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I
n the past few years not many fields in medicine have been so profoundly transformed by

seminal discoveries as the iron field. Key missing proteins in iron homeostasis have been

characterised and their regulatory pathways or function dissected. Seemingly, the causative

genes of the most important human diseases associated with deregulated iron metabolism and

responsible for tissue iron overload have been identified. These giant steps forward have

dramatically transformed the way we look at iron related diseases, their pathogenesis, diagnosis,

and treatment. One of the best examples is the disorder known as haemochromatosis (HC) or

hereditary haemochromatosis. This term was introduced to define the association of widespread

tissue injury with massive tissue iron deposition1 and likely referred to a clinical entity named

‘‘bronze diabetes’’2 and ‘‘cirrhose pigmentaire’’3 first reported in France in the second half of the

19th century. After only one century the term was associated with an hereditary disease4 and

linked to the major histocompatibility class I complex A3, on the short arm of chromosome 6.5 6 In

1996, the most prevalent HC gene, HFE, was cloned.7 However, once the HFE gene was identified,

it appeared immediately clear that HFE mutations accounted for most but not all cases of HC.8

Since then, unprecedented progress in the field of iron genetics has led to the identification of

new genes involved in iron metabolism whose mutations are responsible for cases of hereditary

iron storage disorders.

The term haemochromatosis (HC) (synonymous for hereditary or idiopathic or primary

haemochromatosis) defines an autosomal recessive disorder of iron metabolism characterised by

tissue iron overload potentially leading to multiorgan disease, such as liver cirrhosis,

endocrinopathy, and cardiomyopathy. The syndrome is the result of a genetically determined

failure to stop iron from entering the circulatory pool when it is not needed. It is associated with

pathogenic mutations of at least four HC genes (that is, HFE, TfR2, HJV, and HAMP) and it is

likely due to a regulatory defect in iron homeostasis in the liver.9 Four basic features define HC

and are characteristic of the classic disorder related to HFE C282Y homozygosity (the prototype

for this subset and by far the most common form) and the rare disorders more recently attributed

to loss of TfR2, HAMP, or HJV (table 1). These features include: hereditary, usually autosomal

recessive, trait; iron overload initially involving the plasma compartment (reflected in increasing

serum transferrin saturation); iron overload subsequently involving parenchymal cells (reflected

in increasing serum ferritin) with the potential for organ damage and disease; unimpaired

erythropoiesis and optimal response to phlebotomy.9 Established concepts regarding primary

cause and molecular pathogenesis of HC have been more or less all challenged by recent new

discoveries, particularly those pertaining to the genetic field. Based on this new information and

on circumstantial evidence provided by recent human and animal studies, a unifying pathogenic

model for HC is presented in this article.

THE PATHOGENIC GENESc
HFE
HFE is a major histocompatibility class I-like protein whose ancestral peptide binding groove is

too narrow to allow classic antigen presentation10 while a possible non-classic immunological

activity has been recently proposed.11 It is incapable of binding iron.12 Interaction between HFE

and the transferrin receptor, TfR1, which mediates transferrin bound iron uptake by most

cells,12 13 has been fully documented although its biological effects are still uncertain. However, it

is unclear whether the interaction of HFE with TfR1 is key for the pathogenesis of HC.14–16

The C282Y mutation (substitution of tyrosine for cysteine at position 282 due to a single base,

845G-.A), the most common pathogenic mutation of HFE, is associated with disruption of a

disulfide bond in HFE that is critical for its binding to b2 microglobulin.17 The latter interaction

is necessary for the stabilisation (intracytoplasmic), transport, and expression of HFE on the

cell surface and endosomal membranes where HFE interacts with TfR1. The H63D mutation,

a common HFE mutation whose pathogenic significance is still uncertain, does not impair
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HFE-TfR1 interaction. While the biological function of HFE is

still unknown, circumstantial evidence indicate that it might

be required for the synthesis of hepcidin, the iron hormone

secreted by hepatocytes (see below).

Transferrin receptor 2 (TFR2)
In 1999, the gene for a second human transferrin receptor

(TfR2) was cloned.18 Unlike TfR1, the new receptor was found

to be highly expressed in the liver and it was not regulated by

intracellular iron status.19 TfR2 mediates the uptake of

transferrin bound iron by hepatocytes,18 possibly through

the mechanism of receptor mediated endocytosis similar to

that described for TfR1, but its in vitro affinity for transferrin

is 25–30-fold lower than that of TfR1.20 Yet, TfR2 mediated

transferrin iron uptake may be of importance in hepatocytes,

which express a low number of TfR1. The biological role and

function of TFR2 remain unknown, but recent studies

suggests a role for TfR2 in hepcidin synthesis in the liver

(see below). In fact, its putative role in hepatocyte uptake of

iron18 is difficult to reconcile with the HC phenotype observed

in humans with pathogenic TfR2 mutations21 and in TfR2

knockout mice.22 TfR2 does not seem to interact with HFE,20

but its persistent hepatic expression during iron overload

might conceivably reflect a contribution to the modulation of

hepcidin synthesis in this setting (see below).

