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■ Abstract Iron homeostasis is maintained by regulating its absorption: Under
conditions of deficiency, assimilation is enhanced but iron uptake is otherwise lim-
ited to prevent toxicity due to overload. Iron deficiency remains the most important
micronutrient deficiency worldwide, but increasing awareness of the genetic basis for
iron-loading diseases points to iron overload as a major public health issue as well.
Recent identification of mutant alleles causing iron uptake disorders in mice and hu-
mans provides new insights into the mechanisms involved in iron transport and its
regulation. This article summarizes these discoveries and discusses their impact on
our current understanding of iron transport and its regulation.
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OVERVIEW

Iron homeostasis is maintained by regulating its absorption. Unlike other essential
minerals, our bodies do not have a regulated mechanism to excrete excess iron.
Therefore, although iron uptake can be stimulated when necessary, its absorption
must be otherwise limited to prevent toxicity due to iron overload. As a conse-
quence of its regulation, iron absorption varies inversely with an individual’s iron
status. Only about 1 mg of dietary iron is taken up per day because of its relatively
low absorption, but this is sufficient to replace the amount estimated to be lost
through nonspecific mechanisms (e.g. exfoliation of gut cells, urinary and biliary
secretions, menstruation, etc). Thus, the maintenance of iron homeostasis reflects
not only the regulation of dietary absorption to limit uptake, but also the economic
reutilization of existing stores by the body.
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The major depot for body iron is the circulating hemoglobin content of red
cells, where it fulfills its primary function in oxygen delivery. Combined with
iron present in myoglobin, the oxygen reservoir of muscle, this pool represents
some 85% of the total body iron content (50 mg/kg in men and 40 mg/kg in
women). Although only a relatively modest amount (∼0.1–0.2%) is bound to
circulating transferrin, the turnover of this transported pool is dynamic (∼30–35
mg/day) (179). About 80% of transferrin iron is delivered to bone marrow for
heme synthesis within newly developing erythrocytes; these cells replace senes-
cent erythrocytes phagocytosed by the reticuloendothelial system. Conversely,
heme iron is retrieved from the latter cell population to be released to transferrin
and, hence, reutilized (148).

Iron is also required for a number of important biological functions in non-
erythroid cells. This transition metal undergoes a reversible one-electron oxida-
tion/reduction cycle, a reaction that contributes to ATP production involving a
number of heme-containing cytochromes of the electron transport chain. Other
enzymes that require iron as a cofactor include cytochrome P450, xanthine ox-
idase, catalase, NADH dehydrogenase, ribonucleotide reductase, and aconitase.
Finally, excess iron is stored within ferritin. Synthesis of this storage protein is
therefore tightly regulated in a manner that reflects cellular iron levels, as reviewed
by Eisenstein (53a).

Iron deficiency remains a primary nutritional deficiency worldwide despite the
fortification of food supplies, increased use of supplements, and improvements in
diet. It has been estimated that 15% of the world’s population has anemia resulting
from iron deficiency (19). Iron deficiency also contributes to impaired immune
function, poor cognitive development, and other pathologies (20, 43, 147). Para-
doxically, too much iron produces oxidative injury, resulting in lipid peroxidation
and DNA damage (112). The relatively recent discovery that a mutation in the
HFE gene is responsible for hereditary hemochromatosis has led to the confir-
mation that∼1 in 400 Caucasians is homozygous for this iron overload disorder,
which can cause cirrhosis, hepatomas, congestive heart failure, endocrinopathies,
and premature death (57). Recognition of the prevalence of this particular mu-
tation has triggered an increased awareness of the genetic basis for other iron-
loading disorders. For example, it is now clear that iron overload in sub-Saharan
Africa, which has long been associated with the consumption of large amounts
of iron in home-brewed beer, involves a genetic component that is unrelated to
HFE (115, 120, 121). A non-HFE–associated form of iron loading appears to be
common among African-Americans as well (69, 117), and it is postulated that a
Mediterranean form of hereditary hemochromatosis exists that is independent of
mutations known for theHFE allele (145). Thus, the fact that both iron deficiency
and iron overload are major public health problems underscores the critical impor-
tance of understanding how iron is transported and how this process is regulated.
The purpose of this review is to summarize important new information about iron
transport and its regulation that has recently emerged from studies of iron disorders
in mice and man.
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DIETARY IRON ABSORPTION AND ITS REGULATION

