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ABSTRACT
Iron is an essential trace element, but it is also toxic in excess, and thus
mammals have developed elegant mechanisms for keeping both cellu-
lar and whole-body iron concentrations within the optimal physiologic
range. In the diet, iron is either sequestered within heme or in various
nonheme forms. Although the absorption of heme iron is poorly un-
derstood, nonheme iron is transported across the apical membrane
of the intestinal enterocyte by divalent metal-ion transporter 1
(DMT1) and is exported into the circulation via ferroportin 1
(FPN1). Newly absorbed iron binds to plasma transferrin and is distrib-
uted around the body to sites of utilization with the erythroid marrow
having particularly high iron requirements. Iron-loaded transferrin
binds to transferrin receptor 1 on the surface of most body cells,
and after endocytosis of the complex, iron enters the cytoplasm via
DMT1 in the endosomal membrane. This iron can be used for meta-
bolic functions, stored within cytosolic ferritin, or exported from the
cell via FPN1. Cellular iron concentrations are modulated by the iron
regulatory proteins (IRPs) IRP1 and IRP2. At the whole-body level,
dietary iron absorption and iron export from the tissues into the plasma
are regulated by the liver-derived peptide hepcidin. When tissue iron
demands are high, hepcidin concentrations are low and vice versa. Too
little or too much iron can have important clinical consequences. Most
iron deficiency reflects an inadequate supply of iron in the diet, whereas
iron excess is usually associated with hereditary disorders. These dis-
orders include various forms of hemochromatosis, which are charac-
terized by inadequate hepcidin production and, thus, increased
dietary iron intake, and iron-loading anemias whereby both increased
iron absorption and transfusion therapy contribute to the iron overload.
Despite major recent advances, much remains to be learned about iron
physiology and pathophysiology. Am J Clin Nutr 2017;106
(Suppl):1559S–66S.
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INTRODUCTION

The field of iron homeostasis is a very active one, and each
year thousands of papers are published in this area. The goal of
this paper is not to provide a comprehensive overview of iron
metabolism but to offer some basic information on cellular and
body iron physiology and pathophysiology, to summarize
where the field stands at the present time, and to highlight some
of the remaining unanswered questions that require further
investigation.

Although some of the proteins that are involved in iron ho-
meostasis, such as ferritin and transferrin, have been known for
many decades, much of our understanding of the molecular basis
of iron metabolism has come in the past 15–20 y. A particularly
prolific 5-y period from 1996 to 2001 led to the identification of
many of the key proteins in this field, including the iron-import
protein divalent metal-ion transporter 1 (DMT1), the iron export
protein ferroportin 1 (FPN1), and the “master” regulator of iron
homeostasis, the liver-derived peptide hepcidin (1). Although a
number of important discoveries have been made since that
time, much of what we have learned over the past 15 y has
added layers of complexity onto the basic transport and regu-
latory processes that were established earlier. The unraveling of
the regulation of hepcidin has been particularly dominant in this
field. These molecular advances have underpinned our un-
derstanding of whole-body physiology and pathophysiology, but
in turn, the analysis of iron-related disorders has been a major
driving force in defining the molecular mechanisms.

BASIC IRON PHYSIOLOGY

Dietary iron

After birth, and excluding exogenous therapeutic sources, all iron
enters the body from the diet. Dietary iron is usually considered
as either heme or nonheme iron (2). Nonheme iron is abundant in
foods of both animal and plant origins and is the dominant form of
iron in plants. Nonheme iron is found in awide variety of forms and
includes soluble iron, iron in low–molecular-weight complexes,
storage iron in ferritin, and iron in the catalytic centers of a wide
range of other proteins. Much of this iron is not tightly sequestered,

Presented at the workshop “Iron Screening and Supplementation in Iron-

Replete Pregnant Women and Young Children” held by the NIH Office of

Dietary Supplements, Bethesda, MD, 28–29 September 2016.

Supported by a Senior Research Fellowship from the National Health and

Medical Research Council of Australia (to GJA).

Address correspondence to GJA (e-mail: greg.anderson@qimrberghofer.

edu.au).

Abbreviations used: DMT1, divalent metal-ion transporter 1; FPN1, fer-

roportin 1; ID, iron deficiency; IRE, iron-responsive element; IRP, iron

regulatory protein; mRNA, messenger RNA; NTBI, non–transferrin-bound

iron; RBC, red blood cell; TfR, transferrin receptor; TSAT, transferrin sat-

uration; UTR, untranslated region.

