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Abstract

Obesity-related disorders are associated with the development of ischemic heart disease.

Adiponectin is a circulating adipose-derived cytokine that is downregulated in obese individuals

and after myocardial infarction. Here, we examine the role of adiponectin in myocardial

remodeling in response to acute injury. Ischemia-reperfusion in adiponectin-deficient (APN-KO)

mice resulted in increased myocardial infarct size, myocardial apoptosis and tumor necrosis factor

(TNF)-α expression compared with wild-type mice. Administration of adiponectin diminished

infarct size, apoptosis and TNF-α production in both APN-KO and wild-type mice. In cultured

cardiac cells, adiponectin inhibited apoptosis and TNF-α production. Dominant negative AMP-

activated protein kinase (AMPK) reversed the inhibitory effects of adiponectin on apoptosis but

had no effect on the suppressive effect of adiponectin on TNF-α production. Adiponectin induced

cyclooxygenase (COX)-2–dependent synthesis of prostaglandin E2 in cardiac cells, and COX-2

inhibition reversed the inhibitory effects of adiponectin on TNF-α production and infarct size.

These data suggest that adiponectin protects the heart from ischemia-reperfusion injury through

both AMPK- and COX-2–dependent mechanisms.

Ischemic heart disease including myocardial infarction is the major cause of death in

industrial countries1,2. Obesity-linked disorders are thought to be involved in the severity

and outcome of ischemic heart disease3,4, but the link between obesity and the development

of heart disease is poorly understood at the molecular level. Adiponectin, also referred to as

ACRP30, AdipoQ and gelatin-binding protein-28 (refs. 5-7), is an adipocyte-specific

cytokine. Circulating adiponectin levels are diminished in obese individuals8 and are

inversely correlated with cardiovascular risk factors including hyperlipidemia, blood

pressure and C-reactive protein (CRP) levels9,10. It has also been shown that

hypoadiponectinemia is an independent risk factor for developing type 2 diabetes11,

hypertension12 and coronary artery disease13. Adiponectin-knockout (APN-KO) mice have

diet-induced insulin resistance14, impaired angiogenic responses to ischemia15 and

excessive cardiac remodeling after pressure overload16. Conversely, overexpression of
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adiponectin promotes insulin sensitivity and angiogenesis, and inhibits cardiac hypertrophy.

These data suggest that adiponectin functions as a mediator of obesity-linked cardiovascular

and metabolic disorders, and that it may have utility for the treatment of a number of chronic

diseases including type 2 diabetes, peripheral artery disease and hypertrophic

cardiomyopathy.

Recently, it was shown that high plasma adiponectin levels are associated with a lower risk

of myocardial infarction independent of CRP levels and glycemic status17. Furthermore, it

is recognized that adiponectin levels rapidly decline after acute myocardial infarction18.

Here, we investigate whether adiponectin confers resistance to acute ischemic injury in the

heart. We tested the effects of adiponectin on myocardial infarct size, apoptotic activity and

inflammation with loss- and gain-of-function genetic manipulations. Our observations

indicate that adiponectin is cardioprotective in the context of ischemia-reperfusion injury

through both AMPK-dependent antiapoptotic actions and cyclooxygenase (COX)-2–

dependent anti-inflammatory actions on cardiac cells.

RESULTS

Increased myocardial infarct size in APN-KO mice

We subjected wild-type and APN-KO mice to 30 min of left anterior descending (LAD)

vessel ligation followed by 48 h of reperfusion. All mice survived the surgical induction of

ischemia and reperfusion. Body weight and blood pressure did not differ between wild-type

and APN-KO mice (data not shown). Representative photographs of myocardial tissues after

staining with Evans blue dye to delineate area at risk (AAR) and 2,3,5-triphenyltetrazolium

chloride to delineate infarct area in wild-type and APN-KO mice are shown in Figure 1a.

The ratio of AAR to left ventricular area was the same in APN-KO and wild-type mice (Fig.

1b). But the ratios of infarct area to AAR and infarct area to left ventricular area were

increased 78% and 76%, respectively, in APN-KO mice compared with those of wild-type

mice. Serum creatine phosphokinase (CPK) level, an index of myocyte injury, was also

significantly higher in APN-KO mice compared with wild-type mice after ischemia and 6 h

of reperfusion (Fig. 1c).

Increased myocardial apoptosis in APN-KO mice

To investigate the extent of apoptosis in the AAR regions, we performed TUNEL staining

on the different experimental groups. Representative photographs of TUNEL-positive nuclei

in the heart are shown in Figure 1d. Quantitative analysis showed a significantly higher

proportion of TUNEL-positive cells in the myocardium of APN-KO mice compared with

wild-type mice after ischemia-reperfusion injury, whereas little or no TUNEL-positive cells

could be detected in the hearts of wild-type or APN-KO mice after sham operation (Fig. 1e).

