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Abstract
There are many forms of iron storage disease, some hereditary and some acquired. The most common
of the hereditary forms is HFE-associated hemochromatosis, and it is this disorder that is the main
focus of this presentation. The body iron content is regulated by controlling absorption, and studies
in the past decade have clarified, in part, how this regulation functions. A 25 amino acid peptide
hepcidin is upregulated by iron and by inflammation, and it inhibits iron absorption and traps iron
in macrophages by binding to and causing degradation of the iron transport protein ferroportin. Most
forms of hemochromatosis results from dysregulation of hepcidin or defects of hepcidin or ferroportin
themselves.

Hereditary hemochromatosis was once considered to be very rare, but in the 1970s and 1980s,
with the introduction of better diagnostic tests, it became to be considered the most common
disease of Europeans. Controlled epidemiologic studies carried out in the last decade have
shown, however, the disease itself actually is rare, and it is only the genotype and associated
biochemical changes that are common. We do not understand why only a few homozygotes
develop severe disease. It now seems unlikely that there are important modifying genes, and
although alcohol is known to have some effect, excess drinking probably plays only a modest
role in determining the hemochromatosis phenotype.

Hereditary hemochromatosis is readily treated by phlebotomy. Secondary forms of the disease
require chelation therapy, and the recent introduction of effective oral chelating agents is an
important step forward in treating patients with disorders in which iron overload often proves
to be fatal, such as thalassemia, myelodysplastic anemias, and dyserythropoietic anemias.

While much has been learned about the regulation of iron homeostasis in the past decade, many
mysteries remain and represent challenges that will keep us occupied for years to come.

It is a great honor for me to present this lecture in memory of my good friend Bracha Ramot.
It is because this lecture is in honor of Bracha that I do not feel the least bit uncomfortable
speaking about iron storage diseases in a symposium entitled “Genomics and Molecular
Biology of Hematopoietic Malignancies”. I know that had it been possible to ask her whether
this might be appropriate Bracha would have said: “Of course, Ernie. Talk about whatever you
want to”. That was her way. And, of course, Bracha was no stranger to iron metabolism. She
was scientifically broad, a Renaissance hematologist. A MEDLINE search reveals 261
publications by Bracha and eight of those deal with iron -- iron in thalassemia, iron in
sideroblastic anemia, and iron in iron deficiency anemia.
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The ease with which iron can shed or acquire electrons has suited it well for a variety of
chemical reactions, and it is probably for this reason that iron is essential for virtually all forms
of life. But because of its reactivity iron can also produce damage, and thus life forms have
had to evolve mechanisms for acquiring and retaining the right amount of iron -- enough iron
to perform its essential functions, but not enough to produce damage. As with all finely tuned
mechanisms, things can go wrong with maintaining this delicate balance. Iron deficiency ranks,
along with inflammation, as the most common cause of anemia. Iron overload is much less
common, but is also clinically important, although much less so than was believed only a few
years ago.

Iron storage disease may be divided into hereditary forms and acquired forms, as shown in
table 1. The acquired forms of iron storage disease are generally associated with marrow
hyperactivity, a finding that has suggested that there may be a direct connection between
erythropoiesis and iron absorption. The mechanism of this effect remains unknown, but the
possibility that a humoral factor elaborated by the marrow might modulate iron absorption is
very real.

Of the hereditary forms of iron storage disease, only HFE-associated hemochromatosis is
characterized by a high mutant gene frequency. The other abnormalities, which will not be
discussed here, are important too, not only because they are the cause of severe diseases, but
also because the discovery of the mutations that cause them have played an important role in
furthering our understanding of iron homeostasis.

The Fundamentals of Iron Metabolism
Since the classical studies of McCance and Widdowson [1] 70 years ago it has been recognized
that the iron content of the body is regulated through the modulation of iron absorption.
Although small amounts of iron are lost from the body, chiefly through desquamation of cells,
there is no regulated iron excretion. Rather, iron metabolism is a closed circuit in which the
iron that the body has captured is reutilized (figure 1). Hemochromatosis is characterized by
excessive accumulation of iron in the body. Thus, it is a state in which the absorption of iron
is dysregulated, and more iron is absorbed than is needed. But how does the body “know” how
much iron to absorb? Over the past 60 years attempts have been made to explain the regulation
of iron absorption through the existence of a “mucosal block” [3], a flawed concept based on
flawed data, as I have described in detail elsewhere [4]. What the experimental data actually
show is not the existence of a “blocking” of iron absorption after an initial dose of iron has
been given, but rather “mucosal intelligence”. Iron-deficiency results in enhanced iron
absorption and iron overload decreases iron absorption. Other factors that modulate iron
absorption include anemia, which increases iron absorption probably largely through the
enhanced erythropoiesis that is generally present, inflammation, which decreases iron
absorption, and hypoxia which increases iron absorption.

