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Abstract
Iron is an essential nutrient that is tightly regulated. A principal function of the liver is the
regulation of iron homeostasis. The liver senses changes in systemic iron requirements and can
regulate iron concentrations in a robust and rapid manner. The last 10 years have led to the
discovery of several regulatory mechanisms in the liver which control the production of iron
regulatory genes, storage capacity, and iron mobilization. Dysregulation of these functions leads to
an imbalance of iron, which is the primary causes of iron-related disorders. Anemia and iron
overload are two of the most prevalent disorders worldwide and affect over a billion people.
Several mutations in liver-derived genes have been identified, demonstrating the central role of the
liver in iron homeostasis. During conditions of excess iron, the liver increases iron storage and
protects other tissues, namely the heart and pancreas from iron-induced cellular damage. However,
a chronic increase in liver iron stores results in excess reactive oxygen species production and
liver injury. Excess liver iron is one of the major mechanisms leading to increased steatohepatitis,
fibrosis, cirrhosis, and hepatocellular carcinoma.

INTRODUCTION
Iron is an essential micronutrient that is a critical component of oxygen transport proteins
(hemoglobin and myoglobin) and of numerous metabolic and redox enzymes. The average
adult has 2–4 grams of iron, and over 80% is contained in hemoglobin of red blood cells
(RBC). Chronic iron deficiency results in decreased hemoglobin production and anemia.
Systemic iron levels are tightly controlled through an integrative mechanism that involves
iron absorption, storage, and recycling. The past decade has been termed “The Golden Age
of Iron Biology”, due to the significant increase in the understanding of the molecular
underpinnings of systemic iron homeostasis (7). When iron regulatory pathways are
dysregulated, this leads to either excess tissue iron or iron deficiencies, which affect over a
billion people worldwide. Four major cell types or tissues have been shown to be critical for
systemic iron homeostasis (figure 1):

Enterocyte
Dietary iron absorption is tightly regulated in the small intestine. Dietary iron enters the
body through absorptive cells in the duodenum. Dietary ferric iron (Fe+3) is reduced by the
apical ferric reductase duodenal cytochrome b (DcytB) to ferrous iron (Fe+2) and transported
into the enterocyte via an apical iron transporter, divalent metal transporter-1 (DMT1, also
known as Nramp2, SLC11a2 and DCT1) (49, 69, 100, 107, 109). Once iron enters into the
cytoplasm through DMT1, iron is either stored or exported by the iron exporter ferroportin
(FPN, also known as SLC40A1)(1, 43, 110) located on the basolateral side of the enterocyte.
Disruption of DMT1 or FPN leads to inhibition of iron absorption and dysregulation of
systemic iron homeostasis (43, 68). Following export of iron through FPN, iron is oxidized
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back to the ferric form by the ferroxidase hephaestin and ceruloplasmin (Cp) and loaded
onto transferrin (Tf) and circulated through the body (70).

Erythroblast
A significant portion of circulating Tf-bound iron is utilized in early RBC precursors called
erythroblasts for the synthesis of hemoglobin. Hemoglobin comprises of about 95% of the
total cellular protein of the mature RBC and more than 80% of functional iron in the body is
found in hemoglobin (28). Iron is an essential cofactor for the ability of RBCs to transport
oxygen, and thus a decrease in body iron levels is the most predominant cause of anemia
worldwide.

Macrophage
Only 1–2 mg per day of dietary iron is required to be absorbed through the intestine. This is
due to the highly efficient recycling of iron from senescent erythrocytes. Recycling is
performed by splenic and hepatic macrophages. Aging erythrocytes at 120 days old undergo
specific changes that can be recognized by macrophages, thus initiating
erythrophagocytosis. Iron is recovered from the degradation of hemoglobin and heme by
hydrolytic enzymes in the phagocytic vesicles and heme-oxygenase-1 (HO-1) (58). Iron is
routed back to circulation through the basolateral iron transporter FPN. Recent studies using
macrophage-specific conditional deletion of FPN demonstrate the importance of FPN in
exporting iron out of macrophages following erythrophagocytosis (189, 190).

Liver
The liver performs three essential functions in maintaining systemic iron homeostasis: 1)
The liver is the major site for production of proteins that maintain systemic iron balance, 2)
It is a storage site for excess iron and 3) the liver is critical for the mobilization of iron from
hepatocytes to the circulation to meet metabolic requirements. Dysregulation of the liver's
ability to maintain balance of these three parameters leads to iron-related disorders. This
review will focus on the normal function of the liver in iron homeostasis and the role of liver
in iron-related disorders.

PRODUCTION OF PROTEINS FOR IRON HOMEOSTASIS
(Tf)

Tf is an 80 kDa plasma glycoprotein generated predominantly in the liver (138). However,
small amounts are also made in the brain and testis (14, 157). Tf is the major serum iron-
binding protein and is essential for systemic circulation of iron. Tf consists of two globular
lobes of α-helices and β-sheets, which have a significant amount of homology between the
N- and C- terminal halves of the molecule. This homology is thought to be due to a gene
duplication arising from a 40kDa ancestral protein containing a single lobe (3, 96-98). Each
lobe includes metal binding amino acid residues (2 Tyr, 1 His, and 1 Asp). Tf binds to ferric
iron reversibly and with high affinity, but does not bind to ferrous iron (3, 4). In addition, Tf
can also bind other metals with lower affinity (3). The affinity of iron is also regulated by
pH, as iron binding to Tf decreases as the pH drops, with no detectable amounts observed
below pH 4.5 (3, 4). The reversible binding of iron to Tf is important and allows it to be a
cellular iron donor or iron acceptor depending on the systemic requirements of iron.

