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Oxygen delivery is essential to sustain all vital functions.
Vertebrate organisms have, therefore, evolved sophisticated
and tightly regulated mechanisms to ensure continuous red
cell synthesis. Chronic or acute blood losses trigger multiple
feedback mechanisms aimed at increasing erythropoiesis and
minimizing the damage associated with profound anemia
and hypoxia.

Iron is an element of paramount importance for ery-
thropoiesis, being an essential part of the hemoglobin
metalloprotein that ensures oxygen absorption, transport,
and delivery. Therefore, it is not surprising that iron
absorption and transport are closely linked to the demands
of erythropoiesis. However, the mechanisms underlying this
interconnected relationship have only recently started being
understood.

The focus of this special issue is on iron metabolism,
erythropoiesis, and their close association, with a special
emphasis on proteins regulating iron metabolism and how
erythropoiesis affects their expression. The mechanistic view
will be integrated with the clinical observations in disease
such as myelodysplastic syndromes, sickle cell anemia,
Diamond-Blackfan anemia, and anemia of inflammation.
And finally, in light of these new discoveries, new potential
therapies for well-known disorders such as beta-thalassemia
will be discussed.

In the last decade, new discoveries have fueled the field of
iron metabolism. The papers by H. Li and Y. Z. Ginzburg[1],
E. Nemeth [2], L. Cianetti et al. [3], and T. Tanno and J. L.
Miller [4] provide a comprehensive and updated overview of
the proteins involved in regulating dietary iron absorption,
plasma iron concentrations, tissue iron distribution, and
erythropoiesis. The review by H. Li and Y. Z. Ginzburg
[1] introduces the mechanisms of crosstalk between iron

and erythropoiesis and their function in different diseases.
E. Nemeth [2] describes the role of the peptide hormone
hepcidin in iron physiology and in many iron-related dis-
orders and highlights the potential of hepcidin agonists and
antagonist as future therapeutic tools for iron disorders. The
paper by L. Cianetti et al. [3] describes the hepcidin receptor
and iron transporter ferroportin and its role during normal
and pathological erythroid differentiation. The paper by T.
Tanno and J. L. Miller [4] describes the relationship between
iron regulation and ineffective erythropoiesis, focusing on
potential mechanisms for pathological iron overloading.

Improved knowledge on proteins that interconnect iron
metabolism and erythropoiesis is opening new prospective
to develop new therapies, such as in beta-thalassemia.
The review by L. Melchiori et al. [5] provides important
evidence that use of Jak2 inhibitors or hepcidin agonists may
ameliorate the abnormal erythropoiesis and iron overload in
β-thalassemia.

The interdependence of erythropoiesis and iron reg-
ulation extends beyond normal metabolism to include
several pathological conditions. Diseases that are primarily
associated with erythroid defects often lead to iron overload,
maldistribution, or deficiency. The reviews by E. Messa et
al. [6] and by M. A. Badawi et al. [7] summarize the
historical progress and recent clinical developments using
iron chelation in patients with myelodysplastic syndromes.
Similarly, the paper by R. Raghupathy et al. [8] provides an
overview of transfusional iron overload patients with sickle
cell disease, highlighting how to prevent iron overload in this
disorder.

Diamond-Blackfan anemia is a rare congenital pure red-
cell aplasia that presents during infancy. D. Chiabrando
and E. Tolosano’s [9] review focused upon heme and
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ribosomal biogenesis in this disease and why deficiency of the
heme exporter Feline Leukemia Virus subgroup C Receptor
(FLVCR1) may cause a related phenotype.

Finally, the review by E. A. Price and S. L. Schrier [10]
provides a comprehensive and updated overview of anemia
of inflammation, focusing on many of key clinical issues that
remain to be clarified, such as understanding of mechanisms
of anemia of inflammation in “noninflammatory” diseases,
optimal methods for distinguishing anemia of inflammation
from iron deficiency anemia, and understanding the contrib-
utory role of various pathologic mechanisms in individual
human diseases that lead to anemia of inflammation.

We hope that this special issue will stimulate curiosity,
interest, and new research directions in exploring the field
of iron and erythropoiesis, with the ultimate goal to develop
new drugs and improve the management of disorders associ-
ated with altered iron metabolism, abnormal erythropoiesis,
and anemia of inflammation.

Stefano Rivella
Elizabeta Nemeth

Jeffery Lynn Miller
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Iron metabolism and erythropoiesis are inextricably linked. The majority of iron extracted from circulation daily is used for
hemoglobin synthesis. In the last 15 years, major advances have been made in understanding the pathways regulating iron
metabolism. Hepcidin is a key regulator of iron absorption and recycling and is itself regulated by erythropoiesis. While
several viable candidates have been proposed, elucidating the “erythroid regulator” of hepcidin continues to generate significant
experimental activity in the field. Although the mechanism responsible for sensing iron demand for erythropoiesis is still
incompletely understood, evaluating diseases in which disordered erythropoiesis and/or iron metabolism are showcased has
resulted in a more robust appreciation of potential candidates coordinated erythroid iron demand with regulators of iron supply.
We present data drawn from four different conditions—iron deficiency, congenital hypotransferrinemia, beta-thalassemia, and
hereditary hemochromatosis—both in human and non-human models of disease, together suggesting that erythroid iron demand
exerts a stronger influence on circulating iron supply than systemic iron stores. Greater understanding of the interplay between
the key factors involved in the regulation of iron metabolism and erythropoiesis will help develop more effective therapies for
disorders of iron overload, iron deficiency, and hemoglobin synthesis.

1. Introduction

Iron is an essential element for almost all living organisms,
from mammals and lower vertebrates down to unicellu-
lar organisms. It forms the core of molecules such as
hemoglobin and myoglobin and is necessary for cytochrome
production. Two to three million red blood cells (RBCs)
are produced every second and require 30–40 mg of iron
delivered to the erythron to make 30 pg of hemoglobin per
cell, a total of 6 g of hemoglobin daily. The pool of iron
bound to transferrin [Tf-Fe(III)] is 10 times smaller than
the daily iron requirements, requiring rapid turn around
to ensure sufficient delivery of iron. Daily iron required for
erythropoiesis is predominantly derived from recycling of
heme iron by macrophages erythrophagocytosing senescent
RBCs. Because the majority of iron in most organisms can
be found in the hemoglobin compartment, erythropoiesis
dominates iron metabolism and the two are inextricably
intertwined. This dynamic process of iron trafficking for
erythropoiesis requires significant crosstalk to prevent iron
deficiency or iron overload and protect the organism from

developing anemia as well as from the potential toxicity of
excess iron. For instance, iron absorption increases, often
dramatically, when erythropoiesis occurs at a higher than
normal rate to accommodate the higher iron demand.
Chronic blood loss, for example, results in both a maximal
stimulation of iron absorption and less iron per cell leading
to smaller RBCs with less hemoglobin before progressing
to decreased RBC counts and anemia. Conversely, disease
states of excess iron are often associated with expanded RBC
size and higher cellular hemoglobin concentrations as a way
of sequestering iron into a nontoxic compartment. Lastly,
diseases in which anemia and excess iron coexist exhibit
complicated regulation schema that are still incompletely
understood.

Iron directed to the erythroid compartment is restricted
to transferrin-bound iron (Tf-Fe(III)) and its ability to bind
transferrin receptor (TfR1) is a well worked out paradigm.
Transferrin is the second most abundant serum protein, after
albumin, and takes up iron from duodenal enterocytes when
it is absorbed and from macrophages when iron is recycled
from senescent RBCs. Iron absorption and recycling are
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regulated by hepcidin, a peptide hormone thought to be the
main regulator of iron flows in the body. Hepcidin exerts its
function by binding to the only known iron export protein,
ferroportin (FPN-1), found on hepatocytes, macrophages,
duodenal enterocytes, and placental cells, all involved in iron
metabolism. Hepcidin binds FPN-1, causes its internaliza-
tion and degradation, and results in cessation of iron release
from cells [1]. Regulation of hepcidin has been extensively
studied in recent years. It is known that hepcidin is regulated
by iron, hypoxia, inflammation, and erythropoiesis. While
evidence exists for an “erythroid regulator” of hepcidin, the
mechanisms by which this is accomplished are still under
investigation.

Understanding the crosstalk between iron regulation
and erythroid proliferation and maturation is a hotbed of
research activity by multiple groups from many different
angles. Much can be learned from various disease states
and experimental models of disease. This review attempts
to catalog some of these for the purpose of elucidating the
current state of knowledge on this subject.

2. Iron Metabolism, Iron Deficiency,
and Anemia

Iron deficiency anemia (IDA) is one of the most com-
mon diseases worldwide and is typically associated with a
microcytosis and hypochromasia. The presence of small (low
MCV) and pale (low MCH) RBCs is typically indicative
of low cellular hemoglobin and results from defects in
heme or globin synthesis. While defects in globin synthesis
are typically caused by genetic defects (e.g., α- and β-
thalassemia), heme synthesis defects most commonly result
from iron deficiency. In the pediatric population, this later
manifestation results from nutritional iron deficiency, while
in adults, the cause is more likely blood loss. As a better
understanding of erythropoiesis evolved in the middle of
the last century, the ease of diagnosing and treating IDA
resulted in a great deal of comfort on the part of clinicians.
However, there are several clinical scenarios that showcase
the complex relationship between iron supply, iron demand,
and erythropoiesis.

The amount of iron delivered to each erythroid precursor
depends on the amount of monoferric and diferric trans-
ferrin found in circulation as well as the density of TfR1
on the cell surface. Typically, each erythroid precursor has
over a million TfR1s on its membrane because of its large
iron requirement—for hemoglobin synthesis—relative to all
other cells in the body [2]. In IDA, TfR1 membrane density
increases further [3, 4] and drives up the concentration of
soluble TfR1. Soluble TfR1 is normally found in the serum as
a truncated version of membrane-bound TfR1 in quantities
proportional to the amount found on the cell surface [5, 6].
Increased density of membrane-bound TfR1 enables the cell
to increase avidity for iron during iron deficiency. Increased
TfR1 and soluble TfR1 levels can also be found during stress
erythropoiesis when the normally ample amount of systemic
iron may require supplementation to enable a higher rate of
heme synthesis.

The mechanism by which cells alter their TfR1 expression
involves iron regulatory proteins (IRPs) which have a high
affinity for iron response elements (IREs) present in the
mRNA of target genes involved in iron homeostatis. If an
IRE is on the 5′ untranslated region, mRNA is more likely
to be degraded whereas if it is on the 3′ untranslated
region, it is more likely to be stabilized as a consequence
of IRP binding. Thus, in an iron depleted state, when
IRPs are able to bind mRNA, ferritin mRNA with a 5′

untranslated region IRE is more likely to be degraded while
TfR1 mRNA with a 3′ untranslated region IRE proceeds
to translation more readily. IRP2 knockout mice develop
microcytic hypochromic anemia probably as a result of the
reduced TfR1 expression in erythroid precursors [7, 8].
As a consequence of IRE/IRP regulation, iron deficiency
is associated with high TfR1 expression and low ferritin
concentrations [9].

Iron uptake starts when Tf-Fe(III) binds TfR1 (Figure 1).
Under normal circumstances, the affinity of TfR1 for diferric
transferrin is greater than for monoferric transferrin. How-
ever, this greater affinity wanes as the iron supply is dimin-
ished [10, 11]. Monoferric transferrin is the predominant
form of transferrin in circulation when transferrin saturation
is lowered [12]. The loss of preference for diferric transferrin
may itself be a result of a proportionally higher concentration
of monoferric transferrin, and relatively fewer diferric trans-
ferrin molecules, in circulation. Each molecule of monoferric
transferrin delivers less iron to erythroid precursors than
diferric transferring [10]. This enables a greater number
of erythroid precursors to receive a smaller portion of the
iron pool to offset the potential of developing anemia. This
finding is consistent with the fact that MCV drops before
hemoglobin decreases during the progressive worsening of
iron deficiency. What controls this apportioning of iron to
erythroid precursors is not completely understood.

Iron gains entry into erythroid precursors when Tf-
Fe(III) complexes with TfR1 and is internalized into a
clathrin-coated pit which matures into an endosome with a
lowered pH, facilitating the release of iron from transferrin
and iron transport across the membrane by DMT1, a proton-
coupled divalent metal transporter [13]. Iron-depleted trans-
ferrin (apotransferrin) is then recycled back to the cell
surface where the restored physiologic pH 7.4 results in the
dissociation of apotransferrin from TfR1. The entire cycle is
completed within minutes and recurs 100–200 times in the
duration of a single transferrin molecules life cycle in the
body [14].

Iron in erythroid precursors is then transported to the
mitochondria for heme synthesis. Heme itself functions as a
transcriptional regulator. It can induce heme oxygenase 1, a
molecule which reciprocally induces heme degradation [15].
Heme not participating in hemoglobin synthesis results in
a downregulation of IRP2 which reduces TfR1 expression
on the cell surface and thus the amount of iron entering
cells [16]. Both of these functions prevent excess heme from
accumulating in erythroid precursors. In order to prevent
excess globin synthesis, heme deficiency represses globin
synthesis by activating the heme regulated inhibitor which
phosphorylates eIF2a and prevents the conversion of GTP
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Figure 1: Model relationship between iron delivery, relative abilities to synthesize heme and globin, and heme and iron export in various
diseases associated with concurrent iron and erythroid pathology.

from GDP, shutting down mRNA translation at the β-globin
locus control region [17–19]. ALAS2, the first enzyme in the
heme synthesis pathway, also has a 5′ untranslated region
IRE, resulting in the reduction in heme synthesis in an iron
deficient state. Heme itself can also repress ALAS synthesis in
the liver [20]. Interestingly, during terminal differentiation of
erythroid precursors, the regulation of ferritin and ALAS2 is
disparate, with significant impairment of ferritin expression
and undeterred ALAS2 translation [21]. The mechanism
regulating this effect appears to preferentially channel iron
for heme synthesis in erythroid precursors. These negative
feedback mechanisms and reciprocal regulation of heme
and iron transport during erythroid precursor regulation is
essential to maintain all components in proper balance.

Only a single molecule, FPN-1, has been identified to
function as an iron exporter. FPN-1 is regulated by hepcidin.
Additionally, FPN-1 mRNA has IREs on the 5′ untranslated
region [22–24]. In iron deficiency, these two regulatory
mechanisms predict opposite results; low hepcidin driving
FPN-1 up but IRP binding to the IRE on the 5′ untranslated
region would be expected to drive FPN-1 expression down.

Hepcidin levels are low in iron deficiency while FPN-1
on the basolateral membranes of duodenal enterocytes
is increased to absorb and transfer iron to circulating
transferrin [25–27]. Because increased FPN-1 is observed in
iron deficient mice, a non-IRE containing transcript of FPN-
1 was hypothesized to enable iron absorption to proceed
in the iron deficient state. Recently, an additional FPN-1
(FPN-1B) was discovered which lacks an IRE and is not
subject to repression by IRP in iron deficiency [28]. FPN-
1B is generated from an alternative upstream promoter and
accounted for the increased expression of FPN-1 in the
duodena of iron deficient mice. Furthermore, FPN-1B was
also identified on erythroid precursors [28]. Why these cells
need to export iron is not completely understood but it may
enable erythroid precursors to sense systemic iron status and
allow these precursors to respond to hepcidin levels. FPN-1B
expression is diminished during the later stages of erythroid
differentiation, that is once the erythroid precursor begins
to produce hemoglobin, and possibly results in lower MCV
and MCH during iron deficiency when hepcidin levels are
low.
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Heme export has also recently been demonstrated in
erythroid precursors. Based on data in cats, the function
of feline leukemia virus, subgroup C receptor (FLVCR)
was reported to be a heme exporter [29]. In infected cats,
FLVC envelope protein induced blockade of FLVCR, leading
to pure red cell aplasia due to a block of differentiation
at the CFU-E or proerythroblast stage and resulting in
reticulocytopenia and anemia [30, 31]. Studies show that
all bone marrow cells are infected but the infection only
results in an erythroid lineage phenotype, implying that
FLVCR is uniquely important in erythroid development.
FLVCR overexpression in mice results in a mild microcytic
hypochromic anemia, suggesting that, since hypochromasia
and microcytosis only result from heme or hemoglobin
deficiency, FLVCR is needed to maintain heme and globin
balance and avoid accumulation of free heme or excess globin
in the cytoplasm [32]. The absence of FLVCR results in
proerythroblast differentiation arrest and apoptosis, likely
due to heme toxicity, and points to the significance of
export of excess iron and iron-containing compounds. What
happens to FLVCR during iron deficiency is yet to be
determined but hepcidin expression in Flvcr−/− mice is
increased with associated decrease in FPN-1 and a higher
concentration of iron in the cell.

Although hepcidin expression is expected to be low in
iron deficiency, some clinical situations are more complex.
Most recently, studies involving both human subjects (with
iron refractory, iron deficiency anemia, or IRIDA) as well as
mice (mask phenotype) present a situation in which high
levels of hepcidin expression and iron deficiency coexist.
These situations enabled scientists to uncover the role of
membrane-bound serine protease type 6 (TMPRSS6) in the
regulation of hepcidin during iron deficiency. TMPRSS6 is
expressed in the liver. Mask mice have microcytic anemia
due to iron deficiency caused by decreased iron absorption
from high hepcidin levels. Positional cloning experiments
uncovered the splicing error in Tmprss6 [33]. Similarly,
patients with IRIDA have an autosomal recessive mutation
in the gene encoding TMPRSS6 resulting in hypochromic
microcytic anemia, low serum transferrin saturation, and
inappropriately elevated hepcidin concentrations [34–37].
Recent studies suggest that TMPRSS6 normally acts to down-
regulate hepcidin expression by cleaving membrane-bound
hemojuvelin (HJV) [37]. (See page 8 for a more extensive
discussion of the regulation of hepcidin expression.)

3. Human Congenital Hypotransferrinemia

Transferrin is the main serum iron transporter in all
vertebrates; it takes up iron from duodenal enterocytes
where iron is absorbed and from macrophages when iron
is recycled from senescent RBCs and delivers it to cells
by binding TfR1. Congenital hypotransferrinemia is a rare
hereditary disease characterized by a severe deficiency of
serum transferrin. The defect results in iron deficient ery-
thropoiesis and hypochromic anemia as well as iron overload
in nonhematopoietic tissues (Figure 1). The excess iron is
unavailable for erythropoiesis in this disease, suggesting that
Tf-Fe(III) uptake by TfR1 is the only known means of iron

delivery for erythropoiesis [38]. Fewer than a dozen cases
have been described in the literature [39–44]. By analyzing
case reports of this disease, we have learned that transferrin
production occurs in excess of that required for normal
erythropoiesis for which a minimum of only 10–20 mg/dL of
transferrin is required [41], 20-fold less than levels typically
found in circulation in normal individuals. The rarity of
this disease in addition to the excess transferrin produced
in normal individuals underscore the essential nature of this
compound for normal physiologic function.

Treatment for individuals diagnosed with congenital
hypotransferrinemia involves the use of recurrent plasma
infusions, plasma-derived human transferrin, or recombi-
nant human transferrin. A case study reporting (1-2 g)
transferrin infusions every 3-4 months resulted in patient
improvement [39, 41]. This case demonstrates that effec-
tiveness of a single dose of transferrin is between 4 and
9 months [41] despite a half life of only 7.6 days [14]. In
another case, monthly plasma infusions provided sufficient
transferrin to maintain a hemoglobin of 12 g/dL and enabled
phlebotomy as simultaneous therapy for iron overload [42].
In this case, reticulocytosis was observed within 10–14 days
of infusion followed by a rise in hemoglobin. Another
case study reported the treatment of a boy with congenital
hypotransferrinemia using monthly plasma infusion which
resulted in a normal hemoglobin concentration [43, 44].
This last case provided amounts of plasma and patient
hematocrit and enabled us to calculate some specific values.

