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Abstract 

 
 

Heart failure (HF) is approaching epidemic proportions in United States. 

Adiponectin is a protein hormone that plays an important role in modulating glucose 

uptake and fatty acid β-oxidation in the heart. It has been well documented that 

adiponectin is able to exert protective effects on the ventricular remodeling following 

pressure overload and myocardial ischemia. However, the potential effect of adiponectin 

in volume-overload heart failure has not been reported. In addition, no study is available 

focusing on the potential role of adiponectin in the electrophysiological remodeling 

following pathological conditions.  

To investigate the potential effect of adiponectin on ventricular contractile 

dysfunction following volume overload, we used infrarenal aorta-vena cava fistula 

surgery to create cardiac volume overload on rats. Our data indicated a progressive 

reduction of serum adiponectin level with the development of volume overload-induced 

heart failure. In ventricular myocytes isolated from 12-week Fistula rats, protein 

expression of APN, AdipoR1, AdipoR2 and T-cadherin were decreased, and AMPK 

activity was reduced. Consistent with these, myocytes exhibited significant depression in 

cell shortening and intracellular Ca2+ transient. In vivo supplementation of APN 

significantly increased APN serum levels, and prevented the depression of myocyte 

contractile performance following 12-week fistula. Moreover, in vitro treatment with 
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APN also significantly improved myocyte contractility and intracellular Ca2+ transient 

from 12-week fistula rat.  

Furthermore, we analyzed the potential role of APN on the ventricular 

electrophysiological remodeling secondary to volume overload. Results showed that the 

duration of action potential was prolonged in ventricular myocytes following 10-week 

fistula, which was reflected by the lengthened QT interval on the surface ECG. The 

prolongation of action potential duration was correlated with a depression of Ito function 

as well as a decrease of Ito channel component expression in ventricular myocytes at 10 

weeks post-fistula. In addition, the protein level of tumor necrosis factor-α (TNF-α) was 

significantly increased in ventricular myocytes at 10 weeks post-fistula. However, 

supplementation of Ad-APN increased the protein levels of Ito channel components and 

reversed Ito channel function in ventricular myocytes following 10-week fistula. This 

further restored the duration of action potential in ventricular myocytes and the QT 

interval on the ECG back to the normal. In addition, the administration of Ad-APN 

significantly reduced the protein level of TNF-α in ventricular myocytes even following 

10-week fistula. These results indicated that APN can prevent the volume overload-

induced ventricular electrophysiological remodeling via a decreased production of TNF-

α.  
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Chapter 1  

 
 
1.1  Introduction 

Heart failure, also called congestive heart failure, is becoming an epidemic health 

problem and leading cause of death.1 According to a 2010 report, 825,000 new cases 

were diagnosed annually and approximately 5.1 million adults were suffering from heart 

failure in the United States.2 Heart failure, by definition, is a progressive condition in 

which the heart is unable to generate sufficient cardiac output to provide the body/tissue 

with adequate oxygen and nutrients to meet metabolic demands. It is a clinical syndrome 

attributable to a multitude of biomechanical stimuli that begins with a compensatory 

response known as cardiac hypertrophy followed by a decompensated response that 

eventually results in cardiac dysfunction.3  Heart failure is initiated after a cascade of 

biological events that either acutely damages the myocardium, as in the case of the 

myocardial infarction, or chronically deteriorates the contractility of the myocardium, as 

in the case of hemodynamic overload.4, 5 Although the nature of these cardiac diseases is 

quite different, the common feature is the initiation of cardiac hypertrophy and 

maintaining of normal ejection performance.  As a result, patients remain asymptomatic 

or minimally symptomatic throughout the compensated phase.6-8  During the progression 

of compensated hypertrophy to decompensated heart failure, patients develop symptoms.  

Currently, therapeutic strategies cannot attenuate or reverse the remodeling process and 

progression to heart failure, nor can they extend the lives of patients with moderate to 
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severe heart failure.  Therefore, understanding the pathophysiology of heart failure is a 

critical and crucial step for development and proper timing of novel surgical and 

pharmaceutical therapies, which may prevent the progression to end-stage heart failure 

and decrease mortality rate. 

 

Adiponectin (APN) is a 30-kDa, 244-amino acid protein hormone that is 

implicated in metabolic regulation, acting via adenosine monophosphate-activated 

protein kinase (AMPK) phosphorylation to influence insulin sensitivity and energy 

metabolism.  The circulating level of APN is abundant in humans as well as rodents, 

ranging from 3 to 30 μg/ml.9, 10 On average, APN comprises about 0.01% of total plasma 

proteins in human and 0.05% in rodents.11 It was generally accepted that APN was 

exclusively synthesized and secreted by adipocytes and exerts hormonal effects on 

myocardium in an endocrine manner. However, recent studies reveal that adult 

cardiomyocytes can produce APN that exerts functionally important paracrine and 

autocrine effects.12-14 APN, extensively studied in metabolic diseases, exerts anti-

apoptotic and anti-inflammatory activities.15 Due to these positive actions, the role of 

APN in cardiovascular protection has been investigated. In the heart, APN serves as a 

regulator of cardiac injury through modulation of anti-inflammatory and pro-survival 

reactions and functions to inhibit hypertrophic remodeling.16  
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This review will focus on the pathogenesis of volume overload-induced 

ventricular hypertrophy and current treatment, as well as the protective effects of APN in 

the development of heart failure.  

 

1.2 Concentric and Eccentric Cardiac Hypertrophy 

Hemodynamic load is considered a critical determinant of myocardial 

performance and its phenotypic appearance.17  In the face of hemodynamic overburden, 

cardiomyocytes have the ability to sense the mechanical overstretch and convert it into 

intracellular signals, which causes local changes in cellular morphology and global 

alterations in cardiac form and function.1, 17, 18 There are two distinct types of abnormal 

hemodynamic load: pressure and volume overload. Although both pressure and volume 

overload initiate a cascade of biological events resulting in pathological cardiac 

dysfunction, the spatial pattern of sarcomere assembly and the intracellular growth 

signaling are quite different.  Understanding the differences between pressure overload 

and volume overload hypertrophy is important in better determining appropriate therapy 

for the patients to improve their clinical outcome. 

 

1.2.1 Morphometric Alterations in Response to Pressure and Volume Overload 

Cardiomyocytes rapidly proliferate during fetal life but terminally withdraw 

from the cell cycle soon after birth.19 It is believed that cardiomyocytes contribute to 

cardiac hypertrophy through an increase in cell size rather than an increase in number 
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when subjected to an elevated workload. Alternatively, cardiomyocytes respond to 

mechanical stimuli through sarcomerogenesis, the creation and deposition of new 

sarcomeres.1 Under various pathological conditions, cardiomyocyte and myocardium 

morphology exhibit distinct variation. 

 

Pressure overload occurs in many clinical settings, including hypertension and 

aortic stenosis. In response to pressure overload, the elevation of systolic wall stress 

(afterload) engenders sarcomere replication in parallel, which in turn increases the cross 

sectional area of myocyte without significant changes in cell length.1, 20 This type of 

cardiomyocyte growth results in ventricular wall thickening without chamber 

enlargement. The fundamental response of the myocardium to an increase in afterload is 

termed concentric hypertrophy.  Concentric remodeling allows the ventricles to normalize 

wall stress from the increased pressure placed on the ventricle.18, 21 During the 

progression of compensated hypertrophy to decompensated heart failure, chronic pressure 

overload results in low cardiac output and general systolic dysfunction.3 Diastolic 

dysfunction was also observed as indicated by poor compliance and reduced myocardial 

relaxation capabilities.3  

 

Volume overload occurs in conditions such as valvular regurgitation, anemia, 

pregnancy and myocardial infarction.  In response to cardiac volume overload, the 

diastolic wall stress (preload) elevates during diastolic filling and stretches 
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cardiomyocytes. The elevated diastolic wall stress engenders the addition of sarcomere in 

series, which leads to an increase in myocyte length without a significant change in cross 

section area.1, 20 As a result, the increased length-to-width ratio of cardiomyocytes causes 

ventricular dilation with no increase or even a decrease in ventricular wall thickness.  

This is termed eccentric hypertrophy.  This leads to an increase in ventricular mass and a 

concurrent elevation in stroke volume in order to compensate for pumping extra blood 

volume while wall stress remains normal.18, 20 Volume overload generates high cardiac 

output and systolic dysfunction, while diastolic function and compliance of the ventricle 

is unchanged or enhanced.3 

 

1.2.2 Molecular Mechanisms 

In the heart, cardiomyocytes have the ability to sense physical loads. This allows 

the cells to transmit the physical stress into biochemical signals that alter gene expression 

and modify cellular structure and function.22  Accordingly, pressure and volume overload 

activate the different signaling pathways to regulate myocyte growth and influence the 

phenotypic appearance.18 For example, extracellular signal-regulated kinase 1 and 2 

(ERK1/2) are known to be activated when subjected to almost every stress- and agonist-

induced hypertrophic stimulus, thereby directing different types of cardiac growth.23 

However, a recent study from transgenic mouse models demonstrates a more complicated 

picture. In pressure overload, activation of ERK1/2 would work with other signaling 

pathways to add sarcomeres in parallel and develop concentric cardiac growth.24 
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Antithetically, in volume overload, ERK1/2 signaling pathway would protect 

cardiomyocytes against the mechanical stimulus that drives the cell toward elongation.24 

Accordingly, ERK1/2 activation or inactivation may be attributable to the eccentric or 

concentric cardiac growth. 

 

In addition to ERK1/2-dependent signaling pathway, Toischer et al. specifically 

compared other differences in phenotypes, signaling and gene expression between 

volume overload- and pressure overload-induced cardiac hypertrophy in vivo.25 The 

results suggest that the expression of brain natriuretic peptide (BNP) is elevated 7 days 

after subjection to pressure overload. Furthermore, the hypertrophic phenotype in 

pressure overload is associated with persistent activation of calcium/calmodulin-

dependent protein kinase II (CaMKII), which increases L-type Ca2+ current and disturbs 

intracellular calcium transient. On the other hand, in volume overload none of these 

molecular pathways change, but Akt (protein kinase B) is persistently activated with the 

normal calcium cycling at the same time point. Consistent with these, our lab previously 

found that intracellular Ca2+ transient remains normal in cardiomyocytes in the 

compensated phrase of cardiac remodeling, but it is significantly depressed in the 

decompensated phase of heart failure.26 Interestingly, L-type Ca2+ current activity does 

not change in volume overload. Moreover, the analysis of gene array pathway shows that 

volume overload selectively activates the Wnt pathway, which may influence eccentric 

hypertrophy via the phosphorylation of Akt.25  
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Taking together, cardiac adaptation to a pathological stimulation by volume 

overload differs in many ways from pressure overload. Accordingly, pressure overload 

increases activation of ERK1/2 and even more persistent activation of CaMKII; on the 

other hand, volume overload showed early activation of Wnt signaling pathway and 

persistent activation of Akt. 

 

1.3 Eccentric Cardiac Hypertrophy 

Volume overload, without an increased systolic stress, leads to an increased 

diastolic stress and initiates the eccentric hypertrophic response whereby increased 

ventricular size allows the ventricle to increased stroke volume.20, 27, 28 For complete 

compensation in volume overload, ventricular mass should increase in proportion to 

volume (thickness should increase in proportion to radius) so that adequate mass is 

present to pump the extra volume while wall stress remains normal.  

 

1.3.1 Differences Between Physiological and Pathological Eccentric Hypertrophy  

Cardiac hypertrophy can be broadly categorized as physiological (“normal”) or 

pathological (“detrimental”). Physiological hypertrophy usually results from aerobic 

exercise, pregnancy and normal postnatal growth. This is an adaptive response to states of 

cardiac hyperfunction. In the face of physiological stimuli, heart growth is mediated by 

insulin-like growth factor (IGF-1) signaling and is paralleled by high regulation of fatty 

acid uptake and oxidation.29, 30 Physiological hypertrophy is associated with normal gene 
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expression and proportional chamber enlargement in the absence of fetal gene program 

activation and fibrosis, thereby increasing the heart’s pumping capacity.31, 32 Note that 

physiological hypertrophy is fully reversible and non-pathological.  