First published online October 25, 2017; doi: https://doi.org/10.3945/ajcn.

117.155804.

Am J Clin Nutr 2017;106(Suppl):1559S–66S. Printed in USA. � 2017 American Society for Nutrition 1559S

mailto:greg.anderson@qimrberghofer.edu.au
mailto:greg.anderson@qimrberghofer.edu.au
https://doi.org/10.3945/ajcn.117.155804
https://doi.org/10.3945/ajcn.117.155804


and consequently its bioavailability can be affected by a range
of dietary constituents and luminal factors. The low pH of the
stomach and proximal small intestine helps to keep iron in a
soluble form, thereby making it available for absorption. Small
organic acids such as citric acid and ascorbic acid also help to
keep nonheme iron in a reduced and soluble form and can greatly
enhance its absorption. Other dietary components, notably plant-
derived phytates, tannins, and polyphenols, can bind nonheme
iron and impede its absorption. In contrast, heme iron is tightly
sequestered within a protoporphyrin ring and is not accessible to
the factors that influence nonheme iron. As a consequence, heme
iron tends to be absorbed more efficiently and its absorption is
less dependent on the composition of the diet. Most heme iron in
the diet is from myoglobin and hemoglobin and is animal derived.

Intestinal iron absorption

Iron is absorbed by the mature enterocytes of the midupper
villus and mainly in the small intestine (3) (Figure 1). Although
small amounts of iron can be absorbed by the more distal parts
of the gastrointestinal tract, the proximal parts of the small in-
testine (the duodenum and first part of the jejunum) are partic-
ularly adapted for this role.

To move from the lumen of the intestine into the bloodstream,
iron must cross both the apical brush-border membrane and the

basolateral membrane of enterocytes (Figure 1). Nonheme iron
traverses the brush-border membrane via DMT1 (4). This
transporter requires ferrous iron (Fe2+) as a substrate, but most
dietary iron is in the ferric (Fe3+) form. Thus, iron needs to be
reduced before it can be absorbed. Duodenal cytochrome B is
one potential brush-border reductase (5), but there are likely to
be others. If iron in the enterocyte is not immediately required
by the body, it becomes sequestered in the cell within the iron-
storage protein ferritin only to be lost from the body once the
enterocyte is sloughed at the end of its several day life span. If
the iron is required, it can be exported rapidly across the en-
terocyte basolateral membrane via FPN1 (6). The efficiency of
the basolateral export of iron is greatly enhanced by the copper-
dependent iron oxidase hephaestin, which converts newly
transported Fe2+ to the Fe3+ form (7).

Very little is known definitively about the absorption of heme
iron (3). It is presumed to bind to the enterocyte brush border
intact and, then, is likely endocytosed, but the molecular details
of this process are unknown to our knowledge. Once within the
enterocyte, it is considered that iron is released from heme
through the action of heme oxygenases and that this iron is
subsequently exported from the cells via FPN1 (i.e., the same
pathway as nonheme iron). Iron may also traverse the small
intestine in other forms [e.g., as ferritin (8)], but again, the
mechanisms involved are unknown to our knowledge.

Systemic iron transport and its delivery to tissues

Recently absorbed iron (or iron that is released from storage
sites) is bound to plasma transferrin which distributes it around
the body to sites of utilization (9) (Figure 1). Each transferrin
molecule can bind #2 atoms of iron. Under normal circum-
stances, only w30% of the iron-binding sites on the plasma
transferrin pool are occupied at any one time [i.e., a transferrin
saturation (TSAT) of 30%], thereby providing considerable
buffering capacity against the appearance of potentially toxic
non–transferrin-bound iron (NTBI). However, in iron-loading
diseases, transferrin frequently becomes saturated, and the
concentration of NTBI can be dangerously high (10). TSAT can
provide a useful index of iron supply to the bone marrow, and
TSAT less than w16% is correlated with a reduced production
of new red blood cells (RBCs) (11). However, the mechanism
involved is more complex than a simple restriction of iron
supply for heme (and, hence, hemoglobin) production and also
involves the influence of low iron (among other signals) on
various signaling pathways in developing erythroid cells (12).

