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I. INTRODUCTION

IRON is a trace element of crucial importance to living cells
that exists in a divalent state. Because of its divalent nature,

iron may act as a redox component of proteins, and therefore
is integral to vital biologic processes that require the transfer
of electrons. It is intimately involved in numerous vital biologic
processes, including oxygen transport, oxidative phosphoryla-
tion, DNA biosynthesis, and xenobiotic metabolism (131). Iron
is a constituent of such important proteins as hemoglobin, cy-
tochromes, oxygenases, flavoproteins, and redoxins. The tran-
sition metal participates in the transfer of electrons via oxida-
tion–reduction reactions that result in the fluctuation of iron
between its ferric (3�) and ferrous (2�) states (229). This char-
acter is largely responsible for the biologic significance of iron.

The same character that allows iron to participate in energy
production by electron transfer also causes the toxicity result-
ing from an excess of “labile iron.” This propensity to undergo
oxidation–reduction reactions is also responsible for the tox-
icity of iron (229). Most cytoplasmic iron is in its reduced form,
meaning that it is an excellent substrate for oxidation. Dona-
tion of electrons leads to the formation of reactive free radicals;
when ferrous iron interacts with H2O2, it undergoes the Fenton
reaction (229). The Fenton reaction produces ferric iron, �OH,
and the hydroxyl radical. It may also result in the peroxidation
of adjacent lipids and lead to oxidative damage of DNA and
other macromolecules.

In conjunction with this dichromatic nature, both severe iron
overload and iron deficiency may be deleterious. Because iron
is intimately involved in the production of energy and oxygen
transport, iron deficiency is a serious problem that causes cell
damage, reduction of cell growth and proliferation, hypoxia,
and death. Each day � 25 mg of iron is needed for erythro-

poiesis and other vital functions. Only 1 to 2 mg of iron comes
from intestinal iron sources; thus, other mechanisms for iron
regulation, including release of iron from cellular storage de-
pots and recycling of iron from protein sources, are critically
important to provide for organismal iron requirements. Like-
wise, an excess of iron systemically and at the cellular level
leads to deleterious effects including free radical–induced dam-
age to cells, cellular components, tissues, and organs. Devia-
tions from normal iron levels have been indicated in the patho-
genesis of aging, neurodegenerative disease, cancer, and
infection (18, 23, 156, 180, 299, 334).

The duality of iron, being both essential and toxic, led to the
evolution of elaborate systems to ensure adequate iron levels
while preventing iron overload. In this review, we provide a
comprehensive overview of the systems that maintain iron ho-
meostasis. We focus on the critical components of the systems
that control and provide iron storage, as well as the conse-
quences resulting from disruption of the pathways that control
iron concentrations at the organismal and cellular levels.

II. IRON TRANSPORT

A. Nonintestinal iron transport by transferrin

All cells require iron to maintain normal function. In nonin-
testinal cells, circulating iron is bound to transferrin (Tf) and is
imported via receptor-mediated endocytosis after binding to the
transferrin receptor (TfR) (249). Because Tf and TfR are ab-
sent from enterocytes, Tf binds iron and plays an essential role
in the transport of iron only once it is exported from duodenal
enterocytes into the bloodstream. Tf is also involved in the
transport of iron from reticuloendocytic cells [red blood cell
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ABSTRACT

Maintenance of proper “labile iron” levels is a critical component in preserving homeostasis. Iron is a vital
element that is a constituent of a number of important macromolecules, including those involved in energy
production, respiration, DNA synthesis, and metabolism; however, excess “labile iron” is potentially detri-
mental to the cell or organism or both because of its propensity to participate in oxidation–reduction reac-
tions that generate harmful free radicals. Because of this dual nature, elaborate systems tightly control the
concentration of available iron. Perturbation of normal physiologic iron concentrations may be both a cause
and a consequence of cellular damage and disease states. This review highlights the molecular mechanisms
responsible for regulation of iron absorption, transport, and storage through the roles of key regulatory pro-
teins, including ferroportin, hepcidin, ferritin, and frataxin. In addition, we present an overview of the rela-
tion between iron regulation and oxidative stress and we discuss the role of functional iron overload in the
pathogenesis of hemochromatosis, neurodegeneration, and inflammation. Antioxid. Redox Signal. 10, 997–1030.



(RBC) recycling] and the liver to proliferative cells throughout
the body, thereby controlling the levels of “labile iron” (293).
In this sense, Tf serves as a storage sink for sequestering iron
extracellularly until iron is needed, and then allowing it to reach
target tissues. The human Tf gene is located at chromosome
3q21-q25 (330). The gene encodes a glycoprotein of �65,000
kDa. Human serum Tf is synthesized in hepatocytes and se-
creted by the liver to the plasma (4). Tf is composed of single
chains that are bilobal, containing N- and C-lobes, each with
two domains, referred to as the N1, N2, C1, and C2 domains.
The lobes are connected by a hinge, which creates a cleft that
contains the iron-binding domains. Iron binding and release are
coordinated by a conformational change in which the two sub-
domains of each lobe open, and the N1, N2, C1, and C2 do-
mains twist (114, 115). Each of the homologous amino domains
binds one atom of Fe3�. Tf is an insulin-like growth
factor–binding protein 3 (IGFBP3)-binding protein (318).
IGFBP3 binds to circulating insulin-like growth factors (IGFs)
and has growth-enhancing or inhibitory effects on cells, which
are modulated by IGFBP3-binding protein. Although Tf has
been shown to bind IGFs and IGFBP3, it does not contain the
conserved GCGCCXXC-motif found in other IGFBPs (282).
The role of Tf in the IGF-IGFBP pathway is unclear; however,
treatment with exogenous Tf abrogated IGFBP3-mediated pro-
liferation, and in prostate cancer cells, Tf inhibited apoptosis
caused by IGFBP3 action (318). Tf bound with iron releases
iron at acidic pH because of major conformational changes in-
cluding a 54- to 63-degree rotation between the two domains
on each lobe (103).

B. Iron-bound transferrin binds the transferrin
receptor for cellular iron uptake

Two different TfRs, TfR1 and TfR2, are expressed and serve
as gatekeepers for iron-bound Tf (Fe-Tf) (Fig. 1). TfR1 has
three main domains per polypeptide chain: a protease-like do-
main, an apical domain, and a helical domain (176). The heli-
cal domain is important for homodimerization. TfR1 consists
of a stalk, transmembrane, and cytoplasmic domain. Two mol-
ecules of Fe-Tf bind to the TfR homodimer on a conserved argi-
nine-glycine-aspartate sequence located in the helical domain
of TfR (75). The most important residues for Fe-Tf binding are
located within the TfR1 helical domain; however, residues in
the protease-like domain also are involved in Fe-Tf binding
(105). A study using cryoelectron microscopy showed that Tf
binds across the TfR1 dimer and stretches into the space be-
tween the receptor ectodomain terminus and the cell membrane
(49). As shown in Fig. 1, once Fe-Tf is bound to TfR1, the com-
plex is endocytosed into the cell in an acidic endosome. The
endocytosis is stimulated by an internalization signal from a ty-
rosine located in the N-terminal portion of TfR in the cytoplasm
(51). The change in pH in the endosome causes the iron to dis-
associate from Tf, and it is then exported from the endosome
into the cytosol by a divalent metal transporter after reduction
of iron by a ferric reductase (see section, Intestinal Iron Ab-
sorption, and Fig. 3 for a complete discussion).

A second TfR, TfR2, was identified more recently and shown
to be involved in cellular iron import, but to have an expres-
sion pattern distinct from that of TfR1 (160). TfR2 is primar-
ily expressed in hepatocytes and in the iron-absorbing cells of

the intestine and duodenum (35). TfR2 has a lower affinity for
Fe-Tf than does TfR1 (160, 320). Furthermore, TfR2 is not re-
dundant for TfR1, for TfR1 knockout is embryonically lethal
(184), despite the presence of TfR2. Deficiencies in TfR1 and
TfR2 have different phenotypic outcomes: TfR1 deficiency re-
sults in low tissue iron levels, whereas TfR2 inadequacy leads
to the development of hemochromatosis (34, 89).

C. Regulation of transferrin receptor 1 by iron
regulatory element–iron regulatory protein system

TfR1 expression is controlled by a variety of cellular condi-
tions, including iron and oxygen status. TfR1 mRNA contains
five iron-regulatory elements (IREs), which convey posttran-
scriptional regulation of expression by cellular iron concentra-
tion (41). IREs are structures located in untranslated regions
(UTR) of mRNAs that are regulated by iron levels (130). The
canonic IRE is composed of a stem–loop structure. The upper
stem is 5 bp with variable nucleotide identity, and the bottom
part of the stem is similarly structured. The upper and lower
parts of the stem are separated by a variable bulge, which re-
sults from an unpaired cytosine residue. The loop consists of
the six nucleotide consensus sequence 5�-CAGUGN-3� (128).
IRE elements are recognized by specific proteins, which are
termed iron-regulatory proteins (IRPs). The activity of the two
IRPs, IRP1 and IRP2, is controlled by iron levels in the cell.
Both IRP1 and IRP2 are activated by iron-deficient conditions,
leading them to bind the target IREs (130). Activated IRPs bind
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FIG. 1. Cellular uptake of Tf-bound iron. Transferrin (Tf)
is bound by two atoms of Fe3� and circulates in plasma until
reaching a target cell. It binds the transferrin receptor (TfR) on
the plasma membrane of the cell, and then the Fe-Tf and TfR
complex is endocytosed by the cell. In the acidic pH of the en-
dosome, Fe3� dissociates from Tf and is exported from the en-
dosome by divalent metal transporter 1 (DMT1). The Tf–TfR
complex is then recycled to the cell surface. Hereditary he-
mochromatosis protein (HFE) interacts with TfR in the Fe-Tf
binding region and may thereby block the binding of Fe-Tf to
TfR, preventing uptake of Fe-Tf, and negatively regulating cel-
lular uptake of Tf-bound iron.
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the hairpin loop and thereby modulate translation of the mRNA.
The location of the IRE in the 5� or 3� end of the UTR of the
target mRNA determines whether the regulation is positive or
negative (130). Five IREs are located in the 3� UTR of TfR1,
allowing the binding of IRP during iron-deficient conditions to
stabilize the mRNA, thereby causing upregulation of TfR1 (41,
211). IRP binding to an IRE in the 5� UTR blocks the assem-
bly of the 43S translation preinitiation complex (112). IRE-IRP
effects on translation and stability of various target mRNAs, in-
cluding TfR, ferritin, eLAS, Fpn, and DMT1, are summarized
in Fig. 2. When iron concentrations are high, IRPs are degraded
or inactivated, causing the downregulation of TfR1. In iron-re-
plete cells, IRP1, which has �30% homology to mitochondr-
ial aconitase based on amino acid alignments, loses its affinity
for the IRE, and converts to a cytosolic aconitase (127, 263).
Once iron is depleted, iron is removed from the iron–sulfur clus-
ter (ISC) of IRP1, and mRNA-binding activity returns. IRP2 is
degraded in conditions of iron excess, via a 73–amino acid do-
main called the iron-dependent degradation domain, which
seems to be required for IRP2 degradation after protein oxida-
tion by iron (140, 141). Degradation of IRP2 is mediated by
the ubiquitin-proteasome pathway. For example, during heme-
mediated gene regulation, heme induces IRP2 oxidation on
Cys201, which is followed by enhanced IRP2 degradation
(328). In this process, attachment of ubiquitin to oxidized IRP2
is mediated by the RING finger protein HOIL-1, which func-
tions as an E3 ligase for oxidized IRP2 (328).

D. Transcriptional regulation of transferrin
receptor 1

TfR1 is also regulated at the transcriptional level. The pro-
moter of TfR1 contains a hypoxia-responsive element (HRE)
within a 100-bp sequence located upstream of the transcrip-
tion start site (190). An HRE is a consensus sequence that
dimerized hypoxia inducible factor (HIF-1� and HIF-1�)
binds to in hypoxic conditions (319). In in vitro studies in he-
patoma, K562, and HeLa cells, hypoxic conditions resulted in
twofold to threefold increased TfR1 mRNA expression (190,
295). This effect was abrogated by almost 80% by mutation
of the HIF-1 binding site within the putative HRE, whereas
overexpression of the HIF-1� and HIF-1� subunits enhanced
TfR1 promoter activity (190, 295). Treatment of HepB3 hu-
man hepatoma cells with an iron chelator, desferrioxamine,
increased transcription of TfR1 (21). This study used regions
of the TfR1 promoter, including that containing the putative
HRE, cloned into a luciferase reporter, demonstrated that the
transcriptional activation of the luciferase reporter in response
to iron chelation was mediated by the HRE element of the
TfR1 promoter. Furthermore, mutation of this element abro-
gated the induction, and HIF-1� binding to this sequence was
induced by iron chelation. Cells with dysfunctional HIF-1�
did not display transcriptional activation of TfR1 in response
to iron chelation (21). Recently, low levels of H2O2 were
shown to increase TfR1 expression (8). This response was
demonstrated to be independent of protein stabilization,
mRNA stabilization by activated IRP1, or transcriptional 
activation due to HIF-1�. In vitro 35S-methionine/cysteine 
labeling revealed that TfR1 protein synthesis was increased
in response to long-term low-level H2O2 (8).

E. Differential regulation of transferrin receptor
1 and transferrin receptor 2

Unlike TfR1, TfR2 does not contain an IRE in its mRNA
and does not appear to be regulated in an iron-dependent man-
ner (90, 315). Studies of TfR2 expression in a mouse model for
hemochromatosis revealed that TfR2 was not downregulated in
conditions of iron overload (90), supporting the absence of an
iron-mediated posttranscriptional regulatory mechanism. In ad-
dition, TfR2 was not upregulated in response to iron deficiency
(90). The time- and dose-dependent increase in TfR2 expres-
sion in hepatocytes in response to the addition of exogenous
Fe-Tf was observed only at the protein level, suggesting that
such upregulation may be a result of protein stabilization (149).
These results suggest that TfR1 and TfR2 are differentially reg-
ulated and thereby may serve diverse roles in terms of iron sens-
ing and regulation.

