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Abstract  

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 including 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 high-

iron 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.   

 

Keywords - Ferroportin1, Ceruloplasmin, Hephaestin, Transferrin receptor, Heart, Iron 

metabolism 
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1. 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 [1,2], acute myocardial infarction [3,4] and coronary heart diseases [5]. Iron 

may also be involved in the development of cardiotoxicity induced by doxorubicin [6-

9] and is associated with significant cardiovascular morbidity and mortality in 

hemochromatosis [10,11] and bata-thalassemia [12]. Iron chelation therapy can 

significantly improve heart reperfusion injury, the prognosis in thalassemia patients 

and the endothelial function of patients with coronary artery diseases [13-16]. 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 [17-19].  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) [20,21]. 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) [22], probably via the L-type 

Ca2+ channel (or the L-type voltage-dependent Ca2+ channel, LVDCC), the voltage-

independent uptake system, and the divalent metal transporter1 (DMT1) [23-26]. 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 [27,28]. Fpn1 (also known as IREG1 or MTP1) is a newly discovered iron 

transport protein that was first identified as a duodenal iron export molecule [29].  

Fpn1 may work with Heph or CP in the iron transport from the enterocytes into 

circulation [30]. 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 [31,32].  

 

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 
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expression of Fpn1 and CP, but not Heph, and showed that the regulation of Fpn1 and 

CP by iron might occur at the transcriptional level. The different effects of iron on 

Fpn1, Heph and CP expression implied that the Fpn1/Heph pathway might play a 

major role in cell iron export and that Heph might not be rate limiting for iron export 

from the heart cells.  

 

 

2. Materials and methods 

 

2.1. Materials  

Unless otherwise stated, all chemicals were obtained from Sigma Chemical Co., St. 

Louis, MO, USA. Agarose, Ethidium Bromide and prestained protein marker were 

purchased from Bio -Rad Laboratories, Hercules, CA, USA and Trizol®  Reagent was 

from Invitrogen., Carlsbad, CA, USA. ExpressHyb hybridization solution was 

obtained from Clontech, Palo Alto, CA, USA, and Prime -a-Gene labeling system was 

from Promega, WI, USA. Micro Spin G-50 column, Hybond-N membrane, [a -

32P]dCTP and ECL western blotting analysis system kit were purchased from 

Amersham Biosciences, England. The ABC Reagent and DAB kit were products of 

Vector, Burlingame, USA. The rabbit anti-mouse Fpn1 and Heph antiserum were 

purchased from Alpha Diagnostics Intl. Inc., San Antonio, USA and mouse anti rat 

CP IgG1 and CD71 monoclonal antibody from BD Biosciences Pharmiegen, Franklin 

Lakes, USA. Male Sprague-Dawley (SD) rats were supplied by the Centralized 

Animal Facilities of The Hong Kong Polytechnic University. The Health Department 

of Hong Kong Government and Animal Ethics Committee of The Hong Kong 

Polytechnic University approved the use of animals for this study. All the animals 
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were housed in pairs in stainless steel cages at 21±2ºC with relative humidity of 60-

65% and alternating 12-hour periods of light (7:00-19:00) and darkness (19:00-7:00).  

 

2.2. 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 [9]. 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. 

 

2.3. 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 32P-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 32P-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. 

 

2.4. 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 

was collected. Protein concentration in the supernatant was assayed. Aliquots of the 

total cell extract containing 10 µg of protein were loaded on a single track of 10% 

SDS-PAGE under reducing conditions and transferred by electroblotting onto the 

PVDF membrane (Hybond-P) overnight at 4°C. Molecular weight standards were run 
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in parallel. The blots were blocked by using 5% blocking reagent in a solution of Tris-

buffered salt with Tween 20 (TBS-T) (20 mM Tris -Cl, pH7.6, 137mM NaCl, 0.1% 

Tween 20) for 2h at room temperature, then incubated with rabbit anti-mouse Fpn1 

and Heph antiserum (1:5000), mouse anti rat CP IgG1 and CD71 monoclonal 

antibody (1:1000) overnight at 4°C.  After washing with TBS-T, the blots were 

incubated in anti-rabbit secondary antibody conjugated horseradish peroxide (1:5000) 

(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. 

