
Hereditary Hemochromatosis: Genetic
Complexity and New Diagnostic Approaches

Dorine W. Swinkels,1* Mirian C.H. Janssen,2 Jürgen Bergmans,1 and
Joannes J.M. Marx1,3

Since the discovery of the hemochromatosis gene (HFE)
in 1996, several novel gene defects have been detected,
explaining the mechanism and diversity of iron-over-
load diseases. At least 4 main types of hereditary hemo-
chromatosis (HH) have been identified. Surprisingly,
genes involved in HH encode for proteins that all affect
pathways centered around liver hepcidin synthesis and
its interaction with ferroportin, an iron exporter in
enterocytes and macrophages. Hepcidin concentrations
in urine negatively correlate with the severity of HH.
Cytokine-mediated increases in hepcidin appear to be
an important causative factor in anemia of inflamma-
tion, which is characterized by sequestration of iron in
the macrophage system. For clinicians, the challenge is
now to diagnose HH before irreversible damage devel-
ops and, at the same time, to distinguish progressive
iron overload from increasingly common diseases with
only moderately increased body iron stores, such as the
metabolic syndrome. Understanding the molecular reg-
ulation of iron homeostasis may be helpful in designing
innovative and reliable DNA and protein tests for
diagnosis. Subsequently, evidence-based diagnostic
strategies must be developed, using both conventional
and innovative laboratory tests, to differentiate between
the various causes of distortions of iron metabolism.
This review describes new insights in mechanisms of
iron overload, which are needed to understand new
developments in diagnostic medicine.
© 2006 American Association for Clinical Chemistry

Iron is involved in the function of all cells. It is able to
accept and donate electrons, depending on its oxidation
state: ferrous iron [Fe(II)] or ferric iron [Fe(III)]. This
ability is crucial for the function of oxygen-binding mol-
ecules, mainly hemoglobin and myoglobin, and iron-
containing enzymes, including the cytochrome system in
mitochondria. Iron is mostly locked into iron protopor-
phyrin (heme) and iron–sulfur clusters, which serve as
enzyme cofactors. Without iron, cells lose their capacity
for electron transport and energy metabolism. However,
iron can also cause damage, because Fe(II) catalyzes the
generation of highly reactive hydroxyl radicals (·OH)
from hydrogen peroxide (H2O2), which is called the
Fenton reaction (1 ). These hydroxyl radicals damage
cellular membranes, proteins, and DNA. A large number
of scavenger molecules protect cells against iron-medi-
ated tissue damage. Proteins sequester iron to reduce this
threat. Iron circulates bound to plasma transferrin, which
is needed to offer the highly insoluble Fe(III) to cells via
the transferrin receptor (TfR).4 Iron can safely be stored
within cells in the form of ferritin and hemosiderin
[reviewed in Ref. (2 )]. Usually, only small amounts of iron
exist outside this physiologic sink, although stored iron
can be mobilized for reuse. Many diseases arise from
imbalances in iron homeostasis. Too much iron accumu-
lates in hereditary hemochromatosis (HH), porphyria
cutanea tarda, and the iron-loading anemias (hemolytic,
dyserythropoietic, myodysplastic, and aplastic anemias),
which are often aggravated by multiple transfusions. In
iron-deficiency anemia (IDA), insufficient amounts of iron
are available for heme synthesis. In anemia of inflamma-

Departments of 1 Clinical Chemistry and 2 General Internal Medicine,
Radboud University Nijmegen Medical Centre, Nijmegen.

3 Eijkman-Winkler Institute, University Medical Centre Utrecht, Utrecht,
The Netherlands.

* Address correspondence to this author at: Department of Clinical Chem-
istry 441, Radboud University Nijmegen Medical Centre, PO Box 9101, 6500
HB Nijmegen, The Netherlands. Fax 31-24-541743; e-mail D.Swinkels@akc.
umcn.nl.