F. Transferrin receptor 1 is regulated by
hereditary hemochromatosis protein

Hereditary hemochromatosis protein (HFE) is implicated in
hereditary hemochromatosis (HH) and belongs to the family
of major histocompatibility complex class I molecules (82).
HFE was linked to HH through studies of HFE-knockout mice.
HFE-deficient mice developed severe iron overload and iron
overload–related pathophysiology similar to that of humans
with HH (336). HFE is expressed in epithelial cells involved
in intestinal iron absorption, notably the crypt cells of the in-
testine (315). In the human placenta, HFE was shown to be
associated with TfR1 (235). The exact function of HFE in
terms of TfR1 regulation has not been fully elucidated and ap-
pears to be complex. The crystal structure of HFE and solu-
ble TfR1 form a tight union in a basic pH solution, mimick-
ing the conditions on the cell surface (179). Stoichiometric
analysis of HFE binding to TfR showed that HFE binds to the
TfR1 homodimer (179). Tf, conversely, binds 2:2 with TfR1,
suggesting that HFE, Tf, and TfR1 may make a ternary com-
plex that may be involved in the functional regulation of TfR
(179). It has been hypothesized that in this ternary complex
of HFE, TfR, and Tf, HFE may reduce the affinity of TfR and
Tf. Stable overexpression of HFE in Chinese hamster ovary
cells resulted in lower levels of TfR-mediated cellular iron up-
take and decreased intracellular iron concentration (314). In-
terestingly, this effect was reversed by high levels of �2-mi-
croglobulin, which associates with HFE and stabilizes it (314).
HFE–�2-microglobulin appeared to increase TfR recycling to
the cell surface. HFE binds to TfR through the same helical
domain as Fe-Tf (314). In this manner, HFE appears to block
Tf binding to TfR through direct competition for the same
binding site (179). This conclusion is supported by a more re-
cent study, which used quantitative surface plasmon resonance
assay to establish values for binding affinity of a group of mu-
tant TfR. The critical residues for HFE binding to the TfR
were spatially close to those identified as important for Tf
binding (105). In addition, binding studies, which used a mu-
tant heterodimer of TfR that conferred HFE binding to one
TfR and Fe-Tf binding to the other, suggested that the effect
of HFE on iron regulation by TfR may be exclusively related
to HFE competing with Tf for binding (104).
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FIG. 2. The IRP-IRE regulatory system. When iron regulatory proteins (IRPs) are activated by such conditions as low cel-
lular iron, hypoxia, or H2O2, IRPs are able to bind to the iron-responsive element (IRE) of target mRNAs. When an IRP binds
to an IRE located in the 5�-untranslated region (UTR) of target mRNA (ferritin H, ferritin L, eALAS, Fpn), it decreases transla-
tion by inhibiting the formation of the translation preinitiation complex (upper left panel). When an active IRP binds an IRE lo-
cated in the 3� UTR of target mRNA (TfR, DMT1), it increases mRNA stability (upper right panel). When the concentration of
iron is high, IRP1 is deactivated by formation of an iron–sulfur cluster (ISC) and switches to cytosolic aconitase, whereas IRP2
is degraded. Under such conditions, IRP does not bind to IREs; therefore, mRNAs with IREs in the 5� UTR are no longer blocked
from translating (lower left panel), and those with IREs in the 3� UTR of mRNA are destabilized (lower right panel).
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G. Transferrin-independent cellular iron uptake

When iron levels exceed the binding capacity of the avail-
able Tf, free circulating iron may be available as non–Tf-bound
iron (NTBI). Individuals with iron-overload disorders such as
HH or �-thalassemia may have plasma NTBI in the micromo-
lar range (144). This NTBI appears to be primarily absorbed
by the liver and may contribute to cellular iron loading. A re-
cent study suggests that the SLC39A zinc transporter, Zip14,
may be involved in uptake of NTBI (188). Zip14 is highly ex-
pressed in the duodenum and jejunum and also expressed abun-
dantly in the liver and heart (188). Overexpression of murine
Zip14 resulted in increased uptake of Fe2� by HEK293 cells,
whereas decreased Zip14 expression by siRNA decreased iron
accumulation in murine hepatocyte, AML12 cells (188).

H. Intestinal iron absorption

Dietary iron comes from two sources, heme and nonheme.
Heme iron is obtained from meat sources and is more readily
absorbed than nonheme iron obtained from consumption of
grains and vegetables. The primary sites of heme transport are
in the duodenum and in the liver. Heme is hydrophobic and
thus has been proposed to diffuse passively through plasma
membranes; however, recently an intestinal heme transporter
was identified (277). This protein, named heme carrier protein
1 (HCP1), is abundantly expressed on the brush border of en-
terocytes in the duodenum, the primary location of intestinal
iron absorption, and it appears to mediate cellular heme uptake
(Fig. 3). In this study, heme uptake by HCP1 was temperature
dependent and could be saturated. In addition, HCP1 seemed
to be regulated by iron levels (277).

Although nonheme iron, such as that used in iron therapy,
has been demonstrated to enter the intestines via passive diffu-
sion between 100 and 200 mg of Fe2� (169), at normal physi-
ologic concentrations, nonheme iron does not readily cross a
plasma membrane via passive diffusion; instead, it must be ac-
tively transported. Very little was known about metal ion trans-
port until the simultaneous identification of DMT1 by two
groups (88, 117). DMT1 is a metal-ion transporter with a
uniquely broad range of divalent substrates such as Cd2�, Pb2�,
Zn2�, Mn2�, Cu2�, and Co2�. Its expression was increased by
an iron-deficient diet, and it was highly expressed in the rat
duodenum. It also was shown to be highly homologous to the
natural resistance–associated macrophage protein (Nramp) fam-
ily of proteins and stimulated iron uptake (117). DMT1 (also
known as Nramp2) was also originally identified as a gene mu-
tated in a mouse model of severe iron deficiency called the mu-
tant microcytic anemia (mk) mouse (88). The same mutation,
Gly185Arg, in a transmembrane domain of the predicted pro-
tein, was identified in mk mouse, and another anemic strain,
the Belgrade rat (87). DMT1 is a glycoprotein consisting of 12
transmembrane domains that is characterized by a high degree
of hydrophobicity and ion channel transporter characteristics.
A study of the expression and localization of DMT1 demon-
strated that under normal conditions, DMT1 is expressed in the
intestines at low levels; however, dietary iron deficiency re-
sulted in a striking increase in DMT1 in the enterocytes of the
duodenum (1, 38). DMT1 not only is involved in iron absorp-
tion in the intestine, but it also has been demonstrated to be in-
volved in the process of iron recovery after endocytosis of Fe-
Tf through the TfR. DMT1 is critical to the export of iron
released from Tf in the acidic endosome into the cytosol (see
Fig. 1) (117). It is important to note that nonheme iron is pre-
dominantly insoluble Fe3�. It must be reduced before transport
by DMT1. Recently, an endosomal ferric reductase, Steap3, was
identified (222). It was shown to colocalize with TfR1 and
DMT1, and furthermore, its deletion was associated with the
nm1054 mouse, which has hypochromic microcytic anemia
caused by a defect in Fe-Tf cycle (221, 222). In addition, the
recent identification of the ferric reductase, DCytb1, in areas of
the intestine where DMT1 is concurrently expressed, shed some
light on this process in intestinal iron absorption (197). DCytb
is a homologue of cytochrome b561, with partial conservation
of putative binding sites for the cytochrome b561 substrates
ascorbic acid and semidehydroascorbic acid, suggesting that it
is an ascorbate-dependent reductase (197). DCytb appears to be
involved in the reduction of Fe3� in the intestine, allowing it
to be transported by DMT1 (197). A model depicting the func-
tion of DMT1 and DCytb1 in intestinal iron absorption into en-
terocytes is depicted in Fig. 3.

I. Regulation of divalent metal transporter 1

DMT1 products include four different transcripts that occur
as a result of alternative splicing at either the 3� or 5� end. The
four different DMT1 isoforms produced in this manner are
DMT1A, DMT1B, DMT�IRE, and DMT-IRE (137). In total,
543 amino acids are conserved in the region between the splice
sites, and thus are found in all isoforms. Alternative splicing in
the 5� end of the gene leads to two distinct transcription start
sites at exon 1A or 1B (137). DMT1A and DMT1B variants
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FIG. 3. Intestinal absorption of dietary iron. Heme is pri-
marily obtained from meat sources and is taken up by entero-
cytes by heme carrier protein 1 (HCP1) (upper), whereas inor-
ganic iron (Fe3�) is reduced to Fe2� by duodenal cytochrome
b1 (DCytb1) and is subsequently transported into the enterocyte
by divalent metal transporter 1 (DMT1) (lower).
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have different N-termini, with use of the exon 1A start site re-
sulting in an additional 29 amino acids in humans (137). At the
3� end, the main difference in the C-terminus splicing is the
presence or absence of the IRE (DMT�IRE or DMT-IRE). The
four isoforms of DMT1 displayed unique tissue expression pat-
terns and subcellular locations. DMT1A is expressed mainly in
the duodenum and in epithelial cells, whereas DMT1B is ex-
pressed predominantly in erythroid cells (38, 39). Additionally,
both DMT isoforms are found both on the plasma membrane
and in endosomes. The apical plasma membrane distribution
appears to be controlled, at least in part, by N-glycosylation
sites. Disruption of the sequence Y555XLXX in the cytoplas-
mic tail of DMT1 inhibited the localization of both DMT1A
and DMT1B isoforms on the plasma membrane, but not in the
endosome (286). The specific tissue and cellular localization of
the different isoforms may be related to a differential function.
DMT1A appears to be mostly localized to the apical membrane
of polarized intestinal epithelial cells, and thus may play an im-
portant role in systemic iron absorption through the intestine,
whereas DMT1B is more broadly expressed and also localized
to erythroid cells (38, 39), suggesting that it may play a more
widespread role in iron transport; perhaps, as indicated by its
presence in the endosome, it may be involved in Tf-TfR iron
import.

Regulation of DMT1 by the IRE-IRP system is complex, for
the single IRE located in the 3� UTR appears to have limited
ability to influence DMT1 mRNA levels through an unclear
mechanism in cultured cells (116). Further study revealed that
regulation of DMT1 by iron is largely dependent on the cell
line. DMT1A was regulated by iron in human Caco-2 cells, a
model system for intestinal iron absorption (see Fig. 2) (137).
A recent study demonstrated a distinct mechanism for regula-
tion of expression of the DMT1B isoform. Increased nitric ox-
ide levels during retinoic acid–induced differentiation of P19
cells resulted in the downregulation of both DMT�IRE and
DMT-IRE isoforms as well as DMT1B, but not DMT1A (231).
The DMT1B promoter contains a putative NF-�B element, and
NF-�B bound to this response element during differentiation
(231).

J. Ferroportin is responsible for cellular 
iron efflux

The transmembrane protein ferroportin (Fpn) is the only
known iron exporter to date (Fig. 4). Fpn (also termed Ireg1,
MTP1) was originally identified by positional cloning to iden-
tify the causative gene for hypochromic anemia of “weis-
sherbst” mutant zebrafish (72). In zebrafish, Fpn encodes a pro-
tein with multiple-transmembrane domains and is expressed in
the yolk sac, where it is required for transport of iron stored in
the yolk to circulation. Exogenous Fpn expressed in Xenopus
oocytes served as a ferrous iron exporter (72). Subsequent stud-
ies identified mouse and human Fpn in abundance in human
placenta, liver, spleen, and kidney (73). Human Fpn is 571
amino acids long, and like both mouse and zebrafish Fpn, it
contains a conserved hairpin loop sequence. Simultaneous stud-
ies characterized Fpn, which is abundantly expressed on the ba-
solateral membrane of polarized enterocytes in the duodenum,
in the cytosol of reticuloendothelial cells, and on the basal sur-
face of syncytiotrophoblasts of the placenta (1, 72, 198). Ex-

pression of exogenous Fpn stimulates iron efflux (198). Fpn is
also specifically expressed in reticuloendothelial macrophages,
which play a critical role in iron reutilization through phago-
cytosis of erythrocytes (329). After erythrophagocytosis, Fpn is
upregulated in cultured macrophages (164). In further studies,
stable overexpression of Fpn by viral transduction in a mouse
macrophage cell line resulted in a 70% increase in 59Fe release
after phagocytosis of 59Fe-labeled erythrocytes (163).

Fpn is encoded by a gene on chromosome 2q in humans,
which is larger than 20 kb in length, and is composed of eight
exons (1, 72, 198). It also contains an IRE in its 5� UTR (1, 72,
198). Mutations in this gene may cause autosomal dominant he-
mochromatosis; a missense mutation (A77D), which was pro-
posed to lead to Fpn haploinsufficiency, was shown to be re-
lated to an iron-overloaded phenotype (205). Patients with the
A77D mutation exhibit mainly early iron overload in the retic-
uloendocytic macrophages (205). In a different pedigree of au-
tosomal dominant hemochromatosis, another missense muta-
tion of Fpn (N144H) was identified (218). The authors
concluded that the iron overload was a result of a gain-of-func-
tion mutation that would augment the iron-transport function of
Fpn in enterocytes, thereby causing increased efflux of iron by
the intestines (218). This result is consistent with the typical
phenotype of HH, in which excess absorption of dietary iron in
the intestines foments iron overload and excess storage in the
cells of the reticuloendothelial system.

K. Ferroportin associates and cooperates 
with ceruloplasmin

Because Fpn transports Fe2� into the plasma, and iron must
be oxidized to be incorporated into transferrin (Tf), it is be-
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FIG. 4. Iron transport in reticuloendocytic macro-
phages. Senescent red blood cells (RBCs) are phagocytosed
and degraded. Their heme is broken down into biliverdin and
Fe2� by heme oxygenase 1 (HO-1), allowing Fe2� to be ex-
ported from the macrophage by ferroportin1 (Fpn1). Once ex-
ported, Fe2� is oxidized by ceruloplasmin (Cp) and binds to
transferrin (Tf), where it may be delivered to target cells to ful-
fill cellular iron requirements for erythropoiesis or other pro-
cesses.
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lieved that Fpn cooperates with proteins that act as ferroxidases.
In glioma cells, astrocytes, and macrophages, Fpn associates
with ceruloplasmin (Cp) (123, 148). Cp is a multicopper oxi-
dase that was originally isolated from pig serum in 1948 and
was named “blue sky” protein because of its unique hue caused
by the incorporation of six atoms of copper during its synthe-
sis. Years later, it was revealed that Cp has ferroxidase activ-
ity and catalyzes the oxidation of Fe2� to Fe3� (228) (see Fig.
4). Studies of a yeast homologue of Cp, Fet3p, demonstrated
its essential role in Fe2� uptake (12, 63). The majority of Cp
is expressed in the liver and secreted into the serum by hepa-
tocytes, although it is also found in the brain and lung. This se-
creted form is unable to cross the blood–brain barrier. In the
brain, a glycosylphosphatidylinositol (GPI)-anchored form of
Cp is predominantly expressed by astrocytes (237, 238). Alter-
native splicing of Cp determines its form as a secreted or mem-
brane-bound protein. Cp also functions as an antioxidant, be-
cause it converts Fe2� to Fe3�, thereby decreasing the potential
formation of reactive oxygen species (ROS) via Fenton chem-
istry (118).