The intestine is the primary site of regulation for iron homeostasis. Dietary uptake
occurs in the proximal small intestine, which adapts to promote iron absorption
during iron deficiency and in response to both hypoxia and enhanced erythropoiesis
(25, 37, 88, 116, 134). Both heme and non-heme iron uptake are regulated, but in
general, non-heme iron absorption is more predominantly influenced by iron status
(182). On entering the enterocyte, heme iron is released by the action of heme
oxygenase (166), entering a common pool with inorganic iron such that their
efflux shares a common pathway. Thus, assimilation of dietary iron occurs in three
sequential stages: uptake across the apical mucosa, intracellular processing and
translocation, and efflux across the basolateral or serosal membrane.

Crypt enterocytes acquire iron from circulating transferrin, but as they differen-
tiate and migrate to the villus tip, they initiate their function to absorb dietary iron
across the apical mucosa (5, 6, 37, 129, 134, 135). Ferritin mRNA is found in crypt
cells; however, protein appears to be produced in the absorptive villus cells and
in a manner that reflects dietary iron loading (130). This observation is consistent
with the “mucosal block” theory, which has been advanced to explain the limited
absorption of iron (71, 81). In this model, excess enteral iron is deposited in the
intestinal epithelia within this iron storage protein (or some other acceptor) to pre-
vent its transfer to across the serosa. The trapped iron is then lost upon exfoliation
or apoptosis of gut cells (82).

Despite the close relationship between ferritin levels and intestinal iron ab-
sorption (198), it is not clear whether this protein plays a passive or active role
in transport regulation (28, 29). From their early studies, Conrad & Crosby (37)
postulated that enterocytes are programmed in the crypt to subsequently modulate
iron absorption at the villus. Ferritin synthesis is regulated by the activity of iron
regulatory proteins (IRPs), which in turn are regulated by enterocyte iron levels,
and in Caco-2 intestinal cells, iron absorption and IRP activity are known to be
regulated over the same cellular iron concentration range (20–200µM) (7). In
vitro studies of rat and mouse intestinal mucosa confirm that IRP activity along
the entire crypt-villus axis is enhanced by iron depletion (152, 176). When iron is
administered intravenously, IRP activity is reduced in crypt but not villus enteroc-
tyes, consistent with the idea that crypt enterocytes “sense” plasma levels of iron to
modulate gene expression as they differentiate (176). However, the villus IRP pool
can be activated in response to a challenge of luminal iron. Concomitantly, iron
absorption is lowered and reduced uptake is observed within 2 h ofiron adminis-
tration (81, 176). Schumann et al (176) argue that within this short time period, it
is unlikely that the amount of ferritin synthesized would be sufficient to produce
the putative “mucosal block.” These investigators theorize that modulation of the
transporter’s activity in direct response to dietary iron load would be necessary
to account for the rapid down-regulation of absorption (176). Thus, although it is
likely that the number of transporters and the amount of ferritin present in cells at
the villus tip reflect an iron-responsive pattern of gene expression established early
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in enterocyte differentiation and during dietary iron loading, additional regulatory
elements must provide functional control of the absorptive process.

McKie et al (113) have also studied the regulation of gene expression in response
to intestinal iron levels. Unlike translational control of ferritin synthesis, transferrin
receptor synthesis is regulated by IRP stabilization of its message (see 53a). As
predicted, receptor transcript levels change in response to iron deficiency and
overload in a manner that would correspond to iron-responsive IRP function and
up- or down-regulation of iron absorption. However, although hypoxia promotes
iron absorption, it fails to induce any change in transferrin receptor transcript
levels, leading McKie et al (113) to conclude that regulation of iron absorption
and IRP activity do not necessarily need to be coordinated. This view is in general
agreement with the model that multiple pathways exist to control iron transport.
Although recent kinetic studies indicate that enhanced mucosal iron uptake is
responsible for increased dietary iron absorption during iron deficiency (175),
other studies have suggested that hypoxia induces the up-regulation of both apical
absorption and transfer of iron across the intestine (144). Thus, the entry of iron
into the body can be governed by (a) the expression level of transport factors,
(b) regulation of their functional activity, (c) control of intracellular processing
steps, and (d ) modulation of iron release from intestinal enterocytes.

