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Introduction
Iron is among the most abundant elements on Earth and is found
naturally in two oxidation states — ferric iron (Fe*) and, more
scarcely, ferrous iron (Fe?) (1). Mammalian cells primarily use fer-
rous iron, and its paucity on Earth resulted in the development of
evolutionary mechanisms to efficiently uptake the oxidized form
into the cell through its solubilization by environment acidification,
followed by reduction to ferrous iron and its cellular transportation
(1). Owing to its unique oxidation-reduction properties, iron can
readily donate and accept electrons from various substrates, ren-
dering it an important cofactor in biological processes. Additionally,
ironis essential for heme and iron-sulfur (Fe-S) clusters and has var-
ious functions independent of its oxygen-binding capacity, includ-
ing demethylation, dehydrogenation, and reduction of sulfur (2-4).
The iron content of an average adult human is estimated to be
about 3-4 g, of which 2-3 g is bound within iron-rich hemoglobin
inred blood cells (RBCs) (5). Although many cellular enzymes and
proteins require iron for proper functioning, excessive iron is asso-
ciated with oxidative stress and cellular damage (6). The mecha-
nism of iron toxicity is rooted in iron’s ability to donate electrons
to an oxygen-containing molecule to generate hydroxyl radicals
via the Fenton reaction (6). Hydroxyl radicals are extremely toxic
reactive oxygen species (ROS) molecules and can damage cellu-
lar components such as lipids, DNA, and proteins. Because of this
toxic effect of iron, its cellular levels are tightly regulated.

Systemic iron homeostasis

Systemic iron absorption

Iron can be absorbed in the intestinal tract as both heme and
non-heme iron (7). Compared with non-heme iron, heme iron
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Iron plays an important role in mammalian physiological processes. It is a critical component for the function of many
proteins, including enzymes that require heme and iron-sulfur clusters. However, excess iron is also detrimental because of its
ability to catalyze the formation of reactive oxygen species. As a result, cellular and systemic iron levels are tightly regulated
to prevent oxidative damage. Iron deficiency can lead to a number of pathological conditions, the most prominent being
anemia. Iron deficiency should be corrected to improve adult patients’ symptoms and to facilitate normal growth during fetal
development and childhood. However, inappropriate use of intravenous iron in chronic conditions, such as cancer and heart
failure, in the absence of clear iron deficiency can lead to unwanted side effects. Thus, this form of therapy should be reserved
for certain patients who cannot tolerate oral iron and need rapid iron replenishment. Here, we will review cellular and systemic
iron homeostasis and will discuss complications of iron deficiency.

has superior bioavailability. Although the mechanism of heme
absorption by enterocytes is not well known, heme carrier pro-
tein 1 (HCP1, whose primary function is to transport folate; ref.
8) has been suggested as a candidate mediating the influx of
heme in enterocytes (9). Upon uptake into enterocytes, heme
oxygenase-1 (HO-1) mediates the extraction of ferrous iron
from heme and its subsequent release into the cytoplasm (Fig-
ure 1A and ref. 10).

For non-heme iron absorption, reduction of ferric to ferrous
iron is facilitated at the brush border of the gut lumen through
several mechanisms, including the low-pH environment of the
proximal intestinal lumen (11) and the action of ferrireductases,
including duodenal cytochrome b reductase 1 (DCYTB) (Figure
1B and ref. 12). After iron’s reduction to the ferrous form, diva-
lent metal transporter 1 (DMT1) in duodenal and proximal jejunal
enterocytes mediates iron absorption (13). DMT1’s critical role in
regulating intestinal iron absorption is evidenced by decreased
iron absorption in mice with intestine-specific DMT1I deletion (14)
and the finding that the most prevalent form of hemochromatosis
is associated with upregulation of DMT1 (15).

Once iron is imported into enterocytes (or released within
macrophages, as described below), it can be stored by binding
to ferritin (FTN) or exported into the circulation through the
only iron exporter, ferroportin-1 (FPN1), which is present on
the basolateral surface of enterocytes (Figure 1, A and B, and
refs. 16, 17). Total-body stores of iron determine whether iron
is transported into the circulation or remains in enterocytes.
When body iron levels are low, iron is exported into the circula-
tion by FPN1 and immediately oxidized to ferric iron by entero-
cyte copper-containing ferroxidases, including ceruloplasmin
and hephaestin (16, 18, 19). In the blood, ferric iron has a high
affinity for the soluble serum protein transferrin (TF), the main
carrier of iron for distribution throughout the body (20). When
body iron levels are high, the liver secretes hepcidin (discussed
below), which binds to FPN1 and leads to its degradation or
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Figure 1. Depiction of the mechanism of sys-
temic iron regulation. (i) Heme-bound iron is
absorbed into duodenal enterocytes, possibly via
HCP1. Enterocyte HO-1 releases iron from heme’s
porphyrin ring, producing Fe?, biliverdin, and car-
bon monoxide. Fe?* iron is then exported into the
circulation by FPNT1. (ii) Absorbed Fe?** is reduced
to Fe?* at the brush border by low pH and ferrire-
ductases, enabling its transport by DMT1into
duodenal enterocytes. Fe? is either bound to FTN
within the enterocyte, limiting the intracellular
pool of free iron, or released into the circulation
by FPN1, where it is oxidized to Fe** by hephaes-
tin (HPE) and ceruloplasmin (CP) and bound to TF
for transport. (iii) Macrophages identify senes-
cent RBCs no longer expressing CD47 via SIRPa
and recycle RBC iron through phagocytosis. Upon
fusion of phagosomes with lysosomes, heme is
released from hemoglobin and transported to the
cytosol via HRG1. In the cytosol, heme-bound iron
is extracted by HO-1 and exported by FPN1. Fe*

