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ABSTRACT 
 

Introduction: Leptin, a product of the ob gene, is a 16-kDa peptide synthesized 

primarily by white adipose tissue. It is also produced in the heart, suggesting that it 

has a cardioprotective effect. AMP-activated protein kinase (AMPK) is a 

serine/threonine protein kinase that plays a key role in cardioprotection in the 

abnormal heart. However, it is not clear whether AMPK-mediated cardioprotection 

influences the effects of leptin in cardiac muscle. Here, I investigated the 

mechanism of cardioprotection in leptin preconditioning and the relationship 

between leptin preconditioning-induced cardioprotection and the regulation of 

AMPK. 

Methods: A rat ischemia model was constructed using left anterior descending 

coronary artery occlusion (CAO). Infarct size was measured to evaluate the 

cardioprotective effect. A rat cardiac myoblast cell line (H9c2) was used to 

investigate the cardioprotective mechanism of leptin. 

Results: Leptin decreased myocardial infarct size in rat cardiac ischemic 

reperfusion model. The effect of leptin was abolished in combination with 

compound C, an AMPK inhibitor or NAC, a ROS scavenger. Leptin phosphorylated 

AMPK dose- and time-dependently in H9c2 cells. Leptin also induced generation of 

reactive oxygen species (ROS) dose- and time-dependently in H9c2 cells. AMPK 

phosphorylation by leptin was abolished in combination with NAC, however, 

leptin-induced ROS generation was not affected by compound C. Therefore, Leptin 



 

 

induced generation of ROS followed by activation of AMPK. Activated AMPK 

decreased cardiac ischemic damage. 

Conclusions: AMPK activation plays a key role in leptin preconditioning-induced 

cardioprotection. Leptin-induced ROS generation results in AMPK activation. 

 

------------------------------------- 

Keywords: Leptin, Cardioprotection, AMPK, ROS, Ischemia, CAO  
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INTRODUCTION 

 

Leptin, a product of the ob gene, is synthesized primarily by white adipose tissue 

(Zhang et al., 1994). Leptin is present in human serum at around 10-40 ng/ml 

(Considine and Caro, 1996) and the level of circulating leptin is proportional to the 

total amount of fat in the body. In addition to white adipose tissue (the major source 

of leptin), it can also be produced in various tissues, such as brown adipose tissue, 

placenta (syncytiotrophoblasts), ovaries, skeletal muscle, stomach (the lower part of 

the fundic glands), mammary epithelial cells, bone marrow, pituitary, and liver 

(Margetic et al., 2002). In spite that the primary function of leptin is known to be 

the regulation of food intake and energy expenditure, other functions mediated by 

direct actions on pheripheral organs are also recognized. In the pancreatic β-cells, 

leptin activates the ATP-sensitive potassium (KATP) channels trafficking to the 

surface membrane via AMP-activated protein kinase (AMPK) activation (Park et al., 

2013). In the cardiovascular system, leptin is also produced by the heart, suggesting 

that it may act locally to mediate physiological effects (Purdham et al., 2004). 

Leptin modulates the immune response to atherosclerosis, of which obesity is a 

predisposing factor (Taleb et al., 2007). Leptin is also involved in the regulation of 

arterial pressure (Shek et al., 1998; Satoh et al., 1999; Shirasaka et al., 2003). For 

example, the leptin deficient ob/ob mice exhibit reduced arterial pressure as 

compared to their lean wild type controls despite being massively obese (Mark et al., 

1999). On the other hand, chronic infusion of leptin or transgenic overexpression of 



２ 

 

leptin elevated arterial pressure in spite of body weight reduction (Shek et al., 1998; 

Carlyle et al., 2002). Importantly, adrenergic blockade reverses leptin-induced 

arterial pressure increase highlighting the importance of the sympathetic nervous 

system in mediating the pressor effect of leptin (Carlyle et al., 2002). Effects of 

leptin on the heart was suggested in several studies strongly suggested in a recent 

study showing that cardioprotective effects of ischemic postconditioning is 

abolished in leptin-deficient ob/ob mice (Bouhidel et al., 2008). However, signaling 

mechanisms involved in leptin-induced cardiac protection remains unclear.  

The metabolic actions of leptin are mediated via leptin receptor modulation (Zabeau 

et al., 2003). The leptin receptor, a product of db/db gene, belongs to the class I 

cytokine receptor family (Tartagila, 1997). Despite the existence of many splice 

variants of the leptin receptor, the longest isoform of leptin receptor, LepRb, has 

been shown to have full signaling capacity (Tartagila, 1997). A large number of 

signaling pathways have been associated with the LepRb. Leptin binding to LepRb 

leads to the activation of at least three major signaling pathways, such as the 

JAK/STAT pathways, the phosphatidylinositol-3 kinase (PI3K)-Akt (protein kinase 

B) and the mitogen-activated protein kinase (MAPK) pathways, and the AMP-

activated protein kinase (AMPK) pathways. JAK/STAT pathways and 

PI3K/Akt/MAPK pathways are involved in the reperfusion injury salvation kinase 

(RISK) pathway (Hausenloy & Yellon, 2006; 2009), so that their activation by 

leptin may have potentials for protecting the myocardium against ischemia-

reperfusion (I/R) injury. Indeed, there are reports that leptin induced 
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cardioprotection via JAK/STAT signaling (Smith et al., 2010) and 

PI3K/Akt/MAPK signaling (Smith et al., 2006). Involvement of AMPK in leptin 

effects was first shown in the stimulation of fatty acid oxidation in muscle by 

inhibiting acetyl coenzyme A carboxylase (Minokoshi et al., 2002), but in the heart 

the contribution of AMPK signaling in leptin effects is controversial. Leptin was 

shown to activate cardiac fatty acid oxidation, but it was independent of AMPK 

(Atkinson et al., 2002). Leptin exerted anti-apoptotic effects in H9c2 cells via 

MAPK and AMPK signaling (Shin et al., 2009). Considering that AMPK is 

involved in cardioprotective effect in ischemic preconditioning (Nishino et al., 2004; 

Sukhodub et al., 2007), it will be of particular interest to investigate whether leptin 

activates AMPK signaling in cardiaomyocytes and if so leptin-induced AMPK 

signaling contributes to leptin-induced cardioprotection. 

AMPK is a serine/threonine protein kinase that is sensitive to a broad spectrum of 

stresses, especially those that cause changes in cellular energy status. AMPK is a 

heterotrimeric complex composed of catalytic α-subunits. Each subunit exists in 

multiple isoforms encoded by separate genes (α1, α2, β1, β2, γ1, γ2 and γ3) and 

their combinations give rise to a variety of AMPK holoenzymes. Phosphorylation of 

threonine 172 in the catalytic domain of the α-subunit of AMPK, which is required 

for its activation, is mediated by increase in AMP or by upstream kinase such as 

liver kinase B (LKB) or calmodulin-dependent protein kinase kinase-b (CaMKKb) 

(Estañ et al., 2012; Hawley et al., 2005; Jaswal et al., 2010; Woods et al., 2005). In 

spite that AMPK activation is associated with myocardial ischemia (Calvert et al., 
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2008; Kim et al., 2011; Lotz et al., 2011), it is not clear whether its activation has 

beneficial effects. A role of AMPK signaling in mediation of the effects of leptin 

has been demonstrated in skeletal muscle and the hypothalamus (Kahn et al., 2005), 

while in cardiomyocytes, the mechanism of leptin-induced AMPK activation is 

unclear and the effect of AMPK in cardioprotection controversial. Furthermore, the 

role of AMPK in leptin-induced cardioprotection has not been investigated. 