TRANSFERRIN-MEDIATED IRON DELIVERY AND
ITS REGULATION

The serum iron-binding protein transferrin is a∼80-kDa glycoprotein that binds
two atoms of Fe(III) with high affinity (Kd ∼ 10−23 M) and in a reversible man-
ner. The liver is the predominant site of transferrin synthesis, and circulating levels
reflect the body’s iron status, i.e. serum levels increase with iron deficiency. Trans-
ferrin not only obtains iron from dietary absorption, it also can acquire iron from
heme that has been degraded because of the phagocytosis of sensecent red cells.
How the latter pool is rapidly turned over to circulating transferrin is not precisely
clear. It is known that copper-deficient animals have an iron deficiency anemia
despite adequate levels of iron. Instead, iron accumulates in duodenal enterocytes
and reticuloendothelial cells of these animals, observations that led to the idea that
copper is required for the release of iron to the circulation (105, 136). It is proposed
that loss of the serum ferroxidase ceruloplasmin activity due to copper-deficiency
results in failure to mobilize iron because the oxidation of Fe(II) to Fe(III) is re-
quired. Indeed, when ceruloplasmin activity is restored, the release of iron to the
circulation is promoted in copper-deficient animals (105). Perfusion studies by
Osaki et al (136) further supported a direct role for the serum ferroxidase in iron
release. More recent genetic evidence has strengthened this model: For certain
patients, aceruloplasminemia has been linked to a mutation in the ceruloplasmin
gene, and these individuals display iron loading in a number of different tissues
(86, 203). Finally, studies of Cp−/− knockout mice confirm the essential role of
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ceruloplasmin because they have significant impairments in the mobilization of
iron from reticuloendothelial cells and hepatocytes (85).

Circulating transferrin associates with specific cell surface receptors that are
constitutively endocytosed. Although its iron-binding capacity is high at neutral
pH, transferrin releases its cargo upon entering the acidic milieu of endosomal
compartments (47, 102). The pH-dependent intracellular release of iron appears
to be facilitated through interactions with the transferrin receptor (12–14, 181).
The transferrin receptor is an integral membrane glycoprotein that functions as a
homodimer with each∼90-kDa subunit capable of binding one molecule of trans-
ferrin. Its synthesis is posttranscriptionally controlled in response to cellular iron
levels such that when the demand for iron is high, the pool of receptors available
to bind transferrin is increased. This effect is mediated through iron-responsive
elements (IREs) in the 3′ untranslated region of the receptor message to which
IRPs can bind and stabilize the mRNA against degradation (see 53a). Recently, a
second isoform has been identified with structural and functional features related
to the well-characterized transferrin receptor; however, its transcript appears to
lack the necessary IREs to promote iron-dependent regulation by this mechanism
(100). Full characterization of transferrin receptor-2 has yet to be accomplished,
but the relative abundance of transcripts found in liver suggests it may confer
tissue-specific function to transferrin-mediated iron uptake.

Recent studies of transferrin receptor knockout mice (Trfr−/−) provide new
insights regarding the physiologic role of the transferrin/transferrin receptor cycle
(107). Of particular issue is the relative necessity for transferrin-mediated iron
uptake because mice that have hypotransferrinemia (hpx) survive with little or no
circulating transferrin. The observation thathpxmice take up excessive amounts of
dietary iron to become iron loaded despite suffering from severe anemia suggests
that transferrin is not required for iron delivery to tissues other than erythroid cells
(23, 31, 41). In contrast, homozygousTrfr−/− animals die in utero with impaired
erythropoiesis and defective neurological development. These results differ from
those reported for homozygoushpxmice because the latter have an increased pool
of nontransferrin-bound iron that is available for iron assimilation by alternative
mechanisms (see below). In the homozygousTrfr−/−animals, transferrin is present
to chelate free iron, but its ligand can not be delivered to cells in the absence
of the transferrin receptor (107). Thus, theTrfr−/− mice provide a convincing
demonstration that the transferrin/transferrin receptor cycle plays a central role in
the maintenance of normal iron metabolism.