 

2.5. Analytical methods  

Hemoglobin concentration was determined by the cyanmethemoglobin method 

[33,34]. 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 

[33,34]. 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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3. Results 

 

3.1. 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.  

 

3.2. 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 and 3B. 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 iron-

deficient 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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[35,36].  No significant differences in Heph mRNA were found among the iron-

deficient, 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.  

 

3.3. 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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to the control rats. These results demonstrated that iron has a significant effect on the 

expression of TfR1 in the heart. 

 

 

4.  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 

[29,37,38].  The mRNA transcript of FP1 contains an iron responsive element (IRE) in 
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its 5' untranslated region [29,37,38].  This structure implies that the Fpn1 expression 

might be regulated at the translational level in a manner similar to other 5'UTR-IRE-

regulated genes , including ferritin, mitochondrial aconitase, erythroid 5-

aminolevulinate synthase, and succinate dehydrogenase [38]. 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 [39] 

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 [37,40], murine J774 

macrophages [41], and human alveolar macrophages [40] 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 [29,38]. In addition, the Fpn1 protein level in the heart may be critically 

controlled by hepcidin, a newly discovered iron regulation peptide [43], through its 

effect on the degradation of Fpn1 [44]. 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 [29,38], and by the cellular iron 

depletion in HEK293T cells trans iently transfected with the full-length FP1 cDNA 
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[37].  Ceruloplasmin is an abundant serum alpha-2 glycoprotein and has a molecular 

mass of approximately 132 kDa. It is widely accepted that CP has a role in iron efflux 

from cells in the peripheral tissues as well as in the central nervous system [27,28]. 

Heph is a transmembrane-bound CP homologue protein, which is expressed in the 

villus of the small intestine [30,45]. 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 [30,46]. However, Heph contains 

only one predicted carboxy–terminal transmembrane domain. Heph itself is therefore 

unlikely to be a membrane iron transporter [30,47]. CP or Heph may work together 

with FP1 in the iron transport from the enterocytes into the circulation [30,47]. 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 [31,32,48].  

 

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 proteins 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.   

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 14 

 

Acknowledgements 

This work was supported by Interdisciplinary Research Grant (GYE-07), Niche Area 

Grant and Internal Research Grants of The Hong Kong Polytechnic University, 

Research Grants from National Key Laboratory of Chinese Medicine and Molecular 

Pharmacology in Shenzhen, The Chinese University of Hong Kong and Nantong 

University, and Natural Science Foundation of Jiangsu Province (05-BK2005430). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 15 

References 

[1]  E. Berenshtein, B. Mayer, C. Goldberg, N. Kitrossky, M. Chevion, Patterns of 

mobilization of copper and iron following myocardial ischemia: possible 

predictive criteria for tissue injury. J. Mol. Cell Cardiol. 29 (1997) 3025-3034. 

[2]  Y.Y. Chen, K.P. Ho, Q. Xia, Z.M. Qian, Hydrogen peroxide enhances iron-

induced injury in isolated heart and ventricular cardiomyocyte in rats. Mol. 

Cell. Biochem. 231 (2002) 61-68. 

[3]  K. Klipstein-Grobusch, J.F. Koster, D.E. Grobbee, J. Lindemans, H. Boeing, 

A. Hofman, J.C.Witteman, Serum ferritin and risk of myocardial infarction in 

the elderly: the Rotterdam Study. Am. J. Clin. Nutr. 69 (1999) 1231-1236. 

[4]  T.P. Tuomainen, K. Punnonen, K. Nyyssonen, J.T. Salonen, Association 

between body iron stores and the risk of acute myocardial infarction in men. 

Circulation 97 (1998) 1461-1466. 

[5]  A. Tzonou, P. Lagiou, A. Trichopoulou, V. Tsoutsos, D. Trichopoulos, Dietary 

iron and coronary heart disease risk: a study from Greece. Am. J. Epidemiol. 

147 (1998) 161-166. 

