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Introduction

A number of mechanisms have been put forward to explain the pathogenesis of cardiomyopathies associated with clinical manifestations. It is likely that the cause is multifactorial. Previous studies indicate that terminal stage heart failure is characterized by extensive myocardial damage with altered structure of the myocardium [START_REF] Beltrami | The cellular basis of dilated cardiomyopathy in humans[END_REF]. One important compensatory mechanism that maintains adequate tissue perfusion during functional impairment of the heart is the increase in the failing cardiac output by a compensatory increase in the activity of the sympathetic nervous system. Many years ago, it was shown that myocardial levels of norepinephrine (NE) were depleted in patients with congestive heart failure, even though NE turnover was increased [START_REF] Chidsey | Myocardial norepinephrine concentration in man. Effects of reserpine and of congestive heart failure[END_REF]. Marked regional variations in levels of NE have been reported in cardiomyopathic left and right ventricles [START_REF] Ungerer | Regional in vivo and in vitro characterization of autonomic innervation in cardiomyopathic human heart[END_REF][START_REF] Rochette | Regional heterogeneity of decreased myocardial norepinephrine and increased lipid peroxidation levels in patients with end-stage failing heart secondary to dilated or ischemic cardiomyopathy[END_REF] and, on the other hand, experimental studies have shown that catecholamines were able to induce oxidative stress (OS) in the heart [START_REF] Amin | Reactive oxygen species mediate alpha-adrenergic receptor-stimulated hypertrophy in adult rat ventricular myocytes[END_REF]. It appears then that the relationships between NE metabolism and changes in oxidative stress are not clearly demonstrated.

Dysfunction in the failing myocardium may result from oxidative stress disequilibrium [START_REF] Ide | Direct evidence for increased hydroxyl radicals originating from superoxide in the failing myocardium[END_REF][START_REF] Dieterich | Gene expression of antioxidative enzymes in the human heart: Increased expression of catalase in the end-stage failing heart[END_REF].

Growing evidence suggests that oxidative stress modification may be induced by ionic metals such as iron and cupper. Iron is an essential trace element that contributes to the destabilization of redox potential, in particular with regard to the hydroxyl radical produced in Fenton's reaction [START_REF] Halliwell | Role of free radicals and catalytic metal ions in human disease: An overview[END_REF]. Under normal physiological conditions, body iron is well protected from taking part in uncontrolled oxidative reactions [START_REF] Gutteridge | Free" iron in neonatal plasma activates aconitase: Evidence for biologically reactive iron[END_REF][START_REF] Cottin | Plasma iron status and lipid peroxidation following thrombolytic therapy for acute myocardial infarction[END_REF]. It has been suggested that modifications in its metabolism was able to contribute to coronary heart disease [START_REF] Salonen | High stored iron levels are associated with excess risk of myocardial infarction in eastern finnish men[END_REF][START_REF] Tuomainen | Association between body iron stores and the risk of acute myocardial infarction in men[END_REF].

Studies have presented evidence that heart failure situations are characterized by a great number of metabolic and histological defects that occur during different stages of the disease [START_REF] Jarreta | Mitochondrial function in heart muscle from patients with idiopathic dilated cardiomyopathy[END_REF][START_REF] Gonzalez | Cardiomyocyte apoptosis in hypertensive cardiomyopathy[END_REF][START_REF] Anversa | Myocyte death and growth in the failing heart[END_REF]. However, in these studies the results did not provide strong evidence of a correlation between the antioxidant status of myocardial tissue and cardiac function; the biological parameters were evaluated in the patients' plasma but not in their tissue.

Thus, the purpose of the present study was to investigate both levels of NE, iron and the lipid peroxidation index in different parts of explanted hearts and aortic tissue obtained from patients with dilated cardiomyopathy (DCM). The relationships between NE signalling, oxidative stress and functional parameters were evaluated.

Materials and Methods

Ethics statement

The study was conducted in accordance with the Helsinki Declaration of 1975 (revised 1983) and institutional ethical regulations. Explanted hearts were obtained from patients undergoing cardiac transplantation for ischemic cardiomyopathy. These patients suffered from heart failure clinically classified according to the New York Heart Association class IV CHF on the basis of clinical symptoms and signs as assessed by the cardiologist shortly before the operation; all patients gave written informed consent to participate in the study. For the normal control subjects (non-failing hearts rejected for transplantation for clinical reasons, suspicion of infection and liver disease), written family consent was provided on behalf of deceased organ donors. The study design was approved by the Ethics Committee for Organ Transplant and Local Committee for the Protection of People in Biomedical Research (CCPPRB, CHU Bocage, Dijon, France) before the study began.