For example, if 300 mL of plasma was transfused, and
plasma contains an average transferrin concentration of
200 mg/dL = 2 mg/mL, then 300 mL × 2 mg/mL = 600 mg
transferrin per 300 mL plasma infusion. If total blood
volume is approximately 5 L and hematocrit is roughly 30%
(in an anemic patient), then plasma volume = 5000 mL ×
0.7 = 3500 mL. 600 mg transferrin transfused into a volume
of 3500 mL = 600 mg/35 dL = 17 mg/dL. With a t1/2
of 7.6 days, the end of 1 week results in <10 mg/dL of
transferrin, the minimum concentration required to sustain
erythropoiesis.

Because the circulating levels after one week are below
minimum transferrin requirements for erythropoiesis, the
efficacy of monthly plasma infusions implies that the amount
of transferrin required for steady-state erythropoiesis is well
below levels needed during stress erythropoiesis. In fact, the
onset of a growth spurt at age 10 was associated with a drop
in hemoglobin and an increase in reticulocytosis. The patient
was treated with an increased rate of plasma infusions—
weekly doses for two months—which lead to a rebound
of hemoglobin and increased serum transferrin concentra-
tion approximately 3- to 5-fold from previously. Hepcidin
excretion was negligible and increased over the course of
two months of accelerated plasma infusions, suggesting that
erythropoietic drive, as evidenced by worsening anemia and
reticulocytosis, resulted in hepcidin suppression which was
relieved by increasing iron supply to meet the demand of
accelerated erythropoiesis [45].

A hypotransferrinemic (hpx/hpx) mouse model is
described and characterized in the literature [46, 47]
resulting from a splicing defect in the mouse transferrin
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gene on chromosome 9 [48]. Approximately 1% of normal
transferrin protein is found in circulation in hpx/hpx mice
[47]. These mice exhibit hypochromic microcytic anemia,
low transferrin levels, severe growth retardation and a robust
response to mouse plasma or purified transferrin injections,
a pattern of characteristics reminiscent of human congenital
hypotransferrinemia. Little iron is found in the bone marrow
and spleen but massive iron overload develops in non-
hematopoietic tissues such as the liver, heart, endocrine
organs, and kidney [46, 47].

Although Tf-Fe(III) uptake occurs via binding to TfR1 in
erythroid precursors (as well as other cell types), nontrans-
ferrin bound iron (NTBI), as in many diseases of iron over-
load, predominantly results in parenchymal iron deposition
in non-hematopoietic cells. When transferrin levels are low,
as in hpx/hpx mice, complete transferrin saturation occurs
quickly. Once transferrin saturation approaches 100% and
its iron binding capacity is exceeded, labile plasma iron (LPI)
can be found in circulation [49]. LPI is a redox active form
of NTBI which is taken up by cells in a dysregulated manner,
can cause free radical damage resulting in the morbidity and
mortality of iron overload diseases, and is unavailable for
erythropoiesis. LPI is the presumed cause of iron overload
in non-hematopoietic tissues in hpx/hpx mice.

Transferrin replacement in hpx/hpx mice relieves anemia,
decreases parenchymal iron deposition in the liver, and
reduces the high rate of iron absorption in the duodenum
[50]. When transferrin-treated hpx/hpx mice are analyzed
after transferrin concentration returns to undetectable lev-
els, iron absorption increases despite persistent normal
hemoglobin levels and decreased liver nonheme iron stores.
This finding implies that transferrin concentration (or per-
haps by extension transferrin saturation) itself has an effect
on iron absorption, independent of the effect of hemoglobin
concentration [50]. In fact, hepcidin expression, now known
to control iron absorption, is under the regulation of Tf-
Fe(III) [51] and hepcidin expression is low in hpx/hpx mice
[52], resulting in increased iron absorption. In hpx/hpx
mice, as in β-thalassemic mice, hepcidin levels do not reflect
the degree of systemic iron overload, suggesting that a
competing signal is counter-regulating hepcidin expression
and provides further evidence for the existence of an
“erythroid regulator” of hepcidin.

The authors suggest that one week after transferrin
injections, when transferrin levels have returned to baseline
in hpx/hpx mice, “in spite of normalized hemoglobin
levels. . .low transferrin levels lead to ineffective (iron-
deficient) erythropoiesis.” [50] In fact, iron deficiency itself is
associated with an increased rate of erythropoiesis and a pre-
ponderance of erythroid precursors that become quiescent
without completing the maturation cycle [53]. In addition,
hpx/hpx mice exhibit extramedulary erythropoiesis notably
in the liver [47] and splenomegaly [46], findings reminis-
cent of β-thalassemia, a disease characterized by anemia,
iron overload, and ineffective erythropoiesis. Hpx/hpx mice
absorb somewhat more iron relative to β-thalassemic mice,
which have a comparable anemia and reticulocytosis [54],
suggesting that not the hemoglobin levels but the amount
of transferrin itself, relative to the degree of erythropoietic

demand, may influence hepcidin expression. In support
of this, when hpx/hpx mice are transfused to suppress
endogenous erythropoesis, the degree of iron absorption
approached normal [55] possibly by reducing the pressure
on Tf-Fe(III) delivery for erythropoiesis [50]. While further
experimentation is necessary, these findings suggest that
iron deficiency results in ineffective erythropoiesis as a
consequence of relatively insufficient circulating transferrin
to accommodate the degree of erythropoiesis [56].

4. β-thalassemia

β-thalassemias are caused by mutations in the β-globin
gene resulting in reduced or absent β-chain synthesis. A
relative excess of α-globin chain synthesis leads to increased
erythroid precursor apoptosis, causing ineffective erythro-
poiesis which in turn results in extramedullary expansion
and splenomegaly. Together with shortened RBC survival,
these abnormalities result in anemia. The clinical phenotype
is heterogeneous due to genotypically different mutations,
combination inheritance with hemoglobinopathies, and
additional modifying factors. Patients with β-thalassemia
major, the most severe form of β-thalassemia, exhibit very
limited synthesis of β-globin and require life-long RBC trans-
fusions to ameliorate anemia and suppress extramedullary
erythropoiesis. Without transfusions, expanded erythro-
poiesis results in hepatosplenomegaly and bone deformities
due to expansion of the intraosseous marrow compartment.
Patients with β-thalassemia intermedia show a milder clinical
picture with more β-globin chains synthesized and require
only intermittent transfusions. Although chronic transfusion
therapy has been standard practice for the last half-century,
advances in understanding the mechanisms of this disease
have lead to some interesting findings and promise to
continue evolving therapy in β-thalassemia.

Patients with β-thalassemia have increased intestinal iron
absorption which, in addition to transfusion dependence,
contributes to iron overload. If left untreated, iron overload
results in progressive iron deposition, leading to multiple
organ dysfunction and accounts for the majority of deaths
in this disease. LPI has been proposed as the cause of this
morbidity. As mentioned previously, because no physiologic
means of iron excretion exist, increased iron absorption
and RBC turn over from transfusion lead to saturation of
plasma transferrin. When transferrin iron binding capacity is
exceeded and NTBI is detectable in circulation, iron traffick-
ing is dysregulated and results in the clinical manifestations
of iron overload. Despite iron overload in patients with β-
thalassemia, hepcidin levels are not increased.

Insufficient hepcidin expression, relative to the degree of
iron overload, is implicated as the cause of iron overload
observed in β-thalassemia. We and others have demon-
strated that hepcidin expression is relatively low for the
degree of liver iron stores in untreated β-thalassemic mice
relative to controls [57, 58]. Because hepcidin functions by
binding FPN-1 and preventing iron release from duodenal
enterocytes and macrophages, increased hepcidin levels are
expected in diseases of iron overload to prevent continued
iron absorption and release from stored recycled iron. In
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order to analyze the variability in hepcidin levels in β-
thalassemic patients, serum samples were collected from
patients and demonstrated that hepcidin levels increase
in those with higher hemoglobin and decrease in those
with high serum TfR1 levels, increased erythropoietin,
and detectable NTBI [59]. These findings are consistent
with other reports that correlate increased erythropoietic
activity with hepcidin suppression as well as the response to
increased hepcidin levels following transfusion.

Several researchers have assessed the erythropoietic
regulation of hepcidin from a clinical and basic science
perspective. For example, transfusions in β-thalassemia
major patients, used to suppress endogenous erythropoiesis,
resulted in an increase in urinary hepcidin concentrations
[60]. Furthermore, the exposure of HepG2 cells to sera from
patients with β-thalassemia major after transfusion resulted
in higher hepcidin levels relative to the cells exposed to sera of
the same patients prior to the next transfusion [61, 62]. These
findings suggest that hepcidin suppression in β-thalassemic
patients results from the secretion of a soluble factor, the
concentration of which is proportional to the degree of
erythroid activity. This “erythroid regulator” of hepcidin has
not yet been elucidated but is of great importance in diseases
in which anemia and iron overload coexist. This signal is
stronger than the regulation of hepcidin by iron and leads
to the exacerbation of iron overload, the very complication
associated with clinical deterioration and mortality in β-
thalassemia.

Hepcidin suppression in diseases of iron overload with
ineffective erythropoiesis exacerbates the degree of iron
overload by increasing iron absorption. This excess iron
deposits in the parenchyma of non-hematopoietic tissue.
Because further iron absorption ultimately exceeds trans-
ferrin iron-carrying capacity, suppressed hepcidin results in
the formation of NTBI which is not available for erythro-
poiesis. Prior experiments demonstrate that phlebotomy,
erythropoietin administration, and hemolysis resulted in
decreased hepcidin expression [26, 63, 64]. To examine the
mechanism of hepcidin suppression in these conditions,
separating the effect of erythropoiesis from that of anemia
and iron stores is important. Ablation of erythropoiesis
accomplished by chemotherapeutic agents, radiation, and
erythropoietin-blocking antibodies prevents hepcidin sup-
pression in response to hemolysis, bleeding, or epogen
injection [64, 65]. Although ablation of erythropoiesis results
in increased hepcidin expression, compensated hemolysis
(without ablation of erythropoiesis) does not affect hepcidin
expression despite an equivalent degree of anemia and
hepatic iron deposition [64]. These studies further demon-
strate that iron requirements for erythropoiesis influence
hepcidin expression to a greater degree than anemia or non-
hematopoietic iron stores in the body.

New evidence regarding the influence of erythropoiesis
on hepcidin levels involves growth differentiation factor
15 (GDF15) and twisted gastrulation 1 (TWSG1) in β-
thalassemic patients and mice, respectively [66, 67]. These
factors have recently been identified as possible soluble
erythroid factors that regulate hepcidin [67]. GDF15 and
TWSG1 levels are significantly elevated in β-thalassemic

patients and mice, respectively. Sera from β-thalassemic
patients with upregulated GDF15 suppress hepcidin mRNA
expression in primary human hepatocytes, and depletion of
GDF15 reverses hepcidin suppression. These findings suggest
that increased serum GDF15 may be the factor through
which ineffective erythropoiesis and/or increased erythroid
precursor apoptosis influence hepcidin expression and iron
homeostasis in β-thalassemic patients [66]. Alternatively,
TWSG1, a protein synthesized at early stage of erythro-
poiesis, shows an indirect effect on hepcidin suppression
[67]. It is possible that ineffective erythropoiesis in β-
thalassemia modifies erythroid parameters such as GDF15
and TWSG1 which, together or through several different
signaling pathways, induce inappropriate hepcidin inhibition
and maldistribution of iron.

Our laboratory hypothesized that this insufficient hep-
cidin secretion and maldistribution of iron in β-thalassemia
may result from inadequate circulating transferrin to deliver
iron for erythropoiesis. This hypothesis is informed by
preliminary experiments in Hbbth1/th1 mice, a model of β-
thalassemia intermedia, that demonstrates low non-heme
iron in the bone marrow relative to control mice [57].
High-dose iron dextran in these mice results in a dose-
dependent increase in extramedullary erythropoiesis. The
lack of medullary erythroid response to iron suggests that
increased transferrin concentration may be necessary to
accommodate the degree of erythoid expansion observed in
β-thalassemia. Chronic treatment with transferrin injections
in Hbbth1/th1 mice results in increased hemoglobin pro-
duction, decreased reticulocytosis and erythropoietin levels,
reverses splenomegaly, and elevates hepcidin expression
[56]. Transferrin injections also change the proportion of
erythroid precursors to more mature relative to immature
precursors, lower the rates of apoptosis in mature erythroid
precursors, and reduce the amount of extramedullary ery-
thropoiesis in the liver and spleen in Hbbth1/th1 mice. These
findings imply that exogenous transferrin results in more
iron delivery for erythropoiesis and restores more normal
(less ineffective) erythropoiesis as a result.

How additional transferrin is able to improve erythro-
poiesis is incompletely understood. One hypothesis may
involve the observation that although the hemoglobin con-
centration and the number of RBCs increase after transferrin
injections, RBCs are smaller and contain less hemoglobin.
Similar phenotype of decreased MCV and MCH with normal
hemoglobin values due to increased number of RBCs is
observed in T f R+/− mice [68]. This lower MCV, both in
our transferrin-treated Hbbth1/th1 mice and T f R+/− mice,
is reminiscent of iron deficient erythropoiesis in normal
subjects treated with recombinant erythropoietin [69]. This
“functional iron deficiency,” a term used to describe states
of iron restricted erythropoiesis induced by exogenous
erythropoietin, applies also to states of ineffective erythro-
poiesis with elevated endogenous erythropoietin [70]. The
underlying concept, that the rate of iron supply is insufficient
to meet the demands of erythropoiesis, applies to other
circumstances such as expanded erythropoiesis observed in
β-thalassemia. The finding of protoporphyrin in RBCs of
patients with β-thalassemia, in whom transferrin saturation
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Table 1: Characteristics of Hereditary Hemochromatosis.

Gene Mutation Inheritance Hepcidin levels Pathophysiology

Type I HFE C282Y (6p21), H63D AR Low Increased iron absorption

Type II –Juvenile
hemochromatosis

HJV; hepcidin 1q21; 19q13 AR Low Increased iron absorption

Type III TFR2 7q22 AR Low Increased iron absorption

Type IV∗ FPN1 2q32 AD High Increased iron absorption
∗Mutation results in 2 similar forms of disease: either a hemochromatosis-like illness with increased iron in hepatocytes due to hepcidin resistance (gain-of-
function mutation) or reduced macrophage iron export with normal transferrin saturation called “classic ferroportin disease” (loss-of-function mutation).

is an ample 40%, provides evidence that this is the case
[71]. In fact, old literature estimated that the daily iron
requirement in β-thalassemia may be as high as 150 mg,
values which could make iron demand by the expanded
erythron greater than its available supply [72] and possibly
trigger hepcidin suppression in order to stimulate an increase
in iron absorption.

5. Hereditary Hemochromatosis

Hereditary hemochromatosis (HH) is a genetically inherited
disorder of iron metabolism. Although gene frequency is
as high as 5–7%, low penetrance results in only 1:300 to
1:400 affected individuals. Four types of disorders exist,
all of which result in increased intestinal iron absorp-
tion as a consequence of inadequate hepcidin, or hep-
cidin insensitivity, relative to the degree of systemic iron
(Table 1).

The most common type of HH, Type I HH, is char-
acterized by a mutation in the HFE gene. Homozygous
C282Y mutation, which accounts for more than 80% HH
patients [73], disturbs formation of a disulfide bond in the α3
domain of HFE, prevents its binging to β2-microglobulin—
a protein involved in the regulation of iron absorption, and
markedly reduces the appearance of HFE on the cell surface.
Disease is occasionally present as a compound heterozygote
mutation with a second synergistic H63D mutation which
also leads to the reduction of cell surface HFE [74]. Although
the molecular function of HFE remains uncertain, recent
evidence points to its role in hepcidin regulation [75].
Because hepcidin is believed to be the central regulator
of iron flows in the body, the involvement of HFE in
hepcidin regulation is consistent with its presumed function
in iron absorption. In the recent past, major advances have
been made in understanding the molecular mechanism of
hepcidin regulation. The bone morphogenic protein (BMP)
pathway—involved in cell proliferation, differentiation, and
apoptosis—has been identified as a critical regulator of
hepcidin expression [76, 77]. BMP receptor activation results
in Smad phosphorylation which translocates to the nucleus
and activates transcription of target genes [78] (Figure 2).
Hemojuvelin (HJV) was identified as an iron-specific BMP
coreceptor and stimulant of the BMP pathway in iron
overload states [79]. Another form of HJV—soluble HJV
(sHJV)—acts as a BMP antagonist [80] and leads to reduced
hepcidin expression [77] as a means of negative feedback
(Figure 2).

Expression of hepcidin is inappropriately low in patients
with Type I HH and H f e−/− mice [81–83]. HFE is one of
several membrane proteins involved in communicating sys-
temic iron status to the hepatocyte and affects HJV/BMP sig-
naling pathway to positively influence hepcidin production
(Figure 2). Suppressed HFE levels in HH prevent appropriate
sensing and result in a dampened hepcidin response to iron
load, consequent increased iron absorption and increased
transferrin saturation.H f e(−/− ) mice confirm the associ-
ation of HFE gene mutation, iron overload, and increased
erythropoiesis. Compared to wild type, H f e−/− mice exhibit
massive iron deposition and elevated transferrin saturation
[84]. The role of HFE in influencing iron absorption is not
completely understood. HFE associates with TfR1 under low
iron conditions [85] and is displaced when TfR1 binds Tf-
Fe(III) [86–88] (Figure 2). Unlike TfR1, TfR2 lacks an IRE
and is thus not regulated by levels of plasma iron. As serum
iron concentration increases, TfR2 expression exceeds that of
TfR1 and Tf-Fe(III) binds both TfR1 and TfR2, increasing
TfR2 stability [89, 90] on the membrane and induces HFE
binding to TfR2. This HFE/TfR2 complex interacts with
HJV, the iron-specific BMP co-receptor, and potentiates the
BMP signaling pathway and hepcidin transcription [91]
(Figure 2).

Thus, both TfR2 and HFE/TfR1 complex function as the
main Tf-Fe(III) sensors [90, 92] and communicate systemic
iron status to the hepatocyte resulting in altered hepcidin
secretion. As expected, iron overload diseases are also
associated with mutation in genes coding these intermediary
proteins. Type II HH results from HJV or hepcidin muta-
tions. As those with HFE mutations, patients with mutated
HJV/HAMP also exhibit enhanced iron absorption and rapid
iron accumulation at a young age [93]. HJV mutations, like
mutations in hepcidin itself, result in nearly absent hepcidin
expression and clinically result in the most severe form
of HH termed Juvenile Hemochromatosis. H jv−/− mice
develop a substantial decrease in hepcidin expression with
concurrently increased FPN-1 expression and early onset
iron deposition [94]. Type III HH results from a mutation in
the gene encoding TfR2. TfR2 depletion leads to hepatic iron
deposition and decreased hepcidin expression in zebrafish
embryos [95]; mice models exhibit elevated ferritin and
transferrin saturation in addition to these features [96].

