
 

n engl j med 

 

352;17

 

www.nejm.org april 

 

28, 2005

 

1741

 

P E R S P E C T I V E

 

caught between the NIH policy and the policies of
journals in which they seek to publish their work,
and journals and publishers may be caught between
their support for the public health mission of the
NIH and their own self-interest.

The NIH initiative may also encourage other
governments and private funding organizations
to consider public-access policies. For example, the
Wellcome Trust and the National Library of Med-
icine are discussing the establishment of a coun-
terpart to PubMed Central in the United King-
dom.
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 Such a repository would mirror the data held
in PubMed Central and also provide the flexibility to
add additional publications and content.

As the public-access policy takes effect, there
are high expectations for quick movement toward
timely availability of all publications from NIH-sup-

ported research. PubMed Central, however, could
soon receive 5000 papers a month, or only a few
hundred. It should rapidly become obvious whether
the policy is working as the NIH — and Congress
— intended.
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The number of newly identified genes participating
in the regulation of iron homeostasis has increased
at a remarkable pace. The characterization of these
genes has led investigators to challenge previous
models of the regulation of iron homeostasis in
health and its dysregulation in disease. There is now
substantial evidence that the liver plays a central role
in determining how much iron is absorbed from the
gut and in influencing the release of iron from sites
of storage. The discovery of the iron regulatory hor-
mone hepcidin has provided a cohesive theory to
explain the pathophysiology of such common dis-
orders as hereditary hemochromatosis and the ane-
mia of inflammation (also known as the anemia of
chronic disease). The most important cellular tar-
gets for hepcidin appear to be the villus enterocyte,
the reticuloendothelial macrophage, and the hepa-
tocyte (see diagram).

There are no substantial physiologic mecha-
nisms that regulate iron loss. Accordingly, iron ho-

meostasis is dependent on regulatory feedback
between body iron needs and intestinal iron absorp-
tion. Several factors have been found to influence
the rate of iron absorption, including the body’s
iron stores, the level of erythropoietic activity in
bone marrow, the blood hemoglobin concentration,
the blood oxygen content, and the presence or ab-
sence of inflammatory cytokines.
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 More than one
of these factors may act simultaneously, and some
are interrelated. Intestinal iron absorption increas-
es with decreased iron stores, increased erythropoi-
etic activity, anemia, or hypoxemia. Conversely, in-
testinal iron absorption decreases in the presence
of inflammation — a process that contributes to the
anemia of inflammation. Excess iron absorption rel-
ative to body iron stores is the hallmark of heredi-
tary hemochromatosis.
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Nearly all absorption of dietary iron occurs in
the duodenum. Several steps are involved, including
the reduction of iron to a ferrous state, apical up-
take, intracellular storage or transcellular traffick-
ing, and basolateral release. Molecular participants
in each of these processes have been identified
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(see diagram). The reduction of iron from the fer-
ric to the ferrous state occurs at the enterocyte
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brush border by means of a duodenal ferric reduc-
tase (Dcytb). Ferrous iron is then transported across
the apical plasma membrane of the enterocyte by
divalent metal transporter 1 (DMT1). Iron taken up
by the enterocyte may be stored intracellularly as
ferritin (and excreted in the feces when the senes-
cent enterocyte is sloughed) or transferred across
the basolateral membrane to the plasma. This iron
is transferred out of the enterocyte by the basolater-
al transporter ferroportin — a process that is facil-
itated by the ferroxidase activity of the ceruloplas-
min homologue hephaestin. The expression of each
of the genes involved in these steps is subject to

regulation. Changes in the expression of each of
the identified molecules that participate in iron ab-
sorption have been examined in various conditions.
The best characterized of these conditions is ane-
mia caused by dietary iron deficiency, in which the
up-regulation of duodenal DMT1, Dcytb, and fer-
roportin messenger RNA and protein is observed.

Iron released into the circulation binds to trans-
ferrin and is transported to sites of use and storage.
Production of hemoglobin by the erythron accounts
for most iron use. High-level expression of trans-
ferrin receptor 1 in erythroid precursors ensures
the uptake of iron into this compartment. Hemo-

 

Interplay of Key Proteins in Iron Homeostasis.

