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1 Introduction

The last 15 years has seen tremendous advances made in our understanding, at the molecular level,
of the proteins involved in iron transport and regulation of iron metabolism with the major players
involved in intestinal non-heme iron transport now identified. This achievement comes after several
decades had seen little progress in this area and it was the application of modern molecular biology
techniques starting about 25 years ago that has revolutionized our understanding. Advances have
also been made in understanding the regulation of iron absorption with the iron hormone hepcidin
emerging as the key systemic regulator. Moreover, the regulation of hepcidin production by several
well-known signal transduction pathways has been shown and the stage has now been reached where
intervention treatments based on molecules which regulate hepcidin represent viable approaches to
the treatment of iron disorders. The molecular regulation of the main intestinal proteins involved in
iron absorption is well advanced. The present chapter will bring together recent findings on physiol-
ogy, molecular biology, and biochemistry of iron absorption and attempt to provide an integrated
view of the regulation of this process.

2  Opverview of Iron Metabolism in Mammals

In man, the normal diet should contain 13—-18 mg of iron per day, of which only 1 mg is absorbed.
In iron deficiency, absorptive capacity may be increased to 2—4 mg and in iron overload it is reduced
to 0.5 mg. Under normal circumstances, the intestine takes up more iron than is required and, depend-
ing on the body’s demand for iron, a certain amount is transferred to the circulation, the rest being
retained by the enterocyte and lost when the villus cells are exfoliated. The principle site of iron
absorption is the duodenum and proximal jejunum. Once iron is absorbed into the bloodstream, it is
conserved and there is little excretion via the kidneys. This was established by pioneering work of
McCance and Widdowson who were the first to suggest that body iron stores were determined by
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regulation of intestinal iron absorption [1]. They found that when various transition metals were
intravenously injected into the body, iron was the only metal not rapidly excreted in the urine.

The formation of red blood cells requires about 30 mg of iron daily and this is balanced by an
equal flux of iron from the breakdown of senescent red blood cells by the reticuloendothelial (RE)
cells in the spleen, liver (Kupffer cells), and bone marrow. Body iron losses are small in comparison
and are associated with the sloughing of epithelial cells (skin, gastrointestinal cells, urinary tract
cells) and the loss of fluids (e.g., tears, sweat, and particularly in menstruating women, blood). This
accounts for the loss of 1 mg/day of iron. In man, dietary iron intake consists of two components:
heme iron (predominantly in red meat) and non-heme or inorganic iron (also abundant in meat, but
the main form of iron in vegetables, cereals, etc.). The absorption of both is discussed below.

3 Heme Iron Absorption

Intestinal absorption of heme is not yet well understood and it is not clear how heme iron enters the
intestinal mucosa. Early work established that heme is released by digestion of hemoproteins in the
stomach and duodenal lumen [2—4]. Heme differs from non-heme iron in its solubility and avail-
ability profile. Heme tends to form oligomeric aggregates in acid solution and this is promoted if
ligands can bridge between the iron atoms chelated within the heme or if neutral molecules such as
water are the iron ligands. If high enough concentrations of charged ligands are present, bridging
does not occur and heme becomes soluble. Examples of good ligands for heme iron are amines such
as arginate and importantly, hydroxide. Thus, solubility of heme is promoted by high concentrations
of hydroxide (i.e., higher pH values) or amino acids or peptides that can act as ligands to the iron
within heme. As with non-heme iron absorption (see below), the machinery for heme iron absorp-
tion is most active in the proximal intestine [5] and involves breakdown of the heme within the
mucosa by heme oxygenase [6] with release of iron that is then transported to the blood, probably
by the same mechanism used for non-heme iron (i.e., via ferroportin as discussed in detail below).
The mucosal uptake of heme appears to involve a receptor on the brush border membrane [7] and
transport of the heme into the enterocytes. HCP1 was identified as a candidate transporter for heme
[8]; however, this protein was subsequently shown to be more active as a folate transporter and
renamed PCFT [9, 10]. Loss of function mutations in PCFT/HCP1 are associated with hereditary
folate deficiency and further work is needed to clarify whether this protein plays any significant role
in heme absorption. It is noteworthy that absorption of heme iron is not regulated as tightly by iron
stores as non-heme iron absorption [7], presumably relating to a less tightly regulated mucosal
uptake step. The oxidation state of heme iron does not seem to affect its solubility and the absorption
of heme iron is not affected by food factors that alter non-heme iron absorption. Thus, heme iron has
a relatively high bioavailability (15-30%) that is relatively constant. One result of this weaker regu-
lation and high bioavailability is that higher iron stores are associated with high intakes of heme iron
[11-13].