Received February 10, 2006; accepted March 24, 2006.
Previously published online at DOI: 10.1373/clinchem.2006.068684

4 Nonstandard abbreviations: TfR, soluble transferrin receptor; HH, hered-
itary hemochromatosis; IDA, iron-deficiency anemia; AI, anemia of inflamma-
tion; TS, transferrin saturation; NTBI, non–transferrin-bound iron; HJV, hemo-
juvelin; GPI, glycosylphosphatidylinositol; OMIM, Online Mendelian
Inheritance in Man; HHCS, hereditary hyperferritinemia congenital cataract
syndrome; DcytB, duodenal cytochrome B; DMT1, divalent metal transporter
1; HCP1, heme carrier protein 1; sTfR, soluble transfer receptor; and R/F, ratio
of sTfR to the log of the ferritin concentration.

Clinical Chemistry 52:6
000–000 (2006) Review

1

 Papers in Press. First published April 20, 2006 as doi:10.1373/clinchem.2006.068684

 Copyright © 2006 by The American Association for Clinical Chemistry



tion (AI), iron is redistributed to macrophages to promote
resistance to infections (3 ).

The control of iron homeostasis acts at both the cellular
and the systemic level and involves a complex system of
different cell types, transporters, and signals. To maintain
systemic iron homeostasis, communication between cells
that absorb iron from the diet (duodenal enterocytes),
consume iron (mainly erythroid precursors), and store
iron (hepatocytes and tissue macrophages) must be
tightly regulated. The recently identified �-defensin-like
antimicrobial peptide hepcidin is thought to be the long-
anticipated regulator that controls iron absorption and
macrophage iron release. Hepcidin is synthesized in the
liver when changes occur in body iron needs, such as in
anemia, hypoxia, and inflammation, and is secreted in the
circulation. Recently, light was also shed on how hepcidin
exerts this regulatory function; it was reported to coun-
teract the function of ferroportin, a major cellular iron-
exporter protein in the membranes of macrophages and
the basolateral site of enterocytes, by inducing its inter-
nalization and degradation (4–6).

Background information on these major pathways of
iron exchange and the role of hepcidin in iron regulation

is provided in Fig. 1, and Fig. 2 displays key sites in iron
homeostasis in more detail. Also shown in Figs. 1 and 2
are the many proteins involved in iron metabolism. Most
of these proteins have been identified during the last few
years, during which molecular genetics have added sub-
stantially to the understanding of iron metabolism [see
Refs. (7–16) and the reviews in Refs. (17–19)]. Since the
discovery of the hemochromatosis gene (HFE)5 in 1996,
the identification of numerous additional genes that are
mutated in genetic hemochromatosis has revolutionized
the diagnosis of primary iron overload by introducing
molecular and protein tests that allow early, presymptom-
atic, accurate diagnosis. However, many links are still
incomplete, leaving even more intriguing questions. In
this review, we summarize the major advances from the

5 Human genes: HFE, hemochromatosis; HJV (alias, HFE2), hemochroma-
tosis type 2 (juvenile); HAMP, hepcidin antimicrobial peptide; SMAD4, moth-
ers against DPP homolog 4 (Drosophila); TFR2, transferrin receptor 2; SLC40A1,
solute carrier family 40 (iron-regulated transporter), member 1; FTL, L-ferritin;
and SLC11A2, divalent metal transporter 1 [(aliases, DMT1, DCT1, and
NRAMP2); solute carrier family 11 (proton-coupled divalent metal ion trans-
porters), member 2].

