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Abstract

Background Hepcidin, the liver-secreted iron regulatory

peptide, maintains systemic iron homeostasis in response to

several stimuli including dietary iron levels and body iron

status. In addition, iron metabolism is controlled by several

local regulatory mechanisms including IRP and Hif-2a
activities independently of hepcidin. However, the roles of

these mechanisms and their interaction particularly in

hepcidin-deficient individuals are not yet fully understood.

We, therefore, aimed to explore whether Hamp disruption

affects iron homeostatic responses to dietary iron deficiency.

Methods Hepcidin1 knockout (Hamp-/-) mice and het-

erozygous littermates were fed with control or iron-deficient

diet for 2 weeks. The expression of iron-related genes and

proteins were determined by quantitative PCR and Western

blot, respectively.

Results Two-week iron-deficient diet feeding in

Hamp-/- mice did not alter serum iron but significantly

reduced liver non-heme iron levels. This was also associ-

ated with increased ferroportin protein expression in the

duodenum and spleen, whereas decreased expression was

found in the liver. In addition, significant inductive effects

of iron-deficient diet on Dcytb and DMT1 mRNA

expression in the duodenum were noted with more pro-

nounced effects in Hamp-/- mice compared with controls.

Conclusions Hamp-/- mice exhibited a more dramatic

increase in the expression of iron transport machinery,

which may be responsible for the unaltered serum iron

levels upon iron-deficient diet feeding in these mice.

Despite the lack of hepcidin, Hamp-/- mice can maintain a

degree of iron homeostasis in response to altered dietary

iron through several hepcidin-independent mechanisms.

Keywords Iron � Hepcidin � Iron deficiency �
Hamp-/- mice � Ferroportin

Introduction

Iron is one of the most important trace elements in biology

since it not only is a major component of several biomol-

ecules including hemoglobin but also plays many roles in

fundamental biochemical reactions. As a result, the lack of

iron can affect cell function and lead to iron deficiency

anemia. However, excessive iron can result in oxidative

stress. Therefore, iron homeostasis has to be tightly con-

trolled through several mechanisms. Most of the circula-

tory iron is acquired from reticuloendothelial cells in the

spleen, bone marrow, and liver through the reutilization of

iron from senescent erythrocytes. In addition, the body also

obtains iron from dietary iron absorption.

The absorption of non-heme iron involves four key pro-

teins. Firstly, dietary iron is reduced by duodenal cyto-

chrome b (Dcytb) [1] and transported into enterocytes by

divalent metal transporter 1 (DMT1) [2]. Some of the

absorbed iron may join the iron pool within the enterocytes,
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while the rest is exported through the basolateral iron

transporter, ferroportin [3–5] with the aid of the basolateral

oxidase, hephaestin [6]. Several factors have been shown to

control intestinal iron absorption including body iron status,

erythropoietic activity, hypoxia, and inflammation. The roles

of body iron status, stores regulator, in the regulation of

systemic iron homeostasis have been demonstrated in animal

models with dietary iron deficiency, which demonstrated

increased expression of Dcytb, DMT1, and ferroportin

leading to increased intestinal iron absorption [7].

Hepcidin, a liver-secreted antimicrobial peptide, has

been shown to play the central role in the control of systemic

iron homeostasis in response to iron status, erythropoietic

activity, inflammation, and hypoxia [8, 9]. The mechanism

of hepcidin action is to induce ferroportin internalization

and degradation thus inhibiting iron absorption and reduc-

ing reticuloendothelial iron recycling [10]. However, recent

studies have revealed that iron transporter expression can be

locally controlled by enterocyte iron status independently of

hepcidin. Hypoxia-inducible factor-2a (Hif-2a) has been

shown to alter iron absorption in response to iron deficiency

by directly enhancing Dcytb and DMT1 transcription [11,

12]. In addition, mice with intestinal-specific IRP1 and IRP2

ablation expressed higher ferroportin protein levels in the

duodenum despite increased hepcidin expression indicating

that the effects of hepcidin on duodenal ferroportin

expression can be overridden by IRP loss [13].

The present study attempted to delineate local and sys-

temic controls of iron homeostasis. Hamp-/- mice [14]

provide a good model to study the local iron regulatory

mechanisms in the absence of hepcidin. In this study,

Hamp-/- mice and heterozygous littermates were fed with

iron-deficient diet. Dcytb, DMT1, and ferroportin expres-

sion as well as iron parameters were then compared with

mice fed with control diet.