4 Non-Heme Iron Absorption

Knowledge of non-heme iron absorption is much more extensive than that of heme absorption as the
former is more highly regulated and more associated with iron deficiency. The remainder of this
chapter focuses on non-heme iron absorption. Non-heme (or inorganic) iron is present in the diet as
either the reduced ferrous (Fe(II), Fe**) ionic form or the oxidized ferric (Fe(IlI), Fe3*) form. Under
normal physiological conditions (i.e., neutral pH and in the presence of oxygen), ferrous iron is
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rapidly oxidized to the ferric form which has a strong tendency to precipitate as iron hydroxide.
Several luminal factors, both in the diet and secreted by the gut, can have marked effects on the
absorption of dietary iron. In studies of iron absorption in animals and humans, subjects are nor-
mally fasted before administering radioactively labeled iron into the intestine. The presence of food
drastically reduces the bioavailability of non-heme iron due to components of the diet (such as
phytates, polyphenols) binding the iron to form complexes that are not available for intestinal uptake
[14]. In contrast, the presence of luminal reducing agents, such as ascorbate, is known to enhance
iron absorption. Iron binding or complexing agents, forming weaker, soluble low-molecular-mass
complexes (such as citrate, ascorbate, and perhaps some amino acids and peptides and other organic
acids) can also enhance iron absorption. Non-heme iron is absorbed early in digestion mainly in the
duodenum where the low pH favors solubility and reduction of iron. Further down the intestine, it is
likely that the formation of insoluble ferric complexes reduces bioavailability. The transport of non-
heme iron across the duodenal mucosa has been studied intensively over the years and is highly
adaptive to changes in iron requirements (low iron stores, pregnancy, erythropoiesis, hypoxia). Much
progress has been made in the last few years in identifying the proteins involved in this process and
these will be described below.

5 Anatomical Location of Iron Absorption

It has been shown that iron in the stomach is relatively soluble and significant amounts are reduced
to Fe (II) by dietary and secreted factors [15, 16]. The low pH of the stomach is a major factor in the
release of ionized, soluble iron from the food, and loss of gastric acid secretion can compromise iron
absorption, leading to anemia [17]. Early studies of the iron absorption mechanism and its regula-
tion established that this process was mainly confined to the duodenum and proximal jejunum
where the small intestinal lumenal pH is most suited to maintaining non-heme iron in a soluble
form (reviewed in [18]). With the exception of hephaestin, whose mRNA is more uniformly
expressed along the length of the gut, the duodenum and proximal jejunum coincides with highest
expression of various iron transport molecules —- DCYTB, DMT1, and FPN. However, more recent
data have shown that the colon also expresses relatively high levels of FPN, DMT1, and hephaestin,
but not DCYTB [19, 20]. This would suggest that the colon may also be important for iron metabo-
lism and, given the low expression of FPN in the ileum, it is possible that some iron lost through ileal
epithelial cell sloughing is reabsorbed in the colon. The lack of DCYTB in the colon is interesting
and may reflect the fact that the environment in the colonic lumen is reducing and therefore a surface
reductase is not required, that another reductase is present, or that another form of iron is absorbed.
Due to its high iron absorptive capacity with a high degree of regulation, the remainder of this
chapter focuses on proximal intestine and especially the duodenum.

6 Iron Absorption: A Two-Step Process

Manis and Schachter showed in 1961 that the absorption process in the proximal intestine can be
divided into two steps, namely, uptake of lumenal iron into the mucosa and transfer of iron from
mucosa to the blood [21]. This terminology has been almost universally adopted in subsequent
work, as it fits not only with iron absorption kinetic parameters that have been extensively measured
in vivo, but also with the major sites of localization of the principle proteins involved in iron absorp-
tion (below).
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Early work provided evidence for the regulation of iron absorption at both the uptake and transfer
steps, with a few experiments suggesting distinct mechanisms operated on the two steps. For a
review of the early studies on iron absorption, please see [22]. Simple principles of metabolic regula-
tion would lead one to expect the primary regulated step in a pathway would be the first committed
step. In many metabolic pathways, this is indeed observed. In the case of a potentially toxic nutrient
like iron, things get more complicated. Older ideas (“mucosal block™) focused on iron as a poten-
tially toxic metal and the body had to be protected from excess absorption. Such ideas could fit with
the primary regulated step being the basolateral transfer step. However, iron is essential as well as
being potentially toxic, not only for the body but also for the enterocytes responsible for absorbing
it from the diet. The latter consideration means that mucosal uptake also needs to be regulated and
some regulated coordination of the two steps is needed to maintain an efficient flux across the
enterocyte and prevent enterocyte iron levels dropping too low or building up too high. Elegant
molecular mechanisms have been identified which can bring about this complex regulation and these
will be described in more detail below. Current molecular evidence supports earlier kinetic studies
and indicates that the basolateral transport of iron is rate-limiting for iron entry into the circulation.

