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Abstract

Iron is a crucial factor for life. However, it also has the potential to cause the formation of noxious free radicals.
These double-edged sword characteristics demand a tight regulation of cellular iron metabolism. In this review,
we discuss the various pathways of cellular iron uptake, cellular iron storage, and transport. Recent advances in
understanding the reduction and uptake of non-transferrin-bound iron are discussed. We also discuss the recent
progress in the understanding of transcriptional and translational regulation by iron. Furthermore, we discuss
recent advances in the understanding of the regulation of cellular and systemic iron homeostasis and several key
diseases resulting from iron deficiency and overload. We also discuss the knockout mice available for studying
iron metabolism and the related human conditions. Antioxid. Redox Signal. 18, 2473–2507.
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I. Introduction

Iron is a crucial factor for cellular survival, and excessive
iron depletion results in cell death (298). All organisms

contain iron, and it plays myriad roles in bacteria, animals,
and plants. However, this review will focus on mammalian
iron metabolism. Cells contain iron concentrations much
higher than the solubility of free ferric iron ions in an aqueous
solution (i.e., 10 - 18 M), resulting in a concentration gradient of
*1014 between the extracellular and intracellular environ-
ments (374). Adult humans have a total of 3 to 5 g of iron in the
body (427), of which up to 80% is found in the hemoglobin of
red blood cells, and 10%–15% is present in muscle myoglobin
and other Fe-containing proteins and enzymes. Typically,
only 0.1% circulates in the plasma bound to transferrin (Tf).
Within cells, iron storage is managed by specialized iron
storage proteins, the most important of which is ferritin (6).
On a quantitative basis, the major usage of iron in mammalian
systems is that of oxygen transport by hemoglobin (179) and
oxygen storage by myoglobin (136). However, there are many
other cellular proteins that rely on iron for their function.
Besides hemoglobin and myoglobin, there are many other
heme-containing proteins and enzymes (hemoproteins), the
most prominent of which are the cytochromes. These iron-
containing proteins play important roles as electron-transfer
molecules of the respiratory chain, and the photosynthetic
apparatus in plants (316), and as enzymes, including (i) the
cytochromes P450, which are, among other functions, im-
portant for xenobiotic metabolism and for the biosynthesis
of steroid hormones (134, 316); and (ii) the family of cyto-
chromes b561. Further hemoproteins include catalase (189),
cytochrome c oxidase (254), soluble guanylate cyclase (90),
myeloperoxidase (415), eosinophil peroxidase (403), lacto-
peroxidase (349), thyroid peroxidase (373), cytoglobin (238),
and neuroglobin (132).

Another major group of iron-containing proteins, the iron–
sulfur cluster (ISC) proteins, is essential for mitochondrial
respiration, the citric acid cycle, nucleotide metabolism,
translation, and a wide range of other cellular functions. They
are found both in the mitochondria and the cytosol with ISCs
existing as three different types (i.e., [2Fe–2S], [3Fe–4S], and
[4Fe–4S] types), depending on the numbers of iron and sulfur
atoms in the cluster (338).

Nonheme iron is a cofactor for many enzymes involved in
the oxidoreductase/electron transfer processes, gene expres-

sion and repair, homeostasis and signal transduction, and in a
range of other enzymatic reactions. Iron is necessary for
neurotransmitter synthesis [as a cofactor of tyrosine hydrox-
ylase, the first enzyme in catecholamine synthesis (120), and
as cofactor of tryptophan hydroxylase, the first enzyme in
serotonin synthesis (242)], and nucleotide synthesis [as a co-
factor for eukaryotic (class Ia) ribonucleotide reductase (194)],
the regulation of inflammation via the action of lipoxygenases
(167), tyrosine metabolism [as a cofactor of phenylalanine
hydroxylase, the first enzyme in phenylalanine breakdown
(99)], as a cofactor of prolyl hydroxylase in collagen metabo-
lism and many other 2-oxoglutarate-dependent oxygenases
that regulate the cellular response to hypoxia (see below),
nucleic acid repair and modification, fatty acid metabolism,
and chromatin modification (230).

However, iron can also play the role of a foe, as it can act as
a pro-oxidant by catalyzing the formation of reactive oxygen
species, as described below. The most famous pro-oxidant
reaction of iron, the Fenton reaction (104), results in the for-
mation of highly damaging hydroxyl radicals from hydrogen
peroxide, according to the equation,

Fe2þþH2O2/Fe3þþHO�þHO� (Reaction 1)

Additionally, the one-electron reduction of dioxygen by
Fe2 + can generate superoxide anions (O2$ - ) according to the
following reaction:

Fe2þþO2/Fe3þþO�2� (Reaction 2)

These superoxide anions can then be dismutated, either
enzymatically by superoxide dismutases (SODs) or nonen-
zymatically, to yield H2O2, according to the following
reaction:

2O�2�þ 2Hþ/H2O2þO2 (Reaction 3)

Additionally, or if SOD activity is rate limiting, superoxide
anions can reduce the trace amounts of labile aqueous Fe3 +

(i.e., low-Mr iron) to form dioxygen and regenerate Fe2 + :

Fe3þþO�2�/Fe2þþO2 (Reaction 4)

The sum of Reaction 1 (Fenton reaction) and Reaction 4 is
known as the Haber–Weiss reaction (145):

2474 LAWEN AND LANE



O�2�þH2O2/O2þHO�þHO� (Reaction 5)

The Haber–Weiss reaction illustrates that in the presence of
catalytic amounts of redox-active aqueous low-Mr iron, which
can become increasingly prevalent under conditions of iron
overload (see Section VII.B), hydrogen peroxide may provide
a ready source of damaging hydroxyl radicals in the presence
of a reductant such as superoxide that is required to regen-
erate the reduced form of the metal. Other abundant cellular
reductants (e.g., ascorbate and GSH) can reduce ferric ions in
an analogous manner to superoxide in Reaction 4 (40, 362).
Thus, cellular reductants such as ascorbate and GSH, which
typically function in an antioxidative capacity, can have a pro-
oxidant activity in the presence of catalytic concentrations of
labile iron. In a cellular, tissue, or organ context, the iron-
catalyzed formation of highly reactive and damaging reaction
oxygen species such as the hydroxyl radical, which is driven
by cellular reductants, is primarily responsible for the ability
of labile iron to cause oxidative stress. As indicated in Section
VII.B, this iron-induced oxidative stress underpins much of
the initial and ongoing pathology of diseases of iron overload
(e.g., hemochromatosis) (271).

In conclusion, since too much or too little iron can com-
promise cell viability, cellular iron homeostasis must be
tightly controlled (150).

II. Uptake of Iron by Mammalian Cells

In its physiological form, extracellular iron is typically
complexed by chelators or iron-binding proteins. The most
important iron complexants are Tf and citrate. Although the
basic mechanisms involved in the uptake of iron from Tf are
reasonably well understood, the mechanisms of non-Tf-bound
iron (NTBI) uptake by mammalian cells remain ill defined.

A. Tf-dependent uptake of iron

In a healthy person, virtually all plasma iron is tightly
bound to Tf. Iron that is taken up by enterocytes (see Section
III.A) is released into the blood stream and oxidized to the
ferric state [most likely by the multi-copper ferroxidase he-
phaestin, which is a transmembrane multi-copper ferroxidase
of the basolateral membrane of enterocytes, or by the ho-
mologous soluble multi-copper ferroxidase, ceruloplasmin,
which is abundant in plasma (398)]. The ferric iron that is
formed by the action of these ferroxidases is then specifically
bound to serum Tf, a 80-kDa glycoprotein that is mainly
synthesized by the liver (263). Each Tf molecule can bind one
or two Fe3 + ions (15) to form one molecule of mono- or diferric
Tf (holo-Tf), respectively. However, under normal conditions
where serum Tf saturation is *20%–30% (83), the majority of
Tf-bound iron is probably in one or other of the two distinct
monoferric forms [i.e., in which the Fe3 + ion is bound pref-
erentially to either the N- or C- lobe of Tf, depending on the
chemical form in which the Fe is presented to apo-Tf (2)] (263).
Tf binds Fe3 + with a high affinity, which depends on the pH,
with maximal binding occurring at pH 7.4 (affinity constant at
atmospheric pCO2 for each binding site *1020 M - 1) (2). Holo-
Tf binds to the integral membrane protein Tf receptor 1 (TfR1).
TfR1 is a glycoprotein of about 95 kDa (237), which forms a
homodimer that is linked by disulfide bonds (174), and is
capable of binding two molecules of holo-Tf (214). TfR1 is

expressed by most cells, with the exception of mature eryth-
rocytes (98) and possibly oligodendrocytes, microglia, and
astrocytes in vivo (259). The affinity of TfR1 for diferric Tf at
pH 7.4 is about 2000-fold higher than for apo-Tf (385) and
about 20-fold higher than for either of the monoferric Tf
forms. The entire complex is then endocytosed via receptor-
mediated endocytosis in clathrin-coated pits (131). The pH in
the endosome drops after internalization, due to the activity
of an ATP-dependent proton pump: the vacuolar-type H + -
ATPase (V-ATPase), in the endosomal membrane (299). Due
to the resulting acidic environment [i.e., a lumen pH of 5.3–5.6
(240)], the ferric ions dissociate from Tf, whereas apo-Tf
remains tightly bound to TfR1 (181, 282). Before the transport
of iron from the endosome to the cytoplasm by the Fe(II)-
selective proton-coupled divalent metal transporter 1 (DMT1;
also known as divalent cation transporter 1 [DCT1] or natural
resistance-associated macrophage protein 2 [Nramp2]) (113,
139, 367), ferric iron that is released from Tf must first be re-
duced to ferrous iron (279, 409). The ferrireductases involved
in this process include the six-transmembrane epithelial an-
tigen of the prostate-3 (Steap3) (283), at least in erythroid
precursors, and/or potentially the members of the cyto-
chrome b561 family (204). It should also be noted that other
Fe(II) transporters have been proposed to contribute to iron
mobilization from Tf-cycle endosomes, including ZRT/IRT-
like protein 14 (ZIP14) (432), although their relative contri-
butions in different cell types remain to be established. Fi-
nally, the complex of apo-Tf and TfR1 is then recycled back to
the plasma membrane, and the apo-Tf dissociates from TfR1
at the slightly alkaline pH of the extracellular space (26). A
summary of this pathway is given in Figure 1.

There is evidence that some Tf can be taken up by cells via
TfR1-independent endocytosis. Holo-Tf binds to low-affinity-
binding sites, perhaps including those provided by Tf recep-
tor 2 (TfR2, see below) (130, 184, 185), on the surface of
hepatocytes from where it is endocytosed and the iron is
released into the cytosol (382). There is also evidence for fluid-
phase endocytosis (i.e., pinocytosis) of Tf as a contributor
to cellular holo-Tf uptake (382). The pathways of TfR1-
independent holo-Tf uptake are summarized in Figure 2.

As mentioned above, a second transferrin receptor, TfR2,
has been described (185). Its gene yields two transcripts, a and
b (185). While TfR2-a results in a membrane-bound protein
(185), the TfR2-b transcript lacks the transmembrane domain
of TfR2-a, probably resulting in a secreted and soluble re-
ceptor (185). TfR2 binds Tf with a much lower affinity (more
than one order of magnitude less) than TfR1 (184). As dis-
cussed in depth below (see Section VI.C), it appears that the
major role played by TfR2 is the sensing of systemic iron levels
and the modulation of hepatic hepcidin production rather
than iron uptake per se (129). This is supported by data
showing that while TfR1 expression is typically upregulated
in situations of cellular iron deficiency and downregulated in
situations of iron overload (149), TfR2 expression is not reg-
ulated by the cellular iron status. However, TfR2 expression is
regulated by the cell cycle, with the highest expression oc-
curring in the late G1 phase (184). TfR2 is also necessary for the
protective role of Tf against Fas-induced hepatocyte apoptosis
(222). That TfR2 probably does not play a major role in iron
uptake is also highlighted by the fact that it cannot compen-
sate for loss of TfR1, as TfR1 knockout mice are not viable
(224). On the other hand, the overexpression of TfR2 in variant
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Chinese hamster ovary (CHO) cells that are devoid of
endogenous hamster TfRs (i.e., CHO-TRVb cells) results in
increased uptake of Tf and iron from 55Fe-Tf, suggestive of
some role for TfR2 in iron uptake (130, 185).

B. Non-Tf-dependent uptake of iron

As discussed above, virtually all iron in plasma is bound to
Tf under physiological conditions. However, in diseases
resulting in iron overload (see Section VII.B), Tf can become
saturated with iron, such that excess plasma iron will be
present in the circulation as NTBI [originally referred to non-
Tf iron)] (152, 153). The precise biochemical nature of NTBI is
ill-defined (36). Although literally referring to all iron that is
not specifically bound to Tf, the term NTBI is usually reserved
for uses referring to a putative low-Mr pool of iron that is
bound to small organic chelators, such as citrate and organ-
ophosphates (e.g., ATP) (36). This pool of NTBI is present at
variable concentrations in extracellular biological fluids such
as plasma and interstitial fluid (36, 153). Notably, there are a
multitude of other possible sources of plasma iron that will
not be bound to Tf or exclusively to small chelators. These
sources will include proteins such as serum ferritin, which
may be released into extracellular fluids constitutively or as
an acute-phase reactant, or albumin, which has a relatively
weak affinity for ferric iron, but may be a significant iron
carrier in plasma because of its high concentration (i.e.,
*0.5 mM) (36). It is in the original sense of the term (i.e., low-
Mr plasma iron that may or may not be weakly adsorbed to

abundant non-Tf plasma proteins such as albumin) that we
will discuss NTBI throughout the remainder of this review.

Although NTBI uptake may be particularly relevant in the
face of iron-overload diseases such as hereditary hemochro-
matosis (HH), hypotransferrinemia, and the hemolytic ane-
mias (e.g., b-thalassemia; see Section VII.B) (4, 87), in which
plasma iron levels increase and may exceed the Tf-binding
capacity, low levels ( < 1 lM) of NTBI have been documented
in healthy individuals, but may rise up to 10–20 lM under
conditions of severe iron overload (36). Computer simulations
suggest that most of the plasma NTBI is complexed by citrate
(195), and experimental data support this notion (135). Most,
if not all, cells have the capacity to take up NTBI, and such
uptake is well documented in vivo (65, 81) and for a range of
cell types, including hepatocytes (16), erythroid cells (264),
intestinal epithelial-like cells (Caco-2 cells) (210), primary as-
trocytes (206), neurons and microglia (25), skin fibroblasts and
cervical carcinoma (HeLa) cells (177, 270), monocytic (U937)
cells (245), and erythroleukemia (K562) cells (164, 203).

In most instances, iron uptake from NTBI can be blocked by
extracellular iron (II) chelators [e.g., (164, 177, 203)], suggest-
ing that the iron (III) present in the extracellular milieu has to
be reduced to iron (II) before uptake. Soon after the descrip-
tion of trans-plasma membrane electron transport (tPMET)
[for a recent review see Ref. (89)] by Crane (80), it was

FIG. 1. Transferrin (Tf)-dependent iron uptake. Holo-Tf,
carrying two ferric irons, binds to the Tf receptor 1 (TfR1) in the
plasma membrane. TfR1 is then endocytosed. The endosome is
acidified by the action of a proton pump. The acidic environ-
ment results in dissociation of the iron from Tf. Iron is reduced
by a reductase (e.g., six-transmembrane epithelial antigen of
the prostate-3 [Steap3]) and exported by divalent metal
transporter 1 (DMT1). The apo-Tf-TfR1 complex is recycled to
the plasma membrane. To see this illustration in color, the
reader is referred to the web version of this article at www
.liebertpub.com/ars

FIG. 2. TfR-independent pathways of cellular holo-
transferrin uptake. A small fraction of holo-Tf has been re-
ported to be taken up in hepatocytes via endocytosis after
binding to an unspecified low-affinity transferrin receptor
(1.) and by fluid-phase endocytosis (2.) (364). To see this
illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars
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hypothesized that a plasma membrane ferricyanide reductase
is responsible for NTBI reduction before uptake by mamma-
lian cells (17, 205, 233) (Fig. 3). Identification of the enzymes
responsible for iron uptake thus far has had limited success.
The discovery of duodenal cytochrome b561 (Dcytb) as a pu-
tative ferrireductase in duodenal enterocytes resulted in the
suggestion that this enzyme is responsible for NTBI reduction
before uptake (247). Dcytb is a member of the cytochrome b561

family, which exists in all eukaryotic kingdoms (366). Cyto-
chrome b561 (also known as chromaffin granule cytochrome
b561 [CGcytb]) is best known for catalyzing trans-membranous
electron transfer from cytosolic ascorbate to intravesicular
ascorbate free radicals (AFR) in neuroendocrine secretory
granules (115). Other members of this mammalian family of
redox enzymes include lysosomal cytochrome b561 (Lcytb)
(366), stromal cell-derived receptor 2 (SDR2) (388), and gene
product 101F6 (257). Dcytb was originally proposed to play a
crucial role in direct NTBI reduction at the brush-border
membrane of duodenal enterocytes before their uptake of the
resulting ferrous iron by a ferrous iron-selective transporter
such as DMT1 (247). However, the hypothesis that Dcytb
plays a crucial role in iron absorption has been challenged by
the observation that Dcytb knockout mice do not present with
iron deficiency (140). Importantly, as the latter study only
examined liver iron stores, rather than directly measuring

enteric iron absorption in control vs. knockout animals, it re-
mains possible that changes in enteric iron absorption may
still occur in the absence of Dcytb activity, although clearly
not sufficient to lower liver iron stores over the duration of the
experiments conducted (140). The results of Gunshin et al.
(140) do suggest that the role of Dcytb in iron absorption is
dispensable, and may be supplemented by the action of
another ferrireductase and/or nonenzymatic reduction by
chemical reductants such as ascorbate, which is synthesized
by mice, but not by humans. However, as Dcytb expression is
iron-regulated (171, 211, 329, 332), and as expression of Dcytb
clearly stimulates iron uptake in vitro (210), Dcytb is likely to
play some role in cellular iron uptake from NTBI.