In the past 10 years a considerable number of genes involved in the regulation of iron
homeostasis has been identified. These have been generally found either through the study of
mutant laboratory animals or the positional cloning of genes in humans with iron storage
disease. In table 2, those genes hypomorphic mutations of which cause iron overload have
classified as “down-regulators”. Conversely, those in which hypomorphs cause iron deficiency
are classified as “up-regulators”.

The interaction between these participants is complex and has been very difficult to unravel.
To a large extent we do not understand how the various parts fit together; it is like a difficult
jigsaw puzzle (figure 2).
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The Central Role of Hepcidin
The 25 amino acid peptide, hepcidin, plays a central role in the regulation of iron homeostasis,
and it is directly or indirectly involved in the development of most iron overload syndromes
[5]. Hepcidin is an anti-microbial peptide that has apparently evolved into a regulator of iron
transport. Ferroportin, the transport protein that moves ferrous iron from intestinal epithelial
cells and macrophages into the serum serves as a receptor for hepcidin. When hepcidin binds
to ferroportin it causes internalization of ferroportin and its proteolytic destruction [6]. Thus,
hepcidin serves to prevent the egress of iron both from intestinal cells and from macrophages.

Hepcidin is normally upregulated by excess iron stores [7,8]. This serves to prevent further
absorption of iron from the gastrointestinal tract, and its release from macrophages. It is this
regulation that is impaired in several types of hemochromatosis. HFE, transferrin receptor 2,
and hemojuvelin deficiency all are associated with failure of hepcidin to be appropriately
upregulated. In the case of HFE and transferrin receptor-2 mutations some rise of hepcidin
levels does occur, and as a consequence iron overload is relatively mild in most cases. In
hemojuvelin deficiency, the mutation that causes juvenile hemochromatosis, the defect is more
severe [9,10]. It is apparent that these three molecules are involved in some way in the signaling
pathway from iron to hepcidin transcription. Although a number of models have been proposed,
none have been established to be correct. The recent proposal [11] that a complex consisting
of HFE, transferrin receptor 2, and hemojuvelin serves as a receptor for a bone morphogenetic
protein (BMP) has attractive features, but does not explain our finding that the response to
BMPs is undiminished in cells deficient either in HFE or transferrin receptor 2 [12] or that
hepcidin-2 in mice responds to iron but not to BMPs (Truksa J, Lee P, Flanagan J, Beutler E.
Different regulatory elements are required for response of hepcidin to IL-6 and BMP-9. In
preparation, 2007).

The possible role of the marrow in sending signals that modulate iron absorption has been
alluded to above. Such a factor might well work by signaling hepcidin, but its nature remains
elusive. Recently, we were able to show that the level of plasma soluble transferrin receptor,
greatly increased both in iron deficiency and in ineffective erythropoiesis, does not modulate
hepcidin expression [13]. On the other hand, it has recently been suggested that plasma from
thalassemic patients has a negative effect on hepcidin levels in HepG2 cells [14]. It may be
that soluble hemojuvelin, which has been shown to be present in the plasma, acts as a regulator
by inhibiting ligation of the receptor for BMPs [15,16].

The History of Hereditary Hemochromatosis
Described more than a hundred years ago, hereditary hemochromatosis was considered to be
a rare curiosity until Sheldon [17] published his classic monograph about the disease, reviewing
over 345 cases that have been described in the literature. In Sheldon’s own words:

“it may be accepted that haemochromatosis is a rare disease, although it is probably
a good deal less rare then is usually believed.”

A simple treatment, viz., phlebotomy was introduced. Credit for this innovation is usually
accorded to Davis and Arrowsmith [18], but the actual suggestion was first made three years
earlier by Finch [19].