Fig. 1. Pathways of iron exchange.
The largest flux of iron takes place in the recycling of iron from senescent erythrocytes out of macrophages to incorporation in erythroid precursors. Note that values
for the different tissues and fluxes are approximate. The liver and reticuloendothelial macrophages function as major iron stores. Only 1–2 mg of iron is absorbed and
lost every day. Importantly, the total amount of iron in the body can be regulated only by absorption, whereas iron loss occurs only passively from sloughing of skin
and mucosal cells as well as from blood loss. Hepcidin, a recently identified, antimicrobial, �-defensin-like peptide secreted by the liver, controls the plasma iron
concentration by inhibiting iron export by ferroportin from duodenal enterocytes and reticuloendothelial macrophages [see also Fig. 1 of Ref. (4 )]. As a consequence,
an increase in hepcidin production leads to a decrease in plasma iron concentrations (92, 200). Hepcidin expression is regulated by iron concentrations in hepatocytes,
by inflammatory stimuli, by erythroid iron demand, and by hypoxia via pathways involving expression of the HFE, TRF2, and HJV genes (Fig. 2D)
(16, 82, 84, 89, 90, 104, 174, 175). In HFE-, TfR2-, and HJV-related HH, hepcidin production is low despite increased liver iron, leading to inappropriately increased
iron absorption (16, 104, 175). A, B, C, and D refer to sites with special functions in iron metabolism as depicted in Fig. 2. sHJV, soluble HJV.
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Fig. 2. Key sites of iron metabolism.
There are 4 sites with special functions in iron handling: enterocytes (A), erythroid precursors (B), macrophages (C), and hepatocytes (D). (A), enterocyte. Iron in food
can be present in an inorganic form (Fe3�) or as hemoglobin or myoglobin. Fe3� in soluble iron complexes is reduced to Fe2� by DcytB in the brush border and is
transported into the duodenal enterocytes by DMT1. Heme enters the enterocyte after enzymatic digestion of hemoglobin and myoglobin, presumably through a heme
cell transport protein, HCP1 (166). Within the enterocyte, heme is degraded by heme oxygenase (HO), and Fe2� iron is released. From there, iron is either stored as
ferritin or transported across the basolateral membrane to enter the circulation. This transport across the basolateral membrane is mediated by the iron transporter
ferroportin, which transports Fe2� to the plasma, where it is oxidized to Fe3� by hephaestin, a membrane-resident multicopper oxidase very similar to ceruloplasmin
(Cp), facilitating binding to transferrin (Tf). Evidence is accumulating that the peptide hormone hepcidin inhibits ferroportin function (4 ). Consequently, in case of high
plasma hepcidin concentrations, most iron absorbed by the enterocyte is trapped as ferritin and lost in the feces. (B), erythroid precursor. Erythroid precursors take
up iron through the transferrin cycle. Transferrin binds to TfR1 on the cell surface. The complexes localize to clathrin-coated pits, which invaginate to initiate endocytosis.
In specialized endosomes, a decrease in pH induces the release of iron from transferrin. Fe3� is converted to Fe2�, presumably by STEAP3 (168), which enables iron
transport out of the endosomes via DMT1. Subsequently, apotransferrin (apo-Tf) and the TfR1 both return to the cell surface. Both proteins participate in further rounds
of iron delivery. Iron is transported mainly into mitochondria for incorporation into heme and Fe-S proteins. Excess iron is stored as ferritin and hemosiderin. In erythroid
cells, essentially all iron is incorporated into hemoglobin. (C), macrophage. Reticuloendothelial macrophages carry out iron recycling. They ingest senescent
erythrocytes and lyse them in a phagolysosomal compartment. Hemoglobin (Hb) is degraded, and iron is liberated from heme. The enzyme heme oxygenase (HO)
participates in this process. Iron is then either stored as ferritin or exported out of the cell by ferroportin and ceruloplasmin (Cp). A considerable amount of iron is
released as ferritin or hemoglobin (201). (D), hepatocyte. Hepatocytes take up iron through multiple pathways. The molecules involved in transport of NTBI, hemoglobin
(Hb), heme (Haem), and ferritin have not yet been identified. As in macrophages, iron in hepatocytes is either stored as ferritin and hemosiderin or exported out of the
cell by ferroportin and subsequently oxidized by ceruloplasmin (Cp) before binding to transferrin (Tf). Available data do suggest that HFE in interaction with TfR1 and
parallel to TfR2 is implicated in the iron-sensing pathway of hepatocytes that controls hepcidin synthesis (84). A GPI-linked cell-associated HJV may interact with the
transmembrane neogenin receptor to induce changes in hepcidin synthesis in the hepatocyte. A soluble circulating form of HJV (sHJV) derived from skeletal muscle is
hypothesized to serve as an antagonist to disrupt these interactions (89, 90). Knowledge on the cellular processes regulating this hepcidin production and secretion in the
hepatocyte is limited. The hepcidin gene (HAMP), located on chromosome 19q13.1, encodes a precursor protein of 84 amino acids. The production and localization of
pre-prohepcidin in hepatocytes is assumed to be intracellular in the secretory pathway (202). During its export from the cytoplasm, this full-length pre-prohepcidin undergoes
enzymatic cleavage of a 20-amino acid amino-terminal endoplasmic reticulum–targeting signal peptide, producing a 64-amino acid prohepcidin peptide (203). Next, the
39-amino acid proregion peptide is removed by a furin-like proprotein convertase (14, 204), most likely in the trans-Golgi network, producing mature hepcidin (25-amino acid
form), which can be purified from human blood ultrafiltrate (171). Question marks indicate that either the pathway or the transport has not been elucidated.
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molecular studies of iron overload in the light of their
relevance to the understanding and design of diagnostic
strategies for defects in iron regulatory pathways.