Hemojuvelin (HJV )
Hemojuvelin (also called HFE2, or repulsive guidance

molecule C (RgmC)) is transcribed from a gene of 4265 bp

into a full length transcript with five spliced isoforms.23

Analyses of hemojuvelin in human tissues detect substantial

expression in adult and fetal liver, heart, and skeletal

muscle.23 The putative full length protein is 426 amino acids

with a large RGM motif, homologous to repulsive guidance

molecules involved in neuronal cells migration; it contains a

C terminal putative transmembrane domain characteristic of

a glycosylphosphatidylinositol linked membrane anchor (GPI

anchor). Removal of the GPI anchor or proteolysis would be

expected to generate a soluble form of hemojuvelin, suggest-

ing that it can be present in either a soluble or a cell

associated form. The function of hemojuvelin is presently

unknown. However, hepcidin levels are depressed in indivi-

duals with HJV mutations,23 and in HJV knockout mice,24 and

a recent study in vitro indicated that HJV is a transcriptional

regulator of hepcidin25 (see below). In this study, cellular

hemojuvelin positively regulated hepcidin mRNA expression,

and recombinant soluble hemojuvelin suppressed hepcidin

mRNA expression in primary human hepatocytes in a log

linear dose dependent manner, suggesting binding competi-

tion between soluble and cell associated hemojuvelin.

Hepcidin (HAMP )
Hepcidin, the long awaited iron hormone, is an antimicrobial

peptide produced by hepatocytes in response to inflammatory

stimuli and iron.26–28 It is the product of the HAMP gene,

consisting of three exons and two introns located on

chromosomes 7 and 19 in mouse and humans, respectively.

Humans and rats have a single HAMP gene 28, whereas two

functional genes, Hamp 1 and 2 are present in the mouse

genome.29 Hepcidin mRNA is nearly confined to the liver. The

transcript encodes a precursor protein of 84 amino acids,

including a putative 24 amino acid leader peptide, while the

circulating forms consist of only the C terminal portion (20

and 25 amino acid peptides). In solution, the small cysteine-

rich hepcidin peptides form a distorted beta sheet with an

unusual vicinal disulphide bridge found at the turn of the

hairpin, which is probably of functional significance.30 Due to

significant antibacterial and antifungal activities of the C

terminal peptide, hepcidin has been classified as a member of

the cysteine-rich, cationic, antimicrobial peptides, including

the thionins and defensins.

Evidence from transgenic mouse models indicates that

hepcidin is the principal downregulator of the transport of

iron across the small intestine and the placenta, and its

release from macrophages. Transgenic animals overexpres-

sing hepcidin die perinatally due to severe iron deficiency

anaemia occurring in the context of reticuloendothelial cell

iron overload.29 In vivo injection of hepcidin into mice

significantly reduced mucosal iron uptake and transfer to

the carcass, independently of iron status or presence of HFE,31

or induces hypoferraemia in humans.32 The present view is

that hepcidin downregulates iron efflux from the intestine

and macrophages by interacting with the main iron export

protein in mammals, ferroportin (FPN). In fact, it has been

recently shown that hepcidin binds to FPN in cultured cells

stably expressing FPN and, following complex internalisa-

tion, leads to FPN degradation.33 Moreover, hepcidin is highly

concentrated in organs expressing FPN.32 This implies

decreased FPN expression and reduced iron egress from cells

such as enterocytes and macrophages whenever circulating

hepcidin levels are high—namely, inflammation and iron

overload. In fact, hepcidin functions as an antimicrobial

peptide, and its production is readily stimulated by lipo-

polysaccharide 28 or turpentine34 both in vivo and in vitro.

This stimulation is indirect and appears to be mainly

mediated by the inflammatory cytokine interleukin 6.35–37 It

Table 1 Haemochromatosis genes

Gene
(symbol/location) Gene product known or postulated function*

Pathogenic mutation(s)/
prevalence

Haemochromatosis gene
(HFE/6p21.3)

Interaction with transferrin receptor 1 One (C282Y)
Hepcidin regulator Common

Transferrin-receptor 2
(TfR2/7q22)

Uptake of iron bound transferrin Many
Hepcidin regulator Rare

Hepcidin antimicrobial peptide
(HAMP /19q13.1)

Downregulation of iron efflux from
macrophages, enterocytes, placenta

Many
Very rare

Hemojuvelin
(HJV/1p21)