is then oxidized to Fe** by CP and binds to TF for
transport. (iv) When systemic iron levels are suf-
ficiently replete, hepcidin is produced by the liver,
binds to FPN1on macrophages and enterocytes,
and promotes its degradation. This prevents
intestinal and macrophage iron release into the
circulation. Binding of BMP6 to BMP receptor and
its coreceptor HJV activates SMAD signaling and
promotes transcription of hepcidin.
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occludes iron efflux (21). As a result, iron is trapped inside the
duodenal enterocytes, and since these cells have a lifespan of
only 3-4 days, their sequestered iron content is excreted when
they are eventually sloughed (22).

Although there is a sophisticated system in place to ensure
coordinated uptake of iron into the body, mammals have no sys-
tem to excrete excess iron (except for acute blood loss and phle-
botomy) (24), suggesting that there was likely an evolutionary
pressure on organisms to uptake and conserve scarce environmen-
tal iron to avoid iron deficiency (ID).

:

‘ FPN1 degradation ‘

Iron recycling by macrophages

The daily iron requirement in a human
adult is about 25 mg. However, intesti-
nal absorption capacity usually does not
exceed 1-2 mg of iron per day. The remain-
ing iron supply comes from recycling of iron
in senescent cells — particularly old RBCs
(Figure 1C). Young RBCs express CD47 on
their surface, presenting a “do not eat me”
signal recognized by signal regulatory pro-

0 tein-a (SIRPa) on the macrophage surface.
o0 o In contrast, senescent RBCs lose CD47 and
0 are rapidly cleared from the circulation by
macrophages in the reticuloendothelial

Macrophage system (23-25). The heme prosthetic group

gets released from the globin protein in

the acidic phagolysosome compartment in

macrophages and is exported into the cyto-
plasm via the heme transporter HRG1 (26). HO-1 then releases
iron from heme and metabolizes the iron-free heme into biliverdin
and carbon monoxide.

Systemic iron regulation
Systemic iron levels are mainly regulated by hypoxia, inflam-
mation, and hepcidin (which is itself regulated by hypoxia and
inflammation; refs. 27, 28).

Regulation of systemic iron by hepcidin. Hepcidin antimicrobi-
al peptide (HAMP1) is a small (25-amino acid) hormone peptide
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secreted by hepatocytes in conditions of iron sufficiency. It binds
to FPN1, promoting its internalization and degradation, resulting
in the inhibition of iron absorption from the digestive tract and
release of iron from macrophages (Figure 1D and ref. 29). Several
cellular pathways are involved in regulating hepcidin in the liver,
including normal/high iron levels, inflammation, erythropoietic
signaling, and hypoxia. In conditions of normal/high iron, BMP6
binds to BMP receptor (BMPR) and its coreceptor, hemojuvelin
(HJV), activating the BMP6/HJV/BMPR complex on the surface of
hepatocytes and subsequent downstream signaling to SMAD1/5/8
(Figure 1D and refs. 30, 31). Recent evidence suggests that endo-
thelial cells are the major source of BMP6 in the liver, and regulate
hepcidin production in hepatocytes through a paracrine effect (32).
In addition to BMP6, endothelial cell BMP2 also plays a role in hep-
cidin regulation by iron (33). Additionally, a recent paper showed
that NRF2 controls iron homeostasis in hemochromatosis and thal-
assemia through BMP6 and hepcidin (34). Finally, hepcidin pro-
duction is inhibited in response to erythroferrone (ERFE), which
is secreted from erythroblasts when hematopoiesis is induced in
response to erythropoietin (EPO). This regulation of hepcidin by
ERFE results in an increased availability of circulatory iron for effi-
cient erythropoiesis (35, 36). The activated SMADs directly bind to
BMP response elements located in the HAMP1 promoter, thereby
upregulating its transcription (37). Mutations in HJV (G320V being
most common), TF receptor-2 (TFR2), HAMP1, FPN1, and the
homeostatic iron regulator HFE cause hereditary hemochromato-
sis (a disease of iron overload manifested by cirrhosis, cardiomyop-
athy, skin darkening, diabetes, and possibly death) (38-40).

