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Iron-mediated injury plays an important role in a number of heart disorders.

Studies on heart iron are therefore crucial for understanding the causes of excessive heart iron. Heart cells have the ability to accumulate transferrin-bound-iron via the transferrin receptor and non-transferrin-bound-iron probably via the L-type Ca2+ channel and the divalent metal transporter1. However, little is known about the mechanisms of iron export in the heart cells. Here, we investigated expression of iron exporters inclu ding ferroportin 1 (Fpn1), ceruloplasmin (CP) and hephaestin (Heph) and provided evidence for their existence in the heart. We demonstrated that iron has a significant effect on expression of Fpn1 and CP, but not Heph. Treatment of a highiron diet induced a significant increase in Fpn1, a decrease in CP but no change in Heph mRNA and protein. The control of Fpn1 and CP protein expression by iron was parallel to that of their mRNA expression, suggesting a transcriptional regulation of Fpn1 and CP by iron. The existence of these proteins in the heart implies that they might have a role in heart iron homeostasis.

Introduction

Iron is an essential trace element in humans. As in all cells, heart cells require iron for many aspects of their physiology. On the other hand, an excess of iron in the heart can be potentially harmful via the generation of reactive oxygen species. A vast amount of literature shows that iron-mediated injury plays an important role in the development of a number of heart disorders, including heart ischemia-reperfusion injury [START_REF] Berenshtein | Patterns of mobilization of copper and iron following myocardial ischemia: possible predictive criteria for tissue injury[END_REF][START_REF] Chen | Hydrogen peroxide enhances ironinduced injury in isolated heart and ventricular cardiomyocyte in rats[END_REF], acute myocardial infarction [START_REF] Klipstein-Grobusch | Serum ferritin and risk of myocardial infarction in the elderly: the Rotterdam Study[END_REF][START_REF] Tuomainen | Association between body iron stores and the risk of acute myocardial infarction in men[END_REF] and coronary heart diseases [START_REF] Tzonou | Dietary iron and coronary heart disease risk: a study from Greece[END_REF]. Iron may also be involved in the development of cardiotoxicity induced by doxorubicin [START_REF] Minotti | The secondary alcohol metabolite of doxorubicin irreversibly inactivates aconitase/iron regulatory protein-1 in cytosolic fractions from human myocardium[END_REF][START_REF] Minotti | Role of iron in anthracycline cardiotoxicity: new tunes for an old song?[END_REF][START_REF] Xu | Melatonin protects against cardiac toxicity of doxorubicin in rat[END_REF][START_REF] Zaman | Angiotensin-converting enzyme inhibition attenuates hypofibrinolysis and reduces cardiac perivascular fibrosis in genetically obese diabetic mice[END_REF] and is associated with significant cardiovascular morbidity and mortality in hemochromatosis [START_REF] Pereira | Hemochromatosis gene variants in patients with cardiomyopathy[END_REF][START_REF] Sullivan | Hereditary haemochromatosis and the hypothesis that iron depletion protects against ischemic heart disease[END_REF] and bata-thalassemia [START_REF] Aessopos | Cardiac involvement in thalassemia intermedia: a multicenter study[END_REF]. Iron chelation therapy can significantly improve heart reperfusion injury, the prognosis in thalassemia patients and the endothelial function of patients with coronary artery diseases [START_REF] Duffy | Short-and long-term black tea consumption reverses endothelial dysfunction in patients with coronary artery disease[END_REF][START_REF] Horwitz | Iron-mediated cardiovascular injury[END_REF][START_REF] Horwitz | Lipophilic siderophores of M ycobacterium tuberculosis prevent cardiac reperfusion injury[END_REF][START_REF] Taher | Comparison between deferoxamine and deferiprone (L1) in iron-loaded thalassemia patients[END_REF]. This implies a key role of iron in the pathogenesis of these diseases. Therefore, study on the mechanism of iron balance in the he art is crucial for the understanding of the cause of excessive iron accumulation in the heart as well as the development of new approaches for the treatment of patients with heart iron overload.