Diferric transferrin delivers iron to cells by binding to
transferrin receptor (TfR) 1 on the plasma membrane (9) (Figure
2). The transferrin-TfR1 complex is internalized via clathrin-
mediated endocytosis. The endosome is acidified, and a com-
bination of low pH, a conformation change in transferrin that is
associated with its binding to its receptor, and a reduction of
transferrin-bound Fe3+ via an enzyme of the 6-transmembrane
epithelial antigen of the prostate family of reductases (6-trans-
membrane epithelial antigen of the prostate 3 in the case of
immature erythroid cells) releases iron from transferrin (13).
This iron moves into the cytoplasm across the endosomal
membrane via DMT1 (14). The fate of this iron depends on the
iron requirements of the cell. If iron is needed for metabolic
functions, it may traffic directly to sites of utilization such as the

FIGURE 1 Body iron homeostasis. Iron is present in the diet in both
heme and nonheme forms. Although the mechanisms underlying heme ab-
sorption are poorly understood, nonheme iron enters the circulation after
traversing the enterocyte apical membrane via DMT1 and the basolateral
membrane via FPN1. Iron binds to plasma TF and is distributed to tissues
throughout the body. Quantitatively, most iron is used by immature red blood
cells in the bone marrow for hemoglobin production. Senescent erythrocytes
are phagocytosed by macrophages, and the iron is released from catabolized
hemoglobin and re-enters the circulation. The liver-derived peptide hepcidin
plays a critical role in the regulation of body iron intake and distribution by
binding to plasma membrane FPN1 on enterocytes, macrophages, and most
body cells and facilitating its internalization and degradation. Hepcidin, in
turn, is regulated by body iron demand. Thus, when the body is iron de-
ficient, hepcidin concentrations are low, thereby favoring iron absorption and
delivery to the plasma from storage sites; but when the body is iron replete,
a higher hepcidin concentration reduces iron absorption and impairs iron
release from stores. DCYTB, duodenal cytochrome b; DMT1, divalent
metal-ion transporter 1; FPN, ferroportin; HP, hephaestin; TF, transferrin.
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mitochondria. If iron is not immediately required, it may be
sequestered within the iron-storage protein ferritin for later use.
The cell may also divest itself of iron via export through FPN1.
This export pathway can be invoked as a safety valve if very
large amounts of iron accumulate within the cell. In enterocytes,
the efficiency of cellular iron export is enhanced by the iron
oxidase hephaestin, but in most body cells, this role is fulfilled
by the circulating hephaestin homolog ceruloplasmin (15).

Although diferric transferrin is an iron source that can be used
by most, and perhaps all, body cells, it is not the only source of
cellular iron (Figure 2). NTBI can be taken up very efficiently by
many cell types, and it has recently been shown that Zrt/Irt-like
protein 14 is an important NTBI transporter (16). There is some
evidence that ferritin can deliver its iron to cells as well (17). In
pathologic situations that are characterized by hemolysis, re-
leased heme and hemoglobin can bind to circulating hemopexin
and haptoglobin, respectively, and these complexes can also be
taken up by certain cell types (18). These pathways are important
for salvaging and reutilizing iron. The relative importance of
different iron-uptake pathways varies between cell types. For
example, immature erythroid cells are almost completely de-
pendent on the TfR1-mediated endocytosis of diferric transferrin,
but the liver utilizes a range of other pathways as well (9).

Intracellular iron trafficking and storage

Free iron in solution is quite toxic, and in biological situations,
it is almost always tightly sequestered by proteins (9). It would be
expected that the cytoplasm would contain iron-binding proteins,

or chaperones, to move iron around the cell. However, it is only
relatively recently that the poly(rC)-binding proteins have been
identified as intracellular iron chaperones (19) (Figure 2). The
poly(rC)-binding proteins have been shown to deliver iron to
ferritin and several enzymes, but it is likely that other, as yet
undiscovered, chaperones also exist within cells.

Iron storage is a critical component of cellular iron homeo-
stasis, which enables iron to be sequestered in a nontoxic form but
also provides a reservoir from which iron can be used for future
metabolic needs. Ferritin is the major intracellular iron-storage
protein (20) (Figure 2). Ferritin is a large protein that consists
of 24 subunits that are arranged to form a spherical shell with a
large central cavity. Pores in the protein shell enable the entry and
exit of iron, and a single ferritin molecular can hold#4500 atoms
of iron. This high capacity, combined with the fact that the
expression of ferritin greatly increases when cellular iron con-
centrations rise, provides the cell with an enormous ability to
sequester iron. When high concentrations of iron-laden ferritin
accumulate within the cell, the ferritin molecules aggregate, and
ultimately, these aggregates fuse with lysosomes. This process
leads to the degradation of ferritin, and the resulting mixture of
Fe3+ cores and peptides is known as hemosiderin (20). This form
of storage iron is particularly prominent in the cells of patients
with iron-loading diseases. Iron can be efficiently mobilized
from both ferritin and hemosiderin when it is required elsewhere
in the body. Another important feature of ferritin is that small
amounts are secreted from the cell, and the amount that is se-
creted strongly correlates with the concentration of intracellular