Hereditary Hemochromatosis
Iron-overload disease can be primary (hereditary) or
secondary (inborn or acquired) (20 ). The latter disorders
have in common the fact that the patient is anemic (Table
1). When anemia is accompanied by increased erythroid
activity and/or ineffective erythropoiesis, e.g., in case of
thalassemia and sideroblastic anemia, congenital dyser-
ythropoietic anemia, and some myelodysplastic disor-
ders, there is an appropriately increased absorption of
iron from the diet because of higher needs of iron for
hemoglobin synthesis (20, 21). These patients develop
iron overload even without transfusions of erythrocytes.
If transfusions are needed, they will add to the body iron
excess. Primary causes of hemochromatosis usually stem

from inherited abnormalities of proteins implicated in
iron transport and regulation that may lead to excessive
absorption of iron from the gastrointestinal tract. The
disease was first described at the end of the 19th century
by von Recklinghausen, but also by Trousseau and Troi-
sier. It was von Recklinghausen who originally intro-
duced the term hemochromatosis. In 1935, Sheldon wrote
his classic review in which hemochromatosis was re-
garded as a very rare disease that results from excess total
body iron and organ failure attributable to iron toxicity
(22 ). By the 1980s, a higher prevalence was suggested,
probably because of the widespread availability of serum
iron, iron-binding capacity, and ferritin assays by that
time. In the 1970s, hemochromatosis was recognized as an
autosomal recessive disorder linked to the short arm of
chromosome 6, which contains the gene that encodes
HLA-A (23 ). However, it was only in 1996, that Feder et
al. (7 ) identified the hemochromatosis (HFE) gene (previ-
ously called HLA-H gene). These authors attributed the
most common form of hereditary hemochromatosis (HH)
to homozygosity for the C282Y sequence variation of this
gene. The so called HFE-related HH is characterized by an
increase in iron absorption inappropriate to body iron
stores, which leads to iron deposition in parenchymal
organs such as the liver and the pancreas. Initial clinical
symptoms of tissue iron overload typically occur at adult
age and are often nonspecific and vague. In later stages,
disease manifestations may include arthropathy, diabetes
mellitus, hypogonadism and other endocrinopathies, liver
cirrhosis, cardiomyopathy, skin pigmentation, and in cir-
rhotic patients, increased susceptibility to liver cancer
(24–35). Early diagnosis and therapeutic phlebotomy can
prevent the development of tissue damage, reducing
morbidity and mortality and providing long-term sur-
vival similar to the general population (25, 26, 31, 33,
34, 36–38).