We have recently challenged the notion that NTBI is re-
duced by an ascorbate-stimulated plasma membrane ferrir-
eductase activity before cellular uptake of the resulting
ferrous iron (203, 204, 206). We demonstrated that extracel-
lular ascorbate oxidase (AO), an enzyme that selectively and
rapidly degrades extracellular but not intracellular ascorbate,
abolished the ascorbate-stimulated reduction of ferric citrate,
and greatly inhibited the ascorbate-stimulated rate of iron
uptake, by various cell types that had been preloaded with
ascorbate (203, 206). This sensitivity clearly indicates a re-
quirement for extracellular ascorbate in the reduction of NTBI
before uptake. Importantly, our data further suggest that it is
ascorbate that is exported from the cells that directly reduces
low-Mr ferric citrate complexes to iron (II) for cellular uptake,
with the latter occurring via a ferrous iron-selective trans-
porter such as DMT1 (109, 114, 206). Our current model of
NTBI uptake by cells is presented in Figure 4. An alternative,
but analogous, mechanism of shuttle-based tPMET (204, 205)
by which iron (II) might be generated at the cell surface from
iron (III) is via reduction of iron (III) by superoxide radicals
that exit cells via anion transporters (124, 234).

If an ascorbate-stimulated reductase (e.g., Dcytb) is not
involved in direct NTBI reduction before uptake of Fe(II), the
role of such an activity in NTBI uptake remains to be estab-
lished. We have suggested that the most likely role of such a
reductase is to reduce extracellular AFR at the expense of in-
tracellular ascorbate and thereby bolster extracellular ascorbate
in the face of extracellular metal-dependent ascorbate oxida-
tion. However, this hypothesis has yet to be thoroughly tested.

There is also some evidence for the direct uptake of iron (III)
by astrocytes by an as-yet-to-be established mechanism (206,
386). Two possible mechanisms for iron (III)-selective uptake
have been described in the literature, but both are still elusive.
They are the b3-integrin/mobilferrin pathway (69, 70) and the
trivalent-cation-selective pathway (11). Another possibility that
remains to be thoroughly demonstrated is the possibility that
TfR2 itself may facilitate uptake of NTBI (130), although whe-
ther the reported increase in iron uptake is a direct or indirect
effect of TfR2 overexpression remains unclear. It is also possible
that iron (III) is internalized by fluid-phase endocytosis before
its intraluminal reduction and mobilization to the cytosol,
which would be consistent with the observed insensitivity of
iron uptake to membrane-impermeant iron (II) chelators (206),
although there are currently no data to support this hypothesis.

Finally, NTBI can be taken up as heme (i.e., iron–
protoporphyrin IX). Heme forms a complex with hemopexin
(378), which is an *63-kDa glycoprotein (370) with a high
affinity for heme and one heme-binding site per hemopexin
molecule (157). The heme/hemopexin complex is then

FIG. 3. Classical model for cellular non-Tf-bound iron
(NTBI) uptake. NTBI ferrireduction and ferrous uptake are
commonly thought to occur by ferric reduction catalyzed by a
trans-plasma membrane ferrireductase (Reductase) that derives
reducing equivalents from an unspecified redox couple (R/O;
e.g., NADH/NAD + or ascorbate/ascorbate free radicals [AFR])
in the cytoplasm. Generated ferrous iron is then transported
from the extracellular environment (Extra-) through the plasma
membrane (PM) into the cell (Intra-) via the divalent metal ion
transporter, DMT1. Iron uptake can be inhibited by extracellular
iron (II) chelators such as ferrene S (FS). To see this illustration in
color, the reader is referred to the web version of this article at
www.liebertpub.com/ars
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recognized by hemopexin receptors, believed to be the
low-density lipoprotein receptor, LRP/CD91, at the cell
surface (163), and possibly toll-like receptors 2/4 (227). The
hemopexin receptor/hemopexin/heme complex is then in-
ternalized by receptor-mediated endocytosis, and afterward,
the hemopexin normally recycles intact (355). The in vivo he-
patic uptake of intravenous heme–hemopexin occurs rapidly
(i.e., within 5 min) (356, 357). Heme delivered by hemopexin
acts in transcriptional regulation or is degraded by heme
oxygenases (HOs; i.e., HO1 and/or HO2) within endocytic
vesicles, and the nascently mobilized iron (i) enters the transit
or labile iron pool (LIP), where it contributes to regulatory
processes; (ii) is stored in ferritin; (iii) is used in regulation; (iv)
is used for metabolism; or (v) is exported (see below for fur-
ther discussion of these processes). Reviews on the hemopexin
system have been recently published in this journal (278) and,
more comprehensively, elsewhere (243, 354). Hemopexin
helps to scavenge heme that is released or lost during the
turnover of heme-containing proteins such as hemoglobin

(e.g., during erythrophagocytosis or hemolysis; see Section
III.D), and additionally protects cells from heme toxicity (142,
392). In this capacity, the hemopexin system can be seen to
work alongside the CD163- and haptoglobin-mediated up-
take of hemoglobin by splenic macrophages. The endocytosis
of hemopexin activates the JNK/SAPK, NF-jB, and PKC
pathways, while free heme does not (353, 354). Neuropro-
tection by hemopexin has been shown in mouse models of
transient ischemia (225) and in intracerebral hemorrhage (57).
Additionally, hemopexin prevents death from severe sepsis
(209). Cells that do not express hemopexin receptors would
require an alternative pathway for heme uptake, and heme
carrier protein 1 (HCP1; also known as the proton-coupled
folate transporter [PCFT]; SLC46A1) has been proposed as an
alternative pathway for heme uptake (335). In fact, this pro-
tein has been suggested to be the intestinal heme transporter
responsible for dietary iron uptake from heme in carnivores
and omnivores (335) (see Section III.A). Importantly, a later
article has questioned this hypothesis and has provided evi-
dence that PCFT/HCP1 is much more efficient in transporting
folate than heme (301).

III. Intracellular Transport of Iron

As iron has the potential to damage cells, iron transport,
as well as iron uptake and storage, must be tightly regulated.
In this section, we discuss the transport of iron across the
enterocyte, the transport across the blood–brain barrier, and
finally, intracellular iron transport into mitochondria.

A. Iron transport across the enterocyte

Dietary iron is present in two forms: heme and nonheme
iron (146). Dietary heme iron is absorbed more efficiently than
nonheme iron (see below), is derived from ingested heme-
containing proteins such as hemoglobin and myoglobin, and
is released by low-pH proteolytic activity in the stomach.
Heme is thought to be absorbed across the duodenal brush
border, but the mechanisms involved are poorly understood.
While multiple heme transporters may be expressed at the
enterocyte apical membrane, one candidate is PCFT/HCP1
(335). This protein is highly expressed at the enterocyte apical
membrane, is expressed apically under conditions of iron
deficiency, and is located intracellularly in endosomes during
iron repletion (335). These observations suggest that HCP1
apical expression, and presumably heme transport activity, is
negatively regulated by iron status. Heme binding to HCP1
induces receptor-mediated endocytosis, with the imported
heme appearing in intracellular vesicles (417). The heme is then
oxidized by HO1 and/or HO2 (302), and the contained iron is
thought to be released in a similar manner to the hemopexin
system (see above, section II.B). The resulting mobilized iron
probably then enters the same cytoplasmic pool of labile iron as
for nonheme iron (146) (see below). As indicated above, the
finding that PCFT/HCP1 transports folate with a far greater
affinity than heme (301) suggests that heme transport is not the
major function of PCFT/HCP1, although the protein may
nonetheless function as an intestinal heme transporter.

Dietary nonheme iron, which includes all other forms of
dietary iron, is liberated as free or low-Mr iron from carrier
molecules (e.g., ferritin) within the acidic environment of the
stomach. This iron remains soluble as long as the environment
remains acidic and reducing, the latter of which will promote

FIG. 4. Current model for cellular NTBI uptake. Recently,
we have shown (203) that NTBI ferrireduction can occur by
trans-plasma membrane ascorbate (Asc) cycling in which (i)
extracellular Asc reacts directly with NTBI, forming both
dehydroascorbate (DHA) and Fe2 + . The latter is then im-
ported into the cell putatively via ferrous-selective trans-
porters [e.g., DMT1 (206) and/or Zip14 (229)]. Extracellular
Asc is subsequently regenerated for further ferric reduction
events by (ii) DHA import via glucose transporters (GLUTs),
and (iii) intracellular reduction of DHA to Asc by an un-
specified redox couple (R/O; e.g., GSH/GSSG or NADPH/
NADP+ ), followed by release of Asc through as yet uniden-
tified Asc transporters (Anion Channel) in the PM. Iron up-
take can be inhibited by extracellular iron (II) chelators such
as ferrene S (FS) (203). AO, ascorbate oxidase; DIDS, 4,4¢-
di isothiocyanatostilbene-2,2¢-disulfonate; CB, cytochalasin B.
To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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formation of ferrous iron (146). Importantly, ferrous iron is
vastly more soluble than ferric iron [10 - 1 M vs. 10 - 18 M at
physiological pH, respectively (29)], and so a redox equilib-
rium in favor of ferrous iron formation will promote absorp-
tion. Once liberated, this low-Mr iron is mainly taken up by
the brush border of duodenal enterocytes (97). Most nonheme
iron in the duodenal lumen is probably present as low-Mr

chelates of iron (III). As discussed in section II.B., before iron
can be transported by DMT1 at the enterocyte apical mem-
brane, it must be reduced to iron (II). At present, the common
view is that this reduction is mediated by apical membrane
Dcytb (247) and/or possibly other reductases. However,
there is evidence that the reduction of nonheme iron in
the extracellular milieu may be achieved by nonenzymatic
ferrireduction with the help of endogenous reductants such
as ascorbate (10, 203, 245) and/or superoxide (124). However,
due to its higher reducing capacity per molecule (2 e - /mol-
ecule of ascorbate compared to 1 e - /molecule of superoxide),
ascorbate may be more significant on a quantitative basis.
Amino acids such as cysteine may also be involved in re-
ducing ferric to ferrous iron in the gut (146). The iron (II)
formed is then thought to be transported into the enterocyte
via DMT1 (139) or ZIP14 (294). There is evidence that at least
half the iron transported across the enterocyte uses a vesicular
pathway of transcytosis (235). Iron that reaches the basolateral
membrane by poorly understood mechanisms can then be
transported into the circulation by the only-known iron
export protein, ferroportin (FPN1; also known as SLC40A1,
metal transporter protein 1 [MTP1], or iron-regulated trans-
porter 1 [IREG1]) (1, 91, 246). The trans-membrane ferrox-
idase, hephaestin, is associated with ferroportin and is
believed to oxidize the exported iron (II) back to iron (III),
probably immediately subsequent to its export by ferroportin,
after/during which it is complexed to Tf for transport through
the circulation (398). A summary of iron transport across the
enterocyte is given in Figure 5.

B. Iron transport across the blood–brain barrier

In a similar manner to iron transport into the cell, iron
transport across the blood–brain barrier is tightly regulated
(260, 261). It is believed that the major route of iron import into
the brain is that of Tf-bound iron across the luminal mem-
brane of the capillary endothelium (31, 239, 260). This uptake
follows the pathway discussed under Section II.A. Other
pathways suggested to play a role in iron transport across the
blood–brain barrier are the lactoferrin receptor/lactoferrin
pathway (101, 106, 371) and the glycosylphosphatidylinositol
(GPI)-anchored melanotransferrin/soluble melanotransferrin
pathway (265). However, significant involvement of the latter
pathway has been disputed, at least in the rat, as most of the
administered iron bound to soluble melanotransferrin was
retained in the liver and kidney and did not reach the brain
(309). Moreover, as melanotransferrin knockout mice are vi-
able and fertile, show no physical abnormalities, and develop
normally, melanotransferrin clearly does not play a crucial
role in iron metabolism (331). As discussed for other cell types
under Section II.B, there is also some evidence for NTBI
transport across the blood–brain barrier (39, 88). It has been
suggested that the release of NTBI into the interstitial fluid
(262) follows the same mechanism as the release of iron from
the enterocyte into the circulation (319). However, as brain

iron uptake appears to be regulated by TfR1 expression in
brain capillary endothelial cells, a likely route for iron uptake
across the blood–brain barrier is the initial uptake of Tf-bound
iron by these cells followed by the ferroportin-dependent ef-
flux of NTBI into the interstitial space on the abluminal side of
the endothelium (318). Astrocytes have been proposed to take
up iron (II) that is released by endothelial cells through their
end-foot processes that are in close contact with the capillary
endothelia (93, 239). Likely, Fe2 + transporters in brain cells
such as astrocytes and neurons include DMT1 (151, 419) and
ZIP14 (24, 127), although the contribution of DMT1 to neu-
ronal iron uptake under physiological conditions has recently
been questioned (289). Interestingly, while DMT1 is typically
considered to be a proton symporter that strictly requires

FIG. 5. Transport of iron across the enterocyte. Duodenal
enterocytes import dietary iron from several sources, including
nonheme iron, which typically must be reduced at the level of
the apical membrane by PM oxidoreductases (e.g., Dcytb) or by
chemical reductants such as ascorbate. The latter is oxidized to
AFR, and Dcytb’s role in that scenario is suggested to be that of
oxidizing AFR back to ascorbate. The reduced iron then enters a
common intracellular iron pool and can be released by the iron
efflux protein ferroportin that is localized to the basolateral
membrane. Iron release is coupled to its reoxidation by the
membrane-bound ferroxidase, hephaestin. Most of the released
iron (III) will then bind to apo-Tf to form holo-Tf. To see this
illustration in color, the reader is referred to the web version of
this article at www.liebertpub.com/ars
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cotransport of protons with Fe2 + ions (e.g., in its capacity as
an Fe2 + transporter in the endosomal Tf cycle), there is evi-
dence that questions this assumption. Indeed, it has been
demonstrated that while DMT1 Fe2 + conductance is optimal
at acidic pH values (425), at higher extracellular pH values
(e.g., pH 7.4), DMT1 has an Fe2 + transport activity that is
uncoupled from proton transport (236). This observation is
important as it solves the apparent paradox of a proton-
coupled transporter (DMT1) having transport activity at pH
values > pH 7 where proton concentrations are less than hy-
droxide ion concentrations. This may be particularly relevant
for DMT1’s proposed role in iron uptake by brain cells such as
astrocytes (94, 206, 386), which are located in an extracellular
fluid of a pH of *7.2 under physiological conditions. The
redistribution of iron within the brain parenchyma remains
unclear, but probably involves subsequent complexing of
Fe(III) to Tf that is produced and secreted by oligodendro-
cytes, followed by the Tf-TfR1-dependent iron uptake by
brain cells that express TfR1 (e.g., neurons) (318).

C. Iron transport to mitochondria

Mitochondria play an important role in iron metabolism, as
they are the site of heme synthesis (215) and the major site for
the biogenesis of ISCs (420). As many of the proteins de-
pending on these iron-containing groups play vital roles in
cellular metabolism, the deregulation of mitochondrial iron
metabolism often leads to severe disease outcomes. In fact,
many neurodegenerative diseases are caused by such dis-
ruptions in mitochondrial iron processing (156). The role of
mitochondria in cellular iron homeostasis has been recently
reviewed in this journal (159); thus, we give here only a brief
summary. Iron is taken up by the mitochondria by one or
more of the following mechanisms: (i) direct uptake of iron (II)
from the cytosol, driven by the mitochondrial membrane
potential (DCm) (207); (ii) uptake of a chelator-inaccessible
low-Mr iron pool from the cytosol (343); and/or (iii) by a kiss-
and-run mechanism, at least in hemoglobin-synthesizing cells
such as reticulocytes, in which Tf-laden endosomes make brief
contact with the outer mitochondrial membrane (311, 339).

Iron is transported across the inner mitochondrial
membrane by a mitochondrial-specific iron transport protein,
mitoferrin (Mfrn1) (334). Although the precise biochemistry
of Mfrn1-mediated iron import by mitochondria is unknown,
Mfrn1 interacts with the inner mitochondrial membrane ATP-
binding cassette transporter, Abcb10, which is highly expressed
in the erythroid mitochondria and increases Mfrn1 stability and
mitochondrial iron import. This interaction probably promotes
efficient heme synthesis by ‘‘funneling’’ iron directly to ferro-
chelatase, the enzyme that inserts iron into protoporphyrin IX to
form heme. Indeed, a complex forming between Mfrn1, Abcb10,
and ferrochelatase has recently been discovered (52). As a more
in-depth discussion of mitochondrial iron transport and han-
dling, as well as the disease states resulting from their de-
rangement, is beyond the scope of this review, we refer readers
to several recent reviews (159, 311, 336).