Because AMP-activated protein kinase (AMPK) is reported to protect myocytes from

ischemia-reperfusion injury19, we assessed the phosphorylation status of AMPK at threonine

residue 172 in heart tissue by western blotting (Fig. 1f). Ischemia-reperfusion increased

phosphorylation of AMPK in wild-type hearts, but this induction was markedly attenuated in

the APN-KO hearts. Basal levels of AMPK phosphorylation were also reduced in the sham-

operated hearts of APN-KO compared to wild-type mice. Adiponectin-activated AMPK

signaling in endothelial cells is proangiogenic20, but no difference in capillary density was

detected between wild-type and APN-KO 2 d after injury (Supplementary Fig. 1 online).

Elevated production of TNF-α in APN-KO mice

Because inflammation contributes to myocardial injury after ischemia and reperfusion21, we

assessed serum and cardiac levels of TNF-α in each experimental group (Fig. 1g,h).
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Ischemia-reperfusion led to an increase in serum TNF-α in wild-type mice, consistent with

previous reports21, but the magnitude of this induction was greater in APN-KO than in wild-

type mice (Fig. 1g). Basal serum TNF-α levels in sham-operated mice were mildly elevated

in APN-KO compared with wild-type mice. We quantified Tnf mRNA (which encodes TNF-

α) in heart by real-time PCR. Cardiac Tnf mRNA was elevated by ischemia-reperfusion

injury to a greater degree in APN-KO mice than in wild-type mice (Fig. 1h). We also

measured serum levels of interleukin (IL)-1β and IL-6 in each experimental group. Both

cytokines were upregulated after ischemia-reperfusion but, in contrast to TNF-α, levels of

serum IL-1β and IL-6 did not differ between APN-KO and wild-type mice (Supplementary

Fig. 2 online).

Adiponectin supplementation is cardiac protective

To test whether increased expression of adiponectin could minimize infarct area, we

pretreated wild-type and APN-KO mice with adenoviral vectors expressing either

adiponectin (Ad-APN) or β-galactosidase (Ad-βgal) as a control. When mice were killed,

circulating adiponectin levels were 11.1 ± 1.8 μg/ml in wild-type control, 25.2 ± 4.5 μg/ml

in wild-type Ad-APN–treated, <0.05 μg/ml in APN-KO control and 14.8 ± 8.1 μg/ml in

APN-KO Ad-APN–treated mice. Both wild-type and APN-KO mice treated with Ad-APN

showed a significant decrease in infarct area after ischemia-reperfusion compared with mice

receiving the control vector (Fig. 2a). These data indicate that adiponectin replacement can

rescue the increase in infarct size seen in APN-KO mice and that overexpression of

adiponectin can protect against myocardial injury after ischemia-reperfusion in wild-type

mice.

To examine whether an increase in adiponectin levels has antiapoptotic actions in vivo, we

assessed the viability of myocardial cells by TUNEL assay in tissue sections after ischemia-

reperfusion in both wild-type and APN-KO mice treated with Ad-APN or Ad-βgal. Ad-APN

treatment decreased the frequency of TUNEL-positive cells in both the wild-type and APN-

KO mice (Fig. 2b). The reduction in myocyte apoptosis by adiponectin was associated with

increases in the regulatory phosphorylation of AMPK at Thr172 in wild-type and APN-KO

mice (Fig. 2c).

To test whether increased expression of adiponectin could decrease production of TNF-α
after infarction, we determined serum levels of TNF-α and myocardial levels of Tnf mRNA

after ischemia-reperfusion in wild-type and APN-KO mice treated with Ad-APN or Ad-

βgal. Ad-APN treatment markedly decreased serum TNF-α after infarction in both wild-type

and APN-KO mice (Fig. 2d). Ad-APN treatment also decreased Tnf mRNA in the hearts of

both wild-type and APN-KO mice (Fig. 2e).

Adiponectin inhibits apoptosis through AMPK

To analyze the antiapoptotic actions of adiponectin at a cellular level, primary cultures of

neonatal rat ventricular myocytes or fibroblasts were deprived of serum under conditions of

normoxia or hypoxia-reoxygenation in the presence or absence of recombinant adiponectin.

We examined TUNEL-positive cells after 48 h of serum deprivation or after 12 h of hypoxia

followed by 24 h of reoxygenation under conditions of serum deprivation (Fig. 3a).

Pretreatment with adiponectin diminished the frequency of TUNEL-positive cells under

normoxic conditions by 69% in cardiomyocytes and by 45% in cardiac fibroblasts (Fig. 3b).

