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LV remodeling and heart failure
Cardiovascular disease is one of the most important causes of morbidity and 

mortality in Western countries.1 Also in the Netherlands cardiovascular disease is 

the main cause of death, resulting in 33% of all deaths.2 Per year more than 45.000 

people die of cardiac disease, of which 22% is caused by an acute myocardial 

infarction. Myocardial infarction is necrosis (death) of the heart muscle secondary 

to prolonged ischemia due to occlusion of coronary arteries, and results in loss of 

viable myocardial tissue. Pathological left ventricular (LV) remodeling which occurs 

in survivors in the period after a myocardial infarction is a compensatory mechanism 

that serves to restore LV pump function. Despite the apparent appropriateness of 

LV remodeling to maintain cardiac pump function early after myocardial infarction, 

LV remodeling is an independent risk factor for the development of congestive 

heart failure.3 Heart failure is the end stage of all myocardial diseases and is the 

major cause of morbidity and mortality. Due to reduced post-infarct mortality and 

aging of the population, the incidence and prevalence of congestive heart failure 

is rapidly increasing.4,5 For example, in 2004 in the Netherlands 845 patients 

were hospitalized per day due to cardiovascular disease, of whom 66% involved 

myocardial infarction. Importantly, 60% of these patients survived myocardial 

infarction as a result of improved acute medical interventions (i.e. drug therapy 

and cardiac catheterization). In contrast, in 1973 only 20% of the hospitalized 

patients with a myocardial infarction survived the peri-infarct period. Thus, in 

the last three decades the number of deaths due to a myocardial infarction has 

almost been halved.6 In the Netherlands approximately 200.000 people suffer 

from heart failure.2 Every year this number of patients with heart failure increases 

with 10%. The prognosis of heart failure is in general poor and depends partly on 

the aetiology of heart failure. In general, one year after diagnosis of heart failure 

70% of the patients are still alive, but after 5 years this percentage is decreased to 

35%. It is expected that the incidence and prevalence of heart failure will continue 

to increase due to increased life span after myocardial infarction along with aging 

of the population. At present heart transplantation is the only treatment option 

in end stage heart failure. However, the number of available transplant hearts 

is insufficient to meet the demand. Therefore, improvement of treatments by 

lifestyle changes,7 cell therapy8 or pharmacotherapy9 after myocardial infarction 

is of extreme importance to interrupt and halt the progression of LV remodeling 

towards the development of heart failure. 

The mechanisms underlying the progressive deterioration of LV dysfunction 

towards overt heart failure still remain incompletely understood, but may involve 
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loss of cardiomyocytes through apoptosis10 and alterations in extracellular matrix 

leading to progressive LV dilation.11 More recently, a primary reduction in cellular 

contractile function of the surviving myocardium was shown to cause degeneration 

of cardiac pump function.12,13 These processes lead to a gradual decrease in end 

systolic pressure and/or an increase in end diastolic pressure. Eventually, this 

deterioration of cardiac pump function results in overt heart failure with clinical 

symptoms.14

Cardiomyocyte contractility 
The cardiac pump is able to adapt immediately in response to changes in 

requirement of oxygenated blood supply to vital organs in the body through 

alterations of heart rate and stroke volume. The latter is mainly determined by 

myocardial contractility. Depressed cardiomyocyte contractility is an important 

determinant of reduced pump function observed in heart failure.13 Moreover, the 

ability to increase cellular contractility with heart rate or sympathetic stimulation 

(contractile reserve) is severely impaired.15-17 At the molecular level, decreased 

cardiomyocyte function may be due to alterations in calcium handling, altered 

myofilament function, changes in the myocyte cytoskeleton, or a combination of 

these factors. Recently, van der Velden et al showed that early post myocardial 

infarction remodeling is associated with decreased cardiomyocyte function, which 

may contribute to depressed left LV function.12

Cardiomyocytes act as a functional network of cardiac muscle cells connected 

by gap junctions. All the cells are excited in synchrony to ensure maintenance of 

cardiac pump function. Therefore, the regulation of contractile function of individual 

cardiomyocytes plays a critical role in adaptation of cardiac pump function in vivo.18 

Activation of the contractile apparatus in individual cardiomyocytes is initiated 

upon a transient rise in intracellular calcium concentration and is driven by the 

energy from ATP hydrolysis. Under normal physiological conditions upon activation 

of the cardiomyocyte calcium enters the cell. However, this is insufficient to directly 

activate the myofilaments, but rather serves as a trigger to release calcium from 

the sarcoplasmic reticulum (SR). Collectively, this process is called excitation-

contraction coupling.19 In Figure 1 a schematic drawing is shown representing the 

excitation-contraction coupling in a single cardiomyocyte. A single cardiomyocyte is 

triggered by an action potential, whereupon the cardiomyocyte depolarizes. Calcium 

enters the cell through voltage-dependent L-type calcium channels (dihydropyridine 

receptor, DHPR) located on the sarcolemma. This calcium triggers the release 

of calcium, which is stored in the SR via calcium release channels (ryanodine 
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receptors, RYR). This in turn elevates the intracellular calcium concentration.

Contraction of the cardiac muscle results from the molecular interaction of two 

myofilament proteins; the thick myofilament, which is mainly composed of myosin, 

and the thin myofilament. A schematic representation of the contractile apparatus 

of striated muscle is shown in Figure 2.20 The major proteins of the thick and thin 

filaments are indicated. The top panel reflects the sarcomeric structure during 

diastole and the bottom panel reflects systole. The main site for calcium regulation 

is the thin myofilament. The thin myofilament of cardiac muscle consists of actin, 

tropomyosin and troponin.21 Troponin (cTn) consists of three subunits: troponin 

C (cTnC), the calcium binding protein; troponin I (cTnI), which inhibits the actin-

myosin interaction and troponin T (cTnT), which transports the calcium binding 

signal to tropomyosin. Tropomyosin covers the myosin binding sites of actin and 

thereby prevents contraction. To allow the muscle cell to contract, tropomyosin must 

be moved to uncover the myosin binding sites on actin. When high levels of calcium 

diffuse through the cytosol, calcium binds to cTnC. This induces a conformational 

change in the tropomyosin-troponin complex such that cTnI exposes a binding site 
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Figure 1: Cardiac calcium cycling. 
Ca2+: calcium, PLB: phospholamban, SR: sarcoplasmic reticulum, SERCA: SR Ca2+ ATPase pump, DHPR: voltage-dependent 
L-type Ca2+ channels, RYR: ryanodine receptors (SR Ca2+ release channels), NCX: Na+/Ca2+ exchanger, PKA: protein kinase 
A, P: PKA phosphorylation site, cAMP: cyclic adenosine monophosphate, AC: adenylyl cyclase, G: G-coupled protein.
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on actin for myosin. The calcium binding to cTnC thus triggers the sliding of thin 

and thick filaments over each other and results in shortening of the sarcomere and 

cardiac force development. Subsequently, intracellular calcium levels are decreased 

mainly by activation of the SR calcium pump (SERCA) and sarcolemmal Na+/Ca2+-

exchanger (NCX), and partly by the sarcolemmal calcium pump. Thus, the transient 

increase in intracellular calcium (calcium transient), which occurs subsequent to 

membrane excitation (the fast rising phase of an action potential) preceding force 

development or cell shortening, plays a key role in cardiac excitation-contraction 

coupling.18 Myofilament function is determined by the expression levels of multiple 

isoforms of myofilament proteins, and alterations in cardiac function have been 

attributed to shifts in isoform composition and proteolysis of myofilament proteins. 

Apart from the translational changes in protein expression, post-translational 

modifications of myofilament proteins are essential for the regulation of cardiac 

function both under physiological and pathophysiological conditions. Elucidation 

of the functional role of post-translational protein modifications is crucial to 

understand the changes in myocardial performance resulting from myofilament 

protein alterations during cardiac pathology.22 In this thesis we examined in chapter 

2 the influence of exercise training on the MI-induced abnormalities in calcium-

handling and myofilament function. 

Exercise in health and disease: when and how?
Epidemiological studies over the past 50 years have unanimously shown that low 

physical activity and physical fitness is associated with high cardiovascular and total 

mortality.23 However, recent studies also indicate that changes in physical activity, 

and especially changes that lead to an increase in physical fitness, can reverse 

this rather pessimistic scenario. Studies relating physical activity to cardiovascular 

disease have reported cardiovascular disease mortality as an end-point. Four 

of seven cohort studies found both an inverse association and a dose-response 

gradient between level of physical activity and risk of cardiovascular disease 

outcome.24-27 One study found an inverse association within the moderately active 

group but less of an effect on the vigorously active group.28 Two studies reported 

no relationship of physical activity with cardiovascular disease mortality.29,30 

Beneficial effects of exercise training on cardiovascular morbidity have also been 

reported in epidemiological studies, emphasizing the higher survival rates among 

people conducting physically active life-style but neglecting information of heart 

performance after a coronary event.31-34 Nevertheless, vigorous physical activity 

can also acutely and transiently increase the risk of acute myocardial infarction 
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Figure 2: Sarcomere structure. 
The major proteins that are involved in contractile activation and regulation are shown in diastole (top panel) and systole 
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and sudden cardiac death in susceptible individuals. The Global Burden of Disease 

Study initiated by the World Health Organization included physical inactivity among 

the most important risk factors threatening global health. A sedentary lifestyle 

may be as detrimental to health as smoking. Encouragement of physical activity 

is an important and difficult task, as society is becoming increasingly successful in 

reducing our need to move.

In contrast to pathological LV remodeling after a myocardial infarction, LV 

remodeling produced by regular dynamic exercise is associated with a substantial 

reduced risk for coronary artery disease and heart failure.7,35,36 Moreover, physical 

inactivity has been proposed to be an independent risk factor for cardiovascular 

disease.37,38 Exercise training is associated with an increased myocardial perfusion 

capacity and with normal or even increased contractile function of the normal 

heart.39,40 There is also clinical evidence that exercise after myocardial infarction has 

a beneficial effect on disease progression and survival.41,42 For example, physical 

conditioning in patients with LV dysfunction results in an increased exercise capacity 

which has been ascribed, at least in part, to skeletal muscle adaptations.43 The 

effects of exercise on LV remodeling and function are still incompletely understood, 

as several studies in humans reported contradictory effects of training on LV 

remodeling after a myocardial infarction.44-53 Figure 3 represents an overview of 

studies mentioned below and the results from this thesis.
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Figure 3: Schematic drawing.  
Effects of compulsory or voluntary exercise training started prior to a large MI and/or started early or late after MI on LV 
remodeling and dysfunction. Numbers indicate the references and ch indicate the chapters in this thesis.
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Careful inspection of these studies suggests that after a small myocardial 

infarction, exercise has no detrimental effect46,52 or even improves45,48,50 LV 

geometry and function, independent of whether exercise was started late, i.e., ~1 

year,45,48 or early, ie, <2 months,46,50,52 after myocardial infarction. In contrast, in 

patients with a large myocardial infarction, exercise had either no,53 or a beneficial48 

effect on ejection fraction (EF) and LV volumes but only when started late after 

myocardial infarction. However, when exercise after a large myocardial infarction 

is started at a time when LV remodeling is still ongoing (<3 to 4 months after 

myocardial infarction), the majority of studies reported that exercise has either 

no,44,46,52 or even a detrimental49,51 effect on LV volume and EF. Similar to these 

clinical studies, studies in rats indicate that exercise started late (>3 weeks) after 

a moderate to large myocardial infarction, resulting in a 35% to 50% loss of LV 

mass, at a time when infarct healing is complete, does not aggravate,54,55 or even 

blunts56-58 LV dilation and hypertrophy. In contrast, when started <1 week after a 

moderate to large myocardial infarction,59-62 exercise resulted in variable outcomes 

with beneficial,63 no,59,61 or even detrimental60,62 effects on LV remodeling. These 

rodent studies lend further support to the concern that early exercise may have 

detrimental effects on LV remodeling after a large myocardial infarction.

However, interpretation of these studies is hampered by the fact that late 

exercise studies in rats principally used treadmill running,48,55,56,58 whereas early 

exercise studies predominantly used swimming.57,59-61,63 As hemodynamic responses 

to swimming are markedly different from those to treadmill running the effects of 

exercise on LV remodeling and function may be explained by the exercise protocol 

rather than the timing of exercise.64,65 In chapter 2 of this thesis we investigated 

the effects of exercise training through voluntary treadmill running, starting within 

24 hours after a large myocardial infarction (comprising ~45% of LV mass), on 

LV remodeling and dysfunction in the mouse. The results indicated that exercise 

attenuated the myocardial infarction induced LV dysfunction, without a detrimental 

effect on LV remodeling. Consequently, we tested the hypothesis that exercise 

early after a large myocardial infarction is able to reverse the myocardial infarction 

induced abnormalities in β1-adrenergic receptor and Ca2+-handling protein 

expression, phosphorylation status of contractile proteins, Ca2+-handling and 

myofilament function, within the non-infarcted remodeled myocardium.

There is substantially less information available as to whether prior exercise 

training affords any protection in situations where, despite regular exercise, a 

major cardiovascular event like MI does occur. Animal studies suggest that prior 

exercise can precondition the myocardium, thereby protecting the heart against 
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irreversible damage produced by ischemia-reperfusion in rats66-69 and dogs.70 In 

addition, prior exercise training may modulate post-infarct remodeling independent 

of any myocardial preconditioning effect. Thus, two studies in rats using a 

permanent coronary artery ligation (in which preconditioning cannot limit acute 

myocardial necrosis)71,72 showed that infarct size and, likely as a consequence, 

LV remodeling were reduced by prior swim training.73,74 The authors ascribed the 

reduction in infarct size to the observed increase in myocardial vascularization. 

An increased myocardial vascularity is indeed observed in swim trained rats.75 In 

contrast, myocardial vascularization following treadmill running is not consistently 

associated with increased vascularization or enhanced collateral blood flow.75 

 These different effects of swimming versus running may well be explained by 

the markedly different hemodynamic responses in rodents to swimming versus 

running.65 Furthermore, forced swim training often results in diving bradycardia 

and intermittent hypoxia76 when animals are submerged, both of which are known 

to stimulate angiogenesis.77,78 In contrast, studies into the effects of prior exercise 

training by voluntary treadmill running on LV remodeling after MI have not been 

performed to date. Consequently, in chapter 7 of this thesis we investigated 

that additional exercise training by voluntary wheel running prior to an acute 

myocardial infarction, i.e. a higher level of physical activity and fitness at the time 

of a myocardial infarction, is associated with improved survival and attenuated LV 

dysfunction after myocardial infarction. 

NO-GC-cGMP
In 1980, Furchgott and Zawadski79 discovered the endogenous endothelium-derived 

relaxation factor, and this was shown to be nitric oxide (NO) by Palmer, Ferrige 

and Moncada in 1987.80 NO is produced by NO synthases (NOS) via a reaction 

in which the substrate L-arginine is converted to L-citrulline (Figure 4).81 There 

are currently three known NOS in mammals: neuronal NOS (nNOS), inducible 

NOS (iNOS) and endothelial NOS (eNOS). The enzymes and the genes encoding 

the enzymes are also termed NOS1 (nNOS), NOS2 (iNOS) and NOS3 (eNOS).81,82 

NO activates cyclic guanosine monophosphate (cGMP), which induces smooth 

muscle relaxation by multiple mechanisms including: (i) increased intracellular 

cGMP, which inhibits calcium entry into the cell and decreases intracellular calcium 

concentrations; (ii) increased intracellular cGMP activates K+-channels, which 

leads to hyperpolarization and relaxation, and (iii) stimulates a cGMP-dependent 

protein kinase that activates myosin light chain phosphatase, the enzyme that 

dephosphorylates myosin light chains, which leads to smooth muscle relaxation. 
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Three different enzymes, guanylyl cyclases (GC), are responsible for the synthesis 

of cGMP namely: soluble GC (sGC) and the particulate forms of GC (pGC A and 

B). sGC and pGC are classically distinguished in function by their main subcellular 

location (Figure 4). sGCs are mainly located in the cytosol and pGCs are integral 

proteins of the cell membrane. Another important difference between these 

enzymes is that sGCs are activated by NO and pGCs by specific peptides as atrial 

natriuretic peptide (ANP), brain natriuretic peptide (BNP) and C-type natriuretic 

peptide (CNP). 

In contrast to ANP and BNP, which are produced mainly in the cardiac atria 

and ventricles, CNP is mainly released in an autocrine/paracrine fashion from 

endothelial cells as an endothelium-derived vasodilator.83,84 Since Wei and 

colleagues first confirmed the presence of CNP within the human myocardium by 

immunohistochemistry and radioimmunoassay,85 accumulating evidence suggests 

that CNP exhibits important autocrine and paracrine functions within the heart and 

coronary circulation.86 Hobbs et al87 demonstrated that endothelium-derived CNP 

is involved in the regulation of rat coronary circulation and represents a protective 

mechanism against ischemia-reperfusion injury in isolated perfused hearts, since 

infusion of CNP, either prior to or following an ischemic insult, resulted in a 30–

50% reduction in the infarct size. Furthermore, in vivo administration of CNP has 

been shown to improve cardiac function and attenuate cardiac remodeling after 

myocardial infarction in rats.88 However, it is still not certain whether the cardiac 

CNP effects are dependent on the endothelium, cardiomyocytes or both. Thus, 

we generated transgenic mice selectively overexpressing CNP in cardiomyocytes. 

This in vivo model was used to investigate in chapter 6 of this thesis the effect 

of cardiomyocyte-specific CNP overexpression on ischemia-reperfusion injury and 

myocardial infarction.

Over de last 20 years, the NO literature has experienced exponential growth 

and has been associated with a considerable increase in knowledge. In 1998, 

the importance of NO was underscored by the award of Nobel prizes to three 

outstanding cardiovascular investigators, Furchgott, Ignarro and Murad. Apart 

from its vasodilator effect NO modulates several other aspects of vascular 

function, including leukocyte activation, platelet aggregation, interactions between 

the endothelium and circulating cells, vascular smooth muscle proliferation, and 

angiogenesis. In addition, NO appears to be capable of modulating organ and tissue 

oxygen consumption. These biological roles of NO have been studied classically with 

pharmacological strategies to inhibit NOS, e.g. via L-arginine analogues such as L-

nitro-arginine (L-NA), L-nitro-monomethyl-arginine (L-NMMA) and L-nitro-arginine 
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methylester (L-NAME). Since these compounds lack specificity with respect to 

the NOS isoforms (e.g. L-NA blocks both iNOS and eNOS), animals with selective 

overexpression (through transgenesis) or deficiency (knockout, ko) of specific NOS 

isoforms are extremely useful, which allow a more targeted approach. In this 

thesis eNOS transgenic (eNOStg) or eNOSko mice are used to investigate the role 

of eNOS, which is the major isoform of NOS that is expressed in coronary vascular 

endothelium and cardiac myocytes,89  in cardiovascular pathology produced by 

MI. For the generation of eNOStg mice, we used a DNA fragment that comprised 

the complete human eNOS genomic sequence, including all exons and introns 

as well its natural flanking sequences.90 Therefore, our mice are different from 

those described by Ohashi et al which overexpress bovine eNOS cDNA, driven by 

the murine preproendothelin-1 promoter.91 Our approach was chosen in order to 

preserve the natural regulation of the gene and to prevent ectopic expression. 

For example, the endothelium enhancer element that is located 4.9 kilo bases 

upstream from the transcription start site of the eNOS gene92 is included in this 

construct. Since the eNOS promoter has been shown to contain essential elements 

for transcriptional regulation and elements responsible for the tissue distribution 

of eNOS expression,92,93 we chose this approach to mimic the human situation in 

terms of regulation and tissue distribution of eNOS as closely as possible.90
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Figure 4: NO signaling. 
Ca2+: calcium, eNOS: endothelial nitric oxide synthase, CaM: calmodulin, sGC: soluble guanylyl cyclase, pGC: particulate 
gyanylyl cyclase, GTP: guanosine triphosphate, ATP: adenosine triphosphate, GMP: cyclic guanosine monophosphate, PDE5: 
phosphodiesterase type 5, PKG: protein kinase G, BNP, CNP, ANP: brain, cardiac, atrial natriuretic peptides. 
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NO and cardiac function in health and disease
Although the importance of NO was first described in the cardiovascular system, 

there is continuing controversy about the effects of NO in cardiovascular disease: 

good or bad, beneficial or deleterious, friend or foe? 

The mammalian heart consists of two atrial chambers that collect blood and 

two ventricles that pump it out. An electrical impulse initiated in the right atrium 

spreads through a conduction system to coordinate myocardial contraction 

(excitation–contraction coupling). Two isoforms of NOS, nNOS and eNOS, are 

variably distributed throughout the heart.94,95 The ventricular cardiac myocytes 

contain both isoforms. nNOS is expressed in the sarcoplasmic reticulum95 (SR) 

and eNOS in the sarcolemma and T-tubule membranes, sites notable for their 

control of calcium flux, which are the chief determinants of the force and rhythm 

of myocardial contraction. eNOS is also found in the mitochondria,96 and the third 

isoform, iNOS, is expressed under pathophysiological conditions.97 Studies at the 

molecular, cellular and organism levels have firmly established the influence of 

NO on cardiac performance, in particular, myocardial contractility,98,99 lusitropy,100 

chronotropy,101 and energy production or consumption.102 Several studies in 

eNOSko mice reported contradictory effects on muscarinic and β-adrenergic 

regulation of isolated myocyte heart rate, papillary muscle contractility, and calcium 

current.101,103,104 NO has been shown to intervene with muscarinic and β-adrenergic 

signaling indirectly through cyclic cGMP. In the myocyte, this second messenger 

tends to offset the actions of cyclic AMP (cAMP). cAMP stimulates contraction, partly 

by activation of the L-type calcium channel. Increases in cAMP are produced by β-

adrenergic coupling to adenylyl cyclase through a stimulary G-protein (Figure 1). 

In an alternate pathway, NO binds directly to cysteine sulfhydryls or iron centers in 

proteins (nitrosylation/redox signaling). The sarcolemmal L-type calcium channel,94 

the SR-calcium release channel (RYR)105 and the SR-calcium ATPase (SERCA)95 are 

all NO/redox-regulated. NO and related molecules also influence cellular respiration 

by binding to mitochondrial electron transport complexes. However, NO frequently 

exhibits dual activities. In particular, NO concentrations rise and fall in the heart 

on millisecond timescales. Corresponding increases in cGMP inhibit contractility, 

whereas S-nitrosylation-induced activation of the SR-calcium release channel and/

or the L-type channel has force-enhancing effects.106 Such opposing activities of NO 

during the cardiac cycle, perhaps achieved by coordinated actions of different NOS 

isoforms, would facilitate cardiac performance. The subtle effects of NO-related 

molecules reflect a permissive role in signaling, which if not obligatory, is likely to 

be essential for optimal cardiac function. 
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NO can modulate many of the processes leading to cardiac hypertrophy and 

remodeling. Experimental and clinical studies suggest that the vascular endothelium 

plays an important role in modulating the progression of ventricular and vascular 

remodeling in heart failure. For instance, endothelium derived NO produces 

systemic and pulmonary vasodilation,107 resulting in a lower ventricular afterload. 

Also NO donors such as nitrates have been used in humans to treat angina pectoris 

and hypertensive crises, for afterload reduction in heart failure, and for the acute 

management of myocardial infarction. An increase in NO bioavailability has been 

shown to improve many of the processes perturbed in LV remodeling, including 

angiogenesis,108 cardiac fibrosis,109 and angiotensin II induced cardiomyocyte 

hypertrophy.110 Although the weight of evidence suggests that eNOS activity 

does not modulate left or right ventricular weight in normal mice, eNOS activity 

appears to be protective against LV hypertrophy and remodeling in response to 

a pathological stimulus. Indeed, in vivo experiments in eNOS overexpressing111 

and eNOS deficient mice112 have provided evidence that eNOS protects against 

LV remodeling and LV dysfunction after myocardial infarction. eNOS deficiency 

resulted in exaggerated LV dilation and hypertrophy and enhanced decreases in 

indices of systolic and diastolic LV function, 28 days after myocardial infarction 

produced by permanent coronary artery occlusion.112 Conversely, LV hypertrophy 

produced by 7 days of isoproterenol infusion was markedly attenuated in eNOS 

transgenic mice, together with a reduction of ANP expression.113 Jones et al111 

reported that elevated expression of the human eNOS gene in the vascular 

endothelium in transgenic overexpressing mice not only improved survival, but 

also blunted LV dysfunction and pulmonary congestion after MI. These beneficial 

effects were ascribed to a reduction in afterload, secondary to a lower peripheral 

vascular resistance,114 thereby facilitating LV pump function, whereas global LV 

contractility was unchanged. 

Nitric oxide and exercise training
The lack of a beneficial effect of exercise (as mentioned above), which started 

immediately after a myocardial infarction, in patients with a large myocardial 

infarction is difficult to explain but may be related to the presence of risk factors, 

and hence endothelial dysfunction,115 in the majority of patients. Beneficial effects 

of exercise on cardiac function can be attributed, at least in part, to an exercise-

induced up regulation of eNOS expression and activity.116 Studies involving exercise 

training have shown local and systemic beneficial effects on agonist-mediated 

endothelium dependent vasodilation as well as in flow-dependent vasodilation.117 
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The increase in shear stress at the local level coupled with the systemic effects of 

heart rate and blood pressure have resulted in increased coronary and peripheral 

blood flow. These changes may be the main contributors to the significant 

improvement in endothelial function that follows exercise training. 

There is some mechanistic insights into the molecular mechanisms underlying 

the enhanced endothelial vasodilator function in response to exercise.118 Hambrecht 

et al119 demonstrated that transcriptional and posttranscriptional activation of eNOS 

contribute to exercise-induced improvement of endothelial function in patients 

with coronary artery disease. More specifically, the authors link the effect of 

regular exercise training to an increase in eNOS protein expression and activation 

of eNOS enzyme activity via Akt-dependent phosphorylation. Inhibition of Akt 

(protein kinase B) blocks shear stress–induced NO synthesis as Akt activates the 

enzymatic activity of eNOS. If exercise results in improved endothelial function via 

Akt-dependent mechanisms, other interventions that activate Akt might also have 

demonstrable effects on endothelial function. Accordingly lipid-lowering therapy 

with statins not only activates the Akt-eNOS pathway120 but also rapidly improves 

endothelial NO production and, most importantly, decreases cardiovascular events 

in patients at risk for coronary artery disease. Thus, it is reasonable to speculate 

that activation of the Akt-eNOS signaling pathway by exercise, as reported by 

Hambrecht et al,119 will eventually lead to a reduced progression of atherosclerotic 

disease. Interestingly, however, the effects of exercise on Akt-mediated eNOS 

activation observed by Hambrecht et al119 appear to be superimposed on the 

effects of statin therapy, given that 88% of the exercise trained patients studied 

were chronically receiving statins.118 In chapter 5 we investigated whether eNOS 

overexpression mimicked cardiac responsiveness to exercise after myocardial 

infarction.

Aim and outline of this thesis
The general aim of this thesis is to study the effects of regular physical exercise 

on pathological LV remodeling and dysfunction in a mouse model of myocardial 

infarction, with a special emphasis on cardiomyocyte function. A second aim is 

to investigate the morphological, cellular and molecular basis of these effects, 

in particular the role of an increased NO production in the beneficial effects of 

exercise training.

In Chapter 2, the effects of regular physical exercise by voluntary treadmill 

running, started immediately after a large myocardial infarction, on LV remodeling 

and dysfunction in the mouse are assessed. In addition, we tested the hypothesis 
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that exercise started immediately after a large myocardial infarction is able to reverse 

the abnormalities induced by myocardial infarction in β1-adrenergic receptor and 

Ca2+-handling protein expression, phosphorylation status of contractile proteins, 

Ca2+-handling and myofilament function, within the non-infarcted remodeled 

myocardium. The results indicate that exercise training after a large MI attenuated 

global LV dysfunction and cardiomyocyte shortening, which can be explained by 

the exercise-induced improvement of myofilament function. 

The beneficial effects of exercise on cardiac function can be attributed, at least 

in part, to an exercise-induced upregulation of endogenous eNOS expression 

and activity.121-123 Recent understanding regarding the importance of eNOS in 

controlling cardiac function, led us to investigate in Chapter 3 the critical role 

of eNOS in the exercise-induced amelioration of LV dysfunction after myocardial 

infarction. For this purpose we used eNOS deficient mice. The results indicated that 

eNOS plays an obligatory role in the beneficial effects of exercise after myocardial 

infarction on LV remodeling and dysfunction. Consequently, the question rose 

whether the beneficial effects of exercise after myocardial infarction could be 

mimicked by increased levels of eNOS. Therefore, we first studied in Chapter 4 

the in vivo effects of increased eNOS expression on the cardiovascular system. For 

this purpose we created transgenic mice with elevated expression of the human 

eNOS gene. We used this mouse model in Chapter 5, to test the hypothesis that 

the beneficial effects of exercise after myocardial infarction, which we found in 

chapter 2, can be mimicked by elevated eNOS expression. The results showed that 

elevated eNOS expression mimicked the beneficial effects of exercise training, but 

only in part. Subsequently, we tested whether combining exercise and elevated 

eNOS-expression would provide additional protection against LV remodeling and 

dysfunction after myocardial infarction. The results unexpectedly indicated that 

exercise and elevated eNOS expression abolished the beneficial effects of either 

treatment alone on global cardiac function after MI. Furthermore, we investigated 

whether enhanced cGMP through CNP-mediated increased pGC, can also result 

in improved cardiac function after MI similar to eNOS-mediated increased sGC 

(chapter 5). Chapter 6 shows the beneficial effect of elevated CNP expression on 

cardiac hypertrophy induced by myocardial infarction in transgenic mice. 

There is limited information available as to whether prior exercise training affords 

any protection in situations where, despite exercise training, a major cardiovascular 

event like MI does occur. Therefore, in Chapter 7, additional exercise training 

prior to an acute MI resulting in a higher level of physical fitness at the time a 

myocardial infarction occurs, was studied to determine whether this is associated 
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with improved survival and attenuated LV dysfunction after myocardial infarction. 

The results showed that prior exercise training improves survival, infarct healing 

and LV dysfunction after myocardial infarction and in Chapter 8, a discussion and 

summary of the major findings of the studies presented in this thesis and future 

perspectives are presented. 
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Abstract
The extent and mechanism of the cardiac benefit of early exercise training following 

myocardial infarction (MI) is incompletely understood, but may involve blunting 

of abnormalities in Ca2+-handling and myofilament function. Consequently, we 

investigated the effects of 8-weeks of voluntary exercise, started early after a large 

MI, on left ventricular (LV) remodeling and dysfunction in the mouse. Exercise 

had no effect on survival, MI size or LV dimensions, but improved LV fractional 

shortening from 8±1 to 12±1%, and LVdP/dtP30 from 5295±207 to 5794±207 

mmHg/s (both P<0.05), and reduced pulmonary congestion. These global effects 

of exercise were associated with normalization of the MI-induced increase in 

myofilament Ca2+-sensitivity (∆pCa50=0.037). This effect of exercise was PKA-

mediated and likely because of improved β1-adrenergic signaling, as suggested by 

the increased β1-adrenoceptor protein (48%) and cAMP levels (36%; all P<0.05). 