[6]  G. Minotti, S. Recalcati, A. Mordente, G. Liberi, A.M. Calafiore, C. Mancuso, 

P. Preziosi, G. Cairo, The secondary alcohol metabolite of doxorubicin 

irreversibly inactivates aconitase/iron regulatory protein-1 in cytosolic 

fractions from human myocardium. FASEB J. 12 (1998) 541-552. 

[7]  G. Minotti, G. Cairo, E. Monti, Role of iron in anthracycline cardiotoxicity: 

new tunes for an old song? FASEB J. 13 (1999) 199-212. 

[8]  M.F. Xu, S. Ho, Z.M. Qia n, P.L. Tang, Melatonin protects against cardiac 

toxicity of doxorubicin in rat. J. Pineal. Res. 31 (2001) 301-307. 

[9]  A.K. Zaman, S. Fujii, H. Sawa, D. Goto, N. Ishimori, K. Watano, T. Kaneko, 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 16 

T. Furumoto, T. Sugawara, I. Sakuma, A. Kitabatake, B.E. Sobel, 

Angiotensin-converting enzyme inhibition attenuates hypofibrinolysis and 

reduces cardiac perivascular fibrosis in genetically obese diabetic mice. 

Circulation 103 (2001) 3123-3128. 

[10]  A.C. Pereira, M.A. Cuoco, G.F. Mota, F.F. da Silva, H.F. Freitas, E.A. Bocchi, 

J.M. Soler, A.J. Mansur, J.E. Krieger, Hemochromatosis gene variants in 

patients with cardiomyopathy. Am.  J. Card. 88 (2001) 388-391. 

[11]  J.L. Sullivan, L.R. Zacharski, Hereditary haemochromatosis and the 

hypothesis that iron depletion protects against ischemic heart disease. Eur. J. 

Clin. Invest. 31 (2001) 375-377. 

[12]  A. Aessopos, D. Farmakis, M. Karagiorga, E. Voskaridou, A. Loutradi, A. 

Hatziliami, J. Joussef, J. Rombos, D. Loukopoulos, Cardiac involvement in 

thalassemia intermedia: a multicenter study. Blood 97 (2001) 3411-3416. 

[13]  S.J. Duffy, J.F.Jr. Keaney, M. Holbrook, N. Gokce, P.L. Swerdloff, B. Frei, J.A. 

Vita, Short- and long-term black tea consumption reverses endothelial 

dysfunction in patients with coronary artery disease. Circulation 104 (2001) 

151-156. 

[14]  L.D. Horwitz, E.A. Rosenthal, Iron-mediated cardiovascular injury. Vasc. 

Med. 4 (1999) 93-99. 

[15]  L.D. Horwitz, N.A. Sherman, Y. Kong, A.W. Pike, J. Gobin, P.V. Fennessey, 

M.A. Horwitz, Lipophilic siderophores of Mycobacterium tuberculosis 

prevent cardiac reperfusion injury. Proc. Nat. Acad. Sci. USA 95 (1998) 5263-

5268. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 17 

[16]  A. Taher, M. Sheikh-Taha, S. Koussa, A. Inati, R. Neeman, F. Mourad, 

Comparison between deferoxamine and deferiprone (L1) in iron-loaded 

thalassemia patients. Eur. J. Haematol. 67 (2001) 30-34. 

[17]  Z.M. Qian, P.L.Tang. Mechanisms of iron uptake by mammalian cells. 

Biochim. Biophys. Acta 1269 (1995) 205-214. 

[18]  Z.M. Qian, P.L. Tang, Q. Wang. Iron crosses the endosomal membrane by a 

carrier-mediated process. Prog. Biophys. Mole. Biol. 67(1997) 1-15. 

[19]  Z.M. Qian, Q. Wang. Expression of iron transport proteins and excessive iron 

accumulation of iron in the brain in neurodegenerative disorders. Brain Res. 

Rev. 127 (1998) 257-267. 

[20]  M.W. Hentze, L.C. Kuhn. Molecular control of vertebrate iron metabolism: 

mRNA-based regulatory circuits operated by iron, nitric oxide, and oxidative 

stress. Proc. Natl. Acad. Sci. USA 93 (1996) 8175-8182. 