The view that hemochromatosis was a rare disease prevailed until the 1970s. The discovery
that the disorder was HLA-linked [20,21], and the fact that serum iron determinations and
methods for measuring serum ferritin were becoming commonplace changed the landscape.
Quickly, and, in retrospect, uncritically, hemochromatosis was considered to be the most
common genetic disease of Europeans. The gene responsible for the most common form of the

Beutler Page 3

Blood Cells Mol Dis. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



disease was cloned in 1996 [22] and designated HFE. The common mutation that was strongly
associated with hemochromatosis was c.845G>A (C282Y) and it was soon possible to confirm
that homozygote frequency was about 5:1,000.

Screening for Hemochromatosis
With the cloning of the HFE gene there was strong advocacy for universal screening for
hemochromatosis. The belief that screening for hemochromatosis would be useful was driven
by the perception that the disorder was very common and by the availability of a treatment,
phlebotomy. Thus, Adams et al. [23] wrote “Screening blood donors for hemochromatosis has
the potential to improve overall societal health status and decrease third-party payer health care
costs over the long-term”; Yapp and Powell [24] averred “Our message is simple: there should
be general population screening for HFE-associated haemochromatosis”; and Allen and
Williamson [25] stated “We believe that to benefit all those at risk there is an ethical imperative
to implement screening for the major mutation causing haemochromatosis now, rather than
wait years for confirmation of what is currently known that at least half of those with the
predisposing genotype will develop some form of the disease”. But the fact was that, Allen
and Williamson’s statement notwithstanding, we did not know the actual penetrance of the
homozygous state. The entire advocacy for screening was based on the softest type of data --
clinical impressions. Indeed, a consensus conference held in the year 2000 [26] posed the
question

“May clinically asymptomatic patients never present life threatening complications?”

and provided the following response:

“The answer is yes: However, this seems to occur in a low proportion of subjects: it
is estimated that only 5% of C282Y/C282Y men over the age of 40 years will not
express an HC phenotype.”

Thus, in the year 2000 a group of experts concluded that 95% of males with a homozygous
genotype manifested the phenotype. No definition of the phenotype was specified. The
biochemical changes in hemochromatosis—the high transferrin saturation or increased serum
ferritin levels—are, indeed, common although they do not achieve a 95% penetrance. But the
meaningful clinical phenotype, illness as a result of iron overload is actually rare (see below).
Clearly it is the penetrance this phenotype, the percentage of homozygotes manifesting actually
clinical morbidity, not merely elevation of serum iron, transferrin saturation, or ferritin levels
that is relevant. Since so many of the putative symptoms of hemochromatosis, fatigue,
impotence, and arthropathy are highly subjective and are common in older patients whether or
not they have hemochromatosis, this question could only be answered in a well-controlled
study.

The Kaiser-Scripps Study of Hemochromatosis Penetrance
We have had the opportunity of performing a study which, for the first time, has made it possible
to objectively estimate the clinical penetrance of HFE hemochromatosis. The subjects of the
study were attendees at a “Health Appraisal Clinic”, at the Kaiser Permanente in Southern
California in the San Diego area. Over a period of three years we were able to obtain DNA
samples from 41,702 individuals. Because of the demography of the San Diego area the
ancestry of 32,820 of these patients was principally European, the population in which the
C282Y mutation is by far the most common. Each volunteer completed a questionnaire
consisting of 400 questions covering a variety of health topics and detailed information about
family ancestry. Importantly, this information was obtained before genetic or laboratory
information was known. The median age of participants was approximately 56 years, a time
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at which most patients with hemochromatosis who develop clinical disease are already
symptomatic. Details about this population have been published elsewhere [27–30].

We found that about two-thirds of the males and one -half of the females homozygous for the
C282Y mutation manifested an increased transferrin saturation and/or increased serum ferritin
levels. But this was not the purpose of our study. What we had set out to ascertain is what
proportion of the patients would have symptoms of hemochromatosis. Previous studies had
concluded, as pointed out above, that many or most would have such symptoms. But these
studies did not take into account the symptoms of matched controls. Such comparisons are
critical because the symptoms that were evaluated are the very symptoms that are very common
in older people, symptoms such as fatigue, arthritis, and impotence. Our findings are
summarized in figure 3.

