (at the time

referred to as adipocyte complement-related protein of 30 kDa,

Acrp30), identified from a subtractive cDNA library enriched in

adipocyte-specific genes (Scherer et al., 1995). Mouse adiponectin

encodes a 247-amino acid polypeptide with a N-terminal signal se-

quence, followed by a hyper-variable region, a collagenous domain

of 22 G-X-Y repeats, and a globular domain (Figure 3A). At the

protein level, the C-terminal globular domain of adiponectin exhi-

bits striking similarities to the subunits of complement factor

C1q, and therefore the original name Acrp30 was chosen.

We found that adiponectin is specifically expressed in adipose

tissue and fully differentiated adipocytes in tissue culture (Scherer

et al., 1995). Adiponectin can be readily detected in mouse serum

using an antibody raised against the species-specific hyper-variable

region. This antibody does not cross react to adiponectin from

human, rabbit, or calf origin. Moreover, incubation of 3T3-L1 adipo-

cytes with insulin leads to an enhanced release of adiponectin within

60 min, indicating that insulin may trigger adiponectin from regu-

lated vesicles. Both size fractionation analysis and chemical cross-

linking assays show that native adiponectin exists in multiple

Received December 21, 2015. Accepted December 25, 2015.
# The Author (2016). Published by Oxford University Press on behalf of Journal of

Molecular Cell Biology, IBCB, SIBS, CAS. All rights reserved.

doi:10.1093/jmcb/mjw011 Journal of Molecular Cell Biology (2016), 8(2), 93–100 | 93



complexes, and our original studies raised the possibility that the

biochemical properties of adiponectin may be differentially affected

depending on how the subunits are complexed with each other.

Similarly, Spiegelman and colleagues identified mouse ad-

iponectin from an mRNA differential display assay (and originally

referred to it as AdipoQ) (Hu et al., 1996). They showed indeed

that adiponectin transcription and translation are strongly induced

by adipocyte differentiation. Further, mRNA levels for adiponectin

are dramatically suppressed in obese mouse fat pads compared

with controls. In contrast, the expression of aP2, another

adipocyte-specific gene, is not affected under these conditions.

Multiple lines of evidence in these early papers indicated that

adiponectin may play a role in regulating whole body energy

homeostasis.

In 1996, two Japanese groups reported the human homolog

using different approaches. Maeda et al. (1996) constructed a

cDNA library from human adipose tissue. They identified adiponec-

tin as the most abundant transcript and named it adipose most

abundant gene transcript 1 (apM1) (Maeda et al., 1996). Similar

to the findings in rodents, northern blotting showed that adiponec-

tin is highly enriched in human adipose tissue. In the other study,

Nakano et al. (1996) employed a different method to identify

adiponectin using gelatin-based affinity chromatography to

isolate adiponectin from human plasma (originally referred to as

gelatin-binding protein of 28 kDa, GBP28). After elution with high

salt, they identified adiponectin by protein sequencing. Consistent

with the findings in rodents by Scherer et al. (1995), Nakano et al.

(1996) showed that adiponectin exists as multiple complexes with

different molecular weights.

The biochemical properties

Mouse adiponectin contains 247 amino acids, which migrates

at �30 kDa by gel electrophoresis (Scherer et al., 1995).

Polyclonal antibodies against the hyper-variable region recognize

a main band with a minor upper band, which is caused by a

N-linked carbohydrate modification. Adiponectin is found in

plasma atmg/ml levels, compared with ng/ml of conventional hor-

mones of insulin and leptin (Pajvani et al., 2003). Adiponectin

levels display a strong sexual dimorphism with females averaging

twice the levels seen in males, imprinted early in the perinatal

period through the action of testosterone (Combs et al., 2003).

Testosterone may also have direct effects on the adult through

the modulation of production, complex formation, and clearance

of adiponectin (Xu et al., 2005).