[21]  R.D. Klausner, T.A. Rouault, J.B. Harford. Regulating the fate of mRNA: the 

control of cellular iron metabolism. Cell 72 (1993)19-28. 

[22]  G. Link, A. Pinson, C. Hershko. Heart cells in culture: a model of myocardial 

iron overload and chelation. J. Lab. Clin. Med. 106 (1985) 147-153. 

[23]  Y. Ke, Y.Y. Chan, Y.Z. Zhang, X.L .Duan, H.P. Ho, D.H. Jiang, K. Wang, Z.M. 

Qian. Post-transcriptional expression of DMT1 in the heart of rat. J Cell 

Physiol 196 (2003) 124-130. 

[24]  G.Y. Oudit, H. Sun, M.G. Trivieri, S.E. Koch, F. Dawood, C. Ackerley, M. 

Yazdanpanah, G.J. Wilson, A. Schwartz, P.P. Liu, P.H. Backx. L-type Ca2+ 

channels provide a major pathway for iron entry into cardiomyocytes in iron-

overload cardiomyopathy. Nature Med. 9 (2003) 1187 – 1194. 

[25]  G.Y. Oudit, M.G. Trivieri, K. Neelam, H. Taneya, G.J. Wilson, P. Liu, M.J. Sole, 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 18 

P.H. Backx. Taurine supplementation reduces oxidative stress and improves 

cardiovascular function in an iron-overload murine model. Circulation 109 

(2004) 1877-1885. 

[26]  R.G. Tsushima, A.D. Wickenden, R.A. Bouchard, G.Y. Oudit, P.P. Liu, P.H. 

Backx. Modulation of iron uptake in heart by L-type Ca2+ channel modifiers: 

possible implications in iron overload. Circ. Res. 84: 1302-1309, 1999. 

[27] P. Hahn, Y. Qian, T. Dentchev, L. Chen, J. Beard, Z.L. Harris, J.L. Dunaief. 

Disruption of ceruloplasmin and hephaestin in mice causes retinal iron 

overload and retinal degeneration with features of age-related macular 

degeneration Proc. Natl. Acad. Sci. USA. 101 (2004) 13850–13855. 

[28]  Z.L. Harris, A.P. Durley, K.M. Tsz, J.D. Gitlin. Targeted gene disruption 

reveals an essential role for ceruloplasmin in cellular iron efflux. Proc. Natl. 

Acad. Sci. USA. 96 (1999) 10812-10817. 

 [29]  A. Donovan, A. Brownlie, Y. Zhou, J. Shepard, S.J. Pratt, J. Moynihan, B.H. 

Paw, A. Drejer, B. Barut, A. Zapata, T.C. Law, C. Brugnara, S.E. Lux, G..S. 

Pinkus, J.L. Pinkus, P.D. Kingsley, J. Palis, M.D. Fleming, N.C. Andrews, L.I. 

Zon. Positional cloning of zebrafish ferroportin1 identifies a conserved 

vertebrate iron exporter. Nature 403 (2000) 776-781. 

[30]  C.D. Vulpe, Y.M. Kuo, T.L. Murphy, L. Cowley, C. Askwith, N. Libina, J. 

Gitschier, G.J. Anderson. Hephaestin, a ceruloplasmin homologue implicated 

in intestinal iron transport, is defective in the sla mouse. Nature Genet. 21 

(1999) 195-199. 

[31]  Y. Ke, Z.M. Qian. Iron misregulation in the brain: a primary cause of 

neurodegenerative disorders. Lancet Neurol. 2 (2003) 246-253. 

[32]  Z.M. Qian, X. Shen. Brain iron transport and neurodegeneration. Trend. Mol. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 19 

Med. 7 (2001) 103-108. 

[33]  Z.M. Qian, D.S. Xiao, P.L. Tang, F.Y.D. Yao, Q.K. Liao. The increased 

expression of transferrin receptor on the membrane of erythroblast in 

strenuous exercised rats. J. Appl. Physiol. 87 (1999)_523-529. 

[34]  Z.M. Qian, D.S. Xiao, Y. Ke, Q.K. Liao. Increased nitric oxide is one of the 

causes of changes of iron metabolism in strenuously exercised rats. Am. J. 

