
baseline IRE-binding activity in tissues. How-

ever, the observation that IRE-binding activity

can be recruited by oxidative disassembly of its

Fe-S cluster means that in some pathological

situations, including those in which inflamma-

tion results in release of reactive oxygen

species, the vast reservoir of IRP1 in the

aconitase form (Fig. 1C) may be converted to

the IRE-binding form (20, 21). This can lead to

inappropriate repression of ferritin synthesis,

increased TfR expression, and cellular iron

toxicity. Increased iron content coupled with

decreased ferritin has been observed in degen-

erating regions of the brain in Parkinson_s
disease (28). Thus, pathologic activation of

IRP1 by reactive oxygen species may play an

important role in some disease processes.

Our findings provide genetic evidence that

in mammals, the tissue oxygen concentrations

are a critical variable in regulating genes that

are important in iron metabolism. Results

obtained from tissue culture cells grown in

room air may lead to conclusions that are not

relevant to normal physiology. Iron- and

oxygen-based chemistries affect many cellular

processes, including mitochondrial function,

DNA replication, and the response to hypoxia

(29). Our work demonstrates that the IRP-

regulatory system has evolved to tightly

regulate iron metabolism at oxygen concen-

trations that exist in normal mammalian

tissues. Even though the two IRPs are highly

homologous (1), their activities are only

partially redundant, and they occupy different

regulatory niches. In normal physiology, tissue

oxygen tension determines the contribution of

each IRP to the regulation of iron homeostasis.
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Hepcidin Regulates Cellular Iron
Efflux by Binding to Ferroportin
and Inducing Its Internalization

Elizabeta Nemeth,1 Marie S. Tuttle,2 Julie Powelson,2

Michael B. Vaughn,2 Adriana Donovan,3 Diane McVey Ward,2

Tomas Ganz,1* Jerry Kaplan2*

Hepcidin is a peptide hormone secreted by the liver in response to iron loading
and inflammation. Decreased hepcidin leads to tissue iron overload, whereas
hepcidin overproduction leads to hypoferremia and the anemia of in-
flammation. Ferroportin is an iron exporter present on the surface of absorptive
enterocytes, macrophages, hepatocytes, and placental cells. Here we report
that hepcidin bound to ferroportin in tissue culture cells. After binding,
ferroportin was internalized and degraded, leading to decreased export of
cellular iron. The posttranslational regulation of ferroportin by hepcidin may
thus complete a homeostatic loop: Iron regulates the secretion of hepcidin,
which in turn controls the concentration of ferroportin on the cell surface.

The liver-produced hormone hepcidin con-

trols plasma iron levels by regulating the

absorption of dietary iron from the intes-

tine, the release of recycled hemoglobin

iron by macrophages, and the movement of

stored iron from hepatocytes Efor a review,

see (1, 2)^. During pregnancy, fetal hepci-

din controls the transfer of maternal iron

across the placenta to the fetus. In turn,

hepcidin levels are homeostatically regu-

lated by hepatic iron and by the need for

erythropoiesis as sensed by liver oxygena-

tion. Hepcidin is also induced during inflam-

mation, in which hepcidin_s effect on iron

transport causes the characteristic decrease in

blood iron (hypoferremia of inflammation).

The hypoferremia is thought to increase host

resistance to microbial infection but also leads

to the anemia of inflammation (often referred

to as the anemia of chronic disease).

Ferroportin (Fpn) is an iron exporter on

the surface of absorptive intestinal entero-

cytes, macrophages, hepatocytes, and placen-

tal cells, all of which release iron into plasma

(3–5). To determine whether hepcidin inter-

acts with Fpn, we generated a stable cell line

(HEK293-Fpn) expressing mouse Fpn with a

C-terminal green fluorescent protein (GFP)

under the control of the ecdysone-inducible

promoter. In the absence of the inducer

ponasterone, there was no detectable synthesis

of Fpn-GFP. Within 24 hours of ponasterone

addition, there was abundant GFP fluores-

cence outlining the surface of cells (fig. S1).

To determine whether Fpn-GFP was func-

tional, we examined the effect of ferroportin

induction on cellular iron levels, as measured

by the accumulation of ferritin, the cytosolic

iron storage protein. Incubation of cells with

ferric ammonium citrate (FAC) alone re-

sulted in a large increase in ferritin levels.