D. Macrophage-mediated recycling
of red cell iron via erythrophagocytosis

As discussed above, *80% of body iron is found within the
hemoglobin of the red blood cell population (197a). While
only 1–2 mg of dietary iron is typically required per day to

balance losses, *25 mg of iron is required for the erythro-
poiesis that leads to the daily production of 200 billion new
red blood cells (197a). The majority of this iron demand of
erythropoiesis derives from the highly efficient recycling of
hemoglobin-derived iron from senescent and damaged red
blood cells, which occurs at a rate of *2 · 106 red cells/s (337).
Reticuloendothelial cells (also known as the mononuclear
phagocyte system), which include splenic macrophages and
Kupffer cells of the liver, play this crucial recycling role (43,
197a). After engulfment of a senescent erythrocyte, the red
blood cell is dismantled, and the hemoglobin is released in-
travesicularly (33). Proteolytic activity releases the heme, and
HO1 is involved in the liberation of the contained iron (197a).
The iron is then thought to be released from the phagocytic
vesicle lumen by a process that is analogous to iron recycling
by the autophagic degradation of ferritin and, as such, re-
quires the action of a ferrous-selective trans-membrane iron
transporter (201). Regarding the identity of this transporter,
recent data strongly suggest the involvement of Nramp1, a
homolog of DMT1 that is expressed exclusively in phagocytic
cells such as macrophages and neutrophils (359). In-
structively, Nramp1 knockout mice accumulated iron within
the liver and spleen during erythrophagocytosis, whereas
wild-type mice efficiently recycled erythrocyte-derived iron
to the bone marrow and nascent red cells (359). In fact, even
more recent data suggest that DMT1 may provide some
functional overlap with Nramp1 in macrophage-mediated
erythrophagocytosis (360). While RAW264.7 macrophages
lacking either functional DMT1 or Nramp1 experienced
moderate reductions in the iron-recycling efficiency, those
with a deficiency in both proteins experienced markedly more
severe reductions in their iron-recycling efficiency (360).

The iron released from the phagocytic lumen probably then
enters a common transit pool of iron, which is typically
referred to as the LIP (see Section IV.A below for further
discussion). This iron is released to the plasma by ferroportin
to be complexed to Tf for delivery to the erythropoietic bone
marrow [for a recent review of macrophage-mediated iron
release, see Ref. (43)], and macrophage ferroportin expression
is induced by erythrophagocytosis (191). There is also evi-
dence that macrophage-derived ferritin iron may also serve as
a source of iron for erythroid development, particularly in the
absence of holo-Tf (219).

IV. Intracellular Iron Storage

A. Labile iron pool

In the cytosol, most iron is stored in ferritin. However, the
uptake of iron (cf. Section II) does not appear to involve this
protein. As a result, iron uptake (at least in nonerythroid cells)
results in the transient existence of some cytosolic iron that is
loosely bound (i.e., labile) and readily accessible to iron che-
lators (37). This iron was termed the labile iron pool by
Greenberg and Wintrobe (133) in 1946 and the transient iron
pool by Jacobs (170) in 1977. The LIP is defined as the redox-
active, chelator-accessible component of intracellular iron
(180) and can be determined by measuring the quenching of
fluorescence of intracellularly located metallosensors such as
calcein. It can consist of iron (II) and iron (III) (206). The LIP is
likely to be in a dynamic equilibrium with low-Mr chelators
such as citrate (180) and organophosphates, or bound with
moderate (i.e., micromolar) affinities to intracellular proteins
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that may function as iron chaperones, such as the poly(rC)-
binding protein 1 (PCBP1) that delivers cytosolic iron to fer-
ritin (340). However, no convincing data exist on the exact
biochemical nature of the LIP and its complexants. From a
clinical perspective, the LIP is redox-active and can generate
oxidative stress through the Fenton- and Haber–Weiss-type
reactions (see Section I), and it has been implicated in the
pathogenesis of many diseases, including coronary heart
disease (199), cancer (310), muscle fatigue (306), and osteo-
porosis (384). In addition to a cytosolic LIP, the existence of a
mitochondrial and nuclear LIP has been suggested (37).

B. Cytoplasmic iron storage

Most iron storage occurs in hepatocytes and, in the shorter
term, in reticuloendothelial macrophages. After transiently
entering the LIP in nonerythroid cells, the majority of the iron
(70%–80%) is incorporated into ferritin (422). Ferritin is a
water-soluble molecule composed of 24 subunits that form
a hollow sphere accommodating up to 4500 atoms of iron as a
mineralized core consisting of ferric, phosphate, and hy-
droxide ions (9, 147). Mammals express two major ferritin
subunits: H-ferritin (heavy; also known as FTH1) and L-
ferritin (light; also known as FTL), which by differing com-
binations form a wide range of different isoferritins with
tissue-specific distribution (9). When iron (II) binds to ferritin,
it is readily oxidized by the intrinsic ferroxidase activity of the
H-ferritin in an oxygen-dependent reaction to iron (III) (which
prevents any cellular Fenton reactions from occurring), after
which L-ferritins, which are devoid of ferroxidase activity,
facilitate nucleation, and mineralization of the iron center (28,
147). The major mechanism of iron release from ferritin appears
to be by proteolysis of the protein (196). However, reductive
mobilization reactions that can operate independently of pro-
tein degradation have also been proposed (92). Incomplete fer-
ritin degradation is believed to result in the formation of
hemosiderin, a protein mainly found in the lysosomes of retic-
uloendothelial macrophages (110) (see Section III.D). Hemosi-
derin is capable of binding iron, but less capable of releasing it
than ferritin (281). A small fraction of the cellular ferritin is
transported into the nucleus [which appears to occur by a
mechanism not involving a nuclear localization signal (41)],
where it may play a protective role against DNA damage (42).

C. Mitochondrial iron storage

Some mammalian tissues express a mitochondrial-specific
ferritin that has a high level of sequence identity with H-fer-
ritin. Mitochondrial ferritin, which is nuclear encoded, has a
long N-terminal extension of about 60 amino acids that con-
tains a mitochondrial targeting sequence (223), and forms a
homopolymer in the mitochondrial matrix (75). The highest
expression of mitochondrial ferritin is observed in the testis,
whereas it appears to be completely absent from the iron-
storage organs, the liver and spleen. Moreover, its expression
level appears to be better correlated with mitochondrial
number rather than to cellular iron content (95). Similar to
cytosolic H-ferritin, mitochondrial ferritin has ferroxidase
activity and stores the iron as iron (III) (75). The mitochondrial
ferritin gene is intron-less and, in contrast to those encoding
cytosolic ferritins, does not contain an iron-responsive ele-
ment (IRE; see next section). Consequently, its expression is
not post-transcriptionally regulated by intracellular iron

concentration (95). As mitochondria may contain significant
levels of redox-active iron and are a major source of cellular
free radicals (159, 311), mitochondrial ferritin is likely to play a
protective role; a notion supported by the finding that in yeast
cells lacking the gene for the yeast frataxin homolog (Yfh1),
respiratory function can be rescued by expressing human
mitochondrial ferritin (48). Similarly, mitochondrial ferritin
expression rescues mammalian cells in which frataxin ex-
pression has been downregulated by small-interfering RNA
(siRNA) (424).

V. Cellular Roles of Iron

Many of the proteins involved in the import, export, and
sequestration of iron are themselves regulated by cellular iron
concentration. In the next section, we discuss the various
levels at which cellular regulation in response to iron occurs.
Although the post-transcriptional regulation of genes in-
volved in cellular iron metabolism is the primary homeostatic
response to changes in intracellular iron status (see Sections
V.B and VI.A), many genes, including many iron metabolism
genes, are also regulated at the transcriptional level by iron
and other factors. This transcriptional regulation typically
occurs in response to combinations of cellular iron status,
cellular oxygen status, and/or cytokine signaling.

A. Regulation of transcription by iron

Several genes involved in iron metabolism have been
reported to be regulated in an iron-dependent manner at the
transcriptional level. These include the transcription of the
Dcytb gene (also known as CYBRD1), which lacks an IRE se-
quence in its mRNA and is upregulated in mice deprived of
iron (247). This finding is a strong argument in favor of Dcytb
involvement in iron uptake. However, as discussed in Section
II.B, the exact mechanism by which Dcytb is transcriptionally
regulated by iron is still not known.

Low oxygen pressure, as well as low intracellular iron
concentration, activates hypoxia-inducible factor (HIF)-1-
and/or HIF-2-regulated transcription by the increased
formation of heterodimers of HIF-1a or HIF-2a and the con-
stitutively expressed HIF-1b subunit (also known as the aryl
hydrocarbon receptor nuclear translocator) (50). HIF-1a is
ubiquitously expressed, whereas HIF-2a has a more restricted
tissue distribution (414). The HIFa/b heterodimers form
transcription factors that regulate a wide range of genes
encoding proteins that are important for cellular oxygen
homeostasis and the response to hypoxia (Fig. 6A). Both
HIF-1a and HIF-2a are post-translationally regulated at the
level of protein degradation in an oxygen-dependent and
iron-dependent manner by a specific class of 2-oxoglutarate-
dependent dioxygenases: the prolyl-4-hydroxylase domain-
containing iron-dependent prolyl hydroxylases (PHDs 1–3)
and the asparaginyl hydroxylase, a factor inhibiting HIF [for a
recent review see Ref. (258)]. The PHD-type hydroxylases,
which are believed to be similar to those involved the targeting
of iron-regulatory protein (IRP)2 for degradation, are typically
fully active under conditions of normoxia and iron repletion
and hydroxylate HIFa proteins at specific proline residues
(112, 287). Importantly, it is the strict dependence of these
hydroxylases on iron that is presumed to be largely respon-
sible for the ability of cellular iron levels to regulate HIF-
regulated gene expression (60, 144, 258). The hydroxylated
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a-subunits of HIF are then targeted for ubiquitination by the E3
ubquitin ligase and von Hippel-Lindau tumor suppressor
protein (VHL), which earmarks the proteins for degradation by
the proteasome (50, 68, 166, 169, 244). Under hypoxic condi-
tions, the hydroxylated a-subunits are stabilized and bind as
HIFa/b heterodimers to hypoxia-response elements (i.e., the
consensus sequence 5¢-XCGTG-3¢, where X = A, T, or G in either
the 3¢ or 5¢ regions flanking the gene) in a variety of genes [e.g.,
the gene encoding erythropoietin (EPO) (50, 217)]. This leads to
increased erythropoiesis and therefore an increased demand
for iron, as well as the regulation of other key proteins involved
in iron metabolism, including Tf (315), TfR1 (23, 231, 368),
DMT1 (226, 241, 300, 332), ferroportin (246), ceruloplasmin
(267), Dcytb (212, 247, 332), and possibly hepcidin (291) (Fig.
6A). Notably, recent data question the hypothesis that HIFs
directly downregulate hepatic hepcidin transcription by bind-
ing to the HAMP promoter (394).

B. Post-transcriptional regulation by iron

Many iron metabolism proteins are iron-regulated at the
post-transcriptional level. Proteins whose corresponding
mRNAs contain an IRE in the 5¢-untranslated region (5¢-UTR)

are positively regulated in response to an increase in cellular
iron concentration (viz. the LIP). The typical IRE contains a
hairpin structure containing a conserved consensus motif
(Fig. 7) to which one of two IRP isoforms (IRP1 and IRP2) can
bind (the two IRP isoforms are discussed in detail below).
IREs are heterogeneous sequences of 28–30 nucleotides in the
noncoding 5¢ and 3¢ UTRs of specific mRNAs that typically
encode proteins involved iron and/or oxidative metabolism
(see below). These sequences form stem–loop secondary
structures that can be contacted by IRPs at multiple sites. The
main IRE consensus motif for IRP binding is the conserved
sequence, 5¢-CAGUGX-3¢ (where X = U, C or A), which occurs
within a six-residue hairpin loop atop a stem containing an
unpaired cytosine (Fig. 7) (319, 376, 395). IRPs bind to IREs
with high affinity in iron-depleted cells, either suppressing the
translation of the mRNA (i.e., mRNAs in which the IRE is
located in the 5¢-UTR; e.g., H- or L-ferritin), or by enhancing
the mRNA stability against nuclease attack (i.e., mRNAs in
which the IRE is located in the 3¢-UTR; e.g., TfR1 and DMT1).
In either case, ultimately it is the de novo synthesis of the
encoded protein that is regulated (Fig. 8) (401).

A single functional IRE exists in the 5¢-UTRs of the mRNAs
for H- and L-ferritin (324), ferroportin (246), erythroid

FIG. 6. Transcriptional control of cellular iron (Fe) metabolism by hypoxia-inducible factor (HIF) and cytokine signaling. In
addition to post-transcriptional regulation, cellular Fe metabolism can be modulated by the transcriptional activation of gene
expression. (A) A major transcriptional control mechanism involved in the regulation of certain genes involved in Fe metabolism is
the HIF system. This system is the primary homeostatic responder to changes in oxygen (O2) tension, and is also sensitive to changes
in intracellular Fe levels. Under conditions of high Fe, O2, and ascorbate (Asc) concentrations, HIF1-a and HIF2-a are hydroxylated
at specific proline residues by a class of prolyl hydroxylase domain proteins (PHDs 1–3) whose activities vary directly with the
intracellular concentrations of O2, Fe, and Asc. Hydroxylation targets HIF1/2a proteins for ubiquitination by the von Hippel-
Lindau tumour suppressor protein (VHL), which subsequently earmarks them for proteasomal degradation. Under conditions of
low Fe, O2, and Asc concentrations, HIF1/2a proteins are stabilized and form heterodimers with the constitutively expressed HIFb
protein. These heterodimers then translocate to the nucleus and activate the transcription of specific genes that contain hypoxia-
response elements (HREs; e.g., genes encoding Tf [TF], TfR1 [TFRC], DMT1 [SLC11A2], FPN1 [SLC40A1], Cp [CP], Dcytb
[CYBRD1], HO1 [HMOX1], and EPO [EPO]). (B) The transcription of specific genes involved in Fe metabolism can also be
modulated by specific cytokines (e.g., interleukin [IL]-6, interferon [IFN]a, IFNc, and TNFa). As a general mechanism, these
cytokines bind to their cognate cell surface receptors and activate an intracellular signaling cascade (e.g., the Janus kinase [JAK]-
signal transducer and activator of transcription [STAT] pathway) that leads to the modulation of transcription of specific Fe
metabolism genes (e.g., genes encoding TfR1 [TFRC], DMT1 [SLC11A2], FTH1 [FTH1], FPN1 [SLC40A1], and hepcidin [HAMP])
that possess the appropriate consensus sequences or response elements in their untranslated regions. Cytokine signaling can
activate or repress transcription, depending on the gene. This form of transcriptional regulation is responsible for the upregulation
of ferritin expression and secretion into the plasma as an acute-phase protein, and for the well-described upregulation of hepcidin
expression in response to the IL6. The latter is a major pathogenic mechanism in the anemia of chronic disease. To see this illustration
in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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d-aminolevulinic acid synthase (eALAS) (79), mitochondrial
aconitase (mAcon) (433), and the iron–protein subunit of
Drosophila melanogaster succinate dehydrogenase (192). An
IRE-like structure was also described for the 5¢-UTR of a-
synuclein (119). If this turns out to be a functional IRE, it
would offer a mechanism for increased a-synuclein expres-
sion in response to an increased iron load in the substantia
nigra of aged brains.

TfR1 mRNAs contain multiple IREs that are located in the
3¢-UTR (49, 268). IRP binding to 3¢-UTRs results in stabiliza-
tion of the mRNA under conditions of iron depletion, while
loss of IRP binding under conditions of iron repletion leads to
rapid mRNA degradation by nucleases (49) (Fig. 8). DMT1
can be encoded by one of four variant mRNA transcripts
depending on whether translation starts from exon 1A or 1B
(i.e., 5¢-end processing variants) and whether or not the 3¢-
UTR contains an IRE (i.e., 3¢-end processing variants). Two of
the four DMT1 mRNA splice variants contain a single IRE in
their 3¢-UTR, which preferentially binds IRP1, leading to
mRNA stabilization as described for TfR1 mRNA (138). While
the exon 1A form of DMT1 is ubiquitous, the exon 1A form is
present mainly in the duodenum and kidney, with the + IRE
forms contributing to the post-transcriptionally iron-regu-
lated expression of DMT1 (160). In addition, potential IREs
have been documented in the 3¢-UTRs of the mRNAs for
glycolate oxidase (193), myotonic dystrophy kinase-related
Cdc42-binding kinase a (67), and a splice variant of cell divi-
sion cycle 14A mRNAs (325).