In humans, deficiency in Cp results in a disease called aceru-
loplasminemia, which leads to late-onset degeneration of the
retina and basal ganglia because of the pathologic accumula-
tion of iron in various tissues, including the aforementioned af-
fected tissues as well as the liver, spleen, and pancreas (106).
Cp-knockout mice are normal at birth, but progressively accu-
mulate iron, leading to a prominent elevation of iron content in
the liver and spleen (123). They also have high levels of iron
in cells of the reticuloendothelial system as well as in hepato-
cytes, as a result of impaired iron efflux (123). Conflicting ev-
idence exists about the effect of disruption of murine Cp on
brain iron homeostasis. In one characterization of Cp-knockout
mice, central nervous system (CNS) iron overload was not ob-
served (123), whereas in another study, Cp-knockout mice ex-
hibited a modest iron overload of the CNS, and mouse embry-
onic fibroblasts (MEFs) from these lines were sensitive to
oxidative stress (123, 239). Studies in mice with aceruloplas-
minemia demonstrated that injection of exogenous Fet3p in-
creased iron saturation of Tf, suggesting that Cp may facilitate
iron binding to Tf (122).

L. Ferroportin and hephaestin cooperate in 
iron efflux from intestinal cells

In the intestine, where Cp is not expressed, Fpn couples
with another multicopper oxidase, hephaestin (Heph) (313).
Heph is a transmembrane-bound homologue of Cp that is
primarily expressed in the villi of the intestine, whereas Cp
is not. Fpn and Heph colocalize on the basolateral mem-
brane of absorptive enterocytes of the duodenum and in-
testines (121). A model depicting the function and associa-
tion of Fpn and Heph in exportation of intestine-derived iron
from enterocytes into the plasma is shown in Fig. 5. Heph
was identified through study of sex-linked anemia (Sla)
mice, which are deficient in transfer of iron absorbed in the
intestines into the plasma (313). In this study, 582 nucleo-
tides deleted in the Heph gene in Sla mice, which would
lead to a 194 amino acid deletion in the gene product, were
identified. Heph has 50% sequence similarity with Cp, in-
cluding types I through III copper-binding domains and the

cysteine residues in the disulfide bonds. The predicted struc-
ture of Heph includes a C-terminal transmembrane domain
and a Cp-like extra cytosolic/extracellular component (313).
Disruption of murine Heph and Cp genes resulted in in-
creasing retinal iron concentrations with age that caused
pathologic changes reminiscent of those seen in human
aceruloplasminemia (119).

Several lines of evidence suggest that Fpn may be regulated
by iron levels. The 5� UTR of Fpn mRNA contains an IRE
(198). As mentioned earlier, the presence of an IRE in the 5�
UTR of mRNA acts as a negative regulator of translation. Bind-
ing of IRP in this region sterically inhibits the stable formation
of the 43S translation preinitiation complex (112). Thus, in con-
ditions of iron depletion, the translation of Fpn is decreased, re-
sulting in a decrease in iron export. Such an IRE in the 5� UTR
of mRNA is also located in other genes involved in the regu-
lation of iron levels in the cell, including ferritin (heavy and
light chains) and eALAS, which is involved in heme synthesis
in erythroid cells (see Fig. 2) (131).
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FIG. 5. Transport of intestinal iron. Once iron is taken up
by intestinal enterocytes by divalent metal transporter 1
(DMT1), it is then transported out of the enterocyte and into
plasma by ferroportin1 (Fpn1). Fpn1 couples with hephaestin
(Heph) in intestinal cells (in other cell types, it couples with
ceruloplasmin), whose ferroxidase activity converts Fe2� into
Fe3�. This oxidation is necessary to aid in the binding of Fe3�

to apo-Tf in the plasma.
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M. Hepcidin

Fpn is posttranslationally regulated by a peptide hormone,
hepcidin (215). Hepcidin is synthesized by the liver as an
84–amino acid precursor, which is processed and then secreted
as a final 25–amino acid peptide (232). Its expression is in-
creased in response to iron and inflammation (247) and de-
creased by hypoxia and anemia (216). Hepcidin was originally
identified as a peptide with a hairpin structure containing four
stabilizing disulfide bonds possessing antimicrobial properties.
Hepcidin was isolated independently by three groups, identify-
ing it from plasma ultrafiltrate (168), urine (232), and livers
(247). Because of its origin and antimicrobial property, it was
originally termed hepcidin or LEAP-1 (liver-expressed anti-
microbial peptide) (168, 232). In humans, hepcidin is encoded
by 2.5-kb gene located on chromosome 19 (232). It has recently
been proposed that hepcidin may be a master iron-regulatory
hormone (98). Analysis of its structure revealed that hepcidin
is a simple molecule containing a hairpin loop with two arms
linked by disulfide bridges (139). The hydrophilic and hy-
drophobic side chains are separated in space, which is a trait in
many antimicrobial peptides that disrupt cell walls of bacteria
(139).

Several lines of evidence indicate that hepcidin is a negative
regulator of plasma iron. Tissue-specific overexpression of hep-
cidin in murine liver resulted in body iron deficiency and se-
vere microcytic hypochromic anemia of mice at birth (216).
Administration of synthetic hepcidin induced rapid decline in
serum iron levels (hypoferremia) in mice (258). It negatively
regulates iron efflux by binding Fpn and triggering its inter-
nalization and subsequent degradation (215). The N-terminus
of hepcidin is critical to the negative regulation of Fpn; dele-
tion of all five of the amino acids of the N-terminus completely
abrogated the hypoferremia (213). After hepcidin binding, Fpn
is tyrosine phosphorylated on the plasma membrane (66). Mu-
tation of two adjacent tyrosine residues at the phosphorylation
site blocks internalization. Once inside the cell, Fpn is ubiqui-
tinated after dephosphorylation, and ultimately, Fpn undergoes
degradation in the lysosome (Fig. 6) (66). Ubiquitination ap-
pears to be dependent on the presence of bound Fe2� on Fpn.
A recent study revealed the functional significance of the cou-
pling of Fpn with the GPI-linked form of Cp in glioma cells:
when Cp was absent, Fe2� remained bound to Fpn, leading to
ubiquitination on Fpn Lys253 (65). This ubiquitination results
in the subsequent degradation of Fpn. Fpn degradation is abro-
gated by oxidation, depletion of extracellular Fe2�, or mutation
of Lys253 to Ala (65). This finding suggests a possible linkage
between Cp and iron export and the iron accumulation exhib-
ited in patients with aceruloplasminemia.

Iron overload induces hepcidin mRNA in hepatocytes (247);
however, this mechanism has not been fully elucidated. Many
proteins involved in iron transport and storage contain IRE in
their mRNA that confers translational responsiveness to iron
levels (see Fig. 2). The mRNA of hepcidin does not contain
this element (99), suggesting that a sensor other than the IRE-
IRP system may be necessary to regulate hepcidin translation
in response to iron concentrations. The hepcidin promoter con-
tains several CCAAT/enhancer-binding protein (C/EBP) con-
sensus sequences. In addition, hepatocyte nuclear factor 4 and
signal transducer and activator of transcription (STAT) motifs

have also been identified in DNA encoding hepcidin (58). Thus,
transcriptional regulation of hepcidin in response to iron may
be one mechanism by which its expression is modulated. Stud-
ies in the liver demonstrated that C/EBP� plays a role in the
iron-mediated regulation of hepcidin mRNA (58). Furthermore,
levels of C/EBP� transcription factor in murine liver are dou-
bled in response to iron loading, and mice deficient in C/EBP�
exhibited lower levels of hepcidin mRNA, suggesting that
C/EBP� modulates hepcidin transcription (58). It remains un-
clear, however, exactly how C/EBP� is involved in global iron
sensing and hepcidin regulation in response to physiologic iron
signals.

An alternative pathway for regulation of hepcidin expression
during inflammation has also been suggested. Because hepcidin
was originally identified as an antimicrobial peptide, investi-
gators proposed that hepcidin may be regulated by mediators
of inflammation. Indeed, hepcidin mRNA was increased in the
murine liver and in hepatocytes in response to stimulation with
LPS (247). Hypoferremia can develop during periods of chronic
generalized inflammation. In mice, hepcidin was required for
the development of anemia during inflammation (214). It was
revealed that the upregulation of hepcidin during inflammation
(a precipitating event in the development of hypoferremia) oc-
curs, at least in part, through the action of IL-6 (214). The re-
searchers treated primary human hepatocytes with LPS, ob-
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FIG. 6. Hepcidin negatively regulates ferroportin. A trun-
cated version of hepcidin is unable to bind to ferroportin (Fpn).
Fpn is coupled with anchored ceruloplasmin (Cp), and exported
iron is released and oxidized (left). On binding of wild-type
hepcidin, Fpn is phosphorylated and subsequently endocytosed,
ubiquitinated, and degraded by the 28S proteasome (right).
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served an increase in hepcidin mRNA, and were able to abro-
gate the induction of hepcidin mRNA by treatment with
anti–IL-6 antibodies. Furthermore, IL-6–knockout mice did not
increase hepcidin mRNA in response to turpentine, another
stimulus causing inflammation, and correspondingly, they did
not show a decrease in serum iron (214). The mechanism by
which IL-6 induces hepcidin mRNA involves the activation of
STAT3 (324). Activation of STAT3 transcription factor by 
IL-6 results in the transactivation of a STAT binding sequence
in the hepcidin promoter (245, 310).

An alternative mechanism of hepcidin regulation through a
signaling pathway involving hemojuvelin (HFE2, also known
as HJV) and bone morphogenetic proteins (BMP) was recently
identified (14). BMPs are cytokines of the TGF-� superfamily
that are intimately involved in development and cell fate, dif-
ferentiation, growth, and apoptosis [reviewed in (219)]. The
BMPs control these effects by binding BMP serine/threonine
kinase receptors, which leads to the subsequent phosphoryla-
tion and activation of downstream second messengers includ-
ing Smad proteins and mitogen-activated protein (MAP) ki-
nases (219). HFE2 is a BMP coreceptor, and its mutation
suppresses BMP signaling (14). This study showed that BMP
could upregulate hepcidin in hepatocytes. Overexpression of
HFE2 enhanced hepcidin production. Conversely, hepatocytes
deficient in HFE2 had impaired hepcidin induction by BMP
signaling (14). In this pathway, downstream activation of
Smad4 was required for BMP-mediated hepcidin upregulation,
for Smad4-knockout mice had lower levels of hepcidin and did
not induce hepcidin in response to iron loading or IL-6 stimu-
lation (14). More recently, BMP9, BMP4, and BMP2 were iden-
tified as inducers of hepcidin (300). Induction by administra-
tion of exogenous BMPs was greater than that caused by
treatment with LPS (300). In addition, BMP-mediated induc-
tion of hepcidin was similar in wild-type congenic strains, and
IL-6 knockout, HFE knockout, and TfR2 mutant mice, sug-
gesting that BMP-mediated activation of hepcidin expression
may not require these proteins (300). Also, in vitro studies show
that addition of BMP-2 resulted in increased expression of hep-
cidin and decreased serum iron levels in vivo. Likewise, ad-
ministration of soluble HJV inhibited BMP-mediated induction
of hepcidin and resulted in increased levels of Fpn in vivo (15).

In addition, HIF-1 has been implicated in the transcriptional
regulation of hepcidin in response to hypoxia (242). HIF-1 is
responsible for activating a battery of genes in response to re-
duced oxygen levels. Under hypoxic conditions, HIF-1� (iden-
tical to the aryl hydrocarbon receptor nuclear translocator)
binds to stabilized HIF-1�, and the heterodimeric HIF-1 then
binds to a consensus DNA sequence termed HRE and activates
transcription of the target gene (272). HIF-1 appears to func-
tion as a negative regulator of hepcidin expression: hepato-
cytes and liver samples from mice with deleted von Hip-
pel–Lindau (VHL), which is the negative regulator of HIF-1,
were iron deficient and showed increased expression of Fpn
(Fig. 7) (242). In addition, in hepatocytes derived from HIF-
1�–knockout mice, hepcidin expression in response to iron de-
ficiency was increased (242). In this study, HIF-1� was shown
to bind to TfR1 HRE. Regulation of hepcidin is complex and
requires more study. In addition, hepcidin appears to be in-
volved in the modulation of other important proteins in iron
regulation.

III. IRON STORAGE AND FERRITIN

Ferritin is the major iron-storage protein at the cellular and
organismal level. It is responsible for the sequestration of po-
tentially harmful, reactive iron. Ferritin stores iron in its unre-
active Fe3� form inside its shell as a result of a strong equi-
librium between ferritin-bound iron (Fe3�) and the labile iron
pool in the cells (Fe2�), by which ferritin prevents the forma-
tion of ROS mediated by Fenton reaction. Because of its im-
portant function in the storage of iron, ferritin is ubiquitous in
tissues, serum, and in other multiple locations within the cell.
It is regulated at the transcriptional and posttranscriptional level
by various pathways in response to diverse stimuli.

A. Structure, tissue distribution, and importance
of cytoplasmic ferritin

Ferritin is found in the cytoplasm, nucleus, and mitochondria
of cells (summarized in Table 1). In vertebrates, cytoplasmic
ferritin is expressed in almost all tissues. This ubiquitous pro-
tein consists of 24 subunits of heavy (H) and light (L) chains
in various ratios and can sequester 4,500 iron atoms (125). The
H subunit has ferroxidase activity, which converts Fe2� to Fe3�

for storage inside the shell (178) (Fig. 8). In contrast, the fer-
ritin L subunit stabilizes ferritin structure and facilitates the up-
take of iron into the shell (9). Ferritin H and L subunits are en-
coded by two different genes (322). The ratio of H and L
subunits in the ferritin protein is not fixed and is tissue depen-
dent (10). For example, H expression is abundant in the heart,
whereas the L subunit is predominant in the liver and spleen
(125). In the brain, the oligodendrocytes, microglia, and neu-
rons express ferritin (53). Oligodendrocytes have equal amounts
of both H and L subunits, whereas microglia express L-rich fer-
ritin, and neurons have H-subunit abundant ferritin (206, 333).