Regulation of systemic iron by hypoxia. Systemic iron can also
be regulated by oxygen through hypoxia-inducible factor-1 (HIF1)
and HIF2. Anemia can cause hypoxia within vital tissues, inacti-
vating cytoplasmic prolyl hydroxylase domain proteins (PHDs)
whose activity requires iron as a cofactor (41). Under conditions
of normoxia, PHDs promote protein hydroxylation of HIF1/2,
leading to the recognition of HIF1/2 by von Hippel-Lindau tumor
suppressor (VHL) protein and polyubiquitination/proteasomal
degradation of HIF. When O, tension drops, PHD enzymes are
inactivated and HIF1 and HIF2 become stable and translocate into
the nucleus. Nuclear translocation of HIF2a results in the activa-
tion of its target genes, including the iron uptake genes TFRI and
DMTI in enterocytes, as well as the erythropoietic stimulatory
hormone EPO in the kidney (42, 43). This coordinated mechanism
results in increased systemic iron uptake and RBC production.

Regulation of systemic iron by inflammation. Bacteria require
sufficient quantities of iron to proliferate and establish infection.
This is accomplished through secretion of specialized iron-se-
questering proteins called siderophores, which bind iron in serum
to facilitate its uptake by the invading bacteria. However, mam-
malian hosts have developed systems to withhold their iron from
bacteria through secretion of lactoferrin, haptoglobin, and certain
inflammatory signals, which induce hepcidin production (44, 45).
The overproduction of hepcidin in inflammation and subsequent
FPN1 degradation inhibit iron release from the reticuloendothelial
system and duodenal enterocytes, resulting in limited iron avail-
ability for erythropoiesis and reduced RBC production in the bone
marrow. Thus, although inflammation causes iron-starved bacte-
ria, it can also lead to iron restriction in the host.
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Iron restriction in the setting of inflammation can lead to ane-
mia, known as anemia of chronic disease (ACD) (Figure 2A and
ref. 29). This condition is characterized by decreased circulating
iron levels, decreased TF saturation, and normal to increased FTN
and iron storage levels (46). Iron supplementation or packed RBC
transfusion is not indicated for the treatment of ACD with no con-
comitant ID. LDN193189, an inhibitor of SMAD proteins (which
regulate the expression of hepcidin transcription), was shown to
prevent the development of ACD in animal models (47). Hepcidin
inhibitors and other strategies to increase FPN1 are also suggested
as emerging therapies in ACD (48).

Cellular iron homeostasis

In addition to systemic iron homeostasis, cellular iron levels are
also regulated by a sophisticated system involving iron-bound TF
binding to its receptor (TFR1) (Figure 2B). The holo-TF complex
contains two ferric iron molecules. TE/TFR1 binding causes clath-
rin-dependent endocytosis of the complete holo-complex, sub-
sequent acidification of the endosome by vacuolar ATPase, and
reduction of ferric to ferrous iron by the STEAP family of metal-
loreductases (25). This is followed by release of ferrous iron from
the endosomes into the cytoplasm via DMT1 and shuttling of the
apo-TF and TFR1 back to the cell surface for recycling (49).

In the cytoplasm, ferrous iron is oxidized to its ferric form
by the bound FTN, whose levels are tightly correlated with total
cellular iron content (Figure 2B and ref. 25). FTN-bound iron can
be stored for later use or degraded and made available for enzy-
matic reactions. Iron-saturated FTN is degraded through nuclear
receptor coactivator 4-mediated (NCOA4-mediated) autophagy,
called ferritinophagy (Figure 2B and ref. 50). NCOA4 binding to
FTN facilitates its delivery to pre-autophagosomes, which eventu-
ally fuse with lysosomes. Lysosomal degradation of FTN results in
release of its iron content (51), which is then exported to the cyto-
sol via lysosomal DMT1 (52).

Mitochondrial iron regulation

Mitochondria are the major site of heme and Fe-S cluster biosyn-
thesis (53), so a large proportion of cellular iron is shuttled into the
mitochondria. Iron uptake into the mitochondria is mediated by
mitoferrin 1 (MFRN1; expressed mainly in cells of the erythroid
lineage) and MRFN2 (ubiquitously expressed) (Figure 2C and ref.
54). Global knockout of MFRNT1 results in embryonic lethality (55),
and its knockout in hematopoietic stem cells causes severe anemia
(54), while global MFRN2 knockout results in reduced sperm count
and motility (56). Mitochondrial iron is sequestered by binding to
mitochondria-specific ferritin (FTMT) to prevent ROS production.
Mutations in FTMT cause mitochondrial iron overload and cyto-
plasmic ID, indicating that FTMT plays an active role in shuttling
iron to the cytoplasm in addition to mitochondrial iron storage (57).
The mechanism of mitochondrial iron export is not clear, but iron
is likely exported from mitochondria either in the form of Fe-S clus-
ters or heme or conjugated to glutathione (but not as free iron) (53).
Our group has shown that deletion of the mitochondrial ATP-bind-
ing cassette (ABC) protein 8 ABCBS8 leads to mitochondrial iron
overload, ROS production, defects in cytosolic maturation of Fe-S
proteins, and cardiomyopathy (58). Similar functions were demon-
strated for another mitochondrial ABC protein, ABCB7 (59).
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Figure 2. Depiction of the mechanism of ACD
and cellular and mitochondrial iron regulation.
(A) Graphic of pathways leading to functional
iron deficiency (ID). Inflammation increases
hepcidin expression, inhibiting intestinal and
macrophage iron release into the circulation.
This simultaneously decreases systemic iron
bioavailability and traps iron within tissues,
leading to functional ID despite normal iron
storage. (B) (i) Iron bound to TF is absorbed by
hepatocytes via binding to TFR1and subsequent
receptor-mediated endocytosis. Iron is reduced
from Fe* to Fe?* and released from TFR1-TF in
acidified endolysosomes by the action of the
STEAP family of ferrireductases. Fe?* is then
exported to the cytosol via DMT1, while TFR1 and
TF are recycled back to the cell surface. (ii) Within
the cytosol, iron is stored by binding to FTN to
reduce free-iron toxicity. Iron is released from
FTN via receptor (NCOA4)-mediated autophagy
and is exported to the cytosol via lysosomal
DMT1. (C) Elemental iron is imported across the
mitochondrial membrane by MFRN1/2. Synthesis
of Fe-S clusters and heme occurs primarily within
mitochondria. Fe-S clusters are exported into
the cytosol via unknown mechanisms, but may
require ABCB7 and ABCBS.
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Another ABC family member, ABCB10, regulates early steps of
heme synthesis in the mitochondria, but it remains unclear what
substrate it transports (60).