Lastly, type IV or FPN-1 mutation is an autosomal
dominant HH. Because mutations in the gene encoding
FPN-1 may affect its presentation on the cell membrane as
well as its ability to bind hepcidin, there are two clinical
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Figure 2: Hepcidin regulation through the BMP pathway, demonstrating effects of a functional response to systemic iron status and the
dysregulation of proteins resulting in iron overload.

features of this genetic disorder [97]. When FPN-1 mutation
leads to reduced FPN-1 surface expression (loss-of-function
mutation), patients develop low transferrin saturation and
Kupffer cell iron loading due to limited iron export function
and become anemic when treated with phlebotomy. These
patients are unable to mobilize their iron stores due to
mutant FPN-1. The flatiron mouse, with a heterozygous
missense mutation in FPN-1, demonstrates iron loading
of Kupffer cells, high serum ferritin, and low transferrin
saturation, similar to patients with classic “ferroportin
disease” described above [98]. Although FPN-1 on duodenal
enterocytes is likely also affected, the export of 2–4 mg of
iron during iron absorption may be easier to accomplish
despite the mutation than the 20 mg of iron recycled daily
by macrophages [99].

The other type of FPN-1 mutation results in normal
FPN-1 cell surface expression with functional iron export
and is characterized by insensitivity to hepcidin (gain-of-
function mutation). This mutation is associated with high
transferrin saturation and hepatocyte iron loading [100].
As proof of principle, De Domenico developed an FPN-1
mutated cell line that shows a normal iron efflux activity but
does not respond to increased hepcidin [99]. This lack of
response of mutated FPN-1 to hepcidin is associated with
increased duodenal iron absorption, increased transferrin
saturation, and increased iron deposition in patient hepato-
cytes. The phenotype of “hepcidin-resistant” HH is similar
to the hepcidin deficient phenotype in other types of HH.

Overall, HH mutations are associated with hepcidin sup-
pression or hepcidin insensitivity. Hepcidin injections inhibit
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the increased iron absorption in the duodena of H f e−/−

mice [101] and forced expression of hepcidin corrects the
hemochromatosis phenotype [83]. Unlike in β-thalassemia,
sera from patients with HH do not result in hepcidin
suppression in HepG2 cells [102] and induce an increased
hepcidin gene expression in normal hepatocytes [61]. These
findings demonstrate mutant HFE on hepatocytes results in
insufficient hepcidin stimulation in HH patients leading to
increased iron absorption and could be the major reason for
iron overload in this disease.

Increased hemoglobin, MCV, and MCH have been
demonstrated in patients with HH [103] and H f e−/− mice
[84], suggesting that increased iron absorption influences
erythropoiesis. A systematic analysis of erythroid param-
eters in HH has not been reported. In one study, 94
patients homozygous for C282Y were analyzed and found
to have a 7–9% increase in hemoglobin, MCV, and MCH
compared to normal controls; no increase in RBC count
was observed [103]. This represents approximately 5 g of
additional hemoglobin and enabled these individuals to
sequester 170 mg of iron. This net increase in the heme
and hemoglobin synthesis is not completely understood
since normal erythroid precursors control heme synthesis
by exerting a negative feedback mechanism on ALAS by
heme itself [20]. However, ALAS2, with a 5′ untranslated
region IRE, may result in continued heme synthesis during
iron overload. This compensation to safely sequester iron by
increasing hemoglobin, MCV, and MCH above normal levels
requires additional experimentation to more completely
understand the mechanisms of physiologic set points in iron
utilization for hemoglobin synthesis.

6. Summary

Erythropoiesis and iron metabolism must be closely coordi-
nated to ensure adequate supply of iron for erythropoiesis.
Conversely, the inability to prevent excess production of all
hemoglobin intermediates including iron, heme, and globin
is hazardous and results in its own pathologic consequences.
Hepcidin is a key regulator of iron absorption and recy-
cling and is itself under the regulation by erythropoiesis
as evidenced by its suppression in diseases of ineffective
erythropoiesis despite systemic iron overload. Transferrin
and TfR1/2 are intimately involved in the regulation of
hepcidin; the dysregulation of these components results in
the inappropriate trafficking of iron in the organism. How
sensing of the body’s iron status occurs is still incompletely
understood although it is becoming clear that the total
systemic iron is not as important as iron availability for
erythropoiesis. A tremendous degree of reserve is built
into the system to accommodate for minor excesses and
deficiencies and the physiology of the “normal state” is
uncovered only when the pathology exceeds the body’s ability
to compensate by using these reserves. The distribution of
iron between cells is dependent on the amount of total avail-
able iron but also relies on the ability of the body to deliver
that iron for erythropoiesis. Greater understanding of the
interplay between the key factors involved in the regulation
of iron metabolism and erythropoiesis will help develop

more effective therapies for disorders of iron overload, iron
deficiency, and hemoglobin synthesis.
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The hepatic peptide hormone hepcidin regulates dietary iron absorption, plasma iron concentrations, and tissue iron distribution.
Hepcidin acts by causing the degradation of its receptor, the cellular iron exporter ferroportin. The loss of ferroportin decreases
iron flow into plasma from absorptive enterocytes, from macrophages that recycle the iron of senescent erythrocytes, and from
hepatocytes that store iron, thereby lowering plasma iron concentrations. Malfunctions of the hepcidin-ferroportin axis contribute
to the pathogenesis of different anemias. Deficient production of hepcidin causes systemic iron overload in iron-loading anemias
such as beta-thalassemia; whereas hepcidin excess contributes to the development of anemia in inflammatory disorders and chronic
kidney disease, and may cause erythropoietin resistance. The diagnosis of different forms of anemia will be facilitated by improved
hepcidin assays, and the treatment will be enhanced by the development of hepcidin agonists and antagonists.

1. Hepcidin-Ferroportin Interaction
Regulates Iron Homeostasis

Hepcidin is a small peptide hormone secreted by hepato-
cytes, circulating in blood plasma and excreted in urine
[1]. Like other peptide hormones, hepcidin is synthesized
initially as a larger 84-amino acid preprohepcidin then
processed in hepatocytes by the signal peptidase to 60-amino
acid prohepcidin that lacks iron-regulatory activity [2]. Prior
to secretion, prohormone convertases cleave prohepcidin at
a polybasic motif to generate the mature bioactive 25-amino
acid hepcidin [3]. Other cell types including macrophages
and adipocytes also contain hepcidin mRNA but their local
and systemic contribution to the production of bioactive
hepcidin has not been established with certainty. Hepcidin
plays an essential role in maintaining iron homeostasis, and
the dysregulation of its production underlies many iron dis-
orders. Chronic excess of hepcidin causes iron-restricted ane-
mia [4], whereas hepcidin deficiency results in iron overload
with iron deposition in the liver and other parenchyma [5].

Hepcidin acts by regulating the cellular concentration of
its receptor, ferroportin. Ferroportin is the sole known cel-
lular iron exporter and is essential for iron homeostasis [6].

This multispanning membrane protein is expressed in tissues
which transport large amounts of iron (Figure 1): duodenal
enterocytes which absorb dietary iron, macrophages of the
spleen and liver which recycle iron from old erythrocytes,
hepatocytes which store and release iron according to body
needs, and placental trophoblast which transports iron from
maternal to fetal circulation [7–9].

When ferroportin is located in the cell membrane it
allows efflux of iron from the cells into plasma. Hepcidin
binding to the extracellular face of ferroportin triggers inter-
nalization and degradation of the ligand-receptor complex
[10]. Removal of ferroportin from the membrane stops
cellular iron export leading to decreased supply of iron into
plasma (Figure 1). Without the constant iron influx, the
plasma iron pool is rapidly depleted by the iron-consuming
cells, most prominently erythroid precursors. In mice, a
single injection of synthetic hepcidin caused a rapid drop
in serum iron [11], and this lasted for 2 days, presumably
until sufficient amount of ferroportin was resynthesized.
Decreased ferroportin concentration in cell membranes, as
seen during chronic overproduction of hepcidin, can lead
to iron-restricted erythropoiesis. Interestingly, ferroportin
is also expressed in erythroid precursor cells [12], but its
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physiological role or the effect of hepcidin on developing
erythrocytes remains to be determined.

2. Regulation of Hepcidin

Hepcidin is homeostatically regulated by iron and erythro-
poietic activity. Increased plasma and stored iron stimulate
hepcidin production, which in turn blocks dietary iron
absorption and further iron loading (Figure 1). Hepcidin
is suppressed in iron deficiency [13], allowing increased
absorption of dietary iron and replenishment of iron stores.
The feedback loop between iron and hepcidin ensures the
stability of plasma iron concentrations.

As would be expected for the iron-regulatory hormone,
hepcidin production is also regulated by the process which
consumes most iron, erythropoiesis [14]. Increased erythro-
poietic activity suppresses hepcidin production which allows
the release of stored iron from macrophages and hepatocytes,
and increased iron absorption, all resulting in greater supply
of iron for hemoglobin synthesis.

Hepcidin production is also pathologically increased in
inflammation and infection [15]. Resultant hypoferremia
may represent a host defense strategy to limit iron availability
to microorganisms, but can also lead to iron dysregulation
and iron-restricted anemia in inflammatory diseases.

3. Molecular Mechanisms of
Hepcidin Regulation

3.1. Iron. Hepcidin is likely regulated by both circulating
iron-transferrin and intracellular iron stores. Although the
respective mechanisms of sensing extracellular and intra-
cellular iron are not well understood, they both appear to
utilize the bone morphogenetic protein (BMP) pathway to
alter hepcidin expression. Several BMPs have been shown
to increase hepcidin production in vitro and in vivo [16],
but BMP6 has recently emerged as the principal endogenous
BMP regulating hepcidin. BMP6 knockout mice develop
severe iron overload but no other significant abnormalities
[17, 18].

In other biological settings, BMP signaling is known to
be modulated by coreceptors and antagonists. Hemojuvelin
(HJV), a GPI-linked membrane protein, appears to be the
co-receptor specialized for iron regulation [19]. The soluble
form of hemojuvelin acts as an antagonist, probably by
binding BMPs, but the biological role of this interaction has
not been documented yet [20]. HJV mutations in humans or
mice result in severe iron overload similar to that caused by
ablation of hepcidin, without any other apparent problems
[21]. Additional molecules, including a protease TMPRSS6
[22] and a large multifunctional transmembrane protein
neogenin [23], were shown to interact with HJV and modify
its cell-surface expression. Whether these molecules or their
interaction with HJV is modulated by iron or other signals
remains to be determined.

The mechanism by which intracellular iron regulates
hepcidin expression is still unclear. However, expression of
BMP6 mRNA was recently shown to increase with iron

loading in mice, raising the possibility that BMP6 is a
signal reflecting iron stores [24]. Hepcidin regulation by
extracellular iron is better understood, and a tentative model
is emerging but needs further experimental support. Sensing
of iron-transferrin concentrations apparently depends on
transferrin receptor 2 (TfR2) and HFE, two molecules which
are mutated in the adult form of hereditary hemochromato-
sis. TfR2 is a homolog of TfR1, but is primarily expressed
in the liver, the site of hepcidin expression. Binding of
iron-transferrin to TfR2 stabilizes the protein [25], which
results in elevated ERK1/2 and Smad1/5/8 signaling [26].
HFE, a protein similar to MHC I type molecules, appears
to function as a shuttle between TfR1 and TfR2 depending
on iron-transferrin concentrations [27]. Because the binding
sites of HFE and iron-transferrin on TfR1 overlap, higher
iron-transferrin concentrations displace HFE from TfR1
allowing HFE to associate with TfR2, which presumably
potentiates signaling pathways downstream of TfR2. HFE
and TfR2, however, do not appear to be required for hepcidin
regulation by iron stores, as mice and humans with HFE and
TfR2 mutations are still capable of decreasing hepcidin levels
after iron depletion [28].

3.2. Erythropoiesis. Increased erythropoietic activity is a
potent suppressor of hepcidin production. A single injection
of erythropoietin in humans caused a dramatic decrease in
serum hepcidin within 24 hours [29], and a mouse model
showed a dose-dependent decrease in hepcidin mRNA after
erythropoietin administration [30]. Epo by itself does not
appear to be a direct regulator of hepcidin expression because
pretreatment of mice with carboplatin, a cytotoxic inhibitor
of erythropoiesis, completely abrogated the effect of Epo on
hepcidin [14]. Similarly, mouse models of anemias caused
by bleeding or hemolysis showed that hepcidin suppression
depended on intact erythropoietic activity [14, 31].

How erythropoiesis affects hepcidin production is not
clear, but the mediators could include the production of
soluble factors by the erythroid precursors in the bone
marrow, decreased circulating or stored iron, and hypoxia.
Two proteins produced by erythroid precursors, growth
differentiation factor 15 (GDF15) and twisted gastrulation
protein (TWSG1), have been proposed to mediate hepcidin
suppression in anemias with ineffective erythropoiesis [32,
33]. GDF15, a member of the TGF-β superfamily, and
TWSG1, a BMP-binding protein, are both produced by
developing erythroblasts. The two proteins were shown to
suppress hepcidin mRNA in vitro [32, 33]. Very high levels
of GDF15 were detected in β-thalassemia and congenital
dyserythropoietic anemia type I, and elevated Twsg1 expres-
sion was found in a mouse model of thalassemia. However,
physiologic hepcidin suppression in response to bleeding or
to anemias with effective erythropoiesis is likely mediated by
other mechanisms. Whatever the signal, erythroid activity
appears to suppress hepcidin, at least in part, by modulating
the BMP pathway. Erythropoietin administration in mice,
which caused the expected decrease in hepcidin levels, was
also found to reduce Smad signaling [30].

The physiological relevance of hepcidin regulation by
hypoxia is still uncertain. Alterations of the HIF pathway in
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Figure 1: Hepcidin-ferroportin interaction determines the flow of iron into plasma. Hepcidin concentration is in turn regulated by iron,
erythropoietic activity, and inflammation.

vivo can affect hepcidin expression [34] but whether HIF
regulates hepcidin transcription directly or mostly indirectly
is still unresolved. It is possible that the main effect of
hypoxia on iron homeostasis is to increase erythropoietin
production in the kidney, which would lead to proliferation
of erythroblasts and suppression of hepcidin by putative
erythroid factors.

3.3. Inflammation. Hepcidin synthesis is rapidly increased
by infection and inflammation, causing retention of iron
in macrophages and decreased iron absorption [15]. The
resulting hypoferremia is presumably a component of innate
immune responses that deprive invading microbes of iron
and other essential nutrients. Serum hepcidin was found
to be greatly increased in patients with inflammation
defined as CRP > 10 mg/dL, patients with sepsis, burns,
inflammatory bowel disease, and multiple myeloma [13, 35–
37]. Of inflammatory mediators regulating hepcidin, IL-6
was shown to be a prominent inducer in vitro and in vivo,
and it stimulates hepcidin transcription through a STAT-3
dependent mechanism [38, 39]. Other cytokines such as IL-
1 may also directly regulate hepcidin production, at least
in mice, as IL-6 knockout mice with chronic inflammation
increased hepcidin mRNA similarly to wild-type mice [40].
Direct regulation of hepcidin synthesis in myeloid cells by
microbial molecules acting through toll-like receptors has
also been proposed [41] but it is not clear how much this
mechanism contributes to hepcidin production locally or
systemically, and whether it also applies to hepatocytes.

4. The Role of Hepcidin in Anemias

Hepcidin expression is the result of the interplay between
multiple stimuli, including iron, inflammation, and erythro-
poiesis. Accordingly, hepcidin concentrations in different
forms of anemia vary widely, and may have diagnostic
potential in differentiating between the various types of
anemia. Furthermore, in cases where hepcidin is a causative
factor in anemia, hepcidin-targeted therapies may improve
treatment options for the patients.

4.1. Iron Deficiency Anemia (IDA). In pure iron deficiency
anemia, serum and urinary hepcidin concentrations are
greatly decreased and are frequently undetectable by cur-
rently available assays [13]. The low expression is presumably
due to the lack of transcriptional stimulation by iron as well
as active suppression by erythroid factors. Hepcidin appears
to be a sensitive indicator of iron deficiency even in the
absence of anemia. Decreased hepcidin, together with low
transferrin saturation and serum ferritin, is observed prior
to a detectable decrease in Hb or Hct ([13], E. Nemeth
unpublished). Hepcidin measurements could improve the
screening of blood donors, in whom deferral is currently
based on low Hct or Hb levels, the relatively late sequelae
of iron deficiency. Identifying donors who are already iron-
deficient prior to the blood donation should reduce the fre-
quency of frank iron deficiency and anemia in blood donors.

Hepcidin is readily detectable in urine [13] and thus may
be an excellent candidate for the development of a simple
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field test for iron deficiency. Apart from the possible use
for easy screening of infants and small children, a field-
friendly test would be particularly useful in areas which
lack access to clinical laboratories. Accurate detection of
iron deficiency has become an important issue in endemic
malarial regions. “The Pemba trial,” a randomized controlled
trial in Zanzibar [42] which evaluated the impact of iron,
folic acid, and zinc supplementation on morbidity and
mortality in young children, found an increased risk of severe
illness and death in children supplemented with iron/folic
acid. Furthermore, the risk appeared to be restricted to iron-
replete children. Thus, a simple, quick hepcidin test would
help distinguish between iron-deficient/anemic children who
can benefit from iron supplementation, and iron-replete or
already infected children in whom iron supplementation
might be harmful.

4.2. Iron-Refractory Iron Deficiency Anemia (IRIDA). Iron-
refractory iron deficiency anemia is a hereditary
hypochromic, microcytic anemia, refractory to treatment
with oral iron, and only partially responsive to parenteral
iron. The molecular basis of the disease was only recently
described. IRIDA is caused by increased hepcidin production
due to mutations in the hepcidin suppressor, TMPRSS6
also called matriptase-2 [43, 44]. The disease is thus a
phenotypic opposite of juvenile hemochromatosis caused
by disruptive hepcidin mutations. TMPRSS6 is a membrane
protease which was reported to act by cleaving membrane-
associated HJV [22], which presumably results in decreased
BMP pathway activity. When TMPRSS6 is mutated,
hepcidin expression is increased, chronically inhibiting
iron absorption and resulting in the development of iron
deficiency anemia. How TMPRSS6 expression and activity
are regulated in relation to iron homeostasis still remains to
be determined.

Interestingly, TMPRSS6 locus is proving to be highly
polymorphic. If some common polymorphisms confer
changes in TMPRSS6 expression or activity, this could
in turn affect hepcidin expression and the control of
iron metabolism. Recently, genome-wide association stud-
ies identified association between certain TMPRSS6 vari-
ants and serum iron, transferrin saturation, MCV and
hemoglobin levels [45, 46]. These findings suggest that even
subtle variants in hepcidin regulators have an influence
on iron status, erythropoiesis, and associated disorders in
the general population. Improved definition of genetic risk
factors for iron deficiency or iron overload could help avoid
unnecessary burdens associated with chronic treatment.

4.3. Iron-Refractory Anemia Associated with Hepcidin-
producing Tumors. Another rare form of iron-refractory
iron deficiency anemia is associated with hepatic adenomas.
Originally reported in the setting of type 1a glycogen storage
disease, patients had large hepatic adenomas associated
with moderate to severe unremitting microcytic anemia
and hypoferremia, unresponsive to oral iron and only
partially responsive to parenteral iron [47]. The anemia
and hypoferremia rapidly resolved after tumor resection.
A sample of tumor tissue overexpressed hepcidin mRNA

which was suppressed in the surrounding liver, suggesting
autonomous production of hepcidin by the tumor. A patient
with a similar presentation in the setting of a large hepatic
adenoma but no history of glycogen disorder was recently
reported [48].