Importantly, the different IREs are bound by the IRPs with
a high, but varying, affinity [i.e., KD *20–100 pM (266)]. For
example, IRP2 binds the H-ferritin and L-ferritin IREs more
tightly than it binds the mAcon IRE (186), and consequently,
the post-transcriptional regulation of ferritin is more sensitive
than mAcon to changes in intracellular iron (58, 327). This has
the important consequence that in response to changes in
intracellular iron, ferritin translation will be regulated more
rapidly than translation of mAcon (327, 376). This behavior
has been termed combinatorial control (376), and it provides
cells with a means to fine-tune cellular responses to changes in
the intracellular iron milieu (376).

As indicated above, two homologous IRE-binding proteins
have been identified (viz. IRPs 1 and 2) that possess a high
degree of amino acid sequence identity [i.e., 64% in humans
(269)] [for a recent review, see Ref. (307)]. IRPs 1 and 2 are
members of the aconitase gene family, and are probably de-
rived from gene duplication events. Despite their homology,
the molecular responses of IRPs 1 and 2 to iron levels are
intrinsically different. IRP1 is an intriguing bifunctional pro-
tein that responds to intracellular iron primarily through an
ISC-switch mechanism (395). Under conditions of increased
cellular iron, which can be potentiated by reductants such as
ascorbate (380), IRP1 loses its IRE-binding activity by ac-
quiring a cubane ISC ([4Fe-4S] cluster) (319). The acquisition
of this [4Fe-4S] cluster converts IRP1 into a cytosolic aconitase:
an enzyme capable of catalyzing the stereospecific isomeri-
zation of citrate to isocitrate via cis-aconitate (296). Con-
versely, when intracellular iron levels are low, and/or in
response to various ISC-destabilizing oxidants such as nitric
oxide (30) and hydrogen peroxide (44), the [4Fe-4S] cluster
within IRP1 disassembles and reveals the protein’s latent IRE-
binding activity. These dual activities of IRP1 are mutually
exclusive. In addition, IRP1 can also be modulated by

FIG. 7. Consensus structure of iron-responsive elements
(IREs). The consensus bulged C-nucleotide is shown in red;
the consensus CAGUGX loop sequence is shown in green. X
represents any nucleotide, except guanosine; N-N¢ represents
any two base-paired nucleotides. To see this illustration in
color, the reader is referred to the web version of this article
at www.liebertpub.com/ars
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selective protein degradation under certain circumstances (66,
406). For instance, Clarke et al. (66) observed that an IRP1
mutant, in which all cluster-ligating cysteines were mutated
to serine (thereby preventing assembly of the [4Fe–4S] clus-
ter), was subject to iron-dependent protein degradation in cell
culture models. These authors also observed that iron-de-
pendent IRP1 degradation occurred in two different mouse
models (i.e., the SOD1 - / - mouse and the ABCBlv/Y mouse)
with perturbed ISC metabolism (66). Similarly, Wang et al.
(406) observed that an IRP1C437S mutant, which fails to form a
[4Fe-4S] cluster, is subject to iron-dependent protein degra-
dation in transfected H1299 cells. Moreover, the inhibition of
normal ISC biogenesis in HeLa cells by the siRNA-mediated
knockdown of the mitochondrial cysteine desulfurase, NFS1,
sensitized endogenous IRP1 to iron-dependent degradation
(406). The inhibition of this degradation by the proteasome
inhibitors MG132 and lactacystin strongly suggests the
involvement of the ubiquitin–proteasome pathway (406).
Evidence also suggests that, in addition to regulating the
conversion of IRP1 to a cytosolic aconitase (296), phosphor-
ylation of IRP1 potentiates the iron-dependent regulation
of IRP1 abundance (105). Although the regulation of ISC
formation in IRP1 may be the normal physiologic regulator
of IRP1’s IRE-binding activity, in the face of defective ISC
biogenesis, IRP1 half-life can be regulated (66, 404).

Unlike IRP1, the iron-dependent regulation of IRP2 abun-
dance appears to be the primary mechanism by which this
protein is regulated in response to iron (307, 319). Under
conditions of iron repletion, IRP2 expression, and conse-
quently the binding of IREs by IRP2, is diminished by an
increase in iron-dependent degradation of the protein via the
ubiquitin–proteasome pathway (141). IRP2 does not form
ISCs and exhibits no aconitase activity, despite the possession
of some of the cysteines required for this activity in IRP1. The
mechanism by which IRP2 is targeted for degradation in an
iron-dependent manner remains controversial. Relative to
IRP1, IRP2 contains an additional cysteine-rich 73-amino-acid
insertion at the N-terminus, which is encoded by an extra
exon. The cysteine oxidation model postulates that site-
specific, iron-dependent oxidation within this cysteine-rich
region is required for the targeting of IRP2 for proteasomal
degradation under conditions of iron repletion (168). How-
ever, several studies indicate that the 73-amino-acid domain is
not necessary for this activity (29, 405). Another model
proposes the involvement of heme-dependent oxidation of
specific cysteines within a so-called heme regulatory motif in
IRP2 (29, 165, 173, 418). A third model proposes that IRP2 is
instead regulated by iron-dependent hydroxylases, in a
similar manner to those discussed above (see Section V.A) in
relation to HIFa hydroxylation activity (405). The strict iron
dependence of these enzymes could explain, at least in part,
the iron dependence of IRP2 degradation. The proposed
dependence of IRP2 degradation on hydroxylases also helps
explain the capacity of reductants such as ascorbate, a-
tocopherol, and N-acetylcysteine to stimulate IRP2 degrada-
tion, rather than inhibit degradation as the protein oxidation
models would predict (45). Reductants such as ascorbate
stimulate the hydroxylating activity of iron-dependent 2-
oxoglutarate-dependent dioxygenases (112, 363).

Both genetic ablation and silencing studies strongly suggest
that IRP2 is the major IRP involved in the IRE-IRP system
under normal circumstances. Mice with a targeted deletion of

FIG. 8. Post-transcriptional control of cellular Fe metab-
olism by the IRE/iron-regulatory protein (IRP) system. The
IRE/IRP system is the central regulator of Fe metabolism at
the cellular level. It is also the most rapid responder to per-
turbations in intracellular Fe levels. Essentially, this system
provides a means of regulating the expression of proteins
involved in Fe storage (H-ferritin [FTH1] and L-ferritin
[FTL]), Fe export (FPN1), Fe uptake (TfR1, DMT1, and
myotonic dystrophy kinase-related Cdc42-binding kinase a
[MRCKa]), the mitochondrial citric acid cycle (ACO2), mi-
tochondrial hemoglobinization (erythroid d-aminolevulinic
acid synthase [eALAS]), oxygen sensing (HIF2-a), and cell
cycle control (CDC141A). Under conditions of low Fe, the
IRPs are in their IRE-binding forms; while under conditions
of high Fe, the IRE-binding activity of the IRPs is lost in the
following way: IRP1 acquires an iron–sulfur cluster (ISC),
which converts the protein into a cytosolic aconitase that is
incapable of binding IREs; and IRP2 is targeted for degra-
dation by the proteasome. Under conditions of high Fe, the
binding of IRP1 or IRP2 to cis-regulatory motifs known as
IREs in the 5¢-untranslated region (5¢-UTR) of select mRNAs
(i.e., those encoding FTH1, FTL, eALAS, FPN1, HIF2a, and
ACO2) serves to inhibit translation (Y) of the mRNA by
preventing ribosomal docking (translational control), while
the binding of IRPs to IREs in the 3¢-UTRs of select mRNAs
(i.e., those encoding TfR1, DMT1, MRCKa, and cell division
cycle 14A [CDC14A]) protects the transcripts against nucle-
ase-mediated degradation (mRNA stability control), leading
to increased protein expression ([). In the absence of IRPs
binding to IREs, the translation of mRNAs possessing 5¢-IREs
can proceed unchecked ([), while mRNAs possessing 3¢-
IREs are degraded, leading to decreased protein expression
(Y). In both cases, the IRE/IRP system effectively modulates
the rate at which IRE-containing mRNAs are translated into
protein. To see this illustration in color, the reader is referred
to the web version of this article at www.liebertpub.com/ars
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IRP2 (IRP2 - / - ) develop microcytic anemia and progressive
neurodegeneration associated with functional cellular iron
depletion, which is caused by decreased expression of TfR1
and overexpression of ferritin in multiple tissues (213).
Moreover, IRP2-deficient mice overexpress eALAS in ery-
throid cells, leading to > 200-fold production of the mito-
chondrial heme precursor, protoporphyrin IX, compared to
wild-type controls (72). Cells taken from Irp2 - / - mice show
deregulated iron metabolism, but only when the oxygen
tension is lowered from the standard 21%, found under nor-
mal cell culture conditions, to levels found in actual tissues
(e.g.,*3%–6%) (252). This is probably due to the fact that IRP1
is predominantly in the cytosolic aconitase form under
conditions of low oxygen tension, but is converted to its IRE-
binding form under conditions of raised oxygen tension (e.g.,
21%). Importantly, while the combined ablation of both Irp1
and Irp2 in mice is embryonically lethal (358), the targeted
deletion of Irp1 alone appears to deregulate iron metabolism
only in brown fat and kidney (253). Importantly, Irp1 is highly
expressed in these tissues and exceeds that of Irp2 (253).
Moreover, mice that are homozygous for Irp2 ablation and
heterozygous for Irp1 ablation (i.e., Irp2 - / - , Irp1 + / - ) develop
a more severe form of neurodegeneration than Irp2 - / - mice
(358). Moreover, cells that are stably silenced for both IRP1
and IRP2 expression show a greater loss of IRE-binding ac-
tivity, as well as perturbation of ferritin and TfR1 regulation in
response to iron, than cells silenced for only IRP1 or IRP2
(408). Importantly, cells that are silenced only for IRP2 show
perturbation of ferritin and TfR1 in response to iron, whereas
cells silenced only for IRP1 do not (408). Taken together, these
results indicate that there is some functional overlap between
the two IRPs, and that IRP2 is clearly the dominant IRP in vivo.
The ability of both IRPs to regulate ferritin expression simi-
larly [although not equivalently (408)] in vitro is a probable
result of the nonphysiologic oxygen tension employed under
these conditions. That is, the supraphysiologic oxygen tension
in room air experienced under typical cell culture conditions
likely promotes the conversion of the cytosolic aconitase form
of IRP1, which predominates in vivo, to its IRE-binding form.

Interestingly, the HIF2a transcript contains an IRE (326)
and is post-transcriptionally regulated by IRP2 (434), which
further illustrate the complex crosstalk between cellular and
systemic regulators of iron metabolism (266).

C. Regulation of protein degradation by iron

In addition to the regulation of the expression of proteins
involved in iron metabolism by both post-transcriptional/
translational and transcriptional mechanisms, selective pro-
tein degradation is a crucial post-translational mechanism for
regulating protein expression. As discussed above, the ex-
pression of IRP2 and IRP1 under certain circumstances as well
as the HIFa proteins can be regulated at the level of protein
degradation by the ubiquitin–proteasome system. The IRP2-
targeting E3 ubiquitin ligase, FBXL5, is itself regulated by iron
and oxygen. This protein contains a hemerythrin domain ca-
pable of binding iron and oxygen, and its rate of degradation
is increased upon iron and/or oxygen binding (323). Essen-
tially, this form of regulation modulates the expression of
specific proteins by adjusting the protein half-life. As dis-
cussed further in Sections VI.B and C, the keystone role that is
played by hepcidin in the regulation of systemic iron metab-

olism hinges on the stimulation of ferroportin degradation by
the lysosome. Other iron metabolism proteins that are known
to be regulated by changes in protein half-life include TfR2,
whose half-life is extended in response to binding to diferric Tf
(see below). Intriguingly, DMT1 expression has also recently
been shown to be modulated by iron-dependent ubiquitina-
tion and degradation by the proteasomal (32, 117, 317) and/or
lysosomal (117) degradative pathways. Interestingly, the
proteasomal degradation of DMT1 can be triggered by hep-
cidin (32), providing yet another linkage between cellular and
systemic iron homeostasis.

D. Regulation of enzyme activity by iron

Several enzymes contain iron as a prosthetic group. Espe-
cially, in the case of nonheme iron, the iron often can be
readily dissociated from the protein under conditions of low
cellular iron concentration. The loss of iron from ribonucleo-
tide reductase, the rate-limiting enzyme in the de novo syn-
thesis of all four deoxyribonucleotides, is believed to be one of
the main reasons why iron depletion results in inhibition of cell
growth and why iron chelators can have effective anticancer
activity (423). Eukaryotic ribonucleotide reductases are com-
posed of two different homodimers, R1 and R2. The catalytic
site is located in R1, and the tyrosyl radical needed for the
reaction is generated, stored, and delivered by R2, which also
contains the iron atom. Although the enzyme can also bind
manganese instead of iron, it appears to be dependent on iron
for activity (155). Similar regulatory functions would be ex-
pected for most other nonheme iron enzymes listed in Section I.

VI. Regulation of Iron Homeostasis

Iron homeostasis is regulated at both the cellular and sys-
temic levels, with substantive crosstalk across these levels
(151, 261). Although mammals do not possess a regulated iron
excretion pathway, iron is nonetheless continuously being lost
through the sloughing of mucosal cells (e.g., gut epithelium
and urothelium) and skin cells, or during bleeding and
sweating. The typical daily amount of iron lost through these
processes is *1–2 mg, which under normal circumstances is
balanced by dietary intake (62). Crucially, systemic iron levels
are ultimately regulated at the level of dietary absorption.

As discussed in Section III.A, the uptake of dietary iron
across the duodenal epithelium involves numerous regulated
steps. In both heme and nonheme iron uptake, the resulting
intracellular iron (II) is then exported across the basolateral
membrane and into the portal circulation of the blood stream
via ferroportin. As detailed below, this efflux step is a critical
regulatory checkpoint for iron absorption and consequently
for systemic iron homeostasis. The ferroportin-mediated
efflux of iron (II) is coupled to its extracellular reoxidation to
iron (III) by hephaestin in the basolateral membrane. The
homologous soluble ferroxidase, ceruloplasmin (148), which
is an abundant plasma protein, but also occurs as a GPI-
anchored form in the brain (see Section III.B), can also play a
role in reoxidizing iron (II) upon or immediately after its efflux
via ferroportin (148). This reoxidation of effluxed iron is
considered to be crucial, as the major serum iron transporter,
Tf, has two extremely high-affinity binding sites for iron (III)
(see above) that have very low affinity for iron (II) (2, 3, 263).

Once bound to Tf, which occurs in normal adult plasma at
concentrations of 20–30 lM (263, 421), Tf-bound iron is
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distributed via the circulation to the rest of the body. Im-
portantly, the major determinant and indicator of systemic
iron metabolism is the extent of saturation of plasma Tf, the
latter of which can exist in apo-, mono-, and diferric forms (see
above). As discussed below, the saturation level of Tf can
signal for changes in the expression level of the hormone of
iron metabolism, hepcidin, which then in turn affects the rate
at which iron is transported via ferroportin into the plasma from
several key cell types (i.e., duodenal enterocytes, reticuloendo-
thelial macrophages, and hepatocytes). Additionally, liver iron
levels (i.e., iron stores) can signal through the bone morphoge-
netic protein (BMP; see below) signaling pathway, while chan-
ges in serum Tf saturation (74, 305) appear to involve TfR2-
and/or hereditary hemochromatosis protein (HFE)-dependent
signaling. The various pathways of iron-dependent hepcidin
regulation are discussed in detail in Section VI.C.

As discussed in detail in Section II.A, the uptake of Tf-bound
iron is the major cellular iron uptake route under normal con-
ditions. The uptake of iron by this pathway is tightly regulated
by changes in the expression of the various proteins involved
(e.g., TfR1 and DMT1). At the cellular level, iron levels can be
homeostatically regulated by alterations in the expression and
activity of proteins involved in the efflux (i.e., ferroportin) and
intracellular storage of iron (i.e., via ferritins).

This section will examine both cellular and systemic iron
homeostasis and provide an overview of recent advances
made in these fields and remaining open questions.

A. Overview of cellular iron homeostasis

The regulation of cellular iron metabolism is coordinated
by an intricate web of changes in the expression and/or ac-
tivity of proteins involved in iron uptake, storage/utilization,
and release. These changes that occur as a result of feedback
loops that are activated in response to alterations in iron
levels, oxygen tension, and/or oxidants are vital for (i) fine-
tuning the rate at which iron is made available within the cell
for metabolic usage; and (ii) minimizing the deleterious effects
that result from an excess of redox-labile or free iron in
sensitive subcellular compartments. The major mechanisms
involved in this regulation occur at transcriptional, post-
transcriptional, and post-translational levels. These tiers of
regulation were discussed in detail in Sections V.A–C.

The IRE-IRP is the central regulator of cellular iron me-
tabolism, and allows for rapid alterations in protein synthesis
in response to fluctuations in intracellular labile iron concen-
trations. It is interesting to speculate that as the control of
protein synthesis allowed by the IRE-IRP system occurs at the
level of the translation in the cytosol, the response is probably
more rapid than that permitted by pure transcriptional control
(see below), due to the potentially rate-limiting requirements
for the latter, including the initiation of transcription, mRNA
processing in the nucleus, and export of mRNAs to the cytosol.