Cellular iron regulation by IRE/IRP system

The process of cellular iron regulation is mainly carried out
post-transcriptionally by iron regulatory protein 1 (IRP1) and IRP2
(Figure 3A and refs. 61, 62). Binding of IRP1/2 to the 3'-UTR of
a target transcript (such as TFR1) stabilizes the transcript and
increases protein translation, while binding of IRP1/2 to the 5'-UTR
(like that of FPN and FTN) sterically blocks ribosomal entry and
prevents translation (61, 62). IRP1 is a bifunctional protein based
on its binding to an Fe-S cluster. Holo-IRP1 functions as cytosolic
aconitase and does not bind to mRNA; however, when iron levels
are reduced, IRP1 becomes deprived of Fe-S clusters and the resul-
tant apo-IRP1 binds to iron response elements (IREs). On the other
hand, IRP2 is constitutively active, but under iron-sufficient condi-
tions, it is ubiquitinated and proteolytically degraded in a process

:

dependent on the protein FBXL5 (61, 62). Thus, when iron levels
are normal, IRP1 regains its Fe-S cluster and IRP2 is degraded,
resulting in inhibition of the IRP system (Figure 3A).

Iron conservation by mTOR/TTP pathway

During prolonged periods of severe ID, global iron availabili-
ty is limited, and the body must ration and conserve this scarce
element. Our laboratory has identified another major pathway
that is engaged when the IRP system fails to maintain sufficient
levels of iron during severe ID. This pathway is termed the iron
conservation pathway, as opposed to the iron acquisition path-
way mediated by the IRP system (Figure 3B and ref. 63). We have
shown that in ID, an mRNA-binding protein called tristetraprolin
(TTP) is induced, which paradoxically represses TFR1 expression
and also leads to iron conservation inside the cell. TTP mediates
degradation of target mRNAs via binding to CCR4-NOT tran-
scription complex subunit 1 (CNOT1) of the deadenylase com-
plex (64). ID-driven TTP induction is required for cell survival,
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Figure 3. Regulation of cellular iron by the IRP system and TTP. (A) IRPs dynamically bind IREs in the UTRs of target mRNAs to regulate the expression
of proteins important in iron metabolism. When iron is sufficient, IRP1and IRP2 do not bind mRNA because (a) IRP1 binds Fe-S clusters, preventing IRP1
from binding to the IREs on target mRNAs, and (b) IRP2 is degraded in a process dependent on FBXLS. In ID, binding of IRPs to IREs located at the 5’-UTR
of the transcripts causes steric blockage of ribosomal entry and prevention of translation (FPN, FTN). Binding of IRPs to IREs located on the 3'-UTR of
target mRNAs increases stability of the transcript and thus increases translation (TFR1, DMT1). Accordingly, this leads to upregulated translation of iron
acquisition proteins such as TFR1and DMT1 and downregulation of proteins that bind or export iron such as FTN or FPN. (B) In severe ID, iron is preserved
for vital processes via a mechanism called the iron conservation pathway. Critically low iron induces upregulation of TTP that binds AU-rich elements
(AREs) in the 3'-UTR of target mRNAs. Under critically low iron conditions, ARE-bound TTP recruits CNOT1, a member of the CCR4-NOT deadenylase
complex, to promote degradation of target mMRNAs. Multiple TTP target mRNAs encode iron-binding proteins that could sponge the limited iron available
in the cell, such as mitochondrial Fe-S-containing proteins, necessitating their translational downregulation in severe ID.

as TTP-knockout mice display cardiac dysfunction in response to
ID (65), and TTP deletion in cultured cells results in increased cell
death in low-iron conditions (63). After induction, TTP binds to
and promotes the degradation of mRNA transcripts encoding pro-
teins involved in a number of processes, including Fe-S cluster-
containing proteins in the mitochondrial electron transport chain.
When this process is activated during ID, excess apoproteins are
not generated to sponge up iron, and limited iron is utilized only
by the most essential proteins (65).