Hypoxia-reoxygenation increased the frequency of TUNEL-positive cardiomyocytes and

cardiac fibroblasts. Pretreatment with adiponectin suppressed the frequency of TUNEL-

positive cells under conditions of hypoxia-reoxygenation by 47% in cardiomyocytes and by

62% in cardiac fibroblasts. To test whether AMPK signaling was involved in the

antiapoptotic actions of adiponectin, we pretreated cultured cardiac cells with an adenoviral
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vector expressing a dominant negative mutant of AMPK (Ad-dnAMPK). Transduction with

Ad-dnAMPK effectively suppressed adiponectin-induced phosphorylation of acetyl-CoA

carboxylase, a downstream target of AMPK, in both cardiac myocytes and fibroblasts (data

not shown), and reversed the inhibitory effects of adiponectin on apoptosis under conditions

of serum deprivation and hypoxia-reoxygenation in both cell types (Fig. 3c). In contrast,

treatment with the COX-2 inhibitor NS398 had no effect on the protective actions of

adiponectin on apoptosis of cardiac myocytes or fibroblasts (Supplementary Fig. 3 online).

Adiponectin inhibits TNF-α production through COX-2

Cardiac cells produce TNF-α when stimulated with lipopolysaccharide (LPS)22. To test the

effects of adiponectin on production of TNF-α, we subjected cultured neonatal cardiac

myocytes and fibroblasts to stimulation with LPS for 6 h in the presence or absence of

adiponectin. We determined the accumulation of TNF-α in the culture medium by ELISA.

Exposure to LPS increased the secretion of TNF-α by 42-fold in cardiomyocytes and 15-fold

in cardiac fibroblasts, and pretreatment with adiponectin markedly inhibited LPS-induced

production of TNF-α in both cell types (Fig. 4a and Supplementary Fig. 4 online). In

contrast to the effects on cell viability, transduction with Ad-dnAMPK had little or no effect

on LPS-induced production of TNF-α in either cell type.

Prostaglandin E2 (PGE2) inhibits LPS-induced production of TNF-α in monocytic cells23,24.

Therefore, we assessed whether adiponectin regulates the synthesis of PGE2 in cardiac cells.

Adiponectin stimulated the production of PGE2 in both myocytes and fibroblasts (Fig. 4b

and Supplementary Fig. 4 online). Adiponectin-stimulated production of PGE2 was inhibited

by the selective COX-2 inhibitor NS398 but not by transduction with Ad-dnAMPK. LPS

increased production of PGE2 in cardiac neonatal myocytes and fibroblasts, consistent with

observations in other cell types25, and adiponectin further augmented the production of

PGE2 under these conditions in a COX-2–dependent, AMPK-independent manner (Fig. 4b

and Supplementary Fig. 4 online). In separate experiments, exogenous PGE2 at a

concentration of 350 pg/ml inhibited LPS-induced TNF-α production by 91% ± 4% in

myocyte cultures (data not shown), indicating that functionally relevant levels of PGE2 are

produced in response to adiponectin stimulation in vitro. Adiponectin also increased the

expression of COX-2, the rate-limiting step for PGE2 synthesis, in both basal and LPS-

stimulated myocytes and fibroblasts (Fig. 4c and Supplementary Fig. 4 online). This

induction was not suppressed by transduction with Ad-dnAMPK in either cell type. Finally,

we also examined the effects of adiponectin on this regulatory system in cultures of rat

cardiac myocytes prepared from adult left ventricle. Adiponectin inhibited LPS-induced

production of TNF-α, enhanced production of PGE2 in the presence or absence of LPS and

increased basal and LPS-stimulated expression of COX-2 (Supplementary Fig. 5 online).

The cardioprotective actions of PGE2 are mediated, at least in part, by the EP4 receptor that

is highly expressed in heart26. Thus, to test whether EP4 participates in the inhibitory effect

of adiponectin on secretion of TNF-α, we treated neonatal cardiac myocytes or fibroblasts

with the EP4 receptor–selective antagonist AH23848 and then assessed LPS-induced

production of TNF-α. AH23848 reversed the inhibitory actions of adiponectin on LPS-

induced secretion of TNF-α from both myocytes and fibroblasts (Fig. 4d and Supplementary

Fig. 4 online). The COX-2 inhibitor NS398 also blocked the suppressive effect of

adiponectin on LPS-induced secretion of TNF-α from myocytes and fibroblasts.

Collectively, these data suggest that adiponectin suppresses LPS-induced secretion of TNF-

α through a COX-2–PGE2–EP4–dependent pathway that is independent of AMPK signaling.
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COX-2 contributes to the protective actions of adiponectin

To examine the role of COX-2 signaling in the cardioprotective action of adiponectin in

vivo, we administered daily intraperitoneal injections of the COX-2 inhibitor NS398 (5 mg/

kg) from 3 d before surgery until mice were killed. Although NS398 did not affect infarct

size in Ad-βgal–treated wild-type and APN-KO mice, it abrogated the infarct-sparing

actions of exogenous adiponectin by 53% in wild-type and 48% in APN-KO mice (Fig. 5a).