Hepcidin regulator Many (G230V more prevalent)
Rare

*There may be other as yet unknown functions related to iron overload while the known functions do not, at least at
this time, always account for what is known about pathophysiology.
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is presently controversial whether HFE, the HC gene product,

is required for hepcidin activation in response to inflamma-

tory stimuli.37–40 Due to its sensitivity to inflammatory stimuli

and owing to its effect on iron egress from macrophages and

enterocytes, hepcidin is likely responsible, along with its

cellular counterpart FPN, for iron perturbations occurring

during chronic inflammatory disorders and know as anaemia

of inflammation or anaemia of chronic disease.41

As to the regulatory role of iron on hepcidin synthesis, a

correlation between hepcidin expression and hepatic iron

stores or serum ferritin has been reported previously in

humans.35 42 43 It may be that serum iron or transferrin

saturation are the signals for hepcidin upregulation but the

details of this stimulation are still obscure. In fact, exposure

of cultured murine and human hepatocytes to ferric iron28 or

iron saturated transferrin35 does not increase hepcidin mRNA

and may even reduce it. This led to suggestions that in vivo

iron sensing for hepcidin upregulation may take place in

other cell types, possibly Kupffer cells,41 but recent studies

have challenged this hypothesis.40 44 A study now points to

Smad4, a transcription factor which might be directly

responsible for hepcidin regulation in hepatocytes in

response to iron and inflammatory stimuli and whose genetic

disruption leads to systemic iron overload in mice.45

The fact that mice with genetic disruption of the

transcription factors upstream stimulatory factor 2 (USF2)

or C-EBPa, both required for hepcidin transcriptional control,

have an haemochromatotic phenotype46 47 and humans

lacking hepcidin have a severe form of HC48 now places

hepcidin at the centre of the pathogenesis of HC (see below).

A UNIFYING PATHOGENIC MODEL FOR
HAEMOCHROMATOSIS
The first biochemical manifestation of HC is an increase in

transferrin saturation which reflects an uncontrolled influx

of iron into the bloodstream from enterocytes and macro-

phages. Duodenal transfer of iron to plasma is inappropri-

ately high for body iron stores,49 suggesting downregulation

failure in HC. Phlebotomy normally triggers sharp transient

increases in absorption (from 1–2 mg/day to 5 mg/day),

mainly to ensure bone marrow supplies, but in HC this

response is exaggerated (8–10 mg/day) and the rate remains

high for years.50 The end result is intestinal absorption of iron

that generally exceeds loss by approximately 3 mg/day in

HC.51 While the only way that total body iron can be

increased is through increased intestinal iron absorption,

macrophages (normally a much more important source of

plasma iron than either enterocytes or hepatocytes)52 are also

important in the pathogenesis of HC. They are invariably iron

poor in HC and seem to release more iron or to retain less

transferrin bound iron than their normal counterparts.9

Historically, the intestine has been seen as the primary site

of the defect in HC and studies showing that HFE is normally

expressed in intestinal crypts reinforced this idea leading to

the development of a specific pathogenic model.9 This model

attributed the relative iron deficiency of mature absorptive

HC enterocytes and increased intestinal iron absorption to an

abnormal interaction between TfR1 and mutant HFE in

intestinal crypt cells. The presence in this model of C282Y

mutant HFE which is unable to interact with TfR1, leads to

iron deficient crypt cells, which give rise to iron deficient

daughter cells. These cells are ‘‘programmed’’ to react to iron

starvation by hyperactively and persistently absorbing iron

from the intestinal lumen and transferring virtually all of it

into the bloodstream, regardless of actual erythropoietic

needs. More recently, however, this model has been

challenged with the discovery of hepcidin and its central

involvement in iron homeostasis. Consequently, attention

has moved to the liver as the primary site of the defect in HC.

The progressive expansion of the plasma iron pool in HC,

which occurs at a much faster rate in ‘‘juvenile’’ forms of the

disorder (HJV and HAMP related HC) compared with late

onset forms (HFE and TfR2-related HC), is likely the result of

increased transfer of iron to the blood compartment from

enterocytes (that is, increased intestinal absorption) and

from reticuloendothelial macrophages.9 As mentioned above,

the main regulator of iron efflux from enterocytes and

macrophages in humans is hepcidin. In HFE, TfR2, and HJV

related HC, hepatic expression or serum/urine levels of this

peptide are inappropriately low.42 43 53 54 Its expression in the

liver is also significantly impaired in HFE, TfR2, and HJV

knockout mice24 55–57 and hepatic deposition of iron in HFE-

KO animals can be prevented by hepcidin overexpression.58

These findings suggests a unifying pathogenic model for all

forms of HC in which HFE, TfR2, and HJV are all

independent but complimentary regulators of hepcidin

synthesis in the liver (fig 1).