Under physiological conditions, the cell iron levels are precisely regulated.

Transferrin receptor (TfR) and ferritin are two important proteins that play a primary role in the management of cell iron. By controlling the expression of these two proteins, cells can determine the amount of iron acquired and sequestered [START_REF] Qian | Mechanisms of iron uptake by mammalian cells[END_REF][START_REF] Qian | Iron crosses the endosomal membrane by a carrier-mediated process[END_REF][START_REF] Qian | Expression of iron transport proteins and excessive iron accumulation of iron in the brain in neurodegenerative disorders[END_REF]. In most types of cells, the coordinated control of TfR and ferritin by cellular iron occurs at the post-transcriptional level and is mediated by the cytoplasmic RNA binding
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protein, known as the iron regulatory protein (IRP) [START_REF] Hentze | Molecular control of vertebrate iron metabolism: mRNA-based regulatory circuits operated by iron, nitric oxide, and oxidative stress[END_REF][START_REF] Klausner | Regulating the fate of mRNA: the control of cellular iron metabolism[END_REF]. In addit ion to TfR mediated transferrin -bound iron (Tf-Fe) uptake, the heart cells are able to assimilate a large amount of non-transferrin-bound iron (NTBI) [START_REF] Link | Heart cells in culture: a model of myocardial iron overload and chelation[END_REF], probably via the L-type Ca2+ channel (or the L-type voltage-dependent Ca 2+ channel, LVDCC), the voltageindependent uptake system, and the divalent metal transporter1 (DMT1) [START_REF] Ke | Post-transcriptional expression of DMT1 in the h eart of rat[END_REF][START_REF] Oudit | L-type Ca 2+ channels provide a major pathway for iron entry into cardiomyocytes in ironoverload cardiomyopathy[END_REF][START_REF] Oudit | Taurine supplementation reduces oxidative stress and improves cardiovascular function in an iron-overload murine model[END_REF][START_REF] Tsushima | Modulation of iron uptake in heart by L-type Ca2+ channel modifiers: possible implications in iron overload[END_REF]. In addition to iron uptake (TfR, LVDCC and DMT1) and storage (ferritin), cellular iron balance in the heart also depends on the amount of iron export from the cells.

Currently, we know little about how iron is discharged from the heart cells and which molecules are involved in this process. In this study, we therefore investigated the expression of iron efflux proteins including ferroportin 1 (Fpn1), ceruloplasmin (CP)

and hephaestin (Heph) and the effects of iron on their expression in the heart.

CP is an abundant plasma protein which is mainly synthesized in the hepatocytes. It is widely believed that CP and Heph (a CP homologue) have a role in iron efflux from the cells in the peripheral tissues as well as in the central nervous system [START_REF] Hahn | Disruption of ceruloplasmin and hephaestin in mice causes retinal iron overload and retinal degeneration with features of age-related macular degeneration[END_REF][START_REF] Harris | Targeted gene disruption reveals an essential role for ceruloplasmin in cellular iron efflux[END_REF]. Fpn1 (also known as IREG1 or MTP1) is a newly discovered iron transport protein that was first identified as a duodenal iron export molecule [START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF].

Fpn1 may work with Heph or CP in the iron transport from the enterocytes into circulation [START_REF] Vulpe | Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in the sla mouse[END_REF]. It has been suggested that they might function in the iron transport across the abluminal membrane of the blood-brain barrier cells and from other types of cells [START_REF] Ke | Iron misregulation in the brain: a primary cause of neurodegenerative disorders[END_REF][START_REF] Qian | Brain iron transport and neurodegeneration[END_REF].