Therefore, this study investigated the cardioprotective mechanism of leptin, 

especially leptin preconditioning, and the relationship between leptin 

preconditioning-induced cardioprotection and the regulation of AMPK. 
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MATERIALS AND METHODS 

 

Animals 

 

The experiments were performed using Sprague-Dawley (SD) rats (male, 250-300 g, 

Orientbio Inc., Seoul, Korea). The animals were kept in a storage room under 

constant temperature (23±3°C), relative humidity (50±10%) and illumination (12-h 

light/dark cycles) until the initiation of the experiment. All animals were fed with 

standard animal chow daily and had access to drinking water ad libitum. Animals 

were randomized into groups. All animal handling procedures were performed in 

accordance with the guidelines of the Institutional Animal Care and Use Committee 

of our institute (IACUC). 

 

Drugs and reagents 

 

Leptin, 5-aminoimidazole-4-carboxamide-1-b-riboside (AICAR), N-acetyl-L-

cysteine (NAC), 2,3,5-triphenyltetrazoliumchloride (TTC), CoCl2, hydrogen 

peroxide and glibenclamide were purchased from Sigma-Aldrich (St. Louis, USA). 

Compound C was purchased from Calbiochem (Darmstadt, Germany).  

 

Preparation of the rat ischemic model 
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Male SD rats were anesthetized with sodium pentobarbital (50 mg/kg intravenous 

bolus) via the tail vein. After tracheotomy and tracheal cannulation, the animals 

were artificially ventilated (CWE; Colorado, USA) using positive pressure with air. 

After a left fourth thoracotomy, the left side of the heart was exposed and suspended 

in a pericardial cradle. A silk ligature (4-0) was placed halfway between the base 

and the apex of the heart around a prominent branch of the left anterior descending 

coronary artery to form a snare. By tightening the snare, a coronary artery occlusion 

(CAO) was produced and reperfusion was instituted by loosening the snare. CAO 

was verified by epicardial cyanosis and electrocardiographic changes. Adequate 

reperfusion was confirmed by epicardial hyperemia and reversion of the 

electrocardiographic changes. All rats were subjected to 30 min of CAO followed 

by 24 h of reperfusion. Leptin was administered at 1 h (1 mg/kg i.v.) or 24 h (1.5, 

2.0 and 2.5 mg/kg i.v.) prior to CAO. AICAR (5 mg/kg i.v.), NAC (150 mg/kg i.v.), 

glibenclamide (0.1 mg/kg i.v.) or compound C (3.39 mg/kg i.v.) in combination with 

leptin was administered at 1 or 24 h prior to CAO (Fig. 1A). The rats then were 

euthanized with a lethal dose of pentobarbital injected into the tail vein and the 

heart was rapidly excised. The heart was cut into six slices from apex to base. 

Samples from ischemic and non-ischemic regions were incubated at 37°C for 5 min 

in 2% TTC in 0.2 mol/L of phosphate buffer adjusted to a pH of 7.4. Infarcted (pale) 

and non-infarcted (brick red) myocardium were distinguished. Infarct size was 

expressed as a percentage of the total heart using the Tina 2.0 software. Data are 

means ± standard error of the mean. 
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Cell culture 

 

Rat cardiac myoblast cell line H9c2 was obtained from the Korean Cell Line Bank 

(Seoul, Korea). H9c2 cells were cultured in DMEM (Gibco, Grand Island, NY) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco) and 

antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin: Pen-Strep, Gibco). 

The cells were incubated at 37°C in a 95% air-5% CO2 gas mixture. The medium 

was replaced every 2 days.  

 

Hypoxia/reoxygenation (H/R) and drug administration 

 

For MTT assay, H9c2 cells were maintained in normal DMEM and replaced with 

serum-free DMEM 24 h prior to hypoxia and then pre-incubated in a hypoxic 

chamber containing 99% N2 and 1% O2 (monitored by an oxygen probe) for 12 h to 

imitate the in vivo ischemic state. After 12 h hypoxia, cells were rapidly transferred 

into a normoxic incubator with serum-free DMEM for reoxygenation (1 h). Cells 

were treated with leptin or without leptin 24 h prior to H/R (Fig. 1B).  

 

 

 

 

 

 



 

(A) 

 

(B) 

 

Figure 1. Study protocol in vivo (A) and 
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(A) and in vitro (B).  
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Cell viability assay 

 

After H/R treatment, MTT was added and the cells were incubated for 4 h at 37°C 

and solubilized with 150-μl DMSO. The absorbance at 492 nm was read using a 

multi-well scanning spectrophotometer reader. Cells in the control group were 

considered 100% viable. A live/dead assay was also performed to evaluate cell 

viability. The cells were incubated with the live/dead assay dye solution (abcam) 

containing 1 μl of live dye and 1 μl of propidium iodide in 1 ml of assay buffer. 

After 30-min incubation, cell were rinsed with PBS and cells were imaged by Fv10i 

confocal microscopy (Olympus, Tokyo, Japan). Cell viability was calculated as the 

ratio of green fluorescence (live cell) surface area to the combined surface area of 

green fluorescence (live cells) and red fluorescence (dead cells). 

 

Measurement of intracellular reactive oxygen species (ROS) levels 

 

Intracellular ROS generation was measured using dichlorodihydrofluorescein 

(H2DCFDA, Calbiochem, San Diego, CA). H9c2 cells were plated in a 24-well 

plate and incubated with 5 μM H2DCFDA at 37°C for 20 min in the dark. After 

incubation, the cells were washed three times with PBS and resuspended in PBS. 

The fluorescence signals of cells were immediately visualized using a LSM 510 

Meta Confocal Microscope (ZEISS, Oberkochen, Germany). For the detection of 

green fluorescence (H2DCFDA), cells were illuminated with 488- and 518-nm laser 

lines. Fluorescence images were analyzed using the LSM 510 Meta Confocal 
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Microscope (ZEISS, Oberkochen, Germany). 

 

Western blot analysis 

 

H9c2 cells (1 × 106/ 60-mm dish) were treated with the desired concentrations of 

leptin for the indicated time periods. The cells were vortexed in a protein extraction 

solution (PRO-PREPTM, iNtRON Biotechnology Inc., Seongnam, Korea) containing 

50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM dithiothreitol, 0.5% nonyl 

phenoxylpolyethoxylethanol, 1% Triton X-100, 1% deoxycholate, 0.1% sodium 

dodecyl sulfate (SDS), 1 mM EDTA and 1´ protease inhibitor cocktail (Roshe 

Diagnostics, Indianapolis IN). The cell lysates were incubated for 30 min on ice 

with intermittent vortexing and were clarified by centrifugation at 13,000 rpm 

(Hanil, Incheon, Korea) at 4°C for 15 min. After centrifugation, the supernatant was 

separated and stored at -70°C until use. The protein concentrations in cell lysates 

were determined using the Bradford protein assay kit (Bio-Rad, CA). Equal 

amounts of proteins were mixed with 5´ sample buffer, separated in an 8 or 10% 

SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF, 

Millipore, Billerica, MA) membrane for 15 min (Bio-Rad, CA). Membranes were 

blocked with 5% (w/v) fat-free dry milk in TBST (20 mM Tris HCl (pH 8.0), 137 

mM NaCl and 0.2% Tween-20) at RT for 60 min and then incubated with the 

desired primary antibodies; p-AMPK, AMPK or actin, at 4°C overnight. The 

primary antibody incubation was followed by incubation with a secondary 

horseradish peroxidase (HRP)-conjugated anti-rabbit antibody at 1:1,000 to 
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1:10,000. Immuno-positive bands were visualized by enhanced chemiluminescence 

(SuperSignal™ West Pico Chemiluminescent Substrate, Thermo Scientific) 

following the manufacturer’s instructions. Relative protein levels were calculated 

using actin as the loading control.  