(Cp)
Cp is a copper-dependent serum ferroxidase which works in tandem with FPN for cellular
iron export into circulation (129, 130). Cellular iron is usually in the ferrous form and is
exported out of the cell by FPN, however the affinity of Tf for ferrous iron is relatively weak
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and Cp is required to oxidize iron to its ferric form, which binds with high affinity to Tf
(129, 130). Disruption of Cp in mouse models further supports the role of Cp in systemic
iron homeostasis (30, 70).

Ferritin
Ferritin is a multi-subunit protein that consists of a heavy and light chain. Ferritin from
different tissues can vary in the ratio of heavy compared to light chains. Liver ferritin
contains mainly the light chain and can store up to 4500 atoms of iron. Hepatocytes are the
major site for ferritin synthesis, however most cells that have been assessed can synthesize
ferritin to a smaller degree (12, 167). Cells with high iron levels are capable of an adaptive
increase in ferritin synthesis. Both ferritin subunit synthesis are controlled through a post-
transcriptional mechanism by the iron response element (IRE)/iron regulatory protein (IRP)
system. The ferritin mRNAs contain a single IRE in the 5’ UTR. Under iron deficient
conditions, the IRPs bind to this IRE and repress translation. However, as intracellular iron
increases in a cell, the repression is relieved and ferritin synthesis is increased. For more
details of the IRE/IRP system, refer to the comprehensive review by Muckenthaler, M.U et
al. (113). Although the IRP/IRE regulation of ferritin synthesis is the predominant pathway
that allows an adaptive increase, several other mechanisms, such as IL-1, TNFα, hypoxia,
and oxidative stress have also been observed to regulate ferritin expression (23, 169, 170,
173, 184). It is likely that a combination of these pathways allow an efficient increase in
ferritin when required.

Hepcidin
Hepcidin is a 25 amino acid antimicrobial peptide that is produced in hepatocytes and
secreted into the circulation (91). Hepcidin is translated as an 84 amino acid pro-protein, and
cleaved by the pro-hormone convertase furin to produce the active peptide (175).
Subtractive hybridization experiments between iron loaded and control mouse livers initially
identified hepcidin as an iron-regulated protein (136). The role of hepcidin in iron
homeostasis was further confirmed when hepcidin was inadvertently disrupted in addition to
USF2 and these mice were severely iron overloaded (119). The effect of hepcidin knockout
on iron homeostasis was confirmed in a subsequent paper, which showed that animals
deficient in hepcidin, but having normal USF2 expression developed severe
hemochromatosis (101). Conversely, animals that overexpress hepcidin in the liver
demonstrate severe iron-deficiency anemia (120). A clue to the function of hepcidin was
discovered after subjecting rats to an iron-deficient diet. Following iron deficiency, rats
rapidly repress liver hepcidin and upregulate the intestinal iron transporters DMT1, DcytB,
and FPN (54). Hepcidin was believed to regulate iron homeostasis due to an interaction with
iron transporters. A breakthrough came when the hepcidin receptor was discovered. Through
careful in vitro analysis, it was determined that hepcidin binds to FPN which leads to its
internalization and proteasomal degradation (117). Hepcidin is increased in iron loading,
which leads to a decrease in duodenal iron absorption to normalize iron levels. In the case of
iron deficiency, hepcidin is repressed which allows more iron to be transported from the
enterocyte to the serum (figure 2). In addition, FPN is increased in macrophages following
erythrophagocytosis, and hepcidin represses FPN in these cells (89). In macrophages during
iron loading, hepcidin decreases iron transport following iron recycling from senescent
RBCs. Whereas during iron deficiency, a significant increase in iron efflux would be
expected following erythrophagocytosis (figure 2). In addition to iron levels resulting in the
regulation of hepcidin levels, hypoxia and erythropoiesis are major repressors of hepcidin
expression. This provides a novel link between oxygen homeostasis and iron levels.
Moreover, inflammation is a major activator of hepcidin expression. This results in
restriction of serum iron levels during an infection, and therefore is less conducive for
growth of pathogenic bacteria. The last decade has shown the importance of hepcidin as the
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master regulator of both duodenal iron absorption and red blood cell (RBC) iron recycling.
Studying the regulation of hepcidin expression in the liver has been a priority for
understanding regulation of systemic iron homeostasis. The transcriptional regulation of
hepcidin has been reviewed elsewhere (56, 114) and is summarized in figure 3. Here, we
only briefly mention a few major pathways that are critical in hepcidin regulation. In
addition to the major pathways, several other accessory proteins have been identified, which
are mutated in iron-related disorders. Their importance in hepcidin regulation is covered in
more detail below in the liver iron overload and anemia section.

SMAD/ bone morphogenetic protein (BMP) signaling—A key finding in the
regulation of hepcidin is the essential role of the BMP-SMAD signaling cascade. BMPs are
ligands that belong to the transforming growth factor-β (TGF-β) superfamily. BMPs bind to
type I and type II serine threonine kinase receptors, which phosphorylate specific
intracellular SMAD proteins (SMAD1/5/8). Phosphorylated SMAD1/5/8 (P-SMAD1/5/8)
binds to the common mediator SMAD4, and the SMAD complex translocates to the nucleus
to modulate transcription of target genes. BMPs, but not TGF-β signaling induced hepcidin
expression in cultured liver cell lines and in vivo (11). Several BMPs signal through SMAD
activation, however BMP6 is the endogenous ligand that modulates hepcidin expression.
BMP6 knockout mice have decreased hepcidin expression and an increase in tissue iron (8,
10, 11, 111). BMP6 knockout mice still have the ability to increase hepcidin expression
following inflammatory stimuli. The importance of SMAD signaling in hepcidin regulation
was demonstrated in mice with a hepatocyte-specific disruption of SMAD4. A near
complete loss of hepcidin expression was observed in these mice and eventually the mice
die of severe iron overload in multiple tissues (183). Interestingly, liver SMAD4 knockout
mice are unable to increase hepcidin expression in response to iron loading, suggesting that
SMAD4 mediates the response of hepcidin to changes in systemic iron requirements.
Signaling through the BMP receptor leads to SMAD1/5/8 phosphorylation, which is
required for SMAD4 transcriptional activity (6). The regulation of hepcidin by iron loading
and iron deficiency is correlated with phosphorylation of the SMAD1/5/8 proteins. In iron
deficiency, pSMAD1/5/8 is decreased dramatically, and is substantially increased in
conditions of iron overload (85).