Patients and myocardial samples

Myocardial and vascular tissues from the heart were obtained from 12 consenting patients with DCM who underwent orthotopic cardiac transplantation. Cardiac medication of these patients included angiotensin-converting enzyme inhibitors, angiotensin-2 type-1 receptor antagonists, beta-blockers, diuretics and aldosterone antagonists. Hearts from brain-dead organ donors (n=4) that were rejected for transplantation for clinical reasons were included in this study (Controls). Regarding the donor-related characteristics, dopamine (10µg/kg/min) and dobutamine (10 µg/kg/min) had been administered to the 4 donors during intensive care.

The waiting period between the diagnostic of brain-dead and the start of the cross-clamping period has been to 6-8h. No more detail on the indication of treatment during intensive care before organ donation had been obtained from the hospitals.

The hearts from patients with DCM were arrested in situ with ice-cold St Thomas' Hospital cardioplegic solution. The explanted heart was placed on ice immediately after removal from the body and transported to the laboratory within 20 min in ice-cold cardioplegic solution.

Selected clinical features of the transplant recipients are shown in Table 1.

The hearts were sectioned for analysis. In each one, the left ventricle (endocardium and epicardium), left and right atrium and samples of the initial part of ascending aorta were also excised. Frozen specimens were crushed under liquid nitrogen to obtain a powder. In order to reduce the effect of variations between specimens, the levels of NE and lipid peroxidation were expressed as nM/g protein. Protein levels were measured according to the Lowry method.

Measurement of norepinephrine

Tissue NE was assayed by high-pressure liquid chromatography with electrochemical detection [START_REF] Rochette | Effect of repeated regional myocardial ischemia in the rat heart on reperfusion arrhythmias and release of norepinephrine[END_REF]. Each fragment was homogenized on ice for 1 minute in a solution containing 0.2 M perchloric acid, 2.7 mM ethylene diamine tetracetate (EDTA), 5.26 mM sodium metabisulfite, and 100 µl of an internal standard, 3,4-dihydroxybenzylamine hydrobromide.

The samples were centrifuged at 13,000g for 6 minutes at 4°C. The supernatants were analyzed by high-performance liquid chromatography (HPLC) with a reverse phase column (60 RP Select B, 250 x 4 mm, 5 µm), with electrochemical detection. The potential of the electrochemical detector was set at +0.85V. The mobile phase consisted of 0.08 M sodium phosphate, 0.27 mM EDTA, 3.7 mM octan-1-sulfonic acid at pH 3.5.

Measurement of lipid peroxidation

The hearts were homogenized in 5 volumes of 50 mM phosphate buffer at pH 7.4 containing 0.1 mM EDTA or in 5 volumes of a 0.25 M sucrose solution. Lipid peroxidation (malondialdehyde: MDA) in tissues was evaluated by the thiobarbituric acid reaction (TBAR); using spectrofluorimetry [START_REF] Dalloz | Effects of combined irradiation and doxorubicin treatment on cardiac function and antioxidant defenses in the rat[END_REF] . Cardiac homogenates were combined with the trichloracetic acid (TCA)-TBA-hydrochloric acid (13.5% w/v, 0.33% w/v, 0.85 N respectively) reagent and thoroughly mixed. The tubes were boiled for 15 min and cooled in a bucket of ice. TCA (70%) was then added and after 20 min of incubation, the flocculent precipitate was removed by centrifugation. The fluorescence was measured at 515 nm excitation and 553 nm emission. Thiobarbituric acid reactive substances (TBARS) were expressed as nM of MDA per gram of proteins.

Measurement of iron in tissues

The tissues were wet ashed in nitric acid using a Kjeldhal apparatus. The samples were digested for 4 h and diluted with deionized water. Using appropriate standards to establish linear standard curves, iron concentrations in tissues were determined by reaction with ortho-phenanthroline to form a coloured complex [START_REF] Cottin | Plasma iron status and lipid peroxidation following thrombolytic therapy for acute myocardial infarction[END_REF]. The most strongly absorbed light is found by measuring the absorbance between 400-600 nm. The values were expressed as µg/g protein.

Statistical analysis

Comparisons between control tissue and tissue from pathological hearts were made using the Student's t-test or the Mann-Whitney test. A probability of  0.05 was considered significant.

All data are reported as the mean ± S.E.M.

Results

Hemodynamic parameters

The hemodynamic parameters in each group are given in Table 1. At cardiac catheterization, left ventricular dysfunction was present at rest with a mean pulmonary capillary wedge pressure (PCWP) of 26.3 ± 2.7 mmHg in the group of patients with cardiomyopathy. The preoperative left ventricular ejection fraction (LVEF) was low in all patients; the mean LVEF was 19.1 ± 2.6 %; (10 patients in end-stage heart failure: LVEF values < 22 %.). The LVEF values in control hearts were between 50 and 60%.