Exercise prevented the MI-induced decreased maximum force generating capacity 

of skinned cardiomyocytes (Fmax increased from 14.3±0.7 to 18.3±0.8 kN/m2; 

P<0.05), which was associated with enhanced shortening of unloaded intact 

cardiomyocytes (from 4.1±0.3 to 7.0±0.6%; P<0.05). Furthermore, exercise 

reduced diastolic Ca2+-concentrations (by ~30%, P<0.05) despite the unchanged 

SERCA2a and PLB expression and PLB phosphorylation status. Importantly, 

exercise had no effect on Ca2+-transient amplitude, indicating that the improved LV 

and cardiomyocyte shortening were principally because of improved myofilament 

function. In conclusion, early exercise in mice after a large MI has no effect on LV 

remodeling, but attenuates global LV dysfunction. The latter can be explained by 

the exercise-induced improvement of myofilament function.
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Introduction
Left ventricular (LV) remodeling after myocardial infarction (MI) is a compensatory 

mechanism that serves to restore LV pump function. Despite the apparent 

appropriateness of LV remodeling to maintain cardiac pump function early after 

MI, remodeling is an independent risk factor for the development of congestive 

heart failure.1 The mechanism underlying the progression from LV remodeling to 

overt heart failure remains incompletely understood, but recent evidence indicates 

that abnormalities in myofilament function and Ca2+-handling contribute to the LV 

dysfunction in the porcine heart, early after MI.2 

In contrast to pathological LV remodeling after MI, LV remodeling produced 

by regular dynamic exercise is associated with a decreased risk for coronary 

artery disease and heart failure.3 Exercise training is associated with an increased 

myocardial perfusion capacity and with normal or even increased contractile 

function in the normal heart.4,5 There is also clinical evidence that exercise after MI 

has a beneficial effect on disease progression and survival.6,7 For example, physical 

conditioning in patients with LV dysfunction results in an increased exercise capacity 

which has been ascribed, at least in part, to skeletal muscle adaptations.8 

The effects of exercise on LV remodeling and function are still incompletely 

understood, as several studies in humans reported contradictory effects of training 

on LV remodelling after a MI.9–18 Careful inspection of these studies suggests that 

after a small MI, exercise has no detrimental effect11,13 or even improves15,17,18 LV 

geometry and function, independent of whether exercise was started late, ie, ~1 

year,17,18 or early, ie, ~2 months,11,13,15 after MI. In contrast, in patients with a large 

MI, exercise had either no14, or a beneficial18 effect on ejection fraction (EF) and 

LV volumes but only when started late after MI. However, when exercise after a 

large MI is started at a time when LV remodeling is still ongoing (~3 to 4 months 

after MI), the majority of studies reported that exercise has either no,11–13 or even 

a detrimental9,10 effect on LV volume and EF. 

Similar to these clinical studies, studies in rats indicate that exercise started 

late (~3 weeks) after a moderate to large MI, encompassing 35% to 50% of LV 

mass, at a time when infarct healing is complete, does not aggravate,19,20 or even 

blunts21–23 LV dilation and hypertrophy. In contrast, when started ~1 week after a 

moderate to large MI,24–27 exercise resulted in variable outcomes with beneficial,28 

no24,27 or detrimental25,26 effects on LV remodeling. These rodent studies lend 

further support to the concern that early exercise may have detrimental effects 

on LV remodeling after a large MI, although interpretation is hampered by the fact 

that late exercise studies in rats principally used treadmill running,18,19,21,22 whereas 
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early exercise studies predominantly used swimming.23–25,27,28 This is important 

because the exercise responses to swimming are markedly different from those to 

treadmill running.29,30 

In light of these observations, the first aim of the present study was to assess 

the effects of exercise by voluntary treadmill running, started within 24 hours 

after a large MI, on LV remodeling and dysfunction in the mouse. The results 

indicated that exercise attenuated the MI-induced LV dysfunction, without a 

detrimental effect on LV remodeling. Consequently, we tested the hypothesis that 

exercise early after a large MI is able to reverse the MI-induced abnormalities 

in β1-adrenergic receptor and Ca2+-handling protein expression, phosphorylation 

status of contractile proteins, Ca2+-handling and myofilament function, within the 

noninfarcted remodeled myocardium.

Materials and Methods
Experiments complied with The Guide for Care and Use of Laboratory Animals of 

the National Institutes of Health (NIH Publication No. 86-23, Revised 1996), and 

were approved by the Erasmus MC Animal Care Committee.

Experimental groups

A total of 147 C57Bl/6J mice of either sex (10-12 weeks old) entered the study. 

Animals were randomly assigned to one of four experimental groups. Sham 

operated mice (Sham) and mice that underwent a MI were subjected to a sedentary 

life-style (SHSED, MISED) or to voluntary exercise training (SHEX, MIEX). Mice were 

individually subjected to either sedentary housing or voluntary exercise training 

(EX) for a period of eight weeks. Treadmills were custom built to allow electronic 

measurement of the distance run by the mice. Voluntary EX was the training of 

choice due to its ability to achieve uniform controlled EX in mice and to minimize 

stress factors, which are present during forced running and particularly during 

swimming.1 C57Bl/6J mice were used because they are known to perform excellent 

in voluntary wheel running.1

In an additional group of 8 mice, 24 hours after permanent ligation of the 

left anterior descending coronary artery (LAD), the LV area at risk (AR) was 

determined using negative 1% Evans Blue staining administered via the jugular 

vein. Subsequently the heart was excised, quickly frozen for a few minutes and cut 

in five slices in the direction from apex to aorta. Infarct area (IA) was determined 

with negative 2% triphenyltetrazolium chloride (TTC) staining for 5 min at 37°C. 

After TTC staining, the area of infarction included the anterior wall and apical part 
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of the LV appears pallid, whereas the viable myocardium appears red. The LV was 

then separated from the RV and each slice was weighed. To calculate IA an AR, 

both sides of each of the slices were photographed, and the IA and AR for both 

sides of each section was determined using Sigma Scan Pro 5 software. Infarct size 

was calculated as IA/AR*100%.2 

Experimental procedures

Mice were weighed, sedated with 4% isoflurane, intubated and ventilated with a 

mixture of O2 and N2O (1/2, vol/vol) with a pressure controlled ventilator (CWE, 

SAR-830/P) to which 2.3% isoflurane was added for anesthesia.3 The ventilation 

rate was set at 90 strokes/min, with a peak inspiration pressure of 18 cm H2O and 

a positive end expiration pressure (PEEP) of 4 cm H2O. The mice were placed on a 

heating pad to maintain body temperature at 37°C. A thoracotomy was performed 

through the third left intercostal space, after which the lungs were protected with 

gauze and the pericardium opened. MI was produced, in two groups of animals 

(MISED and MIEX), by permanent ligation of the LAD with a 7-0 silk suture mounted 

on a tapered needle (BBraun; Aesculap AG&CO. KG, Germany). Subsequently, the 

chest was closed with a 6-0 silk suture (BBraun; Aesculap AG&CO. KG, Germany) and 

the skin with suture clips (BBraun; Aesculap AG&CO. KG, Germany) whereupon the 

mice received 0.05 mg/kg analgesics subcutaneously (Buprenorfine-hydrochloride, 

Reckitt Benckiser Inc., UK) and were allowed to recover.

Eight weeks after entering the study, mice were anesthetized and ventilated as 

described above. In vivo trans-thoracic echocardiography of the LV was performed 

(ALOKA ProSound SSD-4000; Japan) using a 13-MHz linear array transducer.3 At 

the start of the experiment and after placement of a 1.4F microtipped pressure 

transducer catheter in the LV (SPR-671, Millar Instruments, Houston, TX; 

calibrated prior to each experiment with a mercury manometer) echocardiograms 

were obtained with simultaneous ECG registration. M-mode echocardiograms were 

captured from short-axis 2D views of the LV at midpapillary level. LV diameters at 

end diastole (LVEDD) and end systole (LVESD) were measured from the M-mode 

images using SigmaScan Pro 5 Image Analysis software (SPSS Inc., Chicago, 

IL). A blinded observer analyzed three cardiac cycles for each animal in the four 

experimental groups and fractional shortening was calculated as FS=(LVEDD–

LVESD)/LVEDD*100%. Pressure-diameter relations were obtained from M-

mode images synchronized with LV pressure by simultaneous recorded ECG and 

constructed with a program written in MatLab (Mathworks Inc, Natick, MA). Data 

from four consecutive beats were averaged.
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Following echocardiography, the mice were instrumented with a fluid filled 

polyethylene catheter (PE 10) inserted into the left carotid artery and advanced 

into the aortic arch for measuring mean aortic pressure and heart rate. A stretched 

PE 50 catheter was introduced into the left external jugular vein and advanced into 

the superior caval vein for infusion of Haemaccel (Hoechst Marion Roussel B.V.), 

to maintain fluid-balance. A 1.4F Millar Instruments pressure transducer catheter 

was inserted in the right carotid artery and advanced in the LV for measuring 

LV pressure.3 Hemodynamic data were recorded and digitized using an on-line 

four-channel data acquisition program (ATCODAS, Dataq Instruments, Akron, OH), 

for later analysis with a program written in MatLab. Ten consecutive beats were 

selected for determination of heart rate, mean aortic pressure, LV systolic pressure, 

LV end diastolic pressure, the less afterload-sensitive contractility parameter, rate 

of rise of LV pressure at 30 mmHg (LVdP/dtP30) and the relaxation parameters the 

time constant of LV pressure decay (Tau, τ) and the maximum rate of LV pressure 

decay (LVdP/dtmin).

Tissue analysis

At the conclusion of each experiment, the heart was excised and the atria removed 

after which the right ventricle (RV) and LV including septum were separated. 

The weight of RV (RVW) and LV (LVW), and tibial length (TL) were determined. 

Accumulation of lung fluid weight was assessed by measuring the difference between 

the wet- and dry lung weights, which is an indication for pulmonary edema. In 12 

SHSED and 12 SHEX animals skeletal muscle samples were obtained for maximal 

citrate synthase (CS) activity4 measurements spectrophotometrically on skeletal 

muscle homogenates (expressed as µmol.g-1 of protein).5 The LV was cut in two 

halves along the longitudinal axis. Half of the LV was fixed overnight in freshly 

prepared 4% paraformaldehyde in PBS and embedded in paraffin for histology, 

while the other half was quickly frozen in liquid nitrogen for assessment of force 

measurements in single skinned cardiomyocytes and analysis of the β1-adrenergic 

signaling pathway and contractile, Ca2+-handling and myofilament proteins.

Histology 

Four micron thick paraffin LV sections were stained with Masson’s trichrome for 

analysis of collagen volume fraction and cardiomyocyte cross-sectional area (CSA) 

measurements within the remote non-infarcted myocardium. Four fields were 

randomly selected in two sections of eight mice per group and photographed using 

an Olympus BH 20 microscope (Olympus Corporation, Japan) at a magnification of 
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x400. Within each field, segments representing connective and muscle tissue were 

identified and manually traced with a digitizing pad and computer image analysis 

software (Clemex Vision PE 3.5) to calculate the traced area. Collagen volume 

fraction was calculated in each field as the sum of all connective tissue areas 

divided by the sum of all connective tissue and muscle areas and averaged for each 

animal per group. Myocyte CSA was measured by tracing the outline of myocytes 

showing the nucleus in each field and averaged for each animal in the groups. 

Finally, the infarct region was demarcated and the area was measured. Endocardial 

and epicardial infarct circumference were demarcated and the lengths measured. 

Infarct thickness was measured at the shortest distance between endocardium 

and epicardium. The operator was blinded to the experimental group during the 

analysis.     

Force measurements in single permeabilized cardiomyocytes

Cardiomyocytes were mechanically isolated from liquid nitrogen frozen LV samples 

of 5 mice (3 myocytes/animal) per group. Before mechanical isolation, tissue was 

defrosted in cold relaxing solution (pH 7.0; in mmol/l: free MgCl2, 1; KCl, 145; 

EGTA, 2; ATP, 4; imidazole, 10). During the isolation, the tissue was kept on ice. 

Mechanically isolated myocytes were permeabilized in relaxing solution containing 

0.5% Triton X-100 (5 minutes) a treatment which also removes soluble and 

membrane-bound kinases and phosphatases, which may alter the phosphorylation 

status of myofibrillar proteins. To remove Triton, cells were washed twice in relaxing 

solution. Subsequently, a single myocyte was attached between a force transducer 

and a piezoelectric motor. Isometric force measurements were performed at 

different [Ca2+], at 15°C, and a sarcomere length, measured in relaxing solution, 

of 2.2 µm. Rate of force redevelopment (Ktr) was determined in activating solution 

(pCa values ranging from 4.5 to 5.8) when a steady level of force was developed by 

rapidly slackening and re-stretching the cardiomyocyte by 20% of its length. Upon 

slackening force drops to zero and upon re-stretch force redevelopment occurs to 

the initial steady level. Force redevelopment was fitted to a single exponential to 

estimate Ktr.

The diameters of the cardiomyocyte were measured microscopically, in two 

perpendicular directions. Cross-sectional area was calculated assuming an elliptical 

cross-section. The composition of relaxing and activating solutions used during 

force measurements was calculated as described previously.6,7 The pCa, –log 

[Ca2+], of the relaxing and activating solution (pH 7.1) were 9 and 4.5, respectively. 

Solutions with intermediate free [Ca2+] were obtained by mixing of the activating 
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and relaxing solutions. After the first control activation at saturating (maximal) 

[Ca2+] (pCa=4.5), resting sarcomere length was readjusted to 2.2 µm, if necessary. 

The second control measurement was used to calculate maximal isometric tension 

(force divided by cross-sectional area). The next force measurements were 

performed at submaximal [Ca2+], followed by a control measurement. Force values 

obtained in solutions with submaximal [Ca2+] were normalized to the interpolated 

control values. Cardiomyocytes were stored on ice to prevent myofilament-bound 

kinases and phosphatases to alter Ca2+-sensitivity (pCa50) of force during the 

measurements.

After the first force–pCa series, part of the myocytes from Sham and MI hearts 

were incubated in relaxing solution containing the exogenous catalytic subunit of 

protein kinase A (3 µg/mL [100 U/mL]; Sigma, batch 35H9522) and 6 mmol/L 

dithiothreitol for 40 minutes at 20°C, after which a second force–pCa series was 

obtained. The mean parameters of the measurements before protein kinase A 

(PKA) treatment were consistent with the observations in the entire Sham and MI 

group studied. Force-pCa relations were fit to the Hill equation:6  

F (Ca2+)/F0=[Ca2+]nH/(Ca50
nH+[Ca2+]nH), where F is steady-state force, F0 denotes 

the steady force at saturating [Ca2+], nH reflects the steepness of the relationship, 

and Ca50 (or pCa50) represents the midpoint of the relation.

Myosin-Heavy-Chain composition

The myosin heavy chain (MHC) isoform composition was analyzed by one-

dimensional SDS-PAGE.8

Myofilament proteins phosphorylation status

To determine phosphorylation status of the myofilament proteins MyBP-C, TnT, 

TnI, MLC-2 and desmin, LV samples (20 µg/lane) were separated on gradient 

gels (4-15%) and stained with Pro-Q diamond phosphoprotein gel stain (Pro-Q; 

Molecular Probes) in conjunction with SYPRO Ruby staining (Molecular Probes) 

of the gels. To preserve the endogenous phosphorylation status, frozen tissue 

samples were homogenized in liquid nitrogen and re-suspended in 1 mL ice-cold 

(-20°C) 10% trichloroacetic acid (TCA; dissolved in acetone containing 0.1% (w/v) 

dithiothreitol (DTT)) solution. The phosphorylation signals for myofilament proteins 

were normalized to the intensities of the SYPRO Ruby stained myosin binding 

protein C bands. The signals were analyzed using the luminescent image analyzer 

las-3000 and Aida image analyzer.
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β1-adrenergic signaling

cAMP. About 5-10mg of frozen left ventricular tissue was homogenized in a liquid 

nitrogen cooled Teflon vial with a Teflon sphere (Mikro-Dismembrator U, setting 

1700rpm, 4 minutes) in the presence of 100µl frozen 0.1M HCl. The frozen powder 

was collected and the vial was rinsed with the remaining 40 volumes of 0.1M 

HCl. The homogenate was sonicated for 30 seconds at 10 micron on ice water. 

An aliquot was removed for protein determination. cAMP levels were measured 

in 5x diluted extracts using an enzyme immunoassay kit (Assay Designs, USA) 

according to the manufacturer’s instructions.

PKA. About 5-20mg of frozen tissue was homogenized in the presence of 100µl 

frozen PKA extraction buffer (25mM Tris-HCl pH 7.4, 10mM 2-mercapto-ethanol, 

1mM NaF, 100µM IBMX, 50µM Cantharidin and protease inhibitor mix CompleteTM 

(Roche, Switzerland) similarly as described above. The homogenate in totally 20 

volumes of PKA extraction buffer was sonicated for 30 seconds at 10 micron on 

ice water and centrifuged for 5 minutes. An aliquot of the clear supernatant was 

removed for protein determination. PKA levels were measured using the PepTag® 

Assay kit (Promega, USA) with a modified reaction buffer (1mM extra ATP), 10µg 

of protein and 20 minutes reaction time at room temperature. After the reaction 

phosphorylated and unphosphorylated fluorescent proteins were separated on a 

0.8% agarose gel and ratios of bands were determined using a Kodak Image 

Station 440CF equipped with Kodak 1D software Amounts of PKA were calculated 

from a standard curve of pure cAMP-dependent PKA catalytic subunit. 

Western immunoblotting

Approximately 25 mg of frozen tissue was homogenized at liquid nitrogen 

temperature in a microdismembrator unit (B. Braun Biotech International, 1700 

rpm) for 4 min in a Teflon vial with a Teflon sphere. The frozen powder was 

suspended in 20 volumes of cold Laemmli loading buffer, heated for 15 min at 

37°C and centrifuged for 1 min at 9700•gav. Aliquots of the clear supernatants 

were removed for protein determination using the RCDC protein assay (Bio-Rad 

Laboratories) and for Western blot analysis. Proteins were separated by SDS-PAGE 

using 10% gels, 15% gels or 7.5%-15% gradient gels. Samples were reheated for 

5 min at 37°C before use and either 5µg or 20µg (depending on the antibody to be 

used) of protein/lane was applied onto the gels. Following electrophoresis proteins 

were blotted overnight at 40V onto PVDF membranes (Immunblot, Bio-Rad). Blots 

were stained reversibly with Ponceau Red to check protein loading and transfer. 

Blots were pre-incubated in TTBS (10 mmol/L Tris-HCl pH 7.6, 150 mmol/L NaCl, 
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0.1% Tween-20) supplemented with 0.5% non-fat milk powder for 1 h at room 

temperature and incubated overnight at 4°C with diluted primary antibodies. Anti-

phospholamban (PLB, mouse monoclonal) was from Affinity Bioreagents and anti-

SERCA2A (rabbit polyclonal) was from Abcam. Anti-Gαi-3 (C-10, rabbit polyclonal), 

anti-GRK2 (C-15, rabbit polyclonal), anti-Na+/Ca2+-exchanger 1 (NCX1, P-13, 

goat polyclonal) and anti-β1-adrenergic receptor (rabbit polyclonal) were from 

Santa Cruz Biotechnology. Phospho-specific rabbit polyclonal antibodies against 

a phospho-serine (P-Ser16) or phospho-threonine (P-Thr17) containing sequence 

of PLB were from Cyclacel. Anti-atrial natriuretic peptide was from Chemicon. A 

mouse atrial extract was used as positive control.

Blots were probed for 3 h at room temperature with horseradish peroxidase 

conjugated goat anti-rabbit or rabbit anti-goat or goat anti-mouse secondary 

antibody (Pierce). In between the incubations the blots were washed extensively 

with TBS. For SERCA2a, phosholamban and phospho-phospholamban detection a 

rat cardiac membrane preparation was used as positive control. For GRK2, Gαi-

3 and β1-adrenergic receptor detection a rat brain extract was used as positive 

control. Signals were visualized using Supersignal® West Femto Maximum 

Sensitivity Substrate (Pierce) and HyperfilmTM ECL (Amersham Biosciences). 

Signal densities were quantified using a Bio-Rad calibrated GS-800 scanner and 

Quantity One quantitation software (Bio-Rad).

Contractile properties of intact cardiomyocytes

In an additional group of 6 MISED and 5 MIEX mice, single LV cardiomyocytes were 

enzymatically dissociated as previously described;9 in each animal 3 to 5 cells were 

studied. Mice were heparinized and killed by an overdose of pentobarbital (100 

mg/kg i.p.), and the hearts quickly excised. After cannulation of the aorta, hearts 

were mounted to a Langendorff perfusion set. The heart was briefly rinsed with 

normal Tyrode solution, containing (mM): 137 NaCl, 5.4 KCl, 0.5 MgCl2, 1 CaCl2, 

11.8 Hepes and 10 glucose, pH 7.4. Subsequently the heart was perfused with a 

Ca2+-free solution for 8 min. The Ca2+-free Tyrode solution contained (mM): 130 

NaCl, 5.4 KCl, 1.2 KH2PO4, 1.2 MgSO4, 6 Hepes, 20 glucose, pH 7.2. Collagenase A 

(0.6 mg ml-1, Roche Diagnostics, GmbH, Mannheim, Germany) and protease (type 

XIV, 0.1 mg ml-1, Sigma, St Louis, MO, USA) were added to the Ca2+-free solution 

and perfused for 10 min. The enzymes were washed out with low Ca2+ solution, 

i.e. the Ca2+-free solution to which 0.18 mM CaCl2 was added. The hearts were 

removed and the non-infarcted part of the LV, including the septum was cut into 

small pieces and further dissociated into single cells by gentle shaking. Cells were 
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stored in low Ca2+ solution at room temperature and used within 8 h after isolation. 

All experimental procedures were approved by the Ethics Committee on Animal 

Use of the University of Leuven.

Cells were placed in a perfusion chamber on the stage of an inverted microscope 

(Nikon Diaphot). Cell shortening was measured with a video-edge detector 

(Crescent, Salt Lake City, UT, USA) at 240 Hz frame rate. Field stimulation was 

done with 5 ms square pulses of constant voltage, at 20 % above threshold. The 

external solution was the normal Tyrode solution, bath temperature was 30oC. The 

absolute cell shortening is expressed as the fractional shortening, i.e. normalized 

to resting cell length, ΔL/L0.

[Ca2+]i was measured in cells using whole-cell ruptured patch recording. The set-

up for fluorescence recording, procedures for calibration to [Ca2+]i, and recording of 

membrane potential and currents were as described before.9 The pipette solution 

contained (in mmol/L): 120 K-aspartate, 20 KCl, 10 K-HEPES, 5 MgATP, 10 NaCl, 

and 0.05 K5-fluo-3, pH 7.2. The external solution was the normal Tyrode solution, 

bath temperature was 30oC. Cells were stimulated under current clamp with 5 ms 

square pulses at different frequencies. 

Statistics

Data were analyzed using two-way ANOVA, followed by post hoc testing with 

Student-Newman-Keuls, or using unpaired t-testing, as appropriate. Survival was 

analyzed by Kaplan-Meier method and log-rank (Mantel-Cox) test. Significance 

was accepted when P<0.05. Data are means±SEM.

Results
Exercise and survival

MIEX initially ran shorter distances per day compared with SHEX (Figure 1), but 

total distance over the 8-week period and hence daily distance was similar in SHEX 

(5.9±0.2 km/d) and MIEX mice (5.2±0.2 km/d). Exercise increased skeletal muscle 

CS-activity in SHEX (371±28 µmol-CS/g-protein) compared with SHSED (290±21 

µmol-CS/g-protein; P<0.05). MI was associated with 40% mortality; exercise had 

no significant effect on survival in MI mice.

LV remodeling

Twenty-four hours after LAD ligation, 88±2% of the area-at-risk had become 

infarcted, corresponding to 43±3% of the LV. This resulted in marked LV dilation and 

hypertrophy, reflected in the increased LV diameter, relative LVW (LVW/ TL), and 
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Figure 1:
Daily running distance in MI (n=21) and SH (n=18) 
mice that survived the entire 8-week follow-up 
period (A). Total distance run over 8 weeks. No 
significant differences were observed (B). Kaplan-
Meier survival curves for all four groups. Time 
point zero represents the immediate postoperative 
survival of 89% after MI and 100% in SH mice (C). 
Numbers of mice entering the study: SHSED (n=34), 
SHEX (n=18), MISED (n=61), MIEX (n=34). *P<0.05 
versus corresponding SH.

A

B
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Figure 2: 
Masson’s trichrome staining showing the green/blue infarct area in longitudinal cross-section of the LV, 8 weeks after 
permanent LAD ligation. MI includes the anterior wall and apical part of the LV (A). Magnifications of the Masson’s trichrome 
image showing collagen and myocyte CSA in viable myocardium (remote zone in MI mice) (B).
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increased cardiomyocyte-CSA and LV collagen volume fraction within the remote 

myocardium 8 weeks later (Figure 2 and Figure 3A through 3C). Exercise had no 

significant effect on cardiomyocyte-CSA and LVW/TL in either Sham or MI mice. 

However, exercise tended to decrease LV end-diastolic diameter and significantly 

reduced LV collagen content in both Sham and MI mice (Figure 3).

Global LV function

MI resulted in lower LV systolic pressure, LVdP/dtP30, fractional shortening, LVdP/dtmin 

and increased τ, but had no apparent effect on LV end-diastolic pressure (Table). 

Exercise had minimal effects on LV systolic and diastolic function in Sham mice, but 

increased both LVdP/dtP30 and FS after MI. MI resulted in a marked rightward shift 

as well as a narrowing of the LV pressure-diameter relation, indicating LV dilation 

and depressed FS (Figure 3D). Exercise caused a small leftward shift in Sham and 

MI animals (both P<0.02). Lung-fluid weight and RVW/TL were increased after MI, 

indicative of pulmonary congestion and RV hypertrophy (Figure 3E and 3F), which 

were abolished by exercise.

Force development in single permeabilized cardiomyocytes

Passive force was similar in SHSED (3.0±0.4 kN/m2) and MISED (2.9±0.3 kN/m2), but 

maximal isometric force (Fmax) was significantly lower in MISED than in SHSED (Figure 

4A). The normalized force-pCa curves also showed a leftward shift in MI animals, 

Figure 3: 
Effects of MI and exercise on relative LVmass (A), myocyte CSA (B), collagen volume fraction (C), LV pressure-diameter 
relation (D), lung fluid weight (E), and relative RVmass (F). *P<0.05 versus corresponding SH; †P<0.05 versus corresponding 
SED.
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indicating greater Ca2+-sensitivity in MISED than in SHSED, which was accompanied 

by an decreased steepness (nHill) of the force-pCa curves in MI compared with 

Sham (2.4±0.1 versus 2.6±0.1 respectively, P<0.05). Treatment with the catalytic 

subunit of PKA decreased pCa50 in both MISED and SHSED, reflecting a PKA-induced 

decrease in myofilament Ca2+-sensitivity. 

Importantly, after PKA the Ca2+-sensitivity was no longer different between 

MISED and SHSED (Figure 4), suggesting that loss of PKA-mediated myofilament 

protein phosphorylation contributed to the increased myofilament Ca2+-sensitivity 

Table 1. LV anatomical and functional data  

Sedentary Exercise
Anatomical data 

Body weight (g) Sham 26±1 25±1 
MI 26±1 24±1 

LV weight (mg) 96±4 95±4  Sham 
MI 109±4 * 110±4 * 

Endocardial infarct length (mm) MI 3.8±0.3 3.5±0.4 

Epicardial infarct length (mm) MI 4.6±0.3 4.2±0.4 

Infarct thickness (mm) MI 0.11±0.01 0.13±0.02

Infarct area (mm2) MI 1.54±0.14 1.59±0.08 

Hemodynamic data 

Heart Rate (bpm)           537±8                555±12 Sham 
MI           520±7                528±9 

MAP (mmHg)             70±2 79±5 † Sham 
MI             69±2 71±1 * 

LVSP (mmHg)             93±2               100±4 Sham 
MI   83±2 *                 82±2 * 

LV dP/dtP30 (mmHg/s)         7189±239             7030±267 Sham 
MI   5295±207 *   5794±207 * † 

Fractional Shortening (%)             39±2                 47±3 † Sham 
MI     8±1 *    12±1 * † 

LV dP/dtmin (mmHg/s)       -7879±462            -9329±568 Sham 
MI       -5184±285 *            -5203±410 * 

Tau (ms)           7.9±0.5 8.1±1.0 Sham 
MI 10.6±0.8 *  10.5±1.1 * 

LVEDP (mmHg) 6.4±0.6 4.3±0.9 Sham 
MI 7.9±1.0 5.7±0.8 

MAP, mean arterial pressure; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end 
diastolic pressure. Anatomical and hemodynamic data tested two-tailed; SHSED (n=27), SHEX (n=11), 
MISED (n=27) and MIEX (n=14). *P<0.05 vs corresponding Sham; †P<0.05 vs corresponding Sedentary.
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after MI. PKA had no effect on Fmax in MISED and SHSED (not shown). Exercise had 

no effect on passive force of cardiomyocytes from either Sham or MI mice (not 

shown). Exercise had also no effect on contractile properties of cardiomyocytes 

from Sham mice (Figure 4). However, exercise restored Fmax, Ca2+-sensitivity and 

nHill (2.4±0.1 versus 2.7±0.1 in MISED and MIEX respectively, P<0.02) in MI mice. 

The effects of PKA on Ca2+-sensitivity were now similar in Sham and MI animals. 

MHC composition (% α-MHC) was not altered following MI, consistent with the 

maintained Ktr (Figure 5). Exercise had no effect on either MHC composition or 

Ktr.

Figure 4: 
Absolute (A and C) and normalized 
(B and D) force-pCa curves and 
bar charts. The pCa50  before and 
after treatment with exogenous 
PKA (E and F). The panels (A, 
B, and E) show the effects of MI 
in SED mice. The panels (C, D, 
and F) show the effects of EX in 
SH and MI. Myofilament protein 
phosphorylation of MyBP-C (G), 
TnI (H), MLC-2 (I), and total PKA 
(J) in LV remote myocardium. 
*P<0.05 versus corresponding 
SH; †P<.05 versus corresponding 
SED; ‡P<0.05 after PKA versus 
before PKA.
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Myofilament proteins phosphorylation status

There were no significant differences in phosphorylation status of myofilament 

proteins MyBP-C, troponin I (TnI), myosin light chain (MLC-2) (Figure 4), troponin 

T (TnT) and desmin (not shown), between SHSED and MISED. Exercise had no 

significant effect on the phosphorylation status of MyBP-C, TnI, TnT, and desmin, 

but increased MLC-2 phosphorylation in MI mice.

β1-adrenergic signaling

Total PKA levels were not affected by MI and exercise training (Figure 4). Surprisingly, 

cAMP was also not different in MISED compared with SHSED. However, exercise after 

MI significantly increased cAMP levels from 4.5±0.3 pmol/mg protein in MISED to 

6.1±0.8 pmol/mg protein in MIEX (P<0.05).

Western immunoblotting

Protein level of the β1-adrenergic receptor decreased after MI, but did not change 

in SHEX mice. The decrease was not accompanied by significant changes in GRK2 

and Gαi-3 expressions (Figure 6). Protein levels of SERCA2a decreased in the 

remodeled myocardium after MI, but were not altered in SHEX mice. PLB levels 

were maintained in both MISED and SHEX. PLB phosphorylation at the Ser16 site did 

not change in both MI and exercise mice, whereas phosphorylation at the Thr17 

site was decreased in both groups. Na+/Ca2+- exchanger levels did not change in 

MISED and SHEX mice. Exercise after MI increased β1-adrenergic receptor levels and 

Na+/Ca2+-exchanger levels, but had minimal effects on the expression of GRK2, 

Gαi-3, SERCA2a, and PLB and PLB phosphorylation at both Ser16 and Thr17 sites 

(Figure 6).

Figure 5: 
Effects of MI and exercise on relative α-myosin heavy chain (MHC) levels (A) and rate of force redevelopment (Ktr) at 
different Ca2+-levels (B). No significant differences were observed.
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Contractile properties of isolated intact cardiomyocytes

To further investigate the mechanism by which exercise improved LV function in 

MI mice, we performed additional experiments in enzymatically isolated intact 

cardiomyocytes obtained from MISED and MIEX. Unloaded cell shortening in MIEX 

was significantly higher compared with MISED mice (Figure 7). Preliminary cell 

shortening data of 3 SHSED mice showed values comparable to MIEX (not shown). 

Basal [Ca2+]i was lower in MIEX than MISED, but the [Ca2+]i transient amplitudes were 

similar in the 2 groups.
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Figure 6: 
Immunoblot analyses of β1-adrenergic signaling and Ca2+-handling proteins of the four groups. Representative Western blots 
are shown, with summary quantification in bar graphs (n=5 for each bar). Comparisons were made in a pair-wise fashion 
(normalized within each pair). *P<0.05 versus corresponding white bar.
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Discussion
The present study investigated the impact of 8 weeks of voluntary exercise training, 

started early after a large MI, on LV remodeling and dysfunction in mice at the 

in vivo, cellular and molecular level. The main findings were that: (i) exercise 

had no adverse effect on LV dimensions and hypertrophy, while ameliorating LV 

dysfunction and backward failure; (ii) exercise normalized MI-induced myofilament 

dysfunction, which likely contributed to the exercise-induced improvement in 

unloaded shortening of isolated intact cardiomyocytes, as the [Ca2+]i transient 

amplitude was not altered by exercise. In addition, basal [Ca2+]i was reduced 

by exercise; and (iii) exercise likely mediated these effects via increased β1-

adrenoceptor protein and cAMP levels, and Na+/Ca2+-exchanger protein levels.