A second advance in our understanding of the transferrin/transferrin receptor
cycle has been obtained by the molecular identification of the mutation respon-
sible for hereditary hemochromatosis (57). More than 80% of patients with this
disorder carry a single point mutation (C282Y) that disrupts the function ofHFE, a
major histocompatibility complex class I–like molecule (24, 57, 94, 97). A second
mutation, H63D, is observed in many individuals, but its role in the disease re-
mains unclear (59, 97).HFE knockout mice recapitulate the human iron-overload
disorder, confirming the relationship of this gene and the disease (108, 206).
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Like other major histocompatibility complex class I molecules, HFE associates
with β2-microglobulin, and this interaction is disrupted by the C282Y mutation
such that the protein fails to be expressed at the cell surface (59, 196). Thus,
β2-microglobulin knockout animals also suffer from iron overload because they
fail to produce functionalHFE (48, 168). Immunoprecipitation (58) and in vitro
binding experiments (104, 142) further demonstrate that not only does HFE asso-
ciate withβ2-microglobulin, it also binds to the transferrin receptor. Thus, current
models of transferrin/transferrin receptor trafficking must be revised to include
these interactions with the HFE–β2-microglobulin complex.

How HFE may regulate transferrin receptor activity is still unknown. The bind-
ing of HFE to the receptor reduces the affinity for transferrin∼10-fold (58, 104).
The physiological consequences of this effect are uncertain, however, because
micromolar levels of transferrin are present in serum, i.e. receptor binding sites
would remain saturated despite the increasedKd for transferrin. It has been shown
that HFE rapidly associates with transferrin receptors in the biosynthetic pathway
(72, 171), but the subsequent association with receptors during membrane traf-
ficking steps is still unclear, and contradictory results have been reported. Enns
and colleagues (72, 169) have demonstrated that when HFE is overexpressed, it
is cointernalized with transferrin receptors without any effect on endocytosis or
recycling. Salter-Cid et al (171) have provided contradictory data that suggest that
overexpression of HFE reduces the number of functional cell surface transferrin
binding sites and impairs endocytosis. Although the true mechanistic details of re-
ceptor interactions must still be ascertained, it is clear that overexpression of HFE
lowers transferrin-mediated iron uptake (169). It is interesting to note that HFE
has an intracellular localization overlapping with transferrin receptors in intestinal
enterocytes (143, 195). Because patients with hereditary hemochromatosis suffer
from iron overload due to excessive intestinal uptake (114), it is possible that HFE-
transferrin receptor interactions within the endosome of the enterocyte provide a
regulatory cue to maintain iron homeostasis at the level of dietary iron absorption
(100).

NONTRANSFERRIN-BOUND IRON UPTAKE

Micromolar levels of non–transferrin-bound iron (NTBI) occur in hereditary hemo-
chromatosis and other iron-overload disorders (18, 80). Additionally, NTBI is
found in cord blood and plasma of premature and full-term infants (22, 54), in
serum from patients with fulminant hepatic failure (55) or undergoing chemother-
apy (33), in synovial fluid from arthritic patients (78), and in cerebral spinal fluid
(79). Specific mechanisms for the uptake of NTBI have been described for many
different cell types (8, 9, 16, 27, 35, 39, 52, 89, 91, 92, 98, 118, 122, 132, 137, 140,
141, 150, 151, 156, 184, 199, 200, 201, 205). Both high- and low-affinity uptake
mechanisms for NTBI uptake have been characterized (0.5 to 20µM Km) with
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differential sensitivity to various other transition metals (8, 92, 98, 173, 184). For
example, low-affinity iron uptake can be mediated by the Na+/Mg2+ antiport sys-
tem in erythroid cells (183). In general, NTBI uptake appears to require energy
(76, 150, 151), but exactly how this is coupled to transbilayer movement of iron
is unclear. There is limited evidence to suggest that NTBI transport is regulated
in response to iron loading. Ferric ammonium citrate (FAC) appears to enhance
theVmax of transport and thereby induce uptake of iron (98, 139, 156). However,
it has also been shown that free radical scavengers can suppress FAC-induced up-
take, leading to the proposal that NTBI uptake may be mediated through the FAC-
mediated production of hydroxyl radicals rather than through increased transporter
synthesis or recruitment of the cell surface (162). NTBI uptake also appears to be
influenced by other trivalent metals, but how these effects are exerted is unknown
(36, 133).