Consistent with the results from LPS-stimulated cardiac myocyte and fibroblast cultures

(Fig. 4d and Supplementary Fig. 4 online), NS398 significantly reversed the suppressive

effect of adiponectin on serum levels of TNF-α after infarction in both wild-type and APN-

KO mice (Fig. 5b). Treatment with NS398 also abrogated the adiponectin-induced decrease

in TUNEL-positive cells in wild-type and APN-KO mice (Fig. 5c). NS398 did not affect

apoptosis or serum levels of TNF-α in Ad-βgal–treated wild-type or APN-KO mice. These

data indicate that COX-2–dependent signaling contributes to the protective action of

adiponectin in myocardial ischemia-reperfusion injury through the suppression of

inflammatory cytokines and improved cell survival.

Recombinant adiponectin protein minimizes infarct size

To test whether administration of adiponectin could minimize infarct area before or after

ischemia-reperfusion, we administered recombinant adiponectin (1.0 μg/g) to wild-type

mice either 30 min before the induction of ischemia, during ischemia or 15 min after

reperfusion. The administration of adiponectin at any of these time points led to a reduction

in infarct size relative to control mice (Fig. 5d). To examine the effect of adiponectin on

hemodynamic properties, we measured left ventricular end-diastolic pressure (LVEDP) and

the derivative of left ventricular pressure (dP/dt) using a micromanometer-tipped catheter at

24 h after ischemia-reperfusion surgery in wild-type mice that had received 1.0 μg/g

adiponectin or vehicle 15 min before ischemia. Whereas control mice showed a marked

elevation in LVEDP, the increase in LVEDP diminished in the adiponectin-treated animals

(Fig. 5e). Furthermore, pretreatment with adiponectin increased dP/dtmax and decreased dP/

dtmin at 24 h after ischemia-reperfusion (Fig. 5f). Finally, to test whether adiponectin affects

echocardiographic parameters, we measured left ventricular fractional shortening by

echocardiography on day 7 after operation in wild-type mice (Fig. 5g). Treatment with

adiponectin before ischemia-reperfusion led to a statistically significant increase in

fractional shortening, indicative of improved myocardial remodeling.

Discussion

Our data provide evidence that adiponectin confers resistance to acute myocardial damage.

Adiponectin-deficient mice showed increased infarct size after ischemia-reperfusion,

whereas exogenous adiponectin reduced infarct size in both adiponectin-deficient and wild-

type mice. It has been shown in men that plasma adiponectin is a marker of risk for

myocardial infarction17. The current study suggests that this reduction in adiponectin level is

a causal factor that contributes to the severity of infarction. Adiponectin protects the heart

from injury in response to ischemia-reperfusion through at least two mechanisms:

improvements in viability of myocardial cells and suppression of cardiac production of

TNF-α (Fig. 5h). The antiapoptotic action of adiponectin is likely to be mediated by the

direct activation of AMPK signaling within cardiac myocytes. Consistent with this

hypothesis, ex vivo experiments have shown that the expression of dominant negative

AMPK in the heart from a cardiac myocyte–specific promoter leads to increased apoptosis

and cardiac dysfunction after ischemia-reperfusion injury19. Furthermore, here we show that

the level of activated AMPK was reduced in the hearts of APN-KO mice. Transduction with

dominant negative AMPK abrogated the antiapoptotic activities of adiponectin in cardiac

myocytes in response to serum deprivation and hypoxia-reoxygenation in vitro. Fibroblasts
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in the heart also participate in remodeling after ischemia27, and here we show that

adiponectin also protected cardiac fibroblasts from apoptosis through an AMPK-dependent

mechanism. Adiponectin stimulation inhibits apoptosis of endothelial cells through an

AMPK-dependent mechanism20,28, and this feature could also contribute to the protective

action of adiponectin. But we detected no significant difference in capillary density between

wild-type and APNKO mice 2 d after ischemia-reperfusion injury, suggesting that the effect

of adiponectin on infarct size is not mediated by the angiogenic properties of this cytokine at

this early time point. Finally, administration of adiponectin reduced CPK release into the

circulation, indicative of diminished myocardial necrosis. This effect may be mediated by

the ability of adiponectin to increase AMPK-induced glucose transport29.