Pathophysiology of MI-induced LV dysfunction in mice

In agreement with previous reports,31,32,37 permanent LAD ligation in mice 

resulted in LV remodeling, characterized by LV dilation, hypertrophy, and 

increased collagen deposition in remote noninfarcted myocardium, and resulted 

in marked LV dysfunction, characterized by decrements in LV pump function 

(fractional shortening) and decrements in indices of global LV contractility (dP/

dtP30) and relaxation (dP/dtmin and τ), which was associated with LV backward 

failure reflected in pulmonary edema and RV hypertrophy. The mechanism for LV 

Figure 7: 
Single cell shortening during 
field stimulation at the 
indicated frequencies (A), 
[Ca2+]i transient amplitude 
(B), basal (C), and peak (D) 
[Ca2+]i values during whole 
cell current clamp recording 
at the same frequencies. 
*P<0.05 MIEX versus MISED.
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dysfunction after MI remains incompletely understood, but has been proposed to 

be the consequence of alterations in LV geometry with no effect on cardiomyocyte 

function or β1-adrenergic responsiveness.38 Conversely, other investigators 

reported that alterations in β1-adrenergic signaling21 and Ca2+-handling22,23 of the 

remote myocardium also contribute to global LV dysfunction. In agreement with 

the latter notion, we observed downregulation of β1-adrenergic receptor levels 

and reductions in SERCA2a after MI, whereas no clear changes were found in 

protein levels of GRK2, Gαi-3, PLB and Na+/Ca2+-exchanger. Unexpectedly, cAMP 

levels were not depressed in MI mice, which is consistent with the observation 

that cAMP-dependent PKA mediated phosphorylation of PLB-Ser16 was also not 

decreased after MI, but suggests that the β1-adrenergic signaling in MI mice is not 

a simple function of the β1-receptor density. PLB-Thr17 phosphorylation, which is 

mediated by CaM-kinase II, was attenuated following MI. Reduced phosphorylation 

of PLB-Thr17 will inhibit SERCA2a function in the mouse heart particularly at higher 

heart rates.39 The latter could, in conjunction with decreased β1-adrenoceptor and 

SERCA2a expression, contribute to perturbations in cardiomyocyte Ca2+-handling 

in MI mice, particularly during increased activity.  

In agreement with observations in swine,2 remodeling of noninfarct myocardium 

in mice was associated with altered myofilament function, characterized by 

decreased Fmax and increased Ca2+-sensitivity of tension development in single 

permeabilized cardiomyocytes. The small increase in Ca2+-sensitivity after MI was 

likely the result of the minor reduction of PKA-mediated phosphorylation of TnI 

and MyBP-C,2,40 as treatment with exogenous PKA abolished the difference in Ca2+-

sensitivity between Sham and MI animals. However, Pro-Q Diamond analysis did 

not reveal significant decreases in phosphorylation status of myofilament proteins 

in MISED compared with SHSED. It is possible that a small decrease in PKA-mediated 

phosphorylation of TnI and MyBP-C was obscured by increased PKC-mediated 

phosphorylation of these myofilament proteins as increased PKC activity was 

observed in rat hearts within 1 to 8 weeks after MI.41 

The mechanism underlying the MI-induced reduction in Fmax is less clear. A role 

for degradation of TnI in reducing Fmax, as suggested in pigs,2 is unlikely in the 

post-MI remodeled mouse heart. First, no degradation products were observed 

in remodeled myocardium. Second, Narolska et al recently demonstrated that 

exchange of truncated TnI in human cardiomyocytes had no effect on Fmax.
42 A likely 

alternative candidate responsible for the reduction in Fmax is increased PKC-mediated 

phosphorylation, because the absence of a change in TnI phosphorylation in MI 

animals is consistent with increased PKC activity. Studies in rodent myocardium 
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indicated a central role for PKC-mediated phosphorylation of TnI43 and TnT44 in 

decreasing Fmax. Based on our Pro-Q analysis PKC-mediated TnT phosphorylation 

can be excluded as possible cause for the reduction in Fmax, because there were no 

differences in TnT phosphorylation among the groups. Although speculative, our 

myofilament force measurements and phosphoprotein data could be interpreted to 

suggest that the increase in Ca2+-sensitivity and the decrease in Fmax are because 

of reduced PKA-mediated and increased PKC-mediated phosphorylation of TnI, 

respectively. 

Surprisingly, we did not observe a shift from α-MHC to β-MHC protein expression, 

which is a post-MI hypertrophy marker in rats45 and mice.29 In contrast, protein 

levels of another hypertrophy marker ANP were elevated in remote LV of MISED 

(5.41±2.39 a.u.) compared with SHSED (0.10±0.09 a.u.; P<0.016), correlating well 

with lung-fluid weight (R2<0.55; P<0.014). An explanation for this unexpected 

lack of MHC-isoform shift is not readily found, but it should be noted that our 

observations are consistent with the unchanged Ktr after MI. 

In conclusion, the present study supports the concept that alterations at the 

cellular level in remote noninfarcted myocardium contribute to decreased global LV 

function after MI. Future studies, using catecholamine challenges, are required to 

determine in greater detail the importance of perturbations in kinase-phosphatase 

signaling cascades in post-MI remodelled mouse heart. 

Mechanism of beneficial effects of exercise training after MI

Rat studies on exercise after MI have reported no changes in parameters of LV function 

such as LV dP/dtmax,
23,25 fractional shortening,23 PV-relation24 or cardiac output,46 

irrespective of whether exercise was started early24,25 or late,25,46 irrespective of 

a small24,25 or large25,46 MI, and irrespective of treadmill23,46 or swim24,25 training. 

Nevertheless, exercise was reported to improve cardiomyocyte function.21–23,47 

Thus, exercise after healed MI (~3 weeks after MI) attenuates β-MHC expression 
21 and restores cardiomyocyte Ca2+- handling and Ca2+-responsiveness, and 

SERCA2a and Na+/ Ca2+-exchanger levels.23 Furthermore, exercise was reported 

to blunt cardiomyocyte hypertrophy, and to restore Ca2+-transients, and SERCA2a 

and Na+/Ca2+-exchanger expression22,47 Thus, beneficial effects of exercise on LV 

remote myocardium in rats are clearly observed when exercise is initiated late 

after MI. To date no study has investigated the effects of exercise started early 

after MI on β1-adrenergic signaling, Ca2+-handling and myofilament function. 

In view of the concern that early exercise may aggravate LV remodeling after a 

large MI, we investigated the effects of exercise started immediately after MI on LV 
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remodeling and dysfunction in the mouse. The results indicate that in mice, even 

after a large MI (comprising ~43% of LV mass), 8 weeks of voluntary exercise does 

not aggravate LV remodeling, as relative LV mass and cardiomyocyte size as well 

as infarct geometry were unchanged, whereas exercise decreased collagen content 

and actually tended to decrease LV end-diastolic diameter. These observations 

are in agreement with a recent study by Konhilas et al 48 who reported that 8 

weeks of moderate exercise in mice with hypertrophic cardiomyopathy reversed 

collagen deposition with little effect on cardiac hypertrophy. Interestingly, exercise 

also reversed expression of hypertrophy markers and components of apoptosis 

pathways. In view of the minimal effects of exercise on LV remodeling and the 

pronounced effects on LV dysfunction, we elected to focus on the effects of 

exercise training on myofilament function and Ca2+-handling. However, the study 

by Konhilas et al warrants future studies that include the analysis of hypertrophy 

and survival signaling pathways in the model of post-MI remodeling. 

Exercise attenuated LV dysfunction and ameliorated LV backward failure, which 

was likely because of improved cardiomyocyte function, as shortening of isolated 

cardiomyocytes was increased by exercise. Ca2+-transient amplitude remained 

unaltered, consistent with the lack of effect of exercise on SERCA2a and PLB 

expression. However, basal (diastolic) calcium concentrations were reduced by 

exercise after MI. In the absence of changes in SERCA2a and PLB protein levels 

or phosphorylation, a potential explanation for the reduction in basal [Ca2+]i is the 

increased expression of Na+/Ca2+-exchange. However, future studies are needed 

to determine whether this small increase in Na+/Ca2+-exchanger protein levels is 

indeed responsible for the exercise-induced reduction in diastolic Ca2+ levels, or 

whether other mechanisms, including increased sarcolemmal Ca2+-ATPase activity, 

also contribute. 

Importantly, our findings indicate that the improved cell shortening was not 

because of increased Ca2+-transient amplitude, suggesting that the exercise-

induced normalization of myofilament function was principally responsible for the 

improved isolated myocyte shortening in vitro and global LV fractional shortening 

in vivo. Exercise restored myofilament Ca2+-sensitivity after MI, which was likely 

mediated via increased β1-adrenergic signaling as suggested by the increased β1-

adrenoceptor and cAMP levels and by the normalization of the Ca2+-sensitivity 

response to PKA. Restoration of β1-adrenergic signaling also acts to increase MLC-2 

phosphorylation via PKA-mediated inhibition of protein phosphatase 1.49 Indeed, 

MLC-2 phosphorylation was increased by exercise. It is however unlikely that 

the exerciseinduced increase in MLC-2 phosphorylation is involved in either the 
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increased Fmax or reduced Ca2+-sensitivity in MIEX, because phosphorylation of 

MLC-2 increases myofilament Ca2+-sensitivity without an effect on Fmax.
50,51 Future 

studies are required to further delineate the mechanism underlying the exercise-

induced normalization of Fmax. 

Clinical implications

The present study indicates that exercise training started early after a large MI 

is beneficial, resulting in improved LV function and molecular phenotype, without 

adverse effects on LV remodeling. The beneficial effects appear to be the result of 

improved β1-adrenergic signaling and myofilament function. Because some of these 

cellular adaptations to exercise are also observed following chronic β1-adrenoceptor 

blockade,52,53 future studies should be aimed at investigating whether combined β1-

adrenoceptor blockade and exercise yield added benefit.
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Abstract
Exercise training attenuates left ventricular (LV) dysfunction after myocardial 

infarction (MI). It could be speculated that these effects of exercise are mediated 

by increased endothelial NO synthase (eNOS) activity. In the present study we 

tested the hypothesis that eNOS plays a critical role in the exercise-induced 

amelioration of LV dysfunction after MI. MI or sham was induced in eNOS-/-, eNOS+/- 

and eNOS+/+ mice. After 8 weeks of voluntary wheel running (~7km/day in all 

groups) or sedentary housing, global cardiac function was determined in vivo and 

(immuno)histochemistry was performed to assess cardiomyocyte size, fibrosis, 

capillary density and apoptosis in remote myocardium. At baseline eNOS-/- mice 

had higher mean aortic pressure compared to eNOS+/- and eNOS+/+ mice, but had 

normal global cardiac function. MI resulted in marked LV remodeling, including 

cardiomyocyte hypertrophy and a reduction in capillary density, increased fibrosis 

and apoptosis, as well as LV systolic and diastolic dysfunction to the same extent 

in all genotypes. In eNOS+/+ MI mice exercise abolished fibrosis and apoptosis 

in the remote myocardium, attenuated LV systolic dysfunction and ameliorated 

pulmonary congestion. These beneficial effects were lost in eNOS+/- and eNOS-/- 

mice, while LV systolic dysfunction and pulmonary congestion in eNOS+/- mice were 

aggravated by exercise. The beneficial effects of exercise after MI on LV remodeling 

and dysfunction depend critically on endogenous eNOS. The observation that the 

lack of one eNOS allele is sufficient to negate all beneficial effects of exercise, 

strongly suggests that exercise depends on full eNOS availability and activity.
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Introduction
Left ventricular (LV) remodeling after myocardial infarction (MI) is a compensatory 

mechanism that serves to restore LV pump function. This adaptation process 

involves LV dilation, LV and cardiomyocyte hypertrophy and myocardial fibrosis. 

Despite the apparent appropriateness of LV remodeling to maintain cardiac pump 

function early after MI, remodeling is an independent risk factor for the development 

of congestive heart failure.1 The mechanism underlying the progression from LV 

remodeling to overt heart failure remains incompletely understood, but may include 

loss of cardiomyocytes through apoptosis,2 reduction in contractile function of the 

surviving myocardium3 and/or alterations in extracellular matrix leading to LV 

dilation.4 Experimental and clinical studies suggest that the vascular endothelium 

plays an important role in modulating the progression of ventricular and vascular 

remodeling in heart failure. For example, an increase in NO bioavailability has 

been shown to improve many of the processes perturbed in LV remodeling, 

including angiogenesis,5 cardiac fibrosis,6 and hypertrophy.7 Furthermore, in vivo 

experiments in eNOS overexpressing8 and eNOS deficient mice9 have provided 

evidence that eNOS protects against LV remodeling and LV dysfunction after MI.

In chapter 2 of this thesis we reported that exercise training (exercise) following 

MI attenuates LV pump dysfunction in a mouse model.10 In patients, physical activity 

has been associated with a reduction in cardiovascular morbidity and mortality.11-13 

The beneficial effects of exercise on cardiac function can be attributed, at least in 

part, to an exercise-induced upregulation of endogenous endothelial nitric oxide 

synthase (eNOS) expression and activity,14,15 but this has not been investigated to 

date. Consequently, we tested the hypothesis that eNOS plays an obligatory role 

in the beneficial effects of exercise training on cardiac remodeling and dysfunction 

after MI. For this purpose we subjected wild type (eNOS+/+) and eNOS-deficient mice 

lacking either one (eNOS+/-) or both (eNOS-/-) functional eNOS alleles to induction 

of MI followed by either sedentary housing or voluntary exercise training. Studies 

in eNOS+/- mice were included as previous studies have shown that eNOS+/- mice 

have maintained basal levels of eNOS expression but show nevertheless selective 

loss of exercise-induced increase in eNOS expression.16

Materials and Methods
The investigation conforms with the Guide for the Care and Use of Laboratory 

Animals published by the US National Institutes of Health (NIH Publication No. 

85-23, Revised 1996) and were approved by the Erasmus MC Animal Care 

Committee.
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Animals

Female eNOS+/- and male eNOS-/- eNOS deficient mice in C57Bl/6J background were 

bred to generate eNOS-/- and eNOS+/- offspring. Wild type C57Bl/6J mice (eNOS+/+) 

were purchased from Harlan. Mice were genotyped by a polymerase chain reaction 

method using genomic DNA extracted from tail biopsies. A total of 71 eNOS-/-, 117 

eNOS+/-, and 225 eNOS+/+ mice of either sex (~12-weeks old) entered the study 

and were randomly assigned to one of four experimental groups. Sham-operated 

mice (SH) and mice with MI were housed sedentary (SHSED, MISED) or subjected to 

voluntary exercise training by wheel running (SHEX, MIEX) for 8 weeks.

Experimental procedures

Mice were weighed, sedated with 4% isoflurane, intubated and pressure-controlled 

ventilated with O2-N2O (1:2, vol/vol) containing ~2.5% isoflurane for anesthesia. 

MI was produced by permanent ligation of the left-anterior-descending-coronary-

artery (LAD) with a 7-0 silk suture (BBraun, Germany) as described before.10,17 

Sham animals underwent the operation without infarct induction. Eight weeks 

after entering the study, hemodynamic measurements were performed under 

anesthesia as described before.10 In brief, M-mode LV echocardiography (Prosound 

SSD-4000, ALOKA, Japan) from long and short axis views was performed and LV 

diameters at end-diastole (LVEDD) and end-systole (LVESD) were measured, and 

fractional shortening calculated. A 1.4F microtipped pressure transducer catheter 

(SPR-671, Millar Instruments, USA) was inserted into the LV and pressure-

diameter relations were obtained from M-mode images synchronized with LV-

pressure by simultaneous ECG recording. All data were recorded, digitized and 

analyzed with a software program written in Matlab® for determination of heart 

rate, mean aortic pressure, LV systolic pressure, and LV end-diastolic pressure, the 

afterload-insensitive contractility parameter LVdP/dtP30 (rate of rise of LV pressure 

at 30 mmHg), and the relaxation parameters LVdP/dtmin (the maximum rate of LV 

pressure decay) and τ (time constant of LV pressure decay).

Tissue analysis

Weights

At the end of each experiment, the weight of the right ventricle (RVW) and LV 

(LVW) including septum, and tibia length (TL) were determined. The accumulation 

of lung fluid weight was assessed by measuring the difference between the wet 

and dry lung weights, which is an indication for pulmonary edema. 
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Cardiomyocyte hypertrophy and collagen content

The LV was fixed overnight in freshly prepared 4% paraformaldehyde at 4oC. 

Paraffin-embedded LVs were cut into 4-μm-thin sections and stained with Masson’s 

Trichrome for determination of cardiomyocyte cross-sectional area and collagen 

content. Four microscopic fields from two sections per animal within the remote 

non-infarcted LV were photographed and analyzed by a blinded observer.10 

Capillary density

Endothelial cells were detected using lectin staining. Briefly, paraffin sections 

were deparaffinized, cleared and hydrated to tris-buffered saline, pH 7.4, using 

a descending series of ethanol. Sections were treated with trypsin, pH 7.0, for 

20min at 37oC, washed and treated with hydrogen peroxide 3% for 10min at 

room temperature (to inhibit the endogenous peroxide). Sections were incubated 

overnight at 4oC with peroxidase-conjugated lectin from Bandeira simplicifolia 

(Sigma). Horseradish peroxidase was activated by incubation for 1-2min with a 

diaminobenzidine commercial kit (Dako). Sections were washed, counterstained 

with haematoxillin, dehydrated with graded ethanol solutions, cleared in xylene 

and mounted. Vessels were detected as brown endothelial cells and capillary 

density was determined as the number of vessels per mm2. 

Apoptosis

To localize DNA degradation in remote non-infarcted LV, we used the In Situ Cell 

Death Detection Kit (Roche Diagnostics, Germany), which is a modification of the 

TUNEL assay (3’ terminal deoxynucleotide transferase (TdT)-mediated dUTP nick 

end labeling). In brief, paraffin sections were deparaffinized, cleared and hydrated 

to phosphate-buffered saline (PBS), pH 7.4, using a descending series of ethanol. 

Sections were treated with Proteinase-K for 30min at 37oC, washed in PBS, treated 

with the TUNEL reaction mixture and incubated in the dark for 1h at 37oC, followed 

by washes in PBS. Both positive (DNaseI-treated sections) and negative controls 

(no TDT included in the reaction mixture) were included. Sections were covered 

with Vectashield including DAPI and directly photographed using fluorescence 

microscopy. TUNEL positive cells emit red fluorescence and all nuclei were blue. 

Apoptosis was determined as the number of TUNEL-positive nuclei per 105 nuclei.

Statistical analysis

Survival analysis was performed by the Kaplan-Meier method and between-group 

difference in survival was tested by the log-rank (Mantel-Cox) test. All other data 
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were analyzed by three-way (eNOS genotype x EX x MI) ANOVA, followed by 

post-hoc testing with Student-Newman-Keuls test (STATVIEW) when appropriate. 

Significance was accepted when P<0.05. Data are means ± SEM.

Results 
Survival and exercise

MI resulted in 30-50% mortality during the first 2 weeks after MI. Mortality was 

not significantly different between eNOS+/+, eNOS+/- and eNOS-/- MI mice and was 

not significantly affected by exercise (Figure 1A). MIEX mice ran a shorter distance 

compared to sham mice, particularly during the first 4 weeks (P<0.05 by 2-way 

ANOVA), while eNOS+/- mice ran a slightly longer distance than eNOS+/+ or eNOS-/-, 

particularly in the sham mice (P<0.05 by 2-way ANOVA). Importantly, however, 

there was no significant difference between eNOS+/+MIEX, eNOS+/-MIEX, and eNOS-/-

MIEX mice in the total distance run (Figure 1B and C).
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Figure 1: 
Kaplan-Meier survival curves for all groups. Time point 
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Hemodynamics and LV function

Mean aortic blood pressure was increased in eNOS-/-SHSED (11±5 mmHg; P<0.05) 

but not in eNOS+/-SHSED compared to eNOS+/+SHSED, while LV systolic and diastolic 

function were normal in both eNOS+/-SHSED and eNOS-/-SHSED mice. Exercise had 

no effect on any of the LV systolic and diastolic function parameters in any of the 

sham-operated groups, but normalized aortic blood pressure in eNOS-/- mice (Table 

1, Figure 2).

MI in sedentary eNOS+/+ mice resulted in loss of LV systolic (fractional shortening 

and LVdP/dtP30) and diastolic (LVdP/dtmin, Tau, and LV end-diastolic pressure) 

function, and pulmonary congestion reflected in the increased lung fluid weight and 

RV hypertrophy (Table 1, Figure 2). Similar degrees of MI-induced LV dysfunction 

and pulmonary congestion were observed in eNOS+/-MISED and eNOS-/-MISED mice. 

Exercise after MI improved fractional shortening and LVdP/dtP30, and blunted 

pulmonary congestion in eNOS+/+ mice. In contrast, exercise failed to ameliorate LV 

dysfunction after MI in eNOS+/- and eNOS-/- mice, and even aggravated pulmonary 

congestion in eNOS+/-MI mice (Table 1, Figure 2).
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LV remodeling

At similar age of 10-12 weeks, eNOS+/-SHSED and eNOS-/-SHSED exhibited a lower 

body weight and consequently a slightly smaller LV diameter, reflected in a leftward 

shift of the LV pressure-diameter relation, compared to eNOS+/+SHSED (Figure 3). 

Similarly, absolute LV weight was lower in eNOS+/-SHSED and eNOS-/-SHSED mice 

(Table 1), whereas relative LV weight was not different from eNOS+/+SHSED mice 

(Figure 4A). Cardiomyocyte size (Figure 4B) was similar in eNOS+/+SHSED and 

eNOS+/-SHSED mice, but was greater in eNOS-/-SHSED mice. Exercise had no effect 

on relative LV weight, LV cardiomyocyte size, or LV diameter in eNOS+/+ sham-

operated mice. Exercise of eNOS-/- and eNOS+/- sham-operated mice resulted in a 

small decrease in LV diameter, while a small increase in cardiomyocyte size was 

observed in eNOS+/- mice.

MI resulted in marked LV dilation (Figure 3) and myocardial hypertrophy (Figure 
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Figure 3: 
Effects of MI and exercise on LV pressure-
diameter relation in eNOS+/+, eNOS+/- and 
eNOS-/- mice. Number of animals in eNOS+/+, 
eNOS+/- and eNOS-/- mice respectively for 
SHSED (n=24,18,17), SHEX (n=27,17,11), 
MISED (n=29,19,11) and MIEX (n=25,20,10).
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4A, B) in eNOS+/+, eNOS+/- and eNOS-/- mice. Exercise had no effect on the MI-

induced LV myocardial hypertrophy, but blunted LV dilation in eNOS+/+ mice. In 

contrast, exercise aggravated the MI-induced LV dilation in eNOS+/- and eNOS-/- 

mice.

Collagen content

eNOS+/-SHSED mice had higher basal LV myocardial interstitial collagen content 

compared to eNOS+/+ and eNOS-/- mice (Figure 4C). Exercise reduced LV myocardial 

interstitial collagen content in eNOS+/+ sham-operated mice. In contrast, exercise 

in eNOS+/- and eNOS-/- sham-operated mice failed to reduce collagen content.

MI resulted in increased interstitial collagen content of the remote surviving LV 

myocardium, which was of a similar magnitude in sedentary eNOS+/+, eNOS+/- and 

eNOS-/- mice. Exercise abolished the MI-induced increase in interstitial collagen 

content in eNOS+/+ mice. In contrast, exercise failed to reduce the collagen content 

in eNOS+/-MI and eNOS-/-MI mice (Figure 4C, 5).

Capillary density

Capillary density in the LV myocardium was significantly lower in eNOS+/-SHSED and 

eNOS-/-SHSED mice, compared to eNOS+/+SHSED mice (Figure 4D). Exercise had no 

significant effect on capillary density in any of the sham-operated groups.

LV remodeling after MI resulted in a decreased capillary density in eNOS+/+ 

sedentary mice, but did cause a further lowering of capillary density in eNOS+/- 

and eNOS-/- sedentary mice. Exercise after MI did not affect capillary density in 

eNOS+/+, eNOS+/-, or eNOS-/- mice (Figure 4D, 5).

Apoptosis

The number of TUNEL positive nuclei in LV myocardium were similar between 

eNOS+/+, eNOS+/- and eNOS-/- sham-operated sedentary mice (Figure 4E). Exercise 

reduced the number of TUNEL positive nuclei in eNOS+/+SH mice. In contrast, 

exercise had no effect in eNOS+/-SH mice, and even increased the number of TUNEL 

positive nuclei in eNOS-/-SH mice.

MI resulted in an increased number of TUNEL positive nuclei in remote surviving 

myocardium in eNOS+/+ sedentary mice, a response that was exaggerated in 

eNOS+/- and eNOS-/- sedentary mice. Exercise after MI reduced the number of 

TUNEL positive nuclei to basal levels in eNOS+/+ mice (Figure 4E, 5). In contrast, 

exercise failed to reduce the number of TUNEL positive nuclei in eNOS+/-MI and 

eNOS-/-MI mice.
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Discussion
The present study was designed to assess the critical importance of full eNOS 

availability in the exercise-induced amelioration of LV remodeling and dysfunction 

after MI in mice. The main findings were: (i) MI in eNOS+/+ mice resulted in marked 

LV remodeling, including cardiomyocyte hypertrophy and a reduction in capillary 

density, increased interstitial collagen content and apoptosis, as well as LV systolic 

and diastolic dysfunction; (ii) The extent of these MI-induced abnormalities were 

not exaggerated in eNOS+/- or eNOS-/- mice; (iii) Exercise abolished interstitial 

fibrosis and apoptosis in the remote remodeled myocardium, attenuated global LV 

systolic dysfunction and ameliorated pulmonary congestion in eNOS+/+ MI mice; 

(iv) These beneficial effects of exercise after MI were lost in eNOS+/- and eNOS-

/- mice, while LV systolic dysfunction and pulmonary congestion in eNOS+/- were 

even aggravated by exercise. The implications of these findings will be discussed.
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Morphology and quantitative analysis of LV histology 
in eNOS+/+, eNOS+/- and eNOS-/- mice representing 
relative LV mass (A,), cardiomyocyte cross-sectional 
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and apoptosis (E). *P<0.05 versus corresponding 
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Effects of exercise training after MI in eNOS+/+ mice 

In agreement with previous observations from our laboratory,10,17 we found that 

eNOS+/+ mice with a large MI (comprising ~45% of LV mass) exhibited marked 

LV remodeling, characterized by LV dilation and hypertrophy, increased interstitial 

collagen deposition and apoptosis and decreased capillary density in remote 

surviving myocardium. Induction of MI also produced marked LV dysfunction, 

characterized by decrements in LV pump function (fractional shortening) and indices 

of global LV contractility (dP/dtP30) and relaxation (dP/dtmin and τ), culminating in 

LV backward failure and hence pulmonary congestion as reflected in pulmonary 

edema and RV hypertrophy.10,17

The effects of exercise on LV remodeling and dysfunction remain incompletely 

understood, since several studies in humans reported contradictory effects of 

training on LV remodeling after a MI.18-27 Careful inspection of these studies suggests 

that after a small MI, exercise has no detrimental effect20,26 or even improves19,22,24 

LV geometry and function, independent of whether exercise was started late, i.e. 

~1 year,19,22 or early, i.e. <2 months,20,24,26 after MI. In contrast, in patients with a 

large MI, exercise had a beneficial effect on ejection fraction (EF) and LV volumes 

but only when started late after MI.19,22 However, when exercise after a large MI 

is started at a time when LV remodeling is still ongoing (<3-4 months after MI), 

the majority of studies reported that exercise has either no,18,20,26,27 or even a 

detrimental23,25 effect on LV dimensions and/or EF.

Similar to these clinical studies, studies in rats indicate that exercise started late 

(>3 weeks) after a moderate to large MI, encompassing 35-50% of LV mass, at 

a time when infarct healing is complete, does not aggravate,28,29 or even blunts30-

32 LV dilation30 and hypertrophy.28-32 In contrast, when started <1 week after a 

moderate to large MI,33-37 exercise resulted in variable outcomes with beneficial,37 

no,33,35 or detrimental34,36 effects on LV remodeling. These rodent studies lend 

further support to the concern that early exercise may have detrimental effects 

on LV remodeling after a large MI, although interpretation is hampered by the fact 

that late exercise studies in rats principally employed treadmill running,22,29,30,32,38 

while early exercise studies predominantly used swimming.31,33-35 This is important 

because the exercise responses to swimming are markedly different from those to 

treadmill running.39,40 In contrast to these studies employing early swim training in 

rats, we observed (in a previous10,17 and in the present study) that exercise training 

through voluntary treadmill running, starting early after a large MI (comprising 

~45% of LV mass), blunted LV remodeling and dysfunction, and ameliorated LV 

backward failure in eNOS+/+ mice. A novel observation in the present study is that 
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exercise also attenuated MI-induced apoptosis, but did not appear to have an 

effect on capillary density in the remodeling heart. These findings indicate that 

treadmill running started early after a large MI is beneficial. The lack of a beneficial 

effect of early exercise in patients with a large MI is difficult to explain but may 

be related to the presence of risk factors, and hence endothelial dysfunction, in 

the majority of patients. These findings could be interpreted to suggest that nitric 

oxide is important to allow a beneficial effect of early exercise after a large MI.

eNOS deficient mice and the response to MI

The cardiovascular phenotype of eNOS-/- mice as observed in the present study 

is in general agreement with previous studies.16,41-43 Thus, under basal conditions 

eNOS-/- exhibited hypertension, but demonstrated normal levels of global LV 

systolic (fractional shortening, dP/dtP30) and diastolic function (dP/dtmin, τ, and LV 

end-diastolic pressure) under basal conditions. Liu et al,42 also found unperturbed 

cardiac function, myocardial collagen content and cardiomyocyte cross-sectional 

area, but in their study a sustained 15-20 mmHg increase in systolic blood pressure 

was associated with a transient (only up to 6 months of age) increase in relative 

LV mass in eNOS-/- mice compared to eNOS+/+ mice. Furthermore, we found fewer 

capillaries under basal conditions in eNOS+/- and eNOS-/- compared to eNOS+/+ 

mice, which is in line with observations in neonatal eNOS-/- mice,43 and supports 

an important role for nitric oxide in the vasculogenesis/angiogenesis in the heart.44 

We specifically included eNOS+/- mice in the present study, in view of observations 

by Kojda et al16 that basal levels of eNOS expression and hemodynamics are not 

different from eNOS+/+ mice, but the exercise-induced increase in eNOS expression 

is selectively abolished.16,45 Indeed, we observed not only that aortic blood pressure, 

but also that LV systolic and diastolic function were normal in eNOS+/- mice. In 

addition, levels of apoptosis and cardiomyocyte cross sectional area were also 

similar to eNOS+/+ mice. However, we did observe that collagen content was higher 

in eNOS+/- mice and that, similar to the eNOS-/- mice, capillary densities were 

lower.

Scherrer-Crosbie et al9 reported that 4 weeks after a small MI (resulting in 

a decrease in fractional shortening from 58±2% to 44±2% in eNOS+/+ mice), 

LV remodeling and dysfunction were aggravated in eNOS-/- compared to eNOS+/+ 

mice. In contrast, we found that the LV remodeling and dysfunction, as well as 

cardiomyocyte hypertrophy, interstitial fibrosis and increased apoptosis that 

occurred after a large MI (decreasing fractional shortening from ~40% to ~10%) 

was similar in eNOS+/+, eNOS+/- and eNOS-/- mice. Our observations are in agreement 
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with the study of Liu et al42 in which LV remodeling and the development of heart 

failure over a 6 month follow-up period after a large MI (decreasing fractional 

shortening from ~65% to ~20%) were also similar in eNOS-/- and eNOS+/+ mice. 

Taken together these findings are consistent with the concept that lack of eNOS 

does not aggravate myocardial remodeling and LV dysfunction after a large MI. 

Future studies are necessary to investigate the mechanisms responsible for this 

effect after MI in eNOS deficient mice, and suggest that in more chronic post-

MI remodeling an adaptation through compensatory mechanisms (prostacyclin,46 

nNOS,47 adaptation of remote myocardium) has occurred.