 

Statistical analysis 

 

All data are presented as means ± SE. All statistical analyses were performed by 

ANOVA. A value of p <0.05 was taken to indicate statistical significance. 
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 RESULTS  

 

Leptin decreases ischemic myocardial infarct size in vivo  

 

To investigate its effect on myocardial infarct size, leptin was administered 1 h (1.0 

mg/kg i.v.) before CAO. The infarct was smaller in the leptin-treated group 

(16.0±2.0%, n=6) than in the ischemic controls (31.1±3.2%, n=4) (Fig. 2). 

Therefore, leptin had a cardioprotective effect when administered 1 h before CAO. 

 

Leptin decreases ischemic myocardial infarct size via AMPK activation 

 

To investigate the relationship between leptin-induced cardioprotection and leptin-

induced AMPK activation in terms of myocardial infarct size, leptin was 

administered in combination with compound C, an AMPK inhibitor (3.39 mg/kg 

i.v.), 1 h before CAO. The infarct size was 31.0±4.7% (n=5), which was similar to 

that of the control group (31.1±3.2%, n=4) (Fig. 2). Therefore, compound C 

abolished the leptin-induced cardioprotective effect and decreased myocardial 

infarct size via AMPK activation. 

 

Leptin decreases ischemic myocardial infarct size via ROS induction 
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To investigate the relationship between leptin-induced cardioprotection and leptin-

induced ROS induction in terms of myocardial infarct size, leptin was administered 

in combination with NAC, a ROS scavenger (150 mg/kg i.v.), 1 h before CAO. The 

infarct size was 14.1±2.0% (n=5) (Fig. 2). When NAC was administered alone 1 h 

before CAO, the infarct size was 10.2±2.1% (n=5), which was similar to that with 

NAC and leptin combined (Fig. 2). Therefore, NAC itself has a powerful 

cardioprotective effect independent of leptin. 

  

Leptin decreases ischemic myocardial infarct size via the KATP channel 

 

To investigate the relationship between leptin-induced cardioprotection and the KATP 

channel in terms of myocardial infarct size, leptin was administered in combination 

with glibenclamide, a KATP channel inhibitor (0.1 mg/kg i.v.), 1 h before CAO. The 

infarct size was 32.6±3.4% (n=4), which was similar to that of the control group 

(31.1±3.2%, n=4) (Fig. 2). Therefore, glibenclamide abolished the leptin-induced 

cardioprotective effect and decreased the myocardial infarct size via the KATP 

channel. 
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Figure 2. Effect of leptin on ischemic myocardial infarcts in vivo.  

(A) Representative heart sections from the control, AlCAR, NAC, glibenclamide, 

leptin, leptin+compound C, leptin+NAC and leptin+glibenclamide groups when the 

compounds were administered i.v. 1 h prior to CAO into SD rats. (B) Quantitative 

analysis of infarct size (infarct area/total ventricular area) in the control, AlCAR, 

NAC, glibenclamide, leptin, leptin+compound C, leptin+NAC and 

leptin+glibenclamide groups when the compounds were administered i.v. 1 h prior 

to CAO into SD rats. **P <0.01, *** P <0.001 versus control; ## P <0.01, ### P 

<0.001 versus leptin. 
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Leptin preconditioning decreases ischemic myocardial infarct size dose-

dependently in vivo 

 

To investigate the effect of leptin-preconditioning on myocardial infarct size, leptin 

was administered 24 h (1.5, 2.0, and 2.5 mg/kg i.v.) before CAO. The leptin-treated 

infarct was decreased to 24.0±2.1% (n=6), 17.6±1.2% (n=5), and 14.6±2.5% (n=5), 

respectively, compared with the controls (32.7±1.6%, n=4) (Fig. 3). Therefore, 

leptin had a cardioprotective effect 24 h before CAO. 

 

Leptin preconditioning decreases ischemic myocardial infarct size via AMPK 

activation 

 

To investigate the relationship between leptin-induced cardioprotection and AMPK 

activation in terms of myocardial infarct size, leptin was administered in 

combination with compound C, an AMPK inhibitor (3.39 mg/kg i.v.), 24 h before 

CAO. The control infarct size was 33.8±2.4% (n=5) (Fig. 3). When leptin (2.5 

mg/kg) was administered in combination with compound C, the infarct size was the 

same as when administered 1 h before CAO (31.0±4.7%, n=5) (Fig. 2). In addition, 

different groups of animals were given an AMPK activator, 5-aminoimidazole-4-

carboxamide-1-b-riboside (AICAR), to investigate the effect of AMPK activation. 

AICAR alone was administered 24 h (5 mg/kg i.v.) before CAO. AICAR decreased 

the infarct size (14.6±2.3%, n=6), similar to the results with leptin (Fig. 3). 

Therefore, leptin decreases myocardial infarct size via AMPK activation. 
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Leptin preconditioning decreases ischemic myocardial infarct size via ROS 

induction 

 

To investigate the relationship between leptin-induced cardioprotection and leptin-

induced ROS induction in terms of myocardial infarct size, leptin was administered 

in combination with NAC, the ROS scavenger (150 mg/kg i.v.), 24 hours before 

CAO. In this case, NAC abolished the leptin-induced cardioprotection (28.6±5.3%, 

n=6), but less so than when given 1 hour before CAO (14.1±2.0%, n=5). When 

administered 24 hours before CAO, NAC alone had no effect on the infarct size 

(25.8±1.9%, n=6) (Fig. 3). Based on the results 1 hour before CAO, NAC itself has 

a powerful cardioprotective effect. However, the effect of NAC-induced 

cardioprotection disappeared 24 hours before CAO. Nevertheless, NAC abolished 

the leptin preconditioning-induced cardioprotective effect. Therefore, leptin-

preconditioning decreases myocardial infarct size via ROS induction. 

 

Leptin preconditioning decreases ischemic myocardial infarct size via the KATP 

channel 

 

To investigate the relationship between leptin-induced cardioprotection and the KATP 

channel in terms of myocardial infarct size, leptin was administered in combination 

with glibenclamide, a KATP channel inhibitor (0.1 mg/kg i.v.), 24 h before CAO. 

When leptin (2.5 mg/kg) was administered in combination with glibenclamide, the 

infarct size was similar than that when administered 1 h before CAO (34.5±3.1%, 
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n=5) (Fig. 3). In addition, different animals were given glibenclamide alone to 

investigate the effect of KATP channel blockage. Glibenclamide was administered 24 

h before CAO. Glibenclamide alone decreased the infarct size (26.7±1.7%, n=6). 