The mechanisms by which adiponectin suppress inflammatory reactions are poorly

understood. Here we show that adiponectin functions to suppress myocardial production of

TNF-α in vitro and in vivo. The increased production of proinflammatory cytokines is an

important component of postischemic myocardial injury30,31. Studies have shown that TNF-

α–deficient mice have decreased myocardial damage in response to ischemia-reperfusion

injury and that treatment with TNF-α–specific antibody limits the damage caused by acute

myocardial injury in rat hearts ex vivo32,33. Clinically, the reduction of plasma adiponectin

levels after acute myocardial infarction is negatively correlated with plasma CRP levels18,

suggesting that hypoadiponectinemia is associated with an increased inflammatory response

to acute myocardial ischemia. We found that adiponectin deficiency resulted in markedly

higher TNF-α levels in the serum and heart tissue after ischemia-reperfusion injury, whereas

elevated adiponectin expression reduced serum and myocardial TNF-α levels in both APN-

KO and wild-type mice. Adiponectin also suppressed LPS-induced production of TNF-α in

cultured cardiac myocytes and fibroblasts. This anti-inflammatory action was independent of

AMPK signaling.

Our results indicate that the inhibitory action of adiponectin on myocardial production of

TNF-α results from an activation of the COX-2–PGE2–EP4 pathway. COX-2 has important

protective roles in the regulation of myocardial damage after ischemia-reperfusion

injury34,35, and it could function to limit oxidative damage in the heart36. Furthermore, the

COX-2 metabolite PGE2 protects hearts from ischemia-reperfusion injury, an effect that is

mediated by the EP3 and EP4 receptor subtypes26,37. We found that adiponectin increased

expression of COX-2 and release of PGE2 from myocytes and fibroblasts in an AMPK-

independent manner. COX-2 also produces PGI2, which is reported to have cardioprotective

effects against ischemia-reperfusion injury38.

The protective action of adiponectin overexpression on myocardial infarct size was inhibited

when we administered a COX-2 inhibitor to either wild-type or APN-KO mice. Abrogation

of adiponectin-protective actions by inhibition of COX-2 was associated with increases in

apoptosis and production of TNF-α. In contrast, in vitro studies showed that the

antiapoptotic actions of adiponectin were not reversed by inhibition of COX-2. These data

suggest a complex interplay between COX-2–dependent production of TNF-α and cell-death

pathways in the heart that are not reflected by experiments with cultured cardiac cells (Fig.

5h). In this regard, production of TNF-α after ischemia-reperfusion injury has been shown to

have a major role in apoptosis and myocardial damage39,40. Presumably, the proapoptotic

actions of COX-2 inhibition are only observed in vivo because cardiac levels of TNF-α are

higher than those produced in the cell-culture experiments or because a large portion of the

apoptosis observed in vivo is the consequence of inflammatory cell infiltration in response to

this cytokine.

Notably, inhibition of COX-2 had no detectable effect on infarct size in untreated mice.

These data are consistent with reports showing that although COX-2 is required for late
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preconditioning, treatment with COX-2 inhibitors does not result in a statistically significant

increase in infarct size34,41,42. The inability of COX-2 inhibitors to influence infarct size in

untreated mice could result from the decline in adiponectin levels that occurs in response to

acute myocardial injury. In our studies, adiponectin levels declined 32% after ischemia-

reperfusion injury (data not shown), which is comparable to the 29% decrease found in men

72 h after a myocardial infarction18. Recent clinical trials indicate that treatment with

selective COX-2 inhibitors results in an increased risk for myocardial infarction and other

serious cardiovascular events43,44. The adverse effects of COX-2 inhibitors on

cardiovascular events are thought to result from a perturbation of vascular homeostasis due

to reduced synthesis of prostacyclin45. Our data suggest that inhibition of COX-2 could also

contribute to the severity of myocardial infarction by interfering with the protective actions

of adiponectin on cardiac myocytes.

Previous studies have shown that adiponectin might have potential utility for the treatment

of a variety of chronic diseases including obesity46, insulin resistance47,48 and hypertrophic

cardiomyopathy16. But adiponectin is an abundant serum protein and its long-term

administration could be problematic. Here, it is shown that adiponectin can limit the damage

from an acute myocardial infarction, suggesting that the short-term administration of this

factor may have practical clinical utility.

METHODS

Materials

We purchased phosphorylated AMPK (Thr172) and pan-α-AMPK from Cell Signaling

Technology. We purchased COX-2–specific antibody and NS398 from Cayman Chemical

Co; tubulin-specific antibody from Oncogene; phosphorylated ACC (Ser79), ACC and c-

Myc–specific tag antibody from Upstate Biotechnology. We purchased LPS of E. coli 0127

and AH23848 from Sigma Chemical Co. We prepared recombinant mouse adiponectin in E.

coli as described previously20. Adenovirus vectors containing the gene for β-galactosidase

(Ad-βgal), full-length mouse adiponectin (Ad-APN) and dominant negative AMPKα2 (Ad-

dnAMPK) were described previously14,49.