Several structures of apoferritin composed of either ferritin
H or L subunits were determined by x-ray crystallographic anal-
ysis (177, 296). Twenty-four subunits are assembled into a hol-
low globular shell (177). Two types of channel-like pores ex-
ist in the globular shell, which were formed at the intersection
of three or four subunits (177). Detailed structural information
revealed that the iron-incorporation channel is formed by three
intersecting subunits, whereas the ferroxidase activity center
was composed of four H subunits (296).
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TABLE 1. SUMMARY OF DIFFERENT TYPES OF FERRITIN

Type of ferritin Feature and function Reference

Cytoplasmic Iron store 125
ferritin

Mitochondrial Iron store/H-like 182
ferritin encoded by different

gene from ferritin H
Nuclear Iron store/possess DNA 32

ferritin binding/repress
hemoglobin transcription

Serum Iron store/L-rich ferritin/ 250
ferritin marker of several

diseases



Deletion of ferritin H in mice is embryonically lethal between
3.5 and 9.5 days of gestation (85). Because ferritin H is com-
pletely disrupted in these mice, the synthesized ferritins consist
of only L-subunit homopolymers (85), which lack ferroxidase ac-
tivity and has lower iron-incorporation capability (183). None of
the ferritin H–deficient mice survived past embryonic day 9.5 (85).
Accumulating evidence shows that ferritin acts as an antioxidant
protein (59, 60, 78, 159, 227, 243). Ferritin H is induced by NF-
�B in response to TNF-� treatment, resulting in suppression of
ROS and inhibition of apoptosis (243). When ferritin H was trans-
genically overexpressed into Parkinson disease (PD) model mice,
reduced oxidative stress was found (159). In addition, when HeLa
cells stably transfected with tetracycline-inducible ferritin H and
L were forced to overexpress ferritin, the accumulation of H2O2-
induced ROS was reduced (59). Murine erythroleukemia cells that
overexpress ferritin H displayed lower levels of the labile iron
pool and ROS (78). In contrast, ferritin H disruption by siRNA
sensitized the cells to H2O2-induced oxidative stress (60) because
an excess amount Fe2� causes ROS via the Fenton reaction. These
observations support the concept that ferritin may act as an anti-
oxidant gene in the body.
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FIG. 7. HIF-1� is involved in tran-
scriptional regulation of hepcidin
and Tf. Under normal conditions,
hypoxia-inducible factor 1� (HIF-
1�) is negatively regulated (left
panel). Normally, HIF-1� is hy-
droxylated on proline 402 and pro-
line 564. Tight control of HIF-1� is
mediated by the tumor-suppressor
protein von Hippel–Lindau (VHL),
which is an E3 ligase. VHL targets
hydroxylated HIF-1� for degrada-
tion via the ubiquitin–proteasomal
pathway. In addition, hydroxylation
of asparagines (N) by FIH hydroxy-
lase prevents binding of HIF-1� and
p300. Under conditions of hypoxia,
iron chelation, or mutation of VHL,
HIF-1� is positively regulated (right
panel). The hydroxylases are not ac-
tive, and therefore it can bind to p300
and also not targeted for degradation.
Because it is not targeted for degra-
dation, it is capable of binding to the
hypoxia-responsive element (HRE)
of target genes in a heterodimer with
HIF-1�. Once bound to the HRE, it
may positively or negatively regulate
the transcription of the target genes.
In the case of transferrin receptor
(TfR), it activates transcription;
however, it represses transcription of
hepcidin.

FIG. 8. Ferritin and iron storage. Ferritin is composed of
24 subunits, heavy (H) and light (L), with varied ratios of H to
L in different cell types and physiologic conditions. Ferritin H
has ferroxidase activity to convert Fe2� to Fe3� inside ferritin
shell. Iron is imported and exported through the channels con-
structed by ferritin H or L subunits.
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B. Iron efflux and ferritin degradation

To maintain cellular homeostasis, protein synthesis and
degradation should be balanced, and in this respect, autophagy
and ubiquitin-proteasome pathways play a central role in this
process. Autophagy is a mechanism by which proteins are col-
lectively and nonselectively degraded via a lysosomal and vac-
uolar system (264). Autophagy contributes to maintaining over-
all protein quality of the cytoplasm, and inactivation of
autophagy has been implicated in the progress of cancer and
neuromuscular diseases (264).

Lysosome-mediated ferritin degradation uses the autophagy
system under particular conditions (173, 226) and iron chela-
tor treatment (165) (Fig. 9). Amino acid and serum depletion
activate autophagy, resulting in ferritin degradation, which sen-
sitized cells to H2O2-induced oxidative stress because of an in-
creased “labile iron” pool, which caused ROS production via
the Fenton reaction (226). The gram-negative diplococcus,
Neisseria meningitidis, rapidly induced ferritin degradation by
the activation of the autophagy system, which allows meningo-
cocci replication in infected epithelial cells (173). Iron-medi-
ated ferritin regulation is achieved mainly by posttranslational
mechanisms; however, iron depletion by iron chelators was also
shown to enhance lysosome-mediated ferritin degradation
(165).

Proteasome-mediated ferritin degradation has also been re-
ported (199, 255). Proteasomal degradation commonly requires
the attachment of polyubiquitin to a target protein that is mis-
folded, in most cases. However, polyubiquitination of ferritin
protein has not been reported. Only monoubiquitinated ferritin
was reported in an Fpn-overexpression experiment (64). Over-
expression of Fpn accelerates export of cytosolic iron (215) and
enhances ferritin degradation (64). Because proteasomal degra-
dation has been believed to require polyubiquitination, and only
monoubiquitinated ferritin has been observed, monoubiquiti-
nated ferritin may disrupt ferritin assembly or may stimulate
the signal for proteasomal degradation. However, a number of
recent significant researches demonstrated that monoubiquiti-

nated proteins are subjected to proteasomal degradation. For
example, the Pax3 protein, which plays a key role in myogen-
esis during development, is monoubiquitinated during adult
muscle stem cell activation (26). Monoubiquitinated Pax3 is as-
sociated with the Rad23B ubiquitin-binding protein in a ubiq-
uitination-dependent manner, and this association results in the
recruitment of proteasomes and eventual proteasomal degrada-
tion (26). It appears that Fpn expression enhances ferritin degra-
dation via a proteasomal degradation-dependent pathway, be-
cause proteasome inhibitors treatment prevented ferritin
degradation (64). Thus, an unknown but important proteasome-
mediated ferritin-degradation mechanism may exist (Fig. 9).
For the last decade, lysosome-mediated ferritin degradation has
been thought to be the major mechanism of degradation in re-
sponse to environmental stimuli or iron levels in the cells, but
several recent studies examining proteasome-mediated ferritin
degradation shed light on new ferritin regulation in cells. More
research must be completed to understand the complexity of the
crosstalk between lysosome- and proteasome-mediated ferritin
degradation.

C. Serum ferritin and ferritin receptor

Ferritin has also been found circulating in the serum. Serum
ferritin is identical to cytoplasmic ferritin, but the primary com-
ponent of serum ferritin is the ferritin L subunit, which con-
tains little iron (323). Serum ferritin has been thought to reflect
the iron stores in the body and to increase as a secreted byprod-
uct of intracellular ferritin synthesis (250, 297). Serum ferritin
levels are often measured in patient screening for several dis-
eases related to iron levels (11, 275, 309). Several lines of ev-
idence suggested that ferritin may bind to the surface of certain
cells and may be endocytosed. Elevated serum ferritin H lev-
els were shown to be correlated with increased CD4�, CD25�,
CD69� regulatory T cells (110). In addition, the recombinant
ferritin H protein was reported to activate T cells (111). Given
that ferritin is a circulating protein that binds to the cell sur-
face, ferritin may have its own receptor (3, 192).
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FIG. 9. Mechanisms of ferritin degra-
dation. Ferritin degradation occurs
through either lysosomal or proteasomal
degradation pathways. Amino acid star-
vation, bacterial infection, or iron chela-
tion triggers navigation of ferritin into
the autophagy-lysosome pathway, in
which ferritin is trapped by autophago-
somes, followed by lysosome fusion, re-
sulted in hydrolase-mediated degrada-
tion. In the proteasomal degradation
pathway, lower iron concentration in-
duces monoubiquitination of ferritin, re-
sulting in proteasomal degradation.
Polyubiquitination of ferritin has not
been observed.
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Mouse T-cell immunoglobulin-domain and mucin-domain
(TIM)-2 was identified as a ferritin H subunit receptor (48) (Fig.
10). Chen et al. (2005) screened for soluble ligands for TIM-2
by transfecting a cDNA expression library from a macrophage
into HEK 293 cells. The resulting supernatants were collected
from the medium and screened for stimulatory effects on TIM-
2–expressing B cells, by which ferritin H was identified as the
protein responsible for the stimulation (48). Ferritin H incor-
poration was not observed in the absence of TIM-2 (48). Ad-
ditional experiments also showed that ferritin L did not inter-
act with TIM-2 (48). TIM-2 is a 305–amino acid protein with
a molecular mass of 33.5 kDa. It is a member of the TIM gene
family, located within the T-cell and airway phenotype regula-
tor gene locus (196). Eight TIM gene families (TIM-1 to TIM-
8) have been identified on mouse chromosome 11B1.1, and
three genes (TIM-1, TIM-3, TIM-4) on human chromosome
5q33.2 (170). These families of proteins have a novel six-cys-
teine immunoglobulin-like domain, a mucin threonine/ser-
ine/proline–rich domain, and cytoplasmic tail. Human TIM-1
has the highest homology with mouse TIM-2. Although it has
not been tested, however, human TIM-1 protein may have a
function similar to that mouse TIM-2, including the ferritin
H–receptor function.

Murine TIM-2 is expressed in splenic B cells, in liver, and
in renal tubule cells. TIM-2–deficient mice showed increased
levels of cytokines IL-4, IL-5, IL-6, and IL-10, which may re-
sult in increased inflammation (256). Because increased serum
and tissue ferritin expression have been observed in inflamma-
tion, the identification of a ferritin receptor and clarification of
the interaction between ferritin H and TIM-2 highlight the pos-
sibility of a new role for ferritin in cells. Several studies showed
that ferritin also binds to erythroid precursors (100), brain tis-
sue (138), and placental microvilli membranes (186). In addi-
tion, binding of ferritin L to the cell surface of liver, T-, and

B-lymphoid cells was demonstrated (7, 208), suggesting that
the uptake of circulating ferritin into cells may be more wide-
spread. Further investigation will help clarify the mechanism
of this phenomenon and its importance in iron homeostasis and
other biologic processes.

D. Mitochondrial ferritin

Even though cellular iron is stored primarily in the cytoplasm,
mitochondria use most of the metabolically active iron. How-
ever, it remains unknown how these organelles maintain iron
homeostasis and suppress iron-mediated toxicity. Mitochondr-
ial ferritin was originally reported as an unusual intronless gene
on chromosome 5q23.1 that encodes a 242–amino acid precur-
sor of a ferritin H-like protein, which has a long N-terminal
leader sequence with 60 amino acids for mitochondrial import
(182). Mitochondrial ferritin is highly conserved among a wide
variety of living creatures, including Drosophila (204, 332) and
plants (204, 332), which supports the importance of this iron-
storage molecule. The expression pattern of mitochondrial fer-
ritin is very specific in human cells. The highest expression
level was observed in testis; other tissue has very little expres-
sion (74, 182). In addition, mitochondrial ferritin genes do not
have IRE in both the human and the mouse (74, 182). The struc-
ture of mitochondrial ferritin was determined at 1.38 angstrom
resolution and was very similar to that of ferritin H, with �80%
homology in the amino acid sequences (172). The functional
elements of mitochondrial ferritin are similar to those of fer-
ritin H, including ferroxidase activity and metal-binding sites
(172) (Fig. 10). Forced expression of mitochondrial ferritin
showed that the protein is functionally active in incorporating
iron and apparently even more efficient than the cytoplasmic
ferritin H (56). Interestingly, increased expression of mito-
chondrial ferritin in refractory anemia with ringed sideroblas-
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FIG. 10. Different types of fer-
ritin. (A) Cytoplasmic ferritin is
composed of heteropolymers of H
and L subunits and stores iron. The
H subunit has ferroxidase activity to
oxidize Fe2� to Fe3� for the iron
storage. (B) Serum ferritin is L rich;
however, only a T-cell immunoglob-
ulin domain and mucin domain 2
(TIM-2) was identified as a receptor
of ferritin H on B-cell surfaces.
Downstream signaling after the as-
sociation of ferritin H with TIM-2 is
still largely unknown. (C) Mito-
chondrial ferritin is unique in that it
is composed of ferritin H–like sub-
units. It has ferroxidase activity and
maintains iron homeostasis in mito-
chondria. (D) Nuclear ferritin is
composed of only H subunits and
protects DNA from DNA-damaging
agents, such as UV and H2O2. Ferri-
toid enhances ferritin translocation
from cytosol to nucleus.
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tic erythroblasts has been described at a very early stage of ery-
throid differentiation and is correlated with �-globin and
GATA-1 induction involved in this process (288). This sug-
gests that mitochondrial ferritin may also be able to control cell-
wide iron metabolism as well as mitochondrial iron balance.

E. Nuclear ferritin

Nuclear ferritin is produced from the same mRNA as cy-
tosolic ferritin and is composed predominantly of ferritin H,
suggesting that it may serve to store iron in the nucleus (31,
32). Its cellular distribution was responsive to environmental
situations or nutritional effects (285). Corneal epithelial cells
are constantly exposed to UV that may cause DNA damage. In
these cells, nuclear ferritin acts like cytoplasmic ferritin, in that
it prevents iron-mediated ROS production, thereby protecting
DNA from strand damage (32). Consistently, the inhibition of
nuclear ferritin expression by the iron chelator deferoxamine
(this may also decrease cytoplasmic ferritin expression) in
corneal epithelial cells resulted in the sensitization of the cells
to UV-induced DNA damage (32). Ferritin-mediated DNA pro-
tection from external stimuli was also investigated in SW1088
human astrocytoma cells. Ferric ammonium citrate, cytokines,
and H2O2 exposure resulted in a change in ferritin localization
from the cytosol to the nucleus (292). In response to these stim-
ulations, ferritin translocated into the nucleus and bound to
DNA without the requirement of a particular DNA-binding se-
quence (292). This association between ferritin and DNA may
be a mechanism to prevent iron-induced oxidative damage (Fig.
10). Because mutant ferritin H (with amino acid substitutions
E62K and H65G that destroyed the ferroxidase activity) could
still translocate into the nucleus, ferritin H translocation into
the nucleus does not require ferroxidase activity (292). How-
ever, the binding of this mutant ferritin H to DNA was lower
and less effective for the protection of DNA from UV damage,
suggesting that the ferroxidase activity may be an important
function of nuclear ferritin (292).

Because ferritin is normally expressed in the cytoplasm and
ferritin does not possess a nuclear localization signal, it has
been speculated that an alternative mechanism induces nu-
clear translocation. One such mechanism is ferritoid-medi-
ated ferritin translocation (Fig. 10). Ferritoid is a 30-kDa pro-
tein consisting of 270 amino acids specifically expressed in
corneal epithelial cells (201). Multiple domains compose fer-
ritoid, including a functional SV40-type nuclear localization
signal and a ferritin-like region with 50% structural homol-
ogy to ferritin H (201). When ferritin H was overexpressed
in COS-7 cells, a majority of the expressed ferritin H protein
was in the cytoplasm. Overexpression of ferritoid resulted in
a shift in ferritin H distribution from cytoplasm to nucleus
(201). Although a computational analysis suggested that the
ferritin-like region of ferritoid might be important for inter-
action with ferritin and that this interaction might be neces-
sary to transport ferritin into the nucleus (201), the detailed
mechanism is still largely unknown.