7 Proteins Involved in Uptake: DMT1 and DCYTB

7.1 DMTI

Divalent metal-ion transporter 1 (DMT1; also known as NRAMP2 or DCT1) was the first mammalian
iron transporter to be identified by two groups working independently. Gunshin et al. [23] used the
Xenopus oocyte expression cloning system to identify a cDNA that caused a rapid inward current in
the presence of ferrous iron in the external medium in comparison with a water-injected control. The
transport of iron into the oocyte was highly dependent on an inward-directed proton gradient.
The mechanism of iron transport is therefore likely to be proton coupled and requires a pH gradient [24].
DMTI mRNA was shown to be highly expressed in the duodenum and strongly upregulated in iron
deficiency. The mRNA was later shown to contain a functional iron responsive element (IRE) in its
3" untranslated region which can mediate iron-dependent regulation [25]. In the other study, Fleming
et al. were working on the genetic basis of the microcytic anemia (mk/mk) mouse [26]. This mouse
strain has a hypochromic, microcytic anemia and affected animals have both defective intestinal iron
absorption and reduced iron uptake by developing erythroid cells. The causative gene was identified
as Nramp?2 [26]. The same group later showed an identical mutation was present in Dmt1 in the
Belgrade rat which has a similar microcytic anemia [27]. Thus, the expression pattern along with
transport data and powerful genetic evidence are consistent with DMT1 being responsible for the
regulated step of duodenal iron uptake. Genetic knockout experiments have since shown that DMT1
is essential for life [28] and human DMT1 mutations that cause anemia have been identified [29-31].
DMTI plays a role in reticulocyte iron uptake (and indeed in iron uptake by most body cells) as well
as intestinal iron uptake, and mice with global Dmtl knockout die within a few days of birth with
severe anemia [28]. Complete loss of Dmtl is more severe than the mk or Belgrade mutations men-
tioned above, indicating that these mutants retain some Dmt1 function. In an intestine-specific Dmt1
knockout, survival is improved but mice rapidly become iron deficient after weaning, indicating
DMTT1 is the major pathway for iron absorption in adults [28]. A detailed study of iron absorption in
Dmtl knockout mice has not been published; however, there are sufficient published data [28] to
estimate total body iron levels (and therefore dietary iron absorption) in such mice. The fact that the
mice grow normally for at least 3 days after birth strongly suggests normal iron absorption from
dam’s milk. Thus, neonatal iron absorption from the mother’s milk seems to be Dmt1 independent.
Mice start to consume adult foods at about 15 days of age and wean at about 21 days and a progressive
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decline in body iron seems to occur from about 15 days of age in the Dmtl intestinal knockout.
Intestine-specific Dmt1 knockout mice still grow from 4 to 8 weeks of age and therefore their calcu-
lated total body iron increases, suggesting that a non-DMT1 absorption pathway may be present
[28]. The assumptions needed for the total body iron calculation, however, make this increase debat-
able. Suggestions have been made that in mice in which both the Dm¢1 (intestine-specific) and Hfe
genes have been knocked out, an alternative iron absorption pathway exists [32]. However, the data
supporting this possibility have not been published and the conclusion is based on the improved
survival of the double knockout mice [28]. This increased survival could be explained by increased
prenatal and neonatal iron absorption associated with the Hfe deletion, leading to increased iron
stores at weaning that allow the Dmt1 intestinal knockout animals to survive a little longer. In addi-
tion, the tissue-specific gene knockout may not be 100% efficient in all the mice. The question of
alternate (i.e., non-DMT1) iron absorption pathways that may make a minor contribution to adult
iron absorption therefore remains to be resolved and more detailed studies of the Dmtl intestinal
knockout mouse need to be carried out.

DMT]1 has been shown to transport other divalent metals such as Zn, Mn, Co, and Cd. However,
whether this property of DMT1 has any physiological relevance is open to question. In the case of
zinc, absorption from the diet is controlled by members of the ZIP and ZNT family. There is also
evidence that ZIP4 and ZIP14 can transport iron and may play a role in iron uptake in some tissues
[33, 34]. It has been demonstrated that manganese absorption is impaired in Belgrade rats (presum-
ably as a result of the mutation in Dmt1 [35]). Iron deficiency or anemia cause increases in tissue
cadmium levels, suggesting that these conditions could be risk factors for cadmium toxicity [36].
Interestingly, the increased Cd uptake may not be mediated by DMT1 [37, 38]. On the other hand,
Zn and Cu have been reported to regulate DMT1 expression [39, 40], providing another possible
mechanism for metal interactions with iron absorption.