Mouse model of myocardial ischemia-reperfusion

Studies using APN-KO and wild-type mice in a C57BL/6 background were approved by the

Institutional Animal Care and Use Committee at Boston University14. We anesthetized 10–

12-week-old mice with sodium pentobarbital. We cannulated the trachea with a

polyethylene tube connected to a respirator with a tidal volume of 0.6 ml (110 breaths/min).

We performed left thoracotomy between the fourth and fifth ribs. We removed the

pericardial tissue and visualized the LAD artery under a microscope and ligated it with 8-0

silk suture using a snare occluder. We subjected mice to 30 min of LAD ligation followed

by 48 h of reperfusion. In some experiments, we injected 2 × 108 plaque-forming units of

Ad-APN or Ad-βgal into the jugular vein of mice 3 d before the ischemia-reperfusion injury.

We determined mouse adiponectin levels by ELISA kit (Otsuka Pharmaceutical Co. Ltd.)16.

In some experiments, we intraperitoneally injected the COX-2 inhibitor NS398 (5 mg/kg/d)

or vehicle (dimethylsulfoxide) into the abdomen of the APN-KO and wild-type mice from 3

d before ischemia-reperfusion injury and until the mice were killed. In other experiments,

we injected recombinant adiponectin or PBS vehicle into the jugular vein of mice at 30 min

before LAD ligation, after 15 min of LAD ligation or 15 min after reperfusion. We

performed hemodynamic measurements after 24 h of reperfusion using a 1.4F catheter tip

micromanometer (ARIA, Millar Instruments) inserted through the right carotid artery into

the left ventricular cavity. We analyzed the first derivative of left ventricular pressure (dP/

dt) using Power Lab SP Software (Ad Instruments). We performed echocardiography with
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an Acuson Sequoia C-256 machine using a 15-MHz probe. We calculated fractional

shortening as (LVEDD − LVESD)/LVEDD × 100 and expressed the result as a percentage.

LVEDD is left ventricular end diastolic dimension and LVESD is left ventricular end

systolic dimension.

Determination of area at risk and infarct size

We reoccluded the LAD artery, and injected 1 ml of 1.0% Evans blue (Sigma Chemical Co.)

through the jugular vein to delineate the nonischemic tissue. We then excised the heart,

washed it with PBS and cut it into four transverse slices. We stained slices for 5 min at 23

°C with 1.0 ml of 1.5% 2,3,5-triphenyltetrazolium chloride (Sigma Chemical Co.) to

determine infarct area. We weighed sections and photographed them under a microscope.

We determined left ventricular area, AAR and infarct area by computerized planimetry

using Image J software. We expressed infarct area as a percentage of the AAR and left

ventricular area.

Analysis of myocardial injury and apoptosis

We assessed an index of myocyte injury by determining the release of CPK (Catachem Inc.).

We collected blood from tail veins at 6 h after operation. We qualitatively analyzed

myocardial apoptosis by TUNEL staining as previously described50. We examined five

randomly chosen microscopic fields from four different sections in each tissue block for

each mouse specimen.

Measurement of TNF-α
We quantified plasma TNF-α with the use of ELISA kits (R&D Systems). We quantified Tnf

mRNA in myocardium by real-time PCR. We prepared total RNA using a Qiagen kit. We

produced cDNA using ThermoScript RT-PCR Systems (Invitrogen). We performed PCR on

iCycler iQ Real-Time PCR Detection System (BIO-RAD) using SYBR Green 1 as a double-

standard DNA-specific dye (Applied Biosystems)9. We used the following primers: 5′-
CATCTTCTCAAAATTCGAGTGACAA-3′, and 5′-
TGGGAGTAGACAAGGTACAACCC-3′ for Tnf and 5′-
TCACCACCATGGAGAAGGC-3′ and 5′-GCTAAGCAGTTGGTGGTGCA-3′ for Gapdh.

Cell culture and adiponectin treatment

We prepared primary cultures of neonatal and adult rat ventricular myocytes as described

previously. We cultured neonatal myocytes in DMEM containing 7% FCS16. We cultured

adult myocytes in ACTT medium. We cultured neonatal rat ventricular nonmyocytes, which

are predominantly fibroblasts, in DMEM containing 1% FCS and passaged them with

trypsin-EDTA. We examined cell number and TUNEL-positive cells after serum deprivation

for 48 h under normoxic conditions or 12 h of hypoxia (<1% O2 and 5% CO2, 37 °C)

followed by 24 h of reoxygenation (21% O2 and 5% CO2, 37 °C) in the presence or absence

of recombinant adiponectin (30 μg/ml). We generated hypoxia by using a GasPak Plus

system (Becton Dickinson). We pretreated myocyte cultures for 18 h in the presence or

absence of bacterially produced adiponectin20 (30 μg/ml) and subjected them to LPS

stimulation (1 μg/ml) for 6 h. In other experiments, we preincubated the cells with AH23848

(100 μM), NS398 (2 μM) or vehicle for 30 min before adiponectin treatment. We infected

cells with Ad-βgal and Ad-dnAMPK at a multiplicity of infection of 50 for 24 h before

treatments. We measured levels of TNF-α, IL-1β and IL-6 using ELISA (R&D Systems).