Iron deficiency

In this Review, we focus on ID and its pathological consequences,
not other diseases of iron homeostasis including iron overload. In
adults, ID generally leads to anemia, and other vital organs are pro-
tected. However, during fetal growth and childhood, when iron is
critical for normal development, ID can lead to certain disorders.

Absolute versus functional ID

Absolute ID refers to depletion of total-body iron stores due to
impaired nutrition, reduced absorption due to GI disease, use of
proton pump inhibitors, and blood loss. Functional ID is associ-
ated with increased production of hepcidin in inflammatory con-
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ditions, causing reduced iron absorption from the gastrointestinal
system and iron trapping in macrophages, which results in reduced
circulatory iron levels (66). Serum FTN levels less than 15 ng/mL
are highly specific for absolute ID; however, in inflammation, FTN
levels increase and higher levels of FTN may occur with ID (67).

Iron-deficiency anemia

In mammals, the most common manifestation of ID is anemia,
and in general, vital organs are protected from ID (except for the
conditions described below). Iron-deficiency anemia (IDA) is
defined as low hemoglobin or hematocrit associated with micro-
cytic (low mean corpuscular volume) and hypochromic (low mean
corpuscular hemoglobin) RBCs and low RBC count (67). IDA
commonly affects women of reproductive age, children, patients
with chronic diseases, and the elderly (68).

In ID, iron storage must become severely depleted before
anemia occurs, since the recycling of iron from daily RBC turn-
over provides sufficient iron for erythropoiesis and hemoglobin
production with modest reduction in iron stores (69). The body’s
response to IDA includes increased EPO secretion to stimulate
erythropoiesis and decreased hepcidin production to increase
intestinal iron uptake and mobilization of iron stores.
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Fetal growth retardation

IDA during pregnancy is associated with increased fetal and
maternal complications, including low birth weight (LBW),
preterm labor, smallness for gestational age (SGA), increased risk
of maternal mortality, and risk of cesarean delivery. Additional-
ly, increased risk of LBW, SGA, and preterm labor is correlated
with the severity of IDA in the first trimester of pregnancy (70).
The mechanisms by which ID causes fetal growth retardation are
not well understood; however, attenuated insulin and insulin-like
growth factor-1 (IGF-1) signaling in the maternal circulation has
been proposed as a potential mechanism, as levels of these growth
factors are reduced in ID (71, 72). Whether ID itself plays a direct
role, independently of growth factor production, in fetal growth
retardation is not known.

Neurological deficits

Brain development accelerates during the last trimester of preg-
nancy and requires sufficient amounts of iron to meet its high-
ly elevated metabolic rate (73). In addition, neurogenesis and
myelination require iron as a cofactor for cholesterol and lipid syn-
thesis (74). ID, especially in the third trimester of pregnancy, has
been shown to cause short-term and long-term neurological and
cognitive deficits, as ID preterm infants show decreased central
nerve conductance velocity and impaired neurological reflexes
shortly after birth (75, 76). Infants exposed to ID during pregnan-
cy also display delayed motor development and impaired recog-
nition, auditory memory, and learning, as well as emotional and
personality disorders, which persist even if ID is corrected after
the critical period of brain development (76).

Itisnot clear which part of the brain is most affected by ID during
development; however, animal studies suggest that ID impairs hip-
pocampal development (77). Although mechanisms of hippocampal
underdevelopment in ID are not well understood, it is known that
ID can lead to impaired oxidative phosphorylation (77), epigenetic
alterations (78, 79), and suppressed mTOR signaling (80).

Immune disorders

ID has been shown to have a profound impact on vulnerability to
infection, humoral response to vaccination, and cellular immuni-
ty. Children with ID are also more susceptible to developing upper
respiratory tract and Gl infections, which can be mitigated by iron
supplementation (81, 82). Following vaccination, iron-deficient
infants display lower plasma concentrations of pertussis, diph-
theria, and pneumococcal immunoglobulins (83). Additionally,
ID impairs activation of T lymphocytes (84, 85) and reduces the
number of CD4*and CD8* T cells in the circulation (86), and these
effects are improved by replenishing of iron stores (87). Finally,
cell-mediated phagocytosis is attenuated in ID children, making
them more vulnerable to salmonella infection (88).

There is no consensus on how ID impacts immunity; howev-
er, epigenetic alterations and post-transcriptional processes have
been suggested as possible mechanisms. Epigenetic regulation of
gene expression relies, in part, on a family of proteins containing
Jumonji C (JmjC) domains, which use iron, o-ketoglutarate, and
oxygen to demethylate DNA and histones (89). In a mouse model
of ID, enrichment of histone dimethyl marks at the cyclin E1 pro-
moter was shown to reduce its promoter activity and reduce pro-

The Journal of Clinical Investigation

liferation of B lymphocytes (90). Additionally, iron is required for
stabilization of an mRNA-binding protein, Poly(rC)-binding pro-
tein-1 (PCBP1), whose binding to the 3'-UTR of GM-CSF and IL-2
mRNAs increases their stability (91).