4.4. Iron-Loading Anemias. In iron-loading anemias, such
as β-thalassemia and congenital dyserythropoietic anemias,
urinary and serum hepcidin are severely decreased in the
absence of transfusions [49–51]. The low hepcidin in turn
allows excessive iron absorption and development of sys-
temic iron overload, similar to hereditary hemochromatosis.
The signal causing hepcidin suppression in iron-loading
anemias appears to be generated by high erythropoietic
activity and outweighs the effects of the resulting iron
overload on hepcidin regulation. As mentioned earlier,
GDF15 and TWSG1 are two erythroid factors that may
contribute to hepcidin suppression in syndromes with
ineffective erythropoiesis [32, 33].

Hepcidin diagnostics may be useful for iron-loading
anemias to identify the patients at higher risk of iron toxicity
due to severely decreased hepcidin levels. Moreover, future
hepcidin agonists may be sufficient to prevent the life-
threatening iron overload in these patients. The first promis-
ing evidence of the beneficial effect of hepcidin comes from
the th3/+ mouse model of β-thalassemia in which moderate
transgenic expression of hepcidin resulted in lower spleen
and liver iron content, decreased inefficient erythropoiesis in
the spleen, lower spleen weight, and even improvement of
hematological parameters (Gardenghi et al., submitted).

In chronically transfused patients, hepcidin concentra-
tions are much higher than in nontransfused patients, pre-
sumably due to both increased iron load and the alleviation
of ineffective erythropoiesis [49, 51]. Interestingly, Origa
et al. [51] showed that nontransfused patients have liver
iron concentrations similar to those of regularly transfused
thalassemia major patients. However, because of the different
hepcidin levels, the cellular distribution of iron in the liver
differed in these two groups. In nontransfused thalassemia,
iron was deposited in hepatocytes, whereas higher hepcidin
levels in transfused patients resulted in macrophage iron
loading. As a consequence of this difference in cellular
iron distribution, serum ferritin levels were much lower in
nontransfused patients, and did not adequately reflect the
patients’ liver iron load. Considering that high hepcidin
shifts iron distribution to macrophages and decreases intesti-
nal iron absorption, it is possible that hepcidin agonists could
be useful even in transfused thalassemia patients. Trapping
iron in macrophages where it is less toxic may postpone iron
deposition and consequent damage in the parenchyma, but
this remains to be investigated.

4.5. Anemia of Inflammation. Anemia of inflammation (AI)
develops in the setting of many infections and inflammatory
disorders, and some malignancies [52]. Elevated hepcidin
is believed to be an important mediator of AI but whether
hepcidin is a necessary factor in the AI pathogenesis has
not yet been established with certainty. IRIDA and mouse
models overexpressing hepcidin demonstrate that elevated
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hepcidin is sufficient to cause hypoferremia and anemia [4].
Moderate overproduction of hepcidin in transgenic mice or
in mice bearing hepcidin-producing tumors caused an iron-
restricted anemia [4, 53]. Transgenic mice also had blunted
erythropoietic response to EPO, another characteristic of AI.

In humans, elevated hepcidin was observed in a variety
of inflammatory disorders including rheumatologic diseases,
inflammatory bowel disease, infections, multiple myeloma,
and critical illness [13, 35–37, 54, 55]. The AI phenotype
presumably develops from hepcidin-mediated inhibition of
iron recycling and absorption. Decreased flow of iron into
plasma results in hypoferremia, and because most of the
iron in plasma is destined for the bone marrow, lower iron
availability hinders hemoglobin synthesis and erythrocyte
production.

Detecting elevated hepcidin in the presence of hypo-
ferremia and anemia could help distinguish AI from IDA.
However, mixed anemia is common, for example, in cases
of chronic inflammatory illness with coexisting bleeding
or malnutrition. In these conditions, the inflammation-
mediated increase in hepcidin would be opposed by the
effects of iron deficiency. Even without blood loss or
malnutrition, when inflammation lasts for years, true iron
deficiency may also develop because of the inhibition
of intestinal iron absorption by hepcidin. The ability of
hepcidin measurements to distinguish the contribution of
iron deficiency and inflammation in these conditions will
have to be carefully evaluated. It is possible that even
“normal” levels of hepcidin in AI or mixed anemia are
inappropriate and perpetuate iron restriction. Obesity, itself
a chronic inflammatory condition, was reported to be
associated with iron deficiency [56], and this can develop
despite adequate iron supply and the absence of blood loss.
Serum hepcidin concentrations were recently studied in
obese premenopausal women [57] and were found to be
in the reference range for the healthy iron-replete women.
However, when compared to lean volunteers with similar
iron deficiency, hepcidin levels were several-fold higher in
obese women, indicating they were inappropriately high
considering the obese women’s iron deficiency. Thus, in very
chronic mild inflammatory conditions even a mild hepcidin
excess may be sufficient to tip the balance between iron loss
and iron uptake and lead to iron deficiency.

Studies of interventions that selectively reduce hepcidin
will clarify how essential the role of hepcidin is in each type
of inflammation-induced anemia. In a mouse model of AI
caused by injections of Brucella abortus, hepcidin antag-
onists (neutralizing monoclonal antibody to hepcidin) in
combination with erythropoiesis-stimulating agents restored
normal hemoglobin levels [58], even when erythropoiesis-
stimulating agents alone were ineffective. Considering the
variety of other possible inflammatory erythroid pathologies,
ranging from hemolysis to bone marrow suppression, not all
inflammatory conditions may respond equally to antihep-
cidin or combination therapies.

4.6. Anemia of Chronic Kidney Disease. Until recently, ane-
mia of chronic kidney disease (CKD) was thought to be
primarily due to the deficiency of erythropoietin. Consider-

ing that high amounts of erythropoietin are often needed to
restore erythropoiesis, this view has been challenged. This, as
well as the beneficial effect of high doses of intravenous iron
in CKD patients has focused attention on the possible role
of hepcidin and iron restriction in the anemia of CKD [59].
Renal excretion is a major route of hepcidin clearance. When
kidney function is normal, urinary hepcidin concentrations
correlate well with the circulating hepcidin levels, with no
apparent regulation of the excretion process. However, loss
of kidney function could decrease hepcidin clearance and
lead to the accumulation of hepcidin and the development
of iron-restrictive anemia.

Hepcidin concentrations were indeed reported to be
increased in patients with CKD [54, 60]. Although this could
be caused by inflammation which frequently accompanies
CKD, even patients without significant inflammation had
elevated hepcidin which progressively increased with the
increasing severity of CKD [60]. Decreased kidney function
is the likely factor contributing to this phenomenon, and
some studies have reported inverse correlation between
glomerular filtration rate and serum hepcidin [60, 61]. Thus,
increased hepcidin levels due to decreased renal clearance
as well as due to inflammation may be a significant factor
contributing to the development of anemia in CKD and
should be considered in the development of new therapies
for this disease.

4.7. Resistance to Erythropoietin. Hyporesponsiveness to
therapeutic erythropoietin has emerged as an important con-
sequence of inflammation, especially in chronic kidney dis-
eases [62, 63], and may be a consequence of iron restriction
imposed by high hepcidin. As mentioned before, hepcidin-
overexpressing transgenic mice had blunted response to Epo
[4], and neutralization of hepcidin by monoclonal antibody
in the B. abortus model of AI restored responsiveness to
erythropoietin [58]. Hepcidin measurements thus may be
useful for predicting patients’ response to erythropoietin but
large studies will be necessary to test this concept.

Large pharmacological doses of Epo can sometimes
overcome the resistance of AI to erythropoietin [63]. As was
discussed before, Epo injections in mice and humans resulted
in suppression of hepcidin production [29, 30], and this may
be the mechanism by which high Epo levels overcome iron
restriction. It is therefore conceivable that administration
of anti-hepcidin therapies together with erythropoiesis-
stimulating agents may improve patients’ erythropoietic
response and enable the use of lower erythropoietin doses
to avoid the potential detrimental effects of high Epo
concentrations.

5. The Present and the Future of Hepcidin
Diagnostics and Therapeutics in Anemias

5.1. Diagnostics. The evaluation of the diagnostic potential
of hepcidin has only recently become possible with the
development of assays for bioactive mature hepcidin in
serum and urine. The methodologies include competitive
ELISAs using biotinylated or radioiodinated hepcidin as
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Table 1: Diagnostic and therapeutic potenital of hepcidin in different forms of anemia.

Condition Expected hepcidin levels Other iron parameters Hepcidin therapy

Iron deficiency anemia Low Low Tsat and ferritin

Iron-refractory iron deficiency anemia High Low Tsat and ferritin Antagonist

Iron-loading anemias Low (unless transfused) High Tsat and ferritin Agonist

Anemia of inflammation High Low Tsat, normal-to-elevated ferritin Antagonist

Mixed anemia (AI/IDA) Normal Low Tsat, low-to-normal ferritin Antagonist

Chronic kidney disease High Variable Antagonist

Erythropoietin resistance High Variable Antagonist

Tsat = transferrin saturation.

tracers [13, 64], and several mass spectrometry-based assays
(MALDI-TOF MS, SELDI, and LC–MS/MS) using as internal
standards isotopically labeled hepcidin or truncated hepcidin
variants [55, 65, 66]. Measurements of prohepcidin in serum
have also been reported, but these did not correlate with
mature hepcidin concentrations indicating that pro-hepcidin
is inadequate as a substitute for measuring biologically
relevant hepcidin.

A summary of potential uses of hepcidin assays for
diagnosing different forms of anemia is listed in Table 1.
However, the utility of hepcidin for the diagnosis and
prognosis of iron disorders is far from understood and
needs to be evaluated in larger clinical studies. Some of
the problems for interpreting hepcidin levels may include
diurnal fluctuations of hepcidin (lower in the morning,
higher in the afternoon) [13, 67], and relative sensitivity to
the available iron content of the diet [13].

Hepcidin concentrations may also predict which patients
could benefit from oral iron therapy. Several studies of
healthy volunteers have shown inverse correlation between
hepcidin concentrations and radiolabeled iron absorption
[68, 69]. If these results are confirmed in appropriate
patient populations, patients with elevated hepcidin levels
could be treated with parenteral iron and thus avoid
weeks of potentially burdensome and unsuccessful oral iron
therapy.

5.2. Therapeutics. The potential use of hepcidin-targeted
therapeutics in anemias is summarized in Table 1. Although
no hepcidin therapies are yet available, several candidates
are currently under development. Hepcidin agonists would
be useful for preventing or ameliorating iron overload in
nontransfused β-thalassemias and other iron-loading ane-
mias. Small peptides based on hepcidin N-terminal region
have been shown to act as agonists in mice in vivo (E.
Nemeth, unpublished). The small size should allow eventual
development of orally available agonists.

Hepcidin antagonists would be expected to benefit
patients with diseases of hepcidin excess (Table 1), mani-
fested as iron-restricted anemia and eventually as systemic
iron deficiency. Several approaches have been undertaken
to develop hepcidin antagonists. Hepcidin-neutralizing anti-
body has already been successfully used in vivo in a
mouse model of AI [58]. Apart from directly interfering

with hepcidin activity, other agents which target pathways
regulating hepcidin production have also been described.
Dorsomorphin, a small-molecule inhibitor of BMP signal-
ing, was shown to block hepcidin induction by iron in vivo
[70]. Soluble HJV, also acting as an antagonist of BMP sig-
naling, decreased hepcidin baseline expression in mice and
concurrently increased liver iron content [71]. Furthermore,
some existing therapies may be acting in part by decreasing
hepcidin production. Anticytokine therapies such as anti-
IL-6 antibody were shown to suppress hepcidin produc-
tion and improve anemia [72, 73]. Some erythropoiesis-
stimulating agents, such as prolyl hydroxylase inhibitors,
could also be effective hepcidin suppressors, not only by
stimulating erythropoiesis, but also by interfering with the
HIF pathway [74]. Undoubtedly, future studies will assess
the risks and relative benefits of hepcidin-targeted treatment
approaches.

6. Conclusion

Recent advances in the understanding of the key role of
hepcidin-ferroportin interaction in iron homeostasis and its
disorders have clarified the pathogenesis of anemias due to
iron restriction as well as anemias accompanied by iron-
loading. While many mechanistic details of hepcidin and
ferroportin regulation remain to be worked out, we will soon
see medical applications of these advances. In the coming
years, the role of hepcidin assays in the diagnosis, prognosis,
and therapeutic stratification of anemias will be explored.
Therapeutic interventions specifically targeting the hepcidin-
ferroportin axis for the treatment of anemias are also under
development.
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In recent years there have been major advances in our knowledge of the regulation of iron metabolism that have had implications
for understanding the pathophysiology of some human disorders like beta-thalassemia and other iron overload diseases. However,
little is known about the relationship among ineffective erythropoiesis, the role of iron-regulatory genes, and tissue iron
distribution in beta-thalassemia. The principal aim of this paper is an update about the role of Ferroportin during human
normal and pathological erythroid differentiation. Particular attention will be given to beta-thalassemia and other diseases with
iron overload. Recent discoveries indicate that there is a potential for therapeutic intervention in beta-thalassemia by means of
manipulating iron metabolism.

1. Identification, Tissue Distribution,
and Structural Features of Ferroportin

Ferroportin (FPN1, also known as Ireg 1 or MTP1), the
product of SLC40A1 gene, was independently identified by
three groups, using different approaches [1–3]. FPN1 has
been reported to be expressed and to play a critical role
in several different tissues involved in mammalian iron
homeostasis, including duodenal enterocytes (iron uptake
and export into circulation), hepatocytes (storage), syncy-
tiotrophoblasts (transfer to embryo) and reticuloendothelial
macrophages (iron recycling from senescent red blood cells)
[4]. FPN1 appears to act as an iron exporter [2, 3] and to
be specifically regulated according to body iron requirements
in these tissues [2, 4–9]. The FPN1 gene is highly conserved
during evolution and encodes for a protein 571 aa in
length with a predicted mass of 62 KDa [1, 3]. Sequence
data showed that FPN1 is a multipass integral membrane
protein iron exporter and has at least nine transmembrane
alphahelices [1–3]. The locations of N- and C-termini have
been largely debated in previous studies indicating for one
or both termini an extracellular [10–12] or an intracellular
location [13–15] (Figure 1). Different results have also been
obtained for the membrane topology of FPN1 and the

number of its TM domains [2, 3, 13, 16] (Figure 1). Finally,
the oligomeric state of FPN1 has also been debated for
several years: the protein has been reported to be a monomer
[12, 15, 17] as well as a dimer/multimer [14, 18]. A recent
study by using recombinant expression of FPN1 in insect
cells and a biophysical characterization of purified detergent-
solubilized FPN1 showed that FPN1 protein is a monomer,
having 12 transmembrane regions and N- and C-termini
both cytosolic [19]. In the 5′-UTR of FPN1 mRNA a putative
iron responsive element (IRE) was found that could confer a
translational regulation by iron regulatory proteins (IRPs) in
a manner similar to other 5′-UTR-IRE-regulated genes, that
is, ferritin, erythroid δ-aminolevulinate synthase (ALAS2)
and mitochondrial aconitase [1, 20]. The 5′-UTR-FPN1-IRE
was responsive to iron in HepG2 and CaCo2 cells [21]; in
vitro iron deprivation inhibited translational efficiency of
FPN1 mRNA [4, 6, 22]. However, the regulation of FPN1
expression by iron is currently poorly understood and a
direct proof of IRP-IRE control has not been provided yet.
Both transcriptional and post-transcriptional mechanisms
have been implicated in the regulation of FPN1 induced
by changes in cellular iron status [2, 23]. Some authors
demonstrated that hepcidin, a major regulator of iron
metabolism, binds to FPN1 in tissue culture cells, resulting
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in internalization and degradation of FPN1 and in decreased
export of cellular iron [24]. The post-translational regulation
of FPN1 by hepcidin may thus complete a homeostatic loop:
iron regulates secretion of hepcidin, which then reduces
export of cellular iron [24].

2. Ferroportin and Iron Overload Disorders

Ferroportin disease, or type 4 hemochromatosis, or HFE4, is
an autosomal dominant condition with heterozygous muta-
tions in the FPN1 gene [23]. Hemochromatosis associated
with mutation in FPN1 can result in two different types of
iron loading: one type is phenotypically indistinguishable
from classical HFE hemochromatosis, in that the patients
have both an elevated transferrin saturation and serum
ferritin, while the other type termed “ferroportin disease”
is associated with microcytic anemia, a raised serum ferritin
and iron deposition in macrophages rather than hepatocytes
[23]. FPN1 mutations may have three possible effects:
causing misfolding of the protein and failure to reach
the cell surface (“loss of function”) [10] or producing a
mutant protein that is expressed at the cell surface but is
not inhibited by hepcidin (“loss of regulation”) [11], or
affecting iron transport ability [18]. Briefly it was shown
that A77D, V162del, G490D, and D157G mutations, that are
associated with typical pattern of disease in vivo, cause a
loss of iron export function in vitro, but do not physically
or functionally impede FPN1 protein coded by the wild-
type allele [10, 11, 18] and, therefore, lead to disease
by haploinsufficieny. These results are consistent with the
scheme proposed by Montosi et al. [25] to explain the clinical
phenotype observed in patients with these mutations [10]:
lower level of serum iron, resulting from iron sequestration
in macrophages, reduces availability to the bone marrow
for erythropoiesis, thus leading to a middle anemia in the
early stages of disease that was effectively observed in some
patients and that respond poorly to phlebotomy [10, 26].
So iron overload may be a consequence of the erythron
signalling to the gut enterocyte to increase iron uptake
from the diet to compensate for the anemia. According to
recent progress in this field it is likely that the erythron
signalling is directly working through hepcidin-ferroportin
interaction. By contrast the Y64N, N144D, Q248H, and
C326Y mutations, which can be associated with greater
transferrin saturation and more prominent iron deposition
in liver parenchyma in vivo, retain iron export function
in vitro [10, 11]. It was postulated that this group of
mutations may resist inhibition by hepcidin, so interfering
with its homeostatic negative feedback loop and resulting in
a permanently “turned on” iron exporter [10, 11].