Another proposed mechanism of ferritin translocation is O-
linked glycosylation of the ferritin protein. Glycosylation has
been shown to be either a process or the result of the addition
of saccharide to protein and lipids. O-linked glycosylation is
one type of glycosylation in which saccharide is attached to a

target protein through its serine and threonine side chains. Nu-
clear ferritin was found to be glycosylated, and three potential
glycosylation sites were identified in the N-terminal region
(Thr1, Thr2, and Ser4) of ferritin H, whereas the ferritin L sub-
unit appeared to contain only one (Ser2) (285). Moreover, the
glycosylation inhibitor, alloxan, prevented translocation of fer-
ritin into the nucleus, which suggests that O-linked glycosyla-
tion may be an indispensable posttranslational modification for
ferritin H translocation (285). However, because both cyto-
plasmic and nuclear ferritin glycosylation were observed, it re-
mains unclear whether ferritin glycosylation is crucial for its
translocation or if another unidentified glycosylated protein
may contribute to ferritin translocation.

IV. REGULATION OF FERRITIN

A. Iron-mediated ferritin regulation

Iron-mediated ferritin regulation has been elegantly de-
scribed over the last 20 years. The regulation of ferritin syn-
thesis by iron is mainly due to posttranscriptional regulation
(107, 129, 262) through the binding of IRP1 and IRP2 to an
IRE located in the 5� UTR of ferritin mRNA (41) (see Fig. 2).
The interaction region of IRP1 with ferritin H IRE is partially
overlapped with the ISC domain of IRP1, which supports the
evidence that iron binding to IRP1 competes with IRP1–IRE
interaction, so that increased iron levels in cells enhances trans-
lation of ferritin proteins (317).

Both IRP1 and IRP2 are expressed ubiquitously in most tis-
sues. These IRP proteins have been believed to be requisite for
maintenance of iron homeostasis in cells. However, IRP1-
knockout mice survived with insignificant effects on iron ho-
meostasis in kidney and brown fat that highly express IRP1 (55,
200). In contrast, IRP2-knockout mice showed abnormal in-
duction of ferritin expression, resulting in iron misregulation in
intestinal mucosa and the CNS (55, 200). These facts suggest
that although both IRPs control ferritin expression in vitro
(161), IRP2 may have the primary role in ferritin regulation in
response to iron.

In addition to iron-mediated regulation, H2O2-induced ox-
idative stress and phorbol 12-myristate 13-acetate (PMA) have
been shown to modulate the activity of IRP1 and IRP2 (269).
PMA induces IRP1 and IRP2 phosphorylation and enhances
this binding to ferritin IRE, resulting in decreased ferritin ex-
pression during PMA induced HL-60 differentiation (269). Fer-
ritin H translation was also shown to be transiently repressed
by H2O2 treatment, in which IRP1 binding to the ferritin H IRE
is increased (33, 303).

B. Ferritin regulation by reactive oxygen species

Organisms face an onslaught of oxidant radicals induced by
environmental stresses, such as ultraviolet radiation, xenobi-
otics, dietary components, pesticides, and chemotherapeutic
drugs. Conversely, exposure of cells to these agents leads to the
induction of phase II genes, including NAD(P)H quinone oxi-
doreductase 1 (NQO1) (81, 185), glutathione-S-transferase
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(GST) (225, 265), and heme oxygenase 1 (HO-1) (6), which
protect cells from chemical and oxidative stress. Because the
iron-storage function of ferritin prevents excess iron from tak-
ing part in the Fenton reaction that would cause ROS produc-
tion, ferritin may serve as an antioxidant protein. Indeed, over-
expression or knockdown of ferritin expression in mammalian
cells has proven the cytoprotective role of ferritin under proox-
idative conditions (59, 60, 78, 159, 227, 243). Consistently, in-
duction of ferritin mRNA was observed in mouse liver (303)
and erythroid cells (78) treated with oxidative stress–inducing
compounds. This is regulated at the transcriptional level through
an antioxidant-responsive element (ARE) (265) (also termed
electrophile responsive element) (95) in the 5�-region of ferritin
genes (133, 301, 302). The ARE sequence was also found in
such phase II genes as NQO1 (185), GST (265), and HO-1 (6).

The ferritin H ARE was originally identified in studies of the
molecular mechanism by which mouse NIH-3T3 fibroblasts
transformed with the adenovirus E1A oncogene displayed re-
duced ferritin H mRNA expression (304). Reporter analysis,
using a series of deletions in the 5� flanking region of the mouse
ferritin H gene, revealed that the E1A-mediated transcriptional
repression was mediated via a 75-bp region located 4.1 kb up-
stream from the transcription initiation site of the mouse fer-
ritin H gene (Fig. 11). This region contained the unique bidi-
rectional ARE motifs composed of an AP1-like, an SP1-like,
and an AP1/NF-E2 sequence (302). Subsequent investigation
revealed that Nrf2 and AP1 family transcription factors, in con-

junction with transcriptional coactivator p300/CBP, are in-
volved in the activation of the ARE (246, 302, 306, 307) 
(Fig. 11).

The activation mechanism of an ARE by Nrf2 has been most
studied and characterized. Nrf2-knockout mice developed nor-
mally and survived to adult stage, suggesting that Nrf2 is not
an essential transcription factor for embryonic development or
growth (45). However, Nrf2 disruption in mice enhanced sus-
ceptibility to severe airway inflammation, asthma, and cigarette
smoke–induced emphysema (253, 254), indicating that Nrf2
may be involved in protection against environmental chemical
stress. In accordance with the results showing the regulation of
the ferritin H ARE by Nrf2 (143), decreased ferritin H expres-
sion was observed in Nrf2-knockout mice (290).

After the identification and characterization of the mouse fer-
ritin H ARE, a conserved ARE sequence in the human ferritin
L (133) and ferritin H gene (143, 301) was recently identified.
The human ferritin H ARE is a 55-bp bidirectional ARE com-
posed of an AP-1–like and an AP-1/NF-E2 sequence located
4.5 kb upstream from the transcription start site (301). Nrf2 was
shown to bind and activate the human ferritin H ARE (143,
301). JunD was also involved in the transcriptional activation
of the human ferritin H gene via the ARE during treatment of
HepG2 hepatocarcinoma cells with H2O2 or tert-butylhydro-
quinone (tBHQ), in which JunD phosphorylation at Ser-100 was
induced (301). Recently, JunD was reported as an important
transcription factor that reduces tumor angiogenesis caused by
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FIG. 11. Transcriptional regu-
lation of ferritin H. (A) The
mouse and human ferritin genes
have a similar 5�-region that reg-
ulates transcription in response to
external stimuli. TNF-� activates
the mouse ferritin H gene through
4.8 kb upstream from the start
codon, in which NF-�B is in-
volved in this activation mecha-
nism. Human ferritin H gene is
also activated by TNF-�, but the
responsible region has not been
identified, although NF-�B par-
ticipation was observed. Chemi-
cal and oxidative stress (such as
H2O2, t-BHQ, hemin) activate
human and mouse ferritin H gene
through an antioxidant-respon-
sive element (ARE). The ARE ac-
tivation is achieved by Nrf2 and
AP-1 family transcription factors
synergized with p300/CBP his-
tone acetyl transferases. Among
the AP-1 family transcription fac-
tors, ATF1 serves as a repressor
of ferritin H gene. Hemin and
cAMP were also shown to induce
ferritin genes through the proxi-
mal region, termed A- or B-box,
by NF-Y transcription factors,
which recruit coactivator p300/CBP proteins. Adenovirus E1A oncogene represses ferritin H transcription by inhibiting p300/CBP
function. (B) Both human and mouse ferritin H genes have bidirectional ARE sequences (AP1-like and AP1/NFE2). Ferritin L
has a single ARE (AP1/NFE2). The core ferritin ARE sequences are completely conserved.
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Ras-produced ROS (101). In addition, JunD deficiency induced
ROS accumulation in the cells (101). Collectively, these results
suggest that JunD-mediated ferritin H induction may be an in-
dispensable defense mechanism in a manner similar to that of
Nrf2.

More recently, activating transcription factor 1 (ATF1) was
shown to act as a repressor of the human ferritin H gene through
the ARE (142) (Fig. 11). ATF1, as well as CREB (cAMP-re-
sponsive element–binding protein), was originally identified as
a regulator of the cAMP response element (195). In the ATF1-
mediated ferritin regulation, protein inhibitor of activated
STAT3 (PIAS3) was identified as an ATF1-binding partner and
was shown to reverse ATF1-mediated ferritin H ARE repres-
sion by blocking ATF1 binding to the ARE (142). This result
suggests that PIAS3 is an activator of the human ferritin H tran-
scription through the ARE by inhibiting the transcription-re-
pression function of ATF1. Inhibition of PIAS3 expression by
siRNA resulted in diminished activation of the ferritin H tran-
scription in response to ARE-activating agents (142).

The human ferritin L ARE was recently identified; it con-
tains only one consensus ARE sequence located at 1.35 kb from
the transcription start site (133). Furthermore, tBHQ, sul-
foraphane, hemin, and high levels of iron activated this element
(133); however, transcription factors and co-regulators respon-
sible for ferritin L ARE regulation have not been characterized.

C. Ferritin transcriptional regulation by cytokines

Ferritin H was found as a TNF-�– or IL-1–inducible gene
(171, 243, 294). In addition to ferritin H mRNA induction by
TNF-� or IL-1, TfR induction was also observed in TNF-�– or
IL-1–treated MRC5 human fibroblasts (305), which suggests
that these cytokines may play a role in controlling iron ho-
meostasis through modulating the expression of ferritin and
TfR.

Rel/NF-�B has been described as a very important tran-
scription factor that regulates several cellular events including
cell death, cell proliferation, the innate and adaptive immune
responses, inflammation, and the stress response (240). Recent
numerous efforts have contributed to understanding the com-
plexity of the apoptotic pathway induced by various stimuli, in-
cluding TNF-�, in the immune, hepatic, epidermal, and nervous
systems. NF-�B is activated by TNF-� and has been shown to
induce mouse and human ferritin H (171, 243). This activation
of mouse ferritin H occurred through two of the multiple NF-
�B consensus sequences located 4.8 kb upstream from the tran-
scription start site (171). Apoptosis induced by TNF-� was in-
hibited by NF-�B, which suggests that NF-�B–mediated ferritin
H induction in response to TNF-� may be a mechanism to pro-
tect cells from ROS (243).

D. Ferritin regulation in erythroleukemic cells

Ferritin expression is induced during erythroid cell differen-
tiation and may be involved in ensuring that enough iron is
available for hemoglobin synthesis and maturation of the cells
(271). Ferritin mRNA induction was observed during DMSO-
or hemin-induced differentiation of mouse Friend leukemia
cells (FLC) and hemin-mediated differentiation of K562 human
chronic myelogenous leukemia cells (17, 143, 194). Recently,

hemin-mediated transcriptional regulation of human ferritin H
and L was reported. The proximal region of the human ferritin
H gene was activated by NF-Y and p300 during hemin-induced
FLC differentiation, and this proximal region was also respon-
sible for cAMP (80, 194, 248). The NF-Y transcription factor
was bound to a 100-bp region upstream from the transcription
start site of the human ferritin H gene (194). All NF-Y sub-
units, A, B, and C, were required for binding to DNA; then at
least the NF-YA subunit was required to activate the ferritin H
gene in response to hemin treatment during differentiation of
monocytes to macrophages (194). This activation mechanism
was achieved by interaction of the NF-Y B subunit with
p300/CBP; formation of this protein complex was enhanced by
cAMP treatment (80) (Fig. 11).

Conversely, a far-upstream region was shown to be the im-
portant responsive element that activates ferritin transcription
during erythroid differentiation (20, 143). An upstream 180-bp
region of the mouse ferritin H gene was characterized as serv-
ing as an inducible enhancer during N,N�-hexamethylene-bis-
acetamide–induced differentiation of mouse erythroleukemia
cells (20). It should be noted that the 180-bp region (20) actu-
ally contains the mouse ferritin H ARE sequence identified as
the responsive enhancer to electrophilic chemical stress (302,
303). The hemin-responsive element in the ferritin promoter re-
gion was also shown to overlap with the ARE of each human
ferritin H and L gene (133, 143). In the case of human ferritin
H transcription in K562 erythroid cells, hemin activates ferritin
H ARE by recruiting several activators, such as JunD and Nrf2
(143). Moreover, redox factor 1, which was shown to enhance
DNA binding of b-zip transcription factors through reduction
of conserved cysteine residues (325), was involved in the fer-
ritin ARE activation by Nrf2 during K562 differentiation (143).
The mechanisms of transcription of ferritin H gene in response
to multiple stimuli are summarized in Fig. 11.

V. FRATAXIN AND IRON HOMEOSTASIS

A. Frataxin and Friedreich ataxia

Friedreich ataxia (FRDA) is an inherited cardio- and neu-
rodegenerative disease (with an estimated prevalence of 1 in
50,000 among whites) characterized by progressive gait and
limb ataxia, loss of position sense, and cardiomyopathy. FRDA
is most commonly (96% to 98%) caused by the homozygous
hyperexpansion of a GAA trinucleotide repeat in the first in-
tron of the frataxin gene, which results in a marked repression
of frataxin transcription (37). The GAA repeat in FRDA pa-
tients ranges from 100 to �1,000 repeats, whereas normal in-
dividuals have fewer than 35 repeats (37). A correlation be-
tween the length of the GAA repeat and deficiency of frataxin
along with severity or onset of FRDA symptoms have been ob-
served (76). Point mutations in the frataxin gene were also
found in a small group (2% to 4%) of FRDA patients. Frataxin
is a nuclear-encoded mitochondrial protein conserved from
yeast to human (166), but with no homology with proteins of
known functional domains. Homozygous deletions in the
frataxin gene in mice caused embryonic lethality, indicating an
important role of frataxin in mouse development (57). Although
the primary function of frataxin is still elusive, it has been un-
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veiled by various biochemical and genetic approaches that
frataxin is involved in iron–sulfur cluster (ISC) biosynthesis and
mitochondrial iron homeostasis.

The first evidence of frataxin’s role in mitochondrial iron
regulation was obtained by deletion of yeast frataxin homo-
logue, YFH1, and characterization of the yeast phenotype,
which revealed that the deletion of YFH1 caused mitochondr-
ial iron accumulation and increased sensitivity to H2O2 toxicity
(13). This observation was supported by mouse models for
FRDA through a conditional deletion of the mouse frataxin gene
(251, 279) or a GAA repeat expansion mutation (5), in which
frataxin deficiency induced oxidative stress and led to car-
diomyopathy, cerebellar and sensory ataxia, decreased activi-
ties of mitochondrial respiratory chain, decreased aconitase ac-
tivity, and subsequent accumulation of iron in mitochondria
(251). Furthermore, targeted disruption of hepatic frataxin ex-
pression caused increased oxidative stress, impaired mitochon-
drial function of respiration and ATP synthesis, along with de-
creased activity of ISC-containing proteins in liver (289). These
mice exhibited a reduced life span and development of multi-
ple hepatic tumor growths (289).