FAC loading with simultaneous induction of

Fpn-GFP prevented ferritin accumulation

(Fig. 1A). Similar results were obtained when

diferric transferrin was used as an iron source

and levels of IRP2, inversely regulated by

cytosolic iron (6, 7), were measured as an

indicator of cellular iron levels (fig. S2). In-

duction of Fpn-GFP resulted in an increase of

IRP2 levels when compared to uninduced

cells, indicating that cytosolic iron levels de-

creased after the induction of Fpn-GFP. To

show that reduced cytosolic iron levels re-
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sulted from Fpn-induced iron export rather

than inhibition of iron uptake, cells were first

incubated with FAC and then induced to ex-

press Fpn-GFP in the continued presence of

FAC. Even with high levels of FAC in the

medium, induction of Fpn resulted in a de-

crease in ferritin levels (Fig. 1B).

The addition of hepcidin to Fpn-GFP–

expressing cells markedly changed the dis-

tribution of Fpn-GFP from the cell surface to

punctate intracellular vesicles (Fig. 2A). In-

ternalization of Fpn-GFP by hepcidin was

observed even in the face of continued syn-

thesis of Fpn-GFP. In the presence of the

protein synthesis inhibitor cycloheximide,

Fpn-GFP remained on the cell surface (fig.

S3A), and only the addition of hepcidin

caused the loss of surface Fpn-GFP and the

appearance of Fpn-GFP in intracellular

vesicles (fig. S3B). When hepcidin was

removed from the medium, there was no

recovery of cell surface fluorescence in the

absence of proteins synthesis. Thus, once

Fpn-GFP is internalized by hepcidin, it does

not recycle to the cell surface.

Concentrations of hepcidin as low as

0.1 mM (0.3 mg/ml) induced Fpn internaliza-

tion within 1 hour, whereas concentrations

10 times lower resulted in Fpn internalization

over a 3-hour time course. These values are

consistent with estimates of plasma hepcidin

concentration based on urinary hepcidin excre-

tion in either iron-loaded or infected individu-

als (8, 9). Chemically synthesized hepcidin

was as efficient in inducing Fpn-GFP internal-

ization as was hepcidin purified from urine.

Because hepcidin is a small cationic peptide,

we considered the possibility that hepcidin-

induced internalization of Fpn-GFP was non-

specific, because cationic peptides and proteins

are known to induce endocytosis (10). Prote-

grin is a cationic antimicrobial peptide from

pig neutrophils that is structurally similar to

hepcidin (18 amino acids, cationic, beta-sheet,

but only two disulfides) (11). The addition of

protegrin to cells had little effect on the

distribution of Fpn-GFP (fig. S4). Chemically

synthesized truncated hepcidin lacking the

five N-terminal residues (hep20) but retaining

hepcidin conformation and most of the

cationic residues (12) also had no effect on

Fpn distribution or protein levels. Thus,

hepcidin-induced Fpn-GFP internalization

was specific for bioactive hepcidin (hep25).

Hepcidin had no effect on the distribution

of another membrane receptor, epidermal

growth factor receptor (EGFR) (Fig. 2B).

Because EGFR can be better visualized in

HeLa cells than in HEK293-Fpn cells, HeLa

cells were transiently transfected with a

plasmid expressing Fpn-GFP under the con-

trol of the cytomegalovirus (CMV) promot-

er. The addition of EGF, which induced the

internalization of EGFR, had no effect on the

distribution of Fpn-GFP, whereas the addi-

tion of hepcidin resulted in the internaliza-

tion of Fpn-GFP but not EGFR.

Hepcidin induced not only internalization

but also degradation of Fpn-GFP. In HeLa cells

transfected with a plasmid containing a CMV-

regulated Fpn-GFP, internalized Fpn-GFP

colocalized with Lamp-1, a late endosomal/

lysosomal marker (fig. S5). The addition of

hepcidin to HEK293-Fpn cells for 4 hours

caused the loss of Fpn-GFP (Fig. 3, A and B,

and fig. S6). Chloroquine, an alkalinizing agent

that inhibits lysosomal protease activity, pre-

vented the hepcidin-induced loss of Fpn-GFP

and increased Fpn-GFP fluorescence in intra-

cellular vesicles, many of which colocalized

with the lysosomal marker Lamp-1. Hep20 did

not induce degradation of Fpn-GFP (fig. S6).