STAT3 and inflammatory pathways—Hepcidin is induced in response to inflammatory
stimuli (57, 118). Hepcidin induction by inflammation leads to iron sequestration, which can
decrease bacterial growth. However, chronic diseases are associated with anemia (150). The
mechanism for the induction of hepcidin by inflammation is mediated by IL-6 in cultured
cells, mice, and humans (115). Subsequently, it was shown that IL-6 regulates expression of
hepcidin by inducing STAT3 binding to the hepcidin promoter (176, 185). To support this, it
was shown that anti-IL-6 receptor antibody improves anemia of inflammation (158).

Hypoxia and erythropoietic pathways—Hypoxia, or low oxygen tension, is a
physiological condition that results in numerous adaptive changes in gene expression.
Hypoxia represses hepcidin expression both in cultured cells and in mice (121). Many
mechanisms have been proposed to play a role in hypoxic hepcidin repression (29, 31, 94,
134, 179). Hypoxia-inducible factor (HIF) is the major transcription factor activated
following hypoxia and HIF is thought be critical in the hypoxia-mediated repression of
hepcidin (20). HIF was shown to bind directly to the hepcidin promoter resulting in
repression (134). However, recent studies refute these findings (108, 179). It has been
reported that hypoxia through a HIF2α mediated increase in erythropoiesis is the critical
pathway leading to hepcidin repression (108). Interestingly, a mutation that leads to HIF
stabilization causes Chuvash polycythemia. In these patients a decrease in hepcidin
expression is observed without a significant association with erythropoiesis (65). There is no
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clear mechanism that mediates hepcidin repression during hypoxia, and this is an active area
of study

Erythropoiesis is a well-characterized pathway leading to hepcidin repression. In several
mouse models that induce erythropoiesis, a significant decrease in hepcidin is observed (16,
53, 61). The decrease in hepcidin allows the increase of iron required for RBCs during
erythropoiesis. In a model of intensive care anemia, erythropoietin injections or
phlebotomies were able to repress hepcidin expression despite high levels of IL-6, which is
known to strongly increase hepcidin expression (99). Similarly, hypoxia is able to repress
hepcidin expression under conditions of high IL-6. One of the mechanisms by which
erythropoiesis represses hepcidin is through erythropoietin (EPO) binding to its receptor in
hepatocytes, which leads to downregulation of C/EBPα and hepcidin repression (137). C/
EBPα is a liver-enriched transcription factor that is important in hepcidin regulation. Mice
with a liver specific deletion of C/EBPα have low levels of hepcidin expression (35).
However, erythropoietic blockers prevented the suppression of hepcidin (178), suggesting
an EPO-independent erythropoietic derived mechanism is responsible for the decrease in
hepcidin. Growth differentiation factor 15 (GDF15) and twisted grastrulation 1 (TWGS1)
are secreted during erythroblast maturation and can inhibit hepcidin expression (165, 166).
However, their role in hepcidin repression during erythropoiesis is still unclear (9, 82).

LIVER IRON IMPORT
Tf-bound iron

The major mechanism for iron uptake in the liver and most other tissues is through the Tf/
transferrin receptor (Tfr) system (figure 4). Tf as discussed above is a constitutively
expressed protein. Tfr1 transcript stability is regulated by the IRP/IRE system. Unlike
ferritin, which has a single IRE in its 5’ UTR, Tfr1 transcript contains several IREs in its 3’
UTR. IRPs bind to the IRE in the Tfr1 transcript, which increases mRNA stability (77).
Under low iron conditions more Tfr1 is translated allowing for increased iron uptake
through Tf. Under conditions of high iron the IRPs are inactivated that leads to decreased
Tfr1 mRNA stability and decreased iron uptake. Iron circulates bound to Tf. When both
lobes are occupied with iron (Diferric Tf), this complex binds with high affinity to Tfr1 (3,
4). Diferric Tf-TFR1 binding activates cellular iron uptake by receptor-mediated
endocytosis, and this pathway is a model system to study the precise mechanisms of
receptor-mediated endocytosis (15, 32, 33, 95). Diferric Tf internalization into endocytic
vesicles initiates the release of iron from Tf via acidification of endosomes (36, 72). Ferric
iron is reduced to ferrous iron by an endosomal ferric reductase (126). Through a positional
cloning strategy a transmembrane protein Steap3 was found to be a critical reductase in the
endosome. Mutations in the steap3 gene lead to microcytic anemia (126). Steap3 is highly
expressed in the hematopoietic cell lineage, but the role of steap3 in other cell types is not
clear. However, there are three other family members (Steap1, 2, and 4) that also contain
ferric reductase activity (127). Ferrous iron is then transported to the cytosol via DMT1,
which in addition to being localized on the brush border cells of the small intestine, is also
observed on recycling endosomes (25, 67). Interestingly, mice that lack DMT1 are still
capable of accumulating hepatic iron, suggesting that DMT1 is not essential for Tf-bound
iron uptake or other transporters have a redundant role (68). ZIP14, a family member of the
ZIP metal transporters is also localized to endosomes and is important for the movement of
iron from endocytic compartment to the cytosol (191). Following iron transport to the
cytosol Tf and Tfr1 are recycled back to circulation and to the cell membrane, respectively
(15, 32, 33, 95).