 

Pathological hypertrophy is a consequence of a persistent abnormal elevation of 

preload. In the face of pathological stimuli, heart growth is mediated by neurohormones 

(e.g. norepinephrine, angiotensin-II), which results in the activation of the fetal gene 

program.29, 31, 32 Meanwhile pathological hypertrophy leads to a switch in metabolic 

substrate utilization from fatty acid oxidation to glucose utilization, which increases 

myocyte apoptosis and fibrosis. Over time, this would result in an irreversible 

cardiomyopathy and cardiac dysfunction. Clinically, pathological hypertrophy is 

associated with increased risk of heart failure and arrhythmic death.33  

 

1.3.2 Pathological Eccentric Hypertrophy 

Pathological eccentric hypertrophy is often a result of structural defect that 

creates an inefficiency of circulation, such as valve regurgitation, anemia or a shunt 

between the systemic vein and artery. 

Aortic regurgitation (AR), also known as aortic insufficiency, occurs when there 

is leakage from the aortic valve backward into the left ventricle during diastole. AR 

usually results from a congenital lesion such as a bicuspid aortic valve, or dilation of the 

aortic root (often associated with hypertension or connective tissue disorders) leading to 
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incompetence of leaflet closure.34 Patients with AR would be asymptomatic or minimally 

symptomatic during the progression of ventricular hypertrophy, but would develop 

symptoms only after cardiac dysfunction has been initiated.35  When symptoms do occur, 

patients usually experience shortness of breath and/or chest discomfort.  Chronic AR may 

result in irreversible damage to the myocardium, even in the absence of symptoms. AR 

represents a state of mixed volume and pressure overload -- the left ventricle is exposed 

to higher systolic and diastolic pressures. The concentric hypertrophy is due to the 

increased left ventricular pressure overload associated with AR, while the eccentric 

hypertrophy is due to volume overload caused by the regurgitation fraction. 

 

Mitral regurgitation (MR) is the common form of valve heart disease in clinical 

practice. Frequent causes of mitral regurgitation are age or myxomatous degeneration, 

infective endocarditis, rheumatic disease or the dilation of the left ventricle (called 

“functional mitral regurgitation).36 In MR, a part of the stroke volume escapes back into 

the atrium during ventricular systole and then re-enters the ventricle in the following 

cardiac cycle. Because MR occurs into the low-pressure chamber, the contracting 

ventricle is exposed to pure volume overload, which triggers an increase in left ventricle 

diameter, mass and compliance. Individuals with chrome compensated MR may be 

asymptomatic, with a normal exercise tolerance and no evidence of heart failure. But if 

severe enough (regurgitation fraction > 60%) MR would lead to heart failure or sudden 

death.  
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Systemic arteriovenous (AV) fistula is an abnormal connection between an artery 

and a vein. It may arise from congenital, surgically created for hemodialysis, or 

pathological process, such as trauma or erosion of an arterial aneurysm. Once AV fistula 

is formed, a large proportion of arterial blood is shunted from the high-pressure arterial 

side to the low-pressure venous side, thereby increasing venous return and elevating the 

preload in the heart. It further results in an increase of cardiac output. Over time, the 

demand of an increased workload leads to eccentric hypertrophy and eventually high-

cardiac-output heart failure.36, 37 Patients with chronic AV fistula often develop severe 

fluid retention.  

 

Anemia is defined as deficiency of hemoglobin in the blood, which can be 

caused by either too few red blood cells or too little hemoglobin in the cells.38 Chronic 

anemia is common among patients with heart failure, relating to increased morbidity and 

mortality.39 Moreover, chronic severe anemia is known to cause high-output heart failure. 

In severe anemia, the viscosity of the blood falls to as low as 1.5 times that of water 

rather than the normal value of about 3.38 This leads to a decrease of the systemic 

vascular resistance, so that more blood flows through tissues and returns to the heart, 

thereby significantly increasing cardiac preload. Additionally, a decrease in systemic 

vascular resistance causes salt and water retention and blood volume expansion.10, 40  

Moreover, anemia causes systemic vasodilation to maintain tissue oxygenation, thereby 

increasing venous return to the heart and further increasing cardiac output.  
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1.3.3 Possible Therapeutic Targets 

The renin-angiotensin-aldosterone system (RAAS) is a classic endocrine system 

that plays a central role in the preservation of hemodynamics through the regulation of 

extracellular fluid volume and sodium balance. These actions are mediated through the 

generation of angiotensin II, the principal effector peptide in the RAAS cascade.41, 42 

Elevation in the level of circulating angiotensin II level contributes to the pathogenesis of 

a variety of cardiovascular diseases, including atherosclerosis, hypertension, ventricular 

hypertrophy, and heart failure.42 Consequently, ACE inhibitors that interfere with the 

formation of angiotensin II can be effective in lowering blood pressure and reducing 

cardiovascular mortality and morbidity in various at-risk patient populations. Although 

ACE inhibitors are widely used to treat heart failure, there is emerging evidence showing 

that they do not effectively attenuate ventricular remodeling during pure volume overload 

and do not improve ventricular function.43 

 

β-blockers are competitive antagonists of catecholamine binding at the β2-

adrenergic receptor, then reversing the neurohormonal effects of the sympathetic nervous 

system (SNS).44 Indeed, chronic activation of the SNS decreases myocardial contractility 

and compensates the reduced cardiac output from the failing heart. The β-blockers are the 

mainstay of treatment in heart failure with reduced ejection fraction.45 However, the 

administration of β-blockers increases myocardial oxygen demand and oxidative stress in 

myocardium; moreover, high catecholamine levels induced peripheral vasoconstriction 
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and increase cardiac pre- and after-load, thus exacerbating heart failure in patients with 

decompensated heart failure.46  

 

Evidence collected from previous studies have suggested that the initial 

management of heart failure with β-blockers or ACE inhibitors can stabilize the patient; 

however, volume overload is primarily a defect of hemodynamics and the most effective 

therapy is surgical correction of increased hemodynamic stress.47 However, timing of the 

operation is a “moving target”. There is uncertainty and considerable controversy 

regarding the timing of surgical intervention in patients with LV volume overload.  

Patients often remain asymptomatic with normal LV function for many years despite the 

substantial LV volume overload; however, by the time symptoms develop, a large number 

may have developed myocardial dysfunction, placing them at a high risk for 

postoperative heart failure and sudden death.48 

 

Surgical techniques have improved dramatically and noninvasive methods have 

been introduced for objective interrogation of cardiac size and function. This may allow 

enhancement of knowledge on new biomakers of cardiac disease onset and the symptoms 

of disease evolving, and develop nonsurgical procedures.47 Traditionally, surgical 

correction has involved valve replacement, but there is an increasing trend towards valve 

repair where possible. Valve-sparing surgery while replacing or remodeling the dilated 

aorta is also increasingly utilized.34 
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1.3.4 Animal Models of Volume Overload 

Various animal models of chronic MR have been developed to study the 

pathophysiology and therapeutic approaches to this condition. Dog model of MR is the   

most commonly used model for study. This model is induced by mitral valve chordae 

tendineae rupture. Chordae tendineae cutting is performed using either closed- or open-

chest model. In the closed-chest model, long flexible grasping forceps are positioned 

percutaneously in order to tear the mitral valve chordae. In the open-chest model, 

cardiopulmonary bypass is performed, and either selected chordae are cut under direct 

visualization or a non-specified number of chordae are cut, using a metal device inserted 

through the left ventricular apex. Whichever model is used, MR has been found to 

become chronic at 3 to 6 months after the chordae rupture. The experimental models of 

MR are similar to the evolution occurring naturally in patients suffering from this 

condition. Hence, these models are useful in understanding the disease development, and 

in testing new therapeutic modalities. Although severe valvular regurgitation induces 

similar cardiac changes, heart failure syndrome is less pronounced than in AV fistula-

induced overload.36 

 

In addition, the model of arteriovenous (AV) fistula has been extensively used to 

study the functional, structural, and molecular underpinnings of volume overload-induced 

chronic heart failure in rodents. The creation of AV fistula leads rapidly to development 

of compensatory cardiac hypertrophy to maintain elevated, but largely ineffective cardiac 
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output. The AV fistula model recapitulates many features of human advanced heart 

failure, including gradual onset, elevated cardiac filling pressures, diminished “effective” 

cardiac output with splanchnic hypoperfusion, neurohumoral activation, and altered 

calcium handling with diminished cardiac energy efficiency.49  In a rat model, AV fistula 

is surgically created between the infrarenal aorta and adjacent vena cava.  In short, an 18-

gauge needle is inserted into the exposed abdominal aorta and advanced through the 

medial wall into the vena cava to create a fistula. Once the needle is withdrawn, the aortic 

puncture site is sealed by cyanoacrylate glue. Fistula patency is visually confirmed by the 

pulsatile flow of oxygenated blood into the vena cava.  In summary, AV fistula serves as a 

simple and reproducible platform to investigate the pathogenesis of heart failure and to 

examine efficacy of new therapeutic approaches. 

 

1.3.5 Time Course of Cardiac Remodeling Due to Volume Overload 

The pattern of volume overload-induced heart failure has been well described in 

the AV fistula model of rat.  In this model, the progressive development of heart failure is 

characterized by three distinct phases of myocardial remodeling: (1) the early and 

adaptive phase that encompasses the first 2 weeks of AV fistula; (2) the compensatory 

phase continues until the rats develop the symptoms of heart failure; (3) the 

decompensated phase begins when hypertrophic mechanisms can no longer maintain an 

adequate mass to increased workload.26 
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The initial phase occurs in the first 2 weeks post-fistula, during which 

hypertrophic progress begins in the ventricle and the initial remodeling of 

cardiomyocytes is accompanied by alterations in ventricular function.50, 51 The early 

response to AV fistula is characterized by increased diastolic wall stress, activation of 

specific signaling pathways, cardiomyocyte elongation, inflammatory infiltration and 

degradation of extracellular matrix which allows for the increase of the chamber size. The 

heart-to-body weight ratio significantly increases as early as 2 weeks post-fistula and 

remains elevated compared to control during the progression of eccentric cardiac 

hypertrophy, but AV fistula does not affect body weight.3  

 

After 2 weeks of AV fistula, early phase of remodeling resolves, leaving the heart 

in the stage of compensated eccentric hypertrophy with still relatively preserved systolic 

function and enhanced diastolic function.36  At this stage, animals show no clinical signs 

of heart failure, but neurohormoral activation remains elevated. Beyond 2 weeks post-

fistula, the compensatory phase of ventricular remodeling begins.  Although hypertrophic 

progress continues in the heart until rats develop heart failure, cardiac function is 

preserved between 2 and 5 weeks.26, 44 The compensatory mechanisms that are activated 

after the initial decline in the pumping capacity of the heart are able to modulate LV 

function within a physiological/homeostatic range, such that the functional capacity of 

the patient is preserved or is depressed only minimally 8. 
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After a long asymptomatic stage, heart failure signs gradually develop and overt 

heart failure is present. At 8 weeks post-fistula, the indexed heart mass (heart/body 

weight ratio) increases more than twice in comparison to sham.26 The ventricle becomes 

markedly dilated but relatively thin, with decreased left ventricular diameter/wall 

thickness ratio. The incidence of symptomatic heart failure is approximately 50%.  

During the progression of ventricular hypertrophy at 8 weeks post-fistula, the transition 

to the irreversible decompensated phase occurs. The decompensated phase is 

characterized by marked ventricular dilatation with increased compliance, as well as, 

cardiomyocyte contraction abnormalities.26, 52 Moreover, myocardial contractility and 

intracellular Ca2+ transient were remarkably depressed in ventricular cardiomyocytes at 

12 weeks post-fistula.26 

 

1.3.6 Metabolic Remodeling 

Normally, the heart requires a large amount of ATP to maintain its contractile 

function from the fatty acid oxidation in the mitochondria.53 Alterations in cardiac energy 

substrate preference from fatty acid to glucose would result in a significant change in 

cardiac efficiency, eventually progressing to heart failure. In the early stage, cardiac 

remodeling is associated with normal or slightly increased fatty acid oxidation to protect 

the heart against stresses.54 However, during the progression of heart failure, fatty acid 

oxidation and mitochondrial respiratory activities decrease, resulting in a significant drop 

in cardiac ATP production. In heart failure, as a compensatory response to decreased 
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energy metabolism, glucose uptake and glycolysis are upregulated, but this upregulation 

is not sufficient to compensate for a drop in ATP production. Elevated mitochondrial 

reactive oxygen species (ROS) generation and ROS-mediated damage, when they 

overwhelm the cellular antioxidant defense system, induce heart injury and contribute to 

the progression of heart failure.54 In volume-overload heart failure, despite the elevation 

of circulating free fatty acids, myocardial triglycerides significantly reduced and the heart 

attenuated anti-oxidative reserve, along with the downregulated enzymes of 

mitochondrial fatty acid oxidation, citric acid cycle, and respiratory chain.49  

 

1.3.7 Excitation-Contraction Coupling and Cardiac Ion Channels  

The heart is an excitable organ that spontaneously generates the contraction and 

relaxation cycle driven by excitation-contraction (EC) coupling. Normally, electrical 

activation of the heart commences at the sinoatrial (SA) node that is able to 

spontaneously fire the action potential. The electrical signals arising in the SA node 

firstly spread across the atria and then emerge on the ventricles after a delay, in order to 

stimulate their contraction in time. Because cardiomyocyte are electrically coupled to 

their neighbors via gap junctions, the electrical signals can propagate freely and rapidly 

among cells in every direction. After depolarization, the electrically activated 

cardiomyocytes repolarize their action potential and return to their resting state.55 
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The surface ECG is a reflection of the ongoing electrical events in the 

myocardium.56 On the ECG, P wave represents the atrial depolarization, which causes 

atrial contraction; QRS complex represents the activation of the right and left ventricular 

depolarization, although most of the QRS waveform is derived from the larger left 

ventricular musculature; positive T wave represents the repolarization of the ventricles. 