Exercise training after MI in eNOS deficient mice 

Several studies suggest an important role of endogenous production of NO in 

the beneficial effects of exercise.15 For example, in vivo studies have shown that 

exercise results in an increased vascular expression of eNOS.48,49 Furthermore, 

exercise training in healthy individuals elevated NO bioavailability through a 

variety of mechanisms including increased NOS enzyme expression and activity.50 

Such adaptations likely contribute to cardiovascular protection by regular physical 

exercise in individuals with elevated cardiovascular risk or established coronary 

artery disease. eNOS is known to be present in myocardium of normal mice51 and 

eNOS+/- mice,45 but absent in hearts of eNOS-/- mice.41 We examined a mouse MI 

model to investigate the role of eNOS in the exercise-induced benefits on cardiac 

function and remodeling after MI. Although, exercise after MI in eNOS+/- and 

eNOS-/- mice did not aggravate LV myocardial hypertrophy, the beneficial effects 

of exercise on MI-induced LV dilation and LV systolic dysfunction, as observed in 

eNOS+/+ mice, were lost in eNOS+/- and eNOS-/- mice. Furthermore, the exercise-

induced amelioration of LV backward failure that was observed in eNOS+/+ mice was 

lost in eNOS-/- mice and even reversed to a worsening of pulmonary congestion in 

eNOS+/- mice. At the myocardial level, the beneficial effects of exercise in eNOS+/+ 

mice on interstitial fibrosis and apoptosis within non-infarcted remote myocardium 

was lost in eNOS+/- and eNOS-/- mice. Our findings indicate that eNOS is essential 

for the exercise-induced improvement of LV geometry (both at the macroscopic 

and microscopic level) and LV function after MI. Interestingly, eNOS+/- mice which 

miss only one eNOS allele, appear to respond even slightly worse to exercise 

after MI than eNOS-/- mice. Kojda et al16 proposed that when two eNOS alleles are 

present, as in eNOS+/+ mice, under basal conditions both are being transcribed at 

a submaximal rate. Exercise thus increases transcriptional activity of both genes. 

The absence of one eNOS allele results in the opposite allele functioning at near 
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peak transcription rate, such that it cannot be further activated by exercise.45 

It could be speculated that in the absence of eNOS, other factors, including 

prostacyclin46 or nNOS,47 may be upregulated or increased in eNOS-/- mice and act 

to compensate for the absence of eNOS, thereby preventing further worsening of 

cardiac remodeling and function. If one eNOS allele is still functional and results 

in normal basal eNOS expression, such compensatory mechanisms may not occur, 

leaving the heart more vulnerable to the effects of exercise. Future studies are 

needed to study the influence of potential compensating factors.

Clinical implications and conclusions 

When exercise in patients with a large MI is started at a time when LV remodeling is 

still ongoing (<3-4 months after MI), the majority of studies reported that exercise 

had either no,18,20,26 or even a detrimental23,25 effect on LV dimensions and/or EF. 

The results of the present study could be interpreted to suggest that endothelial 

dysfunction in these patients and consequently loss of NO bioavailability may 

have blunted the beneficial effects of exercise. Future studies in patients and/or 

animal models of hyperlipidemia and/or metabolic syndrome are required to test 

the hypothesis that adjunctive therapy aimed improving endothelial function can 

preserve the beneficial effects of exercise training after a recent large MI.

In conclusion, the beneficial effects of exercise training after a myocardial 

infarction on LV remodeling and dysfunction depend critically on endogenous 

eNOS. Furthermore, the observation that the lack of one eNOS allele is sufficient 

to negate all beneficial effects of exercise, strongly suggests that exercise training 

depends on full eNOS availability and activity.
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Abstract
In the vascular system, nitric oxide is generated by endothelial NO synthase (eNOS). 

NO has pleiotropic effects, most of which are believed to be atheroprotective. 

Therefore, it has been argued that patients suffering from cardiovascular disease 

could benefit from an increase in eNOS activity. However, increased NO production 

can cause oxidative damage, cell toxicity, and apoptosis and hence could be 

atherogenic rather than beneficial. To study the in vivo effects of increased eNOS 

activity, we created transgenic mice overexpressing human eNOS. Aortic blood 

pressure was ~20 mmHg lower in the transgenic mice compared with control mice 

because of lower systemic vascular resistance. The effects of eNOS overexpression 

on diet-induced atherosclerosis were studied in apolipoprotein E-deficient mice. 

Elevation of eNOS activity decreased blood pressure (~20 mmHg) and plasma 

levels of cholesterol (~17%), resulting in a reduction in atherosclerotic lesions 

by 40%. We conclude that an increase in eNOS activity is beneficial and provides 

protection against atherosclerosis. 
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Introduction
Endothelial nitric oxide synthase (eNOS) plays an important role in the regulation 

of vascular tone, vascular biology, and hemostasis. For example, NO produced 

by eNOS causes vasodilation. Thus, eNOS knockout mice are hypertensive,1 

whereas eNOS transgenic mice have hypotension.2 In addition, NO reduces the 

activation and aggregation of platelets,3,4 attenuates adhesion of leukocytes to 

the endothelium,5–7 reduces the permeability of the endothelium, and inhibits 

proliferation and migration of vascular smooth muscle cells.8 Impaired activity of 

eNOS is associated with endothelial cell dysfunction.9 For these reasons eNOS 

has been proposed to modulate atherosclerotic disease.10–12 Indeed, impairment or 

deficiency of eNOS gives rise to accelerated atherosclerosis in animal models,10,12–14 

indicating that physiological levels of eNOS are anti-atherogenic. This suggests 

that patients at increased risk of atherosclerotic vascular disease could possibly 

benefit from an increase of eNOS activity by pharmacological means or (local) 

gene therapy. However, eNOS-derived NO also has detrimental effects,15 such as 

the generation of superoxides,16 making it difficult to predict whether increased 

eNOS activity is beneficial or harmful.17 To determine whether increased eNOS 

activity may be beneficial, we created transgenic mice that express the human 

eNOS gene. These mice were crossbred to apolipoprotein E-deficient (apoE0) mice 

in order to evaluate the effects of a constitutive increase in eNOS activity on the 

development of atherosclerosis. 

Materials and Methods
Mice 

A DNA fragment containing the human eNOS gene was isolated from a 

homemade human genomic cosmid library18 using eNOS cDNA (kindly donated 

by Dr. S. Janssens, Leuven, Belgium; Ref. 19) as a probe. In addition, the DNA 

fragment contained ~6 kb of 5`-natural flanking sequence, including the native 

eNOS promoter, and ~3 kb of 3`-sequence to the gene. Vector sequences were 

removed by restriction endonucleases. A solution of 1–2 µg/ml DNA was used for 

microinjection of fertilized oocytes from FVB donor mice and transplanted into the 

oviducts of pseudopregnant B10 x CBA mice. Founder mice and offspring were 

genotyped by PCR on DNA isolated from tail biopsies. Primers used were sense, 

5`-GTCCTGCAGACCGTGCAGC-3`, and antisense, 5`-GGCTGTTGGTGTCTGAGCCG-

3`. Mice were backcrossed to C57Bl/6J for at least five generations (~96% C57Bl/

6J). All eNOS transgenic mice were hemizygous. ApoE0 mice were obtained from 

The Jackson Laboratory, Bar Harbor, ME. Male mice were used in all experiments. 
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All animal experiments were performed in compliance with institutional (Erasmus 

Medical Center, Rotterdam, The Netherlands) and national (Ministry of Health, 

Welfare, and Sport, The Hague, The Netherlands) guidelines. 

Western blotting and immunohistochemistry 

Aortas were collected and homogenized in 50 mM Tris-HCl, pH 7.4, containing 1 

mM EDTA, 0.25 M sucrose, and 20 mM CHAPS. Western blotting was performed as 

described previously.20 25 µg of protein (BCA protein assay kit; Pierce) was applied 

to each lane. Anti-eNOS was obtained from Santa Cruz Biotechnology Inc., Santa 

Cruz, CA. This antibody was also used for immunohistochemistry experiments, 

which were performed according to Bakker et al.21 

Hemodynamic measurements 

Baseline blood pressure measurements

Mice were weighed, anesthetized with ketamine (100 mg/kg intraperiteoneal) and 

xylazine (20 mg/kg intraperitoneal), intubated, and ventilated with a mixture of 

O2 and N2 (1/2 v/v) with a pressure-controlled ventilator (Servo ventilator 900C, 

Siemens-Elema, Sweden). The ventilation rate was set at 100 strokes/min with a 

peak inspiration pressure of 18 cm H2O and a positive end expiration pressure of 6 

cm H2O. After intubation the mice were placed on a heating pad to maintain body 

temperature at 37°C, and a polyethylene catheter (PE10) was inserted into the 

right carotid artery and advanced into the aortic arch for the measurement of aortic 

pressure. In the first part of the study we used 12 eNOS-Tg2 and 5 eNOS-Tg3 mice 

for screening of eNOS expression and compared them to 33 wild type mice. Ten 

minutes after a second intraperitoneal bolus of anesthetics (100 mg/kg ketamine 

and 20 mg/kg xylazine), baseline blood pressure recordings were obtained.  

Effect of L-NAME on systemic vascular resistance

Subsequently, we chose the eNOS-Tg2 line to determine whether the lower 

aortic blood pressure was the result of a NO-mediated decrease in systemic 

vascular resistance. For this purpose, in 17 eNOS-Tg2 mice and 17 wild type mice 

a polyethylene catheter (PE 10) was inserted into the right carotid artery and 

advanced into the aortic arch for the measurement of aortic pressure, while another 

PE 10 catheter was introduced into the right external jugular vein and advanced 

into the superior caval vein for infusion of L-NAME. After thoracotomy through the 

second right intercostal space, the ascending aorta was exposed and a transit-time 

flow probe (ID 1.5 mm; T206; Transonics Systems Inc.) was placed around the 
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aorta for measuring aorta flow. Ten minutes after a second intraperitoneal bolus of 

100 mg/kg ketamine and 20 mg/kg xylazine, baseline recordings were obtained. 

A continuous 10-min intravenous infusion of L-NAME (100 mg/kg) was started; 10 

min after completion of the infusion, measurements were repeated.  

Effects of dietary suppletion of L-arginine on baseline hemodynamics

In the eNOS-Tg2 line we studied whether L-arginine deficiency contributed to the 

modest effects of eNOS overexpression on systemic vascular resistance. For this 

purpose, in six eNOS-Tg2 male mice and seven wild type male mice, L-arginine 

was supplemented in their drinking water (2.5% w/v). One week later, animals 

were instrumented as described above, and hemodynamic measurements were 

performed under baseline conditions.  

Data analysis

Hemodynamic data were recorded and digitized using  an online 4-channel data 

acquisition program (ATCODAS, Dataq  Instruments, Akron, OH), for later analysis 

with a program written in MatLab (Mathworks Inc, Natick, MA). Fifteen consecutive 

beats were selected for determination of heart rate, aortic pressure, and aorta 

blood flow.  

eNOS activity assay  

Aortas were collected and homogenized in 50 mM Tris-HCl, pH 7.4,  containing 

1 mM EDTA, 0.25 M sucrose, and 20 mM CHAPS. eNOS activity assays were 

performed by measuring L-arginine to L-citrulline  conversion using a nitric oxide 

synthase assay kit (Calbiochem, La  Jolla, CA; catalogue no. 482700) according to 

the manufacturer’s instructions.  Protein content was measured by the BCA protein 

assay kit (Pierce).  

Lipid measurements  

Blood was collected via orbital puncture after an overnight fasting period. Plasma 

was frozen freshly or subjected to ultracentrifugation in a Beckman 42.2 Ti rotor 

(42,000 rpm, 3 h, 12 °C) at d >1.063 g/ml.  Tubes were sliced, and two fractions 

were collected: very low density  lipoprotein (VLDL) + low density lipoprotein (LDL), 

d >1.063 g/ml; and  high density lipoprotein (HDL), d >1.063 g/ml. Cholesterol 

was measured  with the F-chol kit (Roche Molecular Biochemicals) after hydrolysis  

of cholesteryl esters with cholesterol esterase from Candida cylindracea  (Roche 

Molecular Biochemicals).  
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Atherosclerosis  

Atherosclerosis experiments were performed in age- and sexmatched mice. Male 

mice of 8 weeks were fed a Western type diet containing 15% (w/w) cacoa butter 

and 0.25% (w/w) cholesterol (diet W, Hope Farms, Woerden, The Netherlands) for 

6 weeks, which leads to appreciable atherosclerosis.22–24 Animals were anesthetized 

using isoflurane, and in situ fixation was performed via the left ventricle of the 

heart using phosphate-buffered formalin (4%, v/v). A Sony digital camera was 

used to obtain images of sections of the aortic root. These were analyzed by Scion 

Image processing and analyzing software (available from www.scioncorp.com). 

Atherosclerosis was quantified in five sections per mouse with 80 µm intervals 

using the method of Paigen et al.25  

Data analysis  

Analysis of data was performed using two- or one-way analysis of variance followed 

by the Scheffé test, as appropriate. Statistical significance was accepted when 

P<0.05 (two-tailed). Data are presented as mean±S.E.  

Results and Discussion 
For the generation of eNOS transgenic mice, we used a DNA fragment that comprised 

the complete human eNOS genomic sequence, including all exons and introns as 

well its natural flanking sequences. Therefore, our mice are different from those 

described by Ohashi et al,2 which overexpressed bovine eNOS cDNA, driven by the 

murine preproendothelin-1 promoter. Our approach was chosen to preserve the 

natural regulation of the gene and to prevent ectopic expression. For example, the 

endothelium enhancer element that is located 4.9 kilobases upstream from the 

transcription start site of the eNOS gene26 is included in this construct. By using 

this construct we mimic the human situation in terms of regulation and tissue 

distribution of eNOS as much as possible. 

Two independent lines with appreciable overexpression of the transgene, 

as measured by RT-PCR (not shown), were selected and arbitrarily designated 

eNOStg2 and eNOStg3. Production of human eNOS protein was demonstrated by 

Western blotting of aorta homogenates (Figure 1A). Subsequently, eNOS activity 

in aortas from control (wild type) and eNOS overexpressing mice was measured, 

using the L-arginine to L-citrulline conversion assay.27 In aorta, the level of active 

eNOS enzyme was 10-fold increased in eNOStg2 mice and 7.5-fold in eNOStg3 

mice when compared with wild type animals (Figure 1B). Expression of human 

eNOS was also investigated by immunohistochemistry. There was no human eNOS 
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staining of aortas of wild type mice, whereas the endothelial layer of the aorta was 

clearly stained in both human eNOS transgenic lines (Figure 1C). 

The expression pattern of the human eNOS transgene was investigated by 

immunohistochemistry in heart (Figure 2A), liver (Figure 2B), kidney (Figure 

2C), adrenal (Figure 2D), and testis (Figure 2E). Sections from wild type controls 

show virtually no immunostaining (not shown). The lining of the larger vessels is 

clearly stained (Figure 2, A, D, and E). Staining of capillaries is visible in the heart 

between the cardiomyocytes. Immunoreactivity is observed in the sinusoids in the 

liver and in the kidney in the peritubular capillaries as well as in the capillaries from 

the glomeruli. In the adrenal, the cortical capillaries as well as medullary capillary 

sinusoids and veins are stained. In the testis, only blood vessels between the 

seminiferous tubules are stained. No appreciable immunoreactivity is perceptible 

in the parenchyma cells of any of these organs. Similar results were found with 

sections from eNOStg3 mice (not shown). 

Our results show that the genomic sequences included in the DNA fragment 

we used are sufficient for expression in endothelial cells. Although eNOS activity 

is tightly regulated at the post-translational level,28,29 there is also extensive 

regulation at the transcriptional level.30,31 The present study shows that our 

construct results in high level expression of human eNOS that is not prevented by 

a feedback mechanism. 

To study the effect of increased eNOS activity on blood pressure and vascular 

tone, we performed hemodynamic studies.32 Heart rates were similar for wild 

type controls and eNOS transgenic lines, although the eNOS transgenic lines 

each exhibited a 20–25 mmHg lower mean aortic blood pressure compared 

with littermate controls (Figure 3A). Subsequent hemodynamic studies were 

performed in eNOStg2, the transgenic mouse line with the highest expression. 

These experiments showed that the lower aortic blood pressure was the result of 

a 30% lower systemic vascular resistance, because mean aortic blood flow and 

heart rate were similar in both groups (Figure 3B). Subsequent infusion of the 

NOS inhibitor, L-NAME, increased systemic vascular resistance and abolished the 

difference between control and eNOStg2 mice. We therefore conclude that the 

lower basal systemic vascular resistance in eNOStg2 mice is the result of increased 

NO production (Figure 3B). This is corroborated by the significantly larger increase 

in blood pressure in response to L-NAME in the transgenic mice. Suppletion of L-

arginine had no effect on the already lower mean aorticblood pressure and heart 

rate in the transgenic mice (Figure 3C). We therefore also conclude that the blood 

pressure-lowering effect of eNOS overexpression was not limited by a shortage of 
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Figure 2: Expression pattern 
of human eNOS in transgenic 
mice 
Organs from eNOStg2 mice were collected after 
in situ fixation. Paraffin sections were incubated 
with antihuman eNOS antibody and a peroxidase-
conjugated secondary antibody. A, heart. B, liver. 
C, kidney. D, adrenal. E, testis tissue. Arrowheads 
indicate representative immunoreactive capillaries; 
arrows indicate larger blood vessels. Original 
magnification, ×400. 

Figure 1: Expression of eNOS in transgenic 
mice 
A, Western blot analysis of aortas from control (wild type littermates), 
eNOStg2, or -3 mice. 25 µg of homogenate was applied per lane. The 
blot was probed with antihuman eNOS antibody. A single protein band 
of the expected molecular size (~130 kDa) was detected. B, eNOS 
activity was measured in aortas from control (Wt), eNOStg2 (Tg2), or 
-3 (Tg3) mice by the L-arginine to L-citrulline conversion assay using 
a nitric oxide synthase assay kit (Calbiochem). Activity is expressed 
as percentage of the activity in controls, which was 1.56±0.31 pmol/
µg/min. Each value represents the mean ± S.E. of three animals. One 
of three experiments is shown. *P<0.05 versus controls; †P<0.05 
versus eNOStg2 mice (analysis of variance followed by the Scheffé 
test). C, immunohistochemistry on aortas from control, eNOStg2, or 
-3 mice. Aortas were collected after in situ fixation. Paraffin sections 
were incubated with antihuman eNOS antibody and a peroxidase-
conjugated secondary antibody. Original magnification, x630.
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substrate. 

The present study shows that the lower blood pressure associated with eNOS 

overexpression (as reported in Ref. 2) is the result of a lower systemic vascular 

resistance. Thus eNOS activity was not only increased in the larger blood vessels 

but also in the microcirculation. Although eNOStg2 and -3 mice showed a slight 

variation in eNOS activity (Figure 1B), the degree to which blood pressure was 

lowered was not different. This suggests that another rate-limiting factor or one or 

more compensatory mechanisms prevented a further decrease in blood pressure 

in the eNOStg2 mice. 

To study whether increased expression of eNOS protects the mice against the 

development of diet-induced atherosclerosis, eNOS transgenic mice were cross-

bred to apoE0 mice, which represent a well known mouse model for studying 

atherosclerosis.33,34 The animals were fed a Western type diet for 6 weeks. As 

shown in Figure 4A, overexpression of eNOS also caused a decrease in systemic 

blood pressure under these conditions, although heart rates were similar. Plasma 

cholesterol levels were measured before the start of the atherogenic diet (i.e. on 

normal  chow diet) and at the end of the experiment (Table I).

Both eNOS transgenic lines showed a decrease in plasma cholesterol of ~15% 

when compared with apoE0 mice when fed a normal chow diet. As expected, 

the Western diet resulted in a dramatic increase (~3-fold) in plasma cholesterol 

levels, whereas the total cholesterol concentration remained ~16% lower in the 

eNOS transgenic animals when compared with apoE0 controls. This difference was 

because of variations in VLDL and LDL, which contain the bulk of the plasma 

cholesterol under these conditions: HDL-cholesterol concentration in plasma was 

0.4 mM and did not differ between the groups (Table I). These findings indicate that 

elevated eNOS activity results in a slightly more favorable (i.e. less atherogenic) 

lipoprotein profile, because VLDL and LDL contain the atherogenic portion of 

plasma cholesterol,35 whereas HDL is protective against the development of 

atherosclerosis.36,37

To study the effect of eNOS overexpression on atherosclerosis, the atherosclerotic 

lesion areas in the aortic roots were measured. Figure 4B shows representative 

examples of histological sections. Compared with apoE0 mice, we observed a 

decrease in atherosclerosis in both lines of eNOS transgenic mice studied (Figure 

4C). 
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Figure 3: Hemodynamic measurements 
A, mean aortic pressure and heart rate were measured in anesthetized control (wild type littermates, Wt), eNOStg2 (Tg2), or 
-3 (Tg3) mice. B, mean aortic pressure, heart rate, mean aortic blood flow, and systemic vascular resistance were analyzed 
in Wt or eNOStg2 mice before and following infusion of L-NAME. C, mean aortic pressure and heart rate were measured in 
anesthetized Wt or Tg2 mice following 1 week of drinking water with or without L-arginine supplementation (L-Arg, 2.5% 
w/v). Each value represents the mean ± S.E. of   five animals. *P<0.05 versus Wt. †P<0.05 versus baseline (before infusion 
of L-NAME). ‡P<0.05 versus Wt after infusion of L-NAME (analysis of variance followed by the Scheffé test). 
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Figure 4: Analysis of eNOS 
transgenic/apoE-deficient mice 
A, mean aortic pressure and heart rate were measured 
in anesthetized apoE0, n=15; apoE0/eNOStg2, n=8; 
or apoE0/eNOStg3, n=8 mice. B, representative 
photomicrographs of hematoxylin and eosin-stained 
paraffin sections with lesion areas in the aortic valves 
(arrowheads). Original magnification, ×25. C, lesion 
area in the aortic root of apoE0; n=32; apoE0/eNOStg2, 
n=22; or apoE0/eNOStg3, n=19 mice. Areas were 
measured in five sections with 80-µm intervals and 
expressed as µm2 per section per animal. 
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Table I: Plasma lipid and lipoprotein analysis 
Total cholesterol concentrations in plasma from apoE-deficient control (apoE0), apoE0/eNOStg2, or apoE0/eNOStg3 mice 
after feeding a normal chow diet or an atherogenic diet. Cholesterol concentrations were determined by enzymatic methods. 
VLDL + LDL and HDL fractions were isolated by ultracentrifugation. TC, total cholesterol (mM); VLDL + LDL, cholesterol in 
VLDL and LDL (mM); HDL, cholesterol in HDL (mM).

Several studies have described a relation between plasma cholesterol and 

eNOS activity.38–40 However, these investigations exclusively focused on the effects 

of changes in plasma cholesterol levels on eNOS activity. Hypercholesterolemia is 

associated with decreased eNOS activity, probably via an interaction of oxidized 

LDL with caveolae, the plasma membrane domains in which eNOS resides.41 

Cholesterol synthesis inhibitors (statins) have been reported to increase eNOS 

activity in addition to their cholesterol lowering effects, but these actions appear to  

results be independent.38 In the present study we observed that the level of eNOS 

expression affects the level of plasma cholesterol: plasma levels of cholesterol 

were about 15% lower in eNOStg/apoE0 mice as compared with apoE0 controls. 

A similar difference in plasma cholesterol levels was found after feeding the mice 

a Western type diet for 6 weeks, indicating that eNOS overexpression alleviates 

dietinduced hypercholesterolemia. This effect is not caused by ectopic expression 

in organs involved in lipid metabolism, e.g. the liver, because the expression 

pattern is restricted to endothelial cells in all organs that were examined (Figure 

2). Recently it was shown that hypercholesterolemia in mice results in CD36-

mediated cholesterol depletion of caveolae, followed by translocation of eNOS 

from caveolae and subsequent inactivation of the enzyme.42 Thus, eNOS activity 

is directly related to the cholesterol content of caveolae. Possibly, the moderate 

decrease in plasma cholesterol that we observed in our eNOS transgenic mice is 

caused by a recruitment of plasma cholesterol by the endothelial cells in order 

to handle the increased level of eNOS protein. This small decrease in plasma 

cholesterol likely contributed, at least in part, to the observed lower susceptibility 

to diet-induced atherosclerosis. Although it has been proposed that elevation of 

eNOS activity would attenuate atherosclerosis,11 serious doubts have also been 

expressed as to whether an increase in eNOS activity in vivo would have beneficial 

effects, because high levels of NO (e.g. as produced by inducible NO synthase) 

have been implicated in cell toxicity and apoptosis.15,43 During the preparation 

Atherogenic diet 

n Chow TC TC VLDL + LDL HDL

apoE0 32 10.9 ± 0.3 28.4 ± 0.9 27.3 ± 0.8 0.4 ± 0.02

apoE0/eNOStg2 22 9.2  ± 0.4a 23.3 ± 1.1a 21.9 ± 1.1b 0.4 ± 0.02

apoE0/eNOStg3 19 9.0  ± 0.2b 24.4 ± 1.1c 24.3 ± 1.0c 0.4 ± 0.02
a P<0.01, b P<0.001, c P<0.05
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of our report, Ozaki et al44 reported the unexpected observation that relatively 

modest overexpression of eNOS resulted in increased atherosclerosis. Based on 

our findings, we conclude that this observation cannot be generalized, taking 

into account the following considerations. First, because enzyme activity is ~1.5-

fold increased, the level of eNOS overexpression in the mice used by Ozaki et al 

is relatively low when compared with the much higher NO production levels by 

activated inducible NO synthase. A 1.5-fold increase is also rather low in terms 

of possible drug or gene therapy applications. Second, the observed increase in 

atherosclerosis is explained by measurements indicating that the overexpressed 

eNOS enzyme is dysfunctional in the mouse model used by Ozaki et al. This 

finding is not unexpected, given the moderate level of overexpression in their 

mice, because it has been previously reported that endogenous eNOS is indeed 

dysfunctional in terms of NO production in apoE0 mice fed a Western type diet45 

The results from the Ozaki et al study are probably (at least in part) explained 

by the construct used, which consists of cDNA (often leading to low expression 

levels) and a heterologous promoter. In contrast, our results demonstrate that 

overexpression of human eNOS in endothelial cells indeed results in decreased 

atherosclerosis, most likely via lowering blood pressure and plasma cholesterol. 

Our study therefore suggests that elevation of eNOS activity could be beneficial for 

patients at risk of developing atherosclerotic disease. 
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Abstract
It has been reported that exercise following myocardial infarction (MI) attenuates 

left ventricular (LV) pump dysfunction by normalization of myofilament function. 

This benefit could be attributed to an exercise-induced up regulation of endothelial 

NO synthase (eNOS) expression and activity. Consequently, we first tested the hy-

pothesis that the effects of exercise after MI can be mimicked by elevated eNOS-

expression, using transgenic overexpressing mice for human eNOS (eNOSTg). 

Both exercise and eNOSTg attenuated LV remodeling and dysfunction after MI in 

mice, and improved cardiomyocyte maximal force development (Fmax). However, 

only exercise training restored myofilament Ca2+-sensitivity and SERCA2a protein 

levels, and improved LVdP/dt at 30 mmHg. Conversely, only eNOSTg improved 

survival. In view of these partly complementary actions we subsequently tested 

the hypothesis that combining exercise and eNOSTg would provide additional pro-

tection against LV remodeling and dysfunction after MI. Unexpectedly, the combi-

nation of exercise and eNOSTg abolished the beneficial effects on LV remodeling 

and dysfunction of either treatment alone. The latter was likely due to perturbati-

ons in the Ca2+-household, as myofilament Fmax actually increased despite mar-

ked reductions in phosphorylation status of several myofilament proteins, whereas 

the exercise-induced increases in SERCA2a protein levels were absent in eNOSTg 

mice. Anti-oxidant treatment with N-acetylcysteine prevented these detrimental 

effects on LV function, while partly restoring phosphorylation status of myofilament 

proteins and further enhancing myofilament Fmax. In conclusion, the combination of 

exercise and elevated eNOS-expression abolished the cardioprotective effects of 

either treatment alone after MI, which was the result of increased oxidative stress 

secondary to eNOS ‘uncoupling’.
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Introduction 
Left ventricular (LV) remodeling after myocardial infarction (MI) is a compensatory 

mechanism that serves to restore LV pump function. Despite the apparent 

appropriateness of LV remodeling to maintain cardiac pump function early after 

MI, remodeling is an independent risk factor for the development of congestive 

heart failure.1 The mechanism underlying the progression from LV remodeling to 

overt heart failure remains incompletely understood. In chapter 2 of this thesis 

we reported that exercise training (exercise) following MI attenuates LV pump 

dysfunction by normalization of myofilament function in mice.2 The beneficial effects 

of exercise on cardiac function can be attributed, at least in part, to an exercise-

induced up regulation of endothelial nitric oxide synthase (eNOS) expression and 

activity,3 which is the major isoform of NOS that is expressed in coronary vascular 

endothelium and cardiac myocytes.4 For example, an increase in NO bioavailability 

has been shown to improve many of the processes perturbed in LV remodeling, 

including angiogenesis,5 cardiac fibrosis,6 and hypertrophy.7 Indeed, Jones et 

al,8 reported that elevated expression of the human eNOS gene in the vascular 

endothelium in transgenic mice (eNOSTg) not only improved survival, but also 

blunted LV dysfunction and pulmonary congestion after MI. These beneficial effects 

were ascribed to a reduction in afterload, secondary to a lower peripheral vascular 

resistance,9 thereby facilitating LV pump function, whereas global LV contractility was 

unchanged. In contrast, exercise improved global LV contractility with no beneficial 

effect on survival. These findings suggest that the beneficial effects of exercise and 

eNOSTg are only in part overlapping and thus partly complementary.

In view of the complementary mechanisms by which exercise and eNOSTg appear 

to exert beneficial effects we tested the hypothesis that combined treatment with 

exercise and eNOSTg exerts an added benefit, and investigated the underlying 

mechanisms. Contrary to our hypothesis, the results unexpectedly indicated that 

exercise and eNOSTg abolished the beneficial effects of either treatment alone on 

global cardiac function after MI. Since a shortage of substrate (L-arginine) and/or 

cofactors (tetrahydrobiopterin; BH4) of eNOS can result in ‘uncoupling’ of NOS 

thereby generating reactive oxygen species such as superoxide rather than NO,10 

we subsequently tested the hypothesis that the detrimental effects of combined 

exercise training and eNOSTg are the result of increased oxidative stress due to 

eNOS ‘uncoupling’.

Materials and Methods 
Experiments complied with The Guide for Care and Use of Laboratory Animals of 



Chapter 5: Combining exercise and eNOS overexpression  

105

the National Institutes of Health (NIH Publication No. 85-23, Revised 1996) and 

were approved by the Erasmus MC Animal Care Committee.

Animals

A total of 159 eNOSTg mice and 223 Wild type (Wt) littermates in C57Bl/6J 

background of either sex (~12-weeks old) entered the study and were randomly 

assigned to one of eight experimental groups. In this study we presented our 

historical wild type data with additional new time-matched data for the wild type 

groups. Sham-operated mice (SH) and mice with MI were housed sedentary (SHSED, 

MISED) or subjected to voluntary exercise training by wheel running (SHEX, MIEX) for 

8-weeks. Treadmills were custom built to allow electronic measurement of the 

distance run by the mice. Voluntary EX was the training of choice due to its ability 

to achieve uniform controlled EX in mice and to minimize stress factors, which 

are present during forced running and particularly during swimming.11 C57Bl/

6J mice were used because they are known to perform excellent in voluntary 

wheel running.11 Generation of eNOSTg mice has been previously described.12,13 

Briefly, a DNA fragment containing the human eNOS gene, ~6kb of 5’-natural 

flanking sequence, including the native eNOS promoter, and ~3kb of 3’-sequence 

to the gene was used for microinjection of fertilized oocytes. Transgenic offspring 

was backcrossed to C57Bl/6J for >10 generations. In three additional groups of 

eNOSTg MIEX mice, the anti-oxidant N-acetylcysteine (NAC, n=11; Sigma), L-

arginine (Sigma) without (n=10) or with (n=5) BH4 (Schircks Laboratories) was 

supplemented either in drinking water (1% NAC, 2.5% L-arginine) or administered 

by gavage (BH4: 80 mg/kg administered 3 times/week), over the entire 8-week 

follow-up period.

Experimental procedures

Mice were weighed, sedated with 4% isoflurane, intubated and pressure-controlled 

ventilated with O2-N2O (1:2, vol/vol) containing ~2.5% isoflurane for anesthesia. 