In this study, we demonstrated that the heart is able to express all these three proteins. Their existence in the heart suggested their potential role in iron release from the heart cells. The data also demonstrated that iron has a significant effect on the 

Experimental design and sampling of blood and tissue

To investigate the effect of variations in dietary iron on the Fpn1, CP and Heph gene expression in the heart, male SD rats (21 days of age) in the control (n = 6), the high-iron (n = 6) and the low-iron (n = 6) groups were fed respectively with the Basal Purified Diet (containing 60 mg Fe/kg) (PMI, Catalog # 7024), the Basal Purified Diet supplemented with 2.5% carbonyl iron (PMI, Catalog # 43784) and the Low Iron Purified Diet containing no added iron (PMI, Catalog #7444) (residue of 10 mg Fe/kg diet) for 6 weeks. At the end of the period, the animals were anesthetized with 1% pentobarbital sodium (40 mg/kg body weight, i.p.) and decapitated. Blood samples were then collected into heparinized syringes and aliquots were taken immediately for the determination of hemoglobin (Hb) concentration and hematocrit (Hct). The serum samples were analyzed for serum iron, total iron-binding capacity (TIBC) and transferrin saturation (serum iron/TIBC). To remove all the blood from the hearts, the rats were intracardially perfused with heparinised PBS for 5 min. After perfusion, the hearts were collected, excised and rinsed in PBS, blotted dry and weighed according to Zaman et al [START_REF] Zaman | Angiotensin-converting enzyme inhibition attenuates hypofibrinolysis and reduces cardiac perivascular fibrosis in genetically obese diabetic mice[END_REF]. Portions of the left ventricle were used immediately for total RNA extraction and protein determination. The remaining ventricle and liver were frozen in liquid nitrogen and stored at -70°C for the measurement of non-heme iron.

RNA purification, generation of specific probes, and northern blot assay

Total RNA was isolated from the left ventricular myocardium using the Trizol ® reagent according to the manufacturer's instructions. The relative purity of the isolated
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RNA was assessed spectrophotometrically and the ratio of A260 nm to A280 nm exceeded 1.9 for all preparations. Special 32 P -labeled probes corresponding to positions 1298-1733 of Fpn1 (Genbank, AF394785), 3659-4201 of Heph (Genbank, AF246120), 1133-1518 (Genbank, L33869) of CP and 5 -574 of TfR1 (Genbank, M58040) were generated. The RNA samples (30 µg) were electrophorsed on 1.2% formaldehyde-agarose gels, transferred to the Hybond-N membranes and then immobilized by using an UV cross-linker (Fisher). The blots were prehybridized at 65°C in the ExpressHyb hybridization solution for 1 h, and then hybridized overnight at 65°C in the same solution containing the 32 P -labeled probe by using the Prime-a-Gene labeling system (Promega, WI, USA). After three 10-min washes with 2× standard sodium chloride-sodium citrate (SSC) containing 0.05% sodium dodecyl sulfate (SDS) at room temperature, the blots were washed in 0.1× SSC containing 0.1% SDS with continuous shaking at 50-60°C for 10 min for 3-4 times. Radioactivity was then detected by a phosphorimager and quantified using the ImageQuant software (Molecular Dynamics, Sunnyvale, CA). For normalization, the blot was stripped and reprobed with ß-actin probe corresponding to the position 474-736 of the rat ß-actin (Genbank, NM031144). The results were expressed as the ratio to ß-actin.

Western blot analysis

The left ventricular myocardium was homogenized in RIPA buffer containing 1% Triton X-100. After centrifugation at 10,000×g for 30 min at 4°C, the supernatant (Amersham, UK) for 1 h at room temperature. Immunoreactive proteins were detected by using the enhanced chemiluminescence method (ECL kit, Amersham, UK), and quantified by transmittance densitometry using volume integration with the LumiAnalyst Image Analysis software (Roche Molecular Biochemical) to determine the enrichment of proteins in the hearts. To ensure an even loading of the samples, the same membrane was probed with rabbit anti ß-actin polyclonal antibody (Sigma-Aldrich, MO) at a 1:5000 dilution.