Non-transferrin bound iron (NTBI)—In cases of severe iron overload, the level of iron
will exceed the capacity of Tf, and there is a greater ratio of iron in the plasma that occurs as
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NTBI. NTBI is bound by a number of non-protein ligands including citrate which is likely to
be the predominate form of plasma NTBI found in hemochromatosis (21, 66). The liver
uptake of ferric citrate involves dissociation of citrate and transport of iron into the
hepatocyte (figure 4). NTBI is efficiently taken up by hepatocytes and the uptake is not
downregulated by excess iron in the liver as observed with Tf-bound iron through the IRE/
IRP system. Several mechanisms have been shown to contribute to NTBI uptake including
membrane bound DMT1 and ZIP14 facilitating direct uptake of iron into the hepatocytes
(105, 154). In addition, several other mechanisms are capable of NTBI transport into the
cells. L-type calcium channels facilitate transport of NTBI into cardiac myocytes. Calcium
channel blockers inhibit NTBI uptake into the heart (131). Lipocalin 2 is a multi-functional
protein, which has iron-sequestering properties and is critical in binding to siderophores and
limiting iron to pathogenic bacteria (51). However, some data suggest that lipocalin 2 could
meditate NTBI uptake (83). Scara5 is a ferritin receptor that mediates NTBI uptake into the
kidney (103). However, the role of these pathways for hepatic NBTI uptake is not clear.

Heme and hemoglobin associated iron—The liver also has the capacity to acquire
iron from heme or hemoglobin (figure 4). These pathways under normal conditions
contribute to a negligible amount of iron uptake in the liver. However, during hemolysis this
could lead to a substantial amount of heme or hemoglobin being taken up by the liver. In
several diseases such as hemolytic anemia, gram-positive bacterial infection, and malaria,
increased hemolysis leads to excess hemoglobin and heme. The liver derived scavenging
proteins, haptoglobin and hemopexin rapidly sequesters free hemoglobin and heme.
Haptoglobin and hemopexin proteins bind with high affinity to free hemoglobin and heme,
respectively (79, 168). Once sequestered, the haptoglobin-hemoglobin complex binds to
CD163, which is highly expressed on mature tissue macrophages, including Kupffer cells
(92). The hemopexin-heme complex binds to LRP/CD91, which is expressed in several cell
types, including macrophages and hepatocytes (78). Following binding to their respective
receptor the complex is endocytosed and degraded through a lysosomal pathway. Iron is
released from heme by the HO-1 and enters the same intracellular pool as iron from other
sources as mentioned above.

LIVER IRON STORAGE
Regardless of the source, iron that enters the hepatocyte enters the same intracellular pool.
This pool of iron is stored, mobilized for systemic metabolic demands, used in intracellular
enzymes, or used in mitochondrial iron sulfur proteins. Since free intracellular iron is toxic,
the majority of iron in the cells is stored in ferritin, which is discussed above in more detail.
Within the liver all cell types can store iron, but under normal conditions hepatocytes
represent the major storage site. During severe iron overload, as the ferritin storage becomes
saturated, storage in hemosiderin is elevated. Hemosiderin is an insoluble complex made up
of degraded ferritin and large ferric hydroxide chains. Iron stored in hemosiderin is poorly
mobilized (104, 149).

LIVER IRON EXPORT
Iron export from the liver, both in Kupffer cells and hepatocytes, is unclear and far less is
known about the molecular mechanisms as compared to iron uptake and storage in the liver.
Iron that is stored in ferritin has the ability to be mobilized from the liver during times of
high systemic demand of iron. This is the rationale for therapies of patients with
hemochromatosis (discussed in more detail below). Patients with high liver iron are
periodically bled initiating mobilization of iron from the liver to circulation. Rodent studies
using radioactive iron tracers estimate that up to 6% of iron is released from hepatocytes
daily (13). Several cues have been shown to regulate iron mobilization from the liver.
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Erythropoiesis and a systemic change in iron levels in rats increase the mobilization. Iron
export is inhibited following inflammation. In addition, the Kupffer cells also contribute
significantly to iron release from the liver via erythrophagocytosis and release of iron from
RBCs (13). The first step in iron mobilization is the regulated release of iron from ferritin.
This is thought to be an autonomous property of ferritin controlled by cytosolic iron levels
(38, 142). Expression of FPN in cells increases iron release from ferritin (117). The only
known iron exporter is FPN, which has been shown to be critical for iron transport in
animals (43). FPN is expressed highly in macrophages and to a lesser degree in hepatocytes
(144). As mentioned above, FPN is regulated by hepcidin-mediated binding and
degradation. This pathway is well characterized in in vitro cell systems. However, the role
hepcidin plays in regulating hepatic FPN protein stability in vivo is not clear. FPN is also
regulated by the IRE/IRP system, and has an IRE in its 5’ UTR. Under conditions of cellular
iron deficiency, IRP proteins bind to the IRE in the FPN transcript, blocking its translation.
This leads to decreased protein expression of FPN on the membrane and allows the cell to
retain iron through decreased export (113). Recent conditional disruption studies underscore
the importance of FPN in the liver. Macrophage-specific deletion of FPN led to iron
sequestration in Kupffer cells. The deletion did not have a profound affect on RBC
parameters and only mild anemia was observed (189). This finding is quite surprising since
most of the iron for daily requirements is derived from macrophage-mediated recycling of
senescent RBCs. These data suggest there must be compensatory mechanisms when
macrophage iron export is ablated. A hepatocyte-specific FPN deletion led to mild iron
sequestration in hepatocytes. However, RBC parameters were normal. Under low iron
conditions these mice developed anemia; RBC and hemoglobin values were significantly
lower (190).