MI was produced by permanent ligation of the left-anterior-descending-coronary-

artery (LAD) with a 7-0 silk suture (BBraun, Aesculap AG&CO. KG, Germany) 

as described before.2,14 Sham animals underwent the operation without infarct 

induction. Eight-weeks after entering the study, hemodynamic measurements 

were performed under anesthesia as described before.2 In brief, short and long 

axis view M-mode LV echocardiography (ALOKA, Prosound SSD-4000; Japan) was 

performed and LV diameters at end-diastole (LVEDD) and end-systole (LVESD) 

were measured, and fractional shortening calculated. A 1.4F microtipped pressure 
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transducer catheter (SPR-671, Millar Instruments, Houston, TX) was inserted 

into the LV and pressure-diameter relations were obtained from M-mode images 

synchronized with LV-pressure by simultaneous ECG recording. At the conclusion 

of each experiment, right (RVW) and left (LVW) ventricular weight, tibial-length 

(TL) and lung fluid weight were determined. Masson’s trichrome-staining was used 

for analysis of LV collagen volume fraction in non-infarcted LV samples as described 

before.2 Briefly, four fields were randomly selected in two sections of eight mice 

per group and photographed using an Olympus BH 20 microscope (Olympus 

Corporation, Japan) at a magnification of x400. Within each field, segments 

representing connective and muscle tissue were identified and manually traced 

with a digitizing pad and computer image analysis software (Clemex Vision PE 3.5) 

to calculate the traced area. Collagen volume fraction was calculated in each field 

as the sum of all connective tissue areas divided by the sum of all connective tissue 

and muscle areas and averaged for each animal per group.

Force measurements in single permeabilized cardiomyocytes

In the non-infarcted remote area of the myocardium isometric force was measured 

in single permeabilized cardiomyocytes of 5 mice per group at different [Ca2+] 

and a sarcomere length of 2.2 µm as described before.2,15 In brief, mechanically 

isolated myocytes were permeabilized in relaxing solution containing 0.5% Triton 

X-100 (5 minutes) a treatment which also removes soluble and membrane-

bound kinases and phosphatases, which may alter the phosphorylation status 

of myofibrillar proteins. To remove Triton, cells were washed twice in relaxing 

solution. Subsequently, a single myocyte was attached between a force transducer 

and a piezoelectric motor. After obtaining a complete force-pCa series, myocytes 

were incubated in relaxing solution containing the exogenous catalytic subunit of 

protein-kinase A (PKA) and a second force-pCa series was obtained.

Myofilament protein phosphorylation status

To determine phosphorylation status of the myofilament proteins myosin binding 

protein-C (MyBP-C), troponin T (TnT), troponin I (TnI), myosin light chain 2 (MLC-2), 

desmin and tropomyosin, LV samples (n=6 per group) were separated on gradient 

gels and stained with Pro-Q Diamond phosphoprotein gel stain in conjunction with 

SYPRO Ruby staining of the gels as described before.2 The phosphorylation signals 

for myofilament proteins were normalized to the intensities of the SYPRO Ruby 

stained MyBP-C bands and analyzed using the luminescent image analyzer las-

3000 and Aida image analyzer.
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Western blotting

Frozen LV tissue samples (n=5 per group) were homogenized and protein 

concentrations were determined as described before.2 Blots were pre-incubated 

in Odyssey blocking buffer (LI-COR Biosciences) and incubated with diluted 

primary antibodies in blocking buffer containing 0.1% Tween-20. As described 

before, primary antibodies against phospholamban (PLB), SERCA2A, β1-adrenergic 

receptor, and the phospho-serine (P-Ser16) or phospho-threonine (P-Thr17) 

containing sequence of PLB were used.2 IRDye 800CW or IRDye 680 conjugated 

goat anti-rabbit or goat anti-mouse secondary antibody (LI-COR Biosciences) were 

used. For SERCA2A, phosholamban and phospho-phospholamban detection a rat 

cardiac membrane preparation was used as positive control. For β1-adrenergic 

receptor detection a rat brain extract was used as positive control. Fluorescent 

signals were detected and quantified using the Odyssey Infrared Imaging System 

(LI-COR Biosciences). 

Dihydroethidium fluorescence

Superoxide anion generation in non-infarcted remote myocardium was determined 

using dihydroethidium (DHE) fluorescence.16 Of four mice per group the hearts 

were excised and LV tissue samples were washed in ice-cold saline, embedded 

in Tissue-Tek, frozen in liquid nitrogen cooled isopentane, and stored at –80°C. 

Tissue sections of 5 µm were cut using a cryostat, and stained with 10 µM DHE at 

37°C for 30 min. Fluorescent images were obtained with a 585-nm long-pass filter. 

Generation of superoxide was demonstrated by red fluorescent labeling. Images 

were analyzed on a microscopy image analysis system (Clemex Technologies, 

Canada) to quantify the amount of fluorescence. 

Statistics

Data were analyzed using two-way ANOVA, followed by post-hoc testing with 

Student-Newman-Keuls. Survival was analyzed by Kaplan-Meier method and log-

rank (Mantel-Cox) test. Significance was accepted when P<0.05. Data are means 

± SEM.

Results 
Survival and exercise

Wt-MISED mice demonstrated 60% survival compared to Wt-SHSED mice (Figure 

1A), which significantly improved to 78% in eNOSTg-MISED mice. In contrast, 

exercise had no significant effect on survival in Wt-MI mice, and even tended 
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to increase mortality in eNOSTg-MI mice (P=0.063). Both Wt-MIEX and eNOSTg-

MIEX mice initially ran shorter distances per day compared to their corresponding 

sham groups (Figure 1B), but neither MI nor eNOSTg significantly influenced total 

running distance over the 8-week period (Figure 1C).

Figure 1: 
Kaplan-Meier survival curves for all groups. 
Time-point zero represents the immediate 
postoperative survival of 100% in WtSH, 97% in 
TgSH, 93% in WtMI and 90% in TgMI mice (A). 
*P<0.05 versus corresponding Sham, †P<0.05 
versus corresponding Wt. Daily running distance 
of mice that survived the entire 8-week follow-
up period (B). Total running distance within 
8-weeks (C). No significant differences were 
observed. 
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LV remodeling and global LV function 

eNOSTg-SHSED mice exhibited slightly lower mean aortic pressure (MAP) and LV 

systolic pressure (LVSP) levels, but had normal global LV function compared to 

Wt-SHSED mice (Table 1). eNOSTg-SH mice exhibited a slightly larger LV diameter, 

reflected in the small rightward shift of the LV pressure-diameter relations, compared 
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eNOSTg had no effect on infarct size measured 24 hours after ligation (39±2% 

of the total LV area in 6 eNOSTg-MISED mice versus 43±3% in 8 Wt-MISED). Also, 

there was no effect of elevated eNOS-expression or exercise on infarct size eight 

weeks after LAD ligation as the infarct area was 18±1%, 20±1%, 19±1% and 

18±1% of the LV total area in Wt-MISED, Wt-MIEX, eNOSTg-MISED and eNOSTg-MIEX, 

respectively. MI resulted in marked LV dilation (Figure 2), and LV hypertrophy, 

pulmonary congestion (increase in lung fluid weight), RV hypertrophy, and 

increased collagen content of the remote surviving LV myocardium in Wt-MISED 

mice (Figure 3), which were associated with depressed systolic and diastolic LV 

function (Table 1). LV remodeling and dysfunction was also observed in eNOSTg-

MISED mice. However, in comparison to Wt-MISED mice, LV diameter and collagen 

to corresponding Wt-SH groups (Figure 2), but LV-, RV- and lung fluid weights 

were virtually identical (Table 1, Figure 3). Exercise did not affect LV geometry 

and weight, nor RV and lung fluid weight in either Wt-SH or eNOSTg-SH mice, 

although it reduced LV interstitial collagen content only in Wt-SH mice. Similarly, 

exercise had minimal effects on LV systolic and diastolic function in either Wt-SH or 

eNOSTg-SH mice, although levels of LV fractional shortening and LVdP/dtmin were 

slightly lower in eNOSTg-SHEX compared to Wt-SHEX mice (Table 1).

Table 1: LV Anatomical and Functional Data 
  Sham  MI 

 Sed Ex  Sed Ex 
               
Animal numbers Wt 41 27                  40              23 
 eNOSTg 43 21                  30              18 
               
Body weight (g) Wt           27±1            25±1               25±1           24±1 
 eNOSTg           26±1            24±1               25±1           25±1 
               
LV weight (mg) Wt           97±3            94±2             113±2*         112±3* 
 eNOSTg           98±3            98±4             117±4*         123±4*† 
               
RV weight (mg) Wt           26±1            25±1               33±1*           29±1*‡ 
 eNOSTg           27±1            26±1               32±1*           35±2*† 
               
Heart rate (bpm) Wt         526±6          515±11             514±7         523±7 
 eNOSTg         531±5          529±6             529±9         496±10*† 
               
MAP (mmHg) Wt           75±2            80±3               71±2           71±2* 
 eNOSTg           69±2†            66±3†               61±2*†           63±2† 
               
LVSP (mmHg) Wt           97±2            99±3               84±2*           85±2* 
 eNOSTg           88±2†            83±2†               75±2*†           74±2*† 
               
LV dP/dtP30 (mmHg/s) Wt       7070±180        6960±210           4870±200*       5620±220*‡ 
 eNOSTg       6920±220        6280±340            4380±210*†       4280±240*† 
               
Fractional shortening (%) Wt           39±1            44±1                 8±1*           12±1*‡ 
 eNOSTg           38±1            36±2†               12±1*†             9±1*†‡ 
               
LV dP/dtmin (mmHg/s) Wt      -7520±370       -7860±440         -4650±240*      -4840±310* 
 eNOSTg      -6780±280       -5560±400†‡  -4040±240*†      -3920±250*† 
               
Tau (ms) Wt 8.7±0.6           8.6±0.7  12.4±1.0*        13.5±1.1* 
 eNOSTg 9.0±0.7         10.6±1.2  11.8±1.0*        12.3±1.2 
               
LVEDP (mmHg) Wt  6.9±0.6           4.6±0.6‡   9.8±0.9*          8.0±0.9* 
 eNOSTg  5.6±0.6           6.6±1.1   8.5±1.1*          8.2±1.4 
               
Wt,wild type; eNOSTg,eNOS transgenic; LV,left ventricle; RV,right ventricle; MAP,mean arterial pressure; LVSP,left ventricular systolic
pressure; LVEDP,left ventricular end diastolic pressure. *P<0.05 vs corresponding sham; †P<0.05 vs corresponding Wt; ‡P<0.05 vs 
corresponding Sedentary.   
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Figure 2: 
Effects of MI and exercise on LV pressure-
diameter relation in Wt and eNOSTg mice. 

content remained significantly lower, while LV fractional shortening remained 

significantly higher, and pulmonary congestion was prevented in eNOSTg-MISED 

mice. Interestingly, LV dP/dtP30, an index of global LV contractility, was slightly 

lower than in Wt-MISED, suggesting that the improved LV fractional shortening was 

the result of the lower aortic blood pressure in eNOSTg-MISED mice, rather than the 

result of improved LV contractility. Similar to eNOSTg, exercise had no effect on the 

MI-induced LV hypertrophy, but blunted LV dilation, interstitial fibrosis, pulmonary 

congestion and RV hypertrophy, and improved fractional shortening. Unlike 

eNOSTg, exercise had no effect on aortic blood pressure but improved LVdP/dtP30. 

Despite these complementary actions, we unexpectedly observed that exercise of 

eNOSTg-MI mice aggravated LV remodeling, interstitial fibrosis, LV dysfunction, 

pulmonary congestion and RV hypertrophy (Table 1, Figure 2 and 3).

Force development in single permeabilized cardiomyocytes

Passive force was significantly lower in eNOSTg-SHSED (2.0±0.3 kN/m2) compared 

to Wt-SHSED (3.0±0.4 kN/m2) mice, but maximal isometric force development 

(Fmax) and myofilament Ca2+-sensitivity (pCa50) were similar in both groups (Figure 

3). Exercise had no effect on Fmax or Ca2+-sensitivity in Wt-SH mice, but increased 

Fmax in eNOSTg-SH mice. Treatment with the catalytic subunit of PKA decreased 

Ca2+-sensitivity to a similar extent in all four Sham groups (∆pCa50=0.060±0.003), 

indicating preserved PKA signaling in eNOSTg-SHSED, Wt-SHEX, and eNOSTg-SHEX 

mice.

In WtSED mice, MI produced a reduction in Fmax and an increase in Ca2+-sensitivity. 

The latter was corrected by the addition of the catalytic subunit of PKA, indicating 

that the increase in Ca2+-sensitivity resulted from reduced PKA signaling. eNOSTg 

in MISED was associated with a marked increase in Fmax, but did not significantly 
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Figure 3: 
Effects of MI and exercise in Wt and eNOSTg mice on relative LV mass (A), collagen volume fraction (B), lung fluid weight 
(C), relative RV mass (D), maximal force development (E), and Ca2+-sensitivity before (top means) and after (bottom 
means) incubation with PKA (F). *P<0.05 versus corresponding Sham, †P<0.05 versus corresponding Wt, ‡P<0.05 versus 
corresponding Sedentary.

affect Ca2+-sensitivity (P=0.27 versus Wt-MISED). Conversely, exercise in Wt-MI 

mice restored both Fmax and Ca2+-sensitivity to Sham levels. The combination of 

exercise and eNOSTg in MI mice increased Fmax even further, while Ca2+-sensitivity 

decreased to levels observed in Wt-MIEX mice. PKA decreased Ca2+-sensitivity in 

sedentary and exercise trained eNOSTg MI mice. However, even after treatment 

with PKA Ca2+-sensitivity remained higher in eNOSTg-MISED compared to Wt-MISED 

mice. These findings suggest that, in contrast to Wt mice, loss of PKA-mediated 

protein phosphorylation does not contribute to the increased Ca2+-sensitivity in 

eNOSTg mice after MI.
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Myofilament protein phosphorylation status

There were no differences between Wt-SHSED, Wt-SHEX, eNOSTg-SHSED, and eNOSTg-

SHEX mice with respect to phosphorylation status of several myofilament proteins 

(Table 2). Also, MI did not produce alterations in the phosphorylation status of 

myofilament proteins in either WtSED or eNOSTgSED mice. Exercise increased MLC-2 

phosphorylation in Wt-MI mice. However, the combination of exercise and eNOSTg 

caused marked decrements in phosphorylation status of MyBP-C, TnI, desmin, 

MLC-2 and tropomyosin after MI.

Western blotting

Protein levels of β1-adrenoceptors and SERCA2a were significantly lower in 

eNOSTg-SH compared with Wt-SH mice, while PLB and phosphorylation at either 

its Ser16 or Thr17 site were not significantly different (Figure 4). Exercise training 

had minimal effects on β1-adrenoceptors, SERCA2a, PLB, SERCA2a/PLB ratio and 

PLB phosphorylation at the Thr17 site in both Wt-SH and eNOSTg-SH mice, but 

produced a small increase in PLB phosphorylation at the Ser16 site in Wt-SH.

MI resulted in a significant decrease in protein levels of β1-adrenoceptors and 

SERCA2a, with no effect on PLB so that the SERCA2a/PLB ratio was lower in the 

remote surviving myocardium of Wt-MISED compared to Wt-SHSED mice (Figure 4). 

Furthermore, PLB phosphorylation at the Ser16 increased, while phosphorylation 

at the Thr17 site decreased. In eNOSTgSED mice, MI did not produce further 

alterations in β1-adrenoceptors and SERCA2a levels, and had no effect on PLB 

or its phosphorylation status. Exercise in Wt-MI mice normalized levels of β1-

Table 2: Myofilament-protein Phosphorylation Data 
  Sham  MI 

 Sed Ex  Sed Ex 
               
Animal numbers Wt  6 5   7               7 
 eNOSTg  7 7   5               5 
               
MyBP-C (a.u.) Wt        0.68±0.03        0.71±0.06            0.64±0.05        0.63±0.03 
 eNOSTg        0.74±0.03        0.71±0.04            0.72±0.05        0.53±0.03*†‡ 
               
TnI (a.u.) Wt        3.85±0.90        3.63±0.36            3.28±0.38        3.22±0.48 
 eNOSTg        3.61±0.41        3.53±0.28            3.62±0.42        1.62±0.20*†‡ 
               
TnT (a.u.) Wt        1.97±0.35        1.91±0.17            1.66±0.15        1.78±0.25 
 eNOSTg        1.91±0.35        1.82±0.22   1.97±0.36        1.33±0.05 
               
Desmin (a.u.) Wt        1.15±0.19       1.19±0.09           0.94±0.11        1.22±0.14 
 eNOSTg        1.01±0.14       1.10±0.09           1.11±0.18        0.63±0.14*†‡ 
               
MLC-2 (a.u.) Wt        1.80±0.26       1.90±0.17           1.56±0.19        2.15±0.20‡ 
 eNOSTg        1.77±0.38       1.64±0.13           1.81±0.27        0.91±0.06*†‡ 
               
Tropomyosin (a.u.) Wt        0.65±0.10       0.51±0.01           0.54±0.06        0.58±0.07 
 eNOSTg        0.45±0.06       0.43±0.06           0.49±0.07        0.30±0.01† 
               
               
Wt,wild type; eNOSTg,eNOS transgenic; MyBPC,myosin binding protein C; TnI,troponin I; TnT,troponin T; MLC,myosin 
light chain. *P<0.05 vs corresponding Sham; †P<0.05 vs corresponding Wt; ‡P<0.05 vs corresponding Sedentary.   
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Figure 4: 
Semi-quantitative Western blot analysis of Ca2+-handling proteins and β1-adrenergic receptor normalized to Wt-SHSED. 
Western blot signals were quantified as described in Methods. *P<0.05 versus corresponding Sham, †P<0.05 versus 
corresponding Wt, ‡P<0.05 versus corresponding Sedentary.

adrenoceptors and SERCA2a, with no effect on PLB or its phosphorylation. In 

contrast, exercise in eNOSTg-MI mice had no beneficial effect on calcium regulatory 

protein levels.

Dihydroethidium fluorescence

DHE reacts with superoxide anions to form ethidium bromide, which, in turn, 

intercalates with DNA to provide nuclear fluorescence as a marker for superoxide 

anion generation. As shown in Figure 5 DHE fluorescence was enhanced in non-

infarcted remote myocardium after MI compared with Sham mice. Exercise 

normalized the MI-induced increase in DHE fluorescence. The combination of 

exercise and eNOSTg after MI even further increased the DHE fluorescence, which 

was abolished by NAC treatment.

Effect of anti-oxidant, L-arginine and BH4 treatment

Adjunctive treatment of eNOSTg-MIEX mice with the anti-oxidant NAC improved 

survival from 60% in eNOSTg-MIEX without NAC to 85% (not shown; P<0.05), 

reversed LV remodeling, interstitial fibrosis, global LV dysfunction, pulmonary 

congestion and RV hypertrophy (Figure 6). In contrast, NAC treatment had no 

significant effect on LV weight and function in eNOSTg-SHEX or Wt-MISED mice (data 

not shown). At the myofilament level, treatment of eNOSTg-MIEX mice with NAC 

produced further increases in Fmax, with no effect on myofilament Ca2+-sensitivity, 

and partially reversed phosphorylation of myofilament protein MLC-2, tropomyosin 

and desmin. NAC had no effect on MyBP-C and TnI phosphorylation in eNOSTg-

MIEX mice.



Cardioprotective effects of exercise training 

114

Figure 6

Fr
ac

tio
na

l s
ho

rte
ni

ng
 (%

)

0

5

10

15

20

dP
/d

t P
30

 (m
m

H
g/

s 
*1

03 )

0

2

4

6

8

F m
ax

 (k
N

/m
2 )

0

12

24

36

48

pC
a 5

0

5.4

5.5

5.6

5.7

M
yB

PC
-P

 (a
.u

.)

0.0

0.2

0.4

0.6

0.8

M
LC

-2
-P

 (a
.u

.)

0.0

0.7

1.4

2.1

2.8

Tr
op

om
yo

si
n-

P 
(a

.u
.)

0.0

0.2

0.4

0.6

0.8

D
es

m
in

-P
 (a

.u
.)

0.0

0.5

1.0

1.5

2.0

LV
 w

ei
gh

t /
 T

L 
(m

g/
cm

)

40

50

60

70

80

Lu
ng

 fl
ui

d 
w

ei
gh

t (
m

g)

50

100

150

200

R
V 

w
ei

gh
t/ 

TL
 (m

g/
m

m
)

6

12

18

24

*

† †

*

*

* *

* *

*

A B C D

E F G H

I J K L

* *

†

*

†

†

NAC

EX
MI

eNOSTg
+ +

- +
+ +

+ +

-

+

-
++ +

- +
+ +

+ +

-

+

-
++ +

- +
+ +

+ +

-

+

-
++ +

- +
+ +

+ +

-

+

-
+

C
ol

la
ge

n 
 c

on
te

nt
 (%

)

0

2

4

6

8

10
*

†

†

Figure 6: 
Effects of anti-oxidant treatment in eNOSTg mice on relative LV mass (A), collagen content (B), lung fluid weight (C), relative 
RV weight (D), fractional shortening (E), dP/dtP30, maximal force development (G), Ca2+-sensitivity (H), phosphorylation 
of desmin (I), myosin light chain-2 (J), myosin binding protein-C (K) and tropomyosin (L). **P=0.056 versus Wt-MIEX, 
*P<0.05 versus Wt-MIEX, †P<0.05 versus eNOSTg-MIEX.
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Figure 5: 
Average intensity of dihydroethidium fluorescence per 1000 nuclei in non-infarcted remote myocardium (A), representative 
examples of dihydroethidium fluorescence (x200). Panels are in the same order from left to right as Figure 5A (B). *P<0.05 
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To investigate whether the increased oxidative stress resulted from a shortage 

of eNOS substrate and/or cofactor BH4, we investigated whether L-arginine 

supplementation alone or together with BH4 ameliorated the detrimental effects 

of combining exercise and eNOS-overexpression after MI (Table 3). Treatment 

of eNOSTg-MIEX mice with L-arginine had no significant effects on relative LV 

mass, LV end-diastolic-diameter, lung fluid weight, relative RV mass, fractional 

shortening and dP/dtP30, suggesting that substrate deficiency was not the cause of 

the increased oxidative stress. In contrast, when eNOSTg-MIEX mice were treated 

with BH4 in addition to L-arginine, LV remodeling, dysfunction and backward failure 

were ameliorated. These observations suggest that deficiency of BH4 in these mice 

results in eNOS ‘uncoupling’ and thereby increased oxidative stress.

Table 3: Data from L-arginine and BH4 Treatment  
 Wt-MIEX eNOSTg-MIEX eNOSTg-MIEX eNOSTg-MIEX

  No treatment L-arginine L-arginine + BH4
     
LV weight/TL (mg/cm) 63±2 68±2*  70±3*            66±4 
     
LV end-diastolic-diameter (mm) 5.8±0.2 6.4±0.3*  6.3±0.3*    5.5±0.2† 
     
Lung fluid weight (mg) 140±11      158±7       152±11    115±4*†‡ 
     
RV weight/TL (mg/cm) 16±1        19±1*         20±1*           17±1 
     
Fractional shortening (%) 12±1 9±1*         10±1*           15±2†‡ 
     
LV dP/dtP30 (mmHg/s) 5620±220    4280±240* 4550±370* 5210±270† 
     
Wt,wild type; eNOSTg,eNOS transgenic; LV,left ventricle; TL,tibia length; RV,right ventricle. 
*P<0.05 versus Wt-MIEX; †P<0.05 versus eNOSTg-MIEX; ‡P<0.05 versus eNOSTg-MIEX  + L-arginine. 

Discussion
The present study investigated the impact of elevated eNOS-expression and 

exercise training on LV remodeling and dysfunction after MI in mice at the global 

left ventricular and cardiomyocyte level, either as single or combined therapy. The 

main findings were: (i) In mice with MI, single therapy of either exercise or elevated 

eNOS-expression improved global LV fractional shortening and cardiomyocyte force 

development, reduced collagen content and attenuated pulmonary congestion, 

whereas only eNOSTg improved survival; (ii) The combination of elevated eNOS-

expression and exercise abolished the beneficial effects of either treatment alone 

after MI; (iii) These beneficial effects were restored by co-treatment with either 

the anti-oxidant N-acetylcysteine or the combination of L-arginine and BH4 

supplementation. The implications of these findings will be discussed.
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MI-induced LV dysfunction in mice  

In agreement with previous observations, we observed that permanent LAD ligation 

in mice had resulted in significant LV remodeling eight weeks later, characterized 

by LV dilation, hypertrophy, and increased collagen deposition in remote surviving 

myocardium. LAD ligation also produced marked LV dysfunction, characterized by 

decrements in LV pump function (fractional shortening) and indices of global LV 

contractility (dP/dtP30) and relaxation (dP/dtmin and τ), resulting in LV backward 

failure reflected in pulmonary edema and RV hypertrophy.2,14,17 In agreement 

with observations in swine15 and mice2 we found that remodeling of non-infarcted 

myocardium was associated with altered myofilament function, characterized by 

decreased Fmax and increased Ca2+-sensitivity of tension development in single 

permeabilized cardiomyocytes.

Exercise training after MI

In agreement with a recent study from our laboratory,2 we observed that in mice 

with a large MI (comprising ~43% of LV mass), exercise does not aggravate LV 

remodeling, as relative LV mass and infarct geometry were unchanged, whereas 

exercise reduced collagen content and tended to decrease LV end-diastolic diameter. 

Furthermore, exercise attenuated LV dysfunction and ameliorated LV backward 

failure. These beneficial effects probably result from an improved cardiomyocyte 

function, in particular an increased maximum force development (Fmax), rather 

than improved calcium transients. 

eNOS overexpression after MI 

NO can modulate many of the processes involved in cardiac remodeling. For example, 

long term administration of nitrates (NO-donor compounds) limited LV remodeling 

in patients with a recent MI.18 Conversely, eNOS deficient mice demonstrated 

exaggerated LV dilation and hypertrophy, and lower fractional shortening and 

dP/dtmax, four weeks after MI, suggesting that eNOS derived NO attenuates LV 

dysfunction and remodeling.19 In the present study we investigated the effects 

of elevated eNOS-expression on global LV function and isolated cardiomyocyte 

function after MI. In agreement with a study by Jones et al,8 we found that in 

mice overexpressing eNOS by 10 to 12-fold improved survival, global LV pump 

function, LV dilation and pulmonary edema after MI, and additionally observed that 

eNOSTg blunted interstitial fibrosis. Conversely, eNOSTg did not attenuate cardiac 

hypertrophy or improve global cardiac contractility and relaxation parameters. 

Interestingly, all of these improvements by elevated eNOS-expression occurred 
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without significant differences in baseline ventricular morphology or function in 

normal hearts. The only difference that was noted under basal conditions was that 

protein levels of β1-adrenergic receptor and SERCA2a were markedly lower. These 

findings mirror the increase in β1-adrenoceptor mRNA levels in eNOS-/- mice,20 

and the increase in SERCA2a protein expression in iNOS-/- mice.21 Interestingly, 

S-nitrosylation of SERCA2a has been shown to increase its activity.22 Thus, it could 

be speculated that an increased excitation-contraction coupling, arising from the 

elevated cardiomyocyte NO levels and subsequent protein S-nitrosylation, acted to 

maintain normal cardiac contractile function, in the face of lower protein expression 

levels of β1-adrenergic receptor and SERCA2a.23

The mechanism underlying the improved survival and cardiac function in eNOSTg 

mice after MI remains unclear. Based on the lack of increase in indices of contractility 

or relaxation, it has been suggested that the beneficial effects of eNOSTg on the 

post-MI heart is principally due to an afterload reduction,8 which occurs secondary 

to the lower systemic vascular resistance and hence lower aortic and LV systolic 

pressure.9 To further investigate the effects of eNOSTg on cardiomyocyte function, 

we investigated myofilament function, myofilament protein phosphorylation status 

and performed Western blotting. Interestingly, we noted that similar to exercise 

training, elevated eNOS-expression increased maximal force development (Fmax) of 

isolated permeabilized cardiomyocytes but that, in contrast to exercise, elevated 

eNOS-expression did not correct the high myofilament Ca2+-sensitivity in MI, had 

no effect on MLC-2 protein phosphorylation, and on β1-adrenergic receptor and 

SERCA2a protein levels. These findings suggest that in addition to the afterload 

reduction, an improvement in myofilament Fmax could have contributed to eNOSTg-

induced improvement in LV pump function after MI. The mechanism by which 

eNOSTg increased Fmax remains to be determined, but it is of interest to note 

that Sun et al have recently shown that S-nitrosylation of myofilament proteins, 

including the myofilament protein alpha-myosin heavy chain, myosin light chain 

kinase 1 and myomesin, may be involved in the cardioprotection by ischemic 

preconditioning against ischemia-reperfusion induced sarcomeric damage in 

mice.22,24 It remains to be investigated whether S-nitrosylation of myofilaments is 

altered and contributes to the enhanced myofilament contractility in our model.

Combination of exercise and eNOS overexpression: 

role of reactive oxygen species

The complementary actions of exercise and eNOSTg led us to hypothesize that the 

combination of exercise and eNOSTg could have an added benefit on LV remodeling 
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and function after MI. However, we unexpectedly observed that combining the 

two treatments abolished the beneficial effects of either modality alone. Thus, LV 

remodeling, LV pump dysfunction, LV backward failure and interstitial fibrosis were 

all aggravated compared to either treatment alone. The adverse effects occurred 

despite an increase in myofilament Fmax and a maintained pCa50 suggesting 

that, despite the marked decreases in phosphorylation of myofilament proteins, 

including MyBP-C, TnI, desmin, MLC-2 and tropomyosin, overt myofilament 

dysfunction was not involved. The observations in the present study suggest that 

perturbations in β1-adrenergic signaling and Ca2+-household were involved in the 

loss of beneficial effect of exercise on LV dysfunction in eNOSTg-MI mice, which 

is supported by the lack of effect of exercise on β1-adrenoceptors and particularly 

SERCA2a expression in eNOSTg-MI mice. In support of this notion, Ichinose and 

colleagues recently demonstrated in a model of sepsis induced cardiac dysfunction 

that cardiomyocyte-specific elevated eNOS-expression preserved Ca2+-transients 

and myocardial contractile function.25

 The adverse effects of combined exercise and eNOSTg on LV remodeling and 

function were reversed by the anti-oxidant NAC, demonstrating a role for reactive 

oxygen species (ROS) in the adverse effects. Interestingly, phosphorylation of 

myofilaments was partly restored and Fmax further increased, suggesting that ROS-

induced myofilament protein de-phosphorylation had blunted the increase in Fmax 

produced by combined exercise and eNOSTg. Although the mechanism by which 

ROS induced de-phosphorylation of myofilament proteins remains to be determined, 

it is of interest to note that S-nitrosylation is an important inhibitor of phosphatase 

activity, including protein-phosphatase-1 (PP-1),26,27 so that increased oxidative 

stress could have resulted in increased phosphatase activity. Accordingly, heart 

failure is associated with increased PKC protein content and activity,28 and activated 

PP-1, as a result of which MLC-2 phosphorylation is decreased.29 This effect is 

enhanced by increased ROS via activation of PKC.30 Only recently, Vahebi et al 

showed that chronic activation of p38α MAPK in a transgenic mouse model reduced 

myofilament Fmax in association with decreased tropomyosin phosphorylation.31 As 

ROS has been shown to enhance p38α-MAPK signaling,32 blocking of ROS with the 

anti-oxidant NAC and the concomitant enhancement of Fmax might be explained, at 

least in part, by the restored tropomyosin phosphorylation. Besides these effects 

on myofilament function, ROS as well as NO can to directly influence function of 

the sarcoplasmic reticular ryanodine receptor, i.e the Ca2+-release channel,33 and 

SERCA2a.22,34 These observation in conjunction with the unperturbed myofilament 

function in the present study, suggest that the increased oxidative stress affected 
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Ca2+-household.

We hypothesized that increased ROS production was due to ‘uncoupling’ of 

eNOS, which may have resulted from shortage of substrate and co-factors,35-37 as a 

result of elevated eNOS-expression in conjunction with exercise training.38 Indeed, 

the combination of BH4 and L-arginine supplementation attenuated LV remodeling, 

dysfunction and backward failure in eNOSTg-MIEX mice. Taking together our 

observations suggest that diminished levels of BH4 resulted in eNOS ‘uncoupling’ 

and thereby in elevated oxidative stress.

Clinical implications

The present study indicates that exercise and elevated eNOS-expression as single 

therapies attenuated LV remodeling, interstitial fibrosis and pulmonary congestion 

and improved global LV fractional shortening and cardiomyocyte force development, 

whereas only eNOS-overexpression improved survival in mice with a large MI. 