At the cellular level, each cardiac action potential (AP) results from the interplay of 

depolarizing and repolarizing ion currents. The AP shape is determined by the function of 

ion channels and differs between several regions of the heart. In ventricular 

cardiomyocytes, the AP is subdivided into 5 phases. The initial depolarization (phase 0) 

results from rapid activation of voltage-gated sodium (Nav) channels. This is followed by 

a transient repolarization (phase 1) due to the activation of transient outward K+ current 

(Ito) and inactivation of Nav. Subsequently, voltage-gated calcium (Cav) channels open, 

leading to Ca2+ influx. During the plateau phase (phase 2), there is a balance of inward L-

type Ca2+ current (ICa-L) and outward K+ currents (primarily IKr but also IKs).56, 57 When 

the Cav channels inactivate, the repolarizing K+ currents predominate and the plateau 

phase proceeds into the final repolarization (phase 3). During this phase, the inward 

rectifying channels (KIR) also open and contribute to return the resting membrane 

potential (phase 4).56-58  

 

The normal pumping activity of the heart is critically dependent on the cardiac 

electrophysiological properties. Alteration of the electrical phenotype renders the heart 
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vulnerable to ventricular arrhythmias that predispose to sudden cardiac death.57 Hence, 

the electrophysiological remodeling is a common feature in the experimental models of 

heart failure as well as in patients with heart failure, characterized by the prolongation of 

AP duration.55, 57, 59 The AP prolongation results from function downregulation of 

outward K+ currents,60-62 functional upregulation of inward calcium currents and changes 

in Ca2+ current inactivation,26, 63, 64 or increase in late Na+ currents.65 Our lab previously 

found that ICa-L currents did not change in the decompensated phase of heart failure when 

subjected to volume overload.26 However, knowledge of cardiac volume overload 

inducing electrical remodeling and prolonging APD is very limited.  

 

1.4 Adiponectin 

1.4.1 Adiponectin Structure 

In humans, the APN gene is located on chromosome 3q27, a locus linked with 

susceptibility to type 2 diabetes and related metabolic syndrome.66  The primary protein 

sequence of APN contains a signal peptide, an N-terminal collagenous domain 

comprising 22 Gly-X-Y repeats, and a C-terminal C1q-like globular domain.67, 68 The 

three dimensional structure of the C-terminal globular domain is strikingly similar to that 

of tumor necrosis factor-α (TNF-α), even though there is no homology at the primary 

sequence level.69 
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The 30-kDa monomer of APN is able to self-assemble into three oligomers, 

including trimer, hexamer and high-molecular-weight (HMW) form.  Trimer is the basic 

unit of APN oligomers.70 It is formed through hydrophobic interactions within its 

globular heads of APN and further stabilized by the non-covalent interaction of the 

collagenous domains in a triple-helix stalk.67 The assembly of hexameric and HMW 

multimers from trimer requires the formation of the disulfide bond at highly conserved 

cysteine residues within the N-terminus.70, 71 The biosynthesis and secretion of APN 

oligomers is tightly regulated by several molecular chaperons in the endoplasmic 

reticulum (ER), including ERp44 (ER protein of 44 kDa), Ero1-Lα (ER oxidoreductase 

1- Lα) and DsbA-L (disulfide-bond A oxidoreductase-like protein).72, 73 In addition to 

these oligomeric forms, the cleavage of full-lengthen APN (fAPN) by leukocyte elastase 

can generate the smaller globular fragment of APN (gAPN), which increases the binding 

affinity of AdipoRs in cardiomyocytes.74, 75  The various forms of APN can be detected in 

serum and they mediate the distinct signaling effects in the cardiovascular system.71, 75, 76 

 

1.4.2 Adiponectin Receptors  

APN exerts many of its cellular effects principally through binding to two 

receptors: AdipoR1 and AdipoR2. AdipoR1 is ubiquitously expressed and is most 

abundant in skeletal muscle; it has high affinity for gAPN and low affinity for fAPN.77  

AdipoR2, which demonstrates 67% sequence homology with AdipoR1, is found in many 

tissues at a lower level than AdipoR1. AdopoR2 has an intermediate affinity for both 
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gAPN and fAPN.77 Additionally, APN oligomers can bind with AdipoR1 and AdipoR2 to 

trigger intracellular signaling pathways; however, there are no studies directly comparing 

their affinity to AdipoR1 and AdipoR2.78 Both AdipoRs are expressed in myocardium 

with AdipoR1 being the predominant form.79, 80 Expression of AdipoRs are inversely 

regulated by insulin through the insulin/phosphoinositide 3-kinase/Foxo1 pathways.81 

 

Similar to G protein-coupled receptors (GPCR), both AdipoRs possess seven-

transmembrane domains. However, they are structurally and functionally distinct from 

GPCRs. AdipoRs exhibit the inverted membrane topology with a cytoplasmic N terminus 

and a short extracellular C terminus of approximately 25 amino acids, which is opposite 

to the topology of all other reported GPCRs. Moreover, the two AdipoRs do not require G 

proteins for their activity.11 In fact, their N-terminal cytosolic domains interact with APPL 

(Adaptor Protein Containing Pleckstrin Homology Domain, Phosphotyrosine-binding 

Domain, and Leucine-Zipper Motif).82, 83 Under basal conditions, APPL2 occupies the N-

terminus of AdipoRs and sequesters APPL1 in cytosol by forming an APPL1-APPL2 

heterodimer, thus inhibiting the APN-mediated signaling pathway.  Upon APN 

stimulation, APPL2 dissociates from AdipoRs and releases APPL1, facilitating the 

recruitment of APPL1 onto AdipoRs.82 The interaction of APPL1 and AdipoRs promotes 

translocation of LKB1 from nucleus to cytosol and induces anchoring of LKB1 to 

AdipoRs-APPL1 complex.84 Subsequently, LKB1 interaction with APPL1-AdipoRs 

complex leads to the promotion of phosphorylation and activation of AMPK in response 
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to APN.84, 85 When AMPK is activated, translocation of GLUT4 to the cell surface is 

accelerated and glucose uptake into cells is increased in a PI3K (phosphoinositide 3-

kinase)-independent manner.86 In addition, activation of PFK-2 (phosphofructokinase-2) 

enhances glycolysis.87 Thirdly, AMPK directly phosphorylates acetyl-CoA carboxylase 2 

(ACC2) to inhibit enzymatic activity and synthesis of malonyl-CoA. In turn, lipogenesis 

is inhibited and β-oxidation of fatty acid is enhanced through increased CPT-1 (Carnitine 

Palmitoyltransferase-1) activity in the mitochondria.86 In sum, AMPK pathway is critical 

for the metabolic actions of APN.  

 

In addition to AdipoRs, the cell-surface glycoprotein T-cadherin has been 

identified to specifically bind the hexameric and HMW forms of APN.88 T-cadherin is a 

GPI-anchored protein that lacks transmembrane and cytoplasmic domains, so it may 

interact with yet-unknown transmembrane adaptors to transmit the binding signals to 

activate the APN-mediated intracellular signaling pathways.89  

 

1.4.3 Adiponectin-Mediated Cardioprotection 

It has been well demonstrated that circulating APN level inversely correlates 

with some forms of cardiac pathogenesis, whereby low APN level in circulation increases 

the risk of cardiac diseases. In hypertension, a reduction in plasma APN level is 

accompanied by increased risk of cardiac dysfunction.90 Consistent with this result, Fu et 

al. also observed that serum APN concentration was rapidly decreased in spontaneously 
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hypertensive rats during the progression of hypertension and cardiac dysfunction.91  The 

reduction of serum APN levels is positively correlated with serum IL-6 level, suggesting 

that hypoadiponectinemia is associated with an increased inflammatory response to 

hypertension.91  However, this is not always the case. O’shea et al. used transverse aortic 

constriction (TAC) techniques to create pressure overload in mice.92 After 3 weeks of 

TAC, no change in serum APN was observed in comparison with control, even though 

TAC already induced concentric cardiac hypertrophy and led to cardiac dysfunction. 

However, APN deficiency exacerbates cardiac dysfunction following pressure overload. 

Using the APN-knockout mice, Walsh’s group reported that APN deficiency results in 

enhanced concentric hypertrophy and increased mortality through disruption of AMPK-

dependent angiogenic regulatory axis following pressure overload.93 In response to 

myocardial ischemia/reperfusion, myocardial apoptosis and infarct size are markedly 

enhanced in APN-knockout mice due to oxidative/nitrative stress.94  Conversely, these 

pathological alterations can be reversed by the in vivo administration of APN.93-95  The 

possible mechanism is that APN protects the heart against various insults through both 

AMPK- and cyclooxygenase (COX)-2-dependent mechanisms.95 

 

APN can also improve the contractile function of cardiomyocytes in db/db 

diabetic obese mice.96 Cardiomyocytes from db/db mice displayed a depressed sarcomere 

shortening and an abnormal intracellular Ca2+ transient.  Interestingly, APN treatment in 

vitro significantly improves the contractile dysfunction of cardiomyocytes in association 
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with restored c-Jun and IRS-1 phosphorylation signaling.96  This in turn leads to an 

overall reduction in oxidative stress.97  

 

Taken together the evidence from clinical and animal studies would suggest that 

APN possesses multiple cardioprotective effects, increasing circulating APN levels 

and/or enhanced APN signaling may represent a promising strategy for the treatment of 

various cardiac diseases. However, up to date no study has focused on the potential roles 

of APN in the volume overload induced heart failure.  
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Chapter 2  

 
 

Abstract 

Adiponectin has been reported to exert cardiac protective effects during 

ventricular remodeling following pressure overload and myocardial ischemia. However, 

the potential role of adiponectin in volume overload induced heart failure has not been 

reported. In this study, we examined the effect of adiponectin on cardiac myocyte 

contractile dysfunction following sustained volume overload. Volume overload induced 

heart failure was surgically induced in rats by infrarenal aorta-vena cava fistula. Rats 

were administered with or without adenoviral adiponectin (Ad-APN) at 2-, 6-, and 9-

weeks following fistula creation. Serum total adiponectin levels were measured at 3 days 

before, 5- and 10-weeks post-fistula. Myocyte contractility and intracellular Ca2+ 

transients were evaluated at 12 weeks post-fistula. Results indicated a progressive 

reduction of serum adiponectin levels. In ventricular myocytes isolated from 12-week 

fistula rats, protein expression of adiponectin, AdipoR1/R2 and T-cadherin were 

decreased, and AMPK activity was reduced. Consistent with these, myocytes exhibited 

significant depression in cell shortening and intracellular Ca2+ transient. In vivo 

overexpression of adenovirus-mediated adiponectin in fistula rats significantly increased 

adiponectin serum levels, and prevented the depression of myocyte contractile 

performance. Moreover, in vitro treatment with recombinant adiponectin significantly 

 25 



 

improved myocyte contractility and intracellular Ca2+ transient from 12-week fistula rats, 

but had no effect on myocyte performance in control and Ad-APN animals. These results 

demonstrate a positive correlation of adiponectin reduction and ventricular remodeling 

induced by volume overload. In conclusion, adiponectin plays a protective role in volume 

overload-induced heart failure. 