The native status of adiponectin is in drastic contrast to the

simple appearance under denaturing and reducing conditions

seen in sodium dodecylsulphate–polyacrylamide gel electrophor-

esis (SDS-PAGE) (Figure 3B). By velocity sedimentation centrifuga-

tion, we have shown that adiponectin exists in two complexes as a

hexamer and a high molecular weight form (Pajvani et al., 2003).

Later on, with a more refined approach toward size fractionation,

we could separate native adiponectin into three complexes; these

observations were further elaborated on by us and others, such as

Kadowaki and colleagues (Waki et al., 2003; Schraw et al., 2008).

Although the nomenclature for the different complexes varies in

different publications, the overall findings are entirely consistent.

We refer to the different complexes as low molecular form (LMW,

trimer), middle molecular form (MMW, hexamer), and high molecu-

lar form (HMW, 12–18mer) (Figure 3C). This is an important issue,

since not only the total levels of adiponectin, but also the complex

distribution may contribute to distinct downstream biological

effects (Pajvani et al., 2004). For example, the difference of total

levels of adiponectin in males vs. females may be simply due to

the lower levels of HMW in males. Furthermore, we found thatFigure 1 Publications on adiponectin year by year.

Figure 2 Timeline of key findings in adiponectin research. Due to space limitation, only a partial list is shown.
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the ratio of HMW and total levels (SA) is a more reliable index for cor-

relations with insulin sensitivity in both rodent and human studies.

Indeed, HMW adiponectin elicits more potent glucose-lowering

effects when injected to mice intraperitoneally (Pajvani et al.,

2004). The anti-diabetic drug class belonging to the PPARg ago-

nists (the thiazolidinediones, TZDs) specifically increases HMW in

adipocytes and in plasma.

In addition, Wang et al. (2002) identified four lysine sites for hy-

droxylation and following glycosylation (Lys68, 71, 80 and 104).

They showed that the mutation of all four lysines to arginines com-

pletely abolishes the assembly and secretion of HMW, and hence

reduces the biological function in vivo (Wang et al., 2006).

Likewise, Waki et al. (2003) studied human mutations with an

impact on HMW formation. The assembly of adiponectin hexamers

from trimeric building blocks requires inter-trimeric disulfide bond

formation at cysteine 39 (cysteine 36 in human adiponectin). We

found that mutating this critical cysteine to an alanine abolishes

hexamer formation and hence HMW formation. The Cys39Ala mutant

adiponectin exists predominantly as trimers in both tissue culture

studies and in a transgenic mouse model (Pajvani et al., 2003).

These findings highlight the importance of adiponectin folding and

assembly in regulation of plasma levels and complex distribution.

Intracellular adiponectin folding and assembly involves a

complex set of regulatory steps in the endoplasmic reticulum

(ER) and Golgi (Xie et al., 2006; Wang and Scherer, 2008b). We

found in a pulse-chase experiment that a significant amount of adi-

ponectin is retained intracellularly. Administration of a reducing

agent, such as dithiothreitol (DTT), acutely stimulates adiponectin

release from 3T3-L1 adipocytes (Wang et al., 2007). We went fur-

ther to show that an ER-resident chaperone ERp44 is responsible

for the intracellular thiol-mediated retention of adiponectin for

higher order complex formation. On the other hand, another ER

chaperone, Ero1, can displace adiponectin from ERp44 and

trigger disulfide bond formation to a hexamer followed by HMW

assembly. Importantly, protein levels of both chaperones are sub-

jected to pharmacological regulation with PPARg agonists (TZDs),

suggesting that TZDs may exert their impact by enhancing adipo-

nectin levels in serum by increasing chaperone production and

improving the folding environment in the ER (Wang et al., 2007).