Analytical methods

Hemoglobin concentration was determined by the cyanmethemoglobin method [START_REF] Qian | The increased expression of transferrin receptor on the membrane of erythroblast in strenuous exercised rats[END_REF][START_REF] Qian | Increased nitric oxide is one of the causes of changes of iron metabolism in strenuously exercised rats[END_REF]. Hematocrit was measured using the microhematocrit centrifuge and plasma iron and total iron-binding capacity were determined using commercial kits (Sigma).

Non-heme iron concentrations of tissues were measured as described previously [START_REF] Qian | The increased expression of transferrin receptor on the membrane of erythroblast in strenuous exercised rats[END_REF][START_REF] Qian | Increased nitric oxide is one of the causes of changes of iron metabolism in strenuously exercised rats[END_REF]. The results were expressed as Means ± SEM. Difference between the means was determined by one-way ANOVA followed by a Student-Newman-Keuls test for multiple comparisons. A probability value of P<0.05 was taken to be statistically significant.
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Results

Effect of iron diets on biochemical parameters

In the high-iron rats, the Hb, Hct, Tf saturation and the non-heme iron level in the heart and liver were significantly higher than those in the control rats (p<0.01, Table 1). The iron content in the heart increased 4.2-fold above that of the controls.

These findings show that a high-iron loaded heart model was successfully developed.

Rats fed with an iron-deficient diet for 6 weeks had significantly lower body weight, Hb, Hct, Tf saturation and non-heme iron levels in the heart and liver as compared to the controls (p<0.01, Table 1). The heart weight and the heart/body weight were higher in the iron-deficient rats than in the controls (p<0.01). The data suggest that rats fed with the iron deficient diet did develop an iron deficiency with anaemia.

Effect of iron status on expression of ferroportin1, hephaestin and ceruloplasmin mRNA and protein

Northern blot analysis was performed to determine the effect of iron on the expression of Fpn1, Heph and CP mRNA. Representative northern blots showing the expression of Fpn1, Heph and CP mRNAs were presented in Figures 1A, 2A and 3A.

Quantified mRNA levels relative to ß-actin for each transcript from the independent samples were shown in Figures 1B, 2B and3B. The transcript level of Fpn1 mRNA decreased significantly (58 ± 3%) in the iron-deficient rats and increased (253 ± 20%) in the iron-overloaded rats (Figure 1B, all P<0.01) as compared to the control. In contrast, the level of CP mRNA was significantly higher (135 ± 2%) in the irondeficient rats and lower (89 ± 5%) in the iron-overload rats than that in the controls (Figure 3B, P<0.05). This finding is similar to the result reported by other studies
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ACCEPTED MANUSCRIPT 10 [START_REF] Mukhopadhyay | Role of ceruloplasmin in cellular iron uptake[END_REF][START_REF] Mukhopadhyay | Role of hypoxia -inducible factor -1 in transcriptional activation of ceruloplasmin by iron deficiency[END_REF]. No significant differences in Heph mRNA were found among the irondeficient, the iron-overload and the control animals (Figure 2B).

To determine the effect of iron on Fpn1, CP and Heph proteins, western blot analysis was conducted. It was found that the amount of Fpn1 protein decreased to 74 ± 8% of the controls after the rats were fed with a low -iron diet. After the rats were fed with a high-iron diet, the FP1 protein increased to 230 ± 20% of the controls (Figure 1B, all P<0.01). As shown in Figure 3, the regulation of CP protein expression was parallel to that of the mRNA expression. After the rats were fed with a low -iron diet, the CP protein increased to 142 ± 3% of the controls (Figure 3B, P<0.05); in the high-iron group the CP protein decreased to 72 ± 3% of the controls (Fig 3B ,P<0.05).

Heph protein in the rats fed with a low-iron or high-iron diet was lower than that in the control animals, however, no significant differences were found among them.

These results show that iron has a negative effect on CP, a positive effect on Fpn1 and no effect on Heph expression in the heart.