Materials and methods

Animal care and dietary intervention

Male Hamp-/- mice (acquired through collaboration with

Dr. Sophie Vaulont, Institut Cochin, France) and hetero-

zygous littermates (mixed C57BL/6 9 129 background

strain backcrossed for at least 5 generations on C57BL/6)

aged 10 weeks were utilized. The mice were fed a low

iron-purified diet (TD.80396, 4 ppm iron; Harlan Teklad;

Madison, WI, USA) or control diet containing 48 ppm iron

(TD.80394; Harlan Teklad) ad libitum for 2 weeks after

which the mice were killed, and serum was collected along

with duodenal mucosal scrapings, liver, and spleen tissues.

All animal experiments were performed under the authority

of the United Kingdom Home Office license.

Measurement of hemoglobin, serum iron, and tissue

non-heme iron contents

Hemoglobin was determined spectrophotometrically using

the methods described by Beutler [15]. Serum iron was

measured with a liquid ferrozine-based iron reagent (Bio-

Assay Systems; Hayward, CA, USA). Tissue non-heme

iron levels were determined by a modification of the

method of Foy et al. [16] as described by Simpson and

Peters [17].

Real-time polymerase chain reaction (qPCR)

RNA was extracted from the duodenum, liver, and spleen

using TRIzol reagent (Invitrogen, Paisley, UK), and com-

plementary DNA was synthesized using a Transcriptor

High Fidelity cDNA Kit (Roche Diagnostics, Mannheim,

Germany). qPCR was performed using the ABI Prism 7000

(Applied Biosystems, Carlsbad, CA, USA) and Universal

ProbeLibrary System (Roche Diagnostics). Messenger

RNA expression was normalized to b-actin (Actb) mRNA.

The sequence of the utilized primers is listed as follows:

Actb forward CTAAGGCCAACCGTGAAAAG

reverse ACCAGAGGCATACAGGGACA

Cybrd1

(Dcytb)

forward GTGACCGGCTTCGTCTTC

reverse TGGATGGATTTCATCAAGAGC

Epas1

(Hif-2a)

forward GGTTAAGGAACCCAGGTGCT

reverse GGGATTTCTCCTTCCTCAGC

Hamp

(hepcidin)

forward AGAAAGCAGGGCAGACATTG

reverse

CACTGGGAATTGTTACAGCATT

Slc11a2

(DMT1)

forward CACCGTCAGTATCCCAAGGT

reverse CCAATGATTGCCAACTCCA

Slc40a1

(ferroportin)

forward TTGTTGTTGTGGCAGGAGAA

reverse

AGCTGGTCAATCCTTCTAATGG

Tfrc

(TfR1)

forward TCCTTTCCTTGCATATTCTGG

reverse

CCAAATAAGGATAGTCTGCATCC

Western blot analysis

Protein was extracted by homogenizing tissues in lysis

buffer (0.25 M Sucrose, 0.03 M L-histidine, 0.5 mM

PMSF) containing protease inhibitor cocktail (Sigma

Aldrich; Poole, United Kingdom). After incubating on ice

for 20 min, the homogenate was centrifuged at 2,700g for

10 min at 4 �C. The resulting supernatant was decanted to

new tubes and centrifuged at 28,500g for 1 h at 4 �C. The

supernatant was used as cytoplasmic fraction, and the

membrane pellet was resuspended in Sucrose-Histidine

lysis buffer. Western blot analysis was performed using
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anti-mouse MTP1 antibody (Alpha Diagnostic; San Anto-

nio, TX, USA), anti-human IRP2 antibody (Novus Bio-

logicals), and anti-actin antibody (Sigma Aldrich; Poole,

UK) in order to detect ferroportin, IRP2, and actin,

respectively. Blot densitometry was obtained using ImageJ

software (National Institutes of Health, Bethesda, MD,

USA).

Statistical analysis

Data are presented as mean ± standard errors of the means

(SEM). The comparison of multiple groups for significant

effects of two variables (diet and genotype) was deter-

mined by two-way analysis of variance (two-way

ANOVA) with Bonferroni’s post hoc test. A P value less

than 0.05 was considered to be significant. All statistical

analyses were performed using Graphpad Prism 4 software

(GraphPad Software Inc; La Jolla, CA, USA).