Likewise, Qiang et al. (2007) also reported that Ero1 is critical for

adiponectin complex formation and secretion. Ero1 levels are

increased over the course of adipocyte differentiation in vitro in

parallel with the augmentation of adiponectin expression and se-

cretion. Using a yeast-based two-hybrid screen, Liu and colleagues

identified an additional adiponectin-interacting protein, DsbA-L,

which harbors disulfide bond oxidoreductase activity (Liu et al.,

2008). Both gain- and loss-of-function studies prove that DsbA-L

is indispensable for HMW formation and secretion. The ER localiza-

tion of DsbA-L is critical for adiponectin multimerization (Liu et al.,

2015). More importantly, DsbA-L is reduced under obese condi-

tions in both rodents and humans, consistent with the decreased

levels of HMW adiponectin. Combined, both the total levels and

the complex distribution of adiponectin are important indicators

of obesity, diabetes, and the overall health of the adipocyte.

Under some conditions, the ratio of HMW to total levels may

even better reflect insulin sensitivity. The further characterization

Figure 3 The biochemical properties of adiponectin. (A) The domain structure of mouse adiponectin. (B) Mouse adiponectin exists as a major

30 kDa band in reducing and denaturing SDS-PAGE. The minor upper band reflects a smaller pool with additional post-translational modifications

of adiponectin. (C) Native adiponectin shows three distinct complex forms, high molecular weight (HMW, 12–18mer), middle molecular weight

(MMW, hexamer), and low molecular weight (LMW, trimer).
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of the intracellular synthesis, folding, and assembly of adiponectin

may still reveal novel findings and may represent a novel avenue for

adiponectin targeting and diabetes intervention.

The structure

In 1998, Shapiro and Scherer solved the high resolution struc-

ture for adiponectin (Shapiro and Scherer, 1998). Due to the inev-

itable difficulties of crystalizing the hyper-variable region and the

collagenous stalk, we chose the C-terminal globular domain for

further characterization.

The tertiary structure of adiponectin reveals surprising similar-

ities with the tumor necrosis factor (TNF) family (Shapiro and

Scherer, 1998). The adiponectin structure shows an asymmetric

trimer of three identical monomers. Many structural features can

be superimposed on crystal structures for TNF family members,

even though there is no homology at the primary amino acid

level. The trimer of the adiponectin globular domain is stabilized

by a central hydrophobic interface that excludes water molecules,

located at the base of the structure. The collagenous stalk is

predicted to protrude from the base of the trimer. On the other

hand, the interface at the apex is largely hydrophilic, which may dir-

ectly interact with receptor(s). The similarity between adiponectin/

C1q family and the TNF family indicates that they may have arisen

from a common primordial molecule during evolution.

Studies from multiple labs have shown that the trimeric adipo-

nectin can lower plasma glucose by suppressing hepatic gluconeo-

genesis (Pajvani et al., 2003). Moreover, the half-life of trimeric

adiponectin is much shorter than higher order of complexes.

These findings raise an interesting possibility that a cell surface

bound ‘reductase’ may be coupled with adiponectin receptor(s).

The MMW or HMW adiponectin is firstly reduced to trimer, which

then interacts with the receptor to exert downstream biological

function. On the other hand, the bouquet shape of the HMW

adiponectin complex may create additional novel interfaces for

oligomerizing receptors. Further studies are required to identify

the reductase or other surface interacting partners for adiponectin.

The physiological role

In 2001, two key papers demonstrated for the first time the

physiological role of adiponectin and highlighted the adiponectin

axis as a potential therapeutic area for diabetes treatment (Berg

et al., 2001; Yamauchi et al., 2001). We purified native adiponectin

from a mammalian expression system, aiming to avoid any compli-

cations from the lack of post-translational modifications seen in the

bacterially expressed molecule (Berg et al., 2001). Mammalian-

produced adiponectin retains all three complexes and behaves

similarly as adiponectin from plasma. To evaluate the physiological

role of adiponectin, we injected adiponectin into wild-type (WT)

C57/BL6 mice and triggered a 4-fold increase in circulating adipo-

nectin within 2 h. We observed a decrease in blood glucose levels

at 4 h after administration, and this decrease is not associated with

any changes of plasma insulin levels. The same injection of purified

adiponectin can elicit glucose-lowering effects in both type II dia-

betic mice (such as the ob/ob mouse) and type I diabetic mice, such

as the NOD mouse and streptozotocin-treated mouse models, in

this case even with a prolonged effect (Berg et al., 2001). These find-

ings suggest that adiponectin suppresses glucose production and/

or stimulates glucose assimilation independent of insulin levels.