7.2 DCYTB

DMT1 transports only ferrous iron whereas dietary iron is likely to be mostly in the ferric form.
Thus, a ferric reductase was predicted to be present in the duodenal mucosa [41]. The presence of
such a surface ferric reductase activity in the duodenum was first described some time before the
discovery of DMT1 [42]. The reductase activity was strongly stimulated by hypoxia and iron defi-
ciency, both of which stimulate iron absorption, especially of ferric iron [42]. In addition, it was
found that the activity was highest in the duodenum and lowest in the ileum, compatible with the
profile of iron absorption along the gut. Attempts to purify the protein responsible for this activity
provided evidence that it was associated with a b-type heme center that was immunologically dis-
tinct from the NADPH oxidase GP91-Phox [43]. The protein was, however, never successfully puri-
fied using biochemical methods as the heme was lost early in the purification [44]. The gene
responsible for this activity, Dcytb (for duodenal cytochrome b; also called Cybrdl), was eventually
identified using a subtractive cloning strategy [45]. The protein sequence of DCYTB was homolo-
gous to cytochrome b561, a b-type heme transmembrane dehydroascorbate reductase highly
expressed in chromaffin granule membranes in the adrenal medulla [46, 47]. The role of b561 is to
reduce granular dehydroascorbate to ascorbate by transporting an electron donated by cytoplasmic
ascorbate across the granule membrane [48]. In addition to b561, DCYTB was identical to the N
terminus of a protein called P30 [49, 50]. When expressed in either Xenopus oocytes or cultured
cells, Dcytb induces ferric reductase activity. The protein has recently been found at high concentra-
tions in the membrane of mature red blood cells of scorbutic species such as human and guinea pig,
but is absent from those of non-scorbutic species (those able to synthesize ascorbic acid) such as
mice and rats [51]. This has led to the hypothesis that DCYTB plays a physiological role in ascor-
bate regeneration; however, this has yet to be confirmed.
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7.3 Dcytb Knockout Mouse

In 2005, Gunshin et al. described the phenotype of a Dcytb knockout mouse in which Dcytb was
deleted in all tissues [52]. The Dcytb knockout mice on the 129 background displayed a relatively
mild phenotype — relative to loss of either DMT1 or FPN — with a small reduction in liver iron, nor-
mal hematological parameters with no overt anemia. The authors therefore concluded that DCYTB
was not required for iron absorption in mice. However, the study was limited to measurement of liver
iron and no measurements of iron absorption itself or duodenal reductase activity were made to rule
out compensatory effects from other ferric reductases [53]. The study did not address possible con-
founding strain effects, e.g., the fact that the 129 strain are highly resistant to iron deficiency due to
their high liver iron stores (relative to other strains such as C57) and do not become anemic even
when chronically fed iron-restricted diets. Hence the effect of lack of DCYTB may be more obvious
in another background such as C57. We have now examined the same DCYTB knockout mice used
by Gunshin et al. and measured duodenal ferric reductase activity. We found that Dcytb is the only
iron-regulated duodenal ferric reductase and that in Dcytb knockout mice inclusive there were
significant decreases in spleen iron compared to WT mice (Choi et al. 2010, unpublished). We con-
clude that Dcytb is required for optimal iron metabolism likely by increasing the bioavailability of
ferrous iron for the transporter DMT1, a process that is likely to be important under dietary iron-
limited conditions.

7.4  Proteins Involved in Iron Transfer: Ferroportin and Hephaestin

The basolateral iron transporter was identified by three groups working independently and therefore
surfaces in the literature under three different aliases: Iregl [54], ferroportin [55], and MTP1 [56].
The more descriptive appellation of ferroportin (FPN) is now most widely used. FPN was first iso-
lated and reported using the same strategy which identified Dcytb [54]. The predominant mRNA for
FPN contains a functional IRE sequence, is highly localized to the duodenum and is regulated by
several independent stimulators of iron absorption. The presence of an alternatively spliced, non-
IRE FPN mRNA has been recently described and resolves some issues regarding FPN regulation
(see below) [57]. The gene encodes a highly hydrophobic membrane protein with 10—12 transmem-
brane spanning domains, which bears little sequence identity with any other transporter family.
Transfecting polarized epithelial cells with a tagged FPN showed the protein was targeted to the
basolateral membrane. This finding led to the hypothesis that FPN was an iron-regulated protein
involved in the transfer of iron to the circulation across this membrane. The Xenopus oocyte expres-
sion system demonstrated that FPN did indeed stimulate efflux of iron [54]. Donovan et al. [55] used
positional cloning to identify the gene responsible for the wiessherbst (weh) mutant phenotype in
zebrafish, so called because their lack of hemoglobin gives them a pale appearance. The gene they
identified was the zebrafish homologue of FPN. In zebrafish, FPN was found to be expressed in the
yolk sac where it is likely to be responsible for transfer of iron from the maternally derived iron
stores to the embryonic circulation. In the third report, an approach of enriching for cDNAs contain-
ing IREs [56] was used.