The combination of exercise and eNOS-overexpression abolished the beneficial 

effects of either treatment alone. This detrimental interaction was principally the 

result of increased oxidative stress, secondary to ‘uncoupling’ of eNOS. Several 

investigators have proposed a role for eNOS in patients with cardiovascular 

disease.39,40 The results of the present study indicate that eNOS gene therapy in 

combination with physical exercise (as part of lifestyle changes) requires careful 

food supplementation of L-arginine and BH4 to avoid potential eNOS ‘uncoupling’ 

and increased oxidative stress.
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Abstract
Infused C-type natriuretic peptide (CNP) was recently found to play a cardioprotective 

role in preventing myocardial ischaemia/reperfusion (I/R) injury and improving 

cardiac remodelling after myocardial infarction (MI) in rats. Our study aimed to 

investigate the effect of cardiomyocyte-specific CNP over-expression on I/R injury 

and MI in transgenic mice. We generated transgenic (TG) mice over-expressing 

CNP in cardiomyocytes. Elevated CNP expression on RNA and protein levels was 

demonstrated by RNase-protection assay and radioimmunoassay. Male TG mice 

and age-matched wild-type (WT) littermates were subjected to 1-hour global 

myocardial ischaemia and 23 h of reperfusion or permanent ligation of the coronary 

artery for 3 weeks. Infarct size did not differ between the WT and TG groups in 

mice subjected to I/R. In mice that underwent permanent ligation of coronary 

arteries, both left and right ventricular hypertrophy were prevented by CNP over-

expression 3 weeks post-MI. Histological analysis revealed less necrosis, muscular 

degeneration and inflammation in infarcted TG mice. Impairment of cardiac 

function was less pronounced in transgenic animals than in the wild-type controls.

Over-expression of CNP in cardiomyocytes does not affect I/R-induced infarct size 

but prevents cardiac hypertrophy induced by MI. Therefore, CNP may represent a 

potent therapeutic target for the treatment of patients with cardiac hypertrophy 

induced by myocardial infarction or other aetiology.
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Introduction
Ischaemic heart disease is the most common cause of death in many countries 

around the world. Temporary or permanently stopped blood supply to the cardio-

myocytes results in ischaemia/reperfusion (I/R) injury or myocardial infarction 

(MI). After MI, left ventricular (LV) remodelling occurs, in which the myocardium 

changes shape, size, and function in response to increased mechanical and neu-

rohumoral stress. These adaptations include scar maturation and cardiac hyper-

trophy of remote myocardium to compensate for myocardial loss and increased 

wall stress1,2 Despite the apparent appropriateness of this remodelling, it consti-

tutes an independent risk factor for the progression from LV dysfunction to overt 

congestive heart failure. 

C-type natriuretic peptide (CNP) belongs to the natriuretic peptide family, which 

consists of three structurally related peptides: atrial natriuretic peptide (ANP), 

brain natriureticpeptide (BNP), and CNP.3 In contrast to ANP and BNP, which are 

produced mainly in the cardiac atria and ventricles, CNP is mainly released in 

an autocrine/paracrine fashion from endothelial cells as an endothelium-derived 

vasodilator.4,5 The biological actions of natriuretic peptides are modulated by three 

different membrane-bound receptor subtypes, natriuretic peptide receptors A, 

B, and C (NPRA, NPRB and NPRC).6 NPRA and NPRB are guanylyl cyclase (GC)-

coupled receptors, which can convert guanosine triphosphate (GTP) to guanosine 

3′,5′-cyclic monophosphate (cGMP). NPRC is a single transmembrane receptor 

with a short 37-amino-acid intracellular tail that lacks GC activity but contains a 

pertussin toxin-sensitive Gi binding domain.7 ANP and BNP are ligands of NPRA, 

while CNP preferentially binds to NPRB. NPRC has similar affinity to all three 

natriuretic peptides and is commonly considered a clearance receptor.8,9 

Since Wei and colleagues first confirmed the presence of CNP within the 

myocardium by immunohistochemistry and radioimmunoassay,10 accumulating 

evidence suggests that CNP exhibits important autocrine and paracrine functions 

within the heart and coronary circulation.11 Hobbs et al demonstrated that, in 

addition to interacting with its receptor NPRB, endothelium-derived CNP is involved 

in the regulation of rat coronary circulation via the activation of NPRC.12 They 

further showed that this newly defined CNP/NPRC pathway represents a protective 

mechanism against I/R injury in isolated perfused hearts, since infusion of CNP, 

either prior to or following ischaemic insult, resulted in a 30–50% reduction in 

the infarct size.12 Furthermore, in vivo administration of CNP has been shown 

to improve cardiac function and attenuate cardiac remodelling after myocardial 

infarction in rats.13 However, it is still not certain whether the cardiac CNP effects are 
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dependent on the endothelium or cardiomyocytes. Thus, we generated transgenic 

mice selectively over-expressing CNP in cardiomyocytes. This in-vivo model was 

used to investigate the effect of cardiomyocyte-specific CNP overexpression on I/R 

injury and MI.

Materials and Methods
Generation of transgenic mice

All animal experiments were done according to the guidelines of the Federal Law on 

the Use of Experimental Animals in Germany or guidelines provided by the animal 

committee of The Netherlands and were approved by the local authorities. cDNA 

encoding rat CNP (RNCNP) was cloned by RT-PCR, then ligated into an expression 

vector containing the α-myosin heavy chain (αMHC) gene promoter that directs 

transgene over-expression to cardiomyocytes14 and the bovine growth hormone 

(BGH) polyadenylation signal. After linearizing the generated recombinant plasmid 

(pMHCRNCNP) by Bgl II/Bln I, a 2750-bp fragment was microinjected into the 

pronuclei of fertilized oocytes isolated from FVB/N mice according to the standard 

protocol. Chromosomal integration of the CNP transgene was proven by Southern 

blot analysis as described previously.15 Ten μg of genomic DNA digested by EcoR I 

were used to screen for potential founder lines. 

Genotyping of transgenic mice

Primers in the αMHC promoter region (MHC51: 5′-CAT CTG TCT CTA CTC TCT CTG 

CC-3′) and the CNP gene (RNCNP3: 5′-CCG CCT GGA GTC TTG TCA CC-3′) were 

used to perform PCR to detect the presence of the CNP transgene (35 cycles of 

denaturation at 94°C for 30 s, annealing at 59°C for 30 s, and extension at 72°C 

for 50 s with a hot-start at 94°C for 3 min, and a final extension at 72°C for 10 

min). The PCR reactions were carried out in a total volume of 45 μl containing 

1.25 U of BioTherm™ DNA polymerase, 2 mmol/L of MgCl2, 0.26 mmol/L of dNTP 

(Rapidozym GmbH, Berlin, Germany), and 2 nmol/L of each primer (BioTeZ GmbH, 

Berlin, Germany). 

RNase protection assay (RPA)

Total RNA was isolated from heart, lung, kidney, testis and brain using the TRIzol 

reagent (Invitrogen GmbH, Karlsruhe, Germany) with subsequent chloroform-

isopropanol extraction according to the manufacturer’s instructions. RNCNP, 

mouse BNP and collagen type III mRNA expression were identified by RPA using 

the Ambion RPA II kit (Ambion (Europe) Ltd., Huntingdon, U.K.) as described 
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elsewhere.16 In brief, T7- or SP6-RNA polymerase transcribed radioactive antisense 

probes complementary to target mRNA (RNCNP: 405 bp; BNP 290 bp; collagen 

type III: 476 bp). RNA complementary to 127 nucleotides of rL32 mRNA was 

used as a positive control. Ten to 15 μg of each RNA sample was hybridized with 

approximately 40,000 cpm of RNCNP-, BNP- or collagen type III- and 40,000 cpm of 

rL32-radiolabeled antisense probe in the same reaction. The hybridized fragments 

protected from RNase A+T1 digestion were separated by electrophoresis on a 

denaturing gel (5% [w/v] polyacrylamide, 8M urea) and analyzed using a FUJIX 

BAS 2000 Phospho-Imager system (Raytest GmbH, Straubenhardt, Germany). 

Quantitative analyses were performed by measuring the intensity of the target 

bands normalized by the intensity of rL32.

Bioassay for CNP

After weighing the hearts, lungs and kidneys from both genotypes seven 

volumes of ice-cold 0.5 N acetic acid containing 0.01% Triton X-100 were added 

and homogenized by a T8 homogenizer (IKA GmbH, Staufen, Germany). The 

homogenates were boiled for 10 min, and then centrifuged at 15,000 rpm for 40 

min at 4°C. The protein concentration of the supernatants was determined with the 

BCA protein assay kit (Perbio Science GmbH, Bonn, Germany). The supernatants 

or plasma were extracted using Sep-Pak C18 cartridges, and the eluates were 

lyophilized and dissolved in an assay buffer of a commercial radioimmunoassay 

kit for CNP (Immundiagnostik AG, Bensheim, Germany) as previously described.17 

CNP concentration was normalized by total protein concentration and expressed as 

pg/mg for organs and pg/ml for plasma.

cGMP measurement

Levels of cGMP in the ventricles and plasma were measured using a commercially 

available low-pH cGMP immunoassay kit (R&D Systems, Minneapolis, MN, USA). 

The frozen tissue was weighed and homogenized in 10 volumes of 0.1 N HCl. One 

hundred μl of supernatant were used to measure the cGMP concentration following 

the nonacetylationprocedure. cGMP concentration was expressed as pmol/mg for 

organs and pmol/ml for plasma. The sensitivity of the assay was approximately 

0.6 pmol/ml.

Animal experimental protocols 
Blood pressure measurement

Mice were sedated with 4% isoflurane, intubated and artificially ventilated with a 
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mixture of 70% room air and 30% oxygen including 2% isoflurane for anesthesia. 

A PE10 cannula was inserted into the left carotid artery to monitor systolic blood 

pressure (SBP), mean arterial pressure (MAP), diastolic blood pressure (DBP) 

and heart rate (HR) for 15 min using BMON software (TSE GmbH, Bad Homburg, 

Germany).

Cardiac surgery

Before starting instrumentation, the mice received 0.05 mg/kg analgesic 

(buprenorphine hydrochloride) subcutaneously, which was repeated once 12 h after 

surgery. Surgical techniques were employed according to Tarnavski et al18 with 

some minor revisions. Briefly, mice were anaesthetized and artificially ventilated 

with a mixture of oxygen and N2O [1:2 (vol/vol)] using a rodent ventilator, to 

which 2–2.5% isoflurane was added for anaesthesia.19 The ventilation rate was set 

at 80 strokes/min, a peak inspiration pressure of 18 cm H2O and a positive end 

expiration pressure of 4 cm H2O. Mice were placed on a heating pad to maintain 

body temperature at 37°C. Regional I/R was produced by 1-hour occlusion of 

the left anterior descending coronary artery (LAD) with a sterile 7.0 silk suture 

followed by 23 h of reperfusion. Mice were then sacrificed and myocardial infarct 

size was measured. 

In another group of mice, MI was produced by permanent ligation of the LAD. 

Echocardiographic and haemodynamic measurements were performed 3 weeks 

after MI, after which RV, LV and wet lung weights were obtained. One half of 

the LV was snap frozen in liquid nitrogen, and the other half was fixed in 4% 

paraformaldehyde for histological analysis.

Echocardiographic and haemodynamic analysis

Three weeks after MI, echocardiographic and haemodynamic measurements 

were performed as previously described.19 M-mode echocardiograms of the LV 

with simultaneous electrocardiograph (ECG) (ProSound SSD- 4000, Aloka, Tokyo, 

Japan) were obtained using a 13-MHz probe. LV diameters were measured at end 

diastole (LVEDD) and end systole (LVESD), and fractional shortening was calculated 

as FS=(LVEDD−LVESD)/LVEDD×100%. After echocardiography, a polyethylene 

catheter (PE-10) was inserted into the left carotid artery and advanced into the 

aortic arch to measure mean aortic blood pressure (MAP). A 1.4-F-microtipped 

pressure transducer catheter (Millar Instruments, Houston, TX, USA) was inserted 

into the LV lumen via the right carotid artery to measure LV pressure. Subsequently, 

baseline recordings were obtained for MAP, HR and LV systolic pressure. In addition, 
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we measured the contractility parameter LV dP/dtmax, the afterload independent 

LV dP/dtP30 (positive LV dP/dt at LV pressure of 30 mmHg) and the relaxation 

parameters Tau (τ) and LV dP/dtmin
19

Measurement of infarct size

After reperfusion, the ligature around the LAD was retied and 1 ml of 1% Evan’s 

blue dye was injected into the jugular vein to delineate the area at risk (AAR). 

The heart was quickly excised, frozen for a few minutes at −20°C, and then 

immediately sliced with a scalpel into 1-mm-thick sections perpendicular to the 

long axis of the heart. Slices were incubated individually in 2% triphenyltetrazolium 

chloride (TTC) (Fluka, Buchs, Switzerland) in Sörensen buffer (pH 7.4) at 37°C 

for 5 min. Thereafter, the RV was removed, and each slice of LV was weighed 

and photographed on both sides. Evan’s blue stained area, Evan’s blue negative 

area (AAR), TTC stained area, and TTC stain negative area (infarct area) were 

digitally measured using SigmaScan (SPSS, Chicago, IL, USA). The infarct size 

was calculated according to the method of Kurrelmeyer et al,20 and expressed as a 

percentage of infarct area (IA) over total AAR.

Histological analysis

Paraffin-embedded LV`s were sectioned along the short axis into 5-μm-thick 

slices. After staining with hematoxylineosin (H.-E.), muscular degeneration and 

inflammation (mononuclear inflammatory infiltrate) in the infarct area were 

evaluated by one pathologist who was blinded to the genotypes. Ladewig staining 

was performed to assess the degree of fibrosis in the infarcted area and the stains 

graded with 0× + to 4× +.

Data and statistical analysis

All data were expressed as mean±SEM. Differences between groups were 

determined using two-way ANOVA followed by post-hoc testing using Student’s t 

test. Delta values were calculated by subtracting the mean of LV/tibia or RV/tibia 

in sham-operated mice from each sample in MI group and the difference in change 

between wild-type (WT) and transgenic (TG) lines was compared by an unpaired 

t-test. A value of P<0.05 was considered statistically significant.

Results
Generation and basic characterization of CNP transgenic mice

We generated transgenic mice over-expressing rat CNP. The transgene was driven 
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by the rat αMHC to ensure specific transgene over-expression in cardiomyocytes. 

The transgene integration in the chromosomal DNA was proven by Southern blot. 

Five independent founders 2, 3, 8, 9, and 12 were detected in the first litter (Figure 

1A). Transgenic line 1 was identified from a second litter (data not shown). PCR 

confirmed the transgenic offspring of founders crossed with wild-type FVB/N mice. 

All lines were fertile and did not differ in body weight compared to the wild-type 

controls. To prove CNP transgene mRNA expression, RPA was used to investigate 

the ventricles of 3- to 5-month-old males of the transgenic lines 1, 2, 9, and 12 

(data not shown). Since quantitative analysis showed that CNP mRNA expression 

was the highest in line 1 among the four lines, this line was selected for the 

experiments. 

To investigate the ontogenetic regulation of CNP transgene expression, cardiac 

CNP mRNA of transgenic mice was determined at different time points. CNP 

transgene overexpression was detected at all investigated time points with no 

significant variation in aging (data not shown). To exclude ectopic expression of the 

Figure 1. Generation and 
identification of transgenic mice 
over-expressing CNP mRNA. 
(A) Chromosomal integration of the transgene was 
detected by Southern blot using EcoR I-digested 
genomic DNA isolated from tail biopsies of possible 
founders. Transgenic lines 2, 3, 8, 9, 12 were identified 
from this litter. Different length and number of bands 
in founder mice result from random integration of 
the transgenic cDNA in to the chromosomal DNA. 
IF: injected fragment, which was released through 
digestion by Bgl IIand Bln I. Plasmid: recombinant 
pMHCRNCNP plasmid linearized by EcoRI. (B) 
Representative RNase-protection assay showing CNP 
mRNA expression in different investigated organs of 
3-month-old CNP1-transgenic(+) and wild-type (−) 
mice. Y+: yeast RNA with RNase treatment; Y−: 
yeast RNA without RNase treatment (C) Quantification 
of CNP transgene expression in different organs 
of CNP1 transgenic (+) and control (−) mice after 
autoradiographic signal analysis. Data are shown as 
multiples after normalization to rL32 mRNA levels, 
n=3.



Cardioprotective effects of exercise training 

134

transgene, CNP mRNA in the atrium, ventricle, lung, kidney, liver, testis, forebrain, 

and hindbrain was detected in 3-month-old male TG mice and their WT littermates 

using RPA (Figure 1B). As expected, high transgene CNP expression was detected 

in the atrium andventricle, whereas none of the other investigated organs showed 

detectable transgene expression (Figure 1C). 

Peptide concentrations were measured in cardiac tissue, lung, kidney and plasma 

to confirm that CNP mRNA overexpression also led to more CNP generation. CNP 

levels were significantly increased in atria (WT: 0.15±0.02 versus TG: 0.30±0.07 

pg/mg; P<0.05) and ventricles (LV: WT: 0.01± 0.01 versus TG: 0.74±0.12 pg/mg; 

RV: WT: 0.01±0.01 versus TG: 0.92±0.14 pg/mg; P<0.001) of transgenic mice. 

No change was found in the other organs or plasma (Figure 2A). 

Due to its interaction with the NPRB receptor, which couples to guanylyl 

cyclase, CNP stimulates the generation of second messenger cGMP, an important 

mediator of effects initiated by natriuretic peptides. cGMP levels in ventricles 

and plasma were measured to test the hypothesis that CNP over-expression 

results in higher cGMP concentration. While the cGMP level was significantly

increased in ventricles of transgenic mice (WT: 2.5±0.2 versus TG: 3.5± 0.2 pmol/

mg; P<0.05), it did not differ in plasma in either of the two lines (Figure 2B). CNP-

transgenic mice showed no change in cardiac weight as shown by the ratios of 

LVand RV to body weight (data not shown) or to tibia length (Table 1). Furthermore, 

CNP over-expression in cardiomyocytes did not modify blood pressure and heart 

rate compared to their age-matched wild-type littermates (data not shown).

Figure 2. Characterization of CNP 
peptide expression and cGMP 
accumulation in transgenic mice.
(A) Quantification of CNP peptide concentration from atrium, 
ventricle, lung, kidney, and plasma of CNP1-transgenic (TG) 
and wild-type (WT) mice, analyzed by radioimmunoassay. 
*P<0.05, ***P<0.001 versus WT, n=6–8. (B) cGMP 
concentrations in the ventricles and plasma of CNP-transgenic 
(TG) and wild-type (WT) mice. *P<0.05 versus WT, n=7.
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Effect of CNP on I/R injury

To assess impact of CNP over-expression on I/R injury, infarct size was measured 

after 1 h of regional myocardial ischaemia and 23 h of reperfusion. AAR/LV was 

similar in both groups (WT: 45±2% versus TG: 43±3%, n=9, per group). No 

significant difference was observed in myocardial infarct size as defined as the 

percentage of IA/AAR (WT: 68±8% versus TG: 69±7%, n=9) compared to wild-

type controls. Consequently, the infarct size in relation to the left ventricle was also 

unaltered (WT: 31±4% versus TG: 30±3%, n=9).

Table 1: Characteristics of wild-type (WT) and transgenic (TG) mice 3 weeks after induction of 
myocardial infarction or sham operation 

WT TG
LVW/tibia length (mg/cm) Sham 46 ± 2 47 ± 2

MI 55 ± 1 ** 49 ± 1 † 
RVW/tibia length (mg/cm) Sham 13.9 ± 0.7 14.9 ± 0.8 

MI 16.3 ± 0.8 * 13.5 ± 0.5 † 
Lung wet weight (mg) Sham 158 ± 7 169 ± 10

MI 198 ± 11 * 189 ± 10
MAP (mm Hg) Sham 77 ± 7 75 ± 5

MI 59 ± 4 * 68 ± 4
LVSP (mm Hg) Sham 93 ± 7 96 ± 5

MI 73 ± 3 * 79 ± 3 ** 
LVEDP (mm Hg) Sham 3.8 ± 1.1 6.9 ± 1.0 

MI 8.9 ± 1.9 * 9.3 ± 2.4 
HR (bpm) Sham 487 ± 18 465 ± 19

MI 456 ± 24 487 ± 25
LV EDD (mm) Sham 4.2 ± 0.3 4.3 ± 0.3 

MI 6.0 ± 0.1 *** 5.5 ± 0.2 ** 
LV ESD (mm) Sham 2.6 ± 0.3 2.8 ± 0.3 

MI 5.2 ± 0.1 * 4.7 ± 0.2 * 
LVED Wall thickness (mm) Sham 1.25 ± 0.07 1.19 ± 0.08 

MI 1.39 ± 0.09 1.23 ± 0.06 
LVES Wall thickness (mm) Sham 1.51 ± 0.08 1.32 ± 0.14 

MI 1.50 ± 0.08 1.37 ± 0.06 
LVED Wall thickness/diameter Sham 0.30 ± 0.02 0.28 ± 0.01 

MI 0.23 ± 0.01 * 0.23 ± 0.01 * 
LVES Wall thickness/diameter Sham 0.62 ± 0.08 0.53 ± 0.07 

MI 0.29 ± 0.02 * 0.30 ± 0.02 * 
LV dP/dtP30 (mm Hg/s) Sham 6310 ± 413 6102 ± 349

MI 4370 ± 260 ** 4555 ± 305 ** 
LV dP/dtmax (mm Hg/s) Sham 7321 ± 437 6995 ± 403

MI 4755 ± 298 *** 5450 ± 251 ** 
LV dP/dtmin (mm Hg/s) Sham -6984 ± 605 -6322 ± 687

MI -3820 ± 313 *** -4321 ± 514 * 
Tau (ms) Sham 9.5 ± 1.3 10.1 ± 0.9 

MI 13.2 ± 1.5 10.8 ± 1.4 
Fractional shortening (%) Sham 38 ± 3 36 ± 2

MI 13 ± 1 *** 16 ± 2 *** 

Date are given as mean±SEM. *P<0.05, **P<0.01, ***P<0.001 vs. corresponding sham; 
†P<0.01 vs. wild-type (WT) myocardial infarction (MI). MAP = mean arterial pressure, LVSP = 
left ventricular systolic pressure, LVEDP = left ventricular end-diastolic pressure, HR = heart 
rate, LV EDD = left ventricular end-diastolic dimension, LV ESD = left ventricular end-systolic 
dimension. n=7 (WT sham), 8 (WT MI), 6 (TG sham), 7 (TG MI). 
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Analysis of cardiac remodelling and function after myocardial infarction

Echocardiographic and haemodynamic measurements were performed to evaluate 

cardiac remodelling and function 3 weeks after MI induction. The LV weight/tibia 

length ratio did not differ for sham-operated WT and TG mice (WT: 46± 2 versus 

TG: 47±2 mg/cm) (Table 1). All other measured parameters were comparable in 

sham-operated wild-type and transgenic mice (Table 1). However, 3 weeks after 

MI, infarct-induced cardiac hypertrophy was prevented by CNP over-expression 

in cardiomyocytes. While LV mass was significantly increased in wild-type mice, 

no significant increase in LV weight was observed in mice with elevated CNP 

expression (ΔLV/tibia: WT: 8.6±1.2 versus TG: 1.8± 1.3 mg/cm; P<0.01) (Figure 

3A). The RV/tibia length ratio was also significantly increased in wild-type mice 

(Table 1), but CNP over-expression in cardiomyocytes prevented MI induced RV 

hypertrophy (ΔRV/tibia: WT: 2.4±0.8 versus TG: 1.4±0.5 mg/cm; P<0.01) (Figure 

3A). It should be noted that lung wet weight was significantly higher in wild-type 

mice after MI than in sham-operated mice (sham: 158±7 versus MI: 198±11 mg/

g; P<0.05), while the increase was not statistically different in the TG line (sham: 

169±10 versus MI: 189±10 mg/g) (Table 1). 

Cardiac function was significantly impaired in both MI groups except for HR and 

Tau. Whereas MAP was significantly decreased after MI in the wild-type group as 

described for this experimental model,21,22 it did not differ in transgenic mice (Table 

1). Moreover, indices of LV systolic and diastolic function, as dP/dtmax and dP/dtmin, 

fractional shortening, and LVEDD indicated better performance in transgenic mice, 

Figure 3. CNP over-expression in 
cardiomyocytes prevents cardiac 
hypertrophy. 
(A) Left-ventricle (LV) and right-ventricle (RV) hypertrophy as 
indicated by ΔLV/tibia length and ΔRV/tibia length (mg/cm) were 
prevented in transgenic mice (TG). **P<0.01 versus wild-type 
(WT) controls, n=7 (TG) or n=8 (WT). (B) Upper panel: RNase-
protection assay showing collagen type III (col III) expression in 
non-infarcted left ventricles of TG and WT control mice 3weeks 
after myocardial infarction (MI) or sham operation. Lower panel: 
Quantification of col III expression in non-infarcted left ventricular 
myocardium normalized by rL32 mRNA levels.
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although they did not reach statistical significance (Table 1).

Quantification of parameters of cardiac failure

To investigate whether CNP had other beneficial effects besides preventing cardiac 

hypertrophy, we examined mRNA expression levels of collagen type III and BNP, 

which are associated with fibrosis and cardiac failure. In the non-infarcted LV, 

mRNA levels of collagen type III were significantly elevated after MI in both 

groups without a significant inter-group difference. However, the increase in the 

transgenic group was less pronounced than in the wild-BNP mRNA, which is known 

to be upregulated in the ventricles under pathophysiological conditions like cardiac 

failure, was significantly elevated after MI in wild-type group, while the increase in 

the transgenic group did notreach statistical significance (data not shown).

Histological analysis

H.-E. staining was carried out to prove whether the prevented cardiac hypertrophy 

also had an impact on histological structure and inflammation after myocardial 

infarction. Normal cardiomyocytes were evident in both sham-operated lines 

(Figure 4A and B). However, there was prominent muscular degeneration and a 

moderate mononuclear inflammatory infiltration in the infracted area of wildtype 

mice 3 weeks after MI compared to only mild degeneration of myofibrils and no 

mononuclear inflammatory infiltrate in the transgenic group (Figure 4C and D). 

Ladewig staining was used to assess the extent of cardiac fibrosis. No fibrosis 

was observed in sham-operated mice of either group (Figure 5A and B). Marked 

fibrosis (blue stain) was observed in the infarcted area of both groups that 

underwent myocardial infarction surgery. However, confirming the findings of H.-E. 

staining, there were more abundant muscle fibers (muscle = red stain) preserved 

in the TG group than in the wild-type controls (Figure 5C and D).

Discussion
In this study, we generated transgenic mice selectively over-expressing rat CNP 

in cardiomyocytes, we confirmed the over-expression on mRNA and peptide 

levels, and demonstrated that cardiomyocyte-restricted CNP over-expression 

does not reduce infarct size produced by 1-hour global myocardial ischaemia and 

23-hour reperfusion, but prevents cardiac hypertrophy 3 weeks post-myocardial 

infarction. 

CNP mediates most of its physiological actions (e.g. vasorelaxation) via 

interaction with its receptor NPRB. However, it was also recently identified as 
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Figure 4. Cardiac morphological changes after myocardial infarction. 
Normal-appearing cadiomyocytes were found in sham-operated wild-type (WT) and transgenic (TG) mice (A and B). There 
was prominent muscular degeneration and a moderate mononuclear inflammatory infiltrate in the infarcted area of wildtype 
animals (C), while only mild degeneration of myofibrils was observed in the infarcted transgenic group, and there is no 
mononuclear inflammatory infiltrate (D). Representative photographs stained with hematoxylin and eosin (H.-E.) are given. 
Bar=100 μm.

Figure 5. Histological analysis to determine the effect of CNP over-
expression on cardiac fibrosis.
Normal myofibrils (red staining) were found in sham-operated wild-type (WT) and transgenic (TG) mice with no detectable 
fibrosis (blue staining) (A and B). Marked fibrosis and few muscle fibers were observed in the infarcted area of wild-type 
mice (C). Infarcted transgenic mice showed still marked fibrosis but more abundant myofibrils (D). Representative Ladewig 
staining photographs are given. Bar=100 μm.
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an endothelium derived hyperpolarizing factor (EDHF) in rat mesenteric arteries 

involving activation of the clearance receptor NPRC.23 This CNP/NPRC signalling 

pathway has been implicated in the regulation of coronary blood flow and the 

reduction of I/R-induced infarct size in isolated perfused Langendorff rat hearts.12 

In contrast to this described cardioprotective role of CNP against I/R, we did not 

observe a significant difference between transgenic mice over-expressing CNP 

in cardiomyocytes and their controls in our studies. Species-specific differences, 

independent experimental protocols, and unequal origin of CNP elevation may 

account for this discrepancy. Firstly, Langendorff preparations from rat hearts 

were used in previous studies, whereas we investigated transgenic mice in vivo. 

However, we do not consider this to be the main reason for the different findings, 

since the rat and mouse share similar signalling pathways in cardiac remodelling. 

Secondly, mice were subjected to 1 h of ischaemia and 23 h of reperfusion in 

our in vivo studies, but a protocol of 25 min of global ischaemia and 120 min of 

reperfusion was used in the previous ex vivo experiments. Thirdly, CNP originated 

from the cardiomyocytes in our transgenic animals and thus acted in an autocrine 

way; however, CNP was supplied intravascularly in retrogradely perfused hearts in 

the Hobbs study, thereby exposing the endothelium to the highest concentrations. 

Thus, the discrepancy between Hobbs et al and our findings could result from the

need to stimulate NPRC on endothelial cells in order to mediate the beneficial 

effects of CNP in an I/R model, which did not occur in our transgenic mice. 

Pre-ischaemic infusion of ANP or BNP has been shown to elicit protective 

effects against I/R in isolated rat hearts.24,25 However, the possible mechanisms 

for the cardioprotective effects of the three natriuretic peptides on I/R seem to be 

controversial. NPRC activation is thought to be responsible for the cardioprotective 

role of CNP as mentioned above, and the selective agonist of NPRC (cANF4–23) 

also reduces infarct size and maintains coronary perfusion pressure.12 Studies 

of ANP and BNP effects show the involvement of cGMP generated via the NPRA 

receptor in the reduction of infarct size.24,25 Interestingly, increased cGMP supply 

in transgenic mice selectively over-expressing endothelial nitric oxide synthase 

(eNOS) in cardiomyocytes was also implicated in attenuating myocardial I/R injury 

in an ex vivo model.26 Thus, although we can exclude the beneficial effect of CNP 

over-expression on I/R in our in vivo model based on infarct size measurement, 

the demonstrated cGMP increase in CNP-transgenic hearts may still indicate 

cardioprotective effects against I/R in an ex vivo model. Consequently, further 

studies need to evaluate the possible effects of CNP in different I/R models and 

their relevance under in vivo conditions.  
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Although we did not see beneficial effects of CNP on I/R injury in our in 

vivo model, cardiomyocyte-restricted overexpression of this peptide identified 

significantly improved cardiac remodelling 3 weeks after myocardial infarction. 

Both MI-induced LV and RV hypertrophy were prevented in our transgenic mice. 

The results provide clear in vivo evidence that CNP is a potent antihypertrophic 

agent after MI. This agrees in part with a previous report by Soeki and colleagues in 

rats.13 In vivo administration of CNP via osmotic mini-pumps significantly improved 

cardiac function and led to less pronounced cardiac hypertrophy and fibrosis 

in rats 2 weeks post-MI.13 In our present study, however, the improved cardiac 

remodelling in TG mice did not result in significantly improved cardiac function 

compared to their infarcted wild-type controls, although impairment of cardiac 

function compared to the sham group was less pronounced in transgenic mice 

than in the infarcted wild-type mice, probably due to inhibited cardiac remodelling. 

However, while Soeki et al applied CNP by mini-pump, we exclusively elevated 

cardiac CNP concentrations, showing for the first time that the local cardiac CNP 

mediates the antihypertrophic effects. 