Using an in vitro glucose production assay, adiponectin was

shown to suppress gluconeogenesis, which was later confirmed by

an in vivo clamp analysis (Combs et al., 2001). Adiponectin adminis-

tration can achieve maximal inhibition of glucose production even in

the presence of sub-physiological levels of insulin.

In a different study, Kadowaki and colleagues showed that

adiponectin levels are decreased in either genetically obese

ob/ob or dietary obese high-fat-diet (HFD) mouse models

(Yamauchi et al., 2001). Administration of adiponectin leads to

an improvement in insulin sensitivity in db/db, HFD, or KKAy

animal models. Mechanistically, they found that adiponectin can

increaseb-oxidation in skeletal muscle and suppress lipid accumu-

lation in the liver. In a follow-up study, Kadowaki and colleagues

went further to show that both the globular and full-length adipo-

nectin molecules can stimulate 5
′AMP-activated protein kinase

(AMPK) activity in skeletal muscle, while only the full-length adipo-

nectin does so in the liver (Yamauchi et al., 2002). More important-

ly, AMPK is required for the physiological role of adiponectin in

many, though not all tissues. Collectively, adiponectin can enhance

whole body insulin sensitivity, highlighting adiponectin as an im-

portant messenger to communicate between adipose tissue and

other metabolically relevant organs.

Besides its potent effects in the periphery, adiponectin also dis-

plays central effects. Administration of adiponectin by intravenous

injection leads to movement of the protein across the blood-brain

barrier and raises the adiponectin levels in cerebrospinal fluid

(Qi et al., 2004). On the other hand, intra-cerebroventricular in-

jection of adiponectin causes a decrease in body weight and an

increase in energy expenditure, which may be mediated by up-

regulation of hypothalamic corticotrophin-releasing hormone

(CRH). Moreover, adiponectin has been found in human cerebro-

spinal fluid with a predominant distribution of the trimeric form

(Kusminski et al., 2007). Further studies are warranted to examine

the levels, complex distribution, and physiological actions of adipo-

nectin in the brain under clinically relevant conditions in human.

The receptors

Shortly after the discovery of adiponectin as a fat-derived factor,

the search for its receptor(s) began. Kadowaki and colleagues

accomplished this goal in 2003 (Yamauchi et al., 2003). They gen-

erated a cDNA library of human skeletal muscle mRNAs in Ba/F3

cells. With a series of fluorescent activated cell sorting, a cDNA

clone was found conveying the ability to serve as a strong binding

partner to globular adiponectin. This molecule, termed AdipoR1,

shows ubiquitous expression, including in skeletal muscle and

the liver. Another highly similar sequence was subsequently iso-

lated and is referred to as AdipoR2, whose expression is more

restricted to the liver. These two receptors display a surprisingly

high resemblance to each other (identity of 66.7% at the protein

level). Both R1 and R2 are integral membrane proteins, with

seven transmembrane domains of their N-terminus inside the cell

and the C-terminus facing outwards. This topology is opposite to
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that reported for all known G-protein coupled receptors. Scatchard

plot analysis and ligand binding assays revealed that AdipoR1 can

act as a high-affinity receptor for globular adiponectin, but it can

also bind full-length adiponectin, and AdipoR2 shows intermediate

affinity for both globular and full-length adiponectin molecules

(Yamauchi et al., 2003).