FIGURE 2 Cellular iron homeostasis. Cells can take up iron in a variety of forms, but all nucleated cells have the capacity to use TF-bound iron. Diferric TF
binds to TFR1 on the plasma membrane, and the complex is internalized in endosomes. Acidification of the endosome, which is accompanied by iron reduction
by a member of the STEAP family of proteins, releases iron from TF, which subsequently moves across the endosomal membrane via DMT1 and into the
cytoplasm. The precise form of this cytosolic iron pool is unclear, but at least some iron is bound by PCBP proteins that act as iron chaperones. These complexes
can deliver iron to newly synthesized iron-containing proteins (although whether they can deliver iron to mitochondria is unclear) and to the iron-storage protein
ferritin. Iron in excess of cellular needs may be exported through FPN1 with the iron oxidase CP increasing the efficiency of this process. Some cell types can take
up iron in other forms, including NTBI, or iron that is contained within ferritin, heme, or hemoglobin. Cellular iron intake and storage are regulated by the iron-
responsive element and IRP system such that low iron concentrations favor the synthesis of more TFR1 and suppress ferritin expression, whereas high cellular
iron leads to an increase in ferritin concentrations and a decrease in TFR1. CP, ceruloplasmin; DMT1, divalent metal-ion transporter 1; FPN1, ferroportin 1; IRP,
iron regulatory protein; LRP, LDL-receptor–related protein; mRNA, messenger RNA; NTBI, non–transferrin-bound iron; PCBP, poly(rC)-binding protein;
STEAP, 6-transmembrane epithelial antigen of the prostate; TF, transferrin; TFR1, transferrin receptor 1; ZIP14, Zrt/Irt-like protein 14.
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iron. This association makes serum ferritin concentrations a
readily measured and accurate indicator of body iron stores (20).

Regulation of cellular iron homeostasis

Cellular iron homeostasis is tightly regulated to maximize the
iron supply when the cell has an iron deficit and to restrict the iron
supply and promote storage when the cell is iron replete. This
regulation can occur at different levels, but the best-understood
system is the iron-dependent binding of iron regulatory proteins
(IRPs) IRP1 and IRP2 to stem-loop structures [iron-responsive
elements (IREs)] in the untranslated regions (UTRs) of the
messenger RNAs (mRNAs) encoding various iron-related pro-
teins (21) (Figure 2). When cellular iron concentrations are low,
the IRPs are in their mRNA-binding conformations. The binding
of IRPs to the 5# UTR of the ferritin mRNA blocks translation,
thus ensuring that little ferritin is produced when iron storage is
not required. Concurrently, the IRPs bind to IREs in the 3# UTR
of the TfR1 mRNA, thereby protecting the message from deg-
radation and enabling more TfR1 to be expressed on the cell
membrane. This effect, in turn, enables the cell to maximize its
iron intake. When cellular iron concentrations are high, the IRPs
do not bind to IREs, thereby allowing translation of the ferritin
mRNA to proceed and exposing the TfR1 mRNA to degrada-
tion. These conditions limit cellular iron uptake and promote
storage. A range of other mRNAs contain IREs, including
DMT1, FPN1, 5-aminolevulinic acid synthase 2, and hypoxia
inducible factor 2a (21). The net effect of these changes is to
ensure that the cells mount an appropriate physiologic response
to variations in intracellular iron concentrations.

The fact that concentrations of ferritin and TfR1 vary with iron
status has important diagnostic implications. It was noted pre-
viously that small amounts of ferritin are secreted from storage
sites, and thus, the concentration of ferritin in the serum reflects
that amount of stored iron. Small amounts of TfR1 can also be
present in the serum because the extracellular domain of the
protein can be proteolytically cleaved at the plasma membrane.
The resulting soluble TfR is proportional to the complement of
cell surface TfR1 in the body and is a useful index of iron de-
ficiency (ID) because TfR1 concentrations rise when iron con-
centrations are low (22, 23).