In contrast to the import of NTBI iron, relatively little is known about its cellular
export. As noted above, the copper-binding ferroxidase ceruloplasmin appears to
stimulate this process, but several investigations evaluating this hypothesis have
led to contradictory results (85, 122, 204). Clinically, iron chelators have long been
utilized to reduce iron overload, and in vitro studies have revealed that this process
is time, temperature, and energy dependent (10, 159). After erythrophagocytosis
by mononuclear phagocytes, iron may be released as ferritin, hemoglobin, and a
low-molecular-weight species (42, 103, 170); it is interesting to note that the efflux
of the latter form is two times greater from monocytes collected from patients with
hereditary hemochromatosis (119). Unfortunately, a comprehensive understand-
ing of iron homeostasis will be lacking until the mechanism(s) of iron efflux are
better defined: The mobilization or release of iron is not only critical for the reuti-
lization of iron scavenged by the reticuloendothelial system, it is also essential for
the assimilation of dietary iron across the intestinal epithelia (see below).

Additional transferrin-independent mechanisms exist to transport iron. Found
to be associated with human melanomas, melanotransferrin (p97) has one intact
transferrin-like Fe(III)-binding site (11, 30) and is linked to the surface of cells via
a glycosylphosphatidylinositol anchor (65). When transfected to express melan-
otransferrin, CHO cells internalize the protein and acquire iron (95, 101). A similar
activity endogenous to the SK-MEL-28 melanoma cell line has been studied, and
it has been concluded that iron uptake can be mediated from this pathway, albeit
to a limited extent (157, 160, 161). It is of interest to note that melanotransferrin
is found on the apical brush border of fetal intestine (2, 46), which suggests a
possible function in gut iron delivery. A second transferrin homolog implicated
in alternative pathways for iron uptake is lactoferrin. Like transferrin, lactoferrin
can deliver iron to hepatocytes via an endocytic process (111). Lactoferrin also
appears to bind to the intestinal brush border membrane and may contribute to
dietary iron assimilation (110).

Finally, transferrin-dependent iron transport can occur independently of the
transferrin receptor (35, 138, 158, 188–190). This absorptive process does not
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appear to involve the transferrin receptor because (a) transferrin-mediated iron
delivery continues in the presence of blocking antibodies against the receptor
(189), (b) an N-terminal “half-transferrin,” which binds poorly to the transferrin
receptor, still delivers iron to hepatocytes (187), and (c) antisense suppression
of transferrin receptor synthesis does not abolish transferrin-mediated iron up-
take (172, 188, 190). The mechanism by which cells acquire transferrin-bound
iron in the absence of transferrin receptors may be related to other NTBI path-
way(s) (70, 188); however, the recent discovery of the second transferrin recep-
tor isoform indicates that it will be important for future experiments to evaluate
the possible contributions of this factor in transferrin-dependent uptake by the
liver.

MEMBRANE IRON TRANSPORT SYSTEMS

The handling and transport of iron by the duodenum reflects the ultimate com-
plexity in membrane iron transport, as elements must be coordinated to import the
cation across the brush border, to target its transcellular passage, and to mediate
its exsorption across the serosal surface for release to circulation. Recent bio-
chemical and genetic studies have greatly enhanced our understanding of all three
elements of intestinal iron absorption. Brush border uptake most likely involves
iron-binding moieties and a ferrireductase activity, as well as specific transport
molecules. A number of brush border iron-binding proteins have been described,
(38, 40, 46, 125, 131, 186), including a 520-kDa membrane complex called para-
ferritin. This complex contains integrin, mobilferrin (a calreticulin homolog), and
flavin monooxygenase and is theorized to participate in uptake of dietary iron
bound in the gut lumen by mucin (191). How these various iron-binding moieties
mediate uptake and what their relative contributions are to the dietary absorp-
tive process remain unclear. However, the idea that iron binding is the first step
in intestinal uptake is supported by properties of iron-binding and NTBI uptake
observed in other cells (1, 17, 70, 123, 174).