In contrast to these observations, homozygous insertion of a
(GAA)230 repeat into the mouse frataxin gene (averaging 75%
of wild-type frataxin expression levels) or heterozygous
frataxin(-)/(GAA)230 repeat (reduction to 25% to 36% of wild-
type mice frataxin levels that are compatible with frataxin ex-
pression level in mild but clinically evident FRDA patients)
showed no obvious pathologic phenotype, with normal gait and
limb movement as well as normal serum and tissue iron levels
(202). The same research group generated frataxin-overex-
pressing mice, which also showed normal iron metabolism with
no signs of abnormalities (203). In both wild-type and frataxin
transgenic mice, 5 mg/kg of doxorubicin challenge increased
similar levels of serum creatine kinase and lactate dehydroge-
nase, markers for heart and skeletal muscle damage, suggest-
ing that overexpression of frataxin did not protect from dox-
orubicin-induced cardiotoxicity (203). These results suggest
that, in mouse in vivo models, 25% to 30% of wild-type frataxin
levels might be sufficient to maintain the normal frataxin func-
tion, and the surplus of frataxin may not give additional ad-
vantage to the cells in cytoprotection from oxidative stress.

Compared with yeast and mouse model systems, studies in
human FRDA patients or in patient-derived tissues and cells are
very limited. It was demonstrated that the skeletal muscle of
FRDA patients had impaired mitochondrial respiration and a
profound deficit of ATP production (189), which is consistent
with the results in targeted disruption of frataxin in a mouse he-
patocyte model (289). Oligomycin-mediated oxidative stress in-
duced both superoxide dismutases (SODs) and iron import in
normal fibroblasts, whereas these responses were attenuated in
FRDA patients’ fibroblasts, suggesting that frataxin deficiency
impairs an antioxidant defense mechanism (46). As a potential
pathogenesis of FRDA, increase in glutathionylation of total
proteins was demonstrated in fibroblasts of FRDA patients,
probably because of accumulation of iron and ROS. Treatment
of control fibroblasts with FeSO4 increased protein glu-
tathionylation (236). In this study, increased actin glutathiony-
lation was observed in fibroblasts of FRDA patients, which
leads to impaired or decreased actin polymerization and mi-
crofilament organization (236).

Several mechanisms of FRDA pathogenesis due to frataxin
deficiency have been proposed, largely through studies in yeast
and mouse model systems, which suggest that frataxin is in-
volved in mitochondrial iron storage, iron transport, heme and
ISC formation, antioxidant defense, and oxidative phosphory-
lation/ATP production. For instance, the disruption of the yeast
frataxin homologue (YFH1) in yeast strain (�yfh1) induced an
accumulation of iron in mitochondria and enhanced their sen-
sitivity to oxidative stress (by H2O2 and iron overload) (13, 93).
Furthermore, yeast frataxin mutations that impair its ferroxida-
tion or mineralization activity increased sensitivity to oxidative
stress, suggesting the role of frataxin in iron detoxification and
antioxidant defense (97). However, in FRDA patient lym-
phoblast and fibroblast cell lines, no difference was found be-
tween control and FRDA patient cells in the concentration of
mitochondrial chelatable iron or TfR-mediated iron transport
(283), although FRDA patient cells showed higher sensitivity
to H2O2 toxicity in a ubiquitously distributed iron-dependent
manner (283). Furthermore, in a mouse FRDA model, antiox-
idants (MnSOD mimetic or CuZnSOD overexpression) had no
beneficial effect on the FRDA cardiomyopathy, along with the
evidence for the absence of increased oxidative stress or de-
creased SOD expression in FRDA mouse tissues (273). It ap-
pears to be still a matter of debate as to the tight association of
mitochondrial oxidative cell damage with the pathophysiology
of FRDA.

B. Frataxin and mitochondrial iron traffic

Frataxin is a highly conserved mitochondrial protein in mam-
mals; for instance, human and mouse frataxin proteins have
73% identity in their amino acid sequences, and the C-terminal
122 amino acids of the frataxin proteins are almost identical.
Yeast frataxin (Yfh1, 174 amino acids) and human frataxin (210
amino acids) have a high homology at the C-terminus (Fig. 12).
It was shown that both yeast and human frataxin are processed
to a mature form in two sequential cleavage steps with a mito-
chondrial processing peptidase (MPP) (28, 43, 167) (Fig. 12).
In yeast frataxin, the MPP cleaves the N-terminal 20 amino
acids in the first step, followed by the second cleavage that
gives rise to the mature yeast frataxin, consisting of 123 amino
acids (aa 52 to 174) (28) (Fig. 12). Two molecular chaperones
of the heat-shock protein 70 class, ssc1 and ssc2, were shown
to facilitate mitochondrial frataxin import and maturation in
yeast (162, 312). Similarly, the two-step processing of human
frataxin was shown to give rise to an intermediate (aa 42 to
210) and mature (aa 56 to 210) frataxin (43) (Fig. 12). Thus,
the mature human and yeast frataxin proteins have 35% iden-
tity and 65% similarity in their amino acid sequences. In addi-
tion to a one-step processing of human frataxin proposed by
another group (108), it was recently shown by overexpression
of frataxin in human cells that the main form of mature frataxin
is a 130–amino acid protein (aa 81 to 210) after a proteolytic
cleavage between Lys80 and Ser81 (Fig. 12), which is another
potential MPP cleavage site (52). Importantly, the mature hu-
man frataxin 81 to 210 was shown to be active enough to res-
cue frataxin deficiency in cells of FRDA patients (52).

Frataxin amino acid sequences do not contain any known fea-
tures of functional domains that suggest the biologic function
of frataxin. Thus, understanding the solution and crystal struc-

INTRACELLUAR IRON TRANSPORT AND STORAGE 1013



ture of frataxin is a reasonable approach to gain insight into
frataxin biology. Solution and crystal structures of yeast and
human frataxin revealed a compact �� sandwich motif con-
sisting of �1, �1, �2, �3, �4, �5, �6, �7, and �2 (71). It was
demonstrated that yeast mature frataxin directly binds iron (2),
in which iron triggers assembly of frataxin oligomerization.
This frataxin oligomerization reminds us of the assemblage of
24 subunits of the iron-storage protein ferritin, although ferritin
assembly does not depend on the presence of iron (125). The
same group demonstrated the ferroxidase activity of yeast
frataxin (233) [similar to that of ferritin H, which oxidizes Fe2�

to Fe3� (178)]. The recent crystal-structure study of apo- or
iron-loaded frataxin trimer and 24 subunit homo-oligomer for-
mation demonstrated the architectural similarity between
frataxin and ferritin (151). The trimer of yeast frataxin was
shown to bind one atom of iron that constitutes the basic 24-
subunit oligomer (151). In human mature frataxin, the structure
is compact, with no signature of iron binding or oligomeriza-
tion in the presence of iron (212), whereas the mature human
frataxin was reported to assemble in �600-kDa homopolymers
and bind �10 atoms of iron per frataxin oligomer (44).

The proposed function of frataxin is mitochondrial iron ho-
meostasis, including iron storage and transport, heme synthe-
sis, and ISC formation, as well as antioxidant defense. In yeast,
it was demonstrated that frataxin is involved in mitochondrial

iron efflux (252) or iron storage (96, 234). Turning off the yeast
frataxin promoter in an inducible system caused accumulation
of iron in mitochondria and resulted in mitochondrial and nu-
clear oxidative DNA damage (153). The frataxin-deficient yeast
also showed more production of hydrogen peroxide, higher sen-
sitivity to DNA-damaging agents, and increased chromosomal
instability (152), suggesting that detoxification of mitochondr-
ial iron is a primary function of frataxin (97). Similarly, cells
derived from FRDA patients contained 40% increase in mito-
chondrial iron content and were more susceptible to iron-me-
diated cytotoxicity and hydrogen peroxide (287, 321), which
was rescued by treatment with the iron chelator deferoxamine
(321) or by near-physiologic levels of frataxin expression (287).
These results support frataxin’s antioxidant function through
iron storage or iron transport or both. Interestingly, expression
of human mitochondrial ferritin (ferritin H-like protein) or hu-
man ferritin L-chain rescued frataxin-deficient yeast (36, 70),
suggesting functional homology between iron-storage protein
ferritin and frataxin.

C. Frataxin, heme synthesis, and iron–sulfur
cluster biogenesis

Growing evidence indicates that frataxin is involved in heme
(ferrous-protoporphyrin IX) synthesis and ISC formation
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FIG. 12. Maturation of frataxin proteins. Protein processing of human frataxin by mitochondrial protein peptidase-� (MPP-
�) is summarized (top). The comparison of amino acid sequences between human and yeast frataxin and their cleavage sites by
MPP-� is shown (bottom).
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through interactions with proteins involved in these biosynthe-
sis pathways (Table 2). Heme is ubiquitous and a constituent
of heme proteins such as hemoglobins and cytochromes in-
volved in cellular oxygen utilization and endobiotics/xenobi-
otics metabolism. It was demonstrated that Saccharomyces
cerevisiae cells lacking the YFH1 gene, the yeast homologue
of the human frataxin gene, showed low levels of cytochrome
and ferrochelatase (181). Ferrochelatase is involved in the last
step of the heme-synthesis pathway that inserts Fe2� into pro-
toporphyrin IX. In the same study, YFH1 was shown to inter-
act with the yeast ferrochelatase (Hem15p) in vitro, and that the
YFH1 deficiency resulted in the defect of iron use in fer-
rochelatase activity (181). Yeast Mrs3 and Mrs4 were shown
to serve as mitochondrial iron-transport proteins (94) and to co-
operate with YFH1 in providing iron for heme synthesis (335).
Similar results were reported in mammalian cells in which hu-
man frataxin interacted with human ferrochelatase (331), and
microarray analysis of frataxin-deficient mouse heart cells re-
vealed downregulation of the iron–sulfur scaffold protein Isu1,
mitochondrial coproporphyrinogen oxidase, and ferrochelatase,
which are all involved in the heme pathway (270).

Accumulating evidence reported by several different research
groups also indicates that frataxin plays a role in ISC biosyn-
thesis. ISCs are important cofactors of proteins that play cru-
cial roles in biosynthesis of amino acids and heme, purine me-
tabolism, electron transport, iron homeostasis, and maturation
of ISC proteins [reviewed in (187)]. It was reported that aconi-
tase (an ISC-containing citric cycle enzyme that converts cit-
rate to isocitrate) and mitochondrial ISC respiratory complexes
I, II, and III are deficient in YFH1-deleted yeast, as well as
FRDA patient cells (261), resulting in defects in ISC protein
maturation, respiratory deficiency, and mitochondrial iron ac-
cumulation (47, 209). Yeast frataxin YFH1 interacts with the
ISC-assembly complex composed of the scaffold protein Isu1
and the cysteine desulfurase Nfs1 in a ferrous iron–dependent
manner (102), suggesting a role of YFH1 in ISC synthesis
(Table 2). Frataxin was also found to interact with aconitase in
a citrate-dependent manner and protects or restores the aconi-
tase activity by converting the inactive [3Fe-4S]1� form to the
active [4Fe-4S]2� form of aconitase (29). Knocking down
frataxin with siRNA in human culture cells (HeLa and 293 cells)
caused a defect in ISC proteins, including aconitase (191, 281).
The proposed role of frataxin in heme synthesis and ISC for-
mation is summarized in Fig. 13.

D. Frataxin gene regulation

The human frataxin gene is located on chromosome 9 (q13-
q21.1) consisting of seven exons spanning �95 kb of the ge-
nomic DNA (37). The most abundant frataxin mRNA is a tran-
script from exon 1 to exon 5a, with a size of 1.3 kb (37). The
frataxin gene exhibits tissue-specific expression, with its mRNA
most abundant in the heart, followed by the liver and skeletal
muscle (166). The disease phenotype is prominent in the heart
tissue and nervous system, suggesting that the required amount
of frataxin in each tissue may be variable. It has been more than
a decade since the FRDA gene was identified and character-
ized as a GAA repeat expansion of the frataxin gene (37); how-
ever, the molecular mechanisms that regulate transcription of
frataxin and its tissue-specific expression remain largely un-
known.

The GAA triplet-repeat expansion in the frataxin gene was
shown to interfere with frataxin gene transcription (223) be-
cause of a self-associated triplex formation at long GAA:TTC
repeats (sticky DNA) (22, 193, 267, 268). The attempt to re-
store frataxin expression by specifically targeting expanded
GAA:TTC repeat demonstrated that �-alanine–linked
polyamides bind the GAA:TTC repeat, resulting in disruption
of the sticky-DNA conformation and alleviation of transcrip-
tional repression of the frataxin gene in the FRDA lymphoid
cell line (30). Similarly, by using stable HeLa cell lines trans-
fected with a GFP reporter containing a GAA:TTC repeat ex-
pansion (GAA-148 repeats), 5 to 50 �M of small molecules
such as diminazene, distamycin, pentamidine, DAPI, and
Hoescht 33258 have been shown to increase GFP expression
by �20-fold (109).

To understand the molecular basis of the transcription of the
frataxin gene, 5�-promoter/enhancer elements of the human
frataxin gene were investigated, in which a 1,255-bp 5�-region
of the frataxin gene was shown to contain the minimal promoter
activity (113). 3-nitropropionic acid (2 to 8 mM) and erythro-
poietin (1.1 to 9.9 unit/ml) appear to stimulate frataxin expres-
sion in lymphocytes derived from normal and FRDA patients
(284, 308), although the mechanism of increased frataxin pro-
tein expression remains uncharacterized. Recently, HIF-2�
knockout mice were shown to have impaired mitochondrial res-
piration, sensitized mitochondrial permeability transition pore
opening, and reduced activity of aconitase, because of marked
reduction of frataxin mRNA expression in HIF-2��/� livers
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TABLE 2. FRATAXIN-BINDING PROTEINS AND THEIR FUNCTIONS

Frataxin Binding protein Function Reference

Mouse frataxin Mitochondrial processing peptidase beta Protein processing 167a
Rat frataxin Aconitase Citric cycle 29a
Human frataxin Ferrochelatase Heme synthesis 331a
Human frataxin Succinate dehydrogenase Electron transport chain 106a
Human frataxin Mortalin/GRP45 Iron-sulfur cluster biogenesis 275a
Human frataxin ISD 11(Nfs1/Isul) Iron-sulfur cluster biogenesis 275a
Yeast frataxin (Hem15P) ferrochelatase Heme biogenesis 181a
Yeast frataxin Succinate dehydrogenase Electron transport chain 106a
Yeast frataxin Isul/Nfs1 Iron-sulfur cluster biogenesis 102a
Yeast frataxin yfh1 (yeast frataxin) Frataxin oligomerization 2a



(224). Indeed, HIF-2�, but not HIF-1�, specifically activated
an HRE that is located �2 kb upstream from the transcription-
initiation site of the mouse frataxin gene (224). It is not known
whether HIF-2� also regulates transcription of the human
frataxin gene.