Therefore, leptin-preconditioning decreases infarct size via effects on the KATP 

channel. 
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(B)

 

Figure 3. Effect of leptin-preconditioning on ischemic myocardial infarcts in 

vivo.  

(A) Representative heart sections from the control, AlCAR, NAC, glibenclamide, 

leptin (1.5 mg/kg), leptin (2.0 mg/kg), leptin (2.5 mg/kg), leptin+compound C, 

leptin+NAC and leptin+glibenclamide groups when the compounds were 

administered i.v. 24 h prior to CAO into SD rats. (B) Quantitative analysis of infarct 

size (infarct area/total ventricular area) in the control, AlCAR, NAC, glibenclamide, 

leptin (1.5 mg/kg), leptin (2.0 mg/kg), leptin (2.5 mg/kg), leptin+compound C, 

leptin+NAC and leptin+glibenclamide groups when the compounds were 

administered i.v. 1 h prior to CAO into SD rats. * P <0.05, ** P <0.01 versus 

control; ## P <0.01, ### P <0.001 versus leptin. 
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Leptin-preconditioning rescues the hypoxia/reperfusion-induced cell death in 

H9c2 cells 

 

To assess whether leptin-preconditioning increases cell viability in the presence of 

hypoxia/reperfusion (HR), H9c2 cells were treated with 0, 10, 50, 100, 500, or 1000 

nM leptin 24 h prior to hypoxia. In the untreated controls, the H9c2 cell viability 

decreased significantly in the presence of HR. In the groups treated with low 

concentrations of leptin (10 and 50 nM), the viability of H9c2 cells was decreased 

similar to that of the control group in the presence of HR. However, in the groups 

treated with high concentrations of leptin (500 and 1000 nM), even though the 

viability of H9c2 cells decreased slightly in the presence of HR, this change was not 

significant. Therefore, in the groups treated with leptin, cell viability increased 

dose-dependently compared with the untreated controls (Fig. 4A). To confirm that 

leptin-preconditioning increases cell viability in the presence of HR, a live/dead 

assay was performed. H9c2 cells were treated with 0 and 500 nM leptin 24 h prior 

to hypoxia. In the presence of HR, leptin-preconditioning increased cell viability. 

When treated with CoCl2, a hypoxia-mimicking agent, the effect of leptin 

preconditioning was the same as that of leptin in the presence of HR. Therefore, 

leptin preconditioning has a cardioprotective effect in the rat ischemic heart in vivo 

and in H9c2 cells in vitro (Fig. 4B). 
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(B) 

Figure 4. Effect of leptin-preconditioning in the presence of 

hypoxia/reperfusion in H9c2 cells. 

(A) Cell viability was measured by MTT assay. Hypoxia for 12 h and 

reoxygenation for 1 h. * P <0.05 versus control under hypoxic state

P <0.01 under normoxic state versus under hypoxic state

２３ 

 

preconditioning in the presence of 

Cell viability was measured by MTT assay. Hypoxia for 12 h and 

versus control under hypoxic state, # P <0.05, ## 

versus under hypoxic state. ‘n.s’ means ‘not 
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significant’. ‘H’ means group in the presence of hypoxia/reoxygenation. (B) Cell 

viability was measured by live/dead assay. Hypoxia for 12 h and reoxygenation for 

1 h. * P <0.05, ** P <0.01 versus control under normoxic state, # P <0.05 versus 

control under hypoxia, $ P <0.05 versus control under CoCl2 application ‘H’ means 

group in the presence of hypoxia/reoxygenation. 
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Leptin induces AMPK phosphorylation in H9c2 cells in a dose- and time- 

dependent manner 

 

To assess whether leptin treatment increases AMPK activity dose-dependently, 

H9c2 cells were treated with 0, 50, 100, 500, or 1000 nM leptin. Considerable 

AMPK phosphorylation was observed after 2 h of treatment, as indicated by 

immunoblotting of cell lysates with an AMPK Thr-172 phospho-specific antibody 

(Fig. 5A). Treatment with leptin increased AMPK phosphorylation in a dose-

dependent manner. To determine whether treatment with leptin increases AMPK 

activity time-dependently, H9c2 cells were treated with 500 nM leptin for 0, 0.5, 1, 

2, 3, 5, 6, 12, or 24 h. Treatment with 500 nM leptin increased the AMPK 

phosphorylation until 6 h in a time-dependent manner, but the level of 

phosphorylation decreased after 6 h (Fig. 5B). 



 

(A) 

26 

 



 

(B) 

Figure 5. Leptin induced AMPK activation in C2H9 cells in a both dose

and time-(B) dependent manner. 

Western blot analysis of phosphorylated and total AMPK. *

versus 0 nM leptin group (A), * P < 0.05
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Leptin induced AMPK activation in C2H9 cells in a both dose-(A) 

Western blot analysis of phosphorylated and total AMPK. * P < 0.05, **P < 0.01 

P < 0.05, **P < 0.01 versus group before 
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administration of leptin (B).  
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Leptin induces AMPK phosphorylation under both normoxia and hypoxia in 

H9c2 cells 

 

Treatment with 500 nM leptin increased AMPK activation under both normoxia and 

hypoxia, similar to treatment with AICAR, a chemical activator of AMPK. Leptin-

induced AMPK activation was decreased by the administration of compound C, a 

chemical inhibitor of AMPK, under both normoxia and hypoxia (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 6. Leptin-induced AMPK activation is blocked by compound C under 

normoxia and hypoxia.  

Western blotting analysis of phosphorylated and total AMPK. *

versus control group under normoxia, 

under hypoxia.  
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induced AMPK activation is blocked by compound C under 

Western blotting analysis of phosphorylated and total AMPK. * P<0.05, **P<0.01 

under normoxia, #P<0.05, ##P<0.01 versus control group 
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Leptin induces ROS generation in H9c2 cells in a dose- and time- dependent 

manner 

 

To determine whether leptin treatment increases ROS generation in a dose-

dependent manner, H9c2 cells were treated with 0, 1, 10, 30, 100, 300, or 1000 nM 

leptin. Leptin treatment increased ROS generation in a dose-dependent manner, as 

indicated by the relative dichlorofluorescein diacetate intensity (Fig. 7A,C). To 

determine whether treatment with leptin increases ROS generation time-dependently, 

H9c2 cells were treated with 500 nM leptin for 0, 0.5, 1, 2, 3, 5, 6, 12, or 24 h. 

Treatment with 500 nM leptin increased ROS generation for 2 h, but decreased it 

thereafter (Fig. 7B,D). None of the leptin concentrations tested affected cell 

viability (Fig. 7C). These findings confirm that leptin induces ROS. 
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(D) 

 

Figure 7. Leptin induces ROS generation 

time-(B) dependent manner. 