In addition to its role in the transfer of iron from the intestine to the circulation, FPN likely also
plays an important role in iron transport in other cells, notably the macrophages where iron efflux is
required to recycle iron back into the circulation from the breakdown of hemoglobin. These red cell
recycling macrophages are found in the liver (Kupffer cells), bone marrow, and splenic red pulp. FPN
knockout mice die early in life confirming that FPN is essential in mammals [58]. Selective knockout
of the gene in the intestine confirmed that FPN was required for intestinal iron absorption [58].
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Mutations in FPN cause type IV hemochromatosis [59-61] also known as Ferroportin disease with
an autosomal dominant inheritance distinct from HFE mutations. The clinical data from these patients
shows distinct differences from patients with HFE mutations [59]. In some patients with FPN muta-
tions, serum ferritin levels are very high and reticuloendothelial (RE) cells are severely iron loaded.
In contrast, in HFE patients macrophages are low in iron [59]. These data suggest a fault in the
recycling of macrophage iron in patients with FPN mutations, consistent with the high expression
of FPN in these cells. In other patients, transferrin saturation is high and the defect appears to be the
inability of FPN to recognize hepcidin, so-called hepcidin resistance [62, 63]. Hereditary defects
causing diseases of iron metabolism are discussed extensively elsewhere in this volume.

Mice with sex-linked anemia (sla) develop anemia due to a defect in the intestinal transfer of iron to
the circulation. As a consequence, iron builds up in the enterocytes and the animals become anemic
[64, 65]. Using a positional cloning approach, the defective gene was identified by Anderson, Vulpe,
and coworkers [66]. Interestingly, the protein sequence encoded by this novel gene (hephaestin) was
very similar to ceruloplasmin, a copper-containing protein with ferroxidase activity. However, unlike
ceruloplasmin, which is a secreted protein, hephaestin contains a single putative transmembrane
domain at its C terminus, which may serve to anchor the protein into a membrane. Hephaestin is highly
expressed in small intestine, though it does not show the regional predominance in the duodenum that
FPNI1, Dcytb, or DMT1 display. In fact, hephaestin is expressed along the length of the gut with no
obvious gradient. This suggests hephaestin may have additional roles in the intestine unrelated to iron
absorption. The subcellular location of hephaestin is also puzzling for a protein implicated in transfer
of iron to the circulation. Studies indicate the protein is found not only on the basolateral membrane
but also in intracellular perinuclear vesicles [20, 67]. The transport of iron through the enterocyte itself
is an important aspect of the absorptive process about which little has been confirmed [68]. It is pos-
sible that hephaestin has a role in this process or has a separate function in basolateral cytoplasmic
vesicles (see below for further discussion of vesicle trafficking in iron absorption).

8 The Regulation of Iron Absorption

The two key membrane iron transporters, DMT1 and FPN, show remarkably complex regulation,
with the critical levels of each in their respective membranes determined by a combination of tran-
scriptional, translational/mRNA stability and protein trafficking and turnover mechanisms (Fig. 6.1).
The regulation of FPN in particular shows an apparently inconsistent set of regulatory mechanisms,
with transcription being increased by low iron but translation of the resulting major mRNA being
blocked by IRPs under the same conditions. A third level of regulation operates through the action
of hepcidin to downregulate FPN protein at the basolateral membrane when iron levels are high. The
presence of multiple control mechanisms leads to some degree of redundancy and knockout
and mutant mice show varying degrees of loss of iron absorption regulation. In order to understand
this complexity, one needs to consider the fact that the enterocyte has intrinsic (housekeeping)
iron requirements. Although these requirements may be quantitatively small compared to overall
body requirements, they are nevertheless important to the enterocytes and may conflict with body
iron requirements and the need to regulate flux of iron across the enterocyte. DMTI regulation
seems relatively straightforward in that the enterocyte’s intrinsic need to control its housekeeping
iron levels operates in the same direction as the body’s iron requirements, so both enterocyte and body
need to increase iron uptake at times of iron depletion. There are again three levels of regulation —
transcriptional, regulation of the stability and therefore the level of translatable mRNA by IRPs, and the
trafficking of the protein to/from the BBM by iron levels. DCYTB regulation seems much simpler
with primarily a transcriptional regulation. Hephaestin regulation is less well understood. We will
describe the various mechanisms by which iron absorption gene expression is controlled, then
describe an integrated model that explains the functional significance of these various mechanisms.
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Fig. 6.1 Iron absorption regulation in enterocytes. Regulation operates at three levels (a) transcription of iron absorption
genes in the nucleus is controlled by HIF2q; (b) levels and translation rates of some mRNAs are controlled by the IRP/
IRE system in the cytosol and rough endoplasmic reticulum; and (c¢) the localization and degradation of some proteins
in their target plasma membranes is also regulated. These differing mechanisms of regulation operate on differing
timescales: transcription affects protein levels after some hours, protein turnover in membranes can be directly altered
in minutes, and effects on mRNA can lead to changes in protein levels from minutes to hours later. ARE-Apical
recyling endosome, BRE-basolateral recyling endosome

8.1 Transcriptional Control of DMTI1, DCYTB, and FPN by HIF2

Until recently, an iron-dependent mechanism for controlling transcription of the key iron absorption
genes was lacking and no iron-sensitive transcription factors had been identified in the enterocyte.
However, hypoxia-inducible factors (HIFs) have recently been identified as potential iron sensors in
the duodenum. HIFs have long been known to be key oxygen-sensitive transcription factors identi-
fied as regulating erythropoietin expression [69], but they are now known to regulate a host of genes
including many iron metabolism genes [70]. At the heart of the oxygen-sensing mechanism lie the
prolyl hydroxylases, (PHDs of which there are three isoforms PHD1-3) which hydroxylate HIF and
potentially respond to oxygen, iron, and ascorbate levels. Thus, these enzymes have the potential
to act as iron sensors [71] and HIF could operate as an iron-sensitive transcription factor.