E. Treatments

Because decreased expression of frataxin (ranging from 5%
to 30% of normal frataxin expression level) causes FRDA,
strategies to enhance expression of frataxin will be a promis-
ing approach to treating the disease. As described earlier, one
approach is to use DNA sequence-specific polyamides and
small chemicals that can specifically bind to the GAA:TTC re-
peat and disrupt the triplex formation, leading to increased
frataxin transcription (30, 109). Another trial for restoring
frataxin expression is to use histone deacetylase inhibitors such
as BML-210 (1 to 5 �M) that reverse frataxin-gene silencing
through chromatin relaxation by inducing lysine acetylation of
histone H3 and H4 (132). In addition, frataxin-encoding adeno-
associated virus and lentivirus vectors increased frataxin ex-
pression and decreased sensitivity to oxidant stress in primary
FRDA patient fibroblasts (86).

The second strategy to treat FRDA is to use iron chelators
that decrease accumulated iron levels in tissues. The iron chela-
tor deferoxamine was shown to protect FRDA fibroblasts from
H2O2-induced cytotoxicity (321). Given the evidence for mito-
chondrial iron overload in patients with FRDA (27, 69), iron
chelators that preferentially mobilize iron from mitochondria,
such as pyridoxal isonicotinoyl hydrazone and 2-pyridylcar-

boxaldehyde isonicotinoyl hydrazone derivatives, were devel-
oped for the treatment of FRDA (257). It was recently reported
that treatment of FRDA patients with 20 to 30 mg/kg of 
deferiprone (3-hydroxy-1,2-dimethylpyridine-4-one), an iron
chelator that is orally active, membrane permeable, blood–brain
barrier crossing, and that transfers chelated iron to transferrin,
efficiently decreased brain iron accumulation without apparent
hematologic or neurologic adverse effects (25).

The third strategy to treat FRDA is to use mitochondria-
targeted antioxidants. The membrane-permeable antioxidant,
Idebenone [2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-
benzoquinone], as well as its derivative decylubiquinone, was
shown to protect FRDA fibroblasts from toxicity caused by glu-
tathione-depletion conditions (146). Likewise, analogues of the
electron-transport chain component coenzyme Q10 and small-
molecule glutathione peroxidase mimetics such as ebselen 
[2-phenyl-1, 2-benzisoselenazol-3 (2H)-one] showed similar
cytoprotective effects (146). Furthermore, the mitochondria-
targeted antioxidants MitoQ (coenzyme Q10 derivative) and Mi-
toVitE (vitamin E derivative) exhibited a significant increase
in the efficacy of cytoprotection of FRDA fibroblasts from 
oxidative stress–mediated toxicity when compared with
Idebenone (145). In a mouse model for FRDA, the antioxidant
Idebenone delayed the onset of cardiac dysfunction without im-
provement of deficiency in ISC proteins (274).

VI. FUNCTIONAL IRON OVERLOAD AND
HUMAN HEALTH

A. Hereditary hemochromatosis

Hereditary hemochromatosis (HH) is the most common form
of iron-overload disorder in individuals of northern European
descent (299). HH is classified on a genetic, biochemical, and
clinical basis as types 1 through 4. The phenotype/clinical out-
comes are used to determine the type (1 to 4) of hemochro-
matosis (210). The types along with their associated genotype,
mapped location, inheritance, and clinical manifestations are
summarized in Table 3. HH is a heterogeneous group of disor-
ders of normal iron metabolism caused by genetic factors that
alter iron homeostasis. Resulting iron overload leads to a num-
ber of different pathologies, including structural damage from
physical iron accumulation and oxidative damage to tissue, pro-
tein, lipids, and DNA resulting from iron-induced oxidative
stress (229).

Prototypical HH is characterized by progressive iron load-
ing, particularly in the liver, heart, and pancreas (131). Initially,
the deleterious effects of iron loading are not clinically signif-
icant, and manifest as discomfort in hand joints, increased skin
pigmentation, and fatigue (16). In later stages as tissue iron ac-
cumulates, liver damage ranging from fibrosis to cirrhosis de-
velops in affected individuals. Those with HH have markedly
increased risk for developing hepatocellular carcinoma (77). It
is also common for endocrine disorders, such as diabetes, to
develop, as well as cardiac pathologies. Increased incidence of
arthritis also is observed in HH (54). Important animal models
for HH and other iron-associated disease are summarized in
Table 4.
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FIG. 13. The role of frataxin in iron–sulfur cluster (ISC)
formation and heme synthesis. Cytoplasmic iron is imported
into mitochondria by Mrs3/4 (in yeast) or mitoferrin (in verte-
brates). Frataxin interacts with a complex of the ISC scaffold
protein Isu1and the cysteine desulfurase Nfs1, which release
sulfur from cysteine. Frataxin also interacts with ferrochelatase
and facilitates the heme synthesis through ferrochelatase-medi-
ated insertion of ferrous iron into protoporphyrin IX. Frataxin
protects aconitase activity by restoring the aconitase 4Fe-4S
cluster. ISCs in mitochondria are exported into cytoplasm by
Atm1 (ABC transporter of the mitochondrion 1 protein) in yeast
or ABCB7, the human and mouse homologues of yeast Atm1.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1893&iName=master.img-012.jpg&w=233&h=177


Type 1 HH is associated with several mutations of the HFE
gene, which was originally identified during an analysis of 178
individuals with HH (82). Of these, 83% were homozygous for
a missense mutation to a gene resembling MHC class I genes,
located on chromosome 6 (82). Later reports of HH pedigrees
also observed this mutation in both alleles of the HFE gene that
encodes a tyrosine instead of the normal cysteine at codon 282
(C282Y), as having a prevalence of between 60% and 100%

(40, 147, 150). This mutation disrupts the formation of the disul-
fide bridge, which appears to be necessary for proper protein
formation, causing the aberrant protein remains in the Golgi
(24, 83). Normal HFE protein associates with TfR, usually in
conjunction with �2-microglobulin, and competes with Tf for
TfR binding, thereby inhibiting Fe-Tf uptake via the TfR in
cells (83, 179). Disruption of the disulfide bridge results in de-
creased binding affinity for both �2-microglobulin and TfR
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TABLE 3. TYPES OF HEREDITARY HEMOCHROMATOSIS

HH
type Genotype Gene map Inheritance Phenotype/clinical outcome

1 HFE C282Y 6p21.3 Autosomal recessive Adult onset; Tf saturation, high serum ferritin,
C282Y/H63D hetero high liver iron, treat with phlebotomy

2 Hepcidin HFE2 19q13 Autosomal recessive Juvenile onset, severe iron overload, treat
1q21 with phlebotomy

3 TfR2 7q22 Autosomal recessive Elevated total body iron, normal
transferrin saturation and serum ferritin

4 Fpn 2q32 Autosomal dominant High serum ferritin and transferrin
saturation, slight elevation in total body iron

The four types of hereditary hemochromatosis (HH) are summarized in this table, including the causative mutation or linked
gene, the mapped location of the affected gene, and the inheritance pattern and phenotype of each HH type.

TABLE 4. ANIMAL MODELS OF IRON REGULATION

Mutant Phenotype Human disease Reference

Hfe�/� Hepatocyte iron overloading HH Type 1 184, 336
HfeC28Y/C282Y Macrophage iron overloading

Increased Tf saturation
Usf2�/� (Hepcidin) Hepatocyte iron overloading HH Type 2 215a

Macrophage iron overloading
Increased Tf saturation

TfR1�/� splicing Tissue iron accumulation Atransferrinemia 20a
Microcytic hypochromic anemia

TfR1�/� Embryonic lethal (GD 12.5) Not applicable 184a
TfR1�/� Small RBCs; low hemoglobin Anemia 184a

Increased total iron stores
TfR2245X/245X Hepatocyte iron overloading HH Type 3 89a

Macrophage iron overloading
Increased Tf saturation

TfR2�/� Iron overload HH Type 3 317a
Ferritin H�/� Embryonic lethal (early) Not described 85a
Ferritin H�/� Elevated tissue and serum ferritin L Not described 85a
Cp�/� Hepatocyte iron overloading Acerulo-plasminemia 123a

Macrophage iron overloading
Accelerated iron export

*DMTG185R System iron disorder Not described 88a
Low iron uptake

*Heph(deletion) Microcytic hypochromic anemia Not described 313a
Poor intestinal iron transport

IRP1�/� Iron misregulation in kidney and brown fat Not described 200a
IRP2�/� Iron accumulation in enterocytes, neurons, Not described 175a

and oligodendrocytes
Neurodegeneration

*Spontaneous mouse mutation in hypotransferrinemia (hpx), microcytic anemia (mk) and sla mice, respectively. References
cited identified causative mutation.

Animal models for iron regulation and disease associated with iron misregulation are summarized, including mutant genotype,
phenotype, and associated human disease, as well as the reference that originally characterized the animal model.



(84). Further studies demonstrated that the C282Y HFE mutant
is retained in the ER and Golgi and is rapidly degraded (316).
Later, a mouse model for type 1 HH was identified; the HFE
mutant mouse manifested the same set of alterations in systemic
iron regulation and subsequent iron overload as observed in hu-
mans (336). Another mutation (H63D) in HFE is commonly
observed, but does not lead to the same HH phenotype, prob-
ably because it is processed and expressed in the same manner
as wild-type HFE (316).

Type 2 HH, also known as juvenile hemochromatosis, ex-
hibits an increased rate of iron accumulation and an earlier on-
set than type 1. Individuals with juvenile hemochromatosis 
incur cardiomyopathies, liver cirrhosis, and diabetes, and have
increased morbidity associated with a decreased life expectancy
because of systemic organ failure (244). This particular type of
HH is associated with a mutation that was mapped via posi-
tional cloning to chromosome 1q (230). The mutation occurs
in a gene encoding hemojuvelin (HFE2). HFE2 is expressed
mainly in skeletal muscle, cardiac tissue, and liver. HFE2 is a
GPI-anchored protein that appears to be a sensor of dietary iron
levels (230). In mice, HFE2 is localized to the surface of peri-
portal hepatocytes, and HFE2-mutant mice display iron load-
ing and a striking decrease in hepcidin upregulation in response
to increased iron from exogenous sources, compared with con-
trols (217). Thus, mutation of HFE2 appears to impede normal
iron sensing, thus possibly allowing increased iron uptake
through decreased expression of hepcidin, the negative regula-
tor of Fpn. Individuals with HFE2 mutations have low levels
of hepcidin in their urine, suggesting decreased excretion of se-
creted hepcidin. Studies of several mutant isoforms of HFE2 in
HeLa and HepG2 cells revealed that several of the mutations
resulted in the loss of the GPI anchor and were primarily re-
tained in the ER or secreted as soluble protein (278). In addi-
tion, in contrast to wild-type HFE2, the mutant isoforms were
not regulated by iron levels. Hepcidin is also directly implicated
in the pathogenesis of HH type 2. Mutations in hepcidin that
introduced either a frameshift or premature stop codon have
been identified in individuals with HH type 2 (259).

Type 3 HH is pathophysiologically similar to type 1; how-
ever, it occurs as a result of a mutation in TfR2 (34). The role
of TfR2 in the uptake of Fe-Tf is unclear, as it binds Fe-Tf with
�30-fold less affinity than TfR1 (298). In addition, TfR2 does
not appear to be regulated by iron concentrations, for it lacks
IRE in its mRNA and is not inducible by iron deficiency (90).
Studies have shown that TfR2 does not associate with HFE,
suggesting an alternative role for TfR2 mutation in HH (320).
Interestingly, iron accumulation in the liver in type 1 HH re-
sults in the downregulation of TfR1, but in the case of TfR2,
it is continually expressed even during HH-mediated iron load-
ing (90). In a study of a mouse model of type 3 HH, a prema-
ture stop codon (Y245X) was introduced in TfR2 to create an
orthologous mutation to the Y250X observed in some individ-
uals with type 3 HH (89). The resulting mutant mice showed
aberrant iron homeostasis, including early hepatocellular iron
overload coupled with decreased splenic iron and elevated
transferrin saturation (89). Thus, TfR2 is important in iron ho-
meostasis, and its absence leads to clinically significant dis-
ruption of iron homeostasis. The mechanism of mutant TfR2-
mediated pathogenesis of type 3 HH needs further investigation.

Type 4 HH is caused by a mutation in the Fpn gene (205,

218). Individuals afflicted with this form of HH exhibit iron
loading in macrophages, without elevated serum iron. This form
of HH is autosomal dominant in nature, and various missense
mutations lead to altered Fpn (92, 205, 218). Disruption of nor-
mal Fpn function may lead to a number of different iron-load-
ing conditions because of its function as an iron exporter and
its important role in recycling of iron during erythrophagocy-
tosis (67, 68). Along with other conditions, this type of HH is
rare, but clinically significant.

B. Mutant iron-responsive element–mediated 
iron overload

Another form of hereditary iron overload results from muta-
tion of the IRE in ferritin H mRNA and results in an autoso-
mal-dominant iron-overload disorder. It was revealed that a
point mutation in the IRE consensus sequence is in ferritin H
mRNA in a family with dominant iron-loading disorder (154).
This A to U transition at position 49 was associated with an in-
creased affinity for IRP compared with the wild type. Expres-
sion of the IRE mutant enhanced translational repression of fer-
ritin H (154). In hyperferritinemia-cataract syndrome, mutation
of the ferritin L IRE leads to constitutive expression of ferritin
L. Although not associated with iron overloading, this condi-
tion results in the accumulation and aggregation of ferritin L in
the lens, leading to the formation of cataracts (19). Interest-
ingly, disruption of Cp and Heph in mice, which are necessary
for the ferroxidase activity associated with Fpn activity and iron
efflux, resulted in iron accumulation in the retina and subse-
quent retinal degeneration (119). These outcomes resulting from
aberrant iron regulation indicate that either iron accumulation
or oxidative damage may be involved in damage to sensitive
systems such as the eye.

C. Iron regulation and neurodegeneration

Appropriate iron levels are especially important in the brain.
Adequate iron levels are required for the increased respiration,
neurotransmitter production, and myelinogenesis. Iron defi-
ciency may have deleterious effects on neurotransmission,
myelination, and dopamine receptor and transporter functions
(18). At the other end of the spectrum, excess iron concentra-
tions are particularly harmful because the highly oxidative mi-
croenvironment of the brain lends itself to the production of
ROS (180). Brain iron regulation and uptake is not fully un-
derstood. It is apparent that many of the proteins involved in
iron homeostasis throughout the body are also present in the
brain (206). A number of studies have observed increased brain
iron content that correlates directly with age. Furthermore, aber-
rant levels of increased brain iron have been observed in Alz-
heimer disease (AD) and Parkinson disease (PD) (23, 156). A
study that examined postmortem unfixed frozen brain sections
from elderly normal or PD-affected individuals showed that in-
dividual neurons from brains of individuals with PD had sig-
nificantly elevated iron concentrations (220). Recent evidence
has implicated abnormal iron metabolism in the pathogenesis
of neurodegeneration (120, 241). Levels of accumulation of iron
in the striatum of rhesus monkeys were positively correlated
with aging-related motor deficits (42). Monkeys exhibited age-
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related declines in motor function and dopamine release in the
striatum, whereas iron concentration in the striatum increased.
Iron content was the best predictor of motor deficit (42). Be-
fitting a model of altered iron-mediated mechanisms of dam-
age in neurodegeneration, markers of oxidative stress, includ-
ing lipid and protein oxidation, have been observed in PD and
AD (334).