These results demonstrate that Fpn-GFP inter-

nalized by hep25 is degraded in lysosomes.

We next examined whether hepcidin-

mediated Fpn-GFP internalization affected

iron transport. In the absence of hepcidin,

induction of Fpn-GFP in cells exposed to

FAC prevented the accumulation of ferritin,

but the addition of increasing concentrations

of hepcidin progressively increased cellular

ferritin levels (Fig. 3C). Protegrin did not

affect ferritin levels. Similarly, when cells

were loaded with Tf(59Fe)
2

and cellular iron

levels were measured by the accumulation of

radioactivity, induction of Fpn-GFP led to

decreased radioactivity, whereas the addition

of hepcidin to cells expressing Fpn-GFP led

to an increase in radioactivity (Fig. 3D).

Fig. 1. Expression of a functional cell surface Fpn-GFP. (A) EcR293 cells were stably transfected with a
plasmid containing an ecdysone-regulated Fpn-GFP construct. The resulting HEK293-Fpn cells were
incubated with 10 mM FAC in the absence or presence of 10 mM ponasterone (pon) for 24 hours. Cells
were harvested, and ferritin content was determined by enzyme-linked immunosorbent assay (ELISA).
FAC addition resulted in increased ferritin, which was prevented by the simultaneous addition of
ponasterone. (B) Cells were incubated with FAC for 12 hours. Ponasterone was then added to one set
of cells (red line), and the cells were incubated in the continued presence of FAC for an additional 48
hours. Induction of Fpn-GFP decreased ferritin even in the presence of iron.

Fig. 2. Bioactive hepcidin specifical-
ly induces the internalization of
Fpn-GFP. (A) Fpn-GFP was induced
by ponasterone treatment for 24
hours. Cells were then incubated for
6 hours in the absence or presence
of 0.5 mM purified human hepcidin
and imaged by epifluorescence mi-
croscopy. (B) HeLa cells transfected
with a plasmid containing CMV-regulated Fpn-GFP were incubated in serum-free medium
overnight and then in the presence of cycloheximide (75 mg/ml) for 2 hours. In the continued
presence of cycloheximide, cells were incubated, either with media alone (–), hepcidin (0.5 mM), or
EGF (0.16 mM) for an additional 4.5 hours. The cells were processed for immunofluorescence and
stained with a rabbit antibody to EGFR, followed by an Alexa 594 (red)–conjugated goat antibody
to rabbit. Nomarski indicates the type of optics used to image the cells with a halogen lamp.
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Hepcidin had no effect on uninduced cells.

Thus, hepcidin prevents iron export by

removing Fpn from the cell surface, which

leads to cellular retention of iron.

We then determined whether hepcidin

caused Fpn-GFP internalization by directly

binding to Fpn. Human hepcidin contains two

histidines that can be iodinated. The efficien-

cy of hepcidin radioiodination, however, was

low (specific activity 105 to 106 cpm/mg).

We generated a modified hepcidin with a

Met21YTyr21 substitution because tyrosine

is present in this position in zebrafish hepcidin

(GenBank accession number AAP80240).

The modified hepcidin was as effective in

inducing Fpn-GFP internalization as the

unmodified peptide and allowed for a greatly

increased efficiency of radioiodination (spe-

cific activity 5 � 107 cpm/mg). Cells express-

ing Fpn-GFP showed increased binding of
125I-hepcidin relative to uninduced cells

(Fig. 4A). Nonradioactive hepcidin competed

with 125I-hepcidin for binding to Fpn-

GFP–expressing cells (with a median inhib-

itory concentration of about 700 nM), but

protegrin or truncated hepcidin lacking the

first five amino terminal residues (hep20)

did not.