 

Keywords     adiponectin, volume overload, heart failure, myocyte contractility, 

intracellular Ca2+ handling 
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2.1 Introduction 

The death rate attributable to congestive heart failure (CHF) has declined, but the 

high prevalence of disease remains an issue in the United States.98 Mechanical stimuli in 

the form of pressure overload and volume overload are believed to be the major driving 

forces that initiate cardiac remodeling and increase the risk for development of CHF and 

sudden death.1 Pressure overload is often caused by high blood pressure and aortic 

stenosis. Volume overload is usually induced by valvular regurgitation, chronic 

myocardial infarction and pregnancy. The molecular mechanisms underlying pressure 

overload typically induces concentric hypertrophy, while volume overload increases 

diastolic load and results in eccentric hypertrophy characterized by sarcomere replication 

in series and longitudinal cell growth. This leads to an increase in ventricular volume 

with little increase in wall thickness.99 Although pressure overload- and myocardial 

infarction-induced cardiac hypertrophy have been well studied, there is far less known 

about the mechanisms causing volume overload-induced heart failure, even though is a 

clinically common cause of CHF. Recent animal studies demonstrated that cardiac 

remodeling secondary to volume overload is closely related to ATP starvation and 

metabolic abnormalities in myocardium, which further exacerbates the development of 

heart failure after volume overload.49, 53 Previous study from our laboratory reported that 

rat ventricular myocytes following sustained volume overload demonstrated significant 

depression in cell shortening, which was associated with reduced peak intracellular Ca2+ 
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([Ca2+]i) transients. Abnormal myocyte contractility and [Ca2+]i in these cells resulted 

from the deficiency of the key Ca2+ handling proteins including SR Ca2+-ATPase and 

ryanodine receptors. However, the mechanism of volume overload leading to the 

derangement of energy metabolism in myocardium is not clear. 

 

Adiponectin (APN) is collagen-like protein hormone circulating at a very high 

concentration in the range from 3 to 30 μg/ml, thus accounting for 0.01% of total plasma 

protein.9, 10 Initially, APN was believed to be exclusively expressed by white adipose 

tissue, but recent evidence indicates that myocardium can locally produce bioactive 

APN.13 In myocardium, APN functions to modulate glucose uptake and fatty acid β-

oxidation via AMP-activated protein kinase (AMPK)-dependent signaling pathways.93, 100 

These physiological effects of APN are mediated via interactions with its cell-surface 

receptors: AdipoR1, AdipoR2 and T-cadherin. The level of circulating APN is a predictor 

for the development of heart failure. Low APN level in serum (hypoadiponectinemia) is 

associated with cardiac hypertrophy and impairments of cardiac function under 

pathological conditions.101-104 APN deficiency in APN-knockout mice further exacerbates 

cardiac dysfunction following pressure overload induced cardiac remodeling 95, 105. 

Conversely, supplementation of APN suppresses pathologic cardiac remodeling and 

improves cardiac function, thus protecting heart function against myocardial injury 

induced by pressure overload.95, 106 However, no study has addressed the question that 

whether APN is beneficial or deleterious for the development of heart failure secondary 
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to volume overload. Therefore, the aim of this study is to examine the effects of APN on 

the volume overload-induced heart failure in rats.  

 

2.2 Materials and Methods 

2.2.1 Surgical preparation and APN administration 

The animal use procedures were performed conforming the NIH guidelines, and 

the animal use protocol was approved by the Auburn University Institutional Animal Care 

and Use Committee. Male Sprague Dawley rats (250-300 g, ~8 weeks) were randomly 

divided into three groups: Control (n=6), Fistula (n=7), and Fistula+Ad-APN (n=6). 

Chronic volume overload was induced through infrarenal aorto-caval (AV) fistula 26. 

Infrarenal aorta-vena (AV) fistula was performed on rats under O2-isofluorane inhalation 

anesthesia (2%). A midline abdominal incision was performed and the abdominal aorta 

and inferior vena cava were exposed. An 18-gauge needle was inserted into the exposed 

abdominal aorta and advanced through the medial wall into the vena cava to create a 

fistula. The needle was withdrawn, and the aortic puncture site was sealed by 

cyanoacrylate glue. Fistula patency was visually confirmed by the pulsatile flow of 

oxygenated blood into the vena cava. Abdominal musculature and skin incisions were 

sutured with 3/0 catgut and autoclip. Control animals underwent similar procedure except 

that no aortic puncture was applied. Fistula+Ad-APN animals received Ad-APN at 2-, 6- 

and 9 weeks post-fistula by intravenous injection via the tail vein.  
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2.2.2 Analysis of total serum APN levels 

Blood samples were collected from tail vein at 3 days before, 5 weeks and 10 

weeks after fistula surgery. Serum was isolated by centrifugation and preserved at -80°C 

until analysis. Total serum APN levels were determined by rat adiponectin ELISA kit 

(Millipore Co. Billerica, CA). 

 

2.2.3 Ventricle myocyte isolation 

At 12 weeks post-fistula, ventricular myocytes were isolated as previously 

described.26 In brief, animals were injected i.p of Fetal Plus 0.5 ml, and decapitated under 

deep anesthesia. The heart was quickly removed and perfused with oxygenated Ca2+-free 

Krebs-Henseleit (KH) buffer (118 mM NaCl, 4.8 mM KCl, 25 mM HEPES, 1.25 mM 

K2HPO4, 1.25 mM MgSO4, 11 mM Glucose, pH at 7.4) for 5 min, followed with KH 

buffer containing 5 mM BDM, 2 mM Carnitine, 5 mM taurine, 2 mM glutamic acid, 

0.045% collagenase (Worthington; Type II, 371 U/mg), 0.01% protease (Sigma; Type 

XIV, 4 U/mg) and 20 μM CaCl2 for approximately 15-18 min. Ventricles were then 

isolated from the digested heart and mechanically dispersed in 0.02 mM Ca2+ Kraftbrühe 

(KB) solution, filtered and centrifuged at 15 g for 5 min at room temperature. Isolated 

cardiomyocytes were then resuspended in KH buffer with gradually increasing 

concentrations of Ca2+ to yield Ca2+-tolerant cells.  
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2.2.4 Measurement of myocyte contractility and intracellular Ca2+ transient 

Ventricular myocytes were collected for measurement of contractility and 

intracellular Ca2+ transient using fluorescence and edge-detecting system (IonOptix, 

Milton, MA).107 Cardiomyocytes were incubated with 2.5 μM fura-2/AM at room 

temperature for 20 min. Cells were then washed in 1.8 mM Ca2+ KH buffer to remove 

excess fura-2. Fura-2-loaded cardiomyocytes were mounted on an inverted microscope 

(Nikon TE, 2000, Tokyo, Japan) and perfused with 1.8 mM Ca2+ KH buffer by gravity 

(~2 ml/min) at room temperature. Only rod shaped, clearly striated, and mechanically 

quiescent myocytes were chosen for the study. Myocyte contraction was elicited at 0.5 

Hz frequency by field stimulation. The fura-2-fluorescence was excited by collimated 

light beam from a 150 W Xe arc lamp. The intracellular Ca2+ transient was recorded by 

340/380 nm ratio excitation paired with an emission wavelength at 510 nm. The Ca2+ 

transient ratio indicates the changes in free intracellular Ca2+ levels. The contractile 

function of ventricular myocytes was determined by percent change of the sarcomere 

shortening simultaneously with intracellular Ca2+ transients. Average sarcomere length 

within the user-determined window, was measured using the Ionoptix Ltd software that 

determines the average periodicity of the Z-line density based on the fast Fourier 

transform algorithm. Sarcomere shortening was calculated as the difference between peak 

systolic length and maximum diastolic length. In some studies, ventricular myocytes 

isolated from different groups were incubated with 2.5 μg/ml recombinant APN for 2 h in 

1.8 mM Ca2+ KH buffer at room temperature. 
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2.2.5 Western blot 

Cell lysates were prepared from myocytes isolated from rats in each group. The 

total protein contents were determined by Bradford method. Equal amounts of protein for 

each sample were boiled in Laemmli buffer containing 5% β-Mercaptoethanol. Proteins 

were resolved by 10% SDS-PAGE gel and electrophoretically transferred to 

nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were blocked in Li-Cor 

Odyssey blocking buffer  (Lincoln, NE) for 1 hour and incubated overnight with primary 

antibody against target proteins. Membranes were washed three times with Tris-Buffered 

Saline with 0.1% Tween-20 (TBST) and incubated with infrared-conjugated secondary 

antibodies (Lincoln, NE) for 1 hour. Following three washes with TBS-0.1% Tween-20, 

blots were imaged and quantified using the Odyssey Infrared Imaging System (Li-Cor, 

Lincoln, NE). The target proteins were normalized to β-Actin or GADPH.  

 

2.2.6 Materials 

Recombinant adiponectin was purchased from Phoenix Pharmaceuticals, Inc. 

(Burlingame, CA). APN antibody was from Abcam, Inc. (Cambridge, MA). AdipoR1, 

AdipoR2 and T-cadherin antibodies were from Santa Cruz Biotechnology, Inc. (Santa 

Cruz, CA). Phospho-AMPKα (Thr172) and total AMPKα antibodies were purchased 

from Cell Signaling (Danvers, MA). His-tag adiponectin recombinant adenovirus was 

from Eton Bioscience Inc. IRDye secondary antibodies were from Li-Cor (Lincoln, NE). 

All chemicals were analytical grade and were from Sigma-Aldrich. 
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2.2.7 Statistical analysis 

Myocyte contractility and intracellular Ca2+ transient experiments were 

performed on five to seven myocytes randomly chosen from each animal in each group 

and data averaged to represent that animal. Values were expressed as mean ± SEM and n 

as the number of animals studied. Data from the different groups of animals were 

compared using two-tailed unpaired Student’s-test, and one-way ANOVA with a Student-

Newman-Kuels posttest, whenever appropriate. P value of < 0.05 was considered to be 

significantly different. 

 

2.3 Results 

2.3.1 Total APN levels were decreased with the development of ventricular remodeling 

following fistula 

To clarify whether circulating APN levels are inversely correlated with the 

progression of heart failure induced by AV fistula, ELISA assay was applied to measure 

serum total APN levels in all groups of rats at 3 days before, 5 weeks and 10 weeks after 

fistula. At 3 days before fistula, no significant difference in serum APN levels was 

observed between rats from different groups (data not shown). At 5 weeks and 10 weeks 

post-fistula, serum APN levels were significantly reduced in fistula rats. In vivo 

administration of Ad-APN significantly increased the total APN levels in serum at 5 

weeks and 10 weeks post-fistula, as compared with control and fistula rats (Figure 2-1a). 

 33 



 

 

Similar to the reduction of serum APN levels, the protein expression of total 

APN was significantly reduced in ventricular myocytes isolated from fistula rats at 12 

weeks post-fistula. However, Ad-APN administration markedly increased myocardial 

total APN levels in fistula+Ad-APN myocytes compared with myocytes from fistula rats. 

No significant difference was observed in the myocardial protein APN levels between 

fistula+Ad-APN and control rats (Figure 2-1b). 

 

2.3.2 Protein expression of APN receptors were depressed in ventricular myocytes at 12 

weeks following fistula 

AdipoR1 and AdipoR2 serve as predominant APN receptors and mediate glucose 

uptake and fatty acid oxidation in myocytes.77 In addition to AdipoR1 and AdipoR2, T-

cadherin has also been identified as a membrane receptor for hexameric and high-

molecular-weight forms of APN, which is also critical for APN-dependent energy 

metabolism in myocytes.88, 89 Western blot analysis was applied to determine the protein 

levels of AdipoR1/R2 and T-cadherin in isolated ventricular myocytes at 12 weeks post-

fistula. Results demonstrated that myocardial protein expressions of AdipoR1/R2 and T-

cadherin in the fistula group of rats were decreased at 12 weeks post-fistula as compared 

with control. Conversely, Ad-APN treatment prevented the reduction of receptor proteins. 

Myocardial protein expression of AdipoR1/R2 and T-cadherin in myocytes isolated from 

fistula+Ad-APN rats was comparable to that in myocytes from control rats (Figure 2-2). 
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2.3.3 Myocardial AMPK activation was depressed in ventricular myocyte at 12 weeks 

post- fistula 

APN functions to mediate myocardial glucose uptake and fatty acid oxidation as 

well as to provide cardioprotective roles by increased AMPK activity through 

phosphorylation of AMPK-α (Thr172).108 In this study, western blot was used to assess 

the phosphorylation status of AMPK at threonine residue 172 of its α subunit in myocytes 

from rats in each group. At 12 weeks post-fistula, AMPK-α phosphorylation was 

significantly decreased, while the total AMPK level was similar in fistula myocytes when 

compared to control. However, Ad-APN treatment significantly improved AMPK-α 

phosphorylation in myocytes from fistula+Ad-APN rats compared with in fistula 

myocytes. There was no significant difference of AMPK-α phosphorylation in myocytes 

between fistula+Ad-APN and control rats (Figure 2-3).  