PD is the second most prevalent neurodegenerative disorder,
for according to the National Institute of Neurological Disease
and Stroke, PD affects �500,000 people in the United States,
with �50,000 new cases reported annually. PD is caused by
the degeneration of dopaminergic neurons of the nigrostriatal
pathway in the brain. This pathway produces dopamine, an im-
portant neurotransmitter in movement, and thus is responsible
for the initiation of signals necessary to produce voluntary
movement. Individuals with PD typically have bradykinesias,
dyskinesias, resting tremors, loss of reflexes, and inability to
initiate movement, which are ameliorated by the administration
of the dopamine precursor, levodopa (79). Studies have indi-
cated that iron and oxidative stress may be involved in the
pathogenesis of PD. Several studies have observed colocaliza-
tion of such oxidative-damage indicators with regions of iron
accumulation (334).

The iron-storage protein, ferritin, has been studied in PD be-
cause of the increased iron content in the afflicted regions in
PD and the increase in evidence of oxidative stress. Many stud-
ies set a precedent of ferritin in cytoprotection against free-
iron–catalyzed production of ROS (227, 243, 301). Ferritin H
was transcriptionally activated by JunD through an ARE in the
ferritin H promoter in response to oxidative stressors, includ-
ing H2O2 (301). Ferritin was identified as the downstream me-
diator of the antioxidant and protective activities of NF-�B in
response to TNF-� signaling in inflammation and apoptosis
(243, 294). In addition, overexpression of ferritin H protected
cells from the toxicity of MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, a drug used to create experimental models
of PD) (159). Chelation of “labile iron” also protected cells
from this toxicity, suggesting that iron may play a role in the
pathogenesis of PD, at least in the MPTP model (159). Fur-
thermore, generation of heterozygous ferritin H–null mutants
shows brain iron levels similar to those of the wild type, de-
spite a 50% expression of ferritin H that corresponded with in-
creases in proteins involved in iron regulation, such as Tf, TfR,
ferritin L, DMT1, and Cp (291). These mice also demonstrated
an increase in markers of oxidative stress, including SOD ac-
tivity, oxidative protein modifications, and apoptotic indicators
(291).

Recently, results indicating a more complex, and perhaps
detrimental, role for ferritin in neurodegeneration have been re-
ported. Prolonged elevation of ferritin levels in dopaminergic
neurons of the midbrain resulted in a progressive age-related
neurodegeneration of these cells, suggesting that increased fer-
ritin may not necessarily be cytoprotective and may play a role
in neurodegeneration (158). Iron sequestered by ferritin can be
made available for cellular use or exportation. Interestingly, Fpn
expression was recently shown to result in cytoplasmic iron ex-
portation, iron release from ferritin, and subsequent ubiquiti-
nation of ferritin, targeting it for degradation by the proteasome
(64). Depletion of ferritin iron induces the monoubiquitination
of ferritin subunits. Conditions of iron chelation may lead to

ferritin being degraded through a lysosomal pathway (64).
Aberrant release of ferritin iron may lead to the production of
ROS and may thereby serve as a mechanism by which altered
iron management may lead to cellular damage. More study is
needed to elucidate the role of ferritin in regulation of brain
iron under conditions of aging, increased iron content, and ox-
idative stress that compose the milieu of the brain in many neu-
rodegenerative diseases. Evidence for a dual role of cytopro-
tective agent and mediator of iron-catalyzed ROS–mediated
damage exists and warrants further examination.

Mutation of Cp has also been linked to several incidents of
PD. A study of 176 individuals with PD and 180 control sub-
jects who underwent transcranial ultrasound to reveal elevated
substantia nigra iron levels, subsequently were evaluated for
mutations in the Cp gene (134). In this study, five unique mis-
sense variations were identified including, a single incidence of
I63T, D554E, which correlated with PD and positive ultrasound
for increased substantia nigra iron levels, and R793H, which
was linked to increased levels of iron levels in individuals with
PD and their age/ethnic-matched individuals. This study also
showed that Cp localizes with the Lewy bodies associated with
the pathology of PD (134). In further investigation, the I63T
mutant Cp isoform was expressed at half the normal level and
displayed a distinct decrease in ferroxidase activity in vivo. In
HEK293 cells, the I63T GPI-linked isoform of Cp remained in
the endoplasmic reticulum. The D544E Cp was expressed at
lower levels and exhibited decreased ferroxidase activity (135).
Decreased expression of Cp and deficient ferroxidase activity
may result in “free iron” accumulation and decreased antioxi-
dant potential. In addition, retention of the I63T mutant Cp iso-
form in the endoplasmic reticulum (ER) may lead to cell death.
An unfolded protein response (UPR) triggered by the accumu-
lation of misfolded proteins in the ER has been shown to in-
duce a signaling pathway that alleviates ER stress or apoptosis
(155, 207, 327). It may be noted that chemicals used to model
PD, such as MPTP, 6-hydroxydopamine (6-OHDA), and
rotenone, were shown to increase expression of key members
of the signaling pathway associated with the UPR in ER stress
(136, 327). Cultured neurons from mice deficient in PERK
(PKR-like ER kinase), which have an impaired UPR, exhibited
enhanced sensitivity to 6-OHDA treatment (266).

IRP has an important role in the sensing of iron levels and
transmission of signals to regulate posttranscriptionally a num-
ber of important factors involved in iron management (131).
Another hallmark of PD is the aggregation of the protein �-
synuclein. Such clustered �-synuclein has been shown, along
with iron, to be a constituent of Lewy bodies in PD (157).
Through an IRP1-dependent mechanism, MPTP administration
caused upregulation of TfR, which preceded increased iron and
oxidative stress (276). Coexposure to iron and H2O2 were
shown to enhance �-synuclein aggregation in vitro (126). An
antibody for the TfR, which blocked iron uptake, abrogated up-
regulation of �-synuclein after MPP� treatment. Global dele-
tion of IRP2 in mice manifested in aberrant accumulation of
iron within the brain that correlated with tremor, and movement
disorders such as bradykinesia and ataxia (175) (Table 4). IRP1-
knockout mice misregulate iron in specific tissues, namely in
brown fat and kidney, whereas IRP2-knockout mice exhibit
aberrant management of iron in multiple tissues. IRP2 was also
sensitive to iron levels, whereas IRP1 was not, suggesting that
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IRP2 is the predominant posttranscriptional regulator of key
genes involved iron homeostasis (200). A study of brain tissue
from control and AD-afflicted subjects demonstrated that IRP1
expression was similar in both groups, whereas IRP2 expres-
sion was altered in AD. In AD, IRP2 was localized in regions
with redox active iron and was associated with such pathologic
features as neurofibrillary tangles and senile plaques (280). An
IRE was recently identified at �51 to �94 from the 5� cap in
the 5�-UTR of Alzheimer amyloid precursor protein (260), a
critical mediator of the formation of plaques involved in the
pathogenesis of AD. This IRE was functional, as demonstrated
by specific binding to IRP that was destroyed by functional mu-
tation, and decreased translation in response to intracellular iron
chelation (260).

In addition to increases in brain iron with age and in various
pathologic conditions, altered brain iron metabolism is impli-
cated in the pathogenesis of neurodegeneration by animal mod-
els involving mutation or deficiency in various proteins that
regulate iron metabolism, or both, as well as by the neurode-
generative conditions caused by mutations in such proteins.
Two different mutations in the ferritin L gene have been linked
to neurodegenerative conditions (50, 62). Linkage studies iden-
tified a one-nucleotide insertion of adenine at position 460–461,
which alters the last 20 amino acids of the C-terminal of fer-
ritin L associated with the development of a dominant adult-
onset basal ganglia disease with symptoms similar to those of
Huntington disease (HD) or parkinsonism (50). Histochemical
analysis revealed abnormal ferritin and iron aggregates (62).
Studies with recombinant mutant ferritin L showed that, al-
though it was able to assemble into 24-subunit ferritin shells,
the efficiency of assembly and capacity to incorporate iron were
both decreased in vitro (61). In addition, HeLa cells that ex-
press mutant ferritin L chains exhibited a phenotype of iron
loading (61). Another and less frequent mutation on ferritin L
is a two-nucleotide insertion (498–499InsTC), which changes
the final nine amino acids of the C-terminus (311). Shells
formed with mutant L chains, which are normally involved in
stability of assembled ferritin, may confer instability or en-
hanced degradation.

Cp is similar to ferritin H in that it also has ferroxidase ac-
tivity and thereby may serve an antioxidant role in addition to
its role in iron regulation. In the CNS, Cp is found in its GPI-
anchored form on cellular membranes where it is associated
with Fpn (65). The total absence of Cp results in an autosomal-
recessive disorder, aceruloplasminemia, in which afflicted in-
dividuals have adult-onset neurodegeneration (124). Mutations
identified in aceruloplasminemia are nonsense mutations that
result in the early termination of translation, causing serum Cp
deficiency. The absence of serum Cp results in low serum iron
concentrations, anemia, and increased serum ferritin levels,
whereas tissues, especially the retina and the basal ganglia, ex-
hibit iron overload. Over time, dystonias and dementia may de-
velop (326). Cp-knockout mice exhibit severe defects in iron
egress from astrocytes, probably resulting from the lack of fer-
roxidase activity, which is necessary for the exporter function
and stability of Fpn. Inability to export iron may explain tissue
iron accumulation. GPI-anchored Cp was required for export
of iron from astrocytes (148) (Table 4). In addition, the absence
of ferroxidase may lead to higher levels of Fe2�, which has an
increased propensity to react and form ROS. Adult Cp-knock-

out mice exhibited accumulation of iron in the cerebellum and
brainstem that correlated with the development of deficits in
coordination of movement (148). Cells derived from the cere-
bellum of neonatal Cp-knockout mice were more sensitive to
oxidative stress in vitro (239). Taken together, these results sug-
gest a role for Cp in the regulation of cellular iron efflux and
resistance to oxidative stress, and implicate Cp in the patho-
genesis of neurodegeneration involving increased iron and ox-
idative damage, such as PD and AD.

VII. CONCLUSIONS AND 
FUTURE DIRECTIONS

Dysregulation of iron metabolism causes numerous health
problems including inflammatory, metabolic, hematologic, and
neurodegenerative diseases. In the last several years, new pro-
teins involved in iron homeostasis, such as DMT1 and hepcidin,
have been discovered, and their roles in the maintenance of iron
homeostasis and its disorders have been elucidated. Heme (Fe-
protoporphyrin IX) metabolism has not been discussed in depth
in this review; however, heme is an essential component of var-
ious cellular key proteins, and its metabolism significantly af-
fects the iron status systemically and at cellular levels. Heme-
transport proteins have recently been identified in several
different cell types [reviewed in (174)]. Further characteriza-
tion of function/regulation of these heme-transport proteins as
well as identification of new members of heme-transport and
heme-binding proteins will enhance our comprehensive under-
standing of the iron metabolism network in normal and disease
conditions. As represented in frataxin deficiency and cardio-
and neurodegeneration, regulation of mitochondrial iron ho-
meostasis is another important avenue of the research for un-
derstanding molecular pathogenesis of not only Friedreich
ataxia, but also Parkinson, Alzheimer, and many other neuro-
logic diseases. Characterization of functional similarities and
differences between frataxin and mitochondrial ferritin will help
us better understand the diseases associated with mitochondr-
ial iron homeostasis. Finding the regulatory mechanism of
frataxin and mitochondrial ferritin genes will allow us to de-
velop a strategy of chemoprevention or complementation of mi-
tochondrial iron overload and the deficiency of frataxin in
FRDA patients. Furthermore, mitoferrin, a recently discovered
mitochondrial iron importer in zebrafish and mouse (ortho-
logues of yeast Mrs3 and Mrs4) may cooperate with frataxin
and mitochondrial ferritin to maintain mitochondrial iron ho-
meostasis. Further investigation into the regulation and the
physiologic function of nuclear ferritin may advance the re-
search of nuclear iron homeostasis including iron trafficking,
subsequent iron utilization in many iron-containing nuclear pro-
teins, and oxidative DNA damage. Finally, the sources of serum
ferritin and its physiologic function and regulation have not
been well defined. The presence of ferritin-binding proteins on
the cell surface (ferritin receptors) was previously demon-
strated; however, identification of the ferritin receptors was not
reported until the recent identification of TIM-2 as a ferritin H
receptor. Identification and characterization of serum ferritins
and additional members of ferritin receptors will shed light into
the roles of these proteins in iron homeostasis and network.
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ABBREVIATIONS

AD, Alzheimer disease; ARE, antioxidant responsive ele-
ment; ATF1, activating transcription factor 1; BMP, bone mor-
phogenetic protein; C/EBP, CCAAT/enhancer-binding pro-
teins; CNS, central nervous system; Cp, ceruloplasmin; DMT1,
divalent metal transporter 1; ER, endoplasmic reticulum; FLC,
Friend leukemia cells; FRDA, Friedreich ataxia; Fpn, ferro-
portin; GPI, glycosylphosphatidylinositol; GST, glutathione-S-
transferase; HCP1, heme carrier protein 1; HD, Huntington dis-
ease; Heph, hephaestin; HFE, hereditary hemochromatosis
protein; HFE2, hemojuvelin; HH, hereditary hemochromatosis;
HIF, hypoxia-inducible factor; HO-1, heme oxygenase 1; HRE,
hypoxia-responsive element; IGFBP3, insulin-like growth fac-
tor–binding protein 3; IRE, iron-regulatory element; IRPs, 
iron-regulatory proteins; ISC, iron–sulfur cluster; MPP, mito-
chondrial processing peptidase; MPTP, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; NQO1, NAD(P)H quinone oxido-
reductase 1; Nramp, natural resistance-associated macrophage
protein; NTBI, non–Tf-bound iron; 6-OHDA, 6-hydroxy-
dopamine; PD, Parkinson disease; PIAS3, protein inhibitor of
activated STAT3; PMA, phorbol 12-myristate 13-acetate; ROS,
reactive oxygen species; Sla, sex-linked anemia; SOD, super-
oxide dismutase; STAT, signal transducer and activator of tran-
scription; tBHQ, tert-butylhydroquinone; Tf, transferrin; TfR,
transferrin receptor; TIM, T-cell immunoglobulin domain and
mucin domain; UPR, unfolded protein response; UTR, un-
translated region; VHL, von Hippel–Lindau.
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