 

In the duodenal enterocyte, dietary iron is reduced to the ferrous state by duodenal ferric reductase (Dcytb), transported 
into the cell by divalent metal transporter 1 (DMT1), and released by way of ferroportin into the circulation. Hephaestin 
facilitates enterocyte iron release. Hepatocytes take up iron from the circulation either as free iron or transferrin-bound 
iron (through transferrin receptor 1 and transferrin receptor 2). Transferrin receptor 2 may serve as a sensor of circulat-
ing transferrin-bound iron, thereby influencing expression of the iron regulatory hormone hepcidin. The hepcidin re-
sponse is also modulated by HFE and hemojuvelin. Hepcidin is secreted into the circulation, where it down-regulates 
the ferroportin-mediated release of iron from enterocytes, macrophages, and hepatocytes (dashed red lines).
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globin iron has substantial turnover, as senescent
erythrocytes undergo phagocytosis by reticuloen-
dothelial macrophages. Iron export from mac-
rophages is accomplished primarily by ferro-
portin, the same iron-export protein expressed in
the duodenal enterocyte.

Hepatocytes serve as a storage reservoir for
iron, taking up dietary iron from portal blood and,
at times of increased demand, releasing iron into
the circulation by way of ferroportin. The ferropor-
tin-mediated release of iron from enterocytes, mac-
rophages, and hepatocytes is recognized as an
important determinant of iron homeostasis. The
discovery of hepcidin revealed the important role
of the hepatocyte in sensing the body iron status
and modulating the ferroportin-mediated release
of cellular iron.

Hepcidin is a 25-amino-acid peptide that was
first identified in urine and plasma during a search
for novel antimicrobial peptides.
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 However, its role
in influencing the systemic iron status has been dis-
covered to be paramount, and hepcidin is now con-
sidered to be the principal hormone involved in
iron regulation. 

Each of the previously mentioned factors regu-
lating intestinal iron absorption (iron stores, eryth-
ropoietic activity, hemoglobin, oxygen content, and
inflammation) also regulates the expression of hep-
cidin by the liver. When each of these factors un-
dergoes a change, intestinal iron absorption varies
inversely with liver hepcidin expression. Hepcidin
decreases the functional activity of ferroportin by di-
rectly binding to it and causing it to be internal-
ized from the cell surface and degraded.
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 In the
enterocyte, this action would be expected to de-
crease basolateral iron transfer and thus dietary
iron absorption. In the reticuloendothelial mac-
rophage and the hepatocyte, hepcidin would lead
to a decrease in iron export and thus an increase in
stored iron.

Abnormalities in hepcidin regulation have now
been implicated in two important clinical condi-
tions: hereditary hemochromatosis and the anemia
of inflammation. The abnormalities of iron homeo-
stasis seen in hereditary hemochromatosis are the
converse of those seen in the anemia of inflamma-
tion. Hepcidin expression is inappropriately low in
patients with the former condition, whereas it is in-
creased in patients with inflammatory conditions.
In hereditary hemochromatosis, there is increased
dietary iron absorption, relative sparing of iron
in reticuloendothelial macrophages, and increased

iron saturation of circulating transferrin. Hepato-
cytes become iron-loaded in this setting, presum-
ably because the uptake of iron from the circulation
exceeds their ferroportin-mediated iron export.
Conversely, in the anemia of inflammation, iron
retention by duodenal enterocytes and reticuloen-
dothelial macrophages leads to markedly low trans-
ferrin saturation, iron-restricted erythropoiesis, and
mild-to-moderate anemia. Thus, hepcidin offers
a unifying explanation for the abnormalities in iron
metabolism observed in these two common clini-
cal conditions.

Most patients with hereditary hemochromato-
sis are homozygous for the C282Y mutation in the

 

HFE

 

 gene. In this issue of the 

 

Journal,

 

 Adams et al.
(pages 1769–1778) report the results of a large pop-
ulation screening study examining the prevalence
and consequences of the C282Y mutation in vari-
ous racial and ethnic groups. The authors found
that although most persons who are homozygous
for this mutation have elevations of the mean fer-
ritin level and transferrin saturation, individual vari-
ability is great. Moreover, the differences observed
among racial and ethnic groups in these iron-relat-
ed variables could not be accounted for by differ-
ences in the 

 

HFE

 

 genotype. These data indicate that
although the 

 

HFE

 

 mutation is the most important
heritable cause of iron overload, basal iron status
is significantly influenced by other genetic factors,
environmental factors, or both. The contribution
of genetic factors is probably substantial, as sug-
gested by data from strains of inbred mice.

Genes other than 

 

HFE

 

 have been identified that,
when mutated, lead to decreased hepcidin expres-
sion and clinical hereditary hemochromatosis. One
of these genes (

 

TFR2

 

) encodes transferrin receptor
2, a homologue of the classic transferrin receptor
that is highly expressed by hepatocytes. It has been
postulated that transferrin receptor 2 may act as a
“sensor” of circulating iron and thereby influence
hepcidin expression. Another such gene is hemo-
juvelin (

 

HJV

 

), which is mutated in most persons
with juvenile hereditary hemochromatosis. These
observations suggest that 

 

HFE,

 

 

 

TFR2,

 

 and 

 

HJV

 

 partic-
ipate in a pathway that regulates hepcidin expres-
sion. Polymorphisms in these genes might contrib-
ute to the observed variation in basal iron status.