As indicated in Section V.A, the expression of proteins,
including some of those involved in iron metabolism, can also
be regulated transcriptionally by iron in an HIF-dependent
manner. Additionally, non-HIF-dependent mechanisms can
also transcriptionally regulate such proteins. Indeed, several
inflammatory cytokines, including interferon-c and interleu-
kins 1, 2, and 6, can alter the transcription of mRNAs of key
iron metabolism proteins. These include the mRNAs for H-
ferritin (379, 381), hepcidin (218, 273), TfR1 (232, 272), and

ferroportin (232), both in vitro and in vivo. For example, in
human monocytes, combined treatment with the proin-
flammatory agents, interferon-c and lipopolysaccharide, de-
creased TfR1 and ferroportin mRNA and protein levels while
increasing DMT1 mRNA and protein levels. The net effect of
this treatment was a decrease in Tf-dependent iron uptake
and cellular iron export, accompanied by a concomitant
increase in NTBI uptake (232). The regulation of iron metab-
olism by cytokines, particularly in relation to the interleukin-
6-dependent upregulation of hepcidin expression, is a key
pathogenic mechanism in the anemia of chronic disease
(ACD) (122, 411, 412) (see Section VII.A).

In general, the binding of cytokines to their cognate cell
surface receptors initiates a signaling cascade that regulates
transcription of key genes within the nucleus (Fig. 6B). For
example, interleukin-6 increases expression of key genes (e.g.,
HAMP, which encodes hepcidin) through Janus kinase/signal
transducer and activator of transcription ( JAK/STAT) sig-
naling. Ferritin expression in cultured hepatoma cells is reg-
ulated by cytokine signaling (381), and isolated monocytes
produce hepcidin in response to interferon-a and interleukin-
6 (431). The regulation of ferritin by cytokine is consistent with
the behavior of this protein as an acute-phase reactant that is
hepatically secreted in response to inflammation (379). In ad-
dition, the cytokine-dependent stimulation of ferritin expres-
sion in macrophages (197) is important, given their central role
in the turnover of effete red blood cells (see Section III.D).

As discussed above, HIF proteins can also regulate the
expression of iron metabolism genes. As the HIF hydroxylases
that regulate HIFa expression levels at the level of protein
degradation (discussed above; see section V.A) require iron
[specifically, as iron (II)] for their enzymatic activity (284), the
cellular iron status significantly impacts on the activity of
these enzymes, and consequently on the expression level of
HIFa proteins and HIF-regulated transcription (60, 144, 258).
The strict dependence of prolyl hydroxylases on iron is pre-
sumed to be largely responsible for the ability of cellular iron
levels to regulate HIF-regulated gene expression (60, 258).
However, the observation that there are redox-sensitive sites
within the prolyl hydroxylases that can be regulated by in-
tracellular antioxidants (e.g., glutathione and/or ascorbate)
may indicate that iron-dependent redox regulation of prolyl
hydroxylases activity also occurs (280).

B. Overview of systemic iron homeostasis

In the past decade, it has emerged that the keystone regu-
lator of systemic iron homeostasis is hepcidin (121). This small
25-amino-acid peptide is synthesized and secreted by the liver
in an iron-dependent manner. Hepcidin is subsequently
transported around the body via the circulation, probably
bound to a2-macroglobulin (290), and interacts with the iron-
efflux protein, ferroportin, in specific cell types (e.g., duodenal
enterocytes, splenic macrophages, and iron-storing hepato-
cytes) (121) (Fig. 9). This interaction decreases ferroportin
activity by triggering the degradation of ferroportin within
lysosomes (274). This has the effect of decreasing the capacity
for affected cells to release iron into the extracellular space,
causing a transient increase in the intracellular LIP. This then
triggers cellular homeostatic response mechanisms to iron
repletion (e.g., decreasing the IRE-binding activity of the IRPs
and regulating transcription of the HIF1- and HIF2-target
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genes). The net response to an increase in hepcidin is a de-
crease in the amount of iron entering the circulation (Fig. 9).
This decreases both dietary iron absorption and TfR1-
dependent iron uptake, while increasing iron storage in fer-
ritin by cells (viz. hepatocytes and splenic macrophages). It
should be noted however that hepcidin alone is not sufficient
to restrict intestinal iron absorption, as mice lacking intestinal
H-ferritin show increased body iron stores in spite of in-
creased hepcidin mRNA expression, indicating that H-ferritin
plays a limiting role in the hepcidin-dependent regulation of
iron efflux from intestinal cells (387).

As will be discussed in more depth in Section VII, hepcidin
deficiency induces iron overload, whereas an excess of
hepcidin can result in anemia.

1. Models of systemic iron regulation. There are several
overlapping and mutually inclusive models of systemic iron
regulation, all of which were proposed before the emergence
of hepcidin as a keystone regulator of iron homeostasis. It has
long been appreciated that, given that no regulated and
quantitatively significant pathway for iron excretion exists,
systemic iron levels must ultimately be modulated at the level
of enteric absorption. This regulation was thought to occur in
response to duodenal enterocytes sensing the level of body
iron stores and/or the iron requirements of erythropoiesis in
the bone marrow. This sensing was presumed to rely on two
(not necessarily distinct) regulators: the stores regulator and
the erythroid regulator (27, 62, 109), respectively. The stores

regulator was thought to be capable of signaling to the duo-
denal mucosa the levels of body iron stores in iron storage
tissues such as the liver, while the erythroid regulator was
thought to signal, again to the duodenal mucosa, the iron
demand for erythropoiesis. In the first case, a decrease in body
iron stores signals for an increase in enteric iron uptake, while
in the second, an increase in iron demand for erythropoiesis,
relative to iron supply, signals for an increase in enteric iron
uptake (62, 109). Conversely, an increase in iron stores or a
relative decrease in erythroid iron consumption reduces the
signal and consequently decreases enteric iron uptake. In both
cases, the regulatory mediators responsible were thought to
be soluble plasma components that communicated from the
sites of iron storage/utilization to the sites of iron absorption.

While the nature of the erythroid regulator remains
uncertain, the BMP6/HJV pathway of hepcidin regulation
(see Section VI.C) is a likely candidate for the stores regulator.

C. The hepcidin–ferroportin axis and its regulators

The activity of the hepcidin–ferroportin regulatory axis
of systemic iron homeostasis is orchestrated by a host of
effectors (151, 190, 348). Although incompletely understood,
the emerging signaling pathways and their molecular
components, which include BMPs, HFE, TfR2, hemojuvelin
(HJV/HFE2), and the recently identified serine protease,
matriptase 2 (also known as transmembrane protease, serine 6
[TMPRSS6]), are discussed below.

FIG. 9. The hepcidin–ferroportin axis in the regulation of systemic iron (Fe) homeostasis. Systemic Fe homeostasis is
primarily regulated by the hepcidin–ferroportin (FPN1) axis. The major cell types known to be involved in regulating/
consuming Fe at the systemic level are shown. Duodenal enterocytes import dietary Fe from several sources, including
nonheme Fe, which typically must be reduced at the level of the apical membrane by chemical reductants such as ascorbate
(see Fig. 5) or by PM oxidoreductases (e.g., Dcytb), and heme Fe. The latter is released by the action of HO1 (not shown). This
reduced Fe then enters a common intracellular pool of Fe. Under conditions of Fe deficiency (A), this Fe can be released by the
Fe-efflux protein ferroportin (FPN1) that is localized to the basolateral membrane, which is coupled to reoxidation of Fe by
the membrane-bound ferroxidase, hephaestin (HEPH). Additionally, the consumption of senescent/damaged erythrocytes by
specialized macrophages (e.g., splenic macrophages) leads to the release of Fe within the macrophage followed by cellular
efflux by FPN1 coupled to a plasma-membrane-bound variant of the ferroxidase ceruloplasmin (CP). Oxidized Fe is then
bound by circulating Tf to form monoferric or diferric Tf. Tf-bound Fe is the major source of Fe for virtually all cells in the
body, and is primarily consumed by erythroid progenitors during erythropoiesis. Under conditions of Fe overload (B),
hepatocytes sense the level of Tf saturation and levels of Fe stores and consequently upregulate the expression of hepcidin.
Hepcidin is then released into the plasma where it can then bind to FPN1 (e.g., at the level of duodenal enterocytes, splenic
macrophages, and hepatocytes), thereby triggering its internalization and degradation. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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1. The pivotal role of hepcidin. Hepcidin (also known as
LEAP-1) is a small peptide that is predominantly produced by
hepatocytes in the liver (198, 288), but also at lower levels by
the kidney (200) and possibly by the heart (249). The peptide is
initially synthesized as an 84-amino-acid precursor in hepato-
cytes, which is subsequently enzymatically processed to yield
the 25-amino-acid active form, and secreted into plasma.
Hepcidin was first identified as a disulfide bond-rich peptide in
human blood ultrafiltrate (198) and urine (288), and was ini-
tially found to have antimicrobial activity (198, 288). Shortly
after its discovery, hepcidin was found to play a crucial role in
regulating systemic iron homeostasis (275, 276, 293). The ex-
pression of the peptide was found to be regulated by iron,
hypoxia, and inflammation (276), and murine hepcidin was
found to be overexpressed during iron overload (293). The
crucial role played by hepcidin has been demonstrated through
genetic studies in which the targeted disruption of the HAMP
gene (221), or the indirect loss of hepcidin expression through a
targeted disruption of the upstream stimulatory factor 2 (275),
leads to severe iron overload in the liver, pancreas, and heart, as
well as an increase in plasma iron levels that exceed the Tf-
binding capacity of the plasma.

The major molecular event triggered by plasma hepcidin is
thought to be the internalization and the lysosomal degra-
dation of ferroportin, which rapidly ensues upon the binding
of hepcidin to ferroportin at the plasma membrane (274). In
the plasma, hepcidin may circulate bound to the carrier pro-
tein, a2-macroglobulin, which also appears to increase the
capacity for hepcidin to decrease in ferroportin expression, at
least in vitro (290). This post-translational decrease in ferro-
portin expression ultimately inhibits iron entry into the plasma
by downregulating the following iron efflux-dependent pro-
cesses: (i) iron absorption (i.e., via reduced iron efflux into the
portal circulation from duodenal enterocytes), (ii) iron recycling
by splenic macrophages (i.e., via reduced iron efflux into the
plasma after the phagocytic turnover of effete erythrocytes),
and (iii) iron release from iron stored within hepatocytes (Fig.
9). Collectively, these events bring about a unified negative
feedback response that decreases the amount of iron entering
the plasma, thereby lowering the original effector.

Iron-dependent hepcidin expression is controlled primarily
at the transcriptional level. The basal transcription of the
HAMP gene requires the liver-enriched transcription factor,
CCAAT/enhancer-binding protein-a (C/EBPa) (77). The
iron-dependent upregulation of HAMP transcription is addi-
tionally dependent on the nuclear-translocatable small mothers
of decapentaplegic (SMAD) transcription factors 1, 5 and 8, in
conjunction with the mediator SMAD 4 (12), and is controlled
by at least two parallel and probably interconnected signaling
pathways involving (i) HFE, TfR2, and TfR1, and (ii) BMP (6)
and its corresponding cell surface receptors, including the BMP
coreceptor, HJV, as well as the serine protease, matriptase-2.
The regulation of these two pathways and their possible points
of interaction are reviewed below.

2. The HFE/TfR2 pathway. The relative abundance
of holo-Tf in the plasma (i.e., typically dictated by the iron
saturation level of Tf) is an important mediator of iron-
dependent hepcidin expression. In fact, the saturation level of
plasma Tf is also a classical indicator of systemic iron levels.
As discussed above, Tf saturation is typically in the range of
20%–30% (83). An increase in Tf saturation signals to specific

cells (e.g., hepactocytes) to increase their expression of hepci-
din. The mechanism by which this activity occurs appears to
depend on an intracellular signaling initiated by the interplay
between holo-Tf, TfR1, HFE, and TfR2, although the BMP6/
HJV pathway may also be involved (see below). TfR2 and
HFE may collectively form an iron-sensing and signaling
complex, or alternatively, they may signal independently
of each other by parallel pathways (400) (see below). The
signaling initiated by these proteins may activate the extra-
cellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK)-signaling pathway (45, 297, 304, 400)
to upregulate hepcidin expression (Fig. 10). However, it
should be noted that the involvement of ERK/MAPK
signaling in iron-regulated hepatic hepcidin expression has
recently been questioned by results, indicating that the Erk1/
2/MAPK pathway was not activated by acute or chronic iron
administration in a mouse model (74). Thus, the involvement
of the ERK/MAPK pathway in iron-dependent regulation of
hepcidin is uncertain. As discussed below, significant recent
advances have been made in understanding the aspects of
these iron-dependent signaling pathways, although there
remain important unanswered questions.

HFE is a transmembrane protein belonging to MHC class I,
and is expressed at high levels in the liver (61). Although HFE
does not directly interact with iron, HFE can bind TfR1 to
form a 2:2 complex at pH 7.5 (413). Both mutational (126, 413)
and crystallographic (20) studies have demonstrated that HFE
contacts the TfR1 homodimer at a site overlapping the known
holo-Tf-binding site in the helical ectodomain of each TfR1
monomer (59). Consequently, HFE competes with holo-Tf for
binding to TfR1 (125), and both proteins bind to TfR1 with
comparable nanomolar affinities (i.e., 1–5 nM). After an in-
crease in holo-Tf levels, as occurs in iron-overload diseases
such as the hereditary hemochromatoses (see section VII.B
below), TfR1-bound HFE becomes outcompeted for binding
to TfR1 by holo-Tf and eventually dissociates (Fig. 10). In-
terestingly, the complete dissociation of HFE from TfR1 in cell
lysates appears to occur at concentrations of holo-Tf as low as
100 nM (428), which is 100-fold less than the typical physio-
logical concentration of holo-Tf in plasma [i.e., *10 lM (263)].
This may suggest that HFE is typically not bound to TfR1
under physiological conditions (see below).

Importantly, HFE can also bind to TfR2 (129), and HFE that
is competitively displaced from TfR1 by holo-Tf then becomes
available to interact with TfR2, the latter of which is expressed
highly in the liver (61). In fact, unlike most cells in which TfR1
expression exceeds that of TfR2, TfR2 expression in liver cells
markedly exceeds that of TfR1 (i.e., fourfold to sixfold greater)
(61). Moreover, HFE is present at substoichiometric levels
relative to both TfR isoforms in the liver, suggesting that HFE
is a rate-limiting factor in the formation of the HFE/TfR1 and
HFE/TfR2 complexes in hepatocytes (61). These data are
consistent with a model that describes TfR1 as sequestering
HFE away from interacting with TfR2 at exceedingly low
holo-Tf levels, with HFE being released for subsequent
interaction with TfR2 at increased holo-Tf levels.

In support of the above model of holo-Tf-regulated HFE-
TfR1 and HFE-TfR2 interactions, the interaction between HFE
and TfR1 appears to be crucial for the holo-Tf-dependent
regulation of hepcidin expression. Mice harboring engineered
TfR1 mutations that disrupt HFE binding to TfR1 overexpress
hepcidin and consequently develop iron deficiency, whereas
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those mice harboring mutations that enhance the HFE/TfR1
interaction demonstrate inappropriately low hepcidin levels
and develop iron overload (330).

Additionally, the interaction between HFE and TfR2 ap-
pears to be important for the holo-Tf -dependent upregulation
of hepcidin expression in hepatic cells (123, 129, 400). This
interaction requires distinct binding sites from those occur-
ring between HFE and TfR1 (55). Interestingly, the interaction
between HFE and TfR2 may not be necessary for these
proteins to upregulate hepcidin production. Indeed, as iron
overload is more pronounced in TfR2-null mice than in Hfe-
null mice, and loss of both Hfe and Tfr2 causes an even more
severe iron overload phenotype, Hfe and Tfr2 may in fact
signal for hepcidin production by independent, but parallel,
pathways involving Erk1/2 and Smad 1/5/8 (400). More-
over, although TfR2 expression is not regulated by the cellular
iron status (175, 184), TfR2 expression is regulated by holo-Tf,
whereby an increase in holo-Tf protects TfR2 from degrada-
tion (54, 175, 312). This degradation occurs within lysosomes
(176). Whether this increase in TfR2 stability is due entirely to
the direct binding of holo-Tf to TfR2 (54), which occurs with a
lower affinity than for TfR1 (184), or whether there is some
additional dependence on the interaction of HFE with TfR2, is
yet to be resolved.

Overall, HFE appears to transmit information on the
elevated holo-Tf status of the plasma, possibly, but not
necessarily, by interacting with TfR2 and forming an iron-
sensing/signaling complex that then directs the upregulation
of hepcidin expression. Conversely, a decrease in holo-Tf
levels leads to the increased binding of HFE to TfR1, and a
consequent disassembly of the HFE/TfR2 complex. Ad-
ditionally, as holo-Tf also stabilizes TfR2, while the increases
in intracellular iron resulting from its uptake concomitantly

downregulates TfR1 via the IRE-IRP system (see above), the
extent of binding of HFE to TfR2 is probably enhanced. No-
tably, a number of recent key findings suggest that HFE in fact
acts as a modulator of the BMP/HJV signaling (see below),
rather than by activating a separate pathway (74, 183, 321).
Indeed, recent data from mouse models of HFE-dependent
HH in which Hfe is absent (see also Section VII.B) indicate that
the iron-dependent activation of BMP/HJV signaling is de-
fective (73, 183).