Other modes of regulation have been less well studied but are
very worthy of further attention. At the transcriptional level,
factors such as hypoxia (24), cytokines, and hormones (25, 26)
are known to regulate various iron-related genes. Even iron itself
will exert some degree of regulation on various iron-related genes
(27).

Systemic iron homeostasis

The exquisite regulation of iron homeostasis at the cellular
level is replicated at the whole-body level. If an individual re-
quires more iron, more iron will be mobilized from body iron
stores and there will be an increase in intestinal iron absorption.
However, if the body is iron replete, these processes will be
downregulated. Extensive work over the past 15 y has shown that
this regulation is mediated by the small liver-derived peptide
hepcidin (1) (Figure 1). Variations in body iron demand are
communicated to the liver and this, in turn, modulates the
expression of hepcidin, which is encoded by the hepcidin

antimicrobial peptide gene. Hepcidin is distributed via the cir-
culation to its target sites where it binds to the iron export
protein FPN1. Thus, FPN1 acts as the hepcidin receptor. This
complex is ubiquitinated, internalized, and degraded with the
consequence that the capacity of iron to be released into the
circulation is impeded. Thus, when the body is iron replete,
hepcidin concentrations are high, and the iron supply to the
plasma is reduced; however, when iron demands are high,
hepcidin concentrations are reduced, and more iron enters the
circulation. Major iron-exporting cells include macrophages,
which recycle heme-derived iron from senescent RBCs; hepa-
tocytes, which are the major site of iron storage; and intestinal
enterocytes, which facilitate dietary intake of iron. However,
most cells are able to export iron through FPN1 and, thus, are
potential hepcidin targets.

Hepcidin regulation has been studied extensively but never-
theless remains incompletely understood. The bone morphoge-
netic protein-SMAD regulatory pathway is central to hepcidin
regulation, and it is likely the pathway through which the iron-
dependent regulation of hepcidin occurs (1), but inflammatory
cytokines (28), hypoxia (24), and several other factors (25, 26)
also can activate signaling pathways that lead to alterations in
hepcidin transcription. Increased iron stores and inflammation
enhance hepcidin expression, whereas reduced iron stores and
hypoxia lower expression.

Organ-specific iron metabolism

Different organs have divergent iron requirements, and many
of the details of these differences are only now being appreciated
at the molecular level. For example, considerable recent progress
has been made in understanding iron homeostasis in the heart
(29). Even within individual tissues, different cell types differ in
their capacity to take up various forms of iron and vary in their
capacity to store iron. The erythroid marrow has the highest iron
requirement of any body tissue because a very large amount of
iron is required for hemoglobin synthesis in new RBCs (30).
Tissues with a high proliferative capacity (e.g., the rapidly di-
viding cells of the intestinal crypts) also require relatively large
amounts of iron and, like immature erythroid cells, express
abundant TfR1 on their plasma membrane (31). Thus, when the
iron supply becomes limiting, the iron distribution to tissues
becomes prioritized with erythropoiesis being particularly well
protected (32). This situation is also seen in pregnancy when the
iron supply to the fetus is prioritized at the expense of the mother
(33).

Iron and the microbiome

A contemporary overview of iron homeostasis would be in-
complete without some consideration of the influence of iron on
the microbiome. The intestinal microbiome influences a broad
range of metabolic and physiologic processes (34). Most bacteria
require iron for growth and survival, and some bacteria have
an absolute requirement for iron for survival. Consequently,
multiple studies have now shown that iron fortification can alter
the microbial profile in the gut, thereby promoting the growth of
potentially pathogenic enterobacteria species at the expense of
protective lactobacilli and bifidobacteria species (35, 36). Any
consideration of iron supplementation or fortification needs to
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take into account their effects on the microbiome and potential
downstream consequences.

PATHOPHYSIOLOGY OF IRON

Under normal physiologic conditions, body iron amounts
range from w3 to 5 g. Deviations from this range can lead to
either ID or iron overload and can have pathologic consequences
(10, 37). An insufficient iron supply may impair the synthesis of
essential iron-containing proteins that are required for normal
cellular physiology and result in a range of adverse conse-
quences (38). In contrast, excess iron may catalyze reactions that
produce reactive oxygen species (10) and consequently cause
oxidative damage to cells and tissues that can lead to tissue fi-
brosis and organ dysfunction long term.