Norepinephrine levels

The data for NE content in the different parts of the hearts and vessels are summarized in Table 2 .There were significant differences in the concentration of NE in the various parts of the myocardium. There were several differences in the distribution of NE among the various subdivisions of the atria and ventricles studied. NE content was consistently and significantly higher in the right atria than in the left atria or in the ventricles (right atria and left atria, respectively: 6.78 ± 3.25 ng/mg prot and 3.32 ± 1.21 ng/mg prot in the cardiopathy group and 19.10 ± 0.89 ng/mg prot and 6.95 ± 0.26 ng/mg prot in the C group). The hearts of DCM patients had lower levels of NE in the left ventricle than did control hearts (p<0.05). NE levels in the aorta were very low in comparison with levels in the different parts of the myocardium.

A significant correlation between NE levels and LVEF (%) (p = 0.022) was observed in the samples of left atria from patients (Fig 1).

MDA levels

Tissue levels of MDA for the regions of the heart and vascular samples are given in Table 3.

There was considerable variation in MDA concentrations between the hearts of the patients with cardiomyopathy and controls. MDA levels tended to be higher in the different samples from the DCM group in comparison with the values obtained in the C group; the values were significantly decreased (p<0.05) in endocardium and the aortic samples. Levels of iron in the myocardium and aorta did not differ significantly between hearts from the cardiomyopathy patients and control hearts.

Iron levels

A significant correlation between MDA and iron concentrations in the right atrium was found in groups of patients with DCM p=0.008 (Fig 2). In contrast, no significant correlation was noted in the left atrium. We found no correlation between levels of MDA and iron in other parts of the myocardium or vessels from the same patients.

Discussion

Levels of NE in tissue showed a regional variation that was apparent in all hearts (controls or DCM group). We observed a higher NE concentration in the right atrium than in the left. NE levels in the aorta were low in comparison with those found in the ventricles or atria. Our study is in accordance with previous results showing that NE concentrations in the different parts of the heart may vary significantly [START_REF] Pierpont | Ventricular myocardial catecholamines in primates[END_REF][START_REF] Regitz | Myocardial catecholamine content after heart transplantation[END_REF]. Heterogeneous regional function determined by magnetic resonance imaging has been described in patients with hypertrophic cardiomyopathy [START_REF] Kramer | Regional heterogeneity of function in hypertrophic cardiomyopathy[END_REF]. This heterogeneity may reflect regional variations in myocardial dysfunction and fibrosis that is characteristic of this pathology. Heng et al. [START_REF] Heng | Estimation of regional stress in the left ventricular septum and free wall: An echocardiographic study suggesting a mechanism for asymmetric septal hypertrophy[END_REF] suggested the importance of geometrical determinants of altered intramyocardial strain in some areas of the myocardium. It has been reported that hypertrophic cardiomyopathy involves sympathetic dysinnervation [START_REF] Schafers | Myocardial presynaptic and postsynaptic autonomic dysfunction in hypertrophic cardiomyopathy[END_REF] and that dilated cardiomyopathy is frequently associated with regional neuronal dysfunction [START_REF] Momose | How heterogeneous is the cardiac autonomic innervation?[END_REF]. This may reflect variations in wall stress, but also the regional and heterogeneous loss of neuronal tissue. In our study, the right ventricles of cardiomyopathy patients appeared to have depleted levels of NE [START_REF] Rochette | Regional heterogeneity of decreased myocardial norepinephrine and increased lipid peroxidation levels in patients with end-stage failing heart secondary to dilated or ischemic cardiomyopathy[END_REF]. Previous results showed a similar phenomenon in both ventricles for a variety of biochemical changes in heart failure [START_REF] Sridhar | Chronic heart failure and the substrate for atrial fibrillation[END_REF][START_REF] Liu | Antioxidant interventions as novel preventive strategies for postoperative atrial fibrillation[END_REF][29].

An important result of our work lies in the fact that we showed for the first time a correlation between the values of preoperative LVEF and NE concentrations in the left atria of patients with cardiomyopathy. This result may reflect variations in wall stress in the left atrium but also a mechanism of chronic adaptation. It has been reported that several neurohormonal factors, including catecholamines are involved in the process of cardiac remodelling associated with heart failure [START_REF] Hunter | Signaling pathways for cardiac hypertrophy and failure[END_REF].