We also determined PGE2 concentrations by ELISA (Cayman Chemical Co.).
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Western blot analysis

We homogenized tissue samples obtained at 48 h after surgery and separated proteins (30

μg) with denaturing SDS 10% polyacryl-amide gels. After transfer to membranes, we

performed immunoblot analysis with the indicated antibodies at a 1:1,000 dilution. This was

followed by incubation with secondary antibody conjugated with horseradish peroxidase at a

1:5,000 dilution. We used the ECL-PLUS Western Blotting Detection kit (Amersham

Pharmacia Biotech) for detection. We normalized the relative changes to the tubulin signal

and expressed them as percent relative to control.

Statistical analysis

Data are presented as mean ± s.d. We performed statistical analysis using Scheffe F test or

analysis of variance to determine group differences. A value of P < 0.05 was accepted as

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Increased myocardial infarction, myocardial apoptosis and TNF-α expression in APN-KO

mice subjected to ischemia-reperfusion injury. (a) Representative pictures of myocardial

tissues from wild-type (left) and APN-KO (right) mice at 48 h after ischemia-reperfusion.

The nonischemic area is indicated by blue, the AAR by red and the infarct area by white. (b)

Quantification of infarct size in wild-type (n = 7) and APN-KO (n = 7) mice. AAR/LV, ratio

of AAR to left ventricular area; IA/AAR, ratio of infarct area to AAR; IA/LV, ratio of

infarct area to left ventricular area. (c) Release of CPK from wild-type (n = 4) and APN-KO

mice (n = 4) after sham operation or ischemia-reperfusion. (d) Representative photographs

of TUNEL-stained heart sections from wild-type and APN-KO mice at 48 h after sham

operation or ischemia-reperfusion. Apoptotic nuclei were identified by TUNEL staining

(green) and total nuclei by DAPI counterstaining (blue). (e) Quantitative analysis of

apoptotic nuclei from wild-type (n = 5) and APN-KO mice (n = 5) hearts after sham

operation or ischemia-reperfusion. TUNEL-positive nuclei are expressed as a percentage of

the total number of nuclei. (f) Phosphorylation of AMPK in heart tissues from wild-type and
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APN-KO mice at 48 h after sham operation or ischemia-reperfusion. (n = 4 hearts per

group). (g) Serum levels of TNF-α, determined by ELISA, in wild-type (n = 5) and APN-

KO (n = 5) mice at 48 h after sham operation or ischemia-reperfusion.

(h) Myocardial levels of Tnf transcript in wild-type (n = 5) and APN-KO (n = 5) mice. Tnf

mRNA in myocardium of wild-type and APN-KO mice were quantified by RT-PCR.

Results are presented as mean ± s.d. WT, wild-type; I/R, ischemia-reperfusion.
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Figure 2.

Adenovirus-mediated expression of adiponectin diminishes infarct size, apoptosis and TNF-

α production after ischemia-reperfusion in wild-type (WT) and APN-KO mice. Ad-APN (2

× 108 plaque-forming units total) was delivered intravenously through the jugular vein 3 d

before ischemia-reperfusion injury. (a) Quantification of infarct size in wild-type (n = 4) and

APN-KO (n = 4) treated with Ad-APN or Ad-βgal (control) at 48 h after surgery. AAR/LV,

ratio of AAR to left ventricular area; IA/AAR, ratio of infarct area to AAR; IA/LV, ratio of

infarct area to left ventricular area. (b) Quantitative analysis of apoptotic nuclei from wild-

type (n = 4) and APN-KO (n = 4) mice hearts treated with Ad-APN or Ad-βgal after

ischemia-reperfusion. TUNEL-positive nuclei were counted in several randomly selected

fields and expressed as a percentage of the total number of nuclei. (c) Phosphorylation of

AMPK in heart tissues of wild-type and APN-KO mice treated with Ad-APN or Ad-βgal at

48 h after sham operation or ischemia-reperfusion. AMPK phosphorylation (P-AMPK) and

total AMPK in myocardium was analyzed by western blotting. Phosphorylation levels of

AMPK were quantified and expressed relative to untreated WT. Immunoblots were

normalized to total loaded protein (n = 4 hearts per experimental group). (d) Serum levels of

TNF-α, in wild-type (n = 4) and APN-KO (n = 4) mice treated with Ad-APN or Ad-βgal at

48 h after ischemia-reperfusion. (e) Myocardial levels of Tnf transcript in wild-type (n = 4)

and APN-KO (n = 4) mice treated with Ad-APN or Ad-βgal at 48 h after ischemia-

reperfusion. Results are presented as mean ± s.d.
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Figure 3.