Results

Effects of iron-deficient diet on iron parameters

The influence of iron-deficient diet on hemoglobin, serum

iron, and tissue non-heme iron levels in Hamp-/- mice and

heterozygotes were determined. Two-week iron-deficient

diet feeding resulted in a 30% decrease in serum iron in

heterozygous mice; however, the change did not reach a

statistically significant level (Table 1). Hamp-/- mice had

higher serum iron compared with heterozygous littermates,

and the levels were not affected by dietary treatment. Liver

non-heme iron levels were higher in Hamp-/- mice while

spleen non-heme iron levels were lower than in the het-

erozygotes. Iron-deficient diet caused significant reductions

in liver non-heme iron and spleen non-heme iron levels in

Hamp-/- mice and heterozygotes, respectively (Table 1).

In addition to tissue non-heme iron levels, the effects of

iron-deficient diet on iron metabolism were also confirmed

through a significant suppression of hepcidin expression in

the liver of heterozygous mice (Fig. 1).

Iron-deficient diet caused tissue-specific regulation

of ferroportin in Hamp-/- mice

As ferroportin is the sole iron exporter and potential hep-

cidin receptor, ferroportin protein expression was

Table 1 Iron parameters of 12-week-old male Hamp-/- mice and heterozygous littermates fed with control or iron-deficient diet for 2 weeks

Heterozygote

control (n = 6)

Heterozygote Fe

deficiency (n = 6)

Hamp-/-

control

(n = 7)

Hamp-/- Fe

deficiency

(n = 6)

P values (two-way ANOVA)

Genotype Diet Genotype 9 diet

Hemoglobin (g/dL) 16.67 ± 0.51 17.06 ± 0.71 17.10 ± 0.52 18.06 ± 0.92 0.3303 0.3627 0.6964

Serum iron (lM) 56.88 ± 3.77 40.08 ± 2.45 84.04 ± 14.23 79.97 ± 6.83 0.0012 0.2577 0.4859

Liver non-heme iron

(nmol/mg wet weight)

1.63 ± 0.22 1.26 ± 0.22 20.59 ± 2.27 15.77 ± 1.29? \0.0001 0.0848 0.1359

Spleen non-heme iron

(nmol/mg wet weight)

5.05 ± 0.43 3.74 ± 0.37* 1.53 ± 0.09 1.61 ± 0.18 \0.0001 0.0475 0.0259

Data are presented as mean ± SEM. Statistical analysis was performed by two-way ANOVA with Bonferroni’s post hoc test

* P \ 0.05 compared with heterozygote control; ? P \ 0.05 compared with Hamp-/- control

*** 
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Fig. 1 Effects of iron-deficient diet on hepcidin mRNA expression in

Hamp-/- and heterozygous mice. Real-time PCR of hepcidin mRNA

(Hamp) from the liver of Hamp-/- and heterozygous mice fed with

control/iron-deficient diet for 2 weeks. Relative mRNA expression

was acquired by normalizing hepcidin mRNA to b-actin (Actb)

mRNA. Values are means and SEM for the fold change as compared

with heterozygote fed with control diet (n = 7 for Hamp-/- fed with

control diet and n = 6 for the rest). The samples were measured in

triplicate. Statistical analysis was performed by two-way ANOVA

with Bonferroni’s post hoc test. ***P \ 0.001 as compared to control

diet-fed heterozygous mice. P \ 0.0001 for the effect of genotype,

P = 0.0022 and 0.0018 for diet and genotype 9 diet, respectively
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determined in order to delineate differential changes in iron

parameters between Hamp-/- mice and heterozygotes.

Hamp disruption results in increased ferroportin protein in

liver and spleen as indicated by significant effects of

genotype (P = 0.0012 and 0.0002 for liver and spleen

ferroportin, respectively) (Fig. 2). Iron-deficient diet feed-

ing increased ferroportin protein expression in the duode-

num and the spleen (P = 0.0101 and 0.0008 for the effects

of diet on duodenum and spleen ferroportin, respectively).

In contrast, liver ferroportin was lower in mice fed with

iron-deficient diet (P = 0.0349). Notably, the ferroportin

response to iron-deficient diet was more pronounced in

Hamp-/- mice than in heterozygous littermates as shown

by a significant interaction between genotype and diet

(P = 0.0458 and 0.0043 for liver and spleen, respectively).