Cross-linking studies also indicated that

hepcidin binds directly to Fpn. 125I-hepcidin

was cross-linked to cells uninduced or in-

duced to express Fpn-GFP, and cellular ly-

sates were either analyzed directly (Fig. 4B)

or immunoprecipitated with an antibody to

GFP (Fig. 4C). In both cases, 125I-hepcidin

was found in a band of the expected size for a

complex of hepcidin–GFP-Fpn in ponasterone-

induced but not -uninduced cells. No signal

was detected when excess unlabeled hepcidin

was added with iodinated hepcidin. The

addition of protegrin did not prevent the

binding of iodinated hepcidin. Thus, Fpn acts

as the hepcidin receptor.

An inverse relation has been observed be-

tween hepcidin levels and Fpn protein or

mRNA (13–16), but the mechanism under-

lying this relation is unclear. Most studies

have focused on factors that affect Fpn

mRNA levels. Fpn has a putative 5¶ iron-

responsive element (IRE), suggesting the

possibility of regulation by the iron-binding

proteins IRP1 and IRP2. Fpn protein levels,

however, are inversely correlated with hepci-

din mRNA even in mice with a mutation in

the 5¶ IRE of Fpn (15). Here we have found

that Fpn levels can be regulated by direct

interaction with hepcidin, resulting in the

internalization and degradation of Fpn. The

use of inducible or constitutive promoters that

are iron-independent clearly separates the loss

of Fpn from any effect on Fpn synthesis.

Forced expression of Fpn in cultured cells

results in a profound decrease in cytosolic

iron (3), suggesting that the iron transport

activity of Fpn is constitutive. Cellular iron

export may be controlled by the concentration

of Fpn at the cell surface, either through

synthesis or, as shown here, through ligand-

induced internalization and degradation.

Coupling the internalization of Fpn to

hepcidin levels could generate a homeostatic

loop regulating iron plasma levels and the

tissue distribution of iron. Increased plasma

iron, from macrophage recycling of aged red

blood cells or from intestinal absorption of

iron, stimulates hepatocytes by an as yet

unknown mechanism to produce more hepci-

din. Circulating hepcidin can bind to Fpn,

cause its internalization, and trap iron in

hepatocytes, macrophages, and absorptive

enterocytes. The consequent rise in cytoplas-

mic iron could reduce iron uptake in these cells

(17). Continued utilization of plasma iron,

predominantly for hemoglobin synthesis by

red cell precursors in the bone marrow, would

rapidly deplete plasma iron, restoring the

system to a steady state.

The hepcidin-ferroportin interaction may

be central to the pathophysiology of hereditary

hemochromatosis and the anemia of inflam-

mation. Most types of hemochromatosis are

characterized by hepcidin deficiency (18) or,

less frequently, by autosomal dominant muta-

tions of ferroportin (18). At the opposite end

of the spectrum, in the anemia of inflamma-

tion, cytokine-stimulated hepcidin excess

restricts the supply of iron for red cell

production (9, 19). Detailed analysis of

hepcidin-Fpn interactions and Fpn internal-

Fig. 3. Hepcidin induces Fpn-GFP
degradation in lysosomes and
ablates cellular iron export. (A)
HEK293-Fpn cells were induced
with ponasterone and incubated
for 2 hours in the presence or
absence of 100 mM chloroquine,
followed by 4 hours of incubation
with or without 0.5 mM hepcidin.
Samples processed for immunoflu-
orescence were stained with a
mouse antibody against Lamp-1,
followed by an Alexa 594–
conjugated goat imunoglobulin G
(IgG) to mouse. The yellow color
represents the merge between the
green Fpn-GFP and the red Lamp-1
staining. (B) Samples treated as
described in (A) were analyzed by
SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blot using an antibody to GFP. The Western blots were also
probed with an antibody to actin to control for protein loading. (C) HEK293-Fpn cells were incubated
for 24 hours with FAC. The cells were then induced with ponasterone in the presence or absence of
the specified concentrations of hepcidin or protegrin for 24 hours. Cellular protein was extracted, and
ferritin were concentrations determined by ELISA. The differences between hepcidin’s and protegrin’s
effect on ferritin accumulation were statistically significant at each dose (P G 0.01 as determined by t
test, except for the lowest dose P G 0.05). (D) Cells were incubated with 2.5 � 10j8 M Tf(59Fe)2 in
the absence or presence of ponasterone or hepcidin (0.7 mM) for 12 hours. Cells were washed and
cell-associated radioactivity was determined and normalized for total protein concentration.
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ization pathways should provide useful tar-

gets for the treatment of these iron disorders.
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Hemoxygenase-2 Is an Oxygen
Sensor for a Calcium-Sensitive