Effect of iron on expression of transferrin receptor 1 mRNA and protein

For comparison, we also analyzed the expression of TfR1 mRNA and protein in the control, low -iron and high-iron rats. In the high-iron rats, there was an increase in the iron content in the heart. The northern blotting and western blotting results

showed that the expression of TfR1 mRNA and protein significantly declined about 35% and 45% to the control; respectively (Figure 4). In the iron-deficiency models, iron in the heart decreased significantly and the level of TfR1 mRNA and protein increased remarkably, being about 2.7 times(mRNA) and 2.4 times(protein) relative
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11 to the control rats. These results demonstrated that iron has a significant effect on the expression of TfR1 in the heart.

Discussion

In this study, we investigated the expression of iron efflux transporters including ferroportin 1 (Fpn1), ceruloplasmin (CP), and hephaestin (Heph) and the effects of iron on their expression in the heart. To our knowledge, this is the first report on the expression of Fpn1 and Heph mRNA and protein in the rat heart.

Northern and western blotting results showed that the heart is able to express Fpn1 and Heph. The existence of Fpn1, Heph and CP in the heart suggests that these proteins might have a role in iron homeostasis in the heart, and is possibly involved in the iron export from the heart cells. The data obtained also demonstrated that iron has a significant effect on the expression of Fpn1 and CP , but not Heph. In the rats treated with a high-iron diet for 6 weeks, the transcript levels of Fpn1 and CP mRNA were found to be significantly increased and decreased; respectively. The control of Fpn1 and CP protein expression by iron was parallel to that of their mRNA expression, suggesting that the regulation of Fpn1 and CP by iron in the heart might occur at the transcriptional level. No significant changes in Heph mRNA and protein expression were found in the rats treated with a high-or low-iron diet.

Ferroportin 1, also known as metal transport protein 1 (MTP1), iron-regulated transporter 1 (IREG1), or Slc11a3, is a newly identified cellular iron exporter [START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF][START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF][START_REF] Mckie | A novel duodenal iron-regulate d transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF]. The mRNA transcript of FP1 contains an iron responsive element (IRE) in
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its 5' untranslated region [START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF][START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF][START_REF] Mckie | A novel duodenal iron-regulate d transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF]. This structure implies that the Fpn1 expression might be regulated at the translational level in a manner similar to other 5'UTR-IREregulated genes , including ferritin, mitochondrial aconitase, erythroid 5aminolevulinate synthase, and succinate dehydrogenase [START_REF] Mckie | A novel duodenal iron-regulate d transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF]. In an investigation on the functional role of genomic SLC40A1 elements (Fpn1 is the product of the SLC40A1 gene) in response to iron in human hepatoma (HepG2), intestinal carcinoma (Caco2) and lympho-monocytic (U937) cell lines, Lymboussaki et al [START_REF] Lymboussaki | The role of the iron responsive element in the control of ferroportin1/IREG1/MTP1 gene expression[END_REF] demonstrated directly that the IRE in Fpn1 mRNA is functional and that it controls Fpn1 expression through the cytoplasmic IRP. However, data that are not consistent with this IRE/IRP-mediated translational control have also been reported. The findings in intestinal enterocytes, Caco2 intestinal cells [START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF][START_REF] Martini | Iron treatment downregulates DMT1 and IREG1 mRNA expression in Caco-2 cells[END_REF], murine J774 macrophages [START_REF] Knutson | Iron loading and erythrophagocytosis increase ferroportin 1 (FPN1) expression in J774 macrophages[END_REF], and human alveolar macrophages [START_REF] Martini | Iron treatment downregulates DMT1 and IREG1 mRNA expression in Caco-2 cells[END_REF] show that there is also a transcriptional mechanism that controls Fpn1 expression in these cells. The results in the present study are in agreement with the above findings, implying the existence of a transcriptional control of Fpn1 expression in the heart. Based on the published data and our results, it seems likely that both of the transcriptional and translational (IRP/IRE pathway) mechanisms of Fpn1 expression operate in a tissue -specific manner [START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF][START_REF] Mckie | A novel duodenal iron-regulate d transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF]. In addition, the Fpn1 protein level in the heart may be critically controlled by hepcidin, a newly discovered iron regulation peptide [START_REF] Nicolas | Lack of hepcidin gene expression and severe tissue iron overload in upstream stimulatory factor 2 (USF2) knockout mice[END_REF], through its effect on the degradation of Fpn1 [START_REF] Nemeth | Hepcidin regulates cellular iron efflux by binding to ferroportin and inducing its internalization[END_REF]. The increased Fpn1 protein might be partly due to the decreased hepcidin level induced by a high-iron diet.