Although much has been learned regarding the
regulation of iron homeostasis, many important
questions remain. The molecular mechanisms by
which 

 

HFE,

 

 

 

TFR2,

 

 and 

 

HJV

 

 influence hepcidin ex-
pression are unknown. 

 

HFE

 

 expression in cell types
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other than hepatocytes (e.g., reticuloendothelial
cells or duodenal crypt cells) may also influence
iron homeostasis. Moreover, additional gene prod-
ucts involved in iron metabolism — for instance,
the dietary heme transporter and proteins that par-
ticipate in intracellular iron trafficking — have yet
to be identified. There may be therapeutic potential
for hepcidin antagonists in the treatment of the ane-
mia of inflammation, or for exogenous hepcidin in
the treatment of hemochromatosis. Investigations
focused on these unanswered questions will con-
tinue to expand our understanding of how iron ab-

sorption and distribution are regulated in health
and dysregulated in certain diseases.

 

1.

 

Miret S, Simpson RJ, McKie AT. Physiology and molecular bi-
ology of dietary iron absorption. Annu Rev Nutr 2003;23:283-301.

 

2.

 

Pietrangelo A. Hereditary hemochromatosis — a new look at
an old disease. N Engl J Med 2004;350:2383-97.

 

3.

 

Hentze MW, Muckenthaler MU, Andrews NC. Balancing acts:
molecular control of mammalian iron metabolism. Cell 2004;117:
285-97.

 

4.

 

Ganz T. Hepcidin, a key regulator of iron metabolism and me-
diator of anemia of inflammation. Blood 2003;102:783-8.

 

5.

 

Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin regulates cel-
lular iron efflux by binding to ferroportin and inducing its inter-
nalization. Science 2004;306:2090-3.

 

In 1892, Louis Vaquez of Paris described a patient
with cyanotic polycythemia; the autopsy disclosed
massive enlargement of the spleen and liver. In
1903, William Osler, then at Johns Hopkins Hos-
pital, reported on four patients with polycythemia,
two of whom had splenomegaly. He gave credit to
Vaquez for the earlier description, and the disor-
der was later named Osler–Vaquez disease, though
today it is usually referred to as polycythemia vera. 

In 1951, William Dameshek drew attention to
the relationships among polycythemia vera, idio-
pathic myelofibrosis, and essential thrombocythe-
mia and proposed that these diseases, as well as
chronic myeloid leukemia and erythroleukemia,
should be grouped together in the general category
of myeloproliferative syndromes. This proposal may
have been regarded as suspect at the time, but this
year it seems to have been fully vindicated by four re-
search groups that independently discovered that
most patients with polycythemia vera and some with
myelofibrosis and essential thrombocythemia have
an identical acquired point mutation in the Janus
kinase 2 (

 

JAK2

 

) gene.
The four members of the Janus kinase (JAK)

family, Janus kinases 1, 2, and 3 and tyrosine ki-
nase 2 (JAK1, JAK2, JAK3, and TYK2), have slight-

ly different functions.
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 Each has a kinase domain
(JAK homology 1, or JH1) and a catalytically inac-
tive pseudokinase domain with an important reg-
ulatory function (JAK homology 2, or JH2). To some,
the presence of these two similar domains in the
protein, one active and the other inactive, was remi-
niscent of the Roman god Janus, who looked simul-
taneously in two directions — hence the name. 

The JAK proteins function as intermediates be-
tween membrane receptors and signaling mole-
cules. When particular cytokines or growth fac-
tors bind to their receptors on the cell surface, JAK
proteins, which are kinases associated with the cy-
toplasmic regions of these receptors, become phos-
phorylated and thereby activated. This activation
creates docking sites for downstream molecules,
notably those of the STAT (signal transducer and
activator of transcription) family (see diagram, Pan-
el A). Activated STAT molecules enter the nucleus,
where they act as transcription factors. JAK2 seems
to be activated particularly when receptors bind to
hematopoietic growth factors. Mutations in the
drosophila homologue of the human 

 

JAK2

 

 gene
are known to cause a leukemia-like phenotype in af-
fected flies, and rare cases of leukemia in humans
are associated with 

 

TEL–JAK2

 

 fusion genes.
In this issue of the 

 

Journal,

 

 Kralovics and col-
leagues in Basel, Switzerland, and Pavia, Italy
(pages 1779–1790), report that 83 of 128 patients
with polycythemia vera (65 percent) had a guanine-
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