AMPK-dependent inhibition of cardiac myocyte and fibroblast apoptosis by adiponectin.

Rat neonatal myocytes and fibroblasts were treated with adiponectin (30 μg/ml) or vehicle in

serum-free media for 48 h under normoxic conditions or 12 h under hypoxic conditions

followed by 24 h of reoxygenation. (a) Representative photomicrographs of TUNEL-

positive cardiac myocytes and fibroblasts. Apoptotic nuclei were identified by TUNEL

staining (green) and total nuclei by DAPI counterstaining (blue). (b) Quantitative analysis of

TUNEL-positive cells under conditions of normoxia or hypoxia-reoxygenation with

adiponectin (APN) or vehicle. TUNEL-positive nuclei were counted in several randomly

selected fields and expressed as a percentage of the total number of nuclei. (c) Effect of Ad-
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dnAMPK on adiponectin inhibition of myocyte and fibroblast apoptosis under conditions of

normoxia or hypoxia-reoxygenation. Cells were transduced with Ad-dnAMPK or Ad-βgal

(control) for 24 h and then treated with adiponectin or vehicle under conditions of normoxia

or hypoxia-reoxygenation. Results are presented as mean ± s.d. (n = 3).
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Figure 4.

Adiponectin suppresses LPS-induced secretion of TNF-α from neonatal myocytes through a

COX-2–dependent pathway. (a) Effect of adiponectin (APN) on LPS-induced production of

TNF-α. TNF-α levels in media were determined by ELISA. Mock-transduced cells were

compared with cells that were transduced with Ad-dnAMPK or Ad-βgal for 24 h, and then

treated with adiponectin or vehicle, and stimulated with or without LPS. (b) Adiponectin

stimulates secretion of PGE2 from cardiac myocytes. Pretreatment with the COX-2 inhibitor

NS398 blocked adiponectin-stimulated production of PGE2 in the presence or absence of

LPS. Transduction with Ad-dnAMPK did not affect adiponectin-induced production of

PGE2. Transduction with Ad-βgal had no effect on production of PGE2. (c) Effect of

adiponectin on expression of COX-2 in myocytes. Transduction with dominant negative

AMPK did not affect induction of COX-2 in cultured cardiac myocytes. (d) Contribution of

the COX-2–PGE2 pathway to adiponectin inhibition of LPS-induced production of TNF-α
from myocytes. Cells were pretreated with a EP4-selective antagonist, AH23848, NS398 or

vehicle, treated with adiponectin or vehicle and stimulated with or without LPS. Results are

presented as mean ± s.d. (n = 3–5). N.S., not statistically significant.
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Figure 5.

Inhibition of COX-2 partially prevents the protective actions of adiponectin on myocardial

infarct size after ischemia-reperfusion injury in wild-type (WT) and APN-KO mice. (a) The

COX-2 inhibitor NS398 was injected intraperitoneally from 3 d before ischemia-reperfusion

injury until mice were killed, and Ad-APN or Ad-βgal was injected into the jugular vein 3 d

before surgery. Infarct size in the heart tissue was quantified (n = 5 mice per experimental

group). IA/AAR, ratio of infarct area to AAR. (b) NS398 reversed the suppressive effect of

adiponectin on serum levels of TNF-α, after infarction in both wild-type (WT) and APN-KO

mice. (c) NS398 increased the frequencies of TUNEL-positive cells after ischemia-

reperfusion in Ad-APN-treated wild-type and APN-KO mice. (d) Administration of

recombinant adiponectin minimized the effects of ischemia-reperfusion on infarct size and

heart function. Quantification of infarct size in wild-type mice treated with recombinant

adiponectin before, during and after ischemic injury (n = 5 per group). *P < 0.01, **P <

0.05 versus vehicle. (e) Effect of recombinant adiponectin on left ventricular end-diastolic

pressure (LVEDP) in wild-type mice at 24 h after sham operation or ischemia-reperfusion.

Recombinant adiponectin (1.0 μg/g) or vehicle was injected in wild-type mice before

ischemia-reperfusion (n = 5). (f) Left ventricular dP/dt in wild-type mice (n = 5) treated with

adiponectin (1.0 μg/g) or vehicle at 24 h after sham operation or ischemia-reperfusion. (g)

Left ventricular fractional shortening assessed by echocardiography in wild-type (n = 4)

treated with recombinant adiponectin (1.0 μg/g) at 7 d after ischemia-reperfusion. (h)

Adiponectin protects the myocardium from cardiac injury in response to ischemia by

protecting cardiac cells from apoptosis through activation of AMPK signaling and by the

suppression of cardiac production of TNF-α by the activation of the COX-2–PGE2 pathway.
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