 

2.3.4 Myocyte contractile performance was decreased following 12-week fistula 

To investigate the effects of APN on myocyte contractile performance when 

subjected to volume overload, we compared the myocyte shortening among different 

groups of animals. The resting sarcomere lengths were comparable among different 

groups of myocytes. When myocytes were electrically stimulated at 0.5 Hz, mechanical 

properties showed that contractile performance was depressed in myocytes from Fistula 

rats as compared with control at 12 weeks post-fistula. Sarcomere shortening was 

 35 



 

significantly decreased in myocytes isolated from 12-week fistula rats. Similarly, fistula 

myocytes had a delayed relaxation as shown by the prolonged sarcomere relengthening 

when compared with that of control. In vivo Ad-APN administration prevented normal 

contractile dysfunction induced by fistula, and the contractile performance of myocytes 

from fistula+Ad-APN rats was not significantly different from the control myocytes 

(Figure 2-4).  

 

To further examine the effects of APN on the myocyte performance at cellular 

levels, myocytes isolated from different groups of rats were treated with or without 2.5 

μg/ml recombinant APN for 2-4 hours before mechanical study. Pretreatment with 

recombinant APN significantly augmented the contractility of fistula myocytes and 

brought the cell shortening to the normal levels of control myocytes.  On the other hand, 

recombinant APN treatment did not affect the contractile performance in myocytes from 

fistula+Ad-APN and control rats (Figure 2-4). 

 

Consistent with contractile properties, intracellular Ca2+ transient was also 

depressed in fistula myocytes. Resting fura-2 ratios were similar among different groups 

of myocytes. However, the peak fura-2 ratio was significantly lower, and the time-to-50% 

fura-2 ratio decay was remarkably prolonged in fistula myocytes compared with control. 

Conversely, Ad-APN treatment retained intracellular Ca2+ transient in myocytes from 

fistula+Ad-APN rats (Figure 2-5). In vitro treatment of myocytes with recombinant APN 
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restored the reduction of intracellular Ca2+ transient in fistula myocytes to normal values 

of control myocytes, but did not affect the Ca2+ transient in myocytes from control and 

fistula+Ad-APN rats (Figure 2-5). 

 

2.4 Discussion 

To our knowledge, our study is the first to demonstrate the inverse relationship 

between APN levels and the progression of heart failure due to sustained volume 

overload. One of the key findings from this study is a progressive and significant 

reduction of APN levels in serum and ventricular myocytes following volume overload. 

In addition, protein expression of APN receptors were decreased in ventricular myocytes 

isolated from fistula rats at 12 weeks post-fistula, which was accompanied by reduced 

AMPK activation. Consistent with these findings, ventricular myocyte contractility and 

intracellular Ca2+ transients were markedly depressed at 12 weeks post-fistula. 

Conversely, in vivo administration of adenovirus-mediated overexpression of APN 

restored the APN levels, prevented the loss of protein expression of APN receptors, 

enhanced AMPK phosphorylation in myocytes from fistula+Ad-APN rats, and restored 

the contractile performance of ventricular myocytes. Moreover, in vitro treatment of 

ventricular myocytes from fistula rats with recombinant APN fully compensated the 

contractile deficiency, while treatment of recombinant APN does not have any effect on 

the contractile performance in myocytes isolated from control and fistula+Ad-APN rats.  
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Cardiac remodeling involves molecular, cellular and interstitial changes. Cardiac 

hypertrophy is a common type of cardiac remodeling following pathological stimulation 

and a major predictor of the development of heart failure.109 Abnormal mechanical 

stimuli in the form of pressure overload and volume overload are believed to be the major 

driving forces that initiate cardiac remodeling and increase the risk for development of 

CHF and sudden death.1 In response to pressure and volume stress, hypertrophic growth 

develops in two different ways: (1) concentric hypertrophy, due to pressure overload, is 

characterized by a relative increase in myocyte cross sectional area without a significant 

change in myocyte length. It leads to reduced ventricular volume and increased wall 

thickness; (2) eccentric hypertrophy, in response to volume overload, results in a relative 

increase in myocyte length without a significant change of cross section area. This causes 

dilatation and thinning of the heart wall.1, 110 At the molecular level, signaling analysis 

demonstrated striking differences in transducing signaling pathways that were activated 

under the different overload conditions. Pressure overload-induced cardiac hypertrophy is 

associated with increased activation of extracellular-signal-regulated kinases 1/2 

(ERK1/2) and persistent activation of Ca2+/calmodulin-dependent protein kinase II 

(CaMKII).25, 109 On the other hand, volume overload stimulates activation of the MEK5-

ERK5 signaling branch of the greater mitogen-activated protein kinases (MAPKs) 109 and 

Akt activation without much fibrosis signaling.25 In addition, a total of 157 mRNAs and 

13 microRNAs were differentially regulated in pressure-overload versus volume-

overload mice models of heart failure.25 In the present study, experimental data indicated 
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a progressive and significant reduction of APN levels in serum and ventricular myocytes 

following volume overload. On the other hand, serum level of APN remained the same 

after pressure overload challenge,92 while APN deficiency in APN knockout mice 

exacerbated cardiac dysfunction following pressure overload.93, 105 Taking together, our 

study further support the distinct phenotype differences between different mechanical 

stresses, indicating the requirement for specific pharmacological interventions for 

specific phenotype.   

 

APN is a protein hormone that functions to improve insulin sensitivity and 

modulate energy metabolism in tissues.111 Different from most other adipocytokines, 

circulating APN levels are negatively correlated with body mass index.112 

Hypoadiponectinemia has been observed in obesity and its related diseases, including 

hypertension, type II diabetes and coronary heart disease.101-104, 113 Interestingly, although 

serum APN levels remain relatively stable in mice subjected to pressure overload.92 APN 

deficiency exacerbates cardiac dysfunction following pressure overload.90, 93 Conversely, 

APN supplementation prevents cardiac remodeling and ameliorates cardiac abnormalities 

due to pressure overload and myocardial infarction.95, 105 

 

Many studies have demonstrated cardioprotective effects of APN in heart failure 

caused by pressure overload or myocardial infarction, but its effects on the progression of 

volume-overload heart failure have not been examined. Rats are the most common 
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animal model used to create AV fistula in order to induce eccentric hypertrophy and 

volume-overloaded heart failure.114 Creation of the infrarenal AV fistula results in volume 

overload, which causes cardiac dilation and eccentric hypertrophy. Over time, this would 

lead to heart failure and increased mortality. The AV fistula model of heart failure is 

characterized by three distinct phases of myocardial remodeling. The initial phase occurs 

in the first 2 weeks post-fistula, during which hypertrophic progress begins in the 

ventricle and the initial remodeling of cardiomyocytes is accompanied by alterations in 

ventricular function.50, 51 Beyond 2 weeks post-fistula, the compensatory phase of 

ventricular remodeling begins. Although hypertrophic progress continues in the heart 

until rats develop heart failure, cardiac function is preserved between 2 and 5 weeks.26, 51 

A previous study demonstrated that myocyte function in 5-week fistula rats was 

comparable with control,26 but our study showed that serum APN levels were decreased 

in 5-week fistula rats. With the progression of ventricular hypertrophy at 8 weeks post-

fistula, transition to the irreversible decompensated phase occurs. The decompensated 

phase is characterized by marked ventricular dilatation with increased compliance, as 

well as myocyte contraction abnormalities.26, 52 At 10 weeks post-fistula, our study found 

that serum APN level was lowered in fistula rats as compared with control. Moreover, 

myocardial contractility and intracellular Ca2+ transient were remarkably depressed in 

ventricular myocytes at 12 weeks post-fistula. Hypoadiponectinemia may be a 

contributing factor to the progression of heart failure induced by volume overload. In 

accordance with this hypothesis, our data clearly showed that adenovirus-mediated 
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overexpression of APN increased serum APN levels in either 5-week or 10-week fistula 

rats. Following 12-week AV fistula, adenovirus-mediated APN overexpression prevented 

the volume overload-induced damages in cardiomyocytes and preserved contractile 

function of myocytes in fistula rats in vivo. Furthermore, APN supplementation fully 

recovered contractile dysfunction in 12-week fistula myocytes in vitro, which was in 

consistent with a previous report focusing on the effect of APN on the cardiomyocyte 

contractile function in diabetic, obese mice.96 Although previous studies revealed that 

high levels of APN were associated with increased mortality and severity of congestive 

heart failure,115, 116 our observations suggested that APN offers cardiovascular protection 

in volume-overload cardiomyopathy. However, it raises an interesting question 

concerning the underlying mechanism. 

 

APN is mainly expressed by adipocytes. However, cardiomyocytes are capable 

of synthesizing and secreting a small amount of APN.13, 14 Circulating APN seems to act 

as the predominant ligand for myocardial APN receptors and exert cardioprotective 

actions in an endocrine manner. Shibata et al. described that APN accumulated in heart 

following ischemia-reperfusion injury through leakage from the vascular compartment 

and APN protein was only detectable in injured hearts but not sham-operated hearts.117 

However, recent studies found that the locally produced APN can also mediate 

cardioprotection in paracrine and autocrine manners.13, 14, 79 Guo et al. reported that 

cardiac APN protein expression did not change in STZ-induced diabetic rats, whereas 
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plasma APN level was decreased.118 Conversely, our study provided evidence that APN 

protein was detectable in control myocytes and total APN level was significantly 

decreased in ventricular myocytes at 12 weeks post-fistula, which was in parallel with a 

decrease in serum APN level. This indicates that the protein expression of tissue and 

systemic APN may be regulated by the same mechanisms. However, the underlying 

mechanism is as yet unknown. One possible reason is the increased production of tumor 

necrosis factor-α (TNF-α). Our preliminary data showed that TNF-α was not detectable in 

control myocytes. However, TNF-α levels were elevated in ventricular myocytes at 12 

weeks post-fistula. Also, TNF-α levels were significantly increased in serum when 

animals were subjected to volume overload.119, 120 TNF-α may suppress APN expression 

via JNK (c-Jun N-terminal kinase)- and protein kinase C (PKC)-dependent signaling 

pathways.121, 122 Moreover, TNF-α inhibits APN expression via TNF receptor type 1.123 

 

APN has been described as achieving these protective effects through receptors, 

AdipoR1/R2, both of which are expressed in cardiomyocytes.80, 118, 124 In addition to 

AdipoR1/R2, T-cadherin has recently been identified as a receptor for hexameric and 

high-molecular-weight (HMW) forms of APN.88 Although lacking transmembrane and 

cytoplasmic domains, T-cadherin may act as coreceptor to transmit APN-mediated 

metabolic signals via an unidentified signaling pathway, further protecting myocardium 

against injury.89 Cardioprotective effects of APN are determined by the protein 

expressions of AdipoR1/R2 and T-cadherin. Caselli et al. reported that the mRNA 
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expression of AdipoR1 was significantly upregulated and myocardial AdipoR2 and T-

cadherin mRNA expression did not change in a porcine dilated cardiomyopathy model.125 

Also, AdipoR2 protein levels did not change in diabetes mellitus.118, 126 In this study, the 

protein expression of AdipoR1/R2 and T-cadherin were all downregulated in ventricular 

myocytes following 12 weeks fistula, which was accompanied by contractile dysfunction 

in rats with volume-overloaded heart failure. However, adenovirus-mediated APN 

overexpression significantly prevented the reduction of myocardial expressions of APN 

receptors after 12 weeks fistula, which dramatically rescued the abnormal myocardial 

contractile function due to volume overload. However, the precise mechanism for 

depressing the myocardial expression of AdipoR1/R2 and T-cadherin is as yet unknown. 

A previous study showed that TNF-α functions as a negative regulator of AdipoR1/R2 

expression.79 APN overexpression may inhibit the production of TNF-α, further 

improving the expression of AdipoR1 and AdipoR2 in 12-week fistula cardiomyocytes. 

Furthermore, some studies suggested that insulin reduces AdipoR1 and AdipoR2 

expression via the phosphoinositide 3-kinase/Foxo1-dependent pathway in vivo and in 

vitro.81, 124  

 

AMPK is a stress-activated protein kinase that mediates glucose uptake and fatty 

acid oxidation in cardiomyocytes.100, 127 APN functions to attenuate cardiac hypertrophy 

mainly through AMPK-dependent signaling pathways.105 AMPK deficiency exacerbated 

myocardial hypertrophy and dysfunction.93, 128, 129 Myocardial AMPK activity was 
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enhanced when subjected to short-term pressure overload and myocardial ischemia.130, 131 

Although we did not test AMPK activity in the early stage of volume overload, our study 

showed that AMPK activity was significantly decreased in 12-week fistula myocytes. 