HIF2a has been identified as a key transcription factor that regulates genes encoding proteins
involved in iron absorption in landmark studies by Shah et al. [70] and Mastrogiannaki et al. [72, 73].
Dcytb does not have a recognizable IRE and hence its strong regulation by iron and hypoxia therefore
seemed likely to be transcriptionally controlled. Both studies show that DMT1 and Dcytb contain
hypoxia response elements (HREs) within their promoters, which preferentially bind HIF2q., rather
than HIF-1a, and activate transcription. Selective deletion of HIF20. in the enterocytes of mice results
in low levels of DMT1 and Dcytb (as well as FPN1 and hephaestin, suggesting that these genes are also
dependent on HIF2q), leading to low serum and liver iron and anemia. Interestingly, this effect could
not be counteracted by reduced hepcidin levels in these mice. These findings help resolve a long stand-
ing observation that increased iron absorption (and in particular iron uptake) is an early (6-8 h) response
to hypoxia [74, 75], preceding alterations in plasma iron, erythropoiesis, or liver iron levels.
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8.2 Posttranscriptional Control by IRPs

Although several of the iron transporters (DMT1 and FPN) contain IREs, the control of iron absorption
by the IRP/IRE mechanism has never been adequately explained. The IRE in the 5’ region of FPN
has been shown to bind IRPs [54], and this strongly inhibits protein translation as intestinal Irp
knockout mice have massive increases in FPN protein levels [76]. DMT1 protein, on the other hand,
contains a 3' IRE which stabilizes the mRNA, resulting in increased protein levels in iron deficiency
[25, 76]. Dcytb and hephaestin, however, do not appear to contain IREs despite (in the case of
Dcytb) being highly upregulated by iron deficiency.

However, some clarity may now be emerging with recent studies suggesting that non-IRE splice
forms of DMT1 and FPN may be of greater relative importance for iron absorption. The IRE forms,
on the other hand, may regulate iron for housekeeping purposes and prevent the enterocyte from
becoming too iron deficient or iron loaded. Zhang and colleagues showed that two splice variants of
FPN exist, one containing a 5' IRE (FPN1A) and a non-IRE FPN1B [57]. Importantly, the FPN1B
transcript appears to make up over 20% of the total duodenal FPN. The FPN1B transcript was highly
responsive to iron, implying transcriptional regulation. DMT1 also exists as a non-IRE form which
is upregulated by iron deficiency [76]. Hence it appears that transcriptional regulation of the non-
IRE forms of FPN and DMT1, which leads to an upregulation of these genes under iron-deficient
conditions and enables them to evade regulation by the IRP/IREs is of primary importance in regu-
lating iron absorption. Precisely why FPN mRNA has a splice variant that can be translationally
blocked in iron deficiency is unclear. Perhaps this mechanism prevents the enterocyte from becom-
ing iron deficient to such an extent that its normal metabolism is compromised.

8.3 Control of Protein Trafficking by Iron (DMT1) and Hepcidin (FPN)

It has been known for many years that high oral doses of iron downregulate iron absorption. Part of
this downregulation is associated with loss of DMT1 from the brush border membrane due to altered
protein trafficking [77, 78]. The details of how this occurs have not been worked out. In contrast, the
trafficking of ferroportin away from the basolateral membrane is known to be mediated by hepcidin
binding [79] and this effect is thought to be central to the action of hepcidin to downregulate iron
absorption. Hepcidin action is considered in detail in Chap. 9.

It has been suggested that some fraction of iron absorption proceeds via vesicular transport mech-
anisms [68]. The possibility that some or all of the intestinal absorption of iron is mediated by tran-
scytosis, or pathways partly involving endocytosis or exocytosis of iron in vesicles was first raised
by Johnson et al. [80] who showed that microtubule poisons are effective inhibitors of iron absorp-
tion in vivo in rats. We were not able to reproduce these findings in mice ([81]; also Simpson RJ,
unpublished data). More recently, Peres et al. [82] showed in rats that absorption of iron complexed
to caseinophosphopeptide was partially inhibited by the endocytosis inhibitor phenylarsine oxide.
The inhibition was <30% and absorption of iron complexed to gluconate was not inhibited at all. It
is possible that the chemical form of iron given in such experiments affects the outcome, with some
iron complexes transported by vesicular transport pathways.