Restless legs syndrome

Restless legs syndrome (RLS), or Willis-Ekbom disease, affects
9%-15% of the adult population and is characterized by an irre-
sistible urge to move the legs accompanied by an unpleasant sen-
sation relieved by movement during rest or sleep (92). Although
SNPs in a number of genes are associated with RLS (93, 94), RLS
can also occur secondarily to brain ID (BID). BID’s role in RLS is
supported by findings showing decreased brain iron by magnetic
resonance phase imaging, decreased cerebrospinal fluid FTN lev-
els, and improvement of RLS symptoms by iron supplementation
(95). The exact mechanism for RLS in BID is not well understood;
however, impaired striatal dopamine production is widely seen in
animal models of ID displaying symptoms characterized as RLS.
Tyrosine hydroxylase, the rate-limiting enzyme in dopamine pro-
duction, requires iron as a cofactor, and its activity is shown to
be impaired in animal models of RLS due to BID (96). Although
iron administration is not recommended empirically, trials of oral
ferrous sulfate with vitamin C can be considered for RLS patients
with FTN levels <75 ng/mL (97).

Iron therapy for chronic diseases

Chronic kidney disease

Normocytic anemia is a common finding among chronic kid-
ney disease (CKD) patients, mainly due to elevated hepcidin
(and reduced iron availability) and decreased EPO levels (98).
Increased production of hepcidin is likely secondary to chronic
inflammation and decreased renal clearance of this peptide (99).
As a result of decreased renal production of EPO, CKD patients
generally need erythropoiesis-stimulating agents (ESAs) (99).
However, inefficient erythropoiesis following ESAs is frequently
observed in CKD patients, likely due to decreased iron availability
to the erythroid cell line (99).

AsFTNlevels are commonly higher in CKD patients as a result
of chronic inflammation and uremia, absolute ID is defined as TF
saturation (TSAT) less than 20% and FTN less than 100 ng/mL
in predialysis and less than 200 ng/mL in dialysis patients (100-
102), while anemia is defined as hemoglobin levels below 13 g/dL
in males and 12 g/dL in females (103). While iron supplementa-
tion is strongly recommended in CKD patients with ID, there are
subsets of patients with higher FTN levels who would also benefit
from iron (103). Thus, Kidney Disease: Improving Global Out-
comes (KDIGO) recommends one trial of 1 g i.v.iron or 1-3 months
of 200 mg oral iron per day in predialysis patients with TSAT less
than 30% and FTN less than 500 ng/mL, only if an increase in
hemoglobin without starting ESA or an increase in hemoglobin
and a decrease in ESA dose is desired (103).

Elevated hepcidin in CKD decreases intestinal iron absorp-
tion. Thus, oral iron supplementation may have limited efficacy,
and iv. iron administration is routinely recommended. Several
clinical trials compared the efficacy and safety of i.v. versus oral
iron formulation in CKD patients (98). A recent meta-analysis
included 39 randomized and quasirandomized clinical trials with
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over 3800 patients comparing i.v. and oral iron supplementation
in CKD (104) and concluded that there was insufficient evidence
for superiority of either i.v. iron or oral iron in reducing mortality,
slowing the time for initiation of dialysis, reducing blood transfu-
sions, and improving quality of life. However, 1.v. iron was superior
in increasing hemoglobin, FTN, and TSAT and reducing the dose
of ESAs (104). A reduction in the dose of ESAs is generally associ-
ated with beneficial effects, and it is interesting that this study did
not show any outcome benefit with i.v. iron. In addition, i.v. iron
was associated with increased allergic reactions and hypotension
(104). Therefore, decisions on the route of iron delivery should be
made with careful consideration in each patient. In CKD, especial-
ly in predialysis patients, i.v. iron administration should be limited
to those with ID and severe anemia, those suffering from ongoing
blood loss, and individuals with history of nonresponsiveness or
side effects with oral iron formulations (103). Alternative strate-
gies aiming at attenuation of inflammation in CKD patients would
be a major step forward, as a recent study showed that a neutral-
izing IL-6 ligand antibody, ziltivekimab, decreases inflammation
in CKD patients, attenuates ESA resistance, and increases serum
iron and TSAT levels (105).