The regulation of hepcidin expression by the BMP6/HJV
pathway is discussed in the following section.

3. The BMP6/HJV pathway. Emerging data strongly
suggest that the BMP/HJV pathway is the central pathway
for the iron-dependent modulation of hepatic hepcidin expres-
sion. As indicated above, this pathway appears to be responsible
for the so-called regulation by iron stores. The BMP/HJV
pathway is initiated by the binding of a specific subset of BMPs
to their cognate receptors, which are a complex of type I and
type II serine threonine kinase receptors (341) and coreceptors
(e.g., HJV) at the cell surface of hepatocytes (5, 6, 20). Although it
was known that there were four type I BMP receptors (Alk1–4),
the identities of the receptors involved in iron-dependent hep-
cidin expression were unknown. In fact, only recently, two of
these receptors, Alk2 and Alk3, were found to be expressed in
murine hepatocytes, and their liver-specific deletion caused iron
overload (364). Indeed, it appears that Alk3 is responsible for
basal hepcidin expression, whereas both Alk2 and Alk3 are re-
sponsible for mediating hepcidin expression in response to iron
and BMP signaling (364). The activated receptor complex that
forms in the plasma membrane can then phosphorylate intra-
cellular SMAD proteins (e.g., SMADs 1, 5, and 8). These phos-
phorylated SMADs can then form heteromeric complexes with

FIG. 10. Iron (Fe)-dependent upregulation of hepcidin expression by the hereditary hemochromatosis protein (HFE)/
transferrin receptor 2 (TfR2) pathway. Fe-dependent regulation of hepcidin expression by the HFE/TfR2 pathway. (A)
Under conditions of low Tf saturation with Fe, the HFE remains largely bound to TfR1 in the PM, and is in a competitive
equilibrium with Fe-bound Tf, as they bind to overlapping sites on TfR1. Monoferric Tf-Fe will be the predominant species
under these conditions, and TfR2 will be directed into a lysosomal-degradative pathway. (B) Under conditions of high Tf
saturation with Fe, where the diferric form will predominate, Tf-Fe will outcompete HFE for binding to TfR1, leading to the
increased dissociation of HFE/TfR1 complexes and an increased proportion of HFE/TfR2 complexes. These latter complexes
are thought to activate the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) signaling
cascade to upregulate transcription and expression of hepcidin. Additionally, under conditions of increased Tf saturation
with Fe, Tf-Fe will be increasingly bound to TfR2, which will direct the protein away from the lysosomal-degradative route
and effectively increase its PM expression. To see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/ars

MAMMALIAN IRON HOMEOSTASIS IN HEALTH AND DISEASE 2489



the common mediator, SMAD4 (407), whereby the resulting
complex translocates to the nucleus and modulates the tran-
scription of target genes such as HAMP (391) (Fig. 11).

BMPs are members of the TGF-b superfamily and were
originally identified for their ability to induce bone differen-
tiation (53). While hepcidin expression can be induced by
BMPs 2, 4, 5, 6, 7, and 9 (14), BMP6 appears to be the en-
dogenous BMP that regulates hepatic hepcidin expression
and systemic iron homeostasis (7, 251). Indeed, BMP6 - / -

mice develop severe hepatic iron loading that is associated
with reduced hepcidin expression (7, 251). It remains uncer-
tain whether the source of BMP6 is solely the liver, or whether
tissues such as the duodenum are also involved. A recent
study reported that iron overload in vivo induces BMP6 ex-
pression in the liver, but not in the duodenum (182). In con-
trast, an earlier report showed that the ex vivo treatment of
intestinal segments with iron, but not the in vitro treatment of
macrophages and hepatocytes with iron, induced BMP6
expression (8). Although the reason for this discrepancy is
unclear, it may be that the hepatic production of BMP6 in vivo
requires the interplay of other systemic factors. While hepa-
tocytes are probably the major source of BMP6 expression
in vivo (182), the duodenal epithelium may contribute to
BMP6 production and secretion under certain circumstances.

A crucial component of the BMP6-dependent pathway is
HJV (13, 14), which is a GPI-linked membrane protein en-
coded by the HFE2 gene in humans (427). Loss-of-function
mutations in HJV are responsible for Type 2A HH (juvenile
hemochromatosis; see Section VII.B) (208, 286). Moreover,
Hjv - / - mice have drastically reduced hepcidin expression
and develop severe iron overload (158, 277, 305). In adult hu-
man tissues, the HJV gene, HFE2, is expressed at the highest

levels in skeletal muscle, followed by the heart and liver, and is
also expressed highly in the fetal liver (286). In the murine
liver, Hfe2 is expressed predominantly by periportal hepato-
cytes (277). Importantly, the GPI-linked form of HJV appears
to function as a coreceptor for BMP6, and facilitates the
BMP6-dependent upregulation of hepcidin expression (13).
Intriguingly, a soluble form of HJV (sHJV) (228), which can be
generated by the furin-mediated cleavage of an endoplasmic
reticulum-bound pool of GPI-linked HJV (345), suppresses
hepcidin expression probably by competing with membrane-
bound HJV for access to BMP6 (228). As furin expression ap-
pears to be upregulated by iron deficiency and hypoxia (345),
sHJV secretion may function as a soluble systemic signal for
iron deficiency that antagonizes hepatic hepcidin production
(14). Furthermore, HJV is known to associate with the deleted
in the colorectal cancer family member, neogenin (429), a
membrane-associated protein that is involved in cell-signaling
events. Recent data demonstrating that neogenin-mutant mice
display iron overload, reduced BMP signaling, and low hep-
cidin expression suggest that neogenin can act to antagonize
the production/secretion of sHJV (216). In support of this
view, an earlier study found that the neogenin/HJV interaction
was required for the BMP4-mediated induction of hepcidin
expression when HJV is expressed (430). How neogenin and its
interaction with HJV are regulated in relation to systemic iron
levels remains to be established. Notably, recent data suggest
that sHJV derived from skeletal muscle is dispensable for
systemic iron homeostasis (56, 128). Conditional knockout
mice lacking Hjv in muscle had no detectable derangements or
iron metabolism (56, 128), while liver-specific ablation of Hjv
caused iron overload (128). Such results indicate that the role of
sHJV in regulating hepcidin expression is far from certain.

FIG. 11. Iron (Fe)-dependent upregulation of hepcidin expression by the bone morphogenetic protein (BMP)/hemoju-
velin (HJV) pathway. (A) Under conditions of low Fe stores within the liver, the expression of hepcidin is low. This is
thought to occur by activation of HIF signaling, which leads to upregulation of the expression of the PM protease, matriptase-
2. Matriptase-2 cleaves and inactivates the BMP coreceptor, HJV, leading to inhibition of BMP-signaling, and consequent
downregulation of hepcidin expression. Fe deficiency also upregulates expression of the Golgi apparatus-enriched protease,
furin, which cleaves an endoplasmic reticulum-localized pool of HJV, leading to the secretion of soluble HJV (sHJV). This
may occur predominantly in skeletal muscle. sHJV is thought to function as a BMP decoy receptor and also downregulates
BMP-dependent signaling and hepcidin expression. (B) Under conditions of high Fe stores within the liver, the transcription
and expression of BMP6 are upregulated and secreted. In the presence of membrane-bound HJV, BMPs such as BMP6 bind to
BMP receptors (BMPRs) and form a signaling complex that activates a small mothers of decapentaplegic (SMAD) intracellular
signaling cascade that leads to upregulation of hepcidin expression. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars
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In addition to sHJV, the type II transmembrane serine
protease family member, matriptase-2, acts as a negative
regulator of the BMP/HJV pathway, and thus provides a
further mechanism for the sensing of iron deficiency.
Matriptase-2 (also known as TMPRSS6) was initially identi-
fied in 2002 (389). This protein was shown to play a crucial
role in systemic iron homeostasis when a screen of mouse
mutants generated by N-ethyl-N-nitrosourea exposure iden-
tified the microcytic anemic and iron-deficient mask mutant
(96). The mask mutant, which expresses a matriptase-2 variant
lacking the serine protease domain, has abnormally high
hepcidin levels and consequently has reduced dietary iron
absorption, which is specifically due to the defect in
matriptase-2 (96). A number of mutations in matriptase-2,
many of which occur in, or adjacent to, the serine protease
domain, are associated with iron-refractory iron-deficiency
anemia (IRIDA; see Section VII.A) and abnormally high
hepcidin levels in humans (107, 248). Moreover, genetic
ablation studies in mice have shown that the protein is an es-
sential regulator of systemic iron homeostasis (116), and further
that BMP6 signaling is a prerequisite for the anemia that results
from inactivation of matriptase-2 (220). As for the mechanism
involved, it has been demonstrated that matriptase-2 inhibits
BMP/HJV-dependent hepcidin induction by proteolytically
processing and inactivating the GPI-linked form of HJV, but
not sHJV (347). Moreover, the endocytosis of matriptase-2
and the direction of the protein into lysosomes appear to neg-
atively regulate the ability of matriptase-2 to downregulate
HJV-dependent hepcidin expression, at least in vitro (19).

VII. Diseases of Iron Metabolism

As discussed earlier, in a biological context, iron has two
faces: it is an obligate nutrient for almost all cells, being
required for the function of many cellular proteins and their
iron-containing groups (e.g., heme and ISCs), whereas in ex-
cess, iron can become highly toxic by catalyzing the production
of ROS (see Section I) that damage cells, tissues, and organs
(271). The many diseases of deregulated iron metabolism serve
to exemplify this dichotomous nature of iron in human biology,
and further provide excellent exemplars of our rapidly in-
creasing knowledge of the mechanisms of cellular and systemic
iron metabolism. However, it should be noted that the ensuing
discussion will not include the many diseases associated with
defects in mitochondrial iron processing, as these have been
recently reviewed in this journal (159).

A. Anemias: iron deficiency anemia, ACD, and IRIDA

The most common outcome of systemic iron deficiency,
which has been estimated to affect at least 2 billion persons
worldwide, is anemia (256, 375). Anemias are characterized
by a deficiency in the number of mature erythrocytes in the
circulation, which inevitably lowers the oxygen-carrying
capacity of the blood, causing tissue hypoxia, and clinical
symptoms such as fatigue, weakness, increased cardiac out-
put, as well as increased morbidity and mortality (154). Im-
portantly, iron deficiency is not the only cause of anemia (e.g.,
see ACD and IRIDA below), but it is clearly a major cause
(365). The remaining discussion will deal with several com-
mon anemias whose etiologies serve to exemplify the above
review of the current state of knowledge on the regulation of
systemic iron homeostasis.

1. Iron-deficiency anemia. Iron-deficiency anemia (IDA),
which occurs secondary to iron deficiency, is the most com-
mon form of nutritional deficiency and anemia (266). IDA is
characterized clinically as a hypochromic and microcytic
anemia. The increased central pallor and decreased size of the
red blood cells reflect defective hemoglobinization that is due
to an insufficient supply of iron to the erythropoietic bone
marrow. The etiology of IDA is notoriously multifactorial, yet
it essentially represents a situation in which body iron re-
quirements are not being met by enteric iron absorption (65).
The many environmental causes of this deficit can include
insufficient dietary intake of iron, or insufficient intake of
other nutritional factors that enhance iron absorption [e.g.,
ascorbic acid (10, 64, 78, 178)], as well as increased iron re-
quirements during specific physiologic periods (e.g., growth,
menstruation, and pregnancy). It is important to note that
while deficiencies in nutritional factors such as folate and vi-
tamin B12, which are required for DNA synthesis during cell
division (333), may coexist with and complicate the presen-
tation of IDA, deficiencies in these compounds are not re-
garded as causative of IDA (250). In fact, deficiencies in folate
and vitamin B12 can cause a clinically distinct macrocytic
anemia that results from megaloblastic transformation within
the bone marrow (250, 333).

Pathologic causes of IDA can include body iron losses
that are secondary to an underlying medical condition (e.g.,
gastrointestinal blood loss). While a multitude of causative
factors typically converge during the development of IDA, it
is generally agreed that the major contributing factor is
excessive blood loss (65). From a therapeutic standpoint,
when it is apparent that the diet alone is insufficient to restore
hematological parameters to acceptable levels, treatments
for IDA typically include iron supplementation via oral or
parenteral routes (65).

2. Anemia of chronic disease. In the Western world,
ACD, now considered as a subtype of the broader anemia of
inflammation, is the second most common anemia after IDA
(122, 412). In fact, ACD is the most prevalent form of anemia
in the hospitalized population, typically occurring in patients
with underlying conditions that cause chronic activation of
the immune system. Causative underlying conditions include
chronic infections, chronic inflammatory diseases, chronic
kidney disease, chronic rejection after solid-organ transplan-
tation, and some malignancies. Along with ACD, the anemia
of inflammation also includes the closely related anemia of
critical illness. The latter occurs in critically ill patients, oc-
curring soon after their admission to an intensive care unit
(e.g., after severe acute events such as sepsis, surgery, and
major trauma) (76).

Hematologically, ACD is typically characterized as a nor-
mochromic, normocytic, and mild anemia (412), and patients
with ACD typically have low serum iron, low-to-normal se-
rum Tf saturation, and high-to-normal serum ferritin levels
(122, 412). Laboratory evaluations leading to a diagnosis of
ACD can include determination of the ratio of a soluble form
of TfR1 (sTfR1) to serum ferritin (412), as well as C-reactive
protein, the latter of which is indicative of inflammation (122).
Intriguingly, sTfR1 is shed from cells (predominantly ery-
throid precursors) after proteolytic cleavage of the cytoplas-
mic and transmembrane domains (residues 1–100) of
membrane-bound TfR1 (342). Serum sTfR1 levels, which are
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positively correlated with the iron demand of erythropoiesis
and negatively regulated by diferric Tf (82, 161), begin to rise
when mild iron deficiency is achieved (351). This is considered
to be a consequence of the limitation of iron supply to
erythroid progenitors. As sTfR1 levels are not affected by
inflammation, whereas serum ferritin levels are, determina-
tion of the ratio of sTfR1/log serum ferritin (i.e., the sTfR1
index) helps to differentiate between IDA and ACD, which
often occur concurrently (352). For example, in isolated ACD,
the sTfR1 index is typically lower (i.e., < 14) than in isolated
IDA (i.e., ‡ 14) (352).

The primary pathogenic mechanism of ACD is an increase
in circulating levels of inflammatory cytokines (e.g., interleu-
kin-6, interleukin-1, tumor necrosis factor-a, and interferon-c)
that, among other things, signal for increased hepcidin pro-
duction by hepatocytes. This increase in hepcidin down-
regulates ferroportin expression in major iron-exporting cells
such as macrophages, duodenal enterocytes, and hepatocytes,
and ultimately leads to decreased enteric iron absorption and,
perhaps more importantly, to increased iron retention within
splenic macrophages and hepatocytes (122). While body iron
stores may not be significantly reduced, this trapping of iron
within macrophages greatly diminishes the body’s iron-
recycling capacity and is probably the major cause of the re-
stricted iron availability to erythroid precursors (411). The
concomitant decrease in circulating iron bound to Tf leads to
impaired erythrocyte production as a result of iron restriction.
Additional mechanisms involved in the pathogenesis of ACD
include (i) decreased erythrocyte lifespan, presumably as a
result of an inflammatory cytokine-dependent increase in
splenic macrophage activation, followed by premature de-
struction of aging erythrocytes (122); (ii) impaired erythroid
progenitor proliferation, which may involve a cytokine-me-
diated increase in apoptosis of erythroid progenitors (412);
and (iii) a blunted EPO response due to a combination of
inflammatory cytokine-dependent downregulation of EPO
expression and deregulation of EPO signal transduction (412).

Importantly, it has become clear that the centrality of
hepcidin deregulation to the molecular pathogenesis of ACD
is paramount. In growing support of this notion, Theurl et al.
have recently demonstrated (using an established rat model of
ACD) that the blockade of endogenous hepcidin production
results in the release of stored iron from splenic macrophages,
stimulation of erythropoiesis, and a correction of the anemia
(377).

3. Iron-refractory iron-deficiency anemia. In contrast to
most patients with IDA, a subpopulation of patients with
atypical IDA do not show significantly improved hematologic
parameters upon oral iron supplementation, and show de-
layed and/or incomplete hematologic responses to the par-
enteral administration of iron (e.g., iron–dextran). This
condition has recently been termed IRIDA (OMIM #206200)
and is typified by a hypochromic, microcytic anemia, with a
very low mean corpuscular erythrocyte volume, low serum
iron, and low serum Tf saturation, and variable serum ferritin
(107). Instructively, despite being in a state of iron deficiency,
patients with IRIDA have abnormally elevated hepcidin lev-
els (107). This contrasts with the observation that urinary
hepcidin levels are almost undetectable in patients with typ-
ical IDA (187). The increase in hepcidin in IRIDA underpins
the iron-refractory phenotype, as it causes inefficient absorp-

tion of iron across the duodenal epithelium and impaired
release of iron from splenic macrophages.