LIVER IRON OVERLOAD
The liver is central to iron homeostasis and depends on a complex feedback mechanism
between body iron requirements, intestinal absorption, and recycling from senescent RBCs.
Dysregulation of these mechanisms can lead to iron overload. This section will discuss
common and rare disorders of iron overload.

Hereditary Hemochromatosis (HH)
HH is a genetic disorder and a common cause of iron overload. 1 in 200 will be affected by
this disorder (128). It was first described by Armand Trousseau in 1865 and was referred to
as bronze diabetes. A change in the hue of the skin, liver, and pancreas was observed,
although the cause was not known at this time. Over 30 years later Von Recklinghausen
named this condition hemochromatosis following further analysis showing iron
accumulation in liver cells. In 1996 it was identified that a mutation in the HFE gene was
associated with HH (46). It is now known that HH is an autosomal recessive disorder and 1
in 8 people in the United States have a mutation in a single copy of the gene (128). Further
study of patients with HH has led to the identification of several other iron regulatory genes
that cause HH. These genes demonstrate that iron sensing and regulation of hepcidin is a
concerted effort of several proteins. All HH disorders demonstrate a dysregulation in the
hepcidin-FPN homeostasis, and are classified into 5 types.

Type 1—High FE (HFE) encodes an atypical major histocompatibility complex protein,
and mutations in this gene are the most common cause of HH (46). The most common
mutation observed is a missense mutation of cysteine 282 to tyrosine (Cys282Tyr) (152).
However, several other mutations are characterized leading to iron overload (152). HFE
mutations that lead to iron overload are associated with a significant decrease in hepcidin
expression. Consistent with these data, mouse models which are deleted for HFE or have a
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knock-in Cys282Tyr mutation also have iron overload and a decrease in hepcidin expression
(102). Since HFE is abundant in several tissues including enterocytes and liver, a conditional
disruption of HFE in the liver and intestine was generated. In this study, hepatocyte-specific
disruption of HFE recapitulated a similar phenotype as the whole body knockout mouse
model, characterized by iron overload and decrease in hepcidin expression (180). Mice with
HFE disruption in the intestine were similar to normal controls (181). These data
demonstrate that HFE in the hepatocytes is critical for iron homeostasis. The molecular
function of HFE and its precise role in regulating hepcidin expression has been a subject of
great interest. Several lines of evidence suggest that HFE binding to Tfr1 and Tfr2 may be
the mechanism by which HFE regulates hepcidin expression (60, 153). Mutations in HFE
that increased binding to Trf1 blocked hepcidin expression. Mutations that weakened HFE
and Tfr1 interaction increased hepcidin expression (153). In addition, HFE and Tfr2 interact
and disruption of Tfr2 leads to decreased hepcidin expression (50, 86, 116). Lastly HFE and
Tfr2 interaction is required for regulation of hepcidin by iron containing Tf (60). Together
the data suggest a mechanism where Tf binding to Tfr1 releases HFE, which then can bind
to Tfr2 and stabilize its protein expression leading to an increase in SMAD signaling (figure
3).

Type 2A—Juvenile hemochromatosis (JH) is a rare autosomal recessive disorder of iron
overload and symptoms become apparent before the age of 30. JH leads to organ damage,
and usually causes cardiomyopathy, hypogonadism, liver injury, and diabetes. JH is a
caused by mutations in the gene for HFE2 which encodes the hemojuvelin (HJV) protein
(132, 152). HJV is a glycophosphatidylinositol anchored membrane protein. Several HFE2
mutations have been found in patients. However, the glycine 320 to valine is the most
frequent mutation that is reported (152). To confirm that HJV is causative in this type of
hemochromatosis, an HJV knockout mouse model was generated (125). This mouse model
demonstrates severe iron overload associated with very low levels of hepcidin expression,
similar to that observed in patients with HJV mutations (132). Hepcidin expression was
appropriately increased in response to inflammatory stimuli, suggesting that HJV is involved
in iron sensing but does not play a role in hepcidin regulation during inflammation. The
early onset of iron overload in JH is due to a robust repression of hepcidin. In HH due to
HFE mutations there is only a moderate decrease in hepcidin expression leading to iron
overload that is symptomatic at later ages. HJV is expressed in several tissues, and in the
liver HJV primarily expressed in hepatocytes. Restoring HJV expression in hepatocytes of
HJV knockout mice completely restored hepcidin expression and ablated the iron overload
(188). Further mechanistic studies demonstrated that HJV functions as a BMP co-receptor
and is important for induction of hepcidin expression in response to BMP signaling (10).
HJV binds to BMPs and enhances the activity of the SMAD signaling cascade (10).

Type 2B—Similar to HJV mutations, mutations in the HAMP gene, which encodes for
hepcidin, are a very rare cause of JH. Currently 12 known mutations occur on the HAMP
gene leading to a decrease in the normal production of hepcidin (74). Since hepcidin
function or expression is dramatically diminished, the iron overload symptoms are observed
before the age of 30.

Type 3—Tfr2 mutations lead to an autosomal recessive iron overload disease similar to
HFE related-HH phenotype. Tfr2 as mentioned above is capable of binding to HFE and this
interaction is critical in maintaining hepcidin expression (60). Unlike Tfr1, which is
ubiquitously expressed, Tfr2 is expressed only in hepatocytes and erythroid precursors (87,
159). Tfr2 cannot compensate for the loss of Tfr1 (171). The knockout mouse model and the
liver-specific disruption of Tfr2 confirm its importance in regulating hepcidin levels (86,
182). Hepcidin levels are decreased significantly in these mouse models compared to
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littermate controls, and tissue iron is increased. The most common mutation observed is in
amino acid 245, which is converted into a stop codon resulting in a protein product that is
not expressed (24). As mentioned above, Tfr2 binding to HFE promotes SMAD activation
and hepcidin expression. Upon its deletion this signaling pathway is decreased causing a
significant drop in hepcidin levels.