(A) Fluorescence microscopy images showing the DCF

cells. Leptin significantly increased ROS generation in a dose
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Leptin induces ROS generation in H9c2 cells in a both dose-(A) and 

Fluorescence microscopy images showing the DCF-DA signal intensity in H9c2 

cells. Leptin significantly increased ROS generation in a dose-dependent manner. 
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(B) Fluorescence microscopy images showing the DCF-DA signal intensity in H9c2 

cells. Leptin also significantly increased ROS generation in a time-dependent 

manner. (C) Relative DCF-DA intensities were measured dose-dependently. Cell 

viability after treatment with 0 to 1000 nM leptin was evaluated by MTT assay 

(lower). **P < 0.01 versus control. (D) Relative DCF-DA intensities were measured 

time-dependently. **P < 0.01 versus control. 
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AMPK activation by leptin-preconditioning occurs downstream of ROS 

generation 

 

To investigate the relationship between cardioprotection by AMPK activation and 

leptin-induced ROS induction, AICAR, an AMPK activator was administered alone 

or in combination with NAC, a ROS scavenger (150 mg/kg i.v.), 24 h prior to CAO. 

AICAR alone decreased the ischemic myocardial infarct size (18.7±3.4%, n=6), and 

AICAR in combination with NAC decreased the ischemic myocardial infarct size to 

the same degree as AICAR alone (Fig. 8). NAC had no effect on AICAR-induced 

cardioprotection.  

In H9c2 cells, leptin-induced ROS generation was not affected by administration of 

leptin in combination with compound C. AICAR alone did not induce ROS 

generation, but leptin-induced ROS generation was decreased by administration of 

NAC, a ROS scavenger (Fig. 9A,B). But, in H9c2 cells, leptin-induced AMPK 

phosphorylation was affected by administration of leptin in combination with NAC, 

ROS scavenger. Leptin-preconditioning alone phosphorylate AMPK. But, leptin-

induced AMPK phosphorylation was decreased by administration of NAC, a ROS 

scavenger (Fig. 9C,D). NAC alone had no effect on AMPK phosphorylation (Fig. 

9C,D).  

These findings confirm that leptin-induced ROS generation is not downstream of 

AMPK activation, but that AMPK activation by leptin-preconditioning occurs 

downstream of ROS generation. 
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Cardioprotection mediated by leptin-induced AMPK activation is dependent on 

the KATP channel 

 

To investigate the relationship between cardioprotection by AMPK activation and 

the KATP channel, AICAR, an AMPK activator, was administered alone or in 

combination with glibenclamide, a KATP channel blocker (150 mg/kg i.v.), 24 h 

before CAO. Administration of AICAR alone decreased the ischemic myocardial 

infarct size (14.6±2.3%, n=6); this effect was enhanced by administration of AICAR 

in combination with glibenclamide (Fig. 8). Glibenclamide decreased the AICAR-

induced cardioprotection (32.7±3.8%, n=5). These findings confirmed that 

cardioprotection mediated by AMPK activation was dependent on the KATP channel 

channel, and therefore AMPK activation induced by leptin-preconditioning may 

occur upstream of the KATP channel. 
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(B) 

 

Figure 8. AMPK activation by leptin

ROS generation.  

(A) Representative heart sections from the control, AlCAR, AICAR+NAC and 

AICAR+glibenclamide groups when compounds were administered 

to CAO into SD rats. (B) Quantitative analysis of infarct size (infarct area/total 

ventricular area) in the control, AlCAR, AICAR+NAC and AICAR+glibenclamide 

groups. * P <0.05, ** P <0.01 versus control

both control and AICAR were used as a duplicate with figure 3)
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Figure 8. AMPK activation by leptin-preconditioning occurs downstream of 

Representative heart sections from the control, AlCAR, AICAR+NAC and 

AICAR+glibenclamide groups when compounds were administered i.v. 24 h prior 

Quantitative analysis of infarct size (infarct area/total 

ventricular area) in the control, AlCAR, AICAR+NAC and AICAR+glibenclamide 

<0.01 versus control, ## P <0.01 versus AICAR . (Data of 

control and AICAR were used as a duplicate with figure 3) 
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(D) 

 

Figure 9. AMPK activation by leptin

of ROS generation.  

(A) Fluorescence microscopy images showing the DCF

H9c2 cells in the control, leptin, AICAR, NAC, leptin+NAC, 

leptin+compound C and H2O2 (positive control) groups.

DA intensities were measured in the control, leptin, AI

leptin+NAC, leptin+compound C and H

<0.01 versus control, ## P <0.01 versus leptin

photograph of phosphorylated and total AMPK

leptin, NAC and leptin+NAC group

phosphorylated and total AMPK in the control, leptin, NAC and leptin+NAC 

groups. ** P <0.01 versus control, ## 
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Figure 9. AMPK activation by leptin-preconditioning occurs downstream 

Fluorescence microscopy images showing the DCF-DA signal intensity in 

H9c2 cells in the control, leptin, AICAR, NAC, leptin+NAC, 

(positive control) groups. (B) Relative DCF-

DA intensities were measured in the control, leptin, AICAR, NAC, 

leptin+NAC, leptin+compound C and H2O2 (positive control) groups. ** P 

<0.01 versus leptin. (C) Western blotting 

photograph of phosphorylated and total AMPK of H9c2 cells in the control, 

leptin, NAC and leptin+NAC groups. (D) Western blotting analysis of 

in the control, leptin, NAC and leptin+NAC 

versus control, ## P <0.01 versus leptin.  
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DISCUSSION 

 

In the present study, I demonstrated that leptin preconditioning in rat 

cardiomyocytes induced the production of ROS, which then activate AMPK. 

It resulted in protecting heart against cardiac ischemia-reperfusion. Relation 

of leptin-induced cardioprotection and KATP channels was suggested by the 

result that cardioprotective effect of leptin was abolished by glibenclamide, 

KATP channels blocker, but further investigation is required to clarify 

underlying mechanisms and causal relationships. Schematic diagram for 

signaling mechanisms for leptin-preconditioning is illustrated in Fig 10. 

 

Mechanisms underlying cardioprotection by leptin-preconditioning 

 

Ischemic heart disease is the main cause of heart failure and is the most 

common cause of death in most countries (He et al., 2001). It occurs when the 

heart muscle, or myocardium, receives insufficient blood flow. People with a 

family history of ischemic heart disease are usually commenced on several 

long-term medications with the aim of preventing myocardial infarctions. 

Such medications include antiplatelet drug, beta blocker and so on (Peters et 

al., 2003). In an experimental method, ischemic preconditioning (IPC) has 

been known to produce resistance to the loss of blood supply, and thus loss of 

oxygen. In the heart, IPC is an intrinsic process whereby repeated short 

episodes of ischaemia protect the myocardium against a subsequent ischemic 
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insult. It was first identified in 1986 by Murry et al. This group exposed 

anesthetised open-chest dogs to four periods of 5 minute coronary artery 

occlusions followed by a 5 minute period of reperfusion before the onset of a 

40 minute sustained occlusion of the coronary artery. The control animals had 

no such period of IPC and had much larger infarct sizes compared with the 

dogs that did. Since its discovery in 1986, extensive studies have been 

undertaken to explain its mechanisms and induce protection 

pharmacologically. There is convincing evidence for the involvement of 

AMPK (Nishino et al., 2004), KATP channels (Sukhodub et al., 2007), MPTP 

(Smith et al., 2010), ROS (Garlid et al., 2013), chloride channels (Bozeat et 

al., 2011), the inward rectifier potassium ion channel (Diaz et al., 2004) and 

connexon 43 related channels (Jain et al., 2003). Especially, AMPK was 

shown to play a key role in cardioprotection in an abnormal heart. Activation 

of AMPK is crucial for ischemic-preconditioning-induced cardioprotection 

(Nishino et al., 2004; Sukhodub et al., 2007). AMPK direct-activator (A-

769662) protects the heart against ischemia-reperfusion injury (Kim et al., 

2011).  