Although it is unclear whether all cases of IRIDA are ge-
netic, autosomal-recessive IRIDA was recently mapped to
chromosome 22q12–13 in a Sardinian kindred in 2008 (248). In
the same year, Finberg et al. performed haplotype analysis in
five kindreds with IRIDA, supporting the linkage to 22q12–13
(107). These authors also determined that all affected indi-
viduals carried mutations in the matriptase-2 gene,
TMPRSS6, which is located within 22q12–13. Mutations in
TMPRSS6 that are associated with IRIDA have also been
identified by others (137, 248). In support of the claim that key
defects in matriptase-2 cause IRIDA, the mask mouse pheno-
type, which is caused by chemically induced mutations in
the murine ortholog of human matriptase-2, Tmprss6, is
characterized by inappropriately high hepcidin levels and
consequent impairment of dietary iron absorption (96). As
discussed above, matriptase-2 is a crucial participant in
the balancing act of systemic iron homeostasis, as it post-
translationally regulates GPI-linked HJV via proteolytic
cleavage, thereby attenuating BMP6-dependent upregulation
of hepcidin transcription (108, 220, 347). Thus, the loss of
matriptase-2 activity in patients with IRIDA impairs their
ability to downregulate hepcidin in response to systemic iron
deficiency. Importantly, matriptase-2 expression has recently
been shown to be upregulated by HIF1a and HIF2a signaling
in response to iron deficiency and/or hypoxia (202), sug-
gesting a mechanism by which matriptase-2 responds to iron
deficiency. The discovery that key matriptase-2 mutations can
cause IRIDA further emphasizes the central role hepcidin
plays in regulating systemic iron homeostasis.

B. Iron-overload diseases: the hereditary
hemochromatoses and b-thalassemia

Iron-overload diseases can be inherited or acquired, and
are typically characterized by the excessive accumulation of
iron in various body tissues (e.g., the liver). This accumulation
of iron is problematic primarily due to the propensity for in-
appropriately sequestered iron (i.e., labile iron) to catalyze
production of noxious free radicals that lead to cellular, tissue,
and organ damage, and eventually to organ failure [(271);
see Section I]. For example, in the iron-overload disease, b-
thalassemia (see below), plasma malondialdehyde is signifi-
cantly increased relative to control patients, and a-tocopherol
levels are decreased in 32% of patients (402), indicative of
increased levels of oxidative stress. Iron overload will usually
occur when the iron content of the plasma exceeds the Tf-
binding capacity, with a concomitant increase in plasma NTBI
(36, 100). However, NTBI may also occur before plasma Tf is
fully saturated, and so cannot be regarded as a simple spill-
over phenomenon (36). In most cases, iron overload results
from a genetic defect (i.e., primary iron overload) that impairs
the iron-regulated production of hepcidin, or the mechanism
of hepcidin action, as is typified by the hereditary hemo-
chromatoses (see below) (21, 83, 271, 295). Additionally, the
so-called secondary forms of hemochromatosis occur pre-
dominantly as a result of either excessive erythrophagocytosis
after multiple transfusions, and/or enhanced dietary iron
absorption in the context of an anemia caused by an under-
lying erythropoietic defect (e.g., hereditary sideroblastic ane-
mias and the hemoglobinopathy, b-thalassemia) (372). In fact,
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secondary iron overload due to heminoglobinopathic disor-
ders, such as the iron-loading anemias [see b-thalassemia
below; other such diseases of secondary iron overload have
recently been reviewed (344)], may in fact represent a greater
global health burden than hereditary hemochromatoses.

Iron-overload diseases often go hand-in-hand with an in-
creased susceptibility to infections. As bacteria—like all other
organisms—need a constant iron supply for proliferation,
infections are typically prevented by the low concentrations of
soluble iron in the human body (350). Thus, patients with
hemochromatosis are highly susceptible to infections with
Vibrio vulnificus, a bacterium that usually cannot grow in
blood from healthy individuals, but rapidly grows in blood
from patients with hemochromatosis (38). In general, iron is
essential for bacterial virulence, and during infection, there
occurs a battle for iron between the pathogen and host. As the
mechanisms of bacterial iron sequestration have recently been
reviewed elsewhere (350), we present here only a few brief
remarks. Many fungi and bacteria employ small iron chela-
tors, the so-called siderophores, to sequester iron. Many of
these siderophores, including the siderophore enterobactin,
which is synthesized by a range of gram-negative bacteria, are
synthesized by large nonribosomal peptide synthetases (111,
390), whereas others (including the desferrioxamines, which
are frequently used in a clinical setting for the treatment of
iron overload disorders) are synthesized by widely conserved
nonribosomal peptide synthetase-independent pathways
(51). The fact that these complex enzymes and pathways are
conserved during evolution is indicative of the importance of
the siderophores for the microorganisms. Siderophores play a
role in the homeostasis of a wide range of metals (328), in the
development of bacterial and fungal virulence (143, 322), and
in the development of biofilms (322, 393).

Furthermore, several bacteria, including Escherichia coli,
Staphylococcus aureus, and Vibrio cholerae, synthesize hemoly-
sins (also referred to as cytolysins) to access heme from the
host’s erythrocytes (162, 361). Hemolysins are a major viru-
lence factor associated with infection that form pores in the
host’s erythrocyte membranes to release iron in the form of
heme for the pathogen (34).

1. Hereditary hemochromatosis. HH, or primary iron
overload, is a collective label for a group of autosomal in-
herited iron-overload disorders, of which the HFE-dependent
form is particularly prevalent in individuals of the Northern
European ancestry (416). Essentially, the pathology of HH
results from a deregulated and chronic increase in the amount
of iron absorbed from the diet, and is typified by excessive
iron deposition in the liver, heart, pancreas, as well as the
parathyroid and pituitary glands (21). Crucially, HH is ge-
netically heterogeneous and is associated with mutations in at
least five genes that regulate the hepcidin–ferroportin axis of
systemic iron homeostasis (see Section VI.C). Depending on
which genes are involved, HH is classified as type 1 (hemo-
chromatosis protein, HFE dependent); type 2A [HFE2 (HJV)
dependent]; type 2B (hepcidin, HAMP dependent); type 3
(TfR2, TfR2 dependent); and type 4 (ferroportin dependent).
While the mutations affecting HFE are relatively common,
those affecting the other involved genes are very rare (21).

Moreover, it is becoming increasingly apparent that the
clinical penetrance of the major HH genotype, type 1 HFE-
C282Y/C282Y-associated HH (71, 255, 313), is strongly

influenced by the presence of genetic modifiers, and probably
also by as-yet-uncharacterized epigenetic modifiers.

a. Type 1 HH. Type 1 or HFE-dependent HH (OMIM
#235200) is the most common form of HH. Men are pre-
dominantly affected, and the most severe effects of the disease
do not typically occur until decades of iron loading have
passed. The disease is typically autosomal recessive, with
*85% of patients being homozygous for a C282Y mis-sense
mutation in HFE that occurs with a homozygote frequency of
*5 per 1000 individuals of a Northern European descent,
although the clinical penetrance is much lower (21). This
mutation prevents the formation of a critical disulfide bridge
in the mature HFE protein, with the outcome being that the
interaction of HFE with b2-microglobulin (103), and also with
TfR1 (102), is disturbed. Additionally, cell surface expression
of HFE is impaired, as the protein is retained within the Golgi
apparatus (103). Using Hfe knockout mice, which are a widely
accepted model of HFE-dependent HH (285), Trinder et al.
were able to show that the uptake of radioactive 59Fe from
[59Fe]-holo-Tf from the plasma was downregulated in the
duodenum of these mice, compared to their wild-type con-
trols, but was not affected in the liver or kidney. Moreover,
plasma iron turnover was not affected by the absence of HFE
(383). Such results were seen to provide support for a previ-
ously proposed model of systemic iron homeostasis in which
HFE normally functions to assist in the programming of du-
odenal crypt cells to extant systemic iron levels. The proposed
function of this programming is to regulate the expression of
iron transporters such as DMT1 and ferroportin in the derived
and differentiated absorptive enterocytes of the villus region
(320, 383, 399). However, the observation that the enterocyte-
specific ablation of Hfe in mice fails to recapitulate in any way
the HH phenotype (397) suggests that the primary pathologic
event in HFE-dependent HH is not an HFE-dependent de-
rangement of duodenal crypt programming. More recently, it
was shown that only the liver-specific ablation of Hfe in mice
is sufficient to disrupt the proper regulation of systemic iron
homeostasis (396). As discussed above, the currently accepted
view is that HFE in the hepatocytes functions to regulate he-
patically derived circulating hepcidin levels, which probably
regulates the BMP6/HJV/SMAD pathways (73, 74, 321) (see
Section VI.C for further discussion). The derangement of this
function alone of HFE in HFE-dependent HH is thought to be
primarily responsible for disease pathogenesis.

b. Type 2A HH. Type 2A or HFE2 (HJV)-dependent HH
(OMIM #602390), also known as juvenile hemochromatosis, is
an acute form of HH that results in rapid and progressive iron
loading of organs and consequent organ failure before 30
years of age (314). It affects men and women equally, and if
left untreated, the disease can become fatal with the main
cause of death being heart failure (47). The affected gene re-
sponsible for this form of HH is HFE2, which was cloned in
2004, with a G320V mutation being present in two-thirds of
the patients tested (286). The following year, it was demon-
strated that an Hfe2 - / - mouse model recapitulated many of
the clinical features of the human disease and was associated
with a downregulation of hepatic hepcidin expression and a
concomitant increase in duodenal and macrophage ferro-
portin expression (158). As discussed in Section VI.C, HJV is
expressed primarily in skeletal muscle, but also in the heart
and liver, and regulates hepcidin expression in a manner
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involving BMP-dependent signaling. That is, GPI-linked HJV
functions as a BMP coreceptor, which is required for BMP6-
dependent upregulation of hepcidin, while the soluble form of
HJV, which may be released from skeletal muscle stores in a
furin- (345) and neogenin-dependent (426) manner, probably
antagonizes BMP6-dependent hepcidin expression by the
liver. It would appear that the primary biochemical defect
resulting in hepcidin deregulation in HJV-dependent HH, as
typified by the G320V mutation, is the defective intracellular
cleavage and subsequent targeting of the GPI-linked protein
to the cell surface (346). Exactly how this leads to a derange-
ment of hepcidin production is unclear, but is probably due in
large part to an inability of the intracellularly sequestered
protein to facilitate BMP6-dependent signaling (346). Inter-
estingly, results obtained by Silvestri et al. suggest that a de-
crease in soluble HJV is not likely to be a major contributor to
the HJV-dependent HH phenotype (346).

c. Type 2B HH. Some patients with juvenile hemochro-
matosis do not have mutations in HJV, but instead have
mutations in the HAMP gene that encodes hepcidin (21). A
variety of mutations have been documented (22), and there
may be some interaction with HFE mutations that serves to
increase the severity of the disease phenotype. Hepcidin ex-
pression is virtually absent in these patients, suggesting that
the mutations impair transcription of HAMP.

d. Type 3 HH. A very rare form of HH, in which patients
present similarly to HFE-dependent HH, is due to mutations
in the gene encoding TfR2. However, the expression of the
disease differs significantly from HFE- and HJV-dependent
HH, which serves to illustrate the notion that TfR2 is not
simply an HFE-binding partner (46). In accordance with this
notion, Tfr2 knockout mice have a more severe iron-overload
phenotype than Hfe knockout mice, while the Tfr2/Hfe com-
bined knockouts are the most severely affected (400). Inter-
estingly, TfR2 has recently been shown to be a component
of the EPO receptor complex in erythroid progenitors,
suggesting that it has an extrahepatic function in normal
erythropoiesis, and that this may additionally be affected in
TfR2-dependent HH (118).

e. Type 4 HH. Mutations that affect the hepcidin receptor,
ferroportin, cause an autosomal-dominant form of HH
known as type 4 HH or ferroportin disease (84). These forms
of HH present differently to the autosomal-recessive forms of
HH, and are associated with either (i) loss-of-function muta-
tions that downregulate cell surface expression of ferroportin,
thereby causing iron retention within macrophages and a
consequent restriction of iron for erythropoiesis (i.e., type 4A);
or (ii) mutations that render ferroportin resistant to hepcidin-
induced degradation (i.e., type 4B), and are so-called gain of
function, as they result in the continued capacity for iron
export in the face of normally inhibitory concentrations of
hepcidin. The dominant inheritance pattern of this type of HH
is likely due the fact that native ferroportin appears to exist
as a dimer (86), and that the ferroportin mutant proteins
associated with ferroportin disease function in a dominant-
negative manner (85).

2. b-thalassemia. b-thalassemia is a secondary iron
overload disease, which is characterized by anemia associated
with excessive relative a-globin production, ineffective

erythropoiesis, and iron overload (410). Genetically, the
disease is caused by mutations in the b-globin gene or its
promoter that result in reduced or absent production of the
b-globin of hemoglobin (410). The relative excess of a-globin
chains leads to a-globin precipitation in red blood cell pre-
cursors, causing defective erythroid maturation and erythro-
poiesis, followed by anemia (410). Importantly, the ineffective
erythropoiesis causes an increased proliferative drive in the
underperforming bone marrow, triggering bone marrow ex-
pansion. The latter, by an as-yet-unknown signaling mecha-
nism, and which may correspond to the postulated erythroid
regulator (see Section VI.B), causes increased iron absorption
by decreasing hepatic hepcidin production (292). Moreover,
this iron overload is exacerbated in patients receiving multiple
transfusions to combat the anemia (369). The main cause of
morbidity and death in b-thalassemia is the cell, tissue, and
organ damage caused by oxidative stress resulting from the
increase in labile iron, as well as the increased susceptibility to
infection that occurs (410) (see above).

VIII. Concluding Remarks

Iron metabolism, including its regulation and role in a range
of diseases, has become a major research focus in recent years.
In this article, we have reviewed the present understanding of
mammalian iron uptake, storage, and homeostasis as well as
the role of iron in anemias and iron-overload diseases. For
several areas of iron biochemistry not covered in this review,
we refer the reader to recent reviews. These areas include iron
metabolism in plants (172, 374) and bacteria (35, 374), diseases
of mitochondrial iron processing (159), iron in cancer (310),
type II diabetes (303), and neurodegenerative diseases (18, 308).
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280. Nytko KJ, Maeda N, Schläfli P, Spielmann P, Wenger RH,
and Stiehl DP. Vitamin C is dispensable for oxygen sensing
in vivo. Blood 117: 5485–5493, 2011.

281. O’Connell M, Halliwell B, Moorhouse CP, Aruoma OI,
Baum H, and Peters TJ. Formation of hydroxyl radicals in
the presence of ferritin and haemosiderin. Is haemosiderin
formation a biological protective mechanism? Biochem J
234: 727–731, 1986.

282. Octave J-N, Schneider Y-J, Hoffmann P, Trouet A, and
Crichton RR. Transferrin protein and iron uptake by cul-
tured rat fibroblasts. FEBS Lett 108: 127–130, 1979.

283. Ohgami RS, Campagna DR, Greer EL, Antiochos B,
McDonald A, Chen J, Sharp JJ, Fujiwara Y, Barker JE, and
Fleming MD. Identification of a ferrireductase required for
efficient transferrin dependent iron uptake in erythroid
cells. Nat Genet 37: 1264–1269, 2005.

284. Ozer A and Bruick RK. Non-heme dioxygenases: cellular
sensors and regulators jelly rolled into one? Nat Chem Biol 3:
144–153, 2007.

285. Pantopoulos K. Function of the hemochromatosis protein
HFE: lessons from animal models. World J Gastroenterol 14:
6893–6901, 2008.

286. Papanikolaou G, Samuels ME, Ludwig EH, MacDonald
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Factors influencing disease phenotype and penetrance in
HFE haemochromatosis. Hum Genet 128: 233–248, 2010.

314. Roetto A, Totaro A, Cazzola M, Cicilano M, Bosio S,
D’Ascola G, Carella M, Zelante L, Kelly AL, Cox TM,
Gasparini P, and Camaschella C. Juvenile hemochromato-
sis locus maps to chromosome 1q. Am J Hum Genet 64:
1388–1393, 1999.

315. Rolfs A, Kvietikova I, Gassmann M, and Wenger RH.
Oxygen-regulated transferrin expression is mediated by
hypoxia-inducible factor-1. J Biol Chem 272: 20055–20062,
1997.

316. Roos PH and Jakubowski N. Cytochromes-fascinating
molecular machines. Metallomics 3: 316–318, 2011.

317. Roth JA, Singleton S, Feng J, Garrick M, and Paradkar PN.
Parkin regulates metal transport via proteasomal degra-
dation of the 1B isoforms of divalent metal transporter 1.
J Neurochem 113: 454–464, 2010.

318. Rouault TA and Cooperman S. Brain iron metabolism.
Semin Pediatr Neurol 13: 142–148, 2006.

319. Rouault TA. The role of iron regulatory proteins in
mammalian iron homeostasis and disease. Nat Chem Biol 2:
406–414, 2006.

320. Roy CN and Enns CA. Iron homeostasis: new tales from
the crypt. Blood 96: 4020–4027, 2000.

321. Ryan JD, Ryan E, Fabre A, Lawless MW, and Crowe J.
Defective bone morphogenic protein signaling underlies
hepcidin deficiency in HFE hereditary hemochromatosis.
Hepatology 52: 1266–1273, 2010.