It should not come as a surprise that results so much at variance with the conventional wisdom
of the day were received with considerable skepticism. Legitimate questions were raised. Was
our population biased by the fact that our studies were conducted in a “health appraisal clinic”?
Ironically, one group of skeptics suggested our population was too sickly [32]; another group
suggested that they were too healthy [33]. They couldn’t both be right! But the question of
whether there was selection bias in the population studied is a legitimate one that deserves a
clear answer, and there is one. Suppose that we were just examining the survivors, that a sizable
number of seriously ill patients suffering from hemochromatosis had either died or were being
treated by a hepatologist, and therefore had no reason or inclination to attend a “health appraisal
clinic”? The consequence of this circumstance would be that the percentage of homozygotes
in the population would decrease with progressive age. It does not. A second consequence
would be that the number of homozygotes would fall short of the number predicted by the
Hardy-Weinberg equilibrium. They do not. Gradually, the results of our study with Kaiser have
been accepted as representing the true state of affairs, and two large studies [34,35] and several
smaller ones have confirmed our results.

What Causes the Variable Penetrance of HFE-Hemochromatosis?
Over the past several decades we learned that there really are no single gene diseases. Whether
we are dealing with a dominant disorder like factor V Leiden, a sex-linked defect like G6PD
deficiency, or homozygotes for recessive disorders such as those that cause sickle cell disease,
Gaucher disease, or hereditary hemochromatosis, individuals with the same genotype have
very different clinical phenotypes [36]. This variation can be due to: 1) environmental factors;
2) genetic factors; or 3) epigenetic factors. The role of the last of these, epigenetic factors, may
well be the most important. The power of this form of modification is dramatically shown by
the fact that littermates in inbred strains of mice may show marked differences in the expression
of a single mutant gene [37]. Unfortunately, we do not have the tools to study epigenetic
modification of internal organs in man, and circulating blood cells may be poor surrogates for
the epigenetic pattern of the patient, since epigenetic activation and inactivation of genes is
usually tissue-specific. Accordingly, at the present time we can only limit our attention to
environmental and genetic factors.

Environmental Modifie rs of Hereditary Hemochromatosis
Alcohol

The association between the ingestion of alcohol and severe hemochromatosis is so strong
clinically that it was believed at one time that hemochromatosis was due to alcoholism [17,
38–40]. The anecdotal evidence supporting the view that alcohol intake exacerbates the clinical
manifestations of hemochromatosis is so strong as to be very convincing. Interestingly, the
controlled clinical evidence is considerably weaker (fig 4). However, in some large studies
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there is a tendency for serum ferritin levels to be somewhat higher and liver function tests to
be more abnormal in patients who ingest 60 g or more of alcohol when compared to
homozygotes ingesting less alcohol [41] and in one study the incidence of cirrhosis was 9 times
as high in such patients [42]. Hepcidin mRNA is decreased [43,44] and iron absorption is
increased [43] by alcohol in normal 129x1/SvJ mice, but, somewhat surprisingly, the already
elevated iron absorption in hfe knockout mice is not increased further by alcohol ingestion
[43]. The effect of alcohol in mice is highly strain specific [43], and therefore caution must be
exercised in extrapolating the murine findings to man.

Diet
Diet seems to have a relatively modest influence on iron stores as judged by serum ferritin
levels. There is a weak, albeit significant correlation between serum ferritin levels and heme,
but not non-heme dietary intake [45,46]. It seems reasonable to suppose that the dietary intake
may have some small effect on the penetrance of the disorder, but there is no compelling
evidence that would lead one to believe that it is a major factor in determining the degree of
iron overload that occurs in patients homozygous for the C282Y mutation.

Inflammation
It seemed possible that inflammation might be a modifying factor in the hemochromatosis
phenotype. Inflammation up-regulates the levels of hepcidin and does so independently of HFE
[47]. We measured the levels of C-reactive protein and of IL-6 in homozygous patients, but
found no relationship between the size of the iron burden as measured by phlebotomy and the
levels of these inflammatory markers [48].

H. pylori infection
H. pylori infection is associated with iron deficiency, and this infection also impairs the
response to iron therapy [49,50]. It seemed reasonable that by blocking iron absorption this
common infestation might protect against iron overload. However, we found that the iron
burden of patients with antibodies against H. pylori was no greater than those without serologic
evidence of infection [51].