3. Overall View on Hematopoiesis and
Importance of Iron Homeostasis during
Erythroid Cells Differentiation

Iron homeostasis depends on a coordinated regulation of
molecules involved in the import of this element and those

exporting it out of the cells. In some cell types, such as ery-
throid cells, iron import mechanisms are highly expressed,
thus allowing massive iron uptake [27, 28]. Excessive iron,
however, may be toxic for these cells, particularly in view of
its capacity to generate superoxide radicals and H2O2, which
may freely diffuse into the nucleus resulting in cell damage
[29] and it seemed therefore of interest to investigate whether
erythroid cells possess specific mechanisms for iron export.
Within the hematopoietic differentiation, the maintenance
of iron homeostasis is essential for erythroid cells and
macrophages. Erythroid cells need to incorporate very high
amounts of iron to support the continued synthesis of heme
and hemoglobin, while the macrophage cells play a key role
in iron storage and recycling [30–32]. Human erythropoiesis
is a dynamic complex multistep process that involves differ-
entiation of pluripotent hematopoietic stem cells (HSCs) and
early multipotent progenitors (MPPs) to generate committed
erythroid precursors, the erythroblasts, which then give rise
to mature erythrocytes, that is, the red blood cells (RBCs)
[33–36]. Briefly, the early erythroid progenitors (BFU-E,
burst-forming units-erythroid) differentiate into late colony-
forming units erythroid (CFU-E) and proerythroblasts fol-
lowed by a progressive wave of erythroblast maturation in
polychromatic and orthochromatic erythroblasts coupled
with a gradual increase of erythroid-specific markers. As the
hematopoietic process progresses from the early stages into
erythroid cell maturation, cells gradually lose their potential
for cell proliferation and become mature enucleated cells.
Mature erythrocytes are biconcave disks without mitochon-
dria and other organelles but full of hemoglobin able to
bind and deliver O2 [33, 37–39]. The hematopoietic differ-
entiation is a highly complex system in which, from a pool
of totipotent stem cells, originate all the cells of peripheral
blood [40–43]. Developmentally, hematopoiesis in humans
is characterized by three fundamental periods of activity
progressively involving the yolk sac, fetal liver and bone
marrow [44]. The survival, proliferation and differentiation
of hematopoietic stem and progenitor cells are regulated
by a complex network of hematopoietic growth factors
collectively known as colony stimulating factors (CSFs),
interleukins (ILs) or hemopoietins that are released from
accessory cells such as fibroblasts, macrophages, lymphocytes
and endothelial cells. Depending on their mechanism of
action during hematopoietic differentiation, these factors
can be classified into three categories: the first category
includes growth factors that exert their action at the earliest
stages of hematopoiesis, for example, the c-kit receptor
ligand (KL) or stem cell factor (SCF) [45], FLT-3 ligand
(FL) [46, 47], the basic fibroblast growth factor (bFGF)
[48, 49], and interleukin-6 (IL-6) [50]; in the second category
are growth factors acting as multilineage, whose prototypes
are the IL-3 and GM-CSF that are able to stimulate
primitive progenitors to proliferate and differentiate into all
hematopoietic lineage [51]; and finally in the third category
are included the growth factors acting as unilineage, that is,
those that stimulate the differentiation and proliferation of a
single lineage and include erythropoietin (EPO) [52, 53], the
granulocytic growth factor (G-CSF) [54], monocytic growth
factor (M-CSF) [55] and thrombopoietin (TPO) [56]. These
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Figure 1: Membrane topology of FPN1. Topology of FPN1 protein is schematically represented, modified from two alternative models
proposed by Devalia et al. (on the top) [16] and Liu et al. (on the bottom) [13]: the 9 or 12 predicted transmembrane helices (vertical
green rectangles) are shown in relation to the lipid bilayer (horizontal violet rectangle). The positions of the mutations are marked as orange
circles. The N- and C-termini are denoted by N and C, respectively. The length of extra-membranous segments is indicated.

unilineage factors act on progenitors already moving toward
an hematopoietic lineage and promote the production of
mature cells in the circulating blood, that is, erythro-
cytes, neutrophils, eosinophils, monocytes/macrophages and
megakaryocytes. The circulating red cell mass is maintained
constant by a homeostatic mechanism regulating erythro-
poiesis, based on an erythropoietic stimulus which ensures
that, under physiological conditions, the production of red
blood cells equals their destruction. Moreover, in response
to hypoxia, hemorrhage or hemolysis, this stimulus causes
increase in the production of red blood cells [30]. Senescent
or damaged erythrocytes are phagocytized by macrophages
of reticuloendothelial system that play a key role in recycling
iron from hemoglobin [30].

4. The Presence of Ferroportin in
Erythroid Cells

We reported for the first time the expression of FPN1 mRNA
and protein in normal human erythroid cells at all stages
of differentiation [57]. This finding was very surprising,
because the presence of a transporter, that in the other tissues
is appointed to export iron, was not expected for red blood
cells, in which iron is believed to be all retained into the cell,

committed for heme synthesis, and to exit only after death
of these cells by macrophage phagocytosis. The IRE element
in the 5′-UTR of FPN1 mRNA was demonstrated to be
functional in erythroid cells and able to mediate translational
modulation by cellular iron levels [57]. Nonetheless, FPN1
protein expression appeared to maintain a constant level
during different steps of erythroid differentiation and after
iron treatments [57]. This paradox would have been difficult
to explain, unless of supposing the existence of a FPN1
transcript noncontaining the IRE element in erythroid cells.
Actually previous studies already indicated the possibility
of an IRE-independent regulation of FPN1 in different
tissues and cell types, that is, iron deficiency was reported
to induce in mouse, human and rat duodenum, both in
vivo and in vitro, a significant increase of FPN1 mRNA
expression [3, 7, 35, 58]. A nonIRE FPN1 transcript has
been previously only described in polycythaemia mice as
an aberrant mRNA resulting from a microdeletion in the
FPN1 gene promoter [6, 59]. So, we also described for the
first time the existence of two alternative FPN1 transcripts
(variant II and III), other than the IRE-containing canonical
one (variant I), that did not contain the IRE element in
their 5′-UT region, did not respond to iron treatments
and together accounted for more than half of total FPN1
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mRNA present in erythroid cells [57] (Figure 2). These
transcripts arise from the usage of alternative upstream
promoters and differential splicing of 5′-UTR sequences.
Interestingly, these transcripts were expressed mainly dur-
ing the middle steps (4–11 days) of in vitro erythroid
differentiation, corresponding to the maturation from late
erythroid progenitors to polychromatophilic erythroblasts
(Figure 3). At these stages of erythroid differentiation TfR1,
the receptor responsible for iron incoming in erythroid
cells, is strongly and increasingly expressed [28]. Therefore,
the nonIRE (variant II and III) FPN1 transcripts were
expressed when erythroid progenitor/precursor cells need
to accumulate iron into the cells [57]. We speculated that
expression of the nonIRE FPN1 transcripts could produce
a constant level of the transporter, unresponsive to the
very high-iron levels present in maturing erythroid cell.
In contrast, IRE-containing FPN1 transcripts were mainly
expressed in undifferentiated erythroid progenitors and in
mature terminal erythroblasts, suggesting a possible role at
these particular stages of erythroid differentiation [57]. The
existence of multiple FPN1 alternative transcripts indicated
a complex regulation of the FPN1 gene in erythroid cells
and the possibility that the control of FPN1 expression by
iron conditions in different cell types might be complex. We
also speculated that in erythroid cells the regulation of FPN1
mRNA translation through the 5′-UTR IRE mechanism
might be silenced because in this cell type a high level
of iron uptake is needed to accumulate high amounts
of iron required for optimal heme synthesis. A solution
for this problem might be the utilization of an upstream
alternative promoter to produce mRNA species in which the
5′-UTR IRE might be spliced out or made nonfunctional
[57] (Figure 2). Our results showed that alternative FPN1
transcripts are differentially expressed during erythroid dif-
ferentiation, in particular indicating a sequential and specific
activation pathway, with an apparently mutual exclusion
between variant I IRE and variant II/III not containing
the IRE transcripts [57]. These observations suggest that
erythroid precursor cells need FPN1 transcript without a
IRE to evade translational control by IRP-IRE system in
order to export iron during the critical period when cells
are committed to proliferate and differentiate. Once the
precursor erythroid cells begin to produce hemoglobin,
FPN1 without a IRE diminishes and FPN1 with a IRE
predominates allowing erythroid cells to limit iron export
through the IRP-IRE system and synthesize heme without
developing microcytic anemia. Comparison between the
sequence of our variant II mRNA and aberrant nonIRE
FPN1 transcript previously reported in polycythaemia mice
[59] indicated a strong homology, thus strengthening our
hypothesis. Recently other authors have demonstrated that
also mouse duodenal epithelial cells utilized an alternative
upstream promoter to express a FPN1 transcript, named
FPN1B, which lacks the IRE, is not repressed in irondefi-
cient conditions and enables duodenal enterocytes to evade
translational repression [60]. Enterocyte is a particular type
of cell because it must provide iron to satisfy systemic
iron demands regardless of whether enterocyte itself is iron
depleted [60]. The authors have so formulated a satisfactory

model of why FPN1B is significantly expressed in duodenum.
According to this model in iron-replete conditions both
FPN1A and FPN1B transcripts are translated into FPN1
protein, which traffics to the basolateral membrane to
transport iron into the circulation [60]. When the iron
stores are high, the liver produces hepcidin, which causes
ferroportin degradation and blocks iron absorption [24]. On
the contrary in iron-deficient conditions, the liver ceases to
produce hepcidin and the degradation of FPN1 is eliminated
[60]. So the iron deficiency activates the IRE/IRP system
which in turn blocks FPN1A translation via the IRE element.
So it appears that FPN1B transcript has a key physiologic role
in duodenal cells: translation of FPN1B is not repressed by
IRPs allowing sufficient iron export to satisfy the systemic
iron demands [60]. They also demonstrated the presence of
FPN1B transcript in mouse bone marrow and in erythroid
precursor MEL and G1E cell lines [60] showing a regulation
comparable with our no-IRE FPN1 previously described
in human, thus supporting our hypothesis that ferroportin
may be subject to different regulation depending on cell
type and its functions [57]. This mouse FPN1B transcript
was homologous to our nonIRE variant II FPN1 transcript
observed in human progenitor erythroid cells suggesting
that the utilization of an upstream alternative promoter to
produce mRNA species without IRE could be a physiologic
and tissue-specific regulation mechanism conserved during
mammalian evolution. The identification of FPN1B reveals
how FPN1 expression can bypass IRP-dependent repression
in intestinal iron uptake, even when cells throughout the
body are iron deficient [60]. Finally, in erythroid precursor
cells, they hypothesized that FPN1B expression enhances
real-time sensing of systemic iron status and facilitates
restriction of erythropoiesis in response to low-systemic iron
in order to not create microcythemia [60]. The existence of
FPN1 alternative transcripts unresponsive to regulation by
IRE-IRP system in the duodenum and erythroid precursor
cells suggests a cell type and tissue-specific control of
FPN1 expression by systemic iron status. Previous evidence
for differential effects of hepcidin in machrophages and
intestinal epithelial cells can thus be explained [61].

5. Evidence for a Link between Erythropoiesis
and Ferroportin-Hepcidin Way Regulation

In recent years there has been important advancement in
our understanding of iron metabolism, mainly as a result
of the discovery of hepcidin [62–64], a key regulator of
whole body iron homeostasis (for an exhaustive review see
[65–67]). Increasing experimental evidence suggested that a
single molecule could be the “stores”, the “erythropoietic”
and the “inflammation” regulator of iron absorption and
recycling [68, 69], and that hepcidin acted principally or
solely by binding to ferroportin, the only known cellular
iron exporter, causing ferroportin to be phosphorylated,
internalized, ubiquitylated, sorted [24] through the multi-
vesicular body pathway and degraded in lysosomes [24, 70].
The aim of this review is beyond a complete picture of
current knowledge on the hepcidin regulation, therefore we
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will focus only on those aspects that we believe influence
erythropoiesis directly or indirectly. Different stimuli can
modulate hepcidin and act as positive or negative regulators.
At the moment we know four major regulatory pathways
(erythroid, iron store, inflammatory and hypoxia-mediated
regulation) that act through different signaling pathways to
control the production of hepcidin. It is obvious that this
complex network of interactions must be subjected to very
close control in order to ensure that the iron erythropoietic
demand is met and, in turn, adequate concentrations of
iron in the circulation are always present (for a complete
review see [66]). Under normal conditions iron store and
inflammatory regulation activate hepcidin transcription in
the hepatocytes through the bone morphogenetic proteins
(BMPs)/SMAD4 and signal transducer and activator of
transcription-3 (STAT-3) pathways, respectively [66, 71]. The
hemochromatosis protein HFE, transferrin receptor 2 (TfR2)
and the membrane isoform of hemojuvelin (mHJV) are
all positive modulators of hepcidin transcription and when
defective, lead to hemochromatosis (HH) in humans [66,
72]. Oppositely, hypoxia, anemia, increased erythropoiesis
and reduced iron stores all negatively regulate hepcidin
expression [66]. Emerging evidence suggests that ery-
thropoiesis modulates hepcidin expression, with increased
erythropoietic activity suppressing the action of hepcidin
[73–77]. This in turn facilitates export of iron from the
reticuloendothelial system and enterocytes, increasing the
availability of iron for erythropoiesis [73, 76]. Anemia
and hypoxia also suppress hepcidin expression, although
recent experiments indicate that functional erythropoiesis
is required [73, 76, 77] for these conditions to regulate
hepcidin expression. We have thus reached the issue that
most concerns us: erythropoiesis and iron metabolism are

extremely intertwined in that alteration of one of the two
may have a major impact on the second (for complete
knowledge on the topic see [66, 78–83]). That is the reason
why thalassemia intermedia and thalassemia major are the
best studied human models of hepcidin modulation by inef-
fective erythropoiesis. Progressive iron overload is the most
salient and ultimately fatal complication of beta-thalassemia.
Iron deposition occurs in visceral organs (mainly in the
heart, liver and endocrine glands), causing tissue damage
and ultimately organ dysfunction and failure. Both transfu-
sional iron overload and excess gastrointestinal absorption
are contributory. Paradoxically, excess gastrointestinal iron
absorption persists despite massive increases in total body
iron load [68, 81, 83]. However, little is known about the
relationship among ineffective erythropoiesis, the role of
iron-regulatory genes, and tissue iron distribution in beta-
thalassemia. If iron were a dominant regulator, patients
with beta-thalassemia should express very high levels of
hepcidin in serum; in contrast, the levels are very low,
suggesting that the ineffective erythropoiesis alone is able to
suppress the synthesis of hepcidin in spite of the presence
of a severe iron overload [66, 81]. Furthermore, serum
from patients with thalassemia inhibited hepcidin mRNA
expression in the HepG2 cell line, which suggested the
presence of a humoral factor that downregulates hepcidin
[84]. The nature of the erythropoietic regulator of hepcidin
is still uncharacterized, but may include one or more
proteins during active erythropoiesis. Recent observations
in thalassemia patients has suggested that one of these
regulators could be the cytokine growth differentiation
factor-15 (GDF15) [66, 85]. GDF15 is a divergent member
of the transforming growth factor-beta superfamily that is
secreted by erythroid precursors and other tissues. It has been
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identified as an oxygen-regulated transcript responding to
hypoxia and as a molecule involved in hepcidin regulation
[85–91]. Serum from thalassemia patients suppressed hep-
cidin mRNA expression in primary human hepatocytes and
depletion of GDF15 reversed the hepcidin suppression [66,
85]. It was suggested that GDF15 overexpression arising from
an expanded erythroid compartment contributed to iron
overload in thalassemia syndromes by inhibiting hepcidin
expression, possibly by antagonizing the BMP pathway [66,
85]. Without going into a detailed analysis of the GDF15
regulation mechanisms, we would like to recall the results
obtained recently, that are in our view important to start
reflecting on the existence of alternative ways that regulate
hepcidin production. Very high levels of serum GDF15 were
also observed in patients with congenital dyserythropoietic
anemia type 1 (CDA I) suggesting that GDF15 contributes
to the inappropriate suppression of hepcidin with subse-
quent secondary hemochromatosis in these patients [66,
92]. Recently a very interesting study demonstrated that
expression of both GDF15 mRNA and protein was strongly
and specifically responsive to intracellular iron depletion in
a number of human cell lines and in vivo in humans [93].
This upregulation is independent of IRP1, IRP2 and the
HIF pathway suggesting the involvement of a novel iron-
regulatory pathway [93]. This study showed that GDF15
was induced by overexpression of wild-type ferroportin [93].
This observation is very intriguing because it connects the
iron-mediated regulation of GDF15 concentration to patho-
physiological levels of iron: despite systemic iron overload,
ineffective erythropoiesis and associated iron-fluxes in beta-
thalassemia might generate an iron deficiency signal in a
relevant molecular or cellular context and consequent stim-
ulation of GDF15 expression in a particular erythroid com-
partment [93]. Recent literatures provided at least two more
molecules potentially involved in the regulation of hepcidin
by erythropoiesis, that is, the human twisted gastrulation
factor (TWSG1) [94] and the Oncostatin M (OsM) [95, 96].
In contrast to GDF15, the highest-level expression of TWSG1
was detected at early stages of erythroblast differentiation
before hemoglobinization of the cells [94]. In human cells,
TWSG1 suppressed hepcidin through a BMP-dependent
mechanism [94]. In vivo studies on thalassemic mice showed
that TWSG1 expression was significantly increased in the
spleen, bone marrow and liver [94]. So it was proposed
that TWSG1 might act with GDF15 to dysregulate iron
homeostasis in beta-thalassemia [94]. In contrast to GDF15
and TWSG1, recent observations have showed that OsM
could induce hepcidin expression in human hepatoma cell
lines mainly through the JAK/STAT pathways [95]. Finally,
results obtained by HuH7 hepatoma cells cocultered with
primary human erythroblasts or erythroleukemic UT7 cells
presented a 20- to 35-fold increase of hepcidin expression
[96] and identified OsM responsible for increased levels
of hepcidin [96]. Furthermore, this study described the
biological involvement of OsM in iron metabolism “in vivo”
through direct transcriptional regulation of hepcidin gene
expression and suggested a new OsM-hepcidin axis that
might be critical in the development of hypoferremia in
inflammation [96].