Potassium Channel
Sandile E. J. Williams,1,5 Phillippa Wootton,1 Helen S. Mason,1,5

Jonathan Bould,2 David E. Iles,3 Daniela Riccardi,5

Chris Peers,4 Paul J. Kemp1,5*

Modulation of calcium-sensitive potassium (BK) channels by oxygen is im-
portant in several mammalian tissues, and in the carotid body it is crucial to
respiratory control. However, the identity of the oxygen sensor remains
unknown. We demonstrate that hemoxygenase-2 (HO-2) is part of the BK
channel complex and enhances channel activity in normoxia. Knockdown of
HO-2 expression reduced channel activity, and carbon monoxide, a product of
HO-2 activity, rescued this loss of function. Inhibition of BK channels by
hypoxia was dependent on HO-2 expression and was augmented by HO-2
stimulation. Furthermore, carotid body cells demonstrated HO-2–dependent
hypoxic BK channel inhibition, which indicates that HO-2 is an oxygen sensor
that controls channel activity during oxygen deprivation.

Large-conductance, Ca2þ-sensitive potas-

sium (BK) channels are strongly implicated

in the acute O
2

signaling cascade of a

number of cellular systems. In carotid body

chemoreceptors (1, 2), low arterial pO
2

is

detected by BK channels, and the resulting

depolarizing signal is ultimately transduced

into increased ventilation. BK channels in

pulmonary arteriolar myocytes may con-

tribute to both persistent prenatal (3) and

acute postnatal hypoxic pulmonary vaso-

constriction (3, 4). Hypoxic inhibition of

BK channels in perinatal adrenomedullary

chromaffin cells is necessary for the cate-

cholamine secretion crucial for preparing

the newborn_s lung to breathe air (5).

Hypoxic depression of BK channel activity

in neurons of the central nervous system

(6–8) may also contribute to the excitotox-

icity that results from increased neuronal

excitability. As O
2

supply becomes com-

promised, BK channels are acutely and

reversibly inhibited (2, 7–10), resulting in

cell depolarization. Subsequent voltage-

gated Ca2þ influx induces hypoxia-dependent

neurotransmitter release (11). In the carotid

body, this ultimately results in increased

ventilation. However, the molecular nature

Fig. 4. Binding of 125I-hepcidin to cells
expressing Fpn. Uninduced cells or cells
induced with 10 mM ponasterone to express
Fpn-GFP were incubated with (A) 125I-hepcidin
(1 � 106 cpm/ml) for 1 hour at 37-C in the
presence of the indicated concentrations of
nonradioactive hep25, hep20, or protegrin.
Cell-associated 125I-hepcidin was determined
by rapid separation of the cells from the
medium using centrifugation through silicone
oil and measurement of radioactivity in the
cell pellet. The points represent the average of
four to six replicates with standard deviations,
except for the 18 mM point, which was done in
duplicate. The data were normalized to the
amount of radioactivity bound to induced cells
in the absence of unlabeled hepcidin (absolute counts were 10,000 to 15,000 cpm), and the amount
of radioactivity bound to uninduced cells (1000 to 3000 cpm) was subtracted as background for each
point. (B) 125I-hepcidin (1.5 � 106 cpm/ml) was added for 15 min at 37-C in the absence or presence
of unlabeled hepcidin (hep) or protegrin and was cross-linked by the addition of 5 mM disuccinimidyl
suberate (DSS). Cellular lysates (20 mg of total protein) were analyzed by SDS-PAGE and 125I-hepcidin
was visualized by autoradiography. Un–cross-linked 125I-hepcidin that dissociated from Fpn during cell
lysis is seen at the bottom of the gel. (C) Cellular lysates from (B) (400 mg of total protein) were
immunoprecipitated with an antibody to GFP, separated by SDS-PAGE and 125I-hepcidin visualized by
autoradiography.
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