Type 4—SLC40a1 is the gene that encodes for the iron exporter FPN. FPN is the target of
hepcidin, which causes rapid internalization and degradation of FPN (117). More precise
work on the mechanism of FPN degradation by hepcidin demonstrates that following
hepcidin binding, FPN is phosphorylated on tyrosine residues, which lead to its endocytic
shuttling and degradation by the proteasome pathway (39). JAK2 is the critical kinase
phosphorylating FPN (37). However, recent data demonstrate that both phosphorylation of
FPN and JAK2 are not essential for FPN degradation (141, 148). Mutations in HFE, HJV,
hepcidin, and Tfr2 are all recessive mutations. However, mutations in FPN are dominant.
Patients that are heterozygous for the mutation develop the disease. This is due to FPN
functioning as a dimer and the mutant protein can act as a dominant negative (40, 41).
Several mutations of FPN have been observed. Detailed molecular studies demonstrate that
the mutations inhibit proper membrane localization of FPN, inhibit the export function of
FPN, disrupt hepcidin binding, or inhibit FPN internalization (84). Therefore, depending on
the mutation in FPN the patients can present with very different phenotypes. Mutations that
inhibit membrane localization or export function can lead to macrophage iron overload.
While those mutations that inhibit hepcidin binding or hepcidin-meditated internalization
lead to continuous export of iron into serum and eventually iron overload in the hepatocytes.

Secondary hemochromatosis
Secondary hemochromatosis is the result of another disease, which causes excess liver iron
loading. Most of diseases that lead to secondary hemochromatosis are acquired disorders of
erythropoiesis (63). The most common causes of secondary hemochromatosis are listed in
table 1. A well-studied disorder that leads to secondary hemochromatosis is β-thalassemia.
β-Thalassemia is a congenital blood disorder due to mutations in the β-globin gene leading
to a partial or complete loss of β-globin synthesis resulting in β-thalassemia intermedia and
Cooley's anemia, respectively. The decrease in β-globin results in ineffective erythropoiesis
and erythropoietic stress. Persons with β-thalassemia intermedia have mild anemia with a
slight lowering of hemoglobin levels in the blood. In most cases treatment is not necessary,
but severe patients with low hemoglobin levels will need occasional blood transfusions
(161). Cooley's anemia results in a striking deficiency in hemoglobin production. Patients
will need frequent blood transfusions (161). The blood transfusions lead to dysregulation of
the systemic iron homeostasis since donor blood is a rich source of iron. The body cannot
eliminate the excess iron efficiently, leading to increased tissue iron. Regular blood
transfusions are the most common cause of secondary hemochromatosis (63). Initially it was
thought that the iron overload was primarily due to regular blood transfusions. However,
mouse models of β-thalassemia hyperabsorb iron. This is the major mechanism leading to
iron overload in β-thalassemia intermedia and significantly contributes to the tissue iron
overload in Cooley's anemia (76, 164, 186). It is less clear whether an increase in iron
absorption plays a significant role compared to blood transfusions in other disorders of
erythropoiesis listed in table 1. However, recent work has shown that effective and
ineffective erythropoiesis can stimulate iron absorption, therefore this mechanism of iron
overload may be true for other diseases leading to secondary hemochromatosis (5).
Increased iron absorption in secondary hemochromatosis may be due to an increase
intestinal hypoxia signaling and a decrease in hepcidin expression (5, 133). Increasing
hepcidin levels in mouse models of β-thalassemia improved liver iron loading and anemia
(62).
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Aceruloplasminemia, hypotransferrinemia, and DMT-1 deficiency
Aceruloplasminemia, hypotransferrinemia, and DMT1 deficiency are causes of secondary
hemochromatosis, but are not disorders of erythropoiesis; rather these disorders are due to
ineffective transport of iron. Aceruloplasminemia is due to a loss-of-function mutation in Cp
and is inherited in an autosomal recessive manner. Iron overload in aceruloplasminemia is
mainly observed in the brain and liver (73, 187). A similar phenotype is also observed in Cp
knockout mouse models. Hypotransferrinemia is an autosomal recessive disorder leading to
loss of Tf production. Hypotransferrinemia is associated with severe microcytic anemia, and
an adaptive increase in iron absorption, which leads to severe liver iron loading (64, 75).
Consistent with hypotransferrinemic patients, the hpx mouse, which produces no Tf has
liver iron overload and anemia (171). DMT1 deficiency is an autosomal recessive disorder
leading to increase in liver iron (80). This is thought to be due to the role of DMT1 in iron
export from the endocytic compartment.

Dysmetabolic iron overload syndrome (DIOS)
DIOS is a newly characterized secondary hemochromatosis disorder. DIOS is associated
with features, such as obesity, type 2 diabetes, alcohol use, and chronic hepatitis C (42, 81,
106, 139). This is now the most common cause of iron overload observed in patients. The
iron overload is observed in 15% of patients with metabolic syndrome, 50% in patients with
non-alcoholic fatty liver disease, over 40% of patients with chronic hepatitis C infection, and
significant number of patients with alcoholic liver disease (18, 81, 139, 174). Currently the
mechanisms, which contribute to DIOS are unclear. However, a significant decrease in FPN
gene expression has been noted in patients with DIOS (2).