Heart failure
In heart failure (HF) patients, ID is defined as FTN less than 100
ng/mL, or FTN between 100 and 300 ng/mL and TSAT less than
20%, as outlined in the 2017 American College of Cardiology
(ACC)/American Heart Association (AHA) and the 2016 Euro-
pean Society of Cardiology (ESC) guidelines (106, 107). These
criteria were adopted from the guidelines in CKD, although the
mechanisms for these diseases are distinct. As discussed above,
patients with CKD have elevated hepcidin; however, recent stud-
ies indicated that serum hepcidin levels are actually reduced in HF
patients, and elevated hepcidin levels are not seen in anemic HF
patients (108, 109). Thus, it is important to revisit these diagnostic
criteria and design new criteria that identify patients with true ID.
The 2017 ACC/AHA and 2016 ESC guidelines recommend
use of i.v. iron in HF patients with reduced ejection fraction (class
IIa and IIb, respectively) (106, 107). A number of clinical trials
have been conducted to evaluate i.v. iron supplementation in
HF patients (110-112). A published meta-analysis of ten clinical
trials on iron supplementation in HF patients revealed that iron
administration was associated with improved cardiac function
and quality of life and lower risk for hospitalization, although
the all-cause mortality rate remained unchanged (113). Recently,
the results of an internationally randomized trial, AFFIRM-AHF,
were published, in which 1132 patients with acute HF and ID
(using the criteria outlined above) were randomly assigned to i.v.
ferric carboxymaltose (FCM) or placebo (114). Over a 52-week
follow up, i.v. iron did not improve mortality, while it was associ-
ated with lower risk of hospitalization and a slight increase (0.5
mg/dL) in hemoglobin (114). A subanalysis of the data showed
that the benefit was observed in patients with FTN less than 100
ng/mL and not in those with FTN between 100 and 300 ng/
mL, suggesting that iron supplementation benefits only patients
who are truly ID. Additionally, increases in the labile pool of iron
within cardiomyocytes can directly contribute to cardiomyopa-
thy via lipid peroxidation and induction of ferroptosis, and fol-
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lowing pressure overload, ferritinophagy is augmented, resulting
in the mobilization of iron stores and an increase in the pool of
labile iron (115). As i.v. iron delivers large amounts of iron to tis-
sues, including cardiomyocytes, the potential for i.v. iron to exac-
erbate cardiomyocyte damage in the setting of cardiac injury in
humans requires further evaluation.

The efficacy of oral versus i.v. iron in HF has not been studied
adequately. The IRON-HF study was a trial of 23 patients with ID
(FTN <500 ng/mL and TSAT <20%) to compare oral and i.v. sup-
plementations, but the study was terminated for lack of funding
(116). Analysis of the data from this study revealed improved max-
imal oxygen consumption achieved during exercise (VO, max) in
the iv. iron group and increased FTN and TSAT in both iv. and
oral groups. Another randomized clinical trial IRONOUT-HF)
compared the efficacy of oral iron polysaccharide versus placebo
in HF patients with reduced ejection fraction (<40%) and FTN
between 15 and 100 ng/mL, or FTN between 100 and 299 ng/mL
with TSAT less than 20%. The results of this study showed that 16
weeks of 150 mg twice daily of oral iron increased FTN and TSAT
levels, while VO, max, 6-minute walk distance, health status, and
plasma N-terminal pro-B-type natriuretic peptide (pro-BNP) were
not different between the treatment groups (117). Importantly,
the increase in FTN and TSAT was inversely correlated with the
baseline hepcidin levels, as patients with lower hepcidin benefited
most from oral iron supplementation (117). These results indicate
that HF patients with true ID would still benefit from oral iron sup-
plementation. Recently, a prospective study showed that 3-month
therapy with low-dose oral sucrosomial iron in HF patients with ID
increased iron indices and improved exercise capacity and quality
of life up to 6 months. There was also a trend toward reduced BNP
with oral sucrosomial iron (118). Large clinical trials to evaluate
effectiveness and safety profiling of oral versus i.v. iron formula-
tions in HF patients are thus necessary.

In contrast to current advocacy to treat HF patients with i.v.
iron supplementation, there is evidence that certain patients with
coronary artery disease may benefit from chelation therapy. The
Trial to Assess Chelation Therapy (TACT) was designed to assess
the effects of EDTA (a divalent anion chelator) in patients with
stable coronary artery disease at least 6 months after myocardi-
al infarction (MI) (119). Patients received 40 infusions of 500 mL
chelation (3 g of disodium EDTA, 7 g of ascorbate, B vitamins,
electrolytes, procaine, and heparin) or placebo. Although no effect
on all-cause mortality was observed, the chelation therapy was
associated with a significant decrease in the composite of mor-
tality, MI, stroke, coronary artery revascularization, and hospi-
talization due to angina. Importantly, two subgroups of patients,
diabetes mellitus and anterior MI, showed a robust reduction in
cardiovascular events and benefited more from chelation therapy
(119). It should be noted that EDTA binds many different divalent
and trivalent cations, and the treatment in the TACT trial con-
tained other chemical components, as indicated above. A larger
study called TACT-II is currently being conducted to confirm the
results from the TACT trial (120).

Cancer
Disordered iron homeostasis and anemia are common features
of both hematopoietic and solid malignancy (121). Cancer-asso-
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ciated anemia is correlated with poor prognosis and reduction in
quality-of-life measures, making the correction of anemia a clini-
cal priority (122). The precise clinical cutoffs that define absolute
ID in cancer can vary, but TSAT less than 20% and serum FTN less
than 100 ng/mL have been proposed (123).

Cancer cells depend on iron to maintain anabolic processes
and support energy metabolism. Populations with high iron lev-
els, such as individuals who receive frequent blood transfusions
or have diseases of iron overload such as hemochromatosis, are
at greater risk of developing cancer over their lifetime (124, 125).
Conversely, individuals who undergo phlebotomy regularly have
lower incidences of cancer (126). Iron is required for protein trans-
lation, nucleotide biosynthesis, oxidative metabolism, and DNA
and histone demethylation. Therefore, the exploitation of iron
metabolism, either through iron chelation or sensitizing of cells to
iron-mediated cell death (ferroptosis), has received much interest
as adjuvant treatment for malignancy.