In the genetically obese ob/ob mouse model, both AdipoR1

and AdipoR2 show reduced expression in the liver. Forced over-

expression of either AdipoR1 or AdipoR2 by adenovirus leads to

significant improvements in whole body metabolism, which is abol-

ished in adiponectin-deficient animals (Yamauchi et al., 2007).

Mechanistically, the Kadowaki group reported that AdipoR1 re-

storation in ob/ob animals activates AMPK and causes reduction

of gluconeogenic genes in the liver and, as a consequence, glucose

production is significantly suppressed. On the other hand, AdipoR2

overexpression leads to activation of AMPK to enhance glucose

uptake and PPARa to increase fatty acid b-oxidation. Consistent

with these studies, the systemic disruption of AdipoR1 leads to

increased glucose production, while AdipoR2 knockout mice

display insulin resistance. More importantly, the administration

of purified adiponectin does not lead to glucose-lowering effects

when injected into AdipoR1/R2 double knockout mice, suggesting

these two receptors may mediate the bulk of the physiological

actions of adiponectin.

Additionally, a muscle-specific knockout of AdipoR1 leads to re-

duction in AMPK activity and decreased involuntary exercise cap-

acity (Iwabu et al., 2010). At a mechanistic level, adiponectin

administration in C2C12 myotubes causes AMPK phosphorylation

and PGC1a activation, and this process requires intact signaling

of AdipoR1 and CaMKKb. Adiponectin treatment in C2C12 myo-

tubes can trigger an increase of intracellular calcium levels,

which is critical for CaMKKb activation and downstream activation

of mitochondrial biogenesis and metabolic improvements.

Crystallization of AdipoR1 and AdipoR2 was recently achieved,

leading to the description of the structure at high resolution.

These receptors represent a novel class of structure (Tanabe et al.,

2015). Furthermore, these structures indeed suggest that the inter-

action between the ligand and receptors takes place between the

globular domain of adiponectin and the extracellular surface of the

receptors.

To elucidate the intracellular signaling of adiponectin and adipo-

nectin receptors, Dong and colleagues conducted a yeast two-

hybrid screening using the intracellular domain of AdipoR1 as the

bait (Mao et al., 2006). They identified an adaptor protein, referred

to as adaptor protein containing pleckstrin homology domain,

phosphotyrosine binding domain and leucine zipper motif

(APPL1). APPL1 interacts with both AdipoR1 and R2 and mediates

the downstream effects in AMPK activation, glucose uptake, and

lipid oxidation. The Dong group also demonstrated that APPL1 dir-

ectly enhances LKB1 cytosolic translocation and consequently acti-

vates AMPK in muscle cells (Zhou et al., 2009). On the other hand,

APPL1 forms a complex with IRS1/2 under basal conditions (Ryu

et al., 2014). After stimulation by either insulin or adiponectin,

the APPL1/IRS1/2 complex is recruited to insulin receptor and

conveys insulin signaling. APPL1 expression is significantly

reduced in the obese state, and the complete deficiency of APPL1

leads to strong systemic insulin resistance. These results suggest

that APPL1 is a critical mediator of adiponectin action in whole

body energy homeostasis.

Following the discovery of AdipoR1 and AdipoR2, Hug et al.

(2004) identified T-cadherin as an additional receptor for adiponec-

tin. Lodish and colleagues employed receptor cloning using a

similar strategy as Kadowaki and colleagues. T-cadherin specifically

binds to MMW and HMW forms of adiponectin. Interestingly, there is

no detectable interaction between T-cadherin and either globular or

bacterial-produced adiponectin, highlighting the importance of high

order complexes and eukaryotic post-translational modifications of

adiponectin for proper biological function.