ID

ID is one of the world’s most common nutritional deficiencies
and affects.2 billion people (37). Many of these individuals are
so iron deficient that RBC production is impaired, thus resulting
in anemia. Insufficient dietary intake is the major cause of ID
(37), and low iron bioavailability in a plant-based diet enhances
susceptibility. In rare cases, ID can result from genetic distur-
bances in iron homeostasis. In particular, mutations in the
TMPRSS6 gene, which encodes an upstream regulator of hep-
cidin, lead to iron-refractory ID anemia (39).

The treatment of mild ID can be achieved simply by increasing
the amount of bioavailable iron in the diet (e.g., through increased
red-meat iron intake) or by taking supplements (37, 40). Com-
monly used iron supplements, including ferrous sulfate, ferrous
gluconate, and ferrous fumarate (41), can effectively replenish
a depleted iron pool but, at high doses, can lead to significant
gastrointestinal side effects (42). Effective parenteral iron sup-
plements are also available (41), and in cases of severe ID, an
intravenous iron infusion may be warranted to deliver a large
amount of iron quickly.

Iron overload

Most primary iron overload has a genetic basis (43). Primary
iron-overload syndromes, often referred to as hemochromatosis,
result frommutations in genes that are involved in the transport of
iron or its regulation. In contrast, secondary iron overload usually
comes from transfusions that are used to treat certain inherited
disorders such as the iron-loading anemias (e.g., b-thalassemia).
Five main types of hemochromatosis are recognized that result
from mutations in the genes encoding the hemochromatosis
protein (type 1), hemojuvelin (type 2A), hepcidin (type 2B),
TfR2 (type 3), and FPN1 (type 4) (43). Most of these are un-
common-to-rare conditions, but hemochromatosis protein–
related hemochromatosis is relatively common in populations of
Northern European origin (frequencies from 1:80 to 1:200) (44).
The common feature of these disorders is reduced or negligible
hepcidin expression, which results in an inability to limit the
absorption of dietary iron as the body iron load increases. Iron
accumulates in many organs, most notably in the liver, heart,
and pancreas (10). Clinical consequences of this accumulation
include hepatic fibrosis and cirrhosis, increased risk of hepato-
cellular carcinoma, cardiomyopathy, arthritis, and diabetes.

Iron overload has also been associated with other ge-
netic defects (e.g., atransferrinemia, aceruloplasminemia, and
Friedreich ataxia), chronic disorders (e.g., chronic liver disease
and porphyria cutanea tarda), surgery (e.g., portacaval shunting),
or disease treatments (e.g., transfusion therapy for myelodys-
plastic syndromes) (45). Furthermore, excess iron can influence
the severity of a range of other diseases such as fatty liver disease
(46), cystic fibrosis (47), and a wide range of neurologic disorders
(48).

The treatment of iron overload depends on the underlying
disease. Hemochromatosis is typically treated via highly effec-
tive and relatively inexpensive phlebotomy (10) with the removal
of w0.5 g Fe/L blood. Subsequently, iron is mobilized from
storage for erythropoiesis to replace removed RBCs. In iron-
loading anemias, such as the thalassemias, phlebotomy is not
appropriate, and therefore iron is removed with the use of iron-
binding drugs that are known as iron chelators (49). After iron
chelators bind iron, the iron-chelator complex is excreted in the
urine or feces.

Because the hepcidin-FPN axis plays such an important role
in regulating body iron intake and distribution, therapeutic ap-
proaches targeting this system have shown considerable potential
(50, 51). Hepcidin mimetics or agents that increase hepcidin
antimicrobial peptide gene expression have shown promise in
the treatment of hemochromatosis and b-thalassemia, whereas
hepcidin antagonists or agents that block the gene synthesis have
application in the treatment of the anemia of inflammation. A
number of these agents are now in clinical trials.

Anemia of chronic disease

The anemia of chronic disease or the anemia of inflammation is
the second most common form of anemia after that caused by ID
(52). In response to inflammatory situations such as infection,
cancer, and various chronic inflammatory states, the plasma iron
concentration decreases, and macrophages and other cell types
sequester iron. If this condition persists, the iron supply to the
erythroid marrow can be compromised, and anemia may result.
At the molecular level, much of the reduction in plasma iron that
accompanies the anemia of chronic disease can be explained by
the stimulation of hepcidin production by proinflammatory cy-
tokines. Higher hepcidin concentrations reduce cell-surface FPN1
and result in iron sequestration within cells. However, FPN1
expression may also be reduced independently of hepcidin (53)
during inflammation.