The identification of the HFE gene was the start of
rapid advances in the understanding of iron homeostasis.
It has since become obvious that other genetic entities can
cause clinical pictures identical to that of the HFE gene
defect [reviewed in Ref. (19 )]. On the other hand, some of
these new gene abnormalities are associated with mark-
edly different clinical and biochemical pictures of iron
overload. The large number of genes in which sequence
variants are associated with iron overload complicates the
diagnostic approach. Unfortunately, an increasing num-
ber of patients undergo molecular testing just because
plasma ferritin and transferrin saturation (TS) are in-
creased. Often this leads to an unnecessary search for
hereditary defects in individuals with various common,
nonhereditary conditions that are characterized by similar
abnormalities in serum ferritin and/or TS, such as hepa-
titis, excessive alcohol consumption, several conditions
co-occurring in the metabolic syndrome [glucose intoler-
ance, obesity, hypertension (39 )], and secondary forms of
iron overload (2, 20, 21, 25, 40–54) (Table 1 and Fig. 3).
Furthermore, without a well-defined indication, molecu-

Table 1. Differential diagnosis of iron overload in humans.
Hereditary hemochromatosis

HFE-associated HH (type 1) (7 )
C282Y homozygosity
C282Y/H63D compound heterozygosity

Non-HFE-associated HH
Type 2A HJV variants (16)
Type 2B hepcidin variants (15)
Type 3 TfR variants (9 )
Type 4 ferroportin variants (11)

Other
HHCS (133–135, 162)
Heme oxygenase deficiency (205)
Neonatal iron overload (206)
Aceruloplasminemia (119, 136)
Congenital atransferrinemia or hypotransferrinemia (160, 161)
DMT1 variants (163)

Secondary iron overload
Iron-loading anemias (20, 21)

Ineffective erythropoiesis
Thalassemic syndromes
Sideroblastic anemia
Myelodysplastic syndrome
Congenital dyserythropoiesis

Increased erythropoiesis
Chronic hemolytic anemia

Parenteral iron overload (including multiple blood transfusions)
Other

Metabolic syndrome (43, 50)
Obesity (42, 47, 54)
Hypertension (48)
Insulin resistance (49–52)

Chronic liver disease
Hepatitis (193, 194)
Alcohol abuse (45)
Nonalcoholic steatohepatitis (44)
Porphyria cutanea tarda (207)

Iron overload in sub-Saharan Africa (118–120)
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Fig. 3. Flow chart proposed for the diagnosis of
the various forms of HH.
The diagram includes innovative molecular, hepcidin,
and magnetic resonance imaging (MRI) tests. Future
studies are needed to collect evidence to validate this
flow chart. Except for the information included in this
diagram, rational gene targeting is also based on
information on clinical presentation, hemoglobin (low
in secondary forms of iron overload and in some cases
with ferroportin disease), family history (hereditary
disease), concomitant diseases (e.g., hepatitis and
alcohol abuse), and age at presentation (young age in
juvenile forms of HH) (53). HH types 1–4 refer to the
OMIM classification (Table 2). ALT, alanine amino-
transferase; AST, aspartate aminotransferase.

Clinical Chemistry 52, No. 6, 2006 5



lar diagnostics carry the risk of detecting abnormalities in
genes of which the clinical consequence in time is un-
known at present.

Currently there are 5 major forms of HH, each caused
by sequence variations in a different gene (Table 2).

Classic Hemochromatosis: The HFE Gene
The C282Y sequence variant may have originated in a
single Celtic ancestor in northern Europe approximately
2000 years ago (55 ). Rapid dissemination of this C282Y
sequence variant has subsequently caused HH to be one
of the most common inherited disorders in the Caucasian
population of northern European descent, with a carrier
frequency of the main C282Y sequence variant of 1 in 10
and homozygosity in 1 in 200. Apparently this genetic
defect has no negative adverse consequences for repro-
duction. It may even have conferred some advantages, for
which 2 main hypotheses have been proposed. The first
has been mentioned frequently and is based on the lower
prevalence of iron deficiency and a subsequent positive
effect on the reproduction of young C282Y heterozygous

women in ancient times, when dietary iron was scarce
(56 ). To date, however, evidence is lacking that the
presence of HFE sequence variants also protects against
(iron deficiency) anemia. In fact, there is good evidence
that the prevalence of iron deficiency is no higher in
carriers than in wild-type individuals (57 ). An alternative
hypothesis is based on a protective effect against some
pathologic agents. This can be related to the HFE protein
as a cell-surface receptor for some infectious agents (58 )
or to the relative iron deficiency that occurs in the
macrophages in the presence of the C282Y sequence
variant, and offers a possible protection against many
virulent species of bacteria that multiply mainly in iron-
rich macrophages, such as Mycobacterium tuberculosis and
Yersinia pestis (59 ). Although this latter theory is tantaliz-
ing, it remains to be tested at both the molecular level and
in epidemiologic studies.