6. Role and Regulation of Ferroportin in
Erythroid Cells

The focus of this review is an update about the role of
FPN1 during human normal and pathological erythroid
differentiation. There is still much work to do but we think
that the likely existence of alternative transcripts altered
expression in all situations of ineffective erythropoiesis will
give answers to unresolved issues. In erythroid cells FPN1
could be part of the signaling pathway through which the
erythron communicates iron needs to expand the erythroid
compartment regardless of systemic iron level. Evidence of
a nonIRE FPN1 transcript in enterocytes of the duodenum
supports our belief in a setting far more complex and
specific to cell type. We also previously demonstrated the
existence of a FPN1 variant IIIA alternative transcript with
the potential to code for a longer protein with 44 additional
amino acids (p615), and a FPN1 variant IIIC alternative
transcript that potentially coded for a long protein with 74
additional amino acids (p645), both N-terminal to and in
frame with the canonical open reading frame [57] (Figure 2).
Only FPN1 variant 1-IRE transcript has an IRE sequence in
the 5′UTR, whereas all the other transcript types do not.
Unfortunately all these transcripts differ by 100-200 bp in
length and cannot be easily detected as distinct bands in
Northern analysis [57]. Interestingly, also these transcripts
were expressed mainly during the middle steps 4–11 days of
in vitro erythroid differentiation, corresponding to the matu-
ration from late erythroid progenitors to polychromatophilic
erythroblasts [57] (Figure 3). Therefore, the nonIRE (variant
II and III) FPN1 transcripts were expressed when erythroid
progenitor/precursor cells need to accumulate iron in the
cell [57]. At the moment we do not know yet whether the
hypothetical isoforms p615 and p645 are actually present in
vivo because of the difficulty of obtaining specific antibodies.
As mentioned earlier, to explain the surprising finding
that FPN1 protein expression was not responsive to iron
conditions although about 50% of FPN1 is encoded by the
IRE transcript, we speculated that in erythroid cells the
regulation of FPN1 mRNA expression through the 5′-UTR
IRE mechanism might be silenced because in this cell type
is needed to accumulate large amounts of iron for optimal
heme synthesis [57] and a solution to this problem could
be to use an upstream alternative promoters to produce
mRNA species in which the 5′-UTR IRE could be spliced
out or made nonfunctional. Several studies support our
hypothesis: a recent work has shown an high frequency of
alternative first exons in erythroid genes suggesting a critical
role in regulating gene function [97]. In the opinion of
the authors the frequent presence of consensus translation
initiation sites among the alternative first exons suggests
that many proteins have alternative N-terminal structures
whose expression can be coupled to promoter choice [97].
So it seems that first exons and alternative promoters are
more widespread in the human genome than previously
appreciated and that they may play a chief role in regulating
expression of selected protein isoforms in a tissue-specific
manner [97]. Recently it was also demonstrated that many
non productive transcriptional initiation events occurred
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in the vicinity of established promoters, some of which
may produce mRNAs with altered translation efficiency,
allowing transcripts to evolve to meet specific physiological
needs [98]. In conclusion we would like to emphasize that
the presence of alternative ferroportin transcripts without
an IRE in erythroid cells leaves open the possibility that
alterations in ferroportin mRNA splicing may be relevant in
pathological conditions of altered erythroid differentiation
[57, 59, 99]. So it would be interesting to investigate the
possibility of regulatory mutations in various iron disorders,
in particular when type 4 hemochromatosis is present in the
absence of coding region mutations or in all cases of familial
hyperferritinemia and in sporadic cases in the absence of
known secondary causes (i.e., inflammation, malignancy
infection or dysmetabolism) where “ferroportin disease”
should be suspected. We previously demonstrated that FPN1
protein appeared to be localized at the level of the cytoplasm
both in vesicles and in the cytosol in erythroid cells, suggest-
ing that FPN1 may be involved in the intracellular trafficking
of iron between the cytosol and organelles [57]. In contrast
to the clear detection of FPN1 at the basolateral membrane of
enterocytes, immunofluorescence studies with macrophages
revealed a pronounced vesicular and mostly intracellular
localization [100]. In particular confocal analysis revealed
the presence of some FPN1 microdomains at the plasma
membrane, likely suggesting a vesicular trafficking of the
protein between the cytosol and cell surface [100]. FPN1
might be stored within the cell until it is needed for iron
export, at which point it might be recruited to the mem-
brane [100]. Alternatively, FPN1 might mediate iron export
through the use of an intracellular vesicular compartment,
in which FPN1 would act as an iron “concentrator” [100].
Such a vesicular compartment could then be recruited to
the plasma membrane via exocytosis [100]. Furthermore,
although proteins required for heme biosynthesis and Fe-S
cluster assembly have been identified, we know little about
intracellular iron trafficking, particularly to mitochondria.
We do not exclude the possibility that FPN1 protein may
be involved in this pathway of iron metabolism. Some
authors have demonstrated that heme derived from human
or murine red blood cells or from an exogenous source of
heme led to marked transcriptional activation of the FPN1
and HO1 genes [101]. Furthermore, the iron released from
heme catabolism subsequently stimulated the expression
of ferroportin mRNA and protein, indicating the existence
of a dual mechanism of ferroportin regulation in this
cell model, characterized by an early induction of gene
transcription mediated primarily by heme, followed by a
post-transcriptional regulation iron mediated [101]. So it is
therefore tempting to speculate that similar regulatory mech-
anisms could be involved in the transcriptional regulation of
FPN1 by heme in erythroid cells. Besides its function as pros-
thetic group in heme proteins, heme itself can influence gene
expression at the level of transcription, protein synthesis,
microRNA processing or post-translational modifications.
Heme is a potent inducer of heme oxygenase 1 (HO1), a cyto-
protective and anti-inflammatory molecule which catalyzes
heme degradation. Heme inactivates the transcriptional
repressor Bach1, thereby allowing the binding of Nrf2 to

Maf recognition elements (MAREs) present in the regulatory
regions HO1 [102, 103]. MAREs are also present in the
enhancer of the H ferritin gene [102, 104] or in the ß globin
Locus Control Region [102, 105]. Although HO1 expression
has not been extensively studied in erythroid cells, it has
been shown that HO1 mRNA decreases following erythroid
differentiation of Friend erythroleukemia cells, while mRNAs
coding for the enzymes of the heme biosynthetic pathway
increase [102, 106]. Furthermore, it was previously reported
that heme mediated derepression of Maf recognition element
through direct binding to transcription repressor Bach1
[107]; Nrf2 transcription factor regulated induction of the
heme oxygenase-1 gene [108] and coordinately regulated a
group of oxidative stress-inducible genes in macrophages
[109]; Bach1 was a sensor of cellular heme levels [110].
A very recent study has showed that heme controlled the
transcription of the iron exporter FPN1 involving Bach1
activity, Nrf2 nuclear accumulation and a highly conserved
MARE/ARE enhancer element located at position −7007/ −
7016 of the murine FPN1 promoter in macrophages [111].
This suggest that iron recycling from heme involves a
single transcription control mechanism that regulates heme
catabolism, iron storage and detoxification as well as iron
export in a coordinated manner [111].

7. New Potential Therapeutic Approaches

It is increasingly evident that the iron metabolism, heme
and cellular erythropoiesis are inextricably linked, because
iron metabolism [71, 112] and cellular heme (for exhaustive
review see [113]) are two of the most relevant key regulators
of erythropoiesis. The complex regulation of erythropoiesis
suggests the existence of several molecular targets that could
be exploited therapeutically for treatment of RBC disorders
like thalassemias and anemias [33]. We must differentiate
between primary iron overload, and iron overload that
accompanies ineffective erythropoiesis: in the latter case the
administration of hepcidin might be considered as a new
potential therapeutic approach to reduce iron overload in
thalassemias and other forms of anemia associated with
ineffective erythropoiesis [33]. The reduced number or
the absence of mature erythroid cells in beta-thalassemia
patients is still very difficult to understand, and it has become
one of the paradoxes among the most difficult to resolve
(as noted Stefano Rivella in one of his very comprehensive
review [83]): when the body has greater need for red blood
cells instead it responds by decreasing their production. The
most probable hypothesis to explain this phenomenon might
rely on the existence of intrinsic and extrinsic mechanisms
that would affect the process of differentiation: for example
in cells where the synthesis of beta-globin gene is defective
to the point that they ensure a stoichiometric between alpha
and beta globin chains, a security mechanism can block the
intrinsic maturation or, alternatively, an amount of heme in
excess can be an extrinsic signal to prevent the differentiation
that would lead to clusters of alpha globin chains production
of reactive oxygen species (ROS ) too toxic to survive [83].
There is much experimental evidence that oxidative stress
may limit the process of differentiation. All this of course
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(PolyE) and orthochromatic erythroblast (OrthoE). Coloured bars indicate timing of FPN1 alternative transcript expression (bottom) and
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worsens the anemic outline [83]. So the contribute of these
mechanisms to ineffective erythropoiesis might be different
in each patient according to level of beta-globin synthesis
and other extrinsic factors such as iron overload [83]. At this
point the question arises: is there a meeting point between
different signaling pathways, although activated by different
signals? Recent discoveries indicate that there is a potential
for therapeutic intervention in beta-thalassemia by means
of manipulating iron metabolism [80, 83, 114]. A recent
study suggested a link between EpoR/Jak/Stat signaling and
iron metabolism, showing that in mice that completely lack
Stat5 activity the cell surface levels of TfR1 on erythroid
cells were decreased more than 2-fold [115]. Another study
suggested a direct involvement of Epo in hepcidin regulation
through the transcriptional factor C/EBP alpha [116]. In
addition it has been shown a link between Jak 2 and FPN1:
Jak2 phosphorylates FPN1 following binding of this protein
to hepcidin [117]. Phosphorylation of FPN1 then triggers
its internalization and degradation [117]. Therefore Jak2
might represent one of the major links at the interface
between erythropoiesis and iron metabolism suggesting
that use of Jak2 inhibitors, antioxidant, and analog of the
hepcidin might be used to reduce ineffective erythropoiesis
and abnormal iron absorption [83]. Administration of
synthetic hepcidin or of agents that increase its expression,
may be beneficial in controlling absorption of this metal
[66]. Also GDF15 could be another potential therapeutic
target for beta-thalassemia syndromes [85]. A major goal
of hemoglobinopathy research is to develop treatments that
correct the underlying molecular defects responsible for
sickle cell disease and beta-thalassemia [114]. One approach
to achieving this goal is the pharmacologic induction of
fetal hemoglobin (HbF) [114]. Although many of the events
controlling the activity of the beta-globin locus are known,

the details of those regulating normal human hemoglobin
switching and reactivation of HbF in adult hematopoietic
cells remain to be elucidated. If the molecular events in
hemoglobin switching or gamma-globin gene reactivation
were better understood and HbF could be fully reactivated
in adult cells, the insights obtained might lead to a cure for
these disorders. Agents that increase human HbF in patients
may work at one or more levels: for example, hydroxyurea
and 5-azacytidine kill dividing cells preferentially and may
increase gamma-globin expression indirectly through this
effect (for complete reviews see [114, 118]). Butyrate may
work both by HDAC inhibition and by increasing gamma-
globin translation on ribosomes [114, 118]. The Stem Cell
Factor (SCF) induced an “in vitro” expansion of effective
erythropoiesis and a reactivation of gamma-globin synthesis
up to fetal levels, paving the way to its potential use in the
therapeutic treatment of this disease [119]. Recently it was
reported the ability of thalidomide to increase gamma-globin
gene expression and the proportion of HbF-containing
cells in a human in vitro erythroid differentiation system
[120] showing that thalidomide induced production of
ROS that in turn caused p38 MAPK phosphorylation and
globally increased histone H4 acetylation [114, 120]. All
these experiments present a body of evidence that suggests an
important role for intracellular signaling in HbF induction
[114]. Finally recent publications have demonstrated the
importance of what has been termed the “integrated stress
response” pathway in erythroid cells that is also activated
from a variety of stress stimuli, including viral infection, NO,
heat shock, ROS, endoplasmic reticulum stress, ultraviolet
irradiation, proteosome inhibition, inadequate nutrients
and, in erythroid cells, limiting amounts of heme [114,
121, 122]. In conclusion we are increasingly convinced of
the importance to study the molecular mechanisms of iron
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homeostasis dysregulation in thalassemia and in particular
the GDF15-BMP-Hepcidin-Ferroportin regulatory way in
order to understand its contribution to iron overload.
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Erythropoiesis describes the hematopoietic process of cell proliferation and differentiation that results in the production of mature
circulating erythrocytes. Adult humans produce 200 billion erythrocytes daily, and approximately 1 billion iron molecules are
incorporated into the hemoglobin contained within each erythrocyte. Thus, iron usage for the hemoglobin production is a
primary regulator of plasma iron supply and demand. In many anemias, additional sources of iron from diet and tissue stores
are needed to meet the erythroid demand. Among a subset of anemias that arise from ineffective erythropoiesis, iron absorption
and accumulation in the tissues increases to levels that are in excess of erythropoiesis demand even in the absence of transfusion.
The mechanisms responsible for iron overloading due to ineffective erythropoiesis are not fully understood. Based upon data that
is currently available, it is proposed in this review that loading and overloading of iron can be regulated by distinct or combined
mechanisms associated with erythropoiesis. The concept of erythroid regulation of iron is broadened to include both physiological
and pathological hepcidin suppression in cases of ineffective erythropoiesis.

1. Introduction

In the absence of blood transfusions, hereditary mutations
play the primary role in most syndromes of iron over-
load [1]. The genetic bases for several inherited forms of
hemochromatosis were identified and experimentally con-
firmed as genes involved in iron regulation. These discoveries
subsequently led to major advances in understanding iron
biology [2]. Distinct from iron-regulating genes and their
products, a group of erythroid disorders that demonstrate
ineffective erythropoiesis also manifest a hemochromatosis
phenotype. While tissue iron overload is a shared feature of
these erythroid disorders, there is no evidence for a shared
genetic mutation. Instead, the ineffective erythropoiesis itself
seems to cause iron accumulation and eventual overload.
Iron loading in the liver and other tissues proceeds well
beyond the levels needed to support erythropoiesis. Based
upon mapping of the human genome and the discovery of
hepcidin, new mechanisms are being explored for physio-
logical and pathological regulation of iron associated with
ineffective erythropoiesis.

2. Understanding Ineffective Erythropoiesis

Erythrocytes serve a major function of oxygen transport
and delivery throughout the body. Erythrocyte production
is appropriately driven by inadequate delivery of oxygen
to the tissues. The reduced tissue oxygen levels are sensed
by peritubular cells in the renal cortex and outer medulla
[3]. In response, those kidney cells express and secrete
erythropoietin (EPO) [4]. Plasma EPO is transported to the
bone marrow in order to promote the production of new
erythrocytes. The new erythrocytes are produced through
the process whereby erythroblasts respond to erythropoietin
via proliferation and differentiation over the course of several
days. During erythropoiesis, large amounts of iron are
needed to produce hemoglobin. Importantly, transferrin-
bound iron is endocytosed into erythroblasts after binding
to the plasma membrane receptors [5–8]. High levels
of membrane transferrin receptors are maintained during
each cell cycle and at each stage of nucleated erythroblast
differentiation [9]. As the iron demands are met, iron uptake
is decreased due to reduced transferrin receptor expression
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during the terminal differentiation of the cells. Ultimately,
hemoglobin production ceases, as does the demand for iron.
In a concerted fashion, the transferrin receptor is released
from the plasma membranes of reticulocytes as one of the
final steps of erythroid differentiation [10].

Ineffective erythropoiesis describes a group of erythroid
disorders that produce fewer numbers of erythrocytes than
would be expected to arise from the less mature erythroblasts
present in the marrow. As a result, there exists an imbalance
between the amount of iron that is endocytosed by the
marrow erythroblasts and the amount of iron released
into the circulation in erythrocytes [11, 12]. The concept
of ineffective erythropoiesis grew from ferrokinetic studies
[13]. Classic ferrokinetic studies distinguished the patterns
of iron utilization during ineffective erythropoiesis from
aplastic anemia, hemorrhage, or peripheral hemolysis [12].
In addition to ferrokinetics, more recent research was
focused upon identifying molecular and cellular mechanisms
that cause the underlying erythroid defects [14].

The erythroid response to tissue hypoxia is fundamental
for understanding the pathophysiology of ineffective ery-
thropoiesis. Tissue hypoxia is a common feature of anemias.
Tissue hypoxia increases the expression of erythropoietin,
and the erythropoietin drives the production of new erythro-
cytes. In cases of anemia associated with ineffective erythro-
poiesis, imbalance between erythrocyte supply and demand
persists despite increased tissue hypoxia and increased
erythropoietin. As a result, erythropoietin levels remain high,
and the marrow of patients with ineffective erythropoiesis
typically becomes hypercellular [15–17]. Over the course
of time, the combination of tissue hypoxia, increased ery-
thropoietin, and ineffective erythropoiesis creates a vicious
cycle that may ultimately lead to a massive expansion of
erythroblasts. Eventually, secondary bony pathologies [18]
and extramedullary erythropoiesis [19] can also develop. Per
the topic of this review, pathological iron overload in the
absence of hereditary hemochromatosis is another hallmark
of the disease.

Several types of erythroid defects cause significant tissue
iron overload in association with ineffective erythropoiesis.
The major entities are summarized in Table 1. The tha-
lassemia syndromes (thalassemia major and intermedia) rep-
resent the most common causes of ineffective erythropoiesis.
In the thalassemia syndromes, imbalances in the production
of alpha- and beta-globin chains result in increased apoptosis
during erythroblast maturation [14]. Iron loading, even in
the absence of transfused blood, is a well-recognized com-
plication of the disease [20]. In sideroblastic anemias, globin
chain production is intact, but erythropoiesis is characterized
by accumulation of iron in mitochondria that “ring” the
erythroblast nucleus during maturation [21]. Intramedullary
apoptosis is a feature of acquired sideroblastic anemia [22].
Some genes that regulate mitochondrial iron metabolism
also cause the inherited form of sideroblastic anemia [23].
Since the inherited mitochondrial defects are not neces-
sarily limited to hematopoietic cells, tissue iron loading in
those patients may not be derived solely from ineffective
erythropoiesis [24]. However, the specialization of iron, iron-
sulfur, and heme trafficking in erythroblasts strongly suggests

Table 1: Ineffective erythropoiesis associated with iron overload in
absence of transfusion.

Erythroid disorder Defect Reference

Thalassemia syndromes
Globin chain
imbalance.

[67, 86]

Sideroblastic Anemia
(inherited or acquired)

Iron accumulation in
mitochondria.

[23, 70, 87, 88]

Dyserythropoietic Anemia
(Types I and II)

Nuclear and
membrane defects.

[26, 27, 69]

erythroid involvement in the iron loading pathology. As
recently reviewed by Sheftel et al., ringed sideroblasts are
associated with several erythroblast iron and mitochondrial
defects [25]. It remains to be determined whether separate
defects that result in sideroblastic anemia have equivalent
effects upon iron homeostasis in nonerythroid tissues. A
third group of disorders associated with ineffective erythro-
poiesis and iron overloading are called dyserythropoietic
anemias [26]. The dyserythropoietic defects are distinct from
others in mutations of globin and mitochondrial genes
[26, 27]. Tissue iron overload is not uncommon in two
of three dyserythropoietic subtypes. Pyruvate kinase defi-
ciency results in defective glycolysis resulting in erythroblast
apoptosis and peripheral blood hemolysis [28, 29]. Pyruvate
kinase deficiency is being investigated as a separate cause of
ineffective erythropoiesis, but iron overloading is less con-
sistent among these patients [30]. Other erythroid disorders
associated with some degree of ineffective erythropoiesis
include chronic pernicious anemia, hereditary spherocytosis,
and sickle cell anemia [31, 32]. However, the association
between iron loading and ineffective erythropoiesis in these
disorders is inconsistent [33].

3. Iron Loading and Overloading in
Ineffective Erythropoiesis

Adult humans produce approximately 200 billion erythro-
cytes daily [34]. Each erythrocyte contains approximately
300 million molecules of hemoglobin [35]. Each hemoglobin
molecule contains four heme molecules, and each heme
contains a single iron moiety. Therefore, to satisfy the
production of erythrocytes, 2 E20 iron molecules (20 mg)
are utilized daily for erythropoiesis even in the absence of
disease. The robust demand for iron is met by transferrin-
bound iron in the plasma [36]. Three major sources of
iron are utilized to maintain adequate levels of transferrin-
bound iron: dietary iron, body iron stores, and recycled iron
from senescent erythrocytes. In healthy adults, the majority
of transferrin-bound iron in the plasma is generated from
macrophage catabolism of mature erythrocytes in circulating
blood. In steady state, the iron that is recycled from older
erythrocytes is largely sufficient for the production of new
erythrocytes. Phagocytosis of the older erythrocytes by
macrophages results in their catabolism and the breakdown
of hemoglobin. The hemoglobin-salvaged iron is loaded
on transferrin for transport to marrow erythroblasts. The
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Figure 1: The hemoglobin iron cycle

membrane expression of ferroportin, an iron channel pro-
tein, provides the key regulatory element of transferrin
loading of iron from macrophages. Ferroportin levels on
the cell membrane are regulated by another protein named
hepcidin. Hepcidin acts through binding and internalization
of ferroportin from the surface of iron-exporting cells
[37–39]. Therefore, hepcidin is a principal regulator of
the hemoglobin iron cycle. Hepcidin expression is highly
regulated by a growing number of proposed mechanisms. In
the steady state, broad variations in plasma levels of hepcidin
are predicted among adults [40]. In iron deficient states,
hepcidin expression is consistently suppressed. In ineffective
erythropoiesis, hepcidin expression is less consistently sup-
pressed [41].