Physiol. 280 (2001)_R739-743. 

[35]  C.K. Mukhopadhyay, Z.K. Attieh, P.L. Fox. Role of ceruloplasmin in cellular 

iron uptake. Science 279 (1998) 714-717. 

[36]  C.K. Mukhopadhyay, B. Mazumder, P.L. Fox. Role of hypoxia -inducible 

factor -1 in transcriptional activation of ceruloplasmin by iron deficiency. J. 

Biol. Chem. 275 (2000) 21048-21054. 

[37]  S. Abboud, D.J. Haile. A novel mammalian iron-regulated protein involved in 

intracellular iron metabolism. J. Biol. Chem. 275 (2000) 19906-19912. 

[38]  A.T. McKie, P. Marciani, A. Rolfs, K. Brennan, K. Wehr, D. Barrow, S. Miret, 

A. Bomford, T.J. Peters, F. Farzaneh, M.A. Hediger, M.W. Hentze, R.J. 

Simpson. A novel duodenal iron-regulate d transporter, IREG1, implicated in 

the basolateral transfer of iron to the circulation. Mol. Cell 5 (2000) 299-309. 

[39]  A. Lymboussaki, E. Pignatti, G. Montosi, C. Garuti, D.J. Haile, A. Pietrangelo. 

The role of the iron responsive element in the control of 

ferroportin1/IREG1/MTP1 gene expression. J. Hepatol. 39 (2003) 710-715. 

[40]  L.A. Martini, L. Tchack, R.J. Wood. Iron treatment downregulates DMT1 and 

IREG1 mRNA expression in Caco-2 cells. J. Nutr. 132 (2002) 693–696. 

[41]  M.D. Knutson, M.R. Vafa, D.J. Haile, M. Wessling-Resnick. Iron loading and 

erythrophagocytosis increase ferroportin 1 (FPN1) expression in J774 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 20 

macrophages. Blood 102 (2003) 4191-4817. 

[42]  F. Yang, X. Wang, D.J. Haile, C.A. Piantadosi, A.J. Ghio. Iron increases 

expression of iron-export protein MTP1 in lung cells. Am. J. Physiol. 283 

(2002) L932-939. 

[43]  G. Nicolas, M. Bennoun, I. Devaux, C. Beaumont, B. Grandchamp, A Kahn, S. 

Vaulont. Lack of hepcidin gene expression and severe tissue iron overload in 

upstream stimulatory factor 2 (USF2) knockout mice. Proc. Natl. Acad. Sci. 

USA 98(2001) 8780-8785. 

[44]  E Nemeth, M.S Tuttle, J. Powelson, M.B. Vaughn, A. Donovan, D.M. Ward, T. 

Ganz, J Kaplan. Hepcidin regulates cellular iron efflux by binding to 

ferroportin and inducing its internalization. Science 306(5704):2090-2093, 

2004. 

[45]  D.M. Frazer, C.D. Vulpe, A.T. McKie, S.J. Wilkins, D. Trinder, G.J. Cleghorn, 

G.J. Anderson. Cloning and gastrointestinal expression of rat hephaestin: 

relationship to other iron transport proteins. Am. J. Physiol. Gastrointest. Liver 

Physiol.  281 (2001) G931-939. 

[46]  G.J. Anderson,  D.M. Frazer.  Recent advances in inte stinal iron transport. 

Curr Gastroenterol Rep.  7(2005) 365-372.  

 [47]  G.J. Anderson, D.M. Frazer, A.T. McKie, C.D. Vulpe. The ceruloplasmin 

homolog hephaestin and the control of intestinal iron absorption. Blood Cells 

Mol. Dis. 29 (2002) 367-375. 

[48]  Z.M. Qian, H. Li, H. Sun, K.P. Ho. Targeted drug delivery via the transferrin 

receptor-mediated endocytosis pathway. Pharmacol. Rev. 54 (2002) 561-587. 

[49]  D.M. Frazer, S.J. Wilkins, E.M. Becker, T.L. Murphy, C.D. Vulpe, A.T. 