During the past few years, the understanding of the
prevalence of clinically overt C282Y-homozygous HH has
undergone a revision. In contrast to most of the earlier
studies, recent surveys involving HFE genotyping of

Table 2. Characteristics of the hereditary forms of iron overload.
HH Gene OMIM type Interaction Frequency Hepcidina Severityb Clinical findings

Classic HFE 1 TfR1?c Frequent 2 �� Clinical: Symptoms start after 4th decade. Chronic
fatigue, joint pain, impotence, infertility,
hepatomegaly, diabetes mellitus, skin
pigmentation, liver cirrhosis, decompensation
cordis, arrhythmias.

Biochemical: Increased serum TS and ferritin
concentrations.

Morphologic: Iron overload predominantly in
hepatocytes.

Inheritance: Autosomal recessive, prevalent male
expression

Juvenile
HJV-related HJV 2a Neogenin Rare 22 ���� Clinical: Symptoms start after the 1st decade.

Abdominal pain, hypogonadotropic
hypogonadism, cardiac arrhythmias and
intractable heart failure, diminished glucose
tolerance.

Hepcidin-related HAMP 2b Ferroportin Very rare 22 ���� Biochemical: Increased TS and ferritin
concentrations.

Morphologic: Iron overload in liver, heart,
endocrine glands, and skeletal muscle.

Inheritance: Autosomal recessive, both sexes
equally affected.

TfR2-related TFR2 3 Transferrin Very rare 2 ��� Clinical, biochemical, and morphologic: Similar to
HFE-related hemochromatosis.

Inheritance: Autosomal recessive.
Ferroportin

disease
SLC40A1 4 Hepcidin Rare 1 ? � Clinical: Symptoms of iron overload comparable to

HFE-related hemochromatosis, mild anemia early
in life, reduced tolerance to phlebotomy.

Biochemical: Marked increase in serum ferritin
with relatively mildly increased TS.

Morphologic: Iron overload predominantly in
reticuloendothelial cells.

Inheritance: Autosomal dominant.
a2, mildly decreased; 22, strongly decreased; 1, increased.
b �, mild: ��, moderate; ���, severe; ���, very severe.
c ?, not known.

6 Swinkels et al.: Hereditary Hemochromatosis: New Diagnostic Approaches



nonclinically selected populations found that most C282Y
homozygotes had no symptoms of disease (60–63). The
incomplete penetrance of the C282Y sequence variant
raises questions about the cost-effectiveness of population
screening. Instead, early case detection by family (cas-
cade) screening and increased awareness for the disease
in the presence of symptoms that are consistent for HH is
more likely to have a significant effect (64–66).

HFE genotypes other than C282Y homozygosity rarely
cause clinically significant iron overload [reviewed in Ref.
(67 )]. C282Y heterozygotes usually do not develop iron
overload unless they have associated conditions, such as
environmental factors (alcohol, viruses, hepatic disease)
or variant forms of other genes (see below). These C282Y
carriers not only have increased mean TS and ferritin
concentrations compared with their wild-type counter-
parts, but also increased concentrations of non–trans-
ferrin-bound iron (NTBI) (68 ). NTBI is thought to be the
potentially toxic form of iron responsible for tissue dam-
age in cases of iron overload (Fig. 2) (69, 70). The plasma
concentration of NTBI, which is a rather unknown species
of iron, highly correlates with that of TS in HH patients
(71 ).

Case–control studies on the relationship of the C282Y
heterozygous genotype with diseases, however, have not
consistently supported heterozygosity as a risk factor for
diabetes, arthritis, cancer, liver disease, and cardiovascu-
lar disease [reviewed in Ref. (72 )].