My study demonstrates that most of these factors, such as activation of 

AMPK, induction of ROS and activation of KATP channels, are downstream 

of leptin signaling. Activation of AMPK by leptin was reported in H9c2 cells 

(Shin et al., 2009). I confirmed it (Fig. 5), and further showed that the effect 

of leptin-preconditioning was abolished by compound C, AMPK inhibitor, in 

the ischemic heart (Fig. 2, 3). The molecular mechanism for leptin-induced 

AMPK activation in pancreatic b-cells is known to be mediated by CaMKKb 
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(Park et al., 2013). This possibility was not examined in this study, but I 

showed that leptin-induced ROS generation mediates AMPK activation (Fig. 

9). As for KATP channels, leptin has been reported to activate KATP channels 

trafficking by AMPK signaling in pancreatic β cells (Park et al., 2013, Chen 

et al., 2013). It needs to be investigated in future studies whether the same 

mechanism is involved in leptin-preconditioning in cardioprotection. Taken 

together, my study suggests that leptin preconditioning is the effective method 

to activate various targets that are potentially have cardioprotective effects. 

Furthermore, I demonstrated that leptin has prolonged effects, in that the 

cardioprotective effect of leptin administered 24 h before CAO is similar to 

that administered 1 h before CAO. Therefore, leptin might be a promising 

pharmacologic approach to limit cardiac injury and a target for 

preconditioning in translation medicine of ischemic heart. Similarly, 

adiponectin, a kind of adipocytokines, was reported to be effective for 

protection against myocardial ischemia-reperfusion injury, in that AMPK 

mediates antiapoptotic action while cyclooxygenase 2 mediates anti-

inflammatory actions on cardiac cells (Shibata et al., 2005).  

 

 

 

 

 

 

 



 

 

Figure 10. Signaling pathway of cardiac protection by leptin

preconditioning 
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Figure 10. Signaling pathway of cardiac protection by leptin-
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Pros and Cons of antioxidants in relation to cardioprotection  

 

In the present study, it was shown that infarct size after ischemic reperfusion 

is reduced by the antioxidant (Fig. 2). In contrast, cardioprotective effect by 

leptin-preconditioning is abolished by the antioxidant (Fig. 3), demonstrating 

that antioxidant treatment is not always beneficial for cardioprotection. I 

further elucidated that leptin induces ROS generation, which in turn activates 

AMPK, resulting in cardioprotection. Normally, under ischemia/reperfusion 

situation, induction of ROS is associated with heart failure and several 

conditions that predispose individuals to heart failure (Hafstad et al., 2013). 

Oxidative stress has been identified as a critical factor in most of the key steps 

in the pathophysiology of atherosclerosis and acute thrombotic events, 

including dyslipidemia leading to atheroma formation, LDL oxidation, 

endothelial dysfunction, plaque rupture, myocardial ischemic injury, and 

recurrent thrombosis (i.e., the secondary, or subsequent, clot that often occurs 

after initial thrombolysis; Dzau et al., 2006). ROS-induced pro-inflammatory 

cytokines are also involved in cardiac muscle dysfunction and in the complex 

syndrome of heart failure (Mann, 2002). Oxidative stress has also been 

implicated in diabetic cardiomyopathy (Bugger & Abel, 2010; Khullar et al., 

2010), congestive cardiomyopathy (Pankuweit et al., 2010), and hypertensive 

heart disease (Shahbaz et al., 2010). Therefore, antioxidants such as vitamin E 

have been suggested as being potentially useful in the treatment of vascular 

disease (Ratcliffe, 1949). The use of vitamin E in the treatment of 

cardiovascular disease has been studied in animal models of arteriosclerosis 
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(Eisen & Gross, 1949; Ravin & Katz, 1949), and over the years, the oxidative 

stress hypothesis has encouraged the use of antioxidants (Rimm et al., 1993; 

Stanner et al., 2004). Studies on fruit and vegetable consumption, particularly 

those rich in vitamin C and other antioxidants, have shown correlations with a 

reduction in mortality due to cardiovascular disease (Verlangieri et al., 1985). 

Furthermore, the plasma level of vitamin E was shown to be inversely related 

to mortality from ischemic heart disease (Gey & Puska, 1989; Emmert & 

Kirchner, 1999). However, I showed that ROS generation mediated by leptin 

is crucial for inducing downstream events that lead to cardioprotection. In fact, 

signaling role of ROS is recently appreciated in various systems (Bae et al., 

2011). ROS are not just byproducts of aerobic respiration to have damaging 

effects on the cell, but they are involved in various cellular signaling 

pathways. In this respect, taking vitamin E and other antioxidants daily to 

prevent oxidative stress may need to be reconsidered. In the case of leptin-

induced cardioprotection and ischemic preconditioning, slight ROS generation 

may actually help protect the heart. 

 

 

 

 

 

 

 

 



49 

 

REFERENCES 

1. Atkinson LL, Fischer MA, Lopaschuk GD. Leptin activates cardiac 

fatty acid oxidation independent of changes in the AMP-activated 

protein kinase-acetyl-CoA carboxylase-malonyl-CoA axis. J Biol Chem. 

2002;277(33):29424-29430. 

2. Bae YS, Oh H, Rhee SG, Yoo YD. Regulation of reactive oxygen 

species generation in cell signaling. Mol Cells. 2011;32(6):491-509. 

3. Bouhidel O, Pons S, Souktani R, Zini R, Berdeaux A, Ghaleh B. 

Myocardial ischemic postconditioning against ischemia-reperfusion is 

impaired in ob/ob mice. Am J Physiol Heart Circ Physiol. 2008;295(4): 

H1580-586. 

4. Bozeat ND, Xiang SY, Ye LL, Yao TY, Duan ML, Burkin DJ, Lamb FS, 

Duan DD. Activation of volume regulated chloride channels protects 

myocardium from ischemia/reperfusion damage in second-window 

ischemic preconditioning. Cell Physiol Biochem. 2011;28(6):1265-

1278. 

5. Bugger H and Abel ED. Mitochondria in the diabetic heart. Cardiovasc 

Res. 2010;88(2):229–240. 

6. Calvert JW, Gundewar S, Jha S, Greer JJ, Bestemann WH, Tian R and 

Lefer DJ. Acute metformin therapy confers cardioprotection against 

myocardial infarction via AMPK-eNOS-mediated signaling. Diabetes. 

2008;57(3):696-705. 



50 

 

7. Carlyle M., Jones OB, Kuo JJ, Hall JE. Chronic cardiovascular and 

renal actions of leptin:role of adrenergic activity. Hypertension. 

2002;39:496–501. 

8. Chen PC, Kryukova YN, Shyng SL. Leptin regulates KATP channel 

trafficking in pancreatic β-cells by a signaling mechanism involving 

AMP-activated protein kinase (AMPK) and cAMP-dependent protein 

kinase (PKA). J Biol Chem. 2013;288(47):34098-34109.  

9. Considine RV and Caro JF. Leptin in humans: current progress and 

future directions. Clin Chem. 1996;42(6 Pt 1):843-844. 