Fpn1 mediated-iron export has been demonstrated by the increased iron efflux in the iron-loaded Xenopus oocytes expressing Fpn1 [START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF][START_REF] Mckie | A novel duodenal iron-regulate d transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF], and by the cellular iron depletion in HEK293T cells trans iently transfected with the full-length FP1 cDNA
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13 [START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF]. Ceruloplasmin is an abundant serum alpha-2 glycoprotein and has a molecular mass of approximately 132 kDa. It is widely accepted that CP ha s a role in iron efflux from cells in the peripheral tissues as well as in the central nervous system [START_REF] Hahn | Disruption of ceruloplasmin and hephaestin in mice causes retinal iron overload and retinal degeneration with features of age-related macular degeneration[END_REF][START_REF] Harris | Targeted gene disruption reveals an essential role for ceruloplasmin in cellular iron efflux[END_REF].

Heph is a transmembrane-bound CP homologue protein, which is expressed in the villus of the small intestine [START_REF] Vulpe | Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in the sla mouse[END_REF][START_REF] Frazer | Cloning and gastrointestinal expression of rat hephaestin: relationship to other iron transport proteins[END_REF]. The diminished transport of iron from the mucosal cell to the circulation in sla mice implies that Heph has a role in the physiological iron absorption in the small intestine [START_REF] Vulpe | Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in the sla mouse[END_REF][START_REF] Anderson | Recent advances in inte stinal iron transport[END_REF]. However, Heph contains only one predicted carboxy-terminal transmembrane domain. Heph itself is therefore unlikely to be a membrane iron transporter [START_REF] Vulpe | Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in the sla mouse[END_REF][START_REF] Anderson | The ceruloplasmin homolog hephaestin and the control of intestinal iron absorption[END_REF]. CP or Heph may work together with FP1 in the iron transport from the enterocytes into the circulation [START_REF] Vulpe | Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in the sla mouse[END_REF][START_REF] Anderson | The ceruloplasmin homolog hephaestin and the control of intestinal iron absorption[END_REF]. It has also been proposed that the Fpn1/Heph or Fpn1/CP systems might have a role in the iron transport across the abluminal membrane of the blood-brain barrier cells and in the iron release from other types of cells [START_REF] Ke | Iron misregulation in the brain: a primary cause of neurodegenerative disorders[END_REF][START_REF] Qian | Brain iron transport and neurodegeneration[END_REF][START_REF] Qian | Targeted drug delivery via the transferrin receptor -mediated endocytosis pathway[END_REF].

In summary, the present study provided evidence for the existence of iron efflux proteins including Fpn1, CP and their homologue Heph in the heart. This implied that these p roteins might play a role in iron homeostasis in heart. Findings also showed that the regulation of Fpn1 and CP expression by iron might occur at the transcriptional level in the heart. Treatment with a high-iron (or low-iron) diet for 6 weeks led to a significant increase (or decrease) in Fpn1, a remarkable decrease (or increase) in CP, and no change in Heph mRNAs and proteins' expression. These findings suggested that the Fpn1/Heph pathway might play a major role in the iron export from the heart cells and that Heph might not play a primary regulatory role and might not be rate limiting in this process of iron export from the heart cells. 
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