The development and progression of heart failure depends on a variety of cellular and molecular abnormalities including oxidative stress, mediated by the generation of oxygen free radicals [START_REF] Amin | Reactive oxygen species mediate alpha-adrenergic receptor-stimulated hypertrophy in adult rat ventricular myocytes[END_REF][START_REF] Ide | Direct evidence for increased hydroxyl radicals originating from superoxide in the failing myocardium[END_REF]. The present study demonstrates that in failing human myocardium, the endocardium of the left ventricle and aorta showed higher levels of lipid peroxides compared with controls (p < 0.05). Our results are in agreement with others that showed an increase in myocardial MDA content in the failing human myocardium [START_REF] Maack | Oxygen free radical release in human failing myocardium is associated with increased activity of rac1gtpase and represents a target for statin treatment[END_REF]. In the study by Maack et al [START_REF] Maack | Oxygen free radical release in human failing myocardium is associated with increased activity of rac1gtpase and represents a target for statin treatment[END_REF], lipid peroxidation was measured in only one part of the ventricular myocardium.

An important question addressed in our study is the difference between the results for the two atria. The NE content was consistently and significantly higher in the right atria than in the left atria or in the ventricles. It is important to observe that the atria of DCM patients had lower levels of NE that did control atria. MDA levels tended to be higher in the atria of the DCM group in comparison with the values obtained in the C group. A significant correlation between MDA and iron concentrations in the right atrium was observed in groups of patients with DCM. It is well documented that iron overload causes oxidative damage, and cardiomyopathy [START_REF] Tuomainen | Serum ferritin concentration is associated with plasma levels of cholesterol oxidation products in man[END_REF][START_REF] Sridhar | Chronic heart failure and the substrate for atrial fibrillation[END_REF]. To our knowledge, this is the first demonstration of a decrease in NE associated with an increase in the oxidative index; a significant correlation between this index and iron content was observed in the right atria of patients with heart failure. These results reinforce the concept that chronic heart failure is characterised in the atria by excessive adrenergic activity and an increase in oxidative stress. A recent report indicates that levels of endogenous antioxidant agents such as glutathione are reduced in left atrial samples from patients with chronic heart failure, suggesting that abnormal oxidative stress balance plays a role in human heart failure [START_REF] Liu | Antioxidant interventions as novel preventive strategies for postoperative atrial fibrillation[END_REF]29]. Oxidative stress has also been implicated in forms of atrial remodelling [START_REF] Dudley | Atrial fibrillation increases production of superoxide by the left atrium and left atrial appendage: Role of the nadph and xanthine oxidases[END_REF].

Concerning our results for the aortic samples, it appears that the levels of NE in the aorta were very low in comparison with the levels in the different parts of the myocardium. Only a few studies in human vessels have been performed to date. In general, the distribution of NE in different regions of the heart and vessels has been examined using experimental approaches.

The vessels contain lower concentrations of NE than do the ventricles or atria. These findings are in agreement with the distribution of adrenergic receptors and the expression of adenylcyclase subtypes associated with these receptors [START_REF] Wang | Differential expression of adenylyl cyclase subtypes in human cardiovascular system[END_REF]. Our results are in accordance with the recent results reported by Jensen et al [START_REF] Jensen | The alpha-1d is the predominant alpha-1-adrenergic receptor subtype in human epicardial coronary arteries[END_REF]. These authors found that, in humans, the absolute level of alpha-adrenergic receptors was lower in the arteries than in the left ventricle.

One limitation of our study relates to the control group; the control and heart failure groups were not matched for age and medications. However, it is not easy to obtain cardiac tissue biopsies from patients without heart failure. Furthermore, it is obvious that the cardiac medications may be able to modulate adrenergic stress and oxidative status in heart-failure patients and brain-dead organ donors; the control patients receiving dopamine and dobutamine. These are unavoidable limitations of such studies using human myocardial samples.

In summary, we demonstrated that significantly lower levels of myocardial and vascular NE were associated with an increase in peroxidation in patients with heart failure secondary to dilated cardiomyopathy. Our study confirms the hypothesis that oxidative stress plays a role in human heart failure. We have demonstrated a significant correlation between lipid peroxidation and iron content in the right atrium; these finding could provide further insights into the relationship between disturbances in iron metabolism and the severity of cardiovascular diseases, such as atrial fibrillation. A significant correlation between MDA and iron concentration was observed in the right atrium suggesting that in some cardiovascular pathologies such as heart failure, the iron status is modified. 
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Table 1 : Clinical characteristics of heart transplant recipients

 1 

		Dilated cardiomyopathy	Controls
		(DCM)	(C)
	Sex M/F	10/2	4/0
	Age (Yr)	54 ± 2	18, 25 27, 37
	Left ventricular ejection fraction (%)	19.1 ± 2.6	50,50, 55, 60
	Cardiac Index (litres/min per m 2 )	1.9 ± 0.1	ND
	Pulmonary capillary Wedge pressure (mmHg)	26.3 ± 2.7	ND
	Means ± SEM		
	ND: not determined		
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