A particular group of HFE genotypes consists of per-
sons who are compound heterozygous for C282Y and
H63D. These individuals have been described as being at
higher risk to develop iron overload, but in a generally
much milder form than in C282Y homozygotes (73, 74).
However, given the fact that the clinical penetrance of
C282Y homozygosity is very low (62 ), compound het-
erozygotes with clinical disease will be scarce. A third
sequence variant, S65C, with an allele frequency as low as
1.6%–2.0%, was found to exert a consistent but small
effect on serum iron indices, particularly when present in
combination with other HFE genotypes, such as C282Y
and H63D (75–77). However, to date there are no con-
vincing data that S65C is associated with HH. Therefore,
there is insufficient evidence to include testing for S65C to
confirm the presence of HH in patients with increased
serum iron indices. Other HFE sequence variants of
clinical relevance are rare, and most of them are private
(78 ).

The molecular function of HFE in iron metabolism has
long been attributed to the crypt hypothesis (79, 80).
According to this widespread view, the HFE protein
linked to transferrin receptor 1 (TfR1) in the duodenal
crypt stem cell is the sensor of total body iron, aimed at
programming the expression of iron transporters in ab-
sorptive cells in the villi. In this model, the relative iron
deficiency of mature absorptive enterocytes and increased
intestinal absorption at the apical membrane of the en-
terocyte are attributed to abnormal interaction between

TfR1 and mutant HFE in the basolateral membrane. This
theory has been opposed by the recent work of Enn’s
group (81 ), who showed that the association of HFE with
TfR1 is not essential to its function. However, it is mainly
since the discovery of hepcidin that the crypt model has
been replaced by the “hepcidin model” as the prevailing
hypothesis (Fig. 1). Sequence variations in HFE were
shown to lead to inappropriately low concentrations of
hepcidin, suggesting that HFE is involved upstream in the
regulation of hepcidin expression (82, 83). Because hepci-
din synthesis is restricted to liver cells, this provided
strong evidence that HFE in the liver and/or macro-
phages was exerting its effects in hepatic cells and not in
crypt cells (84 ). Indeed, available data do suggest that
HFE/TfR1 in parallel to transferrin receptor 2 (TfR2) is
implicated in the iron-sensing pathway of hepatocytes
that controls hepcidin synthesis (Fig. 2D) [reviewed in
Ref. (84 )]. Taken together, it is not known yet exactly how
HFE senses body iron. Nevertheless, by controlling serum
concentrations of the proposed central iron regulator
hepcidin, HFE appears to be involved in the maintenance
of body iron homeostasis. Hepcidin has been reported to
exert this regulatory role by disrupting the function of
ferroportin, a major transmembrane iron exporter on
enterocytes and macrophages (Fig. 1) (4 ). This model fits
the hypothesis that plasma iron loading in HH stems from
inappropriately excessive release of iron not only by
enterocytes but also by hepatocytes and macrophages
(85 ). Recently, De Almeida et al. (86 ) proposed that HFE
encodes for an HLA-like molecule that has some immune-
related function. This provides molecular evidence that a
protein shown to affect iron metabolism also clearly
affects immunologic functions.

Since the identification of the hemochromatosis (HFE)
gene, remarkable developments have occurred in our
understanding of iron transport and storage molecules,
with the description of hepcidin, hemojuvelin (HJV),
TfR2, and ferroportin proteins, in which alterations can
lead to various types of HH (Table 2 and Fig. 2) (19 ).

Juvenile Hemochromatosis
Juvenile hemochromatosis shares most features with
adult hemochromatosis, but the clinical manifestations
develop earlier because intestinal iron absorption is
higher and the rate of iron accumulation is faster. Indi-
viduals with the juvenile phenotype are more likely to
present with cardiomyopathy and/or endocrine diseases,
although liver cirrhosis is also part of the syndrome.

juvenile hemochromatosis attributable to hjv
deficiency
The most common gene causing juvenile hemochromato-
sis was recently identified, mapping to the pericentro-
meric region of the long arm of chromosome 1 (Table 2)
(16 ). The gene HJV [hemochromatosis type 2 (juvenile);
also known as HFE2] encodes a newly identified protein,
called hemojuvelin (HJV), and is highly expressed in
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