In order to investigate the mechanisms of ferroportin

regulation, ferroportin expression was examined at the

mRNA level by qPCR. Splenic ferroportin mRNA

expression was not influenced by the genotype or diet

(Fig. 3a). Since ferroportin mRNA contains a 50-IRE, IRP2

protein levels were determined by Western blot analysis to

explore the regulation at post-transcriptional level. Similar

to ferroportin mRNA levels, IRP2 protein levels in the

spleen were unaffected by the genotype or diet (Fig. 3b).

In contrast to the spleen, Hamp ablation resulted in fer-

roportin mRNA upregulation in the liver (Fig. 4a). Inter-

estingly, ferroportin mRNA expression was unaffected by

the diet despite the down-regulation at the protein level. IRP2

protein expression was therefore measured to delineate the

mechanism underlying this discrepancy. As shown in

Fig. 4b, IRP2 protein was decreased in Hamp-/- liver

(P = 0.0481 for the effect of genotype) while its expression

was increased by iron-deficient diet feeding (P = 0.0054).

Hence, the decrease in liver ferroportin protein expression

could be explained through IRP regulation.

In the duodenum, iron-deficient diet feeding and Hamp

disruption were associated with trends toward increased

ferroportin mRNA expression. Notably, the ferroportin

response in Hamp-/- appeared to be more pronounced than

in heterozygous littermates (Fig. 5). These did not, how-

ever, achieve statistical significance.
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Fig. 2 Effects of iron-deficient diet on ferroportin protein expression

in Hamp-/- and heterozygous mice. Western blot analysis of

ferroportin (100 lg crude membrane preparation) from duodenum

(a), liver, (b) and spleen (c) of Hamp-/- mice and heterozygotes fed

with control or iron-deficient diet for 2 weeks. Ferroportin expression

was normalized to the expression of b-actin and presented in arbitrary

unit (AU). Densitometry is displayed below the blot. Values are

means and SEM (n = 4). Statistical analysis was performed by two-

way ANOVA with a Bonferroni’s post hoc test. ?P \ 0.05,

???P \ 0.001 as compared to control diet-fed Hamp-/- mice.

P values for the effects of genotype, diet, and genotype 9 diet;

Duodenum: P = 0.0953, 0.0101 and 0.6118; Liver: P = 0.0012,

0.0349 and 0.0458; and Spleen: P = 0.0002, 0.0008 and 0.0043

c
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Fig. 3 a Effects of iron-deficient diet on splenic ferroportin mRNA

expression in Hamp-/- and heterozygous mice. Real-time PCR of

ferroportin (Slc40a1) from the spleen of Hamp-/- and heterozygous

mice fed with control/iron-deficient diet for 2 weeks. Relative mRNA

expression was acquired by normalizing to b-actin (Actb) mRNA.

Values are means and SEM for the fold change as compared with

heterozygote fed with control diet (n = 7 for Hamp-/- fed with

control diet and n = 6 for the rest). The samples were measured in

triplicate. Statistical analysis was performed by two-way ANOVA

with Bonferroni’s post hoc test. P = 0.9082, 0.7274, and 0.6978 for

the effect of genotype, diet, and genotype 9 diet, respectively.

b IRP2 protein expression in the spleen of control and iron-deficient

diet-fed Hamp-/- and heterozygous mice. Western blot analysis of

IRP2 (100 lg cytosolic protein extract) from the spleen of Hamp-/-

mice and heterozygotes fed with control or iron-deficient diet for

2 weeks. IRP2 expression was normalized to the expression of b-actin

and presented in arbitrary unit (AU). Densitometry is displayed below

the blot. Values are means and SEM (n = 4). Statistical analysis was

performed by two-way ANOVA with a Bonferroni’s post hoc test.

P = 0.4768, 0.9912, and 0.6260 for the effect of genotype, diet, and

genotype 9 diet, respectively
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Fig. 4 a Effects of iron-deficient diet on liver ferroportin mRNA

expression in Hamp-/- and heterozygous mice. Real-time PCR of

ferroportin mRNA (Slc40a1) from the liver of Hamp-/- and

heterozygous mice fed with control or iron-deficient diet for 2 weeks.

Relative mRNA expression was acquired by normalizing ferroportin

mRNA to b-actin (Actb) mRNA. Values are means and SEM for the

fold change as compared with heterozygote fed with control diet

(n = 7 for Hamp-/- fed with control diet and n = 6 for the rest). The

samples were measured in triplicate. Statistical analysis was per-

formed by two-way ANOVA with Bonferroni’s post hoc test.