This observation suggests that decreased AMPK activity is a decompensated mechanism 

that fails to satisfy cardiac energy demand and maintain energy homeostasis in the heart 

under volume overload and contributes to myocardial hypertrophy and myocyte 

abnormalities. This mechanism may be partly contributed to hypoadiponectinemia and 

the decreased myocardial expression of APN due to volume overload. In accordance with 

this, adenovirus-mediated APN overexpression increased APN levels in serum and in 

myocytes after 12 weeks fistula, thus enhancing AMPK activity and restoring myocyte 

contractile function in 12-week fistula myocytes.  

 

In summary, this study examined the role of APN in the volume overload-

induced heart failure. Our results showed that hypoadiponectinemia played a causal role 

in the progression of heart failure under chronic volume overload. Furthermore, the 

decreased expression of APN and its receptors in myocytes resulted in myocyte 

contractile abnormalities via the reduced AMPK phosphorylation. Thus, these 

observations suggested a potential therapeutic application of APN in the treatment of 

volume overload-induced cardiac dysfunction. 

 44 



 

Figure Legend 
 
 

Figure 2-1 Total adiponectin (APN) levels with the development of ventricular 
remodeling following fistula a serum total APN levels at 5 weeks and 10 weeks post-
fistula b and c myocardial protein expression of APN normalized to β-actin in the rat 
model of heart failure at 12 weeks post-fistula with or without the treatment of 
adenovirus-APN (Ad-APN). Results were presented as mean ± SEM for Control (n=6), 
Fistula (n=7) and Fistula+Ad-APN (n=6). * P<0.05 compared with Control; # P<0.05 
compared with Fistula+Ad-APN. 
 

Figure 2-2 Myocardial protein expression of AdipoR1, AdipoR2 and T-cadherin in the rat 
model of volume overload-induced heart failure at 12 weeks post-fistula a protein 
expression of AdipoR1 normalized to glyceraldehyde 3-phosphate dehydrogenase 
(GADPH) in isolated ventricular myocytes; b protein expression of AdipoR2 normalized 
to β-Actin in the isolated ventricular myocytes; c protein expression of T-cadherin 
normalized to β-Actin in the isolated ventricular myocytes. Results were presented as 
mean ± SEM for Control (n=6), Fistula (n=7) and Fistula+Ad-APN (n=6). * P<0.05 
compared with control; # P<0.05 compared with Fistula+Ad-APN. 
 

Figure 2-3 AMP-activated protein kinase (AMPK) phosphorylation in the rat model of 
volume overload-induced heart failure at 12 weeks post-fistula a representative western 
blot of phospho-AMPKα (Thr172) and AMPKα in isolated ventricular myocytes b 
phospho-AMPKα (Thr172) normalized to AMPKα. Results were presented as mean ± 
SEM for Control (n=6), Fistula (n=7) and Fistula+Ad-APN (n=6). * P<0.05 compared 
with Control; # P<0.05 compared with Fistula+Ad-APN. 
 

Figure 2-4 Contractile performance of ventricular myocytes with or without 2-4 hours in 
vitro APN treatment (2.5μg/ml) a resting sarcomere length b percentage of sarcomere 
shortening c time to 50% sarcomere relengthening. Results were presented mean ± SEM 
for Control (n=6), Fistula (n=7) and Fistula+Ad-APN (n=6). * P<0.05 compared with 
control; # P<0.05 compared with Fistula+Ad-APN.  
 
Figure 2-5 Intracellular Ca2+ transient in isolated ventricular myocyte with or without in 
vitro APN treatment (2.5μg/ml) a resting fura-2 ratio (340/380) b peak fura-2 ratio 
(340/380nm) c time to the 50% ratio decay (s). Results were presented mean ± SEM for 
Control (n=6), Fistula (n=7) and Fistula+Ad-APN (n=6). * P<0.05 compared with 
Control; # P<0.05 compared with Fistula+Ad-APN. 
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Figure 2-1 Total adiponectin (APN) levels with the development of ventricular 

remodeling following fistula 
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Figure 2-2 Myocardial protein expression of AdipoR1, AdipoR2 and T-cadherin in the rat 

model of volume overload-induced heart failure at 12 weeks post-fistula 
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Figure 2-3 AMP-activated protein kinase (AMPK) phosphorylation in the rat model of 

volume overload-induced heart failure at 12 weeks post-fistula 
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Figure 2-4 Contractile performance of ventricular myocytes with or without 2-4 hours in 

vitro APN treatment (2.5μg/ml) 
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Figure 2-5 Intracellular Ca2+ transient in isolated ventricular myocyte with or without in 

vitro APN treatment (2.5μg/ml) 
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Chapter 3  

 
 

Abstract 

Adiponectin is a protein hormone that plays an important role in modulating 

glucose and fatty acid uptake and oxidation in the heart. Previous studies have well 

described the protective effects of adiponectin on ventricular remodeling in response to 

various pathological stimuli; however, little information is available regarding the 

potential effects of adiponectin on the electrophysiological remodeling under pathological 

conditions. In this study, we firstly analyzed the role of adiponectin on the ventricular 

electrophysiological remodeling secondary to volume overload by using the whole cell 

patch-clamp techniques and western blots. Volume-overload heart failure was induced in 

rats by the surgery of infrarenal aorta-vena cava fistula. After surgery, rats were 

administrated with adenovirus-mediated overexpression of adiponectin (Ad-APN) or 

GFP (Ad-GFP) at 2-, 5- and 8- weeks. Results showed that the duration of action 

potential was prolonged in ventricular myocytes following 10-week fistula, which was 

reflected by the lengthened QT interval on the surface electrocardiogram (ECG). The 

prolongation of action potential duration was correlated with a depression of Ito function 

as well as a decrease of Ito channel components expression in ventricular myocytes at 10 

weeks post-fistula. In addition, the protein level of tumor necrosis factor-α (TNF-α) was 

significantly increased in ventricular myocytes at 10 weeks post-fistula. However, 

supplementation of Ad-APN increased the protein levels of Ito channel components and 
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reversed Ito function in ventricular cardiomyocytes following 10-week fistula. This 

further restored the duration of action potential and the QT interval on the ECG back to 

the normal. In addition, the administration of Ad-APN significantly reduced the protein 

level of TNF-α in ventricular myocytes even following 10-week fistula. These results 

indicated that adiponectin might prevent the volume overload-induced ventricular 

electrophysiological remodeling via a decreased production of TNF-α. This study further 

confirmed the cardioprotective effect of adiponectin in volume overload-induced heart 

failure. 

 

Keywords  adiponectin, volume-overload, cardiac electrophysiology, transient outward 

potassium currents 
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3.1 Introduction 

Heart failure (HF) is approaching epidemic proportions in United States. 

According to a 2014 report from the American Heart Association, an estimated 5.1 

million Americans suffer from HF and 825,000 new HF cases are diagnosed annually.2 

During the development of HF, the heart experiences anatomic and functional 

remodeling, which alters the electrophysiological properties. The electrophysiological 

hallmark of the failing heart is prolongation of the action potential (AP) duration 

(APD).55, 57, 59 The duration and shape of AP are critically dependent on a delicate balance 

between the activities of depolarizing (Na+ and Ca2+) and repolarizing currents (K+ and 

Cl-). A decrease in repolarizing currents or an increase in depolarizing currents can 

contribute to APD prolongation, which is reflected by a lengthened QT interval on the 

surface electrocardiogram (ECG).58 This further reduces the mechanical efficiency of 

cardiac contraction and potentially predisposes the heart to life-threatening arrhythmias. 

In contrast, restoration of cardiac electrical activation by cardiac resynchronization 

therapy can improve mechanical function and reduce mortality in HF patients.60, 132, 133 

However, the ionic mechanism that promotes ventricular remodeling is still poorly 

understood. 

 

The outward potassium currents are critical to the restoration of cardiac 

excitability, because they play a fundamental role in modulating AP plateau and 
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repolarization profiles. Downregulation of the outward potassium currents is well 

documented to result in a prolongation of APD as well as a decrease in the early phase of 

AP repolarization (phase 1), presumably due to transient outward potassium currents 

(Ito).134-137 Ito is a rapidly activating and inactivating 4-AP-sensitive K+ current. In the 

heart, Ito underlies the phase 1 in cardiac AP and influences the overall AP configuration 

and duration. In human and animal ventricle, Ito is carried by channel composed of 

voltage-gated α subunits (a homotetramer formed by Kv4.2/4.3 channels), and auxiliary β 

subunit Kv channel-interacting protein 2 (KChIP2).138 The Kv4 α subunits form the 

actual conductance pore and the β subunits modulate the biophysical properties of Ito 

channels. It has been suggested that HF is invariably associated with suppression of 

Ito.134-137 The downregulation of Ito is closely related to a decrease in protein expression 

of Kv4 (including Kv4.2 and Kv4.3) as well as KChIP2.136, 139 Despite of the importance 

of Ito in normal and diseased hearts, the underlying mechanisms for its regulation are still 

poorly understood.  

 

Adiponectin (APN) is a protein hormone with respect to influence insulin 

sensitivity and energy metabolisms in tissues.140 In the heart, APN is responsible for 

modulating glucose uptake and fatty acid oxidation via AMP-activated protein kinase 

(AMPK)-dependent signaling pathway.16 Recent studies demonstrated a cardio-protective 

role of APN during ventricular remodeling following pathological stimulation.16, 101-104 

On the other hand, although Komatsu et al. found a strong inverse correlation between 
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serum APN and heart rate-corrected QT interval in the apparently healthy male 

Japanese,141 no other study is currently available regarding the potential roles of APN on 

the remodeling of electrophysiological properties in ventricular myocytes. The aim of this 

study is to investigate the effect of APN on the ventricular electrophysiological 

remodeling due to cardiac volume overload. 

 

3.2 Materials and Methods 

3.2.1 Surgical preparation and treatment protocols 

Male Sprague Dawley rats (250-300 g, ~8 weeks) were randomly divided into 

five groups: Control (n=6), Control+Ad-APN (adenovirus vector with APN, n=7), 

Fistula+Ad-GFP (adenovirus vector with GFP, n=4), Fistula+Ad-APN (n=8) and Fistula 

(n=6). Chronic volume overload was induced through infrarenal aorto-caval (AV) fistula. 

AV fistula was performed on rats under O2-isofluorane inhalation anesthesia (2%). A 

midline abdominal incision was performed and the abdominal aorta and inferior vena 

cava were exposed. An 18-gauge needle was inserted into the exposed abdominal aorta 

and advanced through the medial wall into the vena cava to create a fistula. The needle 

was withdrawn, and the aortic puncture site was sealed by cyanoacrylate glue. Fistula 

patency was visually confirmed by the pulsatile flow of oxygenated blood into the vena 

cava. Abdominal musculature and skin incisions were sutured with 3/0 catgut and 

autoclip. Control animals underwent similar procedure except that no aortic puncture was 

applied. Animals in the Ad-APN and Ad-GFP groups received the adenovirus at 2-, 5- 
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and 8 weeks post-fistula by intravenous injection via the tail vein. The animal use 

procedures were performed following the NIH guidelines, and the animal use protocol 

was approved by the Auburn University Institutional Animal Care and Use Committee. 

 

3.2.2 Surface electrocardiogram (ECG) recording 

At 10 weeks post-fistula, surface ECG recordings were obtained from 

anesthetized animals. Surface ECG were recorded with silver electrodes placed on the 

skin at optimized positions to obtain maximal amplitude recordings. Data were recorded 

and analyzed using LabChart8 software (ADInstruments, Colorado Springs, CO) and QT 

intervals were determined; average values for individual animals were reported. 