Hypothetically, these three proteins may be important for

sensing circulatory iron and turning on hepcidin gene

transcription, albeit with different mechanisms and func-

tional impact: HFE might have a role in endosomes and/or

plasma membranes iron traffic even independently of TfR1;

TfR2, highly expressed in hepatocytes even during iron

overload, might signal transferrin bound or unbound iron;

soluble and cell associated hemojuvelin might reciprocally

regulate hepcidin expression in response to changes in

extracellular iron concentration: soluble HJV might even

signal the iron status of peripheral tissues, such as skeletal

muscles where HJV also seems to be expressed. When all

three proteins function correctly (and the HAMP gene that

encodes hepcidin is normal), the amount of iron transferred

into the blood will be appropriate to body needs, and

excessive iron deposition in tissues will be avoided (fig 1A).

The relative contributions of the three genes to this

modulatory process may be different, with a more substantial

role assigned to HJV based on the more severe iron overload

phenotype associated with HJV mutations. Loss of one of the

minor regulatory proteins (HFE or TfR2 related HC) will

result in an appreciable increase in iron influx into the

bloodstream but residual hepcidin activity will be sustained

by the second minor regulator and the major regulator, HJV

gene (fig 1B, C). The result is a mild ‘‘adult’’ HC phenotype,

with gradual plasma iron loading and gradual accumulation

of iron in tissues. Loss of the ‘‘major’’ hepcidin regulator,

HJV, will produce a more dramatic effect on iron into the

bloodstream and result in a more severe, ‘‘juvenile’’, HC.

Combined loss of HFE and TfR2 (HFE+TfR2 related HC)

would theoretically result in much more rapid and sub-

stantial increases in plasma iron and, consequently, greater

iron overload in tissues: in short, a more severe juvenile

phenotype, not unlike that produced by loss of HJV. In fact, a

recent study has described patients with severe juvenile HC

phenotype associated with combined mutations of HFE and

TfR2.59 Finally, complete loss of hepcidin (HAMP related HH),

in spite of normal HFE, TfR2, and HJV, will inevitably lead to

massive uncontrolled release of iron into the circulation and

severe HC phenotype.
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CONCLUSIONS
For much of the twentieth century, HC was regarded as a

clinically and genetically unique entity, albeit one with

phenotypic variability. We now know that other iron gene

mutations can be associated with more or less similar forms

of iron overload, leading to tissue deposits of iron with

different patterns and organ damaging potentials. Due to

these advances, our concept of HC has been changing,

evolving, stretching, and twisting to accommodate an

increasingly rapid and rich succession of new discoveries, in

particular those of the genetics era. This has also made some

confusion. For instance, the OMIM database now lists the

disease associated with FPN mutation, the ferroportin

disease,60 a common cause of hereditary hyperferritinaemia,

as type 4 HC.61 This is incorrect both on pathophysiological

and clinical grounds, but it is also misleading for physicians,

as diagnostic and therapeutic strategies may be different in

the FPN disease compared with classic HC. The truth is that

in FPN disease the basic pathological defect is the inap-

propriate retention of iron by macrophages and other cell

type—namely, the defect lies at the other end of the

hepcidin-ferroportin axis.

The pathogenic model for HC presented in this article

needs validation, and ongoing studies, particularly in

transgenic animal models, will surely offer important clues.

It clearly has the advantage of unifying within a unique

syndromic entity a number of disorders that are, at first sight,

distinct from a genetic point of view; the common pathogenic

basis, instead, can explain common clinical manifestations,

diagnostic strategy, and therapeutic approach. With the

exception of HAMP, the precise functions of these genes

remain to be defined, and their classic association with either

juvenile or adult onset disease provides a valuable index of

their importance in normal iron metabolism. Most notably,

non-HFE HC genes, while responsible for rarer cases of HC

compared with HFE, are much more central than HFE in

human iron homeostasis and understanding their function

will greatly advance our comprehension of iron trafficking in

health and disease.

Conflict of interest: None declared.

Figure 1 A unifying pathogenic model for hereditary haemochromatosis. In this model, HFE, TfR2, and HJV are considered independent but
complementary modulators of hepatic synthesis of hepcidin, which downregulates the rate at which intestinal cells and macrophages release iron into
the bloodstream. Loss of one of the regulatory proteins will result in an appreciable increase in iron influx into the bloodstream but residual hepcidin
activity will be sustained by the other regulators. Specific genetic loss will have a different effect on circulatory iron overload (and on the phenotypic
severity of the resulting syndrome) depending on the importance of the involved gene in hepcidin regulation. Therefore, the result is a mild ‘‘adult’’
haemochromatosis phenotype in HFE and TfR2 related haemochromatosis (B, C) and a more severe juvenile phenotype when the loss involves the
‘‘major’’ hepcidin regulator, HJV (D) (see text for details). Modified from Pietrangelo9 with permission.
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