Genetic Modifiers of Hereditary Hemochromatosis
Considerable effort has been expended, particularly by our laboratory [52–58] but also by
others [59–67] to find mutations that interact with HFE mutations to increase or decrease the
penetrance. These efforts have been virtually entirely fruitless. Only in the case of hepcidin
mutations is there some evidence of modification of the expression of the C282Y homozygous
state. Co-inheritance of hepcidin mutations appears to increase iron loading in homozygotes
for the C282Y mutation [60,66,68]. Such hepcidin mutations are excessively rare; we have
never encountered one in our sizeable experience. Perhaps we should not be too surprised that
no genetic modifiers have emerged. The evidence that the expression of hemochromatosis is
genetically determined is very modest [69]. Because of the fact that there was a modest sib-
to-sib correlation in serum ferritin levels in fraternal and identical twins homozygous for the
C282Y HFE mutation, it was concluded that genetic factors were operative. But the correlation
was no greater in monozygotic twins than in sibs. This is actually more suggestive of
environment than genetic factors.

Treatment of Iron Overload
The standard treatment for hereditary hemochromatosis is the removal of iron by phlebotomy.
The evidence that the iron excess can be removed by this means is quite straightforward. It is
more difficult to prove rigorously that the treatment is clinically effective since a controlled
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trial would be ethically unacceptable. The treatment is usually justified by citing studies that
show that the lifespan of noncirrhotic patients who are treated by phlebotomy is normal [70,
71]. But these studies were not controlled with patients who had not been phlebotomized. We
now have come to recognize that the vast majority of patients with hemochromatosis are never
diagnosed and never treated, and their lifespan appears to be essentially normal. This can be
deduced from the fact that the proportion of homozygotes in the population does not decrease
with increasing age [72]. Thus, the fact that phlebotomized patients also have a normal lifespan
hardly constitutes proof of efficacy.

To determine the effectiveness of phlebotomy therapy we must go back to the pre-phlebotomy
era. On this basis, it seems very likely that phlebotomy is useful. The lifespan of patients who
are diagnosed after the introduction of phlebotomy was considerably longer than those
diagnosed in the earlier decades [73]. This could, of course, be merely due to the fact that the
disorder was diagnosed at earlier and earlier stages or that better supportive treatment became
available for diabetes, cirrhosis, and infections. More compelling is the fact that cirrhosis of
the liver seems, on serial biopsy, to improve after phlebotomy treatment is instituted [74–76].

But when should patients with hereditary hemochromatosis be treated? Any patient with clear
clinical manifestations of hemochromatosis such as cirrhosis of the liver, cardiomyopathy or
diabetes mellitus should be treated with phlebotomy. The risk of cirrhosis seems to increase
sharply when the serum ferritin level reaches 1000 μg/L [77–79] and patients with such levels
should be phlebotomized. On the other hand, joint symptoms in such patients, often ascribed
to iron overload, are usually due to other causes and do not respond to phlebotomy. Similarly,
the fatigue that is ascribed to the disease, no more common in such patients than in the general
population does not seem to be a reason to start therapy.

Based on earlier misconceptions regarding the progressive nature of the disease and of the
severity of its clinical manifestations, much of the “educational material” to which patients are
subjected on the internet and elsewhere is quite misleading and creates anxiety in patients
regarding the necessity for treatment.

It is not uncommon to encounter patients who expect to be phlebotomized, even though none
of the indications enumerated above are present. Since the treatment itself, viz., phlebotomy,
is essentially harmless, there is no need to resist the desire of such misinformed patients for
treatment. Even if the response is only a placebo effect, if the patient feels that his or her energy
level is improved, all the better. On the other hand, patients who have no such preconceived
ideas can be reassured that they do not need any treatment, not at the moment and probably
never. Although it was formerly believed that patients with the hemochromatosis genotype
need to be monitored for an increasing iron burden, more recent studies have shown that there
is no tendency for the iron burden to increase [80–82]. Based on the available evidence,
reassessing patients’ iron status every 5 years or so should be more than adequate.