Clinically available iron chelators such as deferoxamine
(DFO) have been shown to prevent cancer cell proliferation and
induce apoptosis in multiple cancer types (127). Perhaps one of
the clearest examples of a cancer cell’s dependence on iron is in
leptomeningeal metastases (LMs). LM cells have been shown to
secrete high levels of lipocalin-2 (LCN2), a protein that can scav-
enge iron from the extracellular environment. Both reduction in
LCN2 and iron chelation with DFO significantly reduced tumor
burden and improved survival in an in vivo model of LM (128). By
contrast, many cancer types have been shown to be sensitive to
inducers of ferroptosis, a form of cell death in which ROS generat-
ed by excess iron or glutathione deficiency causes lipid peroxida-
tion and cell death (129, 130).

The treatment of ID with iron in the setting of malignancy is
complicated by the differential effects of iron on erythropoiesis
versus the malignancy itself (131). There is little debate that signif-
icant ID anemia requires correction, but the safety of iron therapy
in cancer is not clear (123, 132, 133). Therefore, there is consider-
able need to (a) identify methods of restricting iron replacement
to the bone marrow to support erythropoiesis, and (b) identify bio-
markers of tumors with significant iron demand that could serve
to identify subpopulations at risk for worsening disease if given i.v.
iron supplementation.

Oral versus i.v. iron supplementation

A number of i.v. and oral iron replacement products are available
in the US market. Oral iron supplementation is the most common
form of therapy for ID, is usually well tolerated, and is associated
with proper response to the treatment (88). There are several for-
mulations of oral iron, including ferrous fumarate, ferrous gluco-
nate, and ferrous sulfate (134). The limiting factors with oral sup-
plementation that can lead to treatment noncompliance are the
gastrointestinal (GI) side effects, including metallic taste, nausea,
vomiting, bloating, constipation, and GI upset. Poor GI absorption
is also reported in patients with chronic inflammation and celiac
and Crohn’s disease (135). Oral iron supplementation may also
be associated with altered gut microbiome composition, which is
more often seen in a pathogenic state (136). Newer oral iron for-
mulations, such as ferric maltol, are commonly associated with
superior absorption and tolerability (137, 138).
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Low-molecular weight iron dextran, ferric gluconate, iron
sucrose, ferumoxytol, iron isomaltoside, and ferric carboxymalt-
ose (FCM) are among the commercially available forms of i.v. iron.
Intravenous iron preparations provide large amounts of iron into
the circulation in a short time; however, they also bypass the physi-
ological pathways of iron absorption and regulation in the GI tract.
Earlier forms of iv. iron, like iron dextran, were associated with
large increases in the labile iron pool in circulation and ROS pro-
duction (111). However, new formulations, like FCM, iron sucrose,
and ferumoxytol, are designed with larger and more stable carbohy-
drate shells and release lower levels of free iron into the circulation,
resulting in fewer side effects (139). In recent years, several reports
have indicated that i.v. iron (especially FCM) can lead to hypophos-
phatemia, due to elevated levels of FGF23 (140, 141). Some patients
with this side effect have required hip replacement surgery (142).

The FDA drug label for FCM states that the therapy is indicat-
ed “for the treatment of iron deficiency anemia in adult patients
who have intolerance to oral iron or have had an unsatisfactory
response to oral iron [or who have] non-dialysis dependent chron-
ic kidney disease.” Thus, patients with uncomplicated ID should
always be considered for oral iron formulations, given the ease of
administration, fewer side effects, and cost-effectiveness, before
i.v. iron therapy is instituted. Intravenous iron should only be con-
sidered if oral iron cannot be tolerated and in non-dialysis-depen-
dent CKD patients.

Conclusions
Due to absorbable ferrousiron’s scarcity in the environment, mam-
mals have evolved a sophisticated system to absorb iron from the
GI tract and maintain sufficient iron stores. Dietary ferric iron is
first reduced to the ferrous form and is then absorbed by duodenal
DMT1 and transported into the circulation via FPN1. In addition,
macrophages export iron recycled from senescent RBCs through
FPN1. Systemic iron levels are regulated by hepcidin, hypoxia, and
inflammation. In the circulation, iron is bound to TF, and is uptak-
en by cells expressing TFR1 via receptor-mediated endocytosis.
Intracellular iron can be found incorporated into heme and Fe-S
clusters or bound to proteins, such as FTN, to prevent iron toxicity.
ID is predominantly associated with anemia and a number
of other disorders that occur mostly during development. How-
ever, in certain patients with chronic disease, ID diagnosis can
be challenging, because inflammation causes reduced systemic
iron availability. Iron supplementation should be reserved only for
those who are truly iron deficient, as excess iron supplementation
can put patients at risk for unwanted side effects. Intravenous iron
supplementation should only be considered in certain groups of
patients who are intolerant of oral iron and patients with CKD.
Finally, at present, the clinical data are insufficient regarding the
long-term safety and efficacy of i.v. iron.
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