Dietary iron is predominantly found in the ferric form, but Fe(III) is highly
insoluble under physiologic conditions. As a result, the fact that Fe(II) is more
effectively absorbed may be a consequence of its greater solubility in the gut lu-
men rather than a reflection of the properties of a specific transport mechanism.
Nonetheless, the ability of intestinal mucosa to reduce Fe(III) to Fe(II) has been
documented (155, 163), and a ferrireductase activity has been characterized for the
intestinal Caco-2 and HuTu-80 cell lines (53, 163). A functional role for Fe(III)
reduction in iron transport across the brush border is implicated by the fact that in-
hibition of ferrireductase activity reduces Caco-2 cell apical iron uptake (83, 126).
Furthermore, increased ferrireductase activity correlates with enhanced iron up-
take induced by iron deficiency and hypoxia (155). Duodenal fragments from
patients with hemochromatosis also display higher reductase activity as well as
transport capacity, which suggests a relationship between these two functions in
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the disease state (154). Finally, the fact that ferrireduction appears prerequisite for
NTBI uptake by other mammalian cells further supports this model for intestinal
iron absorption (21, 68, 91, 96, 156, 177).

Although our knowledge of the mammalian enzymes responsible for ferric
iron reduction necessary for iron uptake is limited, recent studies of iron trans-
port in yeast and plants have defined molecular factors contributing to this pro-
cess. Genetic analysis of iron acquisition bySaccharomyces cerevisiaeled to
the identification of theFRE1(44, 45) andFRE2(67) ferrireductase genes, both
of which are under control of the iron-inducible transcriptional regulator Aft1p
(202). Thus, together with other factors involved in iron transport, expression
of the Fre1p and Fre2p proteins is up-regulated under iron deficiency condi-
tions. Fre1p, Fre2p, and theirSaccharomyces pombehomolog Frp1p all display
sequence similarity to the large subunit gp91phox of the mammalian cytochrome
b558 (45, 67, 165, 178). When phagocytes are stimulated, gp91phoxassociates with
gp22phox to form theb558 flavocytochrome of the NADPH oxidoreductase com-
plex. This membrane complex then transfers electrons from NADPH across the
membrane to reduce molecular oxygen, thus producing superoxide anions neces-
sary for host defense. Based on their homologies with the FAD and NADPH bind-
ing domains of the NADPH oxidoreductase, Shatwell and colleagues (61, 178)
theorize that Fre1p, Fre2p, and Frp1 are also membrane-associated flavocyto-
chromes that move electrons across the bilayer, an idea that is supported by spec-
troscopic studies. Like yeast, plants also appear to utilize a ferrireductase that
becomes induced under iron-poor conditions to help make Fe(III) more bioavail-
able. Based on the functional data in yeast, Robinson et al (164) used degenerate
primers common to the FAD-binding site of gp91phox and Fre1p/Fre2p to suc-
cessfully identify theFRO2gene, which is predicted to encode anArabidopsis
ferrireductase.

Although whether or not the brush border ferrireductase is a flavocytochrome
like these other eukaryotic factors must still be determined, a candidate Fe(II)
transporter has been identified. By functional expression cloning usingXenopus
oocytes to screen for Fe(II) uptake activity, Gunshin et al (75) identified that iron
uptake could be mediated by a homolog of Nramp1 (74, 192). Using a genetic ap-
proach, Fleming et al (63) defined thatmkmice harbor a mutation in this same fac-
tor. These animals suffer from a microcytic anemia because of well-characterized
defects in dietary iron assimilation (15, 49, 87), implicating a functional role for
this transporter in apical iron absorption.

Also known as Nramp2 or DCT1 (divalent cation transporter 1), DMT1
(divalent metal transporter 1) is a member of the Nramp family, with 12 pre-
dicted transmembrane spanning domains (34). Other Nramp family members
include the yeast transporters Smf1 and Smf2, and expression of DMT1 can func-
tionally complementsmf1/smf2mutants (146). The symport activity of DMT1
is proton-coupled with a stoichiometry of 1 Fe2+:1 H+ and apparent affinities of
6 µM and 1–2µM, respectively, have been defined (75). In order of substrate
preference, DMT1 can mediate import of Fe2+, Zn2+, Mn2+, Co2+, Cd2+, Cu2+,
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Ni2+, and Pb2+ (75). The idea that the transporter responsible for dietary iron
absorption recognizes other divalent cations agrees well with the observations
that Mn2+, Zn2+, Cu2+, and Cd2+ can all inhibit this process (93, 167). This may
also help to explain why hemochromatosis patients accumulate other metals in
addition to iron (124). DMT1 mRNA is found in many different tissues (74, 75),
but the protein and its mRNA are most abundant in the proximal duodenum, with
decreasing expression along the distal axis, consistent with a function in intestinal
iron absorption (32, 75).