10. Diaz RJ, Zobel C, Cho HC, Batthish M, Hinek A, Backx PH, Wilson GJ. 

Selective inhibition of inward rectifier K+ channels (Kir2.1 or Kir2.2) 

abolishes protection by ischemic preconditioning in rabbit ventricular 

cardiomyocytes. Circ Res. 2004;95(3):325-332. 

11. Dzau VJ, Antman EM, Black HR. The cardiovascular disease 

continuum validated: clinical evidence of improved patient outcomes: 

part I: Pathophysiology and clinical trial evidence (risk factors through 

stable coronary artery disease). Circulation. 2006; 114(25):2850–2870.  

12. Eisen ME and Gross H. Vitamin E in arteriosclerotic heart and 

peripheral vascular disease. N Y J Med. 1949; 49(20):2422–2424.  

13. Emmert DH and Kirchner JT. The role of vitamin E in the prevention 

of heart disease. Arch Fam Med. 1999;8(6):537–542. 

14. Estañ MC, Calviño E, de Blas E, Boyano-Adánez Mdel C, Mena ML, 

Gómez-Gómez M, Rial E, Aller P. 2-Deoxy-D-glucose cooperates with 

arsenic trioxide to induce apoptosis in leukemia cells: involvement of 



51 

 

IGF-1R-regulated Akt/mTOR, MEK/ERK and LKB-1/AMPK signaling 

pathways. Biochem Pharmacol. 2012;84(12):1604-1616. 

15. Garlid AO, Jaburek M, Jacobs JP, Garlid KD. Mitochondrial reactive 

oxygen species: which ROS signals cardioprotection? Am J Physiol 

Heart Circ Physiol. 2013;305(7):H960-968.  

16. Gey KF and Puska P. Plasma vitamins E and A inversely correlated to 

mortality from ischemic heart disease in cross-cultural epidemiology. 

Annals of the New York Academy of Sciences 1989; 570:268–282. 

17. Hafstad AD, Nabeebaccus AA, Shah AM. Novel aspects of ROS 

signalling in heart failure. Basic Res Cardiol. 2013;108(4):359. 

18. Hausenloy DJ and Yellon DM. Survival kinases in ischemic 

preconditioning and postconditioning. Cardiovasc Res. 2006;70(2):240-

253.  

19. Hausenloy DJ and Yellon DM. Preconditioning and postconditioning: 

underlying mechanisms and clinical application. Atherosclerosis. 

2009;204(2):334-341. Review. 

20. Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM, 

Frenguelli BG, Hardie DG. Calmodulin-dependent protein kinase 

kinase-beta is an alternative upstream kinase for AMP-activated protein 

kinase. Cell Metab. 2005;2(1):9-19. 

21. He J, Ogden LG, Bazzano LA, Vupputuri S, Loria C, Whelton PK. Risk 

factors for congestive heart failure in US men and women: NHANES I 

epidemiologic follow-up study. Arch Intern Med. 2001;161(7):996-

1002. 



52 

 

22. Jain SK, Schuessler RB, Saffitz JE. Mechanisms of delayed electrical 

uncoupling induced by ischemic preconditioning. Circ Res. 

2003;92(10):1138-44. 

23. Jaswal JS, Lund CR, Keung W, Beker DL, Rebeyka IM, Lopaschuk GD. 

Isoproterenol stimulates 5'-AMP-activated protein kinase and fatty acid 

oxidation in neonatal hearts. Am J Physiol Heart Circ Physiol. 

2010;299(4):H1135-145. 

24. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein 

kinase: Ancient energy gauge provides clues to modern understanding 

of metabolism. Cell Metab. 2005;1(1):15–25. 

25. Khullar M, Al-Shudiefat AARS, Ludke A, Binepal G, Singal PK. 

Oxidative stress: a key contributor to diabetic cardiomyopathy.  Can J 

Physiol Pharmacol. 2010; 88(3):233–240.  

26. Kim AS, Miller EJ, Wright TM, Li J, Qi D, Atsina K, Zaha V, 

Sakamoto K and Young LH. A small molecule AMPK activator 

protects the heart against ischemia-reperfusion injury. J Mol Cell 

Cardiol. 2011; 51(1):24-32.  

27. Lotz C, Fisslthaler B, Redel A, Smul TM, Stumpner J, Pociej J, Roewer 

N, Fleming I, Kehl F and Lange M. Activation of adenosine-

monophosphate-activated protein kinase abolishes desflurane-induced 

preconditioning against myocardial against myocardial infarction in 

vivo. J Cardiothorac Vasc Anesth. 2011;25(1):66-71.  

28. Mann DL. Inflammatory mediators and the failing heart: past, present, 

and the foreseeable future. Circ Res. 2002; 91(11):988–998.  



53 

 

29. Margetic S, Gazzola C, Pegg GG, Hill RA. Leptin: a review of its 

peripheral actions and interactions. Int. J. Obes. Relat. Metab. Disord. 

2002;26 (11): 1407–1433. 

30. Mark,A.L.,Shaffer,R.A.,Correia,M.L.,Morgan,D.A.,Sigmund,C.D.,and 

Haynes,W.G. Contrasting blood pressure effects of obesity in leptin- 

deficient  ob/ob mice and agouti yellow obese mice. J Hypertens. 

1999;17:1949–1953. 

31. Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, Carling D and 

Kahn BB. Leptin stimulates fatty-acid oxidation by activation AMPK-

activated protein kinase. Nature, 2002; 17: 339-343. 

32. Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a 

delay of lethal cell injury in ischemic myocardium. Circulation. 

1986;74(5):1124-36. 

33. Nishino Y, Miura T, Miki T, Sakamoto J, Nakamura Y, Ikeda Y, 

Kobayashi H, Shimamoto K. Ischemic preconditioning activates 

AMPK in a PKC-dependent manner and induces GLUT4 up-regulation 

in the late phase of cardioprotection. Cardiovasc Res. 2004;61(3):610-

619. 

34. Pankuweit S, Ruppert V, Maisch B. Inflammation in dilated 

cardiomyopathy. Herz. 2004; 29(8):788–793.  

35. Park SH, Ryu SY, Yu WJ, Han YE, Ji YS, Oh K, Sohn JW, Lim A, 

Jeon JP, Lee H, Lee KH, Lee SH, Berqqren PO, Jeon JH and Ho WK. 

Leptin promotes KATP channel trafficking by AMPK signaling in 



54 

 

pancreatic β-cells. Proc Natl Acad Sci U S A. 2013;110(31):12673-

12678. 

36. Peters RJ, Mehta SR, Fox KA, Zhao F, Lewis BS, Kopecky SL, Diaz R, 

Commerford PJ, Valentin V, Yusuf S. Effects of aspirin dose when 

used alone or in combination with clopidogrel in patients with acute 

coronary syndromes: observations from the Clopidogrel in Unstable 

angina to prevent Recurrent Events (CURE) study. Circulation. 

2003;108(14):1682-1687. 

37. Purdham DM, Zou MX, Rajapurohitam V, Karmazyn M. Rat heart is a 

site of leptin production and action. Am J Physiol Heart Circ Physiol. 

2004;287(6):H2877-884. 

38. Ratcliffe AH. Vitamin E in intermittent claudication. The Lancet. 1949; 

2(6590), 1128–1130.  