There are potential complications that should be taken into account in the care of the patient
with hereditary hemochromatosis. In the case of those patients who have developed cirrhosis
of the liver, the risk of developing a hepatoma is high. Bomford and Williams [83] found that
29% of treated patients and 19% of untreated patients developed this tumor. (Most of the
untreated patients were from an era before the introduction of phlebotomy therapy; some were
patients who refused treatment or were diagnosed at autopsy). In two recent studies 20% [84]
and 21% [85] of cirrhotic patients with hemochromatosis developed this tumor. Non-cirrhotic
patients also appear to be at risk. There are a number of anecdotal case-reports of such patients
with hepatoma [86–88]. Recently, Dale et al reported (in abstract [89]) that the results of a 492
patient-year study of hemochromatosis patients with and without cirrhosis showed a relative
risk of 58.99 [95% CI 7.70–453.27] (p=0.0004) without cirrhosis and with a relative risk of
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464.78 [103.49~987.3] (p <0.0001). Moreover, Willis et al [90] estimated that 1.31 to 2.1% of
all males with the homozygous genotype develop hepatoma. Since the studies of Willis et al.
included all homozygotes and only a small percentage of homozygotes develop cirrhosis
(recently estimated at 5.6% and 1.9% for males and females respectively [91]), the finding by
Willis et al. implies a considerable percenta ge of non-cirrhotic patients are at risk for hepatoma.
More data regarding the risk of developing hepatoma in non-cirrhotic patients are needed, and
we are undertaking such studies in the Kaiser population.

It is obvious that phlebotomy cannot be used to treat secondary hemochromatosis. These
patients are usually anemic and other means must be used to mobilize the excess iron. The gold
standard for chelation therapy is desferrioxamine, but the fact that this drug must we given
parenterally, either by intravenous or subcutaneous route, over a period of many hours has
spurred the search for oral agents capable of mobilizing iron safely. Two such drugs have
emerged, deferiprone (L1) and deferasirox (ICL670; exJade). Deferiprone has been in use for
nearly 20 years, and was slow in gaining acceptance because a relatively high incidence of
agranulocytosis was reported in some studies, although this seems to be less of a risk than
originally thought. Deferasirox has been introduced relatively recently and appears to have a
favorable toxicity profile, although skin rashes, gastrointestinal disturbances, and occasionally
abnormal liver function tests have been encountered. It seems to be roughly equivalent in
effectiveness to desferrioxamine, and may well become the treatment of choice for patients
with secondary hemochromatosis [92].

Conclusions
Much has been learned about the regulation during homeostasis in the past few years. We are
beginning to understand how iron absorption is regulated from the gastrointestinal tract, but
our understanding is still incomplete. Our approach to hereditary hemochromatosis has been
revolutionized by appreciation of the fact that the clinical penetrance of the C282Y HFE
mutation is very low. We still do not understand why some patients have fully expressed
disease, while most do not. Nor do we know just how iron stimulates hepcidin, the central
regulator of iron homeostasis. While much as been learned, there are still many challenges
ahead.
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Figure 1.
The closed-circuit of iron metabolism (From Beutler et al. Reprinted with permission from
Elsevier [2])
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Figure 2.
The various participants in the regulation of iron homeostasis have been somewhat of a jigsaw
puzzle. We are only now gradually beginning to put together the pieces.
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Figure 3.
Findings in 156 homozygotes for the C282Y HFE mutation characteristic of hereditary
hemochromatosis and wild type (wt) controls (Reprinted with permission from McGraw-Hill
Companies [31]).
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Figure 4.
The relationship between alcohol intake and serum ferritin levels of HFE C282Y homozygotes
and wildtype (wt) controls in the Scripps-Kaiser study. Although the ferritin levels are, as
expected, higher in the homozygotes, the upward trend is found only in the controls. The error
bars ± 1 SEM.
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Table 1
A Classification of Iron Storage Disease

Hereditary
 Autosomal Dominant

• Ferroportin Deficiency

• African Iron Overload (?)
 Autosomal Recessive

• Hereditary Hemochromatosis due to HFE mutations

• Hereditary Hemochromatosis due to transferrin receptor 2 mutations

• Juvenile Hemochromatosis due to hepcidin mutations

• Juvenile Hemochromatosis due to hemojuvelin mutations

• Iron Overload secondary to atransferrinemia

• Iron Overload secondary to aceruloplasminemia
Acquired

• Thalassemia

• Myelodysplastic Syndromes

• Congenital Dyserythropoietic Anemias

• Sickle Cell Disease and other Hemoglobinopathies

• Red Cell Enzyme Deficiencies

• Multiple Blood Transfusions
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Table 2
Some Of The Known Participants In The Regulation of Iron Homeostasis

Down-Regulators Up-Regulators

Ceruloplasmin Duodenal cytochrome b (dcytb)
Ferroportin (SLC1A3) Hephaestin
Hemojuvelin Nramp2 (DMT-1)
Hepcidin
HFE
IRP2
Transferrin
Transferrin receptor 1
Transferrin receptor 2
β2 microglobulin
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