P = 0.0002, 0.2436, and 0.9249 for the effect of genotype, diet,

and genotype 9 diet, respectively. b IRP2 protein expression in the

liver of control and iron-deficient diet-fed Hamp-/- and heterozygous

mice. Western blot analysis of IRP2 (100 lg cytosolic protein extract)

from the liver of Hamp-/- mice and heterozygotes fed with control or

iron-deficient diet for 2 weeks. IRP2 expression was normalized to

the expression of b-actin and presented in arbitrary unit (AU).

Densitometry is displayed below the blot. Values are means and SEM

(n = 4). Statistical analysis was performed by two-way ANOVA with

a Bonferroni’s post hoc test. P = 0.0481, 0.0054, and 0.9761 for the

effect of genotype, diet, and genotype 9 diet, respectively
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Effects of iron-deficient diet on transcripts of iron

absorption machinery in duodenum

In order to study the effect of iron-deficient diet on duodenal

expression of iron absorption machinery, qPCR was per-

formed on the duodenal samples from Hamp-/- mice or het-

erozygotes fed with control or iron-deficient diet for 2 weeks.

As shown in Fig. 5, Dcytb and DMT1 mRNA expression was

higher in Hamp-/- duodenum. Iron-deficient diet feeding was

associated with increased mRNA expression of both Dcytb

and DMT1 as indicated by significant effects of the diet on the

expression of both transcripts. It is also noteworthy that these

responses were more pronounced in Hamp-/- mice as indi-

cated by significant interactions between diet and genotype.
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Fig. 5 Effects of iron-deficient

diet on duodenal iron transport

machinery, Hif-2a and TfR1

mRNA expression in Hamp-/-

and heterozygous mice. Real-

time PCR of ferroportin

(Slc40a1), Dcytb (Cybrd1),

DMT1 (Slc11a2), Hif-2a
(Epas1), and TfR1 (Tfrc)

mRNA from the duodenum of

Hamp-/- and heterozygous

mice fed with control/iron-

deficient diet for 2 weeks.

Relative mRNA expression was

acquired by normalizing mRNA

levels to b-actin (Actb) mRNA.

Values are means and SEM for

the fold change as compared

with heterozygote fed with

control diet (n = 7 for

Hamp-/--fed with control diet

and n = 6 for the rest). The

samples were measured in

triplicate. Statistical analysis

was performed by two-way

ANOVA with Bonferroni’s post

hoc test. ?P \ 0.05,

??P \ 0.01, ???P \ 0.001,

and ???? P \ 0.0001 as

compared to control diet-fed

Hamp-/- mice. P values for the

effects of genotype, diet, and

genotype 9 diet; ferroportin:

P = 0.1560, 0.1211, and

0.2103; Dcytb: P = 0.0063,

0.0011, and 0.0211; DMT1:

P = 0.0061, 0.0012, and

0.0117; Hif-2a: P = 0.2537,

0.0320, and 0.0520; TfR1:

P = 0.0804, 0.0365, and 0.0473
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Duodenal Hif-2a and IRP2 expressions were studied to

examine the mechanism of the differential response of iron

transport machinery mRNA expression. qPCR results indi-

cated a significant effect of diet on Hif-2a mRNA expression

that was significantly upregulated in Hamp-/- mice upon

iron-deficient diet treatment (Fig. 5). Western blot analysis

demonstrated a significant effect of genotype on duodenal

IRP2 protein levels, whereas no significant effect of the diet

was observed (Fig. 6). However, a trend toward increased

IRP2 protein was found in Hamp-/- mice fed with iron-

deficient diet compared with control counterparts.

Additionally, transferrin receptor 1 (Tfrc) mRNA

expression was measured to determine duodenal iron sta-

tus. Tfrc mRNA expression was significantly increased by

iron-deficient diet. Notably, the response of Tfrc mRNA

expression to iron-deficient diet was also more pronounced

in Hamp-/- duodenum (Fig. 5).