McKie, G.J. Anderson. A rapid decrease in the expression of DMT1 and 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 21 

Dcytb but not Ireg1 or hephaestin explains the mucosal block phenomenon of 

iron absorption. Gut 52 (2003) 340-346. 

[50]  A. Rolfs, H.L. Bonkovsky, J.G. Kohlroser, K. McNeal, A. Sharma, U.V. 

Berger, M.A. Hediger. Intestinal expression of genes involved in iron 

absorption in humans. Am. J. Physiol. Gastrointest. Liver Physiol. 282 (2002) 

G598-607. 

[51]  S. Sakakibara, Y. Aoyama. Dietary iron-deficiency up-regulates hephaestin 

mRNA level in small intestine of rats. Life Sci. 70 (2002) 3123-3129. 

[52]  K. Yamamoto, K. Yoshida, Y. Miyagoe, A. Ishikawa, K. Hanaoka, S. Nomoto, 

K. Kaneko, S. Ikeda, S. Takeda. Quantitative evaluation of expression of iron-

metabolism genes in ceruloplasmin-deficient mice. Biochim. Biophys. Acta 

1588 (2002) 195-202. 

 

 

 

 

 

 

 

 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 22 

 

Legends of Figures 

 

Figure 1. Effects of iron on expression of ferroportin1  mRNA and protein in the 

heart. Expression of Fpn1 mRNA and pr otein was determined by northern blot and 

western blot analysis in the  rats fed with the control diet (CN), the iron-deficient (LF) 

and iron-overload (HF) diets for 6 weeks. A: Representative blots of Fpn1 and ß-actin 

mRNAs and proteins (molecular masses of 60 and 45 kDa, respectively). B: Relative 

levels of Fpn1 mRNA and protein. Data are means ± SEM (% control, n=6). 

**P<0.01 vs. the control. 

 

Figure 2. Effects of iron on expression of hephaestin mRNA and protein in the 

heart. Expression of Heph mRNA and protein was determined by northern blot and 

western blot analysis in the  rats fed with the control diet (CN), the iron-deficient (LF) 

and iron-overload (HF) diets for 6 weeks. A: Representative blots of Heph and ß-actin 

mRNAs and proteins . B: Relative levels of Heph mRNA and protein. Data are means 

± SEM (% control, n=6). *P<0.05, **P<0.01 vs. the control. 

 

Figure 3. Effects of iron on expression of ceruloplasmin mRNA and protein in the 

heart. Expression of Heph mRNA and protein was determined by northern blot and 

western blot analysis in the  rats fed with the control diet (CN), the iron-deficient (LF) 

and iron-overload (HF) diets for 6 weeks. A: Representative blots of CP and ß-actin 

mRNAs and proteins. B: Relative levels of CP mRNA and protein. Data are means ± 

SEM (% control, n=6). *P<0.05 vs. the control.  
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Figure 4. Effects of iron on expression of transferrin receptor 1 mRNA and 

protein in the heart . Expression of TfR1 mRNA and protein was determined by 

northern blot and western blot analysis in the rats fed with the control diet (CN), the 

iron-deficient (LF) and iron-overload (HF) diets for 6 weeks. A: Representative blots 

of TfR1 and ß-actin mRNAs and proteins. B: Relative levels of TfR1 mRNA and 

protein. Data are means ± SEM (% control, n=6). **P<0.01 vs. the control. 
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Abbreviations list 

CP:  Ceruloplasmin  

DMT1:  Divalent metal transporter 1 

Fpn1:  Ferroportin 1  

Hb:  Hemoglobin  

Hct:  Hematocrit  

Heph:  Hephaestin  

IREG1:  Iron-regulated transporter 1  

IRP:  Iron regulatory protein  

LVDCC:  L-type voltage-dependent Ca2+ channel  

MTP1:  Metal transport protein 1 

NTBI:  Non-transferrin-bound iron  

SD rats:  Sprague-Dawley rats 

SDS:  Sodium dodecyl sulfate  

SSC:  Sodium chloride-sodium citrate  

TfR1:  Transferrin receptor 1 

Tf-Fe: Transferrin-bound iron 

TIBC:  Total iron-binding capacity  
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