Much more evidence that iron transport across epithelial cells depends on vesicular transport has
been obtained in studies of cultured cells [68, 83]. The limitations of such studies as predictors of in
vivo iron absorption mechanisms have been discussed by Sharp and Srai [84]. It should be noted that
early data on in vivo iron absorption has frequently shown low-affinity iron absorption that is regu-
lated by iron [85-88]. It is difficult to explain such low-affinity pathways by a high-affinity mem-
brane transporter such as DMT1. Such a low-affinity pathway might be explained by a gated
pinocytotic transcytosis pathway triggered by iron interacting with DMT1, although it is difficult to
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envisage a requirement for FPN for such a pathway. Given the requirement that any physiological
pathway in adults must involve DMT1 and FPN, one may suggest that low-affinity pathways are not
of physiological interest but may be important pharmacologically and may not require DMT1 or
FPN. Studies of absorption of high doses of iron have not yet been carried out in intestine-specific
Dmtl or Fpn knockout mice. Others have found that the rapid phase of iron absorption seems to
proceed with iron gaining some access to cytosolic ferritin [89, 90]. On the other hand, others have
found in a recent study that iron absorption was little affected by increased cytosolic ferritin [91].
In the absence of more detailed studies in vivo, it is not possible to rule out transcytosis; however,
the available data remain most consistent with a membrane transport-based mechanism with iron
traversing the cytosol. This latter pathway could also be affected by microtubule inhibitors if the
localization of any of the key transport components (FPN, Dcytb, Heph, or DMT1) was affected by
such inhibitors.

Overall, these protein trafficking regulation mechanisms can be seen as rapidly acting controls
that can downregulate iron uptake or iron absorption within minutes. This contrasts with transcrip-
tion regulation which likely acts on a timescale of hours to alter DMT1 and FPN levels. Translational
control via IRPs can act on an intermediary timescale.

9 Systemic Regulation
9.1 Hepcidin

The identification of hepcidin as a key regulator of iron absorption and iron distribution in health and
disease has greatly advanced our understanding of iron homeostasis in humans. Hepcidin, synthe-
sized in the liver, circulates in plasma before binding to FPN on enterocytes, macrophages, and other
cells, promoting degradation of the transporter and thereby inhibiting iron release from these cells
[79]. Hepcidin can be regulated positively (by increased iron stores and inflammatory cytokines such
as IL6) [92, 93] or negatively (by anemia and hypoxia) [93], although the mechanism(s) involved
have not been fully elucidated. The relative importance and crosstalk between these factors and the
signaling pathways involved in determining net levels of plasma hepcidin is not clear. Hepcidin
regulation is discussed in more detail in Chap. 9.

9.2 Liver Iron Sensing (TfR2, HFE, TfR1, H]V, BMPs)

It is thought that the level of transferrin saturation or the level of diferric transferrin is an important
determinant of hepcidin levels, but how this system operates is not completely understood [94].
Primary mouse hepatocytes increase hepcidin levels in response to increasing transferrin saturation
[95]. TfR2 has been implicated in hepcidin regulation via changes in levels of transferrin and/or
transferrin saturation. TfR2 shares 45% sequence identity with TfR1, is abundantly expressed on
hepatocytes, and binds diferric transferrin with 20-30-fold lower affinity than TfR1. Whereas TfR1
is inversely regulated by iron expression, TfR2 protein is upregulated in cell lines and animal models
in response to increased levels of diferric transferrin, but not apotransferrin or NTBI [96], suggesting
that this receptor could serve as an iron sensor on the hepatocyte cell membrane. Furthermore, the
finding that humans with mutations in TfR2 develop iron overload [97] associated with hepcidin
deficiency and mouse models of whole body knockout (or targeted hepatocyte disruption) of Tfr2
[98] are also hepcidin deficient, is consistent with the idea that this receptor is an iron-sensing
molecule on the pathway regulating hepcidin synthesis by the liver.
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HFE is clearly involved in regulating hepcidin synthesis as hepcidin deficiency characterizes
human and mouse models of HFE-related hemochromatosis [99]; however, its role in iron sensing is
unclear. HFE has been shown to bind to TFR1 and to the same domain that also binds diferric trans-
ferrin; therefore, HFE and transferrin compete for binding to TfR1 [100]. HFE also binds to TfR2
and binding has been shown to stabilize the receptor [101, 102]. It has been proposed that HFE dis-
placed from TfR1 by diferric transferrin could bind to TfR2 and signal an increase in hepcidin
expression, but this mechanism has yet to be proven in vivo.