Discussion

The regulation of mammalian iron homeostasis consists of

a complex network of regulatory mechanisms at both cel-

lular and systemic levels. While hepcidin is regarded as the

major systemic iron regulator, the local control of iron

metabolism can be achieved through the IRP-IRE mecha-

nism. In addition, Hif-2a has recently been shown to reg-

ulate iron homeostasis in duodenal enterocytes. The

interaction between these mechanisms is not clearly

understood. We recently proposed that the effects of

exogenous hepcidin might be influenced by dietary iron or

systemic iron status [18]. The current study was conducted

in order to explore whether Hamp disruption affects the

responses to dietary iron deficiency. Heterozygous mice

were used as control group in order to compare the results

from the current study with our previous report. In addi-

tion, previous literature [14] as well as our unpublished

findings found no significant difference in iron parameters

or mRNA levels of iron transport machinery between wild

type and heterozygous mice.

Our study demonstrates that Hamp-/- mice and het-

erozygotes responded differently to iron-deficient diet.

Two-week feeding of iron-deficient diet caused a trend

toward reduced serum iron in heterozygous mice, whereas

no change in serum iron was found in the knockout. It is

noteworthy that similar response was also found when

these mice were injected with synthetic hepcidin [18]. The

expression of ferroportin, the sole cellular iron efflux

molecule, was therefore studied. Remarkably, Hamp-/-

mice exhibited more dramatic changes in ferroportin pro-

tein expression in response to iron-deficient diet compared

with heterozygotes. In addition, ferroportin protein

response to the diet in Hamp-/- mice was tissue specific

with increased expression in the duodenum and spleen, but

decreased expression in the liver. In order to delineate

tissue-specific ferroportin responses, ferroportin mRNA

expression was measured in the three tissues. In the spleen,

ferroportin mRNA levels were unaffected by the genotype

or the diet, suggesting that splenic ferroportin was upreg-

ulated at the post-transcriptional and/or post-translational

levels. Reduced spleen non-heme iron levels (as found in

iron-deficient diet-fed heterozygous mice) would be

expected to increase IRP activity and result in suppressed

ferroportin translation, which is opposite to the finding in

this study. Hence, it is less likely that IRP–IRE interaction

was responsible for the ferroportin response to iron-defi-

cient diet in these mice. IRP2 is synthesized de novo under

iron-deficient conditions, thus making IRP2 Western blot

analysis a practical approach for IRP2 activity determina-

tion. Furthermore, results from IRP-disrupted mouse

models suggested that IRP2 seems to be more important in

vivo in iron metabolism in mice [19–21]. IRP2 protein

levels were therefore measured by Western blot analysis in

order to determine IRP2 activity. We found that spleen

IRP2 protein levels remained unaffected by the diet or

genotype. Thus, we conclude that increased splenic ferro-

portin protein expression in heterozygotes may be caused

by hepcidin suppression in response to iron-deficient diet
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Fig. 6 IRP2 protein expression in the duodenum of control and iron-

deficient diet-fed Hamp-/- and heterozygous mice. Western blot

analysis of IRP2 (100 lg cytosolic protein extract) from the

duodenum of Hamp-/- mice and heterozygotes fed with control or

iron-deficient diet for 2 weeks. IRP2 expression was normalized to

the expression of b-actin and presented in arbitrary unit (AU).

Densitometry is displayed below the blot. Values are means and SEM

(n = 4). Statistical analysis was performed by two-way ANOVA with

a Bonferroni’s post hoc test. P = 0.0008, 0.8026, and 0.1843 for the

effect of genotype, diet, and genotype 9 diet, respectively
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feeding. In contrast, the change in Hamp-/- mice was a

result of post-transcriptional and/or post-translational

mechanisms and was independent of hepcidin or IRP.

In the liver, ferroportin mRNA and protein expressions

were increased in Hamp-/- mice. Notably, a significant

and suppressive effect of Hamp disruption on IRP2 protein

levels was also found. Together with the lack of hepcidin,

these findings suggest that increased ferroportin protein in

Hamp-/- liver was cumulatively caused by a combination

of transcriptional, post-transcriptional and post-transla-

tional control. Interestingly, iron-deficient diet suppressed

liver ferroportin protein expression in Hamp-/- mice. This

was associated with the significant and inductive effect of

iron-deficient diet on IRP2 protein levels, thus suggesting

that the post-transcriptional control of ferroportin could

override the effect of the transcriptional control even in the

absence of hepcidin.