IRON-INDUCED LIVER DAMAGE
High levels of iron deposition lead to tissue damage and dysregulation of function. In the
liver increased free iron if untreated, leads to fibrosis and cirrhosis, and can increase
morbidity and mortality (123, 124, 145). Hepatic tissue injury is directly correlated to the
duration and amount of iron loading (123, 124). Cells normally produce basal levels of
reactive oxygen species (ROS) through metabolic function of the mitochondria and other
organelles. ROS are kept at low basal levels by several antioxidant enzymes, and low levels
of ROS are important in normal cell physiology (146). ROS in conjunction with high
cellular iron results in a robust increase of hydroxyl radicals, which leads to cell damage.
Free iron generates ROS through the Fenton and Haber-Weiss reactions (figure 5). The
superoxide radical (O2

•−) reduces ferric iron to ferrous iron, which reacts with hydrogen
peroxide (H2O2) to generate highly reactive hydroxyl radicals (OH•) (90). Hydroxyl radicals
lead to an increase in peroxidation of phospholipids within organelle and cellular
membranes, oxidation of amino acid side-chains, DNA strand breaks, and protein
fragmentation. The exact mechanisms by which high intracellular iron leads to liver fibrosis
and cirrhosis are unclear, but iron-induced cellular damage has been shown to directly
increase hepatocyte cell death and activate Kupffer and stellate cells (135, 160) (figure 6).
More recently, clinical evidence suggests that high liver iron could play a role in insulin
resistance (45, 143). The increase in iron-induced ROS in Kupffer cells can initiate a pro-
inflammatory cascade in the liver. Increased ROS production activates NF-κB signaling
leading to an increase in IL-6, TNF-α, and IL-1β in the liver (22, 112). Liver inflammation
can lead to hepatic insulin resistance, which is a major pathway leading to hyperglycemia in
type II diabetes (55). Lastly, liver iron overload increases the risk for hepatocellular
carcinoma (HCC). HCC is the major life threatening complication associated with hereditary
hemochromatosis (124). Several studies have looked at the risk factor for HCC in hereditary
hemochromatosis patients and some have estimated the risk to be 100-200 fold higher in HH
patients (19, 162). In addition, other iron overload disorders such as thalassemia are
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associated with an increased risk for HCC (17). The increase in iron plays an active role in
HCC pathogenesis. Chelation of iron or placing mice on an iron deficient diet decreases
tumor growth (71, 151).

TREATMENT OF IRON OVERLOAD
In patients with HH, phlebotomy is used to decrease liver iron. Regular bleeding of the
patients leads to an increase in erythropoiesis, which mobilizes liver iron stores to meet the
demand for iron that is required to generate mature RBCs (59). Secondary hemochromatosis
is also associated with severe anemia, thus phlebotomy is not an option. In these patients
iron chelators are used to decrease liver iron (59). Deferoxamine has been used for over
three decades for iron chelation. More recently two new iron chelators have also been used,
deferiprone and deferasirox (93). Iron chelators have been shown to be effective in
decreasing liver iron and also morbidity and mortality associated with iron overload. Several
rounds of phlebotomy and/or administration of iron chelators are required; these are slow-
acting treatment options and may not successfully decrease the liver injury associated with
an increase in iron. Alternatives to existing treatments are needed. Recently, hepcidin has
been shown to be a very attractive target and good proof of principles studies have been
done. Several studies in mouse models of HH have shown that increasing hepcidin levels
can ameliorate the iron overload (122, 177). Recently in β-thalassemia models, increasing
hepcidin expression resulted in decreased liver iron (62). Currently several strategies are
being assessed to increase hepcidin levels. The specific sites that are required for hepcidin-
FPN binding are known. Precise structural mutagenesis studies have demonstrated that nine
amino acids of hepcidin are critical for the binding to FPN and initiating its internalization
(140). Modifications of these nine amino acids has led to several peptides that have
increased activity over full length hepcidin. Moreover, the modified hepcidin derived
peptides are functional in vivo and can prevent iron overload that is observed in hepcidin
knockout mice (140). These agents are stable orally and may provide a well-tolerated form
of treatment for hereditary and secondary hemochromatosis. Other approaches may also be
useful in increasing hepcidin expression (59). Treatment with BMP6 increases hepcidin
expression in HFE-null mouse model and prevents iron overload (34). Moreover, since
hepcidin regulatory pathways are well characterized, several possibilities such as SMAD, C/
EBPα, and STAT3 activators could have potential roles in increasing hepcidin expression in
vivo.

ANEMIA
On the other end of the spectrum, aberrant upregulation of hepcidin is critical in the
pathogenesis of anemia of chronic disease, which encompasses several diseases including
kidney disease, inflammatory disease, cancer, and aging (26). In healthy human volunteers
and mice, studies demonstrate that inflammatory agents cause a robust and rapid decrease in
serum iron levels (27, 88, 115, 147). Within hours following induction of inflammation,
hepcidin levels are significantly elevated. The decrease in serum iron is due to hepcidin-
mediated internalization of FPN leading to iron sequestration in macrophages. This is
thought to be a protective mechanism that limits iron available to infectious pathogens.
However, in chronic disorders this leads to anemia, which can have detrimental effects in
the primary disease pathogenesis. Similarly, in most cancers there is a decrease in serum
iron levels and increased anemia (156). The decrease in iron is suggested to be beneficial in
limiting tumor growth. The mechanism may vary depending on the primary disease.
However, the IL-6-STAT3 pathway is critical in increasing hepcidin expression during
inflammation (163). The best treatment for anemia of chronic disease is resolving the
primary chronic disease. In severe cases, blood transfusion, EPO, or intravenous
administration of iron is used (163). In addition to an increase in hepcidin expression from
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chronic disorders, rare genetic mutations in the TMPRSS6 gene cause an increase in
hepcidin expression and iron-refractory iron deficiency anemia (IRIDA) (47). This was
further confirmed in the TMPRSS6 knockout mice, which had hair loss and microcytic
anemia associated with high levels of hepcidin expression (48, 52). A similar finding was
noted in the mask mutant mouse strain, characterized by a premature stop codon in the
TMPRSS6 gene (44). IRIDA is iron deficiency anemia that is unresponsive to oral iron
therapy. TMPRSS6 (also known as matriptase-2) encodes a type II transmembrane serine
protease, which is expressed predominantly in the liver. The first substrate that was
characterized for TMPRSS6 was HJV. The serine protease of TMPRSS6 cleaves membrane
HJV, leading to downregulation of hepcidin expression (155). Mutations in TMPRSS6
decrease its protease activity leading to increased protein expression of HJV and a
coordinate increase in hepcidin expression.