In a variety of conditions, the hemoglobin iron cycle
(Figure 1) becomes unbalanced due to a decreased supply of
iron from mature erythrocytes or an increased erythroblast
demand. In most cases of anemia, the imbalance is magnified
by tissue hypoxia with increased erythropoietin production.
If the supply of iron from aging erythrocytes is inadequate,
transferrin-bound iron must be obtained from tissue stores
and the diet [42]. Increased transferrin iron loading from
multiple sources is achieved when hepcidin is suppressed
[43]. Erythroblast demand for iron continues until tissue
demands for oxygen are satisfied, and iron stores are replen-
ished. As shown in Table 2, several erythroid disorders are
associated with imbalances between tissue hypoxia, erythro-
poietin, and erythropoiesis. With the exception of aplastic
anemia, the erythroblast demand for iron is increased. It is
presumed that hepcidin expression is reduced to meet the
erythroblast demand in many, if not all of these disorders,
but confirmatory studies are awaited. Despite the erythroid
demand for iron, extra-erythroid loading of iron is not
a typical feature of anemia or polycythemia. Remarkably,
ineffective erythropoiesis is unique in causing accumulation
of iron in extra-erythroid tissues to levels that are well
beyond the erythroid requirements.

4. How Does Ineffective Erythropoiesis Cause
Tissue Iron Overload?

Iron absorption is normally regulated by a combination
of iron stores, inflammation, hypoxia, and erythropoietic
iron demand [44, 45]. Presumably, the mechanisms that

satisfy the iron appetite of immature erythroblasts are also
active in ineffective erythropoiesis. Those molecular and
cellular mechanisms are a focus of curiosity- and clinical-
driven hematology research [46]. Along with a physiolog-
ical mechanism that provides a basis for the erythroid
regulator of iron, it is proposed here that pathological
mechanisms may be identified that are unique to ineffective
erythropoiesis. The notion of a pathological iron regulator
is suggested by the unique accumulation of iron to toxic
levels in patients with ineffective erythropoiesis. As discussed
below, the cytokine named GDF15 could serve the role of a
pathological erythroid signal. Since hepcidin plays a central
role in that network, the discussion here is largely focused
upon erythroid-related variables, including GDF15, which
may contribute to suppressed expression of hepcidin.

4.1. Iron, Iron Transport, and Iron Turnover. For many
years, plasma iron parameters or the depletion of iron from
the plasma compartment were actively investigated as the
mechanism of signaling between erythropoiesis and iron
regulation [47, 48]. Recently, it was reported that hepcidin
expression correlates with transferrin saturation levels [49].
While decreased transferrin saturation could provide a
mechanism for hepcidin suppression in iron deficient states,
it seems less likely that the transferrin saturation levels
detected in ineffective erythropoiesis (sometimes 100%)
cause suppression of hepcidin. In addition to high transferrin
saturation levels, there is an overall increase of holo-
transferrin removal from the plasma for iron delivery to the
expanded population of immature erythroblasts. Increased
plasma iron turnover is increased in humans with ineffective
erythropoiesis [50]. In addition, the newly incorporated
iron is recycled from marrow erythroblasts rather than
circulating erythrocytes. While increased plasma delivery
and erythroblast recycling of iron from the erythropoietic
compartment are interesting components of ineffective ery-
thropoiesis, the significance of these features in suppression
of hepcidin remains uncertain. Transferrin metabolism,
saturation kinetics, plasma iron turnover, and heme recycling
are all complex processes [48]. The topic remains unsettled.

4.2. Hypoxia and Erythropoietin in Ineffective Erythropoiesis.
Tissue hypoxia directly inhibits hepcidin expression in
hepatocytes. Hypoxia effects are generally independent of
iron stores [46]. Since patients with severe ineffective
erythropoiesis are usually anemic, tissue hypoxia may play
a role in iron regulation in this disorder. Comparative
data between hepatocyte cell lines and nonanemic animals
exposed to hypoxic conditions consistently demonstrated a
down-regulation of hepcidin production [44]. The hypoxia
inducible factor/von Hippel-Lindau (HIF/vHL) pathway
mediates responses to hypoxia and other cellular stressors.
In normoxic, iron-sufficient conditions, an oxygen and iron-
dependent prolyl hydroxylase modifies the HIF regulatory
subunit named HIF1α. In hypoxia or iron deficiency, HIF1α
accumulates, translocates to the nucleus, and associates
with HIF1β, a constitutively expressed HIF subunit. The
HIF heteroduplex binds promoter elements to modulate
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Table 2: A comparison of erythroid pathologies.

Erythroid condition Tissue iron overload Tissue hypoxia Increased erythropoietin Increased erythropoiesis

Ineffective erythropoiesis Yes Yes Yes Yes

Hemolysis No Yes Yes Yes

Blood loss No Yes Yes Yes

Iron deficiency anemia No Yes Yes No

Aplastic anemia No Yes Yes No

Secondary polycythemia No Yes Yes Yes

Primary polycythemia No No No Yes

gene transcription [51]. Peyssonnaux and colleagues recently
demonstrated that mice with liver-specific, conditional
inactivation of HIF1α maintained on an iron-deficient
diet develop inappropriately high levels of hepcidin [52].
Hypoxia-related changes were not specifically reported, so
additional studies of this important area of research are
needed. In vitro, inhibition of the prolyl hydroxylases
promotes HIF1α stabilization, and also negatively regulates
hepcidin transcription [53]. Despite the developing body
of evidence in support of a direct role for hypoxia in
hepcidin suppression, there is less consensus as to whether
hepcidin regulation is affected through hypoxia response
elements (HRE), on promoter regions of HIF/vHL pathway-
dependent genes [52, 53]. Overall, it is becoming increasingly
likely that HIF/vHL participates in hepcidin gene regulation
networks.

A second potential mechanism for hepcidin regulation
by hypoxia involves a protein named hemojuvelin (HJV).
HJV is a member of the repulsive guidance molecule (RGM)
family of proteins that function as coreceptors for Bone
Morphogenetic Protein (BMP) signaling. The membrane
form of HJV binds to type I BMP receptors and stimulates
the BMPs (such as BMP2, 4 or 9) signaling. The signaling
enhances the phosphorylation of SMAD signaling pathway
and stimulates hepcidin transcription [54]. HJV protein
is cleaved and secreted as a soluble form (sHJV) that is
processed by furin-like protease (a proprotein convertase)
[55–57]. sHJV acts as a repressor of BMP signaling by
competing with the membrane form of HJV [58, 59]. Thus,
any stimulus that leads to increased sHJV production may
also reduce hepcidin expression. The generation of sHJV
appears to be increased by iron deficiency and hypoxia in
association with the stabilization of HIF1α [57, 58, 60].
Both stimuli may lead to reduced hepcidin production and
increased iron absorption.

Tissue hypoxia may also regulate hepcidin and iron load-
ing indirectly by increasing the expression of the hormone,
EPO. Increased EPO is associated with erythropoietic activ-
ity, which is inversely correlated with hepcidin expression
in patients with thalassemia [61]. Hepcidin was not sup-
pressed if erythropoiesis was inhibited by EPO neutralizing
antibodies, chemotherapy, or irradiation of bone marrow
[62, 63]. However, high doses of EPO directly down-regulate
hepcidin expression in vitro through a mechanism involving
the transcription factor core element binding protein a

(C/EBPa) at a cognate DNA binding site present in the
hepcidin promoter [64]. While the relative contribution of
direct versus indirect EPO effects upon hepcidin regulation
is a matter of ongoing debate, increased expression of EPO is
central to the increase in erythroid demand for iron in both
effective and ineffective erythropoiesis.

5. Molecules Released from Erythroblasts

It is assumed in this review that erythroblasts or the process
of erythropoiesis in the bone marrow of humans includes
some mechanism(s) for communicating the demand for
iron to distant sites in the body. For many years, scien-
tists searched for such a mechanism without satisfaction.
Along with other approaches, the avenue of genomics-
based research was recently utilized for the identification
of molecules released from erythroblasts that may serve
as “signals” for iron regulation. Two candidate molecules
(GDF15 and TWSG1) were identified by this approach. In
addition to these molecules, soluble transferrin receptor has
been explored as a candidate iron regulator.

5.1. Growth Differentiation Factor 15 (GDF15). Thalassemic
serum contains factors that suppress hepcidin expression
in hepatocytes or hepatocyte cell lines [65]. Based upon
the initial discovery that SMAD4 signal transduction is
involved in hepcidin gene regulation [66], focus was placed
upon signal transduction involving the transforming growth
factor-β (TGF-β) superfamily. Using a transcriptional pro-
filing approach during erythropoiesis, a member of that
superfamily named growth differentiation factor 15 (GDF15)
was discovered to be up-regulated in thalassemic serum
and can suppress hepcidin expression in vitro [67]. Inter-
estingly, GDF15 (also called, MIC-1, PLAB, PDF, PTGF-
β, NRG-1, and NAG-1) can be regulated by p53 [68].
Since intramedullary apoptosis is frequently associated with
ineffective erythropoiesis, GDF15 was explored as a lead
candidate molecule as a pathological erythroid regulator of
iron. In cultured human hepatocytes and hepatic cell lines,
both recombinant GDF15 as well as GDF15 in the serum
of thalassemia patients inhibited the expression of hepcidin.
Like thalassemia syndromes, congenital dyserythropoietic
anemia type I also showed high levels of serum GDF15
and inappropriate suppression of hepcidin associated with
iron-overload [69]. Moreover, the high elevation of GDF15



Advances in Hematology 5

was identified in refractory anemia with ring siderob-
lasts [70]. Interestingly, in vitro studies demonstrated that
erythropoiesis-specific production of GDF15 was dependent
upon EPO. The production of GDF15 was also stimulated by
a compound that reduces mitochondrial membrane poten-
tial in erythroblasts [70]. These data support a concept that
apoptotic erythroblasts produce GDF15, and that GDF15
contributes to extra-erythroid tissue iron loading due to
ineffective erythropoiesis.

It must be stressed that there is minimal evidence to date
which suggests that GDF15 plays an important role in iron
regulation outside the setting of ineffective erythropoiesis.
Lakhal et al. demonstrated up-regulation of GDF15 in
response to iron depletion using intracellular iron chelator
in cell lines and a robust amount of intravenous desferriox-
amine (DFO) in humans. GDF15 up-regulation occurred
independently of HIF signaling, suggesting the involvement
of a novel iron sensing pathway [71]. The study also reported
increased levels of GDF15 in patients with iron deficiency.
However, others reported conflicting results among blood
donors (see [72]; unpublished data). In separate studies,
Kanda et al. performed an in vivo physiological study of
the relationship between GDF15, serum hepcidin, and ery-
thropoiesis in the clinical setting of stem cell transplantation
(SCT) [73]. The pre- and post-SCT serum hepcidin levels
were monitored along with other factors that may affect hep-
cidin expression. After SCT, serum hepcidin levels showed a
significant inverse correlation with markers of erythropoietic
activity, such as the sTfR and the reticulocyte counts, but not
GDF15 levels. Ashby et al. also performed an in vivo study
for physiological erythropoiesis focusing on the relationship
between plasma hepcidin, GDF15, and sTfR. Neither EPO
administration nor venesection caused significant changes in
GDF15 or sTfR levels (see below) despite a clear suppression
of hepcidin [74]. Hence, it would surprise the authors
of this review if GDF15 is determined to be the major
erythroid regulator of iron in healthy adult humans. Instead,
these results suggest that GDF15 contributes to hepcidin
suppression and iron overloading in the pathological setting
of ineffective erythropoiesis as originally proposed [67].

5.2. Twisted Gastrulation (TWSG1). Erythroblast expression
of a second molecule named twisted gastrulation was
explored as a potential erythroid regulator of hepcidin.
Expression of the TWSG1 gene was discovered as part of
erythroblast transcriptome analyses. Further interest in
this candidate molecule grew from the hypothesis that
TWSG1 may regulate hepcidin in a similar fashion to soluble
hemojuvelin (sHJV). Hemojuvelin has a key role in hepcidin
regulation. Membrane HJV acts as a coreceptor for BMPs,
whereas soluble HJV (sHJV) down-regulates hepcidin in
a competitive way interfering with BMP signaling [57].
The TWSG1 gene product is a small, secreted cysteine-
rich protein that antagonizes the interaction of bone
morphogenetic proteins (BMP) with its receptor [75, 76].
Like sHJV, TWSG1 could suppress hepcidin expression
by interfering with BMP signaling as a BMP antagonist.
In vitro, TWSG1 protein interferes with BMP-mediated
hepcidin expression in human hepatocytes. Phosphorylation

studies further suggest that TWSG1 acts by inhibiting
the BMP-dependent activation of SMAD-mediated signal
transduction. TWSG1 secreted from erythroblasts may thus
contribute to iron loading by inhibiting BMP-mediated
hepcidin expression [77]. Unfortunately, assays are not yet
available to measure the level of TWSG1 in human blood.
Since murine hepatocytes produce BMPs and the major sites
of erythropoiesis in murine thalassemia are the spleen and
liver, it was proposed that this cytokine may be more active in
hepcidin suppression in the murine model system [78, 79].

5.3. Soluble Transferrin Receptor (sTfR). Approximately 80%
of soluble TfR1 (sTfR) is generated during the maturation
of erythroid cells [80]. Soluble TfR is a truncated form of
the TfR on the surface of the cells [81]. The sTfR level
indicates erythropoietic activity and iron status of the organs
[82]. sTfR is increased in thalassemia [67], congenital dysery-
thropoietic anemia [69, 81], and sideroblastic anemia [83].
All of these observations make sTfR a strong candidate for
erythroid regulation of hepcidin and iron. However, it was
concluded on the basis of a transgene expression model in
mice that sTfR levels neither regulate hepcidin nor iron [84].

6. Summary

The phrase “ineffective erythropoiesis” collectively describes
a group of erythroid defects that are marked by decreased
erythrocyte production despite increased early erythro-
poiesis. Ineffective erythropoiesis manifests a unique feature
of non-transfusional iron overload in extra-erythroid tissues.
This feature of secondary hemochromatosis distinguishes
ineffective erythropoiesis from other causes of anemia.
Further, the excess iron accumulates in parenchymal cells
and negatively affects clinical outcome [85]. As such, the
regulation of iron loading and overloading in ineffective
erythropoiesis remains a fertile area of basic and clinical
research. Physiological mechanisms that regulate iron in
the context of hemoglobin production and catabolism are
likely involved in both effective (normal) and ineffective
erythropoiesis. In this review, we proposed that additional
mechanisms or signals related to the erythroid pathol-
ogy may contribute to iron overloading in other tissues.
Increased expression of GDF15 from apoptotic erythroblasts
is being explored in this context. Based upon the rapid
pace of discovery within the field of iron biology, additional
mechanisms and insights regarding the special relationships
between erythropoiesis and iron regulation are predicted.
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β-thalassemia encompasses a group of monogenic diseases that have in common defective synthesis of β-globin. The defects
involved are extremely heterogeneous and give rise to a large phenotypic spectrum, with patients that are almost asymptomatic to
cases in which regular blood transfusions are required to sustain life. As a result of the inefficient synthesis of β-globin, the patients
suffer from chronic anemia due to a process called ineffective erythropoiesis (IE). The sequelae of IE lead to extramedullary
hematopoiesis (EMH) with massive splenomegaly and dramatic iron overload, which in turn is responsible for many of the
secondary pathologies observed in thalassemic patients. The processes are intimately linked such that an ideal therapeutic approach
should address all of the complications. Although β-thalassemia is one of the first monogenic diseases to be described and
represents a global health problem, only recently has the scientific community started to focus on the real molecular mechanisms
that underlie this disease, opening new and exciting therapeutic perspectives for thalassemic patients worldwide.

1. Introduction

The biochemical signature of β-thalassemia is a reduced
synthesis of the β-globin subunit of HbA (α2β2). Individuals
inheriting two β-thalassemic alleles experience a profound
deficit in β-chain production, and this impairment leads to
excess production of α-globin. No compensatory regulatory
mechanism exists where impaired synthesis of β-globin
subunit leads to an excess production of the α-globin.
Therefore, in β-thalassemia, the excess α-globin chains form
tetramers that accumulate and precipitate in the erythroid
progenitors, forming inclusion bodies that cause oxidative
membrane damage within the red blood cells and immature
developing erythroblasts in the bone marrow. This leads to
premature death of many late erythroid progenitors in the
bone marrow and spleen (Hoffman et al., Hematology, Basic
Principles and Practice). The profound anemia that results
from production of only a few hypochromic and microcytic
red blood cells leads to a dramatic increase in erythropoietin
(EPO) levels, that ultimately drive an uncontrolled expan-
sion of additional early erythroid progenitors inducing mas-
sive EMH. These erythroid progenitors have an enhanced

proliferative and survival capacity, but eventually they fail
to differentiate, contributing to the process of IE [1]. The
standard treatment for thalassemic patients is chronic blood
transfusion to ameliorate the hemoglobin level. Chronic
transfusion therapy is required to sustain life in patients with
β-thalassemia major and often becomes necessary in those
with β-thalassemia intermedia who develop splenomegaly.
The main side effect of transfusion therapy is the dramatic
iron overload. Secondary iron overload is indeed one of the
major causes of morbidity in thalassemic patients. Excessive
iron in the circulation leads to abnormal accumulation in
organs such as liver, spleen and heart, leading ultimately
to liver disease, cardiac dysfunction, arthropathy, gonadal
insufficiency, and other endocrine disorders (Hoffman et al.,
Hematology, Basic Principles and Practice). β-thalassemia
is also an iron loading anemia, meaning that thalassemic
patients have a dramatic increase in iron absorption from
the gut due to their increased erythropoietic rate. This
increased iron absorption is mainly mediated by down-
regulation of the ironregulatory hormone hepcidin [2–9],
and together with the iron influx from chronic transfusions
contributes to the general setting of iron overload observed
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in thalassemic patients. Current treatment for iron overload
includes administration of iron chelators like desferoxamine,
deferasirox, and deferiprone [10]. Those agents decrease the
iron burden in the liver and heart, significantly increasing
the lifespan of thalassemic patients. Splenectomy is also often
necessary to contain the iron burden when the transfusion
requirement becomes excessive (β-thalassemia major) or the
anemia worsens (β-thalassemia intermedia). Splenectomy,
however, introduces a new set of problems. Splenectomized
patients have an increased risk of infections, of developing
thrombotic events, and of pulmonary hypertension, all life-
threatening conditions [11–14]. These observations suggest a
reconsideration of splenectomy in thalassemic patients. The
use of agents able to reduce the spleen size thereby allowing
patients to avoid splenectomy could be an efficient option
in those who develop splenomegaly. All of the approaches
described above target secondary pathologies that result
from IE in β-thalassemia. Therefore, treatment of IE itself
could ameliorate all secondary pathologies that stem from it.