In the duodenum, ferroportin protein levels were sig-

nificantly increased by iron-deficient diet, while the effect

of the genotype was not significant possibly due to a high

individual variation. Similarly, only marginal effects of

genotype and diet on ferroportin transcription were

observed, possibly for the same reason. These findings

suggest that the response of ferroportin in the duodenum

was post-transcriptionally regulated; however, a transcrip-

tional regulation cannot be excluded. Moreover, iron-defi-

cient diet and Hamp disruption had significant effects on

Dcytb and DMT1 transcription, and the effects were more

dramatic in Hamp-/- mice. As Dcytb and DMT1 shared a

similar pattern of transcriptional response, it is possible that

these iron transport machineries were regulated by a

common mechanism.

Duodenal Hif-2a has recently been demonstrated to

transcriptionally regulate Dcytb, DMT1, and, possibly,

ferroportin in response to iron deficiency [11, 12, 22]. In

the present study, iron-deficient diet was demonstrated to

significantly affect duodenal Hif-2a mRNA levels in

Hamp-/- mice even in the absence of anemia. Hif-2a
induction was demonstrated following acute iron defi-

ciency in the duodenum [22]. In agreement, duodenum of

iron-deficient diet-fed Hamp-/- mice appeared to be iron

deficient as suggested by Tfrc mRNA levels. In addition,

enterocytes have been shown to be hypoxic even under

basal condition [11]. It is therefore possible that duodenal

Hif-2a can be induced in response to iron-deficient diet

feeding regardless of the development of anemia. Inter-

estingly, Hif-2a mRNA expression was significantly

increased in Hamp-/- mice upon iron-deficient diet feed-

ing which corresponded to changes in the expression of

Dcytb, DMT1 and ferroportin mRNA. This is, therefore,

suggestive that Hif-2a may be responsible for the tran-

scriptional response of the three iron transport proteins in

these mice. However, this remains to be confirmed by Hif-

2a protein levels. It is also noteworthy that the control diet

utilized in the present study contained only marginal

amount of iron in contrast to iron-replete diet used in

previous studies (48 ppm vs. 250–350 ppm) [12, 22]. The

relatively low iron levels in control diet might result in the

lack of Hif-2a response in heterozygous mice upon iron-

deficient diet feeding in the present study.

In addition to Hif-2a, IRP2 protein expression was

determined in the duodenum. It is noteworthy that the

protein was acquired from duodenal scrapping that may

contain other cell types apart from mature enterocytes. This

may explain the negative effect of genotype on IRP2 pro-

tein levels as the scrapping from Hamp-/- duodenum

could contain other iron-loaded cells. Interestingly, iron-

deficient diet feeding was associated with a trend for

increased IRP2 protein levels in Hamp-/- duodenum. In

agreement, duodenal Tfrc mRNA expression, which is an

indirect indicator of IRP activity, also appeared to corre-

spond to the IRP2 response and mRNA expression of iron

transport machineries. Upon iron-deficient diet feeding,

Tfrc mRNA expression was significantly upregulated in

Hamp-/- duodenum (thus reflecting increased IRP activ-

ity). It is therefore possible that iron-deficient diet increase

DMT1 mRNA expression in the duodenum of Hamp-/-

mice through the IRP regulatory mechanism.

Collectively, the results suggest that iron-deficient diet or

Hamp disruption transcriptionally increased Dcytb, DMT1,

and, to a less extent, ferroportin in normal mice. In addition,

ferroportin expression could also be post-translationally

enhanced by reduced hepcidin levels. In contrast, iron-defi-

cient diet increased the expression of iron transport machinery

in Hamp-/- duodenum through hepcidin-independent

mechanisms. This might be partially caused by increased IRP

activity particularly in the case of DMT1 transcription.

However, other mechanisms, including Hif-2a, could also be

involved since Dcytb mRNA does not contain an IRE.

In conclusion, our study demonstrates that the expression

of ferroportin as well as Dcytb and DMT1 in Hamp-/- mice

was regulated by iron-deficient diet through several hepci-

din-independent mechanisms, and ferroportin response in

these mice displayed a tissue-specific regulatory pattern.

Moreover, Hamp-/- mice exhibited a more pronounced

increase in iron transport machinery expression that may be

responsible for the unaltered serum iron levels upon iron-

deficient diet feeding. Our findings indicate that despite the

lack of hepcidin, the body is still capable of maintaining a

degree of iron homeostasis in response to altered dietary iron

through several hepcidin-independent mechanisms.
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