A remarkable link between apical iron import by enterocytes and transferrin
iron assimilation by erythroid cells was made by the discovery that Belgrade
(b) rats have the exact same DMT1 mutation as is found inmk mice (62). Al-
though impaired erythroid iron assimilation bymk animals has been reported
(15, 87), defects in transferrin-mediated iron transport are better characterized
for Belgrade rats (26, 50, 51). Transferrin is internalized by Belgrade reticulo-
cytes, but its cargo iron fails to be captured because of a loss of transmembrane
transport activity in the endosome (56, 66, 173). Cytolocalization studies sup-
port the role of DMT1 in this endocytic process because the protein has been
localized to transferrin-positive compartments in HEK293T cells, CHO cells, and
RAW macrophages (73, 185). Thus, DMT1 apparently functions in both the im-
port of dietary iron and the acquisition of transferrin-bound iron by erythroid
cells.

Becausemk mice andb rats survive despite their iron deficiency anemias,
additional pathways for membrane iron transport are predicted. One factor called
SFT (stimulator of Fe transport) has been identified to stimulate uptake of both
NTBI and transferrin-bound iron (77). In contrast to DMT1, which selectively
imports Fe(II) in a pH-dependent manner (75), SFT-stimulated uptake of either
ferric or ferrous iron occurs at pH 7.4 (205). Furthermore, SFT function has been
linked to a cell surface ferrireductase activity (205), although reduction of Fe(III)
by exogenously added ascorbate is necessary to enable DMT1 function (75, 185).
In addition to the SFT pathway, a low-affinity Fe(II) uptake system is found in
erythroid cells that is unimpaired in Belgrade reticulocytes (173). Finally, Attieh
et al (8) have characterized a ceruloplasmin-stimulated iron uptake mechanism that
appears to be specific for trivalent metals, although the physiological relevance of
this process remains to be ascertained (85).

Although the major route for dietary iron absorption is likely to be mediated
by DMT1, this transporter is found only at the apical surface of enterocytes (32).
Thus, other factors must be involved in the transfer across the intestinal epithe-
lium. It is possible that either holo- or apo-transferrin internalized by enterocytes
from the basolateral surface acquires iron imported from the apical brush border
(3, 4, 90, 127, 128). This model is consistent with the observation that transferrin
localizes to apical endosomes within enterocytes where association of the receptor
with HFE could potentially modulate dietary iron assimilation. However, trans-
ferrin does not appear to regulate iron uptake across the duodenum (180), and the
hpxmouse actually accumulates iron in many tissues despite the loss of transferrin
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(31). Thus, the transcellular passage of iron through the enterocyte still remains
poorly defined.

How iron is released from the intestinal enterocyte also remains ambiguous, but
the recent discovery of the gene responsible for sex-linked anemia (sla) in mice
may provide new clues about this process. These animals accumulate iron within
enterocytes but fail to release this pool to the circulation. Thesladefect has been
found to reside in a ceruloplasmin homolog called hephaestin (194). Hephaestin
mRNA is abundant in the small intestine and colon, with lower levels in other
tissues. Like ceruloplasmin, this protein is predicted to have ferroxidase activ-
ity, but unlike the serum protein, hephaestin is anchored to the cell surface via a
single transmembrane-spanning domain. Nonetheless, the idea that hephaestin is
involved in efflux of iron from the enterocyte is compatible with the model that
ceruloplasmin provides ferroxidase activity necessary to release iron to circulat-
ing transferrin. The discovery of hephaestin may also explain why anemia is not
typically found in Menkes disease, an inherited disorder of copper metabolism in
man affecting a copper-transporting ATPase (193). The latter problem results in
failure to export copper from the intestine; however, dietary copper would still be
available to maintain enterocyte hephaestin function. Thus, these patients would
still be able to mobilize iron absorbed from the diet, thereby preventing anemia
(194).