T-cadherin shows abundant expression in endothelial cells and

smooth muscle cells (Hug et al., 2004). T-cadherin also plays critical

roles in adiponectin-mediated revascularization after chronic ischemia

(Parker-Duffen et al., 2013). Moreover, Denzel et al. (2010) found that

T-cadherin is expressed in cardiac myocytes and mediates the anti-

hypertrophic role of adiponectin. Deficiency of T-cadherin also

shows increased infarct size by ischemia/reperfusion and reduced

induction of AMPK. However, T-cadherin is attached to the plasma

membrane via a glycosyl phosphatidylinositol (GPI) anchor. The

intracellular signaling relay for adiponectin may therefore require

other unidentified co-receptors or AdipoR1/2.

The physiological role rediscovered: a unifying mechanism

Adiponectin exerts pleiotropic actions, i.e. it promotes insulin

sensitivity, inhibits cell death, and suppresses inflammation.

Although the receptors have been identified, much needs to be

learned regarding downstream molecules and events. A unifying

mechanism explaining the versatile roles of adiponectin under

various conditions was lacking. Using multiple animal models,

both gain- and loss-of-function, we found that an adiponectin

receptor-associated ceramidase activity may be the underlying

key mechanism explaining many of the adiponectin-related pheno-

types (Holland et al., 2011).

Ceramides are members of a diverse class of lipids that are

involved in insulin resistance, cell death, inflammation, and athero-

sclerosis (Chaurasia and Summers, 2015). Ceramidase is an

enzyme converting harmful ceramides into a beneficial class of

lipids, the sphinganines and sphingosines, including the sphingo-

sine 1-phosphate (S1P) subclass. The ratio of ceramides to S1P is

very important and has been implicated in multiple biological pro-

cesses. We found that ceramide content in the liver is increased in

either genetically obese ob/ob mice or HFD-induced obese animal

models (Holland et al., 2011). Adiponectin administration leads

to a potent decrease of hepatic ceramide levels and hence insulin

sensitization. Moreover, in HFD-fed animals, genetically-induced

increasing of adiponectin level is associated with improved

glucose tolerance and decreased ceramide content. Importantly,

these effects are independent of AMPK, as adiponectin injection

elicits similar insulin sensitization and ceramide lowering in

LKB1-deficient mice. This mechanism is well preserved in cardio-

myocytes and pancreatic b cells in vivo and in vitro. At the molecu-

lar level, we found that adiponectin receptors convey ceramidase
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activity. Overexpression of the receptors by adenovirus leads to

enhanced conversion of ceramide to S1P and consequently

confers protection against insulin resistance. Indeed, ablation of

both receptors in mouse embryonic fibroblasts diminishes

adiponectin-induced ceramidase activity and again, these effects

are AMPK independent. We proposed a universal model of action

for adiponectin, which involves ceramidase activity as the

central, receptor proximal component. More recently, we found

that genetically enhancing acid ceramidase activity in either the

liver or adipose tissue (through overexpression of acid ceramidase)

is sufficient to trigger an improvement in insulin signaling and

whole body energy homeostasis, highlighting again the import-

ance of fine-tuning the regulation of ceramides for metabolic

health (Xia et al., 2015).

Additional target cells

Adiponectin, a fat-derived hormone, plays critical roles in meta-

bolic regulation and maintenance for whole body energy homeo-

stasis. The major target organs are the liver and skeletal muscle.

Over the past two decades, numerous studies have shown that

adiponectin exerts various effects on other organs under different

contexts. Adiponectin protects kidney podocytes from cell death

and is therefore involved in protecting kidney function under

diabetic conditions (Rutkowski et al., 2013). Adiponectin can

inhibit endothelial dysfunction and suppresses atherosclerosis

(Wang and Scherer, 2008a). Moreover, adiponectin prevents

macrophage death and thus reduces lesion formation in blood

vessels. Adiponectin has also been found in the brain, where it reg-

ulates food intake and this central effect corroborates with periph-

eral actions to maintain energy homeostasis (Qi et al., 2004).