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

Our understanding of the role played by iron in biological
systems has advanced enormously over the past 2 decades and
continues to occupy a large number of researchers worldwide.
Despite these advances, much information remains to be learned.
A summary of some of the areas in which more work is required
is provided in Table 1. These areas range from a better un-
derstanding of the molecular mechanisms underlying the func-
tion of known proteins of iron metabolism and the identification
of new players to how the roles of these proteins are integrated
at the whole-body level. Even relatively well-studied normal
physiologic processes such as intestinal iron absorption, eryth-
ropoiesis, and iron supply during pregnancy and infancy remain
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TABLE 1

Some important areas for future research on iron homeostasis1

Area Comment

Molecules and cellular processes

Identification of novel iron-related proteins There are undoubtedly undiscovered molecules including

novel transporters and regulators (e.g., the proteins

involved in dietary heme-iron absorption).

Definition of structure and function relations of proteins

of mammalian iron metabolism

Structural information on many iron-related proteins and

particularly membrane transporters is grossly inadequate.

Intracellular iron trafficking and homeostasis Identifying and studying the role of intracellular iron

chaperones and iron delivery to key organelles (e.g.,

mitochondria) are important areas.

Relations between iron and other metals Some links are widely appreciated (e.g., the copper-

dependent iron oxidases,) but others require further

investigation (e.g., the key iron-transport proteins also

transport other metals).

Regulation of genes encoding iron-related proteins Important regulatory mechanisms are well known (e.g., the

IRE-IRP system), but our understanding of transcriptional

regulators and their mechanisms of action remains

limited.

Factors regulating hepcidin Some pathways are well defined, but others, such as the roles

played by HFE and TfR2, require delineation.

Physiology

Effects of subtle changes in iron status Much of our current understanding of iron homeostasis is

based on the study of extremes (e.g., ID vs. iron loading).

Consequences of supraphysiologic iron intake Defining the effects of supplementation of iron-replete

individuals has important practical implications.

Organ-specific iron homeostasis Different organs and different cell types within organs

handle iron differently, and our understanding in this area

remains limited.

Prioritization of iron supply to different organs Some tissues are relatively protected from ID or relatively

susceptible to iron loading. Understanding the

mechanisms underlying this phenomenon is important.

Links between iron and the microbiome How iron alters the gut microbiome (and potentially those of

other sites) is an important consideration in any studies of

supplementation, and the microbial community

composition could affect body iron physiology.

Assessing iron status

Measurement of subtle changes in iron status and their

effects

The best methods for measuring small changes in iron status

are poorly understood as is the physiologic relevance of

these changes.

New indicators and combinations of indicators Recent molecular advances might be useful to identify new

iron-status indicators or new combinations of indicators.

Inflammation Inflammation remains a major influence on key measures of

iron status, and how it is taken into account is an important

issue. This is increasingly a problem as the level of obesity

in the community rises.

Genetic profile Genetic influences on iron status and new genetic modifiers

continue to be identified. Consideration of genetic

profiling may be useful to assess the risk of iron-related

disorders and the response to treatment.

Treatments

Oral iron supplements Despite recent advances, more efficient oral iron

supplements with fewer adverse side effects are still

required.

Iron removal The suite of clinically approved iron chelators remains very

limited, and better compounds and more efficient delivery

methods are needed.

Personalized medicine and nutrition Contemporary genetic and physiologic knowledge might be

used to tailor iron-related treatments (whether they be iron

supplementation, iron redistribution, or iron removal) to

individuals, specific life stages, or specific clinical

conditions more effectively.

1 HFE, hemochromatosis protein; ID, iron deficiency; IRE, iron-responsive element; IRP, iron regulatory protein;

TfR2, transferrin receptor 2.
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incompletely understood. Defining the integration of iron me-
tabolism under normal physiologic conditions is an essential
forerunner to understanding how these processes are disturbed
under pathological conditions. Although the main iron-related
diseases have been known and broadly understood for some
time, the potential adverse role iron can play in a range of other
disorders (e.g., neurologic, cardiac, renal, and hepatic diseases)
is increasingly recognized, and with our more sophisticated un-
derstanding of iron homeostasis, we are now much better placed
to work toward rational therapies for these conditions.
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