322. Saha R, Saha N, Donofrio RS, and Bestervelt LL. Microbial
siderophores: a mini review. J Basic Microbiol 2012 [Epub
ahead of print]; DOI: 10.1002/jobm.201100552.

MAMMALIAN IRON HOMEOSTASIS IN HEALTH AND DISEASE 2503



323. Salahudeen AA, Thompson JW, Ruiz JC, Ma H-W, Kinch
LN, Li Q, Grishin NV, and Bruick RK. An E3 ligase
possessing an iron-responsive hemerythrin domain is a
regulator of iron homeostasis. Science 326: 722–726, 2009.

324. Sammarco MC, Ditch S, Banerjee A, and Grabczyk E.
Ferritin L and H subunits are differentially regulated on a
post-transcriptional level. J Biol Chem 283: 4578–4587,
2008.

325. Sanchez M, Galy B, Dandekar T, Bengert P, Vainshtein Y,
Stollte J, Muckenthaler MU, and Hentze MW. Iron regu-
lation and the cell cycle: Identification of an iron-responsive
element in the 3¢ untranslated region of human cell division
cycle 14A mRNA by a refined microarray-based screening
strategy. J Biol Chem 281: 22865–22874, 2006.

326. Sanchez M, Galy B, Muckenthaler MU, and Hentze MW.
Iron-regulatory proteins limit hypoxia-inducible factor-2a
expression in iron deficiency. Nat Struct Mol Biol 14: 420–
426, 2007.

327. Schalinske KL, Chen OS, and Eisenstein RS. Iron differen-
tially stimulates translation of mitochondrial aconitase and
ferritin mRNAs in mammalian cells. Implications for iron
regulatory proteins as regulators of mitochondrial citrate
utilization. J Biol Chem 273: 3740–3746, 1998.

328. Schalk IJ, Hannauer M, and Braud A. New roles for
bacterial siderophores in metal transport and tolerance.
Environ Microbiol 13: 2844–2854, 2011.

329. Scheers NM and Sandberg A-S. Ascorbic acid uptake
affects ferritin, Dcytb and Nramp2 expression in Caco-2
cells. Eur J Nutr 47: 401–408, 2008.

330. Schmidt PJ, Toran PT, Giannetti AM, Bjorkman PJ, and
Andrews NC. The transferrin receptor modulates Hfe-
dependent regulation of hepcidin expression. Cell Metab 7:
205–214, 2008.

331. Sekyere EO, Dunn LL, Rahmanto YS, and Richardson DR.
Role of melanotransferrin in iron metabolism: studies
using targeted gene disruption in vivo. Blood 107: 2599–
2601, 2006.

332. Shah YM, Matsubara T, Ito S, Yim SH, and Gonzalez FJ.
Intestinal hypoxia-inducible transcription factors are es-
sential for iron absorption following iron deficiency. Cell
Metab 9: 152–164, 2009.

333. Shane B. Folate and vitamin B12 metabolism: overview and
interaction with riboflavin, vitamin B6, and polymor-
phisms. Food Nutr Bull 29: S5–S16, 2008.

334. Shaw GC, Cope JJ, Li L, Corson K, Hersey C, Ackermann
GE, Gwynn B, Lambert AJ, Wingert RA, Traver D, Trede
NS, Barut BA, Zhou Y, Minet E, Donovan A, Brownlie A,
Balzan R, Weiss MJ, Peters LL, Kaplan J, Zon LI, and Paw
BH. Mitoferrin is essential for erythroid iron assimilation.
Nature 440: 96–100, 2006.

335. Shayeghi M, Latunde-Dada GO, Oakhill JS, Laftah AH,
Takeuchi K, Halliday N, Khan Y, Warley A, McCann FE,
Hider RC, Frazer DM, Anderson GJ, Vulpe CD, Simpson
RJ, and McKie AT. Identification of an intestinal heme
transporter. Cell 122: 789–801, 2005.

336. Sheftel AD and Lill R. The power plant of the cell is also a
smithy: the emerging role of mitochondria in cellular iron
homeostasis. Ann Med 41: 82–99, 2009.

337. Sheftel AD, Kim SF, and Ponka P. Non-heme induction of
heme oxygenase-1 does not alter cellular iron metabolism. J
Biol Chem 282: 10480–10486, 2007.

338. Sheftel A, Stehling O, and Lill R. Iron-sulfur proteins in
health and disease. Trends Endocrinol Metab 21: 302–314,
2010.

339. Sheftel AD, Zhang AS, Brown C, Shirihai OS, and Ponka P.
Direct interorganellar transfer of iron from endosome to
mitochondrion. Blood 110: 125–132, 2007.

340. Shi H, Bencze KZ, Stemmler TL, and Philpott CC. A cyto-
solic iron chaperone that delivers iron to ferritin. Science
320: 1207–1210.

341. Shi Y and Massague J. Mechanisms of TGF-b signaling
from cell membrane to the nucleus. Cell 113: 685–700, 2003.

342. Shih YJ, Baynes RD, Hudson BG, Flowers CH, Skikne BS,
and Cook JD. Serum transferrin receptor is a truncated
form of tissue receptor. J Biol Chem 265: 19077–19081, 1990.

343. Shvartsman M, Kikkeri R, Shanzer A, and Cabantchik ZI.
Non-transferrin-bound iron reaches mitochondria by a
chelator-inaccessible mechanism: biological and clinical
implications. Am J Physiol Cell Physiol 293: C1383–C1394,
2007.

344. Siddique A and Kowdley KV. Review article: the iron
overload syndromes. Aliment Pharmacol Ther 35: 876–893,
2012.

345. Silvestri L, Pagani A, and Camaschella C. Furin-mediated
release of soluble hemojuvelin: a new link between hypoxia
and iron homeostasis. Blood 111: 924–931, 2008.

346. Silvestri L, Pagani A, Fazi C, Gerardi G, Levi S, Arosio P,
and Camaschella C. Defective targeting of hemojuvelin to
plasma membrane is a common pathogenetic mechanism
in juvenile hemochromatosis. Blood 109: 4503–4510, 2007.

347. Silvestri L, Pagani A, Nai A, De Domenico I, Kaplan J,
and Camaschella C. The serine protease matriptase-2
(TMPRSS6) inhibits hepcidin activation by cleaving mem-
brane hemojuvelin. Cell Metab 8: 502–511, 2008.

348. Simpson RJ and McKie AT. Regulation of intestinal iron
absorption: the mucosa takes control? Cell Metab 10: 84–87,
2009.

349. Singh AK, Singh N, Sinha M, Bhushan A, Kaur P,
Srinivasan A, Sharma S, and Singh TP. Binding modes of
aromatic ligands to mammalian heme peroxidases with
associated functional implications: crystal structures of
lactoperoxidase complexes with acetylsalicylic acid, sali-
cylhydroxamic acid, and benzylhydroxamic acid. J Biol
Chem 284: 20311–20318, 2009.

350. Skaar EP. The battle for iron between bacterial pathogens
and their vertebrate hosts. PLoS Pathog 6: e1000949, 2010.

351. Skikne BS, Flowers CH, and Cook JD. Serum transferrin
receptor: a quantitative measure of tissue iron deficiency.
Blood 75: 1870–1876, 1990.

352. Skikne BS, Punnonen K, Caldron PH, Bennett MT, Rehu M,
Gasior GH, Chamberlin JS, Sullivan LA, Bray KR, and
Southwick PC. Improved differential diagnosis of anemia
of chronic disease and iron deficiency anemia: a prospec-
tive multicenter evaluation of soluble transferrin receptor
and the sTfR/log ferritin index. Am J Hematol 86: 923–927,
2011.

353. Smith A. Links between cell-surface events involving
redox-active copper and gene regulation in the hemopexin
heme transport system. Antioxid Redox Signal 2: 157–175,
2000.

354. Smith A. Mechanisms of cytoprotection by hemopexin. In:
Handbook of Porphyrin Science with Applications to Chemistry,
Physics, Materials Science, Engineering, Biology and Medicine,
Volume 15. Edited by Kadish KM, Smith KM, and Guilard
R. Hacksack NJ, London, Singapore: World Scientific
Publishing Co. Pte. Ltd., 2011, pp. 217–355.

355. Smith A and Hunt RC. Hemopexin joins transferrin as
representative members of a distinct class of receptor-

2504 LAWEN AND LANE



mediated endocytic transport systems. Eur J Cell Biol 53:
234–245, 1990.

356. Smith A and Morgan WT. Haem transport to the liver by
haemopexin. Receptor-mediated uptake with recycling of
the protein. Biochem J 182: 47–54, 1979.

357. Smith A and Morgan WT. Transport of heme by hemo-
pexin to the liver: evidence for receptor-mediated uptake.
Biochem Biophys Res Commun 84: 151–157, 1978.

358. Smith SR, Cooperman S, Lavaute T, Tresser N, Ghosh M,
Meyron-Holtz E, Land W, Ollivierre H, Jortner B, Switzer R
III, Messing A, and Rouault TA. Severity of neurodegen-
eration correlates with compromise of iron metabolism in
mice with iron regulatory protein deficiencies. Ann N Y
Acad Sci 1012: 65–83, 2004.

359. Soe-Lin S, Apte SS, Andriopoulos B, Jr., Andrews MC,
Schranzhofer M, Kahawita T, Garcia-Santos D, and Ponka
P. Nramp1 promotes efficient macrophage recycling of iron
following erythrophagocytosis in vivo. Proc Natl Acad Sci
U S A 106: 5960–5965, 2009.

360. Soe-Lin S, Apte SS, Mikhael MR, Kayembe LK, Nie G, and
Ponka P. Both Nramp1 and DMT1 are necessary for effi-
cient macrophage iron recycling. Exp Hematol 38: 609–617,
2010.

361. Song L, Hobaugh MR, Shustak C, Cheley S, Bayley H, and
Gouaux JE. Structure of Staphyloccal a-hemolysin, a hep-
tameric transmembrane pore. Science 274: 1859–1866, 1996.

362. Stadtman ER. Ascorbic acid and oxidative inactivation of
proteins. Am J Clin Nutr 54(6 Suppl): 1125S–1128S, 1991.

363. Stassen FL, Cardinale GJ, and Udenfriend S. Activation of
prolyl hydroxylase in L-929 fibroblasts by ascorbic acid.
Proc Natl Acad Sci U S A 70: 1090–1093, 1973.

364. Steinbicker AU, Bartnikas TB, Lohmeyer LK, Leyton P,
Mayeur C, Kao SM, Pappas AE, Peterson RT, Bloch DB, Yu
PB, Fleming MD, and Bloch KD. Perturbation of hepcidin
expression by BMP type I receptor deletion induces iron
overload in mice. Blood 118: 4224–4230, 2011.

365. Stoltzfus R. Defining iron-deficiency anemia in public
health terms: a time for reflection. J Nutr 131: 565S–567S,
2001.

366. Su D and Asard H. Three mammalian cytochromes b561 are
ascorbate-dependent ferrireductases. FEBS J 273: 3722–
3734, 2006.

367. Su MA, Trenor CC, Fleming JC, Fleming MD, and Andrews
NC. The G185R mutation disrupts function of the iron
transporter Nramp2. Blood 92: 2157–2163, 1998.

368. Tacchini L, Bianchi L, Bernelli-Zazzera A, and Cairo G.
Transferrin receptor induction by hypoxia. HIF-1-mediated
transcriptional activation and cell-specific post-transcrip-
tional regulation. J Biol Chem 274: 24142–24146, 1999.

369. Taher AT, Musallam KM, Cappellini MD, and Weatherall
DJ. Optimal management of b thalassaemia intermedia. Br J
Haematol 152: 512–523, 2011.

370. Takahashi N, Takahashi Y, and Putnam FW. Complete
amino acid sequence of human hemopexin, the heme-
binding protein of serum. Proc Natl Acad Sci U S A 82:
73–77, 1985.

371. Talukder MJR, Takeuchi T, and Harada E. Receptor-medi-
ated transport of lactoferrin into the cerebrospinal fluid via
plasma in young calves. J Vet Med Sci 65: 957–964, 2003.

372. Tanno T and Miller JL. Iron loading and overloading due to
ineffective erythropoiesis. Adv Hematol 2010: Article ID
358283, 2010.

373. Taurog A. Molecular evolution of thyroid peroxidase. Bio-
chimie 81: 557–562, 1999.

374. Theil EC and Goss DJ. Living with iron (and oxygen):
questions and answers about iron homeostasis. Chem Rev
109: 4568–4579, 2009.

375. Theil EC. Iron homeostasis and nutritional iron deficiency.
J Nutr 141: 724S–728S, 2011.

376. Theil EC. Targeting mRNA to regulate iron and oxygen
metabolism. Biochem Pharmacol 59: 87–93, 2000.

377. Theurl I, Schroll A, Sonnweber T, Nairz M, Theurl M,
Willenbacher W, Eller K, Wolf D, Seifert M, Sun CC, Babitt
JL, Hong CC, Menhall T, Gearing P, Lin HY, and Weiss G.
Pharmacologic inhibition of hepcidin expression reverses
anemia of chronic disease in rats. Blood 118: 4977–4984,
2011.

378. Tolosano E and Altruda F. Hemopexin: structure, function,
and regulation. DNA Cell Biol 21: 297–306, 2002.

379. Torti FM and Torti SV. Regulation of ferritin genes and
protein. Blood 99: 3505–3516, 2002.

380. Toth I and Bridges KR. Ascorbic acid enhances ferritin
mRNA translation by an IRP/aconitase switch. J Biol Chem
270: 19540–19544, 1995.

381. Tran TN, Eubanks SK, Schaffer KJ, Zhou CY, and Linder
MC. Secretion of ferritin by rat hepatoma cells and its
regulation by inflammatory cytokines and iron. Blood 90:
4979–4986, 1997.

382. Trinder D, Morgan E, and Baker E. The mechanisms of iron
uptake by fetal rat hepatocytes in culture. Hepatology 6:
852–858, 1986.

383. Trinder D, Olynyk JK, Sly WS, and Morgan EH. Iron up-
take from plasma transferrin by the duodenum is impaired
in the Hfe knockout mouse. Proc Natl Acad Sci U S A 99:
5622–5626, 2002.

384. Tsay J, Yang Z, Ross FP, Cunningham-Rundles S, Lin H,
Coleman R, Mayer-Kuckuk P, Doty SB, Grady RW, Giar-
dina PJ, Boskey AL, and Vogiatzi MG. Bone loss caused by
iron overload in a murine model: importance of oxidative
stress. Blood 116: 2582–2589, 2010.

385. Tsunoo H and Sussman HH. Characterization of transferrin
binding and specificity of the placental transferrin receptor.
Arch Biochem Biophys 225: 42–54, 1983.

386. Tulpule K, Robinson SR, Bishop GM, and Dringen R. Up-
take of ferrous iron by cultured rat astrocytes. J Neurosci Res
88: 563–571, 2010.

387. Vanoaica L, Darshan D, Richman L, Schümann K, and
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Abbreviations Used

5¢-UTR¼ 5¢-untranslated region

ACD¼ anemia of chronic disease

AFR¼ ascorbate free radicals

AO¼ ascorbate oxidase

BMP¼ bone morphogenetic protein

C/EBPa¼CCAAT/enhancer-binding protein-a
CDC14A¼ cell division cycle 14A

CGcytb¼ chromaffin granule cytochrome b561

CHO cells¼Chinese hamster ovary cells

Cybrd 1¼ cytochrome b reductase 1 (identical to Dcytb)

Dcytb¼duodenal cytochrome b561

DMT1¼divalent metal transporter 1

eALAS¼ erythroid d-aminolevulinic acid synthase

EPO¼ erythropoietin

ERK¼ extracellular signal-regulated kinase

GPI¼ glycosylphosphatidylinositol

HCP1¼heme carrier protein 1

HFE¼hereditary hemochromatosis protein

HH¼hereditary hemochromatosis

HIF-1¼hypoxia-inducible factor 1

HJV/HFE2¼hemojuvelin

HO¼heme oxygenase

HRE¼hypoxia-response elements

IDA¼ iron-deficiency anemia

IRE¼ iron-responsive element

IRIDA¼ iron-refractory iron-deficiency anemia

IRP¼ iron-regulatory protein

ISC¼ iron–sulfur cluster

Lcytb¼ lysosomal cytochrome b561

LIP¼ labile iron pool

mAcon¼mitochondrial aconitase

MAPK¼mitogen-activated protein kinase

Mfrn1¼mitoferrin

MRCKa¼myotonic dystrophy kinase-related
Cdc42-binding kinase-a

NTBI¼nontransferrin-bound iron

PCFT¼proton-coupled folate transporter

PHD¼prolyl hydroxylase

SDR2¼ stromal cell-derived receptor 2

siRNA¼ small-interfering RNA

SMAD¼ small mothers of decapentaplegic

SOD¼ superoxide dismutase

Steap3¼ six-transmembrane epithelial antigen of the
prostate-3

sTfR1¼ soluble form of TfR1

Tf¼ transferrin

TfR¼Tf receptor

tPMET¼ trans-plasma membrane electron transport

VHL¼von Hippel-Lindau tumour suppressor protein

ZIP14¼ZRT/IRT-like protein 14
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