Hemojuvelin (HJV) contains a C-terminal glycosylphosphatidylinositol anchor and has been
found as both cell-associated and soluble forms. The cell-associated form positively regulates hep-
cidin gene transcription through the BMP signal transduction pathway while the soluble form, dem-
onstrated in cell culture medium and in the circulation in vivo, has been found to suppress hepcidin
mRNA in primary cultures of mouse hepatocytes [103]. Ganz and colleagues have proposed that
through competitive binding at the hepatocyte membrane, the two forms of HJV reciprocally regu-
late hepcidin expression in response to changes in extracellular iron concentration [103].

Hence, iron sensing in hepatocytes is likely to be extremely complex and involve HJV, BMPs,
TfR2, and HFE. Recently, a liver-specific type II transmembrane serine protease (TMPRSS6, or
matriptase-2) has been shown to be required for the appropriate response of hepcidin to iron defi-
ciency [104, 105]. The enzyme has been shown to cleave membrane-bound HJV and therefore act as
a negative regulator of hepcidin [106]. In addition, BMP6 has recently been shown to be essential for
hepcidin production [107, 108] with Bmp6 KO mice becoming highly iron loaded due to lack of
hepcidin [107]. Further work in this area is clearly required.

10 Integrated Control of Iron Flux Across the Enterocyte

Balancing iron flux across the mucosa to provide for body iron requirements and at the same time
satisfy the enterocyte’s own iron needs is achieved by the above control mechanisms. In addition to
these, as in all cells, enterocytes possess ferritin to protect themselves from excess iron and this is
regulated by IRPs via a 5 UTR translation repression mechanism. The rapid downregulation of
DMTI from the apical membrane seems also to operate as a defense against sudden excess iron
entry into enterocytes.

Making sense of all these various control mechanisms needs consideration of their differing pur-
poses as well as the differing timescales they operate on. Regulation of iron absorption requires
coordinated up/downregulation of all the primary iron-sensitive genes responsible for moving iron
across the enterocytes and the HIF system plays a key role in this regulation. On the other hand, the
IRP/IRE posttranscriptional control mechanisms perform a housekeeping role which serves to pro-
tect the enterocyte from becoming too iron deficient or iron loaded. This is illustrated by the findings
with Irp knockout mice. Double knockout of both Irpl and Irp2 in intestinal cells only (global dou-
ble knockout is embryonic lethal) leads to severe derangement of enterocytes early in life [76], thus
emphasizing the importance of the IRP system for fundamental cell metabolism. Furthermore, Galy
et al. noticed that Dmt1 non-IRE mRNA was upregulated and Dmt1 IRE was only mildly decreased
in these double knockout mice. This, taken with more drastic effects of the Irp knockout on other
IRE-regulated proteins, implied some transcriptional upregulation of Dmt1 gene. The enterocytes of
the Irp double intestinal knockout mice were likely to be severely functionally iron deficient due to
upregulation of FPN and ferritin protein and the Hif2 transcriptional control provides a molecular
mechanism for a compensatory increase in Dmtl gene transcription that can balance the increased
degradation of the Dmtl IRE mRNA. Irp2 is believed to be the main IRP for iron regulation in
enterocytes and selective knockout of this gene leads to increased ferritin and FPN production [91]
and therefore functional enterocyte iron deficiency. Once again, Dmtl is relatively unchanged,
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presumably because of increased transcription of the Dmtl gene in response to the relative
enterocyte iron deficiency. Overall iron absorption was found to be unchanged [91], suggesting that
the IRP system does not affect regulation of iron absorption per se.

The hepcidin/FPN system acts as a signaling mechanism to communicate body iron requirements
to the duodenal enterocyte. However, hepcidin itself can be seen primarily to function as the regulator
of plasma iron levels. Regulating plasma iron is particularly important. This pool of iron turns over
rapidly, yet must supply the erythroid marrow (and other cells) with sufficient iron for their metabolic
needs while at the same time preventing excess (and potentially toxic) iron accumulating.

In situations where iron accesses the duodenum in bursts (meal feeding, as in humans, or when
high doses of iron are given to animals), the varying timescales of regulatory mechanisms become
more apparent. It has long been known that transfer of an oral dose of iron to the carcass of rats fol-
lows two phases, an early burst of iron transfer to the plasma and a slower phase of transfer over
several hours. During the early phase, existing FPN protein acts to efflux iron to the plasma. Excess
iron in the cytosol is taken up by ferritin but also stimulates translation of ferritin and FPN mRNAs
and shuts down transcription of the FPN, Dcytb, and DMT1 genes. The arrival of iron in the plasma
subsequently leads to increased hepcidin production that will tend to block further efflux from the
enterocytes; however, the translation of more FPN1A mRNA will leave some capacity for efflux,
albeit at a slower rate.

11 Conclusion

The above description highlights the complexity of iron absorption regulation and the difficulties of
providing a simple explanation of this complexity. The most likely explanation is that the various regu-
latory mechanisms have been acquired at different times through the evolutionary history of mammals,
the resulting system being, like many biological structures, not designed from scratch but a make-do-
and-mend system that has evolved to meet various physiological requirements as best it can.
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