MOLECULAR MECHANISMS OF IRON TRANSPORT
REGULATION

As discussed above, how dietary iron absorption is regulated by the intestine in
response to the body’s iron demands remains ambiguous. Based on the new in-
formation that has emerged from molecular studies of iron disorders in mice and
humans, some limited insights have been gained. Two DMT1 transcripts have
been found, one of which harbors an iron-responsive element (IRE) in its 3′ un-
translated region (75, 106). Iron depletion results in increased DMT1 message
levels in the intestine (32, 75), which suggests that IRPs bind and stabilize the
DMT1 mRNA. This model is supported by studies by Han et al (84), which reveal
that the DMT1 message is reciprocally regulated in response to the iron status in
the intestinal Caco-2 cell line. However, unlike the transferrin receptor, which
possesses five IREs, DMT1 transcripts contain only one, and an instability deter-
minant has not yet been identified (see 53a). Furthermore, although the loop of
its IRE contains the consensus 5′-CAGUGN-3′, the bulge in the putative DMT1
stem differs from other IRE structures. DMT1 mRNA does appear to bind IRPs
present in LMTK-cell lysates, but these cells fail to display iron-dependent reg-
ulation of DMT1 transcript levels or iron transport (197). Thus, although IRPs
are predicted to sense iron status in the intestine (7, 130, 176), whether or not
DMT1 expression is posttranscriptionally regulated through the IRE/IRP system
is equivocal. Nevertheless, because DMT1 transcript levels are higher inHFE
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knockout animals (64) and in the intestine of hemochromatosis patients (207),
it is likely that regulation of its gene expression is necessary to prevent iron
loading. What also remains to be rectified is how intestinal transport function
can be rapidly down-modulated in response to luminal iron load because it is ar-
guable whether IRP function is involved in this rather immediate regulatory effect
(176).

Studies of iron metabolism in mice have also contributed to our understanding
of the regulation of heme iron absorption and metabolism. The activity of intestinal
heme oxygenase, which releases iron from heme absorbed from the diet, is known
to be regulated by iron status, but the molecular basis for this effect is not clear
(153, 166). The generation of animals deficient in heme oxygenase 1 (Hmox1)
has led to the recent discovery that it is required for iron efflux from certain cells
(149). Hmox1mice develop serum iron deficiency but display iron loading in
liver and kidney, which suggests that this enzyme contributes to the release of
iron from these tissues. The idea that heme oxygenase plays a critical role in iron
metabolism is consistent with the observation that patients treated with inhibitors of
this enzyme have a reversible anemia (99). Recently, Ferris et al (60) demonstrated
that cells lacking heme oxygenase 1 accumulate iron and that when expression of
the enzyme is restored, iron efflux is enhanced. Whether or not the intestinal heme
oxygenase contributes to the control of intestinal iron assimilation in a similar
fashion must still be explored, but the fact that its activity is up-regulated by
iron deficiency fits with this model. Once heme is degraded, the inorganic iron
released to the enterocyte joins a common pool for transfer across the basolateral
surface. This point of entry also appears to be affected in hemochromatosis, such
that excessive amounts of iron become assimilated (114); indeed, patients with
this disease have been found to absorb increased amounts of heme iron as well
as inorganic iron, which suggests that defects in regulation lie on this common
pathway (198).

As discussed earlier, multiple and hierarchical regulatory mechanisms must
exist to control dietary absorption of iron. The enterocyte is unique in that it must
not only respond to iron loading and deficiency through the regulatory function of
IRPs, it must also serve as a gated channel to permit sufficient entry of iron into the
body. In unicellular organisms like yeast, iron-responsive transcription factors are
found to coordinate control of the genes involved in maintaining iron homeostasis
(202). Although not yet identified, a similar regulatory mechanism can readily
be envisioned for mammalian cells. It is also conceivable that posttranslational
control mechanisms participate in the regulation of mammalian iron transport. It
is intriguing that the Nramp homolog Smf1 can be regulated by protein degra-
dation in yeast (109), which suggests the potential for this sort of regulation for
mammalian iron transport systems. It is clear that future investigations must fo-
cus not only on the identification of molecules involved in mammalian cell iron
transport (e.g. ferrireductases and ferroxidases) but also on how the regulation
of iron homeostasis is maintained via transcriptional, posttranscriptional, and/or
posttranslational control mechanisms.
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