 

3.2.3 Ventricle myocyte isolation 

At 10 weeks post-fistula, ventricular myocytes were isolated as previously 

described.26 In brief, the heart was perfused with oxygenated 1.8 mM Ca2+ Krebs-

Henseleit (KH) buffer for 3 min and Ca2+-free KH buffer for 4 min, followed by 

perfusion with KH buffer containing 5 mM 2,3-Butanedione Monoxime, 2 mM Carnitine, 

5 mM Taurine, 2 mM Glutamic acid, 0.1% Bovine Serum Albumin and 0.045% 

collagenase (Worthington; Type II, 285 U/mg) and 20 μM CaCl2 for approximately 18 

minutes and 30 seconds. Ventricles were then isolated from the digested heart and 

mechanically dispersed in 0.01 mM Ca2+ Kraftbrühe (KB) solution, filtered and settled 

down at room temperature. Lastly, the isolated cardiomyocytes were resuspended in 0.01 
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mM Ca2+ KH buffer with gradually increasing concentrations of Ca2+ to yield Ca2+-

tolerant cells. For all experiments, only rod-shaped myocytes with clear striations and no 

membrane blebs were used. Myocytes were stored in 0.5 mM Ca2+ KH buffer for 1 h at 

room temperature before the experiments and used within 8 h. 

 

3.2.4 Electrophysiology Experiments 

The whole-cell patch clamp technique was used to record action potentials and 

potassium currents in ventricular myocytes.107, 142 Patch pipettes were pulled from 1.5 

mm O.D. borosilicate glass capillary tubes with a PE-830 gravity puller (Narashigee, 

Japan) and then fire-polished with a MF-830 microforge (Narashigee, Japan). The pipette 

contained a silver electrode, and had a tip resistance of 2-4 MΩ when filled with 

appropriate pipette solution. By applying gentle suction to the pipette, a giga-seal was 

formed between the pipette and the cell membrane. More suction was applied to rupture 

the patch of membrane under the tip of the pipette, providing access for the electrode to 

the interior of the cell; this situation is termed the whole cell configuration. After the 

whole-cell configuration, cell membrane capacitance and series resistance were measured 

by a 20-mV hyperpolarizing pulse and partially compensated. Membrane potential and 

currents of myocytes were measured via the Axopatch 200B patch-clamp amplifier 

(Axon Instruments, CA). Currents and voltage signals were filtered at 5 kHz, collected 

using the data acquisition package pClamp 9 and pClamp 10 (Axon Instruments, CA). All 

experiments were performed at room temperature. 
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Action potential was recorded in current-clamp mode when myocytes were 

superfused with normal Tyrode solution (flow rate ~2 ml/min). Action potential was 

elicited by 6-ms current pulse at 20-s interval. Resting membrane potential, amplitude of 

action potential, and times to 50% repolarization (APD50) were recorded and analyzed. 

 

Transient outward K+ currents (Ito) were measured in voltage-clamp mode. Ito 

was recorded in the presence of external 50 mM tetraethylammonium chloride (TEA-Cl), 

which was used to block IK. The resting membrane potential was held at -40 mV to 

eliminate sodium currents. Ito currents were elicited by test pulses from -30 to +50 mV 

applied in 10 mV increments at a frequency of 0.1 Hz.  

 

3.2.5 Western blot 

Cytoplasmic and membrane protein were prepared from myocytes isolated from 

rats in each group, as described previously.143, 144 The tube containing frozen myocytes 

were put on ice. Buffer A (50 mM Tris-HCl, 250 mM Surcose, 10 mM EGTA, 4 mM 

EDTA, 1 mM PMSF and 20 μg/ml Leupeptin, pH 7.5) and buffer B (buffer A with 1% 

Triton X-100) were prepared and chilled on ice. The myocytes were suspended in buffer 

A and homogenized, then transferring to 2 ml of ultracentrifuge tube and centrifuged at 

33,000 rpm for 1 hour at 4°C. The supernatant was removed and represented cytosolic 

proteins. Pellets were resuspended in pre-chilled buffer B and incubated on ice for 1 hour 

to allow complete lysis of membrane proteins. Samples were centrifuged at 10,000 rpm 
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for 1 hour at 4°C and the supernatants were used as the membrane fraction. The protein 

contents were determined by using Bradford method. Protein contents were aliquoted and 

stored at -80°C for later analysis. 

 

Protein lysates for each sample were reduced using Laemmli buffer containing 

5% β-Mercaptoethanol. The reduced proteins were resolved in 10% SDS-PAGE gel and 

electrophoretically transferred to nitrocellulose membrane. The membranes were stained 

by Ponceau S to determine the total amount of proteins loaded on the gels. The 

membrane was then blocked in Tris-Buffered Saline with 0.1% Tween-20 (TBST) 

containing 5% nonfat dry milk for 1 hour at room temperature, and incubated with 

primary antibody against target proteins overnight at 4°C. Nitrocellulose membranes 

were washed in TBST and then incubated with IRDye Infrared Dyes (Li-Cor, Lincoln, 

NE) against primary antibodies. After washing with TBST, Odyssey Infrared Imaging 

System (Li-Cor, Lincoln, NE) was used to image and quantify the protein bands. The 

target proteins were normalized to Ponceau images of total proteins.  

 

3.2.6 Materials and Solutions 

GFP expressing RGD fiber modified adenovirus was from Vector Biolabs 

(Philadelphia, PA). His-tag APN recombinant adenovirus was purchased from Eton 

Bioscience, Inc. (San Diego, CA). KV4.3 (sc-11686), KV4.2 (sc-11680), KChIP2 (sc-

25685), TNF-α (sc-1350) and GAPDH (sc-20357) antibodies were purchased from Santa 
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Cruz Biotechnology, Inc. (Santa Cruz, CA). IRDye secondary antibodies were purchased 

from Li-Cor (Lincoln, NE). All chemicals were analytical grade and were from Sigma-

Aldrich.  

 

KH buffer was composed of (in mmol/L) 118 NaCl, 4.8 KCl, 25 HEPES, 1.25 

K2HPO4, 1.25 MgSO4 and 11 Glucose, pH adjusted to 7.4 with NaOH.  

 

KB solution included (in mmol/L) 20 KCl, 10 KH2PO4, 70 L-Glutamine, 10 DL-

β-hydroxybutyric acid, 10 Taurine, 2.5 EGTA, 10 Glucose, 5 HEPES and 1% Bovine 

Serum Albumin, pH adjusted to 7.4 with KOH.  

 

For outward K+ current measurement, the intracellular recording pipette solution 

contained (in mmol/L) 80 L-aspartic acid, 50 KCl, 10 KH2PO4, 10 EGTA, 5 HEPES, 3 

ATP-Na, 1 MgSO4, pH adjusted to 7.2 with KOH. Ito bath solution was composed of (in 

mmol/L) 137 NaCl, 4.0 KCl, 1.0 MgCl2, 0.5 CaCl2, 10 HEPES, 2.0 CoCl2�6H2O, and 

10 Glucose, pH adjusted to 7.4 with NaOH.  When 50 mM TEA-Cl was added to the Ito 

bath solution, NaCl was equimolarly substituted by TEA-Cl.   

 

For action potential recording, the pipette solution was composed of (in mmol/L) 

100 KCl, 10 NaCl, 5 ATP-Mg, 10 EGTA, 2 MgCl2, 10 HEPES, 5.5 Glucose and 0.5 GTP, 
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pH adjusted to 7.2 with KOH.  The bath solution was (in mmol/L) 137 NaCl, 5.4 KCl, 

1.0 MgCl2, 1.8 mM CaCl2, 10 HEPES and 10 Glucose, pH adjusted to 7.4 with NaOH.  

 

3.2.7 Data analysis and statistics 

All electrophysiological experiments were performed on five to six myocytes 

from the same animals for each protocol and data were averaged to represent that animal.  

Western blot were repeated in triplicate for all animals. Statistical data were presented as 

mean ± SEM and n as the number of animals studied.  Statistical significance was 

evaluated by the independent Student’s t-test or one-way ANOVA.  Differences were 

regarded as significance when the p-value was <0.05. 

 

3.3 Results 

In this study, the supplementation of Ad-GFP did not affect the 

electrophysiological properties in ventricular myocytes at 10 weeks post-fistula. There 

was no significant difference observed in the APD, the QT interval and Ito current 

between Fistula+Ad-GFP and Fistula rats (data not shown). Hence, we combined the data 

in Fistula+Ad-GFP and Fistula groups together. 
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3.3.1 The duration of action potential and QT interval were prolonged following 10- 

week fistula 

To determine the possible contribution of APN on the volume overload-induced 

electrophysiological remodeling at cellular level, current-clamp mode was used to record 

AP in ventricular myocytes from different groups. Results showed that the AP waveforms 

were prolonged in Fistula myocytes compared to Control myocytes (Figure 3-1a). The 

quantitative analysis of APD at 50% (APD50) repolarization revealed significant 

prolongation in Fistula myocytes (13.999±2.41) compared to that in Control myocytes 

(6.743±1.69). The supplementation of APN reduced the APD50 in Fistula+Ad-APN 

myocytes and there was no significant difference between Fistula+Ad-APN and Control 

myocytes (7.395±0.68, 6.743±1.69, respectively). Interestingly, the APN supplementation 

did not affect the APD50 in Control+Ad-APN myocytes (5.701±0.938) (Figure 3-1b). 

 

Next, to examine the effect of APN at the level of the whole organism, the 

surface ECG activity was measured in anesthetized animals. Analysis of the ECG 

parameters further confirmed a significant prolongation of QT interval in Fistula animals 

(0.0923±0.005) compared to Control animals (0.0813±0.0003), consistent with the 

prolongation of APD in Fistula myocytes. The supplementation of APN significantly 

shortened the QT interval in Fistula+Ad-APN animals (0.0778±0.005) and there was no 

significant difference between Fistula+Ad-APN and Control animals. By contrast, the 
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administration of APN did not affect the QT interval in Control+Ad-APN animals 

(0.0788±0.002) (Figure 3-2).  

 

3.3.2 Ito peak current was depressed in myocytes following 10 weeks fistula 

To determine the possible effect of APN on the current-voltage relationship of 

peak Ito currents in ventricular myocytes at 10 weeks post-fistula, the amplitude of Ito 

was recorded in serial test pulses from -30 to +50 mV in 10-mV increments. Following 

10-week fistula, the peak Ito density (at +50 mV) was reduced from 13.408±1.407 to 

7.47±0.497 (P<0.05). Furthermore, the peak Ito density was significantly decreased at the 

potentials ranging from -10 to +50 mV compared to Control (P<0.05). The 

supplementation of APN restored the peak Ito density in Fistula+Ad-APN myocytes, but 

it did not affect the peak Ito density in Control+Ad-APN myocytes (Figure 3-3). 

 

3.3.3 Protein expression of Ito channel components were reduced in myocytes at 10 

weeks following fistula 

Ito channels are heteromultimers, composed of Kv4.2 and Kv4.3 α subunits.61 

The major function of Kv4.2 and Kv4.3 is to form the actual conductance pore and 

conduct the outward potassium currents. Only reduction in Kv4.2 and Kv4.3 abundance 

have been linked consistently to the diminished Ito densities typically seen in cardiac 

hypertrophy. To explore the molecular basis of Ito downregulation at 10 weeks pots-

fistula, western blot was applied to measure the myocardial Kv4 protein levels on the 
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membrane and in the cytosol at 10 weeks post-fistula. Results from the western blot 

analysis showed that both Kv4.2 and Kv4.3 protein levels on the membrane fraction were 

significantly reduced in Fistula myocytes compared with control, consistent with the 

fistula-mediated depression of peak Ito current density. Similarly, the cytosolic protein 

levels of Kv4.2 and Kv4.3 were remarkably decreased in Fistula myocytes compared 

with Control.145 Supplementation of APN rescued the reduction of Kv4.2 and Kv4.3 in 

Fistula+Ad-APN myocytes following 10-week fistula. Myocardial protein levels of 

Kv4.2 and Kv4.3 were comparable among Fistula+Ad-APN, Control and Control+Ad-

APN groups (Figure 3-4). 

 

The cytosolic KChIP2 is identified as the β subunit of Ito channel. Co-assembly 

of KChIP2 with Kv4 α subunits can regulate the cell surface expression and co-

localization of Ito channels. In addition, KChIP2 can associate with Kv4 α subunits to 

modulate channel gating by slowing the rate of Ito inactivation at depolarizing potentials 

and accelerating recovery from inactivation.146-148 This suggests that fistula-associated Ito 

remodeling is possibly related to changes in the protein levels of KChIP2. To test the 

hypothesis, myocardial KChIP2 protein levels were measured on the membrane and in 

the cytosol by using western blot. Consistent with the western-blot results of myocardial 

Kv4.2 and Kv4.3 protein level, a significant decrease in KChIP2 protein was observed in 

Fistula myocytes compared with Control. However, supplementation of APN 

significantly improved the KChIP2 protein level in Fistula+Ad-APN myocytes. There 
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was no significant difference of myocardial KChIP2 protein levels observed in the 

Fistula+Ad-APN, Control and Control+Ad-APN three groups (Figure 3-4). 