The prevention of hypertrophy by CNP over-expression in our transgenic mice 

that underwent myocardial infarction, agrees with data on the antihypertrophic 

effects of its receptor NPRB, as recently reported by Langenickel et al.27 Transgenic 

rats expressing a dominant-negative mutant of NPRB (NPR-B ΔKC) developed 

progressive, blood pressure-independent cardiac hypertrophy.27 Histological 

assessment and echocardiography revealed cardiac hypertrophy in these NPR-B 

ΔKC transgenic rats, which was aggravated with age accompanied by increasing 

cardiac markers of heart failure. Interestingly, there was no evidence for increased 

interstitial or perivascular fibrosis in these rats, supporting our finding of non-

significant differences in the grade of stimulated fibrosis post-MI in CNP-transgenic 

mice compared to wild-type controls. Furthermore, chronic volume overload by 

an infrarenal aortocaval shunt in 8-week-old rats resulted in exaggerated cardiac 

hypertrophy in NPR-B ΔKC transgenic rats 6 weeks after surgery.27 Although the 

affinity of CNP to NPRA is much less than to the NPRB receptor,28 and CNP does not 

increase cGMP accumulation in cells expressing human NPRA,11,29 we cannot finally 

exclude that transgenic CNP mediates part of its antihypertrophic effect via NPRA. 

Nevertheless, the combination of data from Langenickel et al and our findings 

provides clear evidence that the CNP/NPRB axis is implicated in the regulation of 

cardiomyocyte growth but not in cardiac fibrosis. 

Furthermore, a limitation of Langenickel et al’s findings was the increased 

heart rate in the NPR-B ΔKC transgenic rats compared to controls, which was 
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possibly caused by reduced CNP actions on the central nervous system facilitating 

baroreflexes by downregulation of functional NPRB. Therefore, they could not 

discriminate whether central or peripheral alterations were responsible for the 

cardiac hypertrophy observed in this animal model. Since our transgenic mice did 

not show altered systemic blood pressure and heart rate and specifically over-

express CNP in the heart, we can finally define the cardiac CNP/NPRB axis to be 

crucial in preventing cardiac hypertrophy. 

Although we cannot conclusively prove exocytosis of transgene CNP to the 

extracellular space of cardiomyocytes, new research has shown that intracellular 

compartmentation of a peptide ligand allows interaction with its receptor and 

thus stimulation of receptor signalling.30 Furthermore, that the CNP/NPRB axis 

is responsible for the cardiac CNP effects is also supported by cell-based studies. 

CNP modulates the growth, proliferation, and hypertrophy of smooth muscle cells, 

cardiomyocytes and fibroblasts,31–33 and cGMP is implicated in all of these studies 

when CNP binds to its receptor NPRB. Additionally, our data on increased cGMP in 

the hearts of CNP-transgenic mice is congruent with findings in isolated rat and 

rabbit cardiomyocytes generating cGMP after CNP stimulation.34,35 

The importance of the CNP/NPRB axis is furthermore illustrated by a series of 

studies about nitric oxide synthase, supporting the concept that cGMP, a second 

messenger not stimulated by interaction of CNP with NPRC, is a key player in the 

local regulation of cardiac remodelling and function after myocardial infarction.36–

39

 In conclusion, the present study indicates that the CNP/NPRB/cGMP signalling 

pathway plays an important role in the local regulation of cardiac hypertrophy 

under pathophysiological conditions. Thus, modulation of this pathway represents 

a potent new therapeutic target for the treatment of patients with myocardial 

infarction or hypertension-induced cardiac hypertrophy.
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Abstract
Regular physical activity in patients with established coronary heart disease 

reduces the incidence of cardiac events. However, there is limited information on 

the effects of regular physical activity prior to an acute myocardial infarction (MI) on 

mortality, left ventricular (LV) remodeling and dysfunction after MI. Consequently, 

we investigated the effects of exercise training prior to an acute MI on survival 

and LV remodeling and dysfunction, and investigated whether exercise prior and 

following MI provides superior protection compared to either exercise intervention 

alone. C57Bl/6J mice were subjected to voluntary exercise or sedentary housing. 

Two weeks later MI was induced, after which exercise was either stopped (EX-MI-

SED, SED-MI-SED) or continued (EX-MI-EX, SED-MI-EX). Exercise initiated after 

MI had no effect on survival, infarct size and LV remodeling, but reduced fibrosis 

and apoptosis in remote myocardium and attenuated global LV dysfunction, and 

decreased LV backward failure. When exercise was exclusively performed prior 

to MI, post-MI mortality decreased from 40% in SED-MI-SED to 17% in EX-MI-

SED. Furthermore, infarct area was thicker accompanied by thickening of the 

subendocardial rim of surviving cardiomyocytes, while fibrosis and apoptosis of 

the remote region and global LV systolic dysfunction and pulmonary congestion 

were blunted. Surprisingly, when exercise training was initiated prior to MI and 

continued after MI, the ameliorating effects on LV dysfunction and pulmonary 

congestion of either pre-MI or post-MI exercise regimen alone were lost. The latter 

may in part be related to the markedly increased daily exercise load in the first 

week post-MI in EX-MI-EX versus SED-MI-EX mice.

Exercise either prior to MI or after MI both blunted LV dysfunction, while exercise 

prior to MI also improved survival likely due to improved scar healing. These results 

demonstrate that even when regular physical activity fails to prevent an acute MI 

it can still act to improve cardiac function and survival after MI.
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Introduction
Physical inactivity has been proposed to be an independent risk factor for 

cardiovascular disease.1,2 Indeed, prospective epidemiological data indicate that 

moderate (e.g. walking) and vigorous exercise in healthy subjects are associated 

with substantial reductions in the incidence of cardiovascular events.3,4 The beneficial 

effects of exercise extends to patients with established coronary heart disease 

in which regular physical activity also reduces the incidence of cardiac events 

and all-cause mortality.5 Furthermore, there is evidence that exercise training 

initiated after a cardiac event, such as myocardial infarction (MI), ameliorates 

left ventricular (LV) remodeling and dysfunction (chapter 2 of this thesis)6-13 and 

clinical outcome.14,15  

In contrast, there is substantially less information available as to whether 

prior exercise training affords any protection in situations where, despite regular 

exercise, a major cardiovascular event like MI does occur. Animal studies suggest 

that prior exercise can precondition the myocardium, thereby protecting the heart 

against irreversible damage produced by ischemia-reperfusion in rats16-19 and 

dogs.20 In addition, prior exercise training may modulate post-infarct remodeling 

independent of any myocardial preconditioning effect. Thus, two studies in rats 

using a permanent coronary artery ligation (in which preconditioning cannot limit 

acute myocardial necrosis21,22 showed that infarct size and, likely as a consequence, 

LV remodeling were reduced by prior swim training.23,24 The authors ascribed the 

reduction in infarct size to the observed increase in myocardial vascularization. 

An increased myocardial vascularity is indeed observed in swim trained rats.25 In 

contrast, myocardial vascularization following treadmill running is not consistently 

associated with increased vascularization or enhanced collateral blood flow.25 

These different effects of swimming versus running may well be explained by 

the markedly different hemodynamic responses in rodents to swimming versus 

running.26 Furthermore, forced swim training often results in diving bradycardia 

and intermittent hypoxia27 when animals are submerged, both of which are known 

to stimulate angiogenesis.28,29 In contrast, studies into the effects of prior exercise 

training by treadmill running on LV remodeling after MI have not been performed 

to date. Consequently, the present study was undertaken to test the hypothesis 

that exercise training prior to an acute MI is associated with improved survival 

and attenuated LV remodeling and dysfunction after MI. For this purpose we used 

a voluntary treadmill exercise training protocol that has negligible effects on LV 

geometry and function per se, but attenuates LV and myocardial dysfunction when 

initiated after MI produced by a permanent coronary artery ligation.13
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Materials and Methods 
Experiments complied with The Guide for Care and Use of Laboratory Animals of 

the National Institutes of Health (NIH Publication No. 86-23, Revised 1996) and 

were approved by the Erasmus MC Animal Care Committee.

Animals

A total of 123 wild type C57Bl/6J mice of either sex (~12-weeks old) entered the 

study and were randomly assigned to one of five experimental groups. Two weeks 

before induction of MI mice were either sedentary housed or exposed to voluntary 

exercise training by wheel running, where after the exercise training protocol was 

either stopped (SED-MI-SED, EX-MI-SED) or continued (SED-MI-EX, EX-MI-EX) for 

8-weeks. Sham-operated mice (Sham) were used as controls.

Experimental procedures

All experimental procedures have previously been published in detail.13,30 In brief, 

mice were weighed, sedated with 4% isoflurane, intubated and pressure-controlled 

ventilated with O2/N2 (1:2, vol/vol) containing ~2.5% isoflurane for anesthesia. MI 

was produced by permanent ligation of the left-anterior-descending-coronary-artery 

(LAD) with a 7-0 silk suture (BBraun).13,30 Sham animals underwent the operation 

without infarct induction. Eight-weeks after entering the study, hemodynamic 

measurements were performed under anesthesia. M-mode LV echocardiography 

(Prosound SSD-4000, ALOKA) was performed and LV diameters at end-diastole 

(LVEDD) and end-systole (LVESD) were measured, and LV fractional shortening 

calculated.13,30 A 1.4F microtipped pressure transducer catheter (SPR-671, Millar 

Instruments) was inserted into the right carotid artery and advanced into the LV 

for measurement of LV pressure and its first derivative dP/dt.13,30 

After sacrifice, right ventricular (RV) and LV weight, tibial-length (TL) and lung 

fluid weight were determined. The LV (n=10/group) was fixed overnight in freshly 

prepared 4% paraformaldehyde in PBS and embedded in paraffin and used for 

histological analysis (see below). The operator was blinded to the experimental 

group during the analysis.   

Infarct remodeling

The LV was cut along the long axis into 4µm sections and Masson’s trichrome-staining 

was used for analysis of the infarct region. Endocardial infarct circumference was 

demarcated and its length determined. Minimal infarct thickness was measured 

at the shortest distance between endocardium and epicardium. Infarct area 
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was demarcated and the area measured. In the infarct area at four places the 

subendocardial rim of surviving cardiomyocytes and the total infarct thickness 

were measured and averaged. The percentage cardiomyocyte thickness of the 

total infarct thickness was calculated. The operator was blinded to the experimental 

group during the analysis.     

Remodeling of the remote myocardium

Capillary density 

Capillaries were detected using lectin staining. Briefly, short-axis LV paraffin 

sections were deparaffinized, cleared and hydrated to tris-buffered saline, pH 7.4, 

using a descending series of ethanol. Sections were treated with trypsin, pH 7.0, 

for 20 min at 37oC, washed and treated with hydrogen peroxide 3% for 10 min at 

room temperature to inhibit the endogenous peroxide. Sections were incubated 

overnight at 4oC with peroxidase-conjugated lectin from Bandeira simplicifolia 

(Sigma). The horseradish peroxidase was activated by incubation for 1-2 min with 

a diaminobenzidine commercial kit (Dako). Sections were washed, counterstained 

with haematoxillin, dehydrated with graded ethanol solutions, cleared in xylene 

and mounted. Capillaries were detected as brown endothelial cells and capillary 

density was determined as the number of vessels per mm2.  

Cardiomyocyte cross-sectional area and collagen content

Four micron thick paraffin LV sections were stained with Masson’s trichrome 

for analysis of collagen content and cardiomyocyte cross-sectional area (CSA) 

measurements within the remote non-infarcted myocardium. Four fields were 

randomly selected in two sections of eight mice per group and photographed 

using an Olympus BH 20 microscope (Olympus Corporation) at a magnification of 

x400. Within each field, segments representing connective and muscle tissue were 

identified and manually traced with a digitizing pad and computer image analysis 

software (Clemex Vision PE 3.5) to calculate the traced area. Collagen content 

was calculated in each field as the sum of all connective tissue areas divided by 

the sum of all connective tissue and muscle areas and averaged for each animal. 

Cardiomyocyte CSA was measured by tracing the outline of cardiomyocytes 

showing the nucleus in each field and averaged for each animal. 

Apoptosis

To localize DNA degradation in remote non-infarcted LV, we used the In Situ Cell 

Death Detection Kit (Roche Diagnostics, Germany), which is a modification of the 
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TUNEL assay (3’ terminal deoxynucleotide transferase (TdT)-mediated dUTP nick 

end labeling). In brief, paraffin sections were deparaffinized, cleared and hydrated 

to phosphate-buffered saline (PBS), pH 7.4, using a descending series of ethanol. 

Sections were treated with Proteinase-K for 30min at 37oC, washed in PBS, treated 

with the TUNEL reaction mixture and incubated in the dark for 1h at 37oC, followed 

by washes in PBS. Both positive (DNaseI-treated sections) and negative controls 

(no TDT included in the reaction mixture) were included. Sections were covered 

with Vectashield including DAPI and directly photographed using fluorescence 

microscopy. TUNEL positive cells emit red fluorescence and all nuclei were blue. 

Apoptosis was determined as the number of TUNEL-positive nuclei per 105 nuclei.

Statistics

Data were analyzed using two-way ANOVA, followed by post-hoc testing with 

Student-Newman-Keuls. Survival was analyzed by Kaplan-Meier method and 

log-rank (Mantel-Cox) test. Significance was accepted when P<0.05. Data are 

mean±SEM.

Results 
Survival and exercise

SED-MI-SED mice demonstrated 60% survival compared to Sham mice (Figure 1A), 

which significantly improved to 83% in EX-MI-SED mice where exercise was started 

2 weeks before MI (P<0.05). In contrast, exercise after MI had no significant effect 

on survival. After induction of MI SED-MI-EX mice initially ran significantly shorter 

distances per day compared to EX-MI-EX mice, in which exercise had already been 

started 2 weeks prior to MI (Figure 1B), so that over the 8 weeks post-MI phase, 

EX-MI-EX mice ran a total of 456±35 km compared to 313±23 km in SED-MI-EX 

mice (P<0.05).

Global LV function

MI resulted in marked LV remodeling, reflected in LV hypertrophy and LV dilation, 

and LV dysfunction, reflected in lower LV systolic pressure, LVdP/dtP30, fractional 

shortening (FS) and LVdP/dtmin and higher Tau and LV end-diastolic pressure 

compared to Sham mice (Table 1, Figure 2). The LV dysfunction resulted in 

pulmonary congestion (increase in lung fluid weight and RV hypertrophy). Exercise 

after MI had no effect on LV remodeling, but improved LVdP/dtP30 and fractional 

shortening, and alleviated pulmonary congestion. Similarly, exercise training prior 

to MI had no effect on LV remodeling but also improved LVdP/dtP30 and fractional 
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Table 1: LV Anatomical and Functional Data 
  Sham  MI 

 Sed Ex  Sed Ex 
               
Animal numbers Wt 41 27                  40              23 
 eNOSTg 43 21                  30              18 
               
Body weight (g) Wt           27±1            25±1               25±1           24±1 
 eNOSTg           26±1            24±1               25±1           25±1 
               
LV weight (mg) Wt           97±3            94±2             113±2*         112±3* 
 eNOSTg           98±3            98±4             117±4*         123±4*† 
               
RV weight (mg) Wt           26±1            25±1               33±1*           29±1*‡ 
 eNOSTg           27±1            26±1               32±1*           35±2*† 
               
Heart rate (bpm) Wt         526±6          515±11             514±7         523±7 
 eNOSTg         531±5          529±6             529±9         496±10*† 
               
MAP (mmHg) Wt           75±2            80±3               71±2           71±2* 
 eNOSTg           69±2†            66±3†               61±2*†           63±2† 
               
LVSP (mmHg) Wt           97±2            99±3               84±2*           85±2* 
 eNOSTg           88±2†            83±2†               75±2*†           74±2*† 
               
LV dP/dtP30 (mmHg/s) Wt       7070±180        6960±210           4870±200*       5620±220*‡ 
 eNOSTg       6920±220        6280±340            4380±210*†       4280±240*† 
               
Fractional shortening (%) Wt           39±1            44±1                 8±1*           12±1*‡ 
 eNOSTg           38±1            36±2†               12±1*†             9±1*†‡ 
               
LV dP/dtmin (mmHg/s) Wt      -7520±370       -7860±440         -4650±240*      -4840±310* 
 eNOSTg      -6780±280       -5560±400†‡  -4040±240*†      -3920±250*† 
               
Tau (ms) Wt 8.7±0.6           8.6±0.7  12.4±1.0*        13.5±1.1* 
 eNOSTg 9.0±0.7         10.6±1.2  11.8±1.0*        12.3±1.2 
               
LVEDP (mmHg) Wt  6.9±0.6           4.6±0.6‡   9.8±0.9*          8.0±0.9* 
 eNOSTg  5.6±0.6           6.6±1.1   8.5±1.1*          8.2±1.4 
               
Wt,wild type; eNOSTg,eNOS transgenic; LV,left ventricle; RV,right ventricle; MAP,mean arterial pressure; LVSP,left ventricular systolic
pressure; LVEDP,left ventricular end diastolic pressure. *P<0.05 vs corresponding sham; †P<0.05 vs corresponding Wt; ‡P<0.05 vs 
corresponding Sedentary.   

Figure 1. 
Kaplan-Meier survival curves for all five groups. Numbers of mice entering the study: Sham (n=49), SED-MI-SED (n=44), 
SED-MI-EX (n=58), EX-MI-SED (n=12), EX-MI-EX (n=24) (A). Daily running distance in SED-MI-EX (n=26), EX-MI-SED 
(n=19) and EX-MI-EX (n=19) mice that survived the entire 8-week follow-up period (B). *P<0.05 versus Sham, †P<0.05 
versus corresponding sedentary mice before MI.
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Figure 2. 
Effects of exercise on relative LV mass (A), LV end-diastolic diameter (B), LV fractional shortening as measure for global 
LV pump function (C), LV dP/dtP30 as measure for global LV contractility (D), relative RV mass (E), lung fluid weight (F). 
*P<0.05 versus Sham, †P<0.05 versus corresponding SED-MI-SED, ‡P<0.05 versus SED-MI-EX, §P<0.05 versus EX-MI-
SED.
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shortening and ameliorated pulmonary congestion. In contrast, in EX-MI-EX mice 

in which exercise was started 2 weeks before MI and continued after induction of 

MI, LV dilation and dysfunction were slightly aggravated compared to EX-MI-SED 

mice, so that LV FS, LVdP/dtP30, and RV and lung fluid weights were no longer 

different from SED-MI-SED mice.
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Figure 3. 
Macroscopic and microscopic representative examples of LV infarct (A) and remote (B) myocardium.
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Infarct remodeling

Exercise after MI had no effect on infarct remodeling, reflected in an unchanged 

infarct length, minimal and average thickness and total area (Figure 3A, 4A-C). 

In contrast, exercise training prior to infarction resulted in an increased infarct 

thickness, and hence total infarct area, irrespective of whether mice continued to 

exercise after MI. Interestingly, we also observed that the subendocardial rim of 

surviving cardiomyocytes within the infarct area was thicker in both EX-MI-SED 

and EX-MI-EX groups (Figure 4D). 
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Remodeling of the remote myocardium

Capillary density

After MI, capillary density (Figure 3B) in remote non-infarcted myocardium 

decreased by ~20% (Figure 5A). None of the exercise regimen had an effect on 

capillary density.

Cardiomyocyte cross-sectional area

CSA of myocytes in the remote surviving myocardium was increased after MI by 

35% (Figure 3B, 5B). Exercise after MI did not affect cardiomyocyte size. In contrast, 

in mice in which exercise was started 2 weeks before MI, cardiomyocyte CSA had 

increased further compared to SED-MI-SED at 8 weeks after MI, irrespective of 

whether exercise was continued or stopped after MI.
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Collagen content

MI increased interstitial collagen content in remote surviving myocardium (Figure 

3B, 5C). Exercise after MI normalized collagen content. A similar decrease in 

collagen content was noted in EX-MI-SED. However, combining exercise prior to 

and after MI did not result in a further reduction in interstitial collagen content, 

compared to EX-MI-SED or SED-MI-EX.

Apoptosis

MI resulted in an increased number of TUNEL positive nuclei in remote surviving 

myocardium (Figure 5D). Exercise after MI reduced the number of TUNEL positive 

nuclei to sham levels. A similar decrease in TUNEL positive nuclei was noted in EX-

MI-SED mice. However, the combination of exercise prior to and after MI failed to 

significantly (P=0.066) reduce the number of TUNEL positive nuclei, compared to 

SED-MI-SED mice.

Discussion
MI results in LV remodeling that serves to restore LV pump function. However, 

despite the apparent appropriateness of LV remodeling to maintain cardiac pump 

function early after MI, remodeling is an independent risk factor for the development 

of congestive heart failure.31 In chapter 2 of this thesis we reported that exercise 

training after MI attenuates LV pump dysfunction in mice.13 The present study 

investigated the impact of 2 weeks of exercise training prior to an acute MI, 

i.e. a higher level of physical fitness at the time of MI, on post-MI survival, LV 

remodeling and dysfunction in mice. The main findings were that: (i) exercise after 

MI had no adverse effect on survival, infarct size, LV dimensions and hypertrophy, 

while improving LV dysfunction and backward failure; (ii) exercise started before 

MI improved survival, infarct remodeling and global LV dysfunction; (iii) exercise 

started 2 weeks before MI in addition to exercise after MI only improved survival, 

but had no effects on LV dysfunction with a small improvement on LV remodeling. 

The implications of these findings will be discussed.

Effects of exercise training on LV remodeling and dysfunction after MI

In agreement with previous findings in our laboratory (chapter 2 of this thesis),13,30 

we observed in the present study that a large MI induced with a permanent coronary 

artery ligation (comprising ~45% of LV mass) caused 40% mortality in mice, that 

occurred principally during the first 2 weeks post-MI. Eight weeks after induction of 

MI, significant LV remodeling had occurred, characterized by LV chamber dilation 
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and myocardial hypertrophy, as well as increased interstitial collagen deposition 

and apoptosis, and decreased capillary density in remote surviving myocardium. 

MI also produced marked LV dysfunction, characterized by decrements in LV pump 

function (fractional shortening) and indices of systolic (dP/dtP30) and diastolic (dP/

dtmin and τ) function, resulting in LV backward failure reflected in pulmonary edema 

and RV hypertrophy.13,30 

The effects of exercise initiated after MI on LV remodeling and dysfunction remain 

incompletely understood. Thus, several studies in humans reported contradictory 

effects of training on LV remodeling after a MI.6,11,12,32-38 Careful inspection of these 

studies suggests that after a small MI, exercise has no detrimental effect33,37 or 

even improves6,11,12 LV geometry and function, independent of whether exercise 

was started late, i.e. ~1 year,6,11 or early, i.e. <2 months,12,33,37 after MI. In 

contrast, in patients with a large MI, exercise had a beneficial effect on ejection 

fraction (EF) and LV volumes but only when started late after MI.6,11 However, when 

exercise after a large MI is started at a time when LV remodeling is still ongoing 

(<3-4 months after MI), the majority of studies reported that exercise has either 

no,32,33,37,38 or even a detrimental35,36 effect on LV dimensions and/or EF. Similar to 

these clinical studies, studies in rats indicate that exercise started late (>3 weeks) 

after a moderate to large MI, encompassing 35-50% of LV mass, at a time when 

infarct healing is complete, does not aggravate,39,40 or even blunts8-10 LV dilation8 

and hypertrophy.8-10,39,40 In contrast, when started <1 week after a moderate to 

large MI,7,41-44 exercise resulted in variable outcomes with beneficial,7 no,41,43 or 

detrimental42,44 effects on LV remodeling. These rodent studies lend further support 

to the concern that early exercise may have detrimental effects on LV remodeling 

after a large MI, although interpretation is hampered by the fact that late exercise 

studies in rats principally employed treadmill running,8,11,26,40 while early exercise 

studies predominantly used swimming.10,41-43 This is important because the exercise 

responses to swimming are markedly different from those to treadmill running.27,45 

In contrast to these studies employing early swim training in rats, we observed 

(in a previous6 and in the present study) that exercise training through voluntary 

wheel running, starting gradually early after a large MI (comprising ~45% of LV 

mass), did not aggravate post-MI mortality, LV remodeling, capillary rarefaction 

and cardiomyocyte hypertrophy of remote myocardium, and even reduced 

myocardial interstitial fibrosis and apoptosis, and blunted LV dysfunction and LV 

backward failure. Taken together, rodent studies suggest that exercise training by 

daily treadmill running initiated either early or late after a large MI is beneficial.
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Effects of prior exercise on LV remodeling and dysfunction after MI

There is a lack of clinical data regarding the effects of prior exercise training on 

outcome after a MI. Animal studies suggest that exercise training can precondition 

the myocardium, thereby protecting the heart against irreversible damage produced 

by ischemia-reperfusion in rats16-19 and dogs (Table 2).20 In addition, exercise training 

may modulate post-infarct remodeling independent of any preconditioning effect. 

Thus, two studies in rats using a permanent coronary artery ligation reported that 

5-7 weeks of prior swim training had no effect on post-MI mortality, but reduced 

absolute and relative infarct size and attenuated LV remodeling, as determined at 

2 days24 or 4 weeks23 after induction of MI. Training-induced increases in capillary24 

and arteriolar23 densities were observed in the remote region, which lead the 

authors to speculate (collateral blood flow was not actually measured) that prior 

exercise training may have resulted in increased collateral blood flow to the area at 

risk thereby limiting infarct size. Although myocardial vasculature is known to be 

enhanced by swim training of young male rats,25 there is no evidence to suggest 

that collateral vessel growth is stimulated by exercise training in healthy hearts. 

Thus, studies pertaining to exercise training of healthy dogs, swine or rats have 

consistently shown that exercise training does not increase innate collateral blood 

flow capacity in healthy hearts.25 An alternative explanation may be that prior 

exercise training affected healing and remodeling of the infarct area (contracture) 

thereby leading to a reduction of infarct area.23,24

In contrast to the findings in rats, we observed that exercise training of mice 

via voluntary treadmill running reduced post-MI mortality from ~40% to ~20% 

and blunted LV dysfunction, but did not enhance vascularity of remote myocardium 

or limit infarct size as measured 8 weeks later. Interestingly, we observed that 

while the subendocardial infarct circumference was unaltered, infarct thickness 

was increased which was accompanied by a slightly thicker subendocardial rim 

of myocytes in the infarct area, consistent with exercise-induced modulation of 

infarct healing. In this respect it should be noted that mortality in C57Bl/6J mice 

after permanent coronary artery ligation is mainly caused by cardiac rupture of 

the infarct area within the first 2 weeks after MI.46 It is therefore tempting to 

speculate that the increased infarct thickness acted to prevent cardiac rupture 

thereby enhancing post-MI survival in mice that had been subjected to prior 

exercise training. In addition, a reduction in fatal arrhythmias in the early phase 

following induction of MI may also have contributed to improved survival.47

The precise mechanism for the blunted LV dysfunction in EX-MI-SED mice cannot 

be determined from the present study. There is evidence that the hearts of exercise 
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trained animals respond more effectively to stress. For example, trained rats have 

been shown to maintain or increase myocardial contractility more effectively in 

the face of a sustained pressure overload than sedentary animals.48 Future studies 

are needed to establish the molecular mechanisms underlying the mitigation of 

LV dysfunction by pre-MI exercise, which should include interrogation of possible 

exercise-induced improvements of intact cardiomyocyte and myofilament 

function.13 

Combining exercise before and after MI

Allowing mice in which exercise was started 2 weeks prior to MI to continue to 

exercise after induction of MI resulted in similar infarct remodeling, improvements 

in post-MI survival and reductions in collagen content of remote myocardium, as 

compared to trained mice that were sedentary housed after MI. In contrast, the 

mitigating effects of either pre-MI or post-MI exercise on LV dysfunction were 

lost when mice were subjected to voluntary exercise training both prior and after 

induction of MI. Although these observations are difficult to explain, it should 

be noted that mice that had been adapted to the running-wheel for already 2 

weeks prior to induction of MI (EX-MI-EX), ran significantly longer daily distances 

immediately post-MI (~7 km/day during the first week) as compared to the initially 

shorter daily distances in SED-MI-EX mice during the first 4 weeks (~2 km/day 

during the first week). Consequently, it cannot be excluded that this markedly 

higher exercise load in the immediate post-MI phase offset some of the beneficial 

effects of post-MI exercise training. This may explain why studies in rats and 

humans showed a variable response to (forced) exercise training early after MI. 

Hence, future studies should address the influence of the early post-MI exercise 

load on LV dysfunction in more detail, e.g. by restricting voluntary exercise in EX-

MI-EX mice in the very early post-MI phase, or by varying the forced exercise load 

during that time.

Clinical implications and conclusions

The beneficial effects of regular physical activity on preventing major cardiac 

events in healthy individuals and patients with coronary heart disease are now 

well established.3-5 The results of the present study show that even when regular 

physical fails to prevent an acute myocardial infarction it can still act to improve 

cardiac function and survival after MI. These observations warrant an even 

greater emphasis on life style changes in patients with established coronary heart 

disease.
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Pathological left ventricular (LV) remodeling after myocardial infarction (MI) is a 

compensatory mechanism, which serves to restore LV pump function to normal 

levels. Despite the apparent appropriateness of the process, LV remodeling 

after MI is an independent risk factor for the development of heart failure. The 

mechanisms underlying the progression from LV remodeling to overt heart failure 

remain incompletely understood, but recent evidence indicates that abnormalities 

in myofilament function and Ca2+-handling contribute to LV dysfunction in the 

porcine heart, early after MI.1 In contrast to pathological LV remodeling after MI, 

physiological LV remodeling produced by regular exercise training is associated 

with a decreased risk for heart failure. The effects of exercise on LV remodeling 

and dysfunction after MI are still incompletely understood, as several studies in 

humans and rats reported contradictory effects of training after a MI. The studies 

presented in this thesis were carried out to obtain a better understanding of the 

influences of regular exercise training on myocardial abnormalities associated with 

pathological LV remodeling and dysfunction in a mouse model of MI, in particular, 

the role of nitric oxide in the beneficial effects of exercise training. 

In chapter 2 of this thesis the impact of 8 weeks of exercise training by 

voluntary treadmill running, started within 24 hours after a large MI (comprising 

~43% of LV mass), on LV remodeling and dysfunction in mice at the in vivo, 

cellular and molecular level were investigated. Eight weeks of exercise after a large 

MI had no adverse effect on LV dimensions and hypertrophy, while ameliorating 

LV dysfunction and backward failure. Furthermore, exercise training normalized 

the MI-induced myofilament dysfunction, which likely contributed to the exercise-

induced improvement in unloaded shortening of isolated intact cardiomyocytes, as 

the [Ca2+]i transient amplitude was not altered by exercise which was consistent 

with the lack of effect of exercise on SERCA2a and PLB expression. However, basal 

diastolic calcium concentrations were normalized by exercise training. Exercise 

likely mediated these effects via increased protein levels of the β1-adrenergic 

receptor, cAMP and Na+/Ca2+-exchanger. However, in the future Na+/Ca2+-exchanger 

functional properties need to be determined to show whether the small increase in 

Na+/Ca2+-exchanger protein levels is indeed responsible for the exercise-induced 

reduction in diastolic calcium levels, or whether other mechanisms, including 

increased sarcolemmal Ca2+-ATPase activity, also contribute.

Several studies suggest an important role of endogenous production of NO 

in the beneficial effects of exercise.2 For example, in vivo studies have shown 

that exercise results in an increased vascular expression of eNOS.3,4 Furthermore, 

exercise training in healthy individuals elevated NO bioavailability through a 
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variety of mechanisms including increased NOS enzyme expression and activity.5 

Such adaptations likely contribute to cardiovascular protection by regular physical 

exercise in individuals with elevated cardiovascular risk or established coronary 

artery disease. Consequently, in chapter 3 we investigated the hypothesis that 

eNOS plays an obligatory role in the beneficial effects of exercise training on 

cardiac remodeling and dysfunction after MI. For this purpose we used wild type 

and homozygous (eNOS-/-) as well as heterozygous (eNOS+/-) eNOS-deficient mice. 