One of the most critical roles of adiponectin worthy a more exten-

sive discussion is its role in the context of heart disease (Wang and

Scherer, 2008a). Studies have shown that over two thirds of diabet-

ic patients develop heart disease, ultimately also the primary cause

of their death. It is therefore not surprising that adiponectin is

involved in the regulation of cardiac function under diabetic con-

ditions. Early studies by Walsh and colleagues found that

adiponectin deficiency leads to exacerbated cardiac hypertrophy

when subjected to pressure overloading (Shibata et al., 2004). At

the molecular level, adiponectin stimulates AMPK and suppresses

ERK activation in the heart. Overproduction of adiponectin by

adenovirus leads to improvements of cardiac hypertrophy and

cardiac function. Moreover, adiponectin administration in vitro

directly reduces cardiac cell growth, highlighting the cell autono-

mous role of adiponectin in cardiomyocytes. The Walsh group

went on to examine the role of adiponectin under cardiac ische-

mia/reperfusion (I/R) conditions, another common pathophysio-

logical challenge for the heart (Shibata et al., 2005). I/R causes

additional cardiac damage. The underlying mechanism is not

entirely known. They showed that adiponectin knockout mice

display enhanced infarction size compared with WT controls.

Similarly, overexpression of adiponectin leads to significant cardi-

oprotection against I/R injury. Adiponectin administration can

stimulate AMPK and cyclooxygenase-2 activities, both of which

antagonize apoptosis and TNFa production. These findings indi-

cate that adiponectin may play important protective roles against

heart disease.

However, a more nuanced assessment is needed here. A recent

study indicates that adiponectin can directly stimulate MEF2

activation through p38 MAP Kinase signaling in cardiomyocytes

(Dadson et al., 2015). Through this mechanism, adiponectin contri-

butes to myocardial hypertrophic gene expression under pressure

overloading. In the adiponectin transgenic mouse model, we found

significant cardiac hypertrophy at older age (Holland et al., 2011).

On the other hand, Ma and colleagues found that adiponectin pro-

tects the heart from I/R injury by inhibiting iNOS and suppression of

ROS production (Tao et al., 2007), without the involvement of

AMPK (Wang et al., 2009). They also showed that adiponectin in-

hibited TNFa-induced ICAM expression and resulting inflammation

in endothelial cells (Wang et al., 2014). These actions require an

increase of ceramidase activity, which can be recruited to the

adipoRs via caveolin-1. Further studies are warranted to delineate

the role of adiponectin in maintaining normal cardiometabolic

health under challenging conditions.

Conclusions and perspectives

Over the past 20 years, adiponectin has gained considerable

attention. Adiponectin plays versatile roles in many organs and it

does so mainly via interaction with its two receptors. In the liver,

adiponectin strongly suppresses hepatic gluconeogenesis, while

enhancing nutrient utilization in skeletal muscle. The unique fea-

tures of adiponectin make the pathway a plausible candidate to

look for therapeutic strategies for diabetes. The progress made

in the adiponectin field greatly helped us to better understand

the role of adipose tissue. The many additional adipokines

secreted from adipocytes carry metabolic clues from fat to other

tissues to communicate the state of the adipocyte under

various conditions.

Despite above, challenges remain and questions await answers.

The unusually large size of the native adiponectin complex war-

rants further examination. It is entirely possible that the HMW

form of adiponectin may carry a lipid-soluble factor. Adiponectin

demonstrates strong insulin sensitization function, which may

adversely lead to cardiac hypertrophy when constitutively over-

supplied. The adiponectin message is already amongst the most

abundant ones in adipocytes. Approaches to enhance the produc-

tion may therefore need to focus on assembly and secretion.

Adiponectin signaling involves not only the receptors, but also

accessory molecules, which may all be targeted to enhance adipo-

nectin sensitivity (Mao et al., 2006; Cheng et al., 2009). However,

adiponectin resistance may also occur at different levels, which

require further clarification. Elucidation of the role of adiponectin

will lead us to identification of more specific and efficient means

to target the metabolic disease.
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