 

3.3.4 Myocardial TNF-α protein level was increased at 10 weeks post-fistula 

Tumor necrosis factor α (TNF-α) is a proinflammatory cytokine that is rarely 

detectable in the healthy heart, but is quickly increased when subjected to the external 

stresses.149-151 Previous studies have well demonstrated that TNF-α can induce a 

depression of Ito function as well as a decrease of Ito channel components in adult 

cardiomyocytes.152-154 To better understand the mechanisms of Ito downregulation at 10 

weeks post-fistula, western blot was performed to measure the TNF-α protein levels in 

ventricular myocytes following 10-week fistula. The result showed that 10-week fistula 

led to the elevation of TNF-α protein levels in Fistula myocytes compared with Control. 

Supplementation of APN significantly reduced the protein levels of TNF-α in 

Fistula+Ad-APN myocytes. No significant difference of myocardial TNF-α protein levels 

was seen in the Fistula+Ad-APN, Control and Control+Ad-APN three groups (Figure 3-

5). 

 

3.4 Discussion 

The present study was designed to characterize the possible effects of APN on 

the electrophysiological remodeling in ventricular myocytes when subjected to volume 

overload. This study was performed in ventricular myocytes derived from the hearts 10 
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weeks following fistula. Our results showed that the duration of AP was prolonged in 

ventricular myocytes at 10 weeks post-fistula, which in turn, produced the lengthened QT 

interval on the surface ECG. The prolongation of APD was associated with the 

suppression of Ito function as well as the decreased protein levels of Ito channel 

components in ventricular myocytes following 10-week fistula. However, in vivo, 

adenovirus-mediated overexpression of APN increased the protein levels of Ito 

components and reversed the Ito function in ventricular myocytes following 10-week 

fistula. Subsequently, this brought the duration of AP and the QT interval back to normal 

at 10 weeks post-fistula. Interestingly, supplementation of APN did not affect the 

electrophysiological properties in ventricular myocytes isolated from control animals. 

 

Normal electrical conduction in the heart allows for the coordinated propagation 

of electrical impulses that initiate cardiac contraction. Clinically, the surface ECG detects 

the electrical behaviors happened at the surface of the body and translates them into a 

graph with voltage potential changes as P, QRS and T waves.56 The QT interval contains 

both the QRS complex and T wave, comprising the time from the onset of ventricular 

depolarization to complete repolarization. A lengthened QT interval has been proposed as 

a risk factor for lethal ventricular arrhythmias, which may lead to sudden death in heart 

failure.155-158 At a cellular level, the cardiac AP determines cardiac electrical activity and 

control of cardiac excitation-contraction coupling. From this study, it appears that Fistula 

animals had the lengthened QT intervals as compared with those in Control animals 10 

 72 



 

weeks following fistula, which consistent with the prolongation of APD in Fistula 

myocytes. Supplementation of APN substantially shortened the QT interval and the 

duration of AP in ventricular myocytes when subjected to volume overload. But it did not 

influence the QT interval and heart rate in Control animals.  

 

In ventricular myocytes, the AP is divided into the 4 phases. The inward Na+ 

current (INa) causes the rapid depolarization (phase 0) followed by a brief period of 

repolarization (phase 1) due to activation of the transient outward K+ current (Ito). 

Subsequently, the inward L-type calcium current (ICa,L), counterbalanced by the delayed 

rectifiers IK, is responsible for the plateau (phase 2). The rapid final repolarization (phase 

3) occurs in response to the closing of Ca2+ channels and the increase in outward K+ 

currents. Finally, the inward rectifier IK1 is responsible for the maintenance of the resting 

membrane potential (phase 4). In rat, the presence of relatively large Ito current densities 

overpowers the depolarizing effects of ICa,L, thereby  strongly modulating the excitation-

contraction coupling processes and myocardial contractility as well as phase 1 

repolarization.134, 159, 160 Previous studies in animal models have consistently revealed that 

the downregulation of Ito results in the progressive slowing of phase 1 repolarization and 

it is the primary determinant of the AP prolongation in myocardium.135, 160, 161 However, 

no study has examined the relationship between alterations of Ito density and the duration 

of AP in rat ventricular myocytes following volume overload.  
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This study showed that underlying the prolongation of APD in volume-overload 

heart failure, the peak Ito current density and amplitude were significantly reduced in 

ventricular myocytes. Consistent with the suppression of the Ito function in ventricular 

myocytes, corresponding down-regulation was observed for the protein levels of Kv4.3, 

Kv4.2 and KChIP2 when subjected to volume overload. Kv4.3 and Kv4.2 are the α pore-

forming voltage-gated subunits largely responsible for the Ito current in the rat; KChIP2 

is the β subunit of Ito channel, which is responsible for controlling the cell surface 

expression of Ito channels and regulating Kv4-mediated current amplitude.146, 162 

However, the supplementation of APN restored the Ito function and shortened APD, with 

increasing the protein levels of Ito channel components. Here, it raises an interesting 

question concerning the underlying mechanism of APN protecting the heart against the 

electrophysiological remodeling in response to volume overload. 

 

APN is a protein hormone with a prominent function in improving energy 

metabolisms. APN suppresses the production of TNF-α via a COX 2-dependent 

mechanism.163, 164 TNF-α is an inflammatory cytokine that appears to play a significant 

role in the pathophysiology of heart failure. In this study, our data showed that the protein 

levels of TNF-α were rarely detectable in ventricular myocytes isolated from Control 

animals. However, myocardial TNF-α protein levels were significantly elevated in 

animals following 10-week fistula. Advanced heart failure due to volume overload is 

correlated with the increased protein levels of TNF-α in ventricular cardiomyocytes.154 It 
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has been well documented that TNF-α can trigger the hypertrophic-related responses 

through iNOS overexpression and oxidant species generation.165 TNF-α can produce a 

significant reduction of Ito density and modifying its inactivation by reducing the protein 

expression of Ito components in rat ventricular cardiomyocytes.152, 154, 165 Additionally, 

TNF-α is able to prolong the APD in rat ventricular myocytes via the downregulation of 

Ito function. However, administration of APN suppressed the protein expression of TNF-α 

in ventricular cardiomyocytes and restored the Ito function by elevating its channel 

components. Another possible mechanism involved in the effect of TNF-α on APD 

prolongation could be that this cytokine induces alterations in ICa, L. However, previous 

study in our lab indicated that ICa,L density in rat ventricular myocytes from fistula rats 

was comparable to that from control rats.26 Similar results of ICaL density have been 

obtained in rat ventricular myocytes in the presence of 10-25ng/ml TNF-α.165 

 

In summary, out data demonstrated that downregulated expression of Ito isoforms 

Kv4.2, Kv4.3 and KChIP2 may contribute to the prolongation of APD and the lengthened 

QT interval in the heart of rats with the volume-overload heart failure. Administration of 

APN could restore the Ito function and the duration of AP in the ventricular myocytes by 

suppressing the protein levels of TNF-α, which may prevent or attenuate the 

electrophysiological remodeling due to cardiac volume overload. 
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Figure Legend 

 
 

Figure 3-1 Action potential duration (APD) in ventricular myocytes following 10-week 
fistula a representative action potential waveforms recorded from Control (CTL), 
Control+Ad-APN (CTL+Ad-APN), Fistula and Fistula+Ad-APN ventricular myocytes; b 
analysis of APD at 50% repolarization in ventricular myocytes isolated from four groups. 
Results were presented as mean ± SEM for Control (n=6), Control+Ad-APN (n=7), 
Fistula (n=10) and Fistula+Ad-APN (n=8). * P<0.05 compared with Control. # P<0.05 
compared with Fistula+Ad-APN. 
 

Figure 3-2 The QT interval on the surface electrocardiogram (ECG). Results were 

presented as mean ± SEM for Control (n=6), Control+Ad-APN (n=7), Fistula (n=10) and 

Fistula+Ad-APN (n=8) groups. * P<0.05 compared with Control. # P<0.05 compared 

with Fistula+Ad-APN. 

 

Figure 3-3 Transient outward potassium current (Ito) current amplitude and density 
ventricular myocytes at 10 weeks post-fistula a represented the whole-cell Ito currents 
recorded from Control (CTL), Control+Ad-APN (CTL+Ad-APN), Fistula and 
Fistula+Ad-APN ventricular myocytes after exposure to 40 mM of tetraethylammonium 
(TEA); b Mean current-voltage relationships were shown for peak Ito current density. 
Results were presented as mean ± SEM for Control (n=6), Control+Ad-APN (n=7), 
Fistula (n=10) and Fistula+Ad-APN (n=8). * P<0.05 compared with Control. # P<0.05 
compared with Fistula+Ad-APN. 
 

Figure 3-4 Protein levels of transient outward potassium channel (Ito) components in 

ventricular myocytes at 10 weeks post-fistula a and b representative protein expression 

of Kv4.3 on the membrane and in the cytosol from different groups; c and d 

representative protein expression of Kv4.2 on the membrane and in the cytosol from 
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different groups; e and f representative protein expression of KChIP2 on the membrane 

and in the cytosol. Ponceau S or GAPDH were used to normalize protein signals. Results 

were presented as mean ± SEM for Control (n=6), Control+Ad-APN (n=7), Fistula 

(n=10) and Fistula+Ad-APN (n=8). * P<0.05 compared with Control. # P<0.05 compared 

with Fistula+Ad-APN. 

 

Figure 3-5 Protein levels of tumor necrosis factor-α (TNF-α) in ventricular myocytes at 

10 weeks post-fistula a representative examples of western blot for TNF-α in ventricular 

myocytes from different groups; b quantification of protein levels of TNF-α in ventricular 

myocytes from different groups. GAPDH was used to normalize protein signals. Results 

were presented as mean ± SEM for Control (n=6), Control+Ad-APN (n=7), Fistula 

(n=10) and Fistula+Ad-APN (n=8). * P<0.05 compared with Control. # P<0.05 compared 

with Fistula+Ad-APN. 

 

Figure 3-1 Action potential duration (APD) in ventricular myocytes following 10-week 

fistula 
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Figure 3-2 The QT interval on the surface electrocardiogram (ECG) at 10 weeks post-

fistula 
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Figure 3-3 Transient outward potassium current (Ito) current amplitude and density 

ventricular myocytes at 10 weeks post-fistula 
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Figure 3-4 Protein levels of transient outward potassium channel (Ito) components in 

ventricular myocytes at 10 weeks post-fistula 
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Figure 3-5 Protein levels of tumor necrosis factor-α (TNF-α) in ventricular myocytes at 

10 weeks post-fistula 
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Conclusion and Future Prospective 

 
 
In the first study, our data indicated a progressive reduction of serum APN levels 

during the development of volume-overload heart failure. Additionally, APN and 

AdipoRs protein levels were decreased, and AMPK activity was reduced in ventricular 

myocytes following 12-week fistula. Consistent with these, myocytes exhibited 

significant depression in cell shortening and intracellular Ca2+ transient. In vivo 

supplementation of APN significantly increased APN serum levels, and prevented the 

depression of myocyte contractile performance following 12-week fistula. Moreover, in 

vitro treatment with APN also significantly improved myocyte contractility and 

intracellular Ca2+ transient from 12-week fistula rat. These results demonstrate a positive 

correlation of APN reduction and ventricular contractile dysfunction due to volume 

overload.  

 

In the second study, our results showed that the duration of action potential was 

prolonged in ventricular myocytes following 10-week fistula, which, in turn, was 

reflected by the lengthened QT interval on the surface ECG. The prolongation of action 

potential duration was correlated with a depression of Ito function as well as a decrease of 

Ito channel components expression in ventricular myocytes at 10 weeks post-fistula. In 

addition, the protein level of tumor necrosis factor-α (TNF-α) was significantly increased 
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in ventricular myocytes at 10 weeks post-fistula. However, supplementation of Ad-APN 

increased the protein levels of Ito channel components and reversed Ito function in 

ventricular myocytes following 10-week fistula. This further restored the duration of 

action potential and the QT interval on the ECG back to the normal. In addition, the 

administration of Ad-APN significantly reduced the protein level of TNF-α in ventricular 

myocytes even following 10-week fistula. These results indicated that APN might prevent 

the volume overload-induced ventricular electrophysiological remodeling via a decreased 

production of TNF-α in ventricular myocytes.  

 

These two studies confirmed the protective effect of APN in volume overload-

induced heart failure. Further studies to identify the APN-mediated signaling pathways 

will provide important links in understanding the molecular mechanisms of APN in 

protecting the heart against volume overload-induced cardiac injury. 
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