39. Ravin IS and Katz KH. Vitamin E in the treatment of angina pectoris. 

The New England Journal of Medicine.1949;240(9):331–333. 

40. Rimm EB, Stampfer MJ, Ascherio A, Giovannucci E, Colditz GA, 

Willett WC. Vitamin E consumption and the risk of coronary heart 

disease in men. N Eng J Med. 1993;328(20): 1450–1456.  

41. Satoh N, Ogawa Y, Katsuura G, Numata Y, Tsuji T, Hayase M, 

Ebihara K, Masuzaki H, Hosoda K, Yoshimasa Y and Nakao K. 

Sympathetic activation of leptin via the ventromedial hypothalamus: 

leptin-induced increase in catecholamine secretion. Diabetes. 

1999;48(9):1787-1793. 

42. Shahbaz AU, Sun Y, Bhattacharya SK. Fibrosis in hypertensive heart 



55 

 

disease: molecular pathways and cardioprotective strategies. J 

Hypertens. 2010; 28(1):S25–S32.  

43. Shek EW, Brands MW and Hall JE. Chronic leptin infusion incresase 

arterial pressure. Hypertension. 1998;31(1 Pt2): 409-414. 

44. Shibata R, Sato K, Pimentel DR, Takemura Y, Kihara S, Ohashi K, 

Funahashi T, Ouchi N, Walsh K. Adiponectin protects against 

myocardial ischemia-reperfusion injury through AMPK- and COX-2-

dependent mechanisms. Nat Med. 2005;11(10):1096-1103. 

45. Shirasaka T, Takasaki M, Kannan H. Cardiovascular effects of leptin 

and orexins. Am J Physiol Regul Integr Comp Physiol 2003;284:R639-

R651. 

46. Shin EJ, Schram K, Zheng XL, Sweeney G. Leptin attenuates 

hypoxia/reoxygenation-induced activation of the intrinsic pathway of 

apoptosis in rat H9c2 cells. J Cell Physiol. 2009;221(2):490-497. 

47. Smith CCT, Mocanu MM, Davidson SM, Wynne JC, Simpkin JC and 

Yellon DM. Leptin, the obesity-associated hormone, exhibits direct 

cardioprotective effects. Br J Pharmacol. 2006;149(1):5-13. 

48. Smith CCT, Dixon RA, Wynne AM, Theodorou L, Ong S, Subrayan S, 

Davidson SM, Hausenloy D and Yellon DM. Leptin-induced 

cardioprotection involves JAK/STAT signaling that may be linked to 

the mitochondrial permeability transition pore. Am J Physiol. 

2010.;299(4):H1265-H1270. 

49. Stanner SA, Hughes J, Kelly CNM, Buttriss J. A review of the 

epidemiological evidence for the 'antioxidant hypothesis'. Public Health 



56 

 

Nutrition. 2004; 7(3), 407–422.  

50. Sukhodub A, Jovanovi S, Du Q, Budas G, Clelland AK, Shen M, 

Sakamoto K, Tian R and Jovanovi A. AMP-activated protein kinase 

mediates preconditioning in cardiomyocytes by regulating activity and 

expression of sarcolemmal ATP-sensitive K+ channels. J Cell Physiol. 

2007; 3(10): 281-290. 

51. Taleb S, Herbin O, Ait-Oufella H, Verreth W, Gourdy P, Barateau V, 

Merval R, Esposito B, Clément K, Holvoet P, Tedgui A, Mallat Z. 

Defective leptin/leptin receptor signaling improves regulatory T cell 

immune response and protects mice from atherosclerosis. Arterioscler 

Thromb Vasc Biol. 2007;27 (12): 2691–2698. 

52. Tartaglia LA, The leptin receptor. J Biol Chem. 1997; 272:6093–6096. 

53. Verlangieri AJ, Kapeghian JC, El-Dean S, Bush M. Fruit and vegetable 

consumption and cardiovascular mortality. Med Hypotheses. 

1985;16(1):7–15.  

54. Wang J, Yang L, Rezaie AR, Li J. Activated protein C protects against 

myocardial ischemic/reperfusion injury through AMP-activated protein 

kinase signaling. J Thromb Haemost. 2011;9(7):1308-1317. 

55. Woods A, Dickerson K, Heath R, Hong SP, Momcilovic M, Johnstone 

SR, Carlson M, Carling D. Ca2+/calmodulin-dependent protein kinase 

kinase-beta acts upstream of AMP-activated protein kinase in 

mammalian cells. Cell Metab. 2005;2(1):21-33. 



57 

 

56. Zabeau L, Lavens D, Peelman F, Eyckerman S, Vandekerckhove J and 

Tavernier J. The ins and outs of leptin receptor activation. FEBS Lett. 

2003; 3: 45-50. 

57. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. 

Positional cloning of the mouse obese gene and its human homologue. 

Nature 1994;372:425-432. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 

 

국문 초록 

 
서론: 렙틴은 ob 유전자에서 생산되는 물질로 주로 백색지방세포에

서 합성되나 심장에서도 생산된다. 렙틴은 심장보호기능이 보고된 

바 있다. AMP 의존성 인산화효소(AMPK)는 써린과 쓰레오닌의 단백

질 인산화 효소로 비정상 심장상태에서 심근보호기능을 가지는 것

으로 알려져 있다. 렙틴은 AMPK 를 활성화시킨다. 하지만 렙틴의 

심장보호기능과 AMPK 의 심장보호기능과의 연관성은 아직 밝혀져 

있지 않다. 본 연구에서는 렙틴 전처치에 의한 심장보호기전과 

AMPK 의 조절에 의한 그것과의 관계를 밝히고자 하였다.   

방법: 랫드의 허혈성 심장질환 모델은 좌측 관상동맥의 전방하강분

지를 결찰함으로써 만들었고 심장보호효과를 판단하는 기준으로는 

경색의 크기를 측정했다. 렙틴의 심장보호기전을 조사하기 위해서 

랫드의 심장 근원세포주인 H9c2 세포를 사용했다.  

결과: 렙틴은 허혈성 심장질환 모델에서 심근경색 크기를 감소시켰

다. 이 효과는 AMPK 의 인산화 억제제인 compound C 와 활성산소 

제거제인 NAC 의 전처치에 의해서 없어졌다. 렙틴은 H9c2 세포에서 

AMPK 를 농도, 시간에 비례해서 인산화시켰고, 활성산소도 증가시

켰다. 렙틴의 AMPK 인산화효과는 활성산소 제거제인 NAC 에 의해

서 사라졌지만, 렙틴의 활성산소의 증가는 AMPK 의 인산화 억제제

인 compound C 에 영향을 받지 않았다. 따라서, 렙틴에 의한 활성산
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소생성의 증가는 AMPK 를 활성화시키고 허혈성 심장질환에 의한 

심근의 손상을 감소시켰다.  

결론: AMPK 는 렙틴 전처치에 의한 심장보호에 중요한 역할을 하고 

있으며 AMPK 의 활성은 렙틴 전처치에 의한 활성산소의 발생에 의

해 유발된다.  

 

------------------------------------- 

주요어 : 렙틴, 심장보호기능, AMP 의존성 인산화효소, 활성산소, 

허혈성질환, 관상동맥결찰 
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