The extent of the MI-induced abnormalities in normal mice, such as LV remodeling, 

including cardiomyocyte hypertrophy and a reduction in capillary density, increased 

interstitial collagen content and apoptosis, as well as LV systolic and diastolic 

dysfunction, were not exaggerated in eNOS+/- or eNOS-/- mice. The beneficial 

effects of exercise after MI on LV systolic dysfunction, pulmonary congestion, 

interstitial fibrosis and apoptosis in normal mice were lost in eNOS+/- and eNOS-

/- mice, while LV systolic dysfunction and pulmonary congestion in eNOS+/- were 

even aggravated by exercise. Therefore we conclude that the beneficial effects of 

exercise training after MI require full eNOS activity. It could be speculated that 

in the absence of eNOS, other factors, including prostacyclin6 or nNOS,7 may be 

upregulated or increased in eNOS-/- mice and act to compensate for the absence 

of eNOS, thereby preventing further worsening of cardiac remodeling and function 

after MI. If one eNOS allele is still functional (eNOS+/-) and results in normal basal 

eNOS expression,8 such compensatory mechanisms may not occur, leaving the 

heart more vulnerable to the effects of exercise. Future studies are needed to 

study the influence of potential compensating factors. The beneficial effects of 

exercise on cardiac function can be attributed, at least in part, to an exercise-

induced upregulation of eNOS expression and activity. Therefore we investigated 

whether the beneficial effects of exercise after MI could be mimicked by increased 

levels of eNOS. We first studied in chapter 4 the in vivo effects of increased eNOS 

expression by 10-12 folds on the cardiovascular system in a transgenic mouse 

model. Elevated eNOS expression resulted in a reduction of blood pressure, plasma 

cholesterol and atherosclerosis. Subsequently, this mouse model with elevated 

eNOS expression was used in chapter 5 to investigate whether elevated eNOS 

expression mimicked the beneficial effects of exercise training on LV remodeling 

and dysfunction after MI. The results indicated that in mice with MI, single therapy 

of either exercise or elevated eNOS expression improved global LV fractional 

shortening and cardiomyocyte force development, reduced collagen content 

and attenuated pulmonary congestion, whereas only elevated eNOS expression 

improved survival. In view of the complementary mechanisms by which exercise 



Chapter 8: General discussion an summary 

173

and elevated eNOS expression appear to exert beneficial effects we then tested 

in the second part of chapter 5 the hypothesis that combined treatment with 

exercise and elevated eNOS expression had an added benefit, and investigated 

the underlying mechanisms. Contrary to our hypothesis, the results unexpectedly 

indicated that exercise in addition to elevated eNOS expression abolished the 

beneficial effects of either treatment alone on global cardiac function after MI. We 

demonstrated that this detrimental interaction is the result of increased oxidative 

stress due to eNOS ‘uncoupling’, since a shortage of substrate (L-arginine) and/or 

cofactors (BH4) of eNOS can result in ‘uncoupling’ of NOS thereby generating 

reactive oxygen species such as super oxide rather than NO. From this study it can 

be concluded that exercise training is not in every situation harmless, but can lead 

to increased oxidative stress. Several investigators have proposed a role for eNOS 

in patients with cardiovascular disease.9,10 There is currently intense interest in the 

development of gene therapy for cardiovascular disease.11 Our results indicate that 

in the future eNOS gene therapy in combination with physical exercise (as part 

of lifestyle changes) requires careful food supplementation of L-arginine and BH4 

to avoid potential eNOS ‘uncoupling’ and increased oxidative stress. Therefore, 

pre-clinical animal studies are necessary to investigate in more detail the optimal 

conditions for physical exercise and food supplementations in order to use eNOS 

gene therapy for the treatment of pathological cardiac remodeling.

To obtain insight into the effect of enhanced cGMP on cardiac function, we used 

mice with overexpression of C-type natriuretic peptide (CNP). cGMP is synthesized 

from GTP by both soluble guanylyl cyclases (sGC) and particulate guanylyl cyclases 

(pGC), which are distinguished in function of their main subcellular location and 

activation. sGC are located mainly in the cytosol and activated by NO, while pGC 

are integral proteins of the cell membrane which are activated by for instance CNP. 

Consequently, we investigated in chapter 6 whether enhanced cGMP through CNP 

activation of pGC can result in improved cardiac function after MI, similar to the 

improved LV function after MI in eNOS overexpressing mice. The results showed that 

cardiomyocyte-restricted elevated CNP expression prevents cardiac hypertrophy 

induced by MI with limited effect on LV dysfunction. In conclusion, the present 

study indicates that the CNP/cGMP signaling pathway plays an important role in 

the local regulation of cardiac hypertrophy under pathophysiological conditions. 

Thus, modulation of this pathway represents a potent new therapeutic target for 

the treatment of patients with MI or hypertension-induced cardiac hypertrophy.

Finally, physical inactivity has been proposed to be an independent risk factor for 

cardiovascular disease.12,13 Indeed, prospective epidemiological data indicate that 
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moderate (e.g. walking) and vigorous exercise in healthy subjects are associated 

with substantial reductions in the incidence of cardiovascular events.14,15 The 

beneficial effects of exercise extend to patients with established coronary heart 

disease in which regular physical activity also reduces the incidence of cardiac 

events and all-cause mortality.16 Furthermore, there is evidence that exercise 

training initiated after a cardiac event, such as MI, ameliorates LV remodeling 

and dysfunction17-24 (chapter 2 of this thesis) and clinical outcome.25,26 In contrast, 

there is less information available as to whether prior exercise training affords any 

protection in situations where a major cardiovascular event like MI does occur. 

Chapter 7 of this thesis showed that exercise either prior to MI or after MI both 

blunted LV dysfunction, while exercise prior to MI also improved survival likely 

due to improved scar healing. These results demonstrate that even when regular 

physical activity fails to prevent an acute MI it can still act to improve cardiac 

function and survival after MI. In contrast, the beneficial effects of either pre-

MI or post-MI exercise on LV dysfunction were lost when mice were subjected 

to voluntary exercise training both prior and after induction of MI. Although this 

observation is difficult to explain, it should be noted that mice that had been adapted 

to the running-wheel for already 2 weeks prior to induction of MI (EX-MI-EX), ran 

significantly longer daily distances immediately after MI (~7 km/day during the 

first week) as compared to the initially shorter daily distances in mice, which didn’t 

run before MI (SED-MI-EX), during the first 4 weeks (~2 km/day during the first 

week). Consequently, it cannot be excluded that this difference in immediate post-

MI exercise load offset some of the beneficial effects of post-MI exercise training. 

Future studies should address the influence of early post-MI exercise load on LV 

dysfunction in more detail, e.g. by restricting voluntary exercise in EX-MI-EX mice 

within the first week after MI. Or alternatively, by a short adaptation period (1-

2 days) to voluntary treadmill running, in the SED-MI-EX mice, to increase daily 

running distance immediately after MI. The precise mechanism for the blunted LV 

dysfunction in mice where exercise was started prior to MI cannot be determined 

from this thesis. There is evidence that the hearts of exercise-trained animals 

respond more effectively to stress. For example, trained rats have been shown 

to maintain or increase myocardial contractility more effectively in the face of a 

sustained pressure overload than sedentary animals.27 Future studies are needed 

to establish the molecular mechanisms underlying the alleviation of LV dysfunction 

by pre-MI exercise, which should include examination of possible exercise-induced 

improvements of intact cardiomyocyte function. 
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Future perspectives 

In response to a MI, cardiomyocytes undergo hypertrophic growth or apoptosis, 

responses associated with the development of cardiac pathologies. Research has 

been done into understanding of the stimuli, which promote these responses, 

and in identifying the underlying intracellular signaling pathways. These signaling 

pathways most likely modulate gene and protein expression to obtain the end-stage 

response. Pathological cardiac hypertrophy is accompanied by the induction of 

genes normally expressed during fetal development, such as atrial natriuretic factor, 

brain natriuretic peptide, skeletal α–actin and β-myosin heavy chain.28,29 Recent 

investigation has centered on identifying the molecular signaling pathways and 

its transcriptional factors that regulate pathological cardiac myocyte hypertrophy, 

for instance calcineurin-nuclear factor of activated T-cells (NFAT) pathway30 and 

myocyte enhancer factor-2 (MEF-2).31 Insulin-like growth factor 1 (IGF1), and its 

downstream PI3-kinase pathway, has been implicated in the regulation of body and 

organ size during postnatal development and is released in response to exercise 

training.32 

In our research, future studies are required to investigate in the early post-

MI phase the signaling transduction and gene expression pathways, which are 

responsible for pathological remodeling and the differences and/or similarities in 

these pathways compared to physiological remodeling as a result of voluntary 

exercise training. By investigating the signaling pathways implicated in the 

regulation of gene expression, the transcription factors they regulate and the 

changes in gene expression involved in our large MI-model and voluntary exercise 

model, we can obtain a better understanding of the role of exercise training in 

these pathways. Furthermore, it is of relevance to know whether exercise training 

after MI can change the development of pathological remodeling into the beneficial 

physiological remodeling. Moreover, it is relevant to identify the pathways involved 

in the beneficial effects of exercise training prior to MI for future treatment or 

reversal of pathological remodeling in humans. 

Finally, it will be of interest to perform meta-analysis of cohort studies to 

investigate the influence of physical fitness in the years prior to an acute MI 

on post-MI survival, infarct size and/or cardiac function among people without 

previous cardiovascular events.
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Pathologische linker ventrikel (LV) remodellering is een aanpassingsmechanisme 

dat optreedt om te compenseren voor de verstoorde pompfunctie van het hart 

die ontstaat na een hartinfarct. Hoewel dit proces een goedbedoelde poging 

is om de pompfunctie van het LV te herstellen, blijkt dat deze aanpassing een 

onafhankelijke risicofactor is voor het ontwikkelen van hartfalen. De onderliggende 

mechanismen die verantwoordelijk zijn voor de progressie van LV remodellering 

naar ernstig hartfalen worden nog niet volkomen begrepen. Recent onderzoek dat 

werd verricht in samenwerking met de afdeling Fysiologie van de VU universiteit 

in Amsterdam heeft aangetoond dat verstoringen in krachtontwikkeling van het 

contractiele apparaat en de afname in de hoeveelheid van de calciumpomp bijdragen 

aan LV disfunctie als gevolg van een hartinfarct. Niet alleen na een hartinfarct 

treedt remodellering van het hart op maar ook na langdurige en intensieve 

inspanningstraining. Echter, in tegenstelling tot de pathologische LV remodellering 

zoals die optreedt na een hartinfarct leidt fysiologische LV remodellering als gevolg 

van regelmatige inspanningstraining niet tot een verhoogde kans op hartfalen, maar 

resulteert zelfs in verbeterde LV functie en wordt geassocieerd met een afname 

van het risico tot het ontwikkelen van hartfalen. Er is nog veel onbekend over de 

effecten van inspanningstraining op remodellering en disfunctie van het LV na een 

hartinfarct. Studies in mensen en knaagdieren beschrijven tegengestelde effecten 

van inspanningstraining na een hartinfarct. In dit proefschrift is getracht om beter 

inzicht en begrip te krijgen in de invloed van regelmatige inspanningstraining op 

afwijkingen van het hart die geassocieerd worden met pathologische LV remodellering 

en disfunctie als gevolg van een acuut hartinfarct. In het bijzonder hebben we de 

rol van stikstofmonoxide (NO) in de positieve effecten van inspanningstraining 

bestudeerd in een muismodel.

In hoofdstuk 2 van dit proefschrift werden de effecten van 8 weken vrijwillige 

inspanningstraining welke werd gestart binnen 24 uur na een acuut hartinfarct 

(overeenkomend met ~43% van de LV massa), op LV remodellering en disfunctie 

in muizen onderzocht op in vivo, cellulair en moleculair niveau. Acht weken 

inspanningstraining na een hartinfarct had geen nadelig effect op LV dimensies 

en hypertrofie, terwijl LV disfunctie en ‘backward failure’ verbeterde. Bovendien, 

verbeterde inspanningstraining de door het hartinfarct geïnduceerde disfunctie van 

het contractiele apparaat. Dit laatste droeg waarschijnlijk bij aan de verbetering 

in verkorting van geïsoleerde intacte hartspiercellen, aangezien de amplitude van 

de [Ca2+]i transient niet veranderde als gevolg van inspanningstraining. Dit laatste 

kwam overeen met het gebrek aan effect van inspanningstraining op SERCA2a 

and phospholamban expressie. Inspanningstraining verbeterde tevens basale 
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diastolische calcium concentraties. Deze effecten van inspanningstraining werden 

waarschijnlijk gemedieerd via toegenomen eiwitexpressie van de β1-adrenerge 

receptor, cAMP en Na+/Ca2+-’exchanger’. Vervolgproeven zullen gedaan moeten 

worden om de functionele eigenschappen van de Na+/Ca2+-’exchanger’ te bepalen 

en om aan te tonen dat de kleine toename in eiwitexpressie van de Na+/Ca2+-

’exchanger’ verantwoordelijk was voor de door inspanningstraining geïnduceerde 

afname in diastolisch calcium, of dat andere mechanismen zoals een toename in 

sarcolemmale Ca2+-ATPase activiteit ook hieraan bijdroegen.

Verschillende studies suggereren een belangrijke rol voor de productie van 

endogeen NO in de positieve effecten van inspanningstraining. In vivo studies hebben 

bijvoorbeeld aangetoond dat inspanningstraining resulteert in een toename in de 

vasculaire expressie van eNOS, het enzym dat verantwoordelijk is voor de produktie 

van NO. Tevens blijkt inspanningstraining in gezonde individuen de beschikbaarheid 

van NO te verhogen via verschillende mechanismen, waaronder een toename in 

eNOS enzym expressie en activiteit. Deze aanpassingen dragen waarschijnlijk bij aan 

de bescherming door regelmatige inspanningstraining in individuen met verhoogde 

kans op cardiovasculaire aandoeningen of coronair vaatlijden. Daarom hebben we 

in hoofdstuk 3 de hypothese onderzocht dat eNOS een vereiste rol speelt in de 

positieve effecten van inspanningstraining op cardiale remodellering en disfunctie 

na een hartinfarct. Om dit te onderzoeken hebben we wild type, homozygote 

(eNOS-/-) als ook heterozygote (eNOS+/-) eNOS-deficiente muizen gebruikt. Het 

grootste deel van de cardiale afwijkingen die ontstonden na een hartinfarct in 

normale muizen, zoals remodellering van het LV, waaronder cardiomyocyte 

hypertrofie en de afname in capillaire dichtheid, toename in interstitieel collageen 

en apoptose, als ook LV systolische en diastolische functiestoornissen, verergerden 

niet in eNOS+/- of eNOS-/- muizen. De positieve effecten van inspanningstraining 

na een hartinfarct op LV systolische disfunctie, pulmonaire congestie, interstitieel 

fibrose en apoptose in normale muizen gingen verloren in eNOS+/- en eNOS-/- 

muizen, terwijl LV systolische disfunctie en pulmonaire congestie in eNOS+/- zelfs 

verergerden als gevolg van inspanningstraining. Daarom kunnen we concluderen 

dat volledige eNOS expressie vereist is voor de voordelen van inspanningstraining 

na een hartinfarct. Het zou mogelijk kunnen zijn dat in de afwezigheid van eNOS 

in eNOS-/- muizen, andere factoren, zoals prostacycline of nNOS, opgereguleerd 

worden of toegenomen zijn. Op deze manier wordt er gecompenseerd voor de 

afwezigheid van eNOS en verdere verslechtering van cardiale remodellering en 

functie na een hartinfarct voorkomen. Wanneer slechts één eNOS allel functioneel 

is, in eNOS+/- muizen, en zorgt voor normale basale eNOS expressie, zullen zulke 



Chapter 9: Nederlandse samenvatting 

185

compensatoire mechanismen waarschijnlijk niet optreden en zo het hart meer 

kwetsbaar maken voor de effecten van inspanningstraining. Om hiervan zeker te 

zijn zullen vervolgproeven gedaan moeten worden om de invloed van potentiële 

compensatiefactoren te bestuderen. De positieve effecten van inspanningstraining 

op de cardiale functie kunnen op zijn minst gedeeltelijk worden toegeschreven aan 

een door inspanningstraining geïnduceerde toename in eNOS expressie en activiteit. 

Daarom hebben we onderzocht of de positieve effecten van inspanningstraining 

na een hartinfarct kunnen worden nagebootst door toegenomen spiegels van 

eNOS. Als eerste bestudeerden we in hoofdstuk 4 de in vivo effecten van een 

10-12 keer verhoogde eNOS expressie op het cardiovasculaire systeem in een 

transgeen muismodel. Verhoogde eNOS expressie zorgde voor een afname in 

bloeddruk, plasma cholesterol en atherosclerose. Vervolgens werd dit muismodel 

met verhoogde eNOS expressie gebruikt in hoofdstuk 5 om te onderzoeken 

of verhoogde eNOS expressie de positieve effecten van inspanningstraining op 

LV remodellering en disfunctie na een hartinfarct kon nabootsen. De resultaten 

duidden erop dat in een muis met een hartinfarct, enkelvoudige therapie van 

inspanningstraining of verhoogde eNOS expressie globale LV fractionele verkorting 

en de kracht ontwikkeling van cardiomyocyten verbeterde, collageen afnam en 

pulmonaire congestie verminderde, hoewel alleen verhoogde eNOS expressie 

de overlevingskans van de muizen na een hartinfarct verbeterde. Gezien de 

complementaire mechanismen waarlangs inspanningstraining en verhoogde eNOS 

expressie positieve effecten bleken te hebben, testten we in het tweede deel van 

hoofdstuk 5 de hypothese dat inspanningstraining gecombineerd met verhoogde 

eNOS expressie, als behandelingstherapie, een additioneel voordeel zou hebben 

en onderzochten de onderliggende mechanismen. In contrast met onze hypothese 

lieten de resultaten onverwacht zien dat inspanningstraining samen met verhoogde 

eNOS expressie de positieve effecten van beide behandelingen apart op globale 

cardiale functie na een hartinfarct deden verdwijnen. We toonden aan dat deze 

nadelige interactie het resultaat was van verhoogde oxidatieve stress, als gevolg 

van eNOS ‘ontkoppeling’, aangezien een tekort van substraat (L-arginine) en/of co-

factoren (BH4) van eNOS kunnen resulteren in eNOS ‘ontkoppeling’ en daardoor 

worden reactieve zuurstof radicalen, zoals super oxide, in plaats van NO gevormd. 

Uit deze studie kon worden geconcludeerd dat inspanningstraining niet in elke 

situatie ongevaarlijk is, maar kan leiden tot een toename in oxidatieve stress. 

Verscheidene onderzoekers hebben gesuggereerd dat eNOS een positieve rol 

zou kunnen spelen in patienten met cardiovasculaire aandoeningen. Momenteel 

is er veel interesse naar de ontwikkeling van gentherapie in de behandeling 
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voor cardiovasculaire ziekten. De resultaten uit onze studie laten zien dat, in de 

toekomst, eNOS gentherapie in combinatie met fysieke inspanning (als onderdeel 

van veranderingen in leefstijl) zorgvuldig uitgebalanseerde voedingsmiddelen 

supplementen, als L-arginine en BH4, vereist om potentiële eNOS ‘ontkoppeling’ 

en verhoogde oxidatieve stress te voorkomen. Pre-klinische proefdierstudies zullen 

nodig zijn om in meer detail de optimale condities van fysieke inspanningstraining 

in combinatie met voedingsmiddelen supplementen te bepalen en zo eNOS 

gentherapie voor de behandeling van pathologische cardiale remodellering te 

kunnen gaan gebruiken.

Om inzicht te verkrijgen in de effecten van verhoogd cGMP op de functie van 

het hart, hebben we muizen gebruikt die ‘C-type natriuretic peptide’ (CNP) tot 

overexpressie brengen. cGMP wordt gesynthetiseerd uit GTP door ‘soluble guanylyl 

cyclases’ (sGC) en door ‘particulate guanylyl cyclases’ (pGC), deze ‘cyclases’ 

worden onderscheiden door de functie van hun belangrijkste subcellulaire lokatie en 

activatie. sGC zijn hoofdzakelijk gelokaliseerd in het cytosol en worden geactiveerd 

door NO, terwijl pGC integrale eiwitten van het celmembraan zijn die geactiveerd 

worden door bijvoorbeeld CNP. In hoofdstuk 6 is onderzocht of verhoogd 

cGMP via CNP activatie van pGC, in muizen met CNP overexpressie, resulteerde 

in verbeterde functie van het hart na een hartinfarct. De resultaten lieten zien 

dat verhoogde CNP expressie, die beperkt was tot de cardiomyocyten, door een 

hartinfarct geïndiceerde cardiale hypertrofie beperkt en weinig effect heeft op LV 

disfunctie. Deze studie geeft dus aan dat het CNP/cGMP signaaltransductiepad 

een belangrijke rol speelt in de locale regulatie van cardiale hypertrofie onder 

pathofysiologische omstandigheden. Modulatie van dit signaaltransductiepad zou 

een potent nieuw therapeutisch doel kunnen zijn voor de behandeling van patienten 

met een hartinfarct of door hypertensie geïnduceerde hypertrofie van het hart.

Ten slotte wordt er gesuggereerd dat fysieke inactiviteit een onafhankelijke 

risicofactor is voor het ontwikkelen van cardiovasculaire aandoeningen. 

Epidemiologische studies laten inderdaad zien dat matige (b.v. wandelen) en heftige 

inspanningstraining in gezonde mensen wordt geassocieerd met een substantiele 

afname in de incidentie van cardiovasculaire aandoeningen. De positieve effecten 

van inspanningstraining strekken zich uit tot patienten met ernstige hartziekten, 

waarbij regelmatige fysieke activiteit de incidentie van cardiale aandoeningen 

en sterfte door andere oorzaken dan cardiale aandoeningen reduceerd. Verder 

is het bewezen dat wanneer inspanningstraining gestart wordt na een cardiaal 

event, bijvoorbeeld een hartinfarct, LV remodellering en disfunctie (hoofdstuk 

2 van dit proefschrift) zullen verbeteren. Er is echter weinig bekend over de 
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beschermende effecten van inspanningstraining wanneer deze al wordt gestart 

voordat een cardiaal event, zoals een hartinfarct, plaats vindt. Hoofdstuk 7 van dit 

proefschrift beschrijft dat wanneer inspanningstraining gestart werd voorafgaand 

of na een hartinfarct, LV disfunctie verminderde, terwijl inspanningstraining 

voorafgaand aan een hartinfarct ook de overlevingskans verbeterde, dit laatste 

was waarschijnlijk het gevolg van verbeterde genezing van het infarct(litteken)w

eefsel. Deze resultaten laten zien dat zelfs wanneer regelmatige fysieke activiteit 

niet een acuut hartinfarct kan voorkomen, het wel kan zorgen voor verbeterde 

functie van het hart en overlevingskans na een hartinfarct. In contrast hiermee 

gaan de positieve effecten van inspanningstraining, wanneer deze start voor of na 

een hartinfarct, op LV disfunctie verloren in muizen die werden blootgesteld aan 

inspanningstraining zowel voor als na het optreden van een hartinfarct (EX-MI-

EX). Hoewel deze waarneming moeilijk te verklaren is, moeten we er rekening mee 

houden dat de muizen die al 2 weken hebben kunnen wennen aan de tredmolen 

voor het optreden van het hartinfarct (EX-MI-EX), direct na het hartinfarct langere 

afstanden liepen per dag (~7 km/dag gedurende de eerste week) in vergelijking 

met de in eerste instantie kortere afstanden (~2 km/day during the first week) 

die per dag werden afgelegd door muizen die niet voor het hartinfarct gewend 

waren aan de tredmolen (SED-MI-EX). Daarom kunnen we niet uitsluiten dat 

deze verschillen in acute inspanningstrainingbelasting direct na het hartinfarct 

sommige van de positieve effecten van inspanningstraining na het hartinfarct te 

niet doen. Toekomstige studies zullen zich in meer detail moeten richten op de 

invloed van inspanningstrainingbelasting direct na het hartinfarct op LV disfunctie. 

Eeen mogelijkheid is om vrijwillige inspanningstraining te beperken in EX-MI-EX 

muizen in de eerste week na een hartinfarct. Een alternatief zou kunnen zijn om 

de SED-MI-EX muizen voor een korte periode (1-2 dagen) te laten wennen aan 

de tredmolen, om zo de dagelijkse loopafstand direct na een hartinfarct te laten 

toenemen. Het preciese mechanisme voor verbeterde LV disfunctie in muizen waarbij 

inspanningstraining werd gestart voor een hartinfarct kan niet worden bepaald uit 

de resultaten die gepresenteerd worden in dit proefschrift. Het is bewezen dat 

harten van dieren die getraind zijn meer effectief reageren op stress. In getrainde 

ratten is bijvoorbeeld aangetoond dat de contractiliteit van het hart behouden blijft 

of zelfs toeneemt na een langdurige periode van drukbelasting, in vergelijking met 

sedentair gehuisveste ratten. Voor onze studie zullen vervolgproeven nodig zijn 

om de moleculaire mechanismen aan te tonen die bijdragen aan de verbeterde LV 

disfunctie door inspanningstraining wanneer die gestart wordt voor een hartinfarct. 

Dit houdt ook in dat mogelijke inspanningstraining geïnduceerde verbeteringen in 
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functie van intacte hartspiercellen moeten worden bestudeerd. 

Toekomstig onderzoek

Hartspiercellen ondergaan hypertrofe groei of apoptose na het optreden van 

een hartinfarct. Deze reactie wordt gekoppeld aan de ontwikkeling van ziekten 

van het hart. Er is veel onderzoek gedaan naar de prikkels die verantwoordelijk 

zijn voor het aanzetten van deze processen en om de onderliggende 

signaaltransductiepaden te identificeren. Deze signaaltransductiepaden zijn zeer 

waarschijnlijk verantwoordelijk voor het modificeren van gen- en eiwitexpressie. 

Pathologische hypertrofie van het hart gaat gepaard met het induceren van genen 

die normaal gesproken tot uiting komen gedurende de embryonale ontwikkeling, 

bijvoorbeeld ‘atrial natriuretic factor’, ‘brain natriuretic peptide’, ‘skeletal α–actin’ 

en ‘β-myosin heavy chain’. Recent onderzoek is gericht op het identificeren van de 

moleculaire signaaltransductiepaden en de transcriptie factoren die pathologische 

hypertrofie van de hartspiercellen reguleren, bijvoorbeeld ‘calcineurin-nuclear 

factor’, ‘activated T-cells (NFAT) pathway’ en ‘myocyte enhancer factor-2 (MEF-

2)’. ‘Insulin-like growth factor 1 (IGF1)’, en zijn ‘downstream’ PI3-kinase pad, 

blijkt betrokken te zijn bij de regulatie van lichaams- en orgaangrootte gedurende 

postnatale ontwikkeling en komt vrij in respons op inspanningstraining. 

Binnen ons onderzoek zijn toekomstige studies nodig om in de vroege fase na 

een hartinfarct de signaaltransductiepaden en genexpressie die verantwoordelijk 

zijn voor pathologische remodellering van het hart te bestuderen. Ook zullen de 

verschillen en/of overeenkomsten tussen deze paden moeten worden vergeleken 

met fysiologische remodellering van het hart als gevolg van inspanningstraining. 

Door te onderzoeken welke signaaltransductiepaden betrokken zijn in de regulatie 

van de genexpressie, de transcriptiefactoren die ze reguleren en de veranderingen 

die optreden in de genexpressie die betrokken zijn in ons model van een groot 

hartinfarct en ons model voor inspanningstraining, kunnen we de rol van 

inspanningstraining op deze paden beter begrijpen. Verder is het relevant om te 

weten of inspanningstraining na een hartinfarct de ontwikkeling van pathologische 

remodellering positief kan beïnvloeden in de richting van de goede fysiologische 

remodellering. Bovendien is het interessant om de paden te identificeren die 

betrokken zijn bij de positieve effecten van inspanningstraining wanneer deze 

gestart wordt voordat een hartinfarct plaats vindt, om zo in de toekomst patienten 

te kunnen behandelen tegen pathologische remodellering. 

Tot slot is het interessant om een meta-analyse van cohort studies uit te voeren, 

om zo de invloed van fysieke fitheid in de jaren voordat een acuut hartinfarct 
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optreedt op de overlevingskans, infarct grootte en/of functie van het hart te 

onderzoeken onder mensen die niet eerder een cardiovasculair event hebben 

meegemaakt. 
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Chapter 1
Figure 2: Sarcomere structure. 
The major proteins that are involved in contractile activation and regulation are shown 
in diastole (top panel) and systole (bottom panel).20 Abbreviations: TnI: troponin I, TnT: 
troponin T, TnC: troponin C, MLC: myosin light chain, globular head portion (S1) and hinged 
stalk region (S2) of myosin, MyBPC: myosin binding protein C, Ca2+: calcium.
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Chapter 2
Figure 2: 
A, Masson’s trichrome staining showing the green/blue infarct area in longitudinal cross-
section of the LV, 8 weeks after permanent LAD ligation. MI includes the anterior wall and 
apical part of the LV. B, Magnifications of the Masson’s trichrome image showing collagen and 
myocyte CSA in viable myocardium (remote zone in MI mice).
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Chapter 4
Figure 2: Expression pattern of human eNOS in 
transgenic mice 
Organs from eNOStg2 mice were collected after in situ 
fixation. Paraffin sections were incubated with antihuman 
eNOS antibody and a peroxidase-conjugated secondary 
antibody. A, heart. B, liver. C, kidney. D, adrenal. 
E, testis tissue. Arrowheads indicate representative 
immunoreactive capillaries; arrows indicate larger blood 
vessels. Original magnification, ×400. 

Chapter 4
Figure 1C: 
Immunohistochemistry on aortas from control, eNOStg2, 
or -3 mice. Aortas were collected after in situ fixation. 
Paraffin sections were incubated with antihuman eNOS 
antibody and a peroxidase-conjugated secondary 
antibody. Original magnification, x630.
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Chapter 4
Figure 4B: 
Representative photomicrographs of hematoxylin and eosin-stained 
paraffin sections with lesion areas in the aortic valves (arrowheads). 
Original magnification, ×25. 
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Chapter 5
Figure 5B: 
Representative examples of dihydroethidium fluorescence (x200).  
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Chapter 6
Figure 4. Cardiac morphological changes after myocardial infarction. 
Normal-appearing cadiomyocytes were found in sham-operated wild-type (WT) and 
transgenic (TG) mice (A and B). There was prominent muscular degeneration and a moderate 
mononuclear inflammatory infiltrate in the infarcted area of wildtype animals (C), while only 
mild degeneration of myofibrils was observed in the infarcted transgenic group, and there 
is no mononuclear inflammatory infiltrate (D). Representative photographs stained with 
hematoxylin and eosin (H.-E.) are given. Bar=100 μm.

Chapter 6
Figure 5. Histological analysis to determine the effect of CNP over-expression on 
cardiac fibrosis.
Normal myofibrils (red staining) were found in sham-operated wild-type (WT) and transgenic 
(TG) mice with no detectable fibrosis (blue staining) (A and B). Marked fibrosis and few 
muscle fibers were observed in the infarcted area of wild-type mice (C). Infarcted transgenic 
mice showed still marked fibrosis but more abundant myofibrils (D). Representative Ladewig 
staining photographs are given. Bar=100 μm.
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Chapter 7
Figure 3: 
Macroscopic and microscopic representative examples of LV infarct (A) and remote (B) 
myocardium.
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Dankwoord

In de jaren voorafgaande aan het schrijven van dit proefschrift waren veel 

mensen betrokken bij het tot stand komen van mijn publicaties. Ik wil natuurlijk 

niemand vergeten en bedank hierbij iedereen van de afdeling Fysiologie van de VU 

Amsterdam, de afdeling Experimentele Cardiologie van de Universiteit van Leuven 

en de afdelingen Experimentele Cardiologie, Celbiologie, Genetica en Biochemie 

van het ErasmusMC.

Mijn promotor, Prof. Dr. D.J. Duncker, wil ik in de eerste plaats bedanken voor de 

mogelijkheid en het vertrouwen om te promoveren bij de afdeling Experimentele 

Cardiologie. Beste Dirk, jouw enthousiasme voor dit vak is onuitputtelijk en 

voor mij erg aanstekelijk. Je zorgde ervoor dat ik naast mijn promotieonderzoek 

verschillende samenwerkingsprojecten startte……alleen om dan een nieuw project 

te willen beginnen als je promovenda in de stress zit of het proefschrift op tijd af is, 

is misschien wat te veel van het goede. Bedankt voor alles wat je me geleerd hebt 

binnen dit vakgebied, maar ook voor alle andere niet werk gerelateerde gesprekken 

en discussies. De ‘circle of influence’ en de ‘circle of confidence’ blijft een boeiend 

en steeds terugkomend onderwerp. De ‘circle of irritation’ moet misschien aan dit 

rijtje worden toegevoegd.

Graag wil ik de leden van de promotiecommissie, Prof. Dr. Danser, Prof. Dr. van der 

Giessen en Prof. Dr. Sipido, bedanken voor het beoordelen van dit proefschrift.

Mijn co-promotoren, Dr. Jolanda van der Velden en Dr. Rini de Crom wil ik bedanken. 

Beste Jolanda, toen ik jou leerde kennen zag ik voor het eerst dat Dirk niet de 

enige was met een enorm enthousiasme voor het vak. Ik vind het echt super 
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