CONCLUSION
The liver is the central tissue which regulates systemic iron homeostasis by acting as a
sensor and regulator of iron levels. In addition, through its role in iron storage, the liver can
protect more sensitive tissues from iron-induced cellular injury. The past decade has led to
several novel liver-derived players regulating systemic iron homeostasis and identification
of new mutations in iron-related disorders. Several pathways in the liver regulate hepcidin,
the master hormone for maintaining systemic iron homeostasis. Recent studies have shown
that these pathways can have redundancy or act independently based on the stimuli (172).
The challenge will be to understand how these pathways crosstalk and are regulated in a
coordinate manner to maintain hepcidin levels. Moreover, how can these pathways be
targeted in iron-related disorders that could be of therapeutic benefit? Targeted therapies for
iron related disorders are actively being pursued such as the case for hepcidin mimetics and
BMP agonists, and the coming decade should yield novel therapies.
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Figure 1. Systemic iron regulation
Dietary iron is absorbed through the small intestine and mainly utilized for RBC production.
Hepatic and splenic macrophages recycle iron from senescent RBCs. The iron derived from
recycling is used for production of RBCs. During times of iron excess the liver can store
iron and during increased systemic needs the liver can mobilize iron stores for utilization.
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Figure 2. Hepcidin regulation of FPN protein expression during changes in systemic iron levels
High iron levels increase hepcidin expression, which decrease iron export from the small
intestine and macrophage due to an internalization and degradation of FPN. Iron deficiency
results in a decrease in hepcidin levels and stabilization of FPN protein expression.
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Figure 3. Regulation of hepcidin by BMP/SMAD, inflammatory and hypoxia/erythropoietic
signaling in the liver
Three major pathways are critical for regulating basal and stimuli-induced hepcidin
expression. Binding of iron containing Tf to Tfr1 causes a dissociation of Tfr1-High FE
(HFE) complex and an interaction of HFE with Tfr2. Increased stabilization of Tfr2
increases BMP6 mediated phosphorylation of SMAD1/5/ 8 and recruitment of SMAD 1/5/8
and SMAD4 to the hepcidin proximal promoter. BMP/SMAD signaling is the major
pathway by which hepcidin expression is coordinated to meet systemic iron requirements.
Activation of hepcidin by inflammation is thought to act independently of the BMP/SMAD
pathway. The best-studied mechanism is via the pro-inflammatory mediator IL-6. Binding of
IL-6 to its receptor IL-6 receptor (IL-6R) initiates activation of the JAK-STAT3 pathway.
STAT3 binds directly to the proximal promoter to increase hepcidin expression. Hypoxia
and erythropoiesis are inhibitors of hepcidin expression and these are the least understood
pathways by which hepcidin expression is regulated. Hypoxia and erythropoiesis have been
shown to inhibit hepcidin expression via direct binding of HIF to the proximal promoter, an
EPO-EPO receptor (EPOR) mediated decrease in C/EBPα expression, and through increase
in an unknown erythroid derived factor which signals through an undefined pathway.

Anderson and Shah Page 26

Compr Physiol. Author manuscript; available in PMC 2014 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Mechanisms of liver iron uptake
Iron is imported into the liver via Tf/Tfr mediated endocytosis. As the pH of the endocytic
vesicle drops, iron is released, reduced to Fe2+ by an endocytic reductase, and transported
out by DMT1 and/or ZIP14. During iron overload a significant amount of NTBI is present.
Iron can be directly transported into the liver through membrane bound DMT1 and/or
ZIP14. During conditions of increased hemolysis the liver is capable of transport of
hemoglobin and heme. Free hemoglobin binds with high affinity to haptoglobin, whereas
free heme binds to hemopexin. These complexes bind to their respective receptors CD163
and Lrp/CD91, which initiate receptor-meditated endocytosis. Hemoglobin is degraded in
the endosome and heme is released from the endocytic vesicle. Heme is further degraded by
HO-1 releasing iron.
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Figure 5. Schematic diagram of the Fenton and Haber-Weiss reactions
Iron is a potent catalytic cofactor, which increases highly unstable oxygen radicals that
cause cellular damage.
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Figure 6. Iron-induced liver damage
Iron accumulation in hepatocytes and Kupffer cells leads to an increase in ROS production
and pro-inflammatory mediators. Both ROS and pro-inflammatory mediators initiate a feed
forward cycle, which activates stellate cells, initiates cell damage, and leads to loss of
function contributing to an increase in steatosis, fibrosis, cirrhosis, and HCC.
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Table 1

Common causes of secondary hemochromatosis

Thalassemia

    • α-thalassemia

    • β-thalassemia minor

    • β-thalassemia major

Sickle-cell anemia

Sideroblastic anemia

    • Acquired

    • ALAS2 deficiency

Myleodysplastic syndrome (MDS)

    • Refractory anemia

    • Refractory anemia with excess of blasts

    • Refractory anemia with ringed sideroblasts

    • Chronic myelomonocytic leukemia

    • Atypical Chronic Myeloid Leukemia

    • Unclassified MDS

Aplastic anemia

Pyruvate kinase deficiency

Glucose-6-phosphate dehydrogenase deficiency

Aceruloplasminemia

Hypotransferrinemia

DMT-1 deficiency

Dysmetabolic iron overload syndrome (DIOS)
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