2. Jak2 and Erythropoiesis

During the erythropoietic process, multipotent stem cells
in the bone marrow divide and differentiate giving rise to
approximately 2 million nonnucleated reticulocytes every
second. This process is tightly regulated by an array of events
that include cytokine signaling and cell-cell interactions,
mainly in the context of erythroblastic islands, a specialized
niche for the maturation of erythroid progenitors [15].
Since the pivotal role of erythrocytes is carrying oxygen to
tissues, the erythropoietic process must be able to respond
quickly and effectively to changes in tissue oxygen tension.
This is accomplished mainly by erythropoietin (EPO). EPO
serves as the master regulator of erythropoiesis [16]. It
signals through the erythropoietin receptor (EPOR) and
controls virtually all stages of erythroid differentiation, from
committed common myeloid progenitors to the survival,
proliferation, and maturation of more late-stage erythroid
progenitors such as proerythroblasts and basophilic ery-
throblasts [17]. EPO exerts its effects by binding to EPOR,
thereby activating the cytoplasmatic kinase Jak2. Activation
of Jak2 involves auto and crossphosphorylation events that
ultimately lead to activation of the signal transductor
and activator of transcription Stat5 a and b and parallel
signaling pathways [18]. Once activated, Stat5 migrates to
the nucleus and activates genes crucial for proliferation,
differentiation, and survival of erythroid progenitors. The
crucial importance of the EPO-EPOR-JAK2-STAT5 axis has
been demonstrated by knock out studies in mice that showed
how lack of each one of these four molecules results in a
lethal phenotype (death due to severe anemia) during fetal
development [19]. The binding of EPO to EPOR leads to
activation of another important signaling pathway during
erythropoiesis: the phosphoinositol-3-kinase (PI3K)—AKT
pathway [20]. Studies in an apoptosis-resistant erythroid
cell line indicate that activation of PI3K is necessary but
not sufficient to protect against apoptosis [21]. Moreover,
mice that do not express the p85 α subunit of PI3K have

dramatically reduced erythropoiesis with reductions in the
numbers of CFU-E and BFU-E progenitors [22]. AKT, which
is the activated downstream of PI3K, transduces signals that
are necessary for the differentiation of erythroid progenitors
[23] and is important in regulation of the activity of the
FOXO3 transcription factor. The activity of FoxO3 is pivotal
in the regulation of oxidative stress during erythropoiesis,
as knockout mice exhibit a greater susceptibility to ROS-
induced oxidative stress [24]. The absence of FoxO3 was
associated with reduction in erythrocyte lifespan as well as an
enhanced mitotic arrest in intermediate erythroid progenitor
cells, resulting in a decreased rate of erythroid maturation.
FoxO3-null erythrocytes also showed decreased expression
of ROS scavenging enzymes and evidence of oxidative dam-
age. Jak2 is a member of the Jak tyrosine kinase family, and
mediates the action of many other cytokines besides EPO.
Some examples include growth hormone, prolactin, TPO,
GM-CSF, interleukin 3, and interleukin 5. What makes the
association between EPO and Jak2 unique is the fact that Jak2
is the only kinase that is associated with EPOR and therefore
the only signal transductor of EPO. This important task is
accomplished by a complex 3D structure that involves kinase,
pseudokinase, and regulatory domains. The 3D structure
allows for a finely tuned regulation of its activity, from its
association with EPOR to its phosphorylation and activation
[25]. When regulation fails, the consequences are deleterious.
In 2005, five different research teams [26–30] described an
activating mutation (V617F) in the pseudokinase domain of
Jak2 that is associated with ≥90% of cases of polycythemia
vera and ∼50% of cases of essential thrombocythemia and
chronic idiopathic myelofibrosis. In all of these studies, it was
clear how hyperactivation of Jak2 contributes to a massive
increase in the erythropoietic activity and a huge expansion
of the erythron with related splenomegaly, a phenotype that
is interestingly similar to what is observed in β-thalassemia.

2.1. Jak2, Ineffective Erythropoiesis and Splenomegaly in β-
Thalassemia. In β-thalassemia, the erythropoietic process is
markedly altered and is referred to as ineffective erythro-
poiesis (IE). According to the traditional model, the lack or
reduced synthesis of β-globin during IE induces the forma-
tion of α-globin aggregates in erythroid progenitors. These
aggregates precipitate and adhere to the membrane causing
cellular damage, massive apoptosis of erythroid progenitors
in the bone marrow, and only limited production of red
blood cells which are abnormal. These abnormal/damaged
RBC are readily captured by the reticuloendothelial system
in the spleen and contribute to the splenomegaly observed
in thalassemic patients. The hypoxia arising from the lack
of production of normal RBC induces a dramatic increase
in the levels of EPO, which in turn induces a bone marrow
hyperplasia and bone deformities. This traditional view has
mainly focused on the apoptotic aspect of IE [31–33], which
is an important but not the only aspect of this process.
Recent studies using both mouse models of β-thalassemia
and specimens from thalassemic patients showed that,
together with apoptosis, a significant number of erythroid
progenitors undergo increased proliferation and decreased
differentiation in the spleen [1]. In this model, high levels
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of EPO act as the driving force for the survival and prolif-
eration of erythroid progenitors, albeit they fail to efficiently
differentiate giving rise to only a few RBCs. This process has
been shown to be associated with the phosphorylated form of
Jak2, leading to a higher number of proliferating thalassemic
erythroid progenitors compared to normal conditions, in
a sort of “physiological” gain of function (Figure 1). The
persistent phosphorylation of Jak2 as a consequence of high
EPO levels induces a massive extramedullary hematopoiesis
(EMH), with early erythroid progenitors colonizing then
proliferating mainly in the spleen and liver. In this scenario,
the spleen becomes a secondary erythropoietic niche, with
its enlargement (splenomegaly) being due mainly to the
colonization and proliferation of erythroid progenitors from
the bone marrow. In our study, we showed that erythroid
progenitors derived from the blood of thalassemic patients
express higher levels of cell cyclerelated mRNAs such as
Jak2, Ki67, Cyc A, BclXL, and EpoR, and that there are
a considerable number of erythroid progenitors in the
spleen of thalassemic patients that are actively proliferating.
Moreover, recent studies have shown that, at least in the
mouse, there are erythroid progenitors that develop in
the spleen, with different capacities for proliferation and
differentiation than the ones found in the bone marrow.
These erythroid progenitors display a higher sensitivity to
EPO and are selectively responsive to BMP4. They show
an improved capacity to respond to acute anemia and a
higher differentiation rate compared to their counterparts
in the bone marrow [34]. Another important study shows
how the transcription factor ID1 is directly upregulated by
the Jak2-Stat5 pathway in erythroid cells [35]. Since high
levels of ID1 have been found to inhibit cell differentiation,
its up-regulation due to a sustained activation of Jak2
by EPO in β-thalassemia could explain the less mature
erythroid progenitors observed. These findings shed light
on the mechanisms that underlie splenomegaly and raise
the intriguing question of whether there is also a basal
physiological level of erythropoietic activity in the human
spleen that is dramatically increased in stress conditions
such as IE. Although these observations have been demon-
strated in mouse models, further evaluation is necessary
in humans, especially considering the differences observed
in the erythropoiesis in the spleen comparing these two
species. Other mechanisms could be involved in the onset
of splenomegaly, like hepatic and portal vein obstruction,
cirrhosis or congestive heart failure that often appear in
thalassemic patients. All these conditions lead to an increased
blood flow to the spleen that in turn could be responsible for
the enlargement observed.

2.2. Possible Role of Jak2 Inhibitors in β-Thalassemia. The
discovery of Jak2 as an important mediator of IE and
splenomegaly in β-thalassemia suggests that the use of small
organic molecules to inhibit Jak2 could be beneficial in
reducing IE and splenomegaly. The idea of treating an
erythropoietic disorder with an agent that limits erythro-
poiesis appears counterintuitive. However, the rationale for
its use is related to the fact that IE in β-thalassemia resem-
bles a leukemic blast expansion, with immature erythroid

progenitors that proliferate abnormally, fail to differentiate,
and invade other organs to compromise their function [1].
It is important to state that this is still a model that needs
further confirmation, since mouse models of β-thalassemia
and leukemia have not been compared yet. Ideally, use of
a Jak2 inhibitor would target only the rapidly proliferat-
ing erythroid progenitors in the spleen (CD71+ Ter119+
early erythroid progenitors), blocking their expansion and
therefore allowing shrinkage of this organ by decreasing the
presence of red pulp. This in turn would contribute to an
improvement of the spleen architecture and a reduction of
RBC sequestration, enhancing their lifespan. Jak2 inhibitors
are indeed able to induce a dramatic decrease in spleen size
[1] in thalassemic animals with a limited effect on anemia.
The drug would need to be carefully titrated in order to
achieve an optimal plasma concentration that would allow
the inhibition of excessive proliferation or early progenitors
without blocking erythropoiesis, as it would be expected
by completely inhibiting Jak2 [19]. This titration process
would also limit the potential for off-target effects on the
immune system by a Jak2 inhibitor, effects that however
have not been found relevant in other mouse models [36].
However, it is important to point out that β-thalassemia
major and β-thalassemia intermedia patients who develop
splenomegaly require regular blood transfusions and often
undergo splenectomy. It is appealing to speculate that β-
thalassemia intermedia patients affected by splenomegaly
could be treated temporarily with Jak2 inhibitors so as
to reduce the spleen size and, in the presence of blood
transfusions, to prevent further anemia. This suggests that
even patients affected by β-thalassemia major, who develop
splenomegaly and EMH, may benefit from administration
of Jak2 inhibitors (Melchiori et al., in preparation). In these
settings, the use of Jak2 inhibitors would be expected to
limit or reduce splenomegaly, thereby preventing or delaying
the need for splenectomy and indirectly improving the
management of anemia and iron overload by reducing the
rate of blood transfusions. In conclusion, the use of Jak2
inhibitors for β-thalassemia might be desirable, but it would
require a careful optimization noting the potential for off-
target immune suppression, as well as the anemia that would
be expected from continuous Jak2 inhibition.

2.3. Iron Overload as a Consequence of Ineffective Ery-
thropoiesis. Erythropoiesis and iron metabolism are closely
linked processes. The large majority of iron in our body is
utilized by the erythropoietic system to generate functionally
active hemoglobin molecules, which are harbored in the
RBC. It is estimated that 1800 mg of iron in our body are
present in RBCs, 300 mg in the bone marrow, and 600 mg
in the reticuloendothelial macrophages of the spleen [37],
accounting for more than 60% of total body iron. This
massive utilization of iron by the erythropoietic system
requires the presence of finely tuned regulatory systems
that allow storage, mobilization, and traffic of iron while
preventing toxicity due to highly reactive iron ions. It
is also important to remember that our body lacks an
efficient means of iron excretion. Therefore, its regulation
occurs primarily at the site of absorption in duodenal
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Figure 1: In normal erythropoiesis, physiological levels of EPO induce the phosphorylation of Jak2 in normal erythroid progenitors and
sustain the differentiation to mature RBC (top of the figure). In β-thalassemia, the high levels of EPO induce an uncontrolled proliferation
of erythroid precursors, with a higher number of cells associated with the phosphorylated form of Jak2. In β-thalassemia intermedia, where
a certain amount of β-globin is still synthesized, there is a high production of reticulocytes that eventually mature in RBC. In β-thalassemia
major, where there is a complete lack of β-globin, the orythroid progenitors continue to proliferate and fail to mature into reticulocytes and
RBC or undergo apoptosis.

Hamp
JAK2

inhibitors

Ineffective
erythropoiesis

Iron
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Figure 2: Different approaches to target IE in β-thalassemia. The
administration of hepcidin would allow to decrease the iron over-
load in organs such the liver and heart and to redistribute the iron to
hematopoietic organs, allowing a more efficient erythropoiesis and
therefore a decrease in splenomegaly. The administration of Jak2
inhibitors would induce a decrease in the inefficient erythropoietic
rate, therefore decreasing spleen size. The reduced erythropoiesis
would have as indirect effect the increase in serum hepcidin, that
in turn would decrease the iron absorption from the gut and the
amelioration of iron overload.

enterocytes. Other important regulatory sites are the liver,
where large quantities of iron can be stored in hepatocytes
and Kuppfer cells, and the spleen, where macrophages recycle
iron from senescent RBCs. All three compartments are of

pivotal importance for erythropoiesis since they control the
bioavailability of iron to erythroid progenitors, and all of
them respond to what has been found to be the master
regulator of iron metabolism, the peptide hormone hepcidin.
Hepcidin [38, 39] is synthesized mainly in the liver, and
when released into the blood stream, binds to ferroportin,
the major cellular iron exporter expressed at high levels on
the surface of duodenal enterocytes, liver hepatocytes, and
Kuppfer cells, and splenic macrophages [40–43]. The binding
of hepcidin to ferroportin induces its internalization and
destruction in the cellular proteasome [44, 45]. Therefore,
the main function of hepcidin is to reduce iron absorption
from enterocytes, and to limit iron export and trafficking
from hepatocytes and splenic macrophages. The action of
hepcidin is critical in conditions of iron overload, when too
much iron is potentially bioavailable and a drastic reduction
in its absorption and mobilization is required. Hepcidin
expression is strictly regulated, with multiple pathways that
respond to iron storage (storage regulator) [46], hypoxia
(hypoxia regulator) [47, 48], inflammation (inflammatory
regulator) [49–52], and erythropoiesis (erythroid regulator)
[51, 53, 54]. All these systems interact with one another
resulting in a very complex and finely tuned regulation of
hepcidin expression. Since the intimate relationship between
hepcidin and erythropoiesis exists, it is predictable that
pathologies that involve alteration in the erythropoietic rate,
also involve alterations of iron metabolism and hepcidin
expression. In β-thalassemia, the process of IE is accompa-
nied by a massive iron overload, due to an increased rate
of iron absorption by the gastrointestinal (GI) tract and
to frequent blood transfusions. In this setting, two major
systems would contribute to hepcidin expression, the “stores
regulator” and the “erythroid regulator”. Due to the high
levels of total body iron, the store regulator should act



Advances in Hematology 5

by increasing hepcidin expression thereby avoiding further
iron absorption. On the other hand, the erythroid regulator
would decrease hepcidin expression in an attempt to com-
pensate for anemia due to IE. Our recent study in mouse
models of β-thalassemia intermedia (th3/+) and major
(th3/th3) showed that the erythroid regulator does dictate
the pattern of iron absorption and distribution relative to
the degree of IE (Gardenghi et al., [4]). In th3/+ mice, iron
overload and the degree of IE gradually become more severe
as the animals age. Gardenghi and colleagues demonstrated
how dysregulation of iron absorption in young th3/+ mice
is due mainly to a dramatic decrease of hepcidin expression
in the liver. However, as iron overload progressively increases
in older animals, hepcidin is upregulated, while ferroportin
expression is increased in the GI tract in order to maintain
high levels of iron absorption to compensate for the anemia
in IE. In th3/th3 mice, where IE is more pronounced, the
increased iron absorbed was not found in hematopoietic
organs such as the spleen and bone marrow, but rather in the
liver and other nonhematopoietic organs [4]. This suggests
that that iron is not utilized by erythroid progenitors, as
would be expected according to the model of IE described
above where erythroid progenitors display an increased
proliferative activity but a decreased differentiation rate,
resulting in a limited synthesis of hemoglobin and therefore
limited iron uptake. Instead, in th3/+ animals where the
degree of IE is lower and there is a substantial effective
erythropoiesis, an increased iron content is found in the
spleen and Kupffer cells of the liver [4]. This leads to the
conclusion that the erythroid regulator overrides the store
regulator in th3/th3 mice, resulting in low levels of hepcidin
expression and further increasing the iron concentration in
the liver. In contrast, in states of relatively mild anemia, iron
absorption would be lower and the erythroid organs, spleen
and bone marrow, would utilize part of the absorbed iron,
as is observed in th3/+ animals. The idea that not all the
iron absorbed in β-thalassemia is utilized for erythropoiesis
has been confirmed by our recent data (Gardenghi et al.,
submitted) in th3/+ animals kept on a low iron diet.
These animals show a lower iron content compared to
counterparts fed a regular diet, but do not display a decrease
in hemoglobin levels, suggesting again that an excessive
amount of iron is absorbed in β-thalassemia but is not
utilized for the erythropoietic process.

2.4. Control of Hepcidin Expression by the Erythroid Regulator.
New research data hints at the mechanisms by which the
erythroid compartment controls hepcidin expression. In β-
thalassemia, several factors have been identified and studied
as candidate hepcidin regulatory proteins including growth
differentiation factor 15 (GDF15) [55], and human twisted
gastrulation factor (TWSG1) [56]. Both of these two factors
are members of the TGFbeta superfamily, which controls
proliferation, differentiation, and apoptosis in numerous
cells, and are secreted by erythroid precursors. TWSG1
gene expression occurs early during erythroblast maturation
contrasting with the more sustained increase in GDF15
expression in more mature hemoglobinized erythroblasts.
GDF15, which is elevated in the sera of patients with

β-thalassemia, has the ability to down regulate the expression
of hepcidin in vitro, although the mechanism is still unclear.
In fact sera from these patients also suppressed hepcidin
expression, albeit to a lesser degree, after immunoprecipi-
tation of GDF15 [55]. Therefore, GDF15 may play a role
in hepcidin regulation when erythroid precursors undergo
cell death as occurs in the IE observed in β-thalassemia
and refractory anemia with ring sideroblasts (RARS) [57].
TWSG1 has been shown to inhibit the upregulation of
hepcidin by bone morphogenic proteins 2 and 4 (BMP2,
BMP4), mediated by Smad phosphorylation, in human
hepatocytes but was not BMP-mediated in murine hepa-
tocytes [56]. Tanno and colleagues proposed that TWSG1
might act with GDF15 to dysregulate iron homeostasis in
β-thalassemia. These represent new and exciting findings
that can lead to novel discoveries and clinical applications.
These factors will likely result in additional studies leading to
the potential characterization of novel pathways controlling
hepcidin production, have the potential to be utilized as
prognostic markers, and lead to novel clinically applicable
therapy in the future.

2.5. New Therapeutic Approaches to Limit Iron Absorption.
The strong feedback of increased erythropoietic rate which
suppresses hepcidin raises an important question about
whether agents that limit IE, such as Jak2 inhibitors, could
act indirectly as inducers of hepcidin expression. Our recent
data on th3/+ and transfused th3/th3 mice treated with a
Jak2 inhibitor suggest that this might be the case. Animals
treated with the drug showed increased levels of hepcidin
in the liver compared to animals treated with a placebo.
More importantly, the levels of hepcidin negatively correlated
with the spleen weight in these animals, suggesting a strong
connection between spleen weight, erythropoietic activity,
and hepcidin expression in β-thalassemia. Jak2 inhibitors
could have a more direct effect on iron metabolism. This
is suggested by a recent study that shows how expression of
transferrin receptor 1 (TfR1) on erythroid cells depends on
Jak2-Stat5 signaling [58]. Perhaps the use of Jak2 inhibitors
could reduce the expression of TfR1 on erythroid cells, limit-
ing iron uptake and potentially reducing the toxicity induced
by free iron ions. In this scenario, the therapeutic treatment
of β-thalassemia patients with Jak2 inhibitors could be useful
as it would target the two major complications of this
pathology, IE with its related splenomegaly and the massive
iron overload. Therefore, not only the erythroid cells would
benefit from the lower iron load, but also liver parenchimal
cells and cells in other tissues (i.e., heart) that are damaged
in iron overload conditions. Another therapeutic approach
to decrease iron overload might be to increase the expression
of hepcidin in thalassemic patients. Our recent study (Gar-
denghi et al., submitted) showed that increasing the hepcidin
levels in th3/+ mice both by administration of exogenous
synthetic hepcidin and by overexpressing hepcidin reduces
organ iron overload resulting in a marked beneficial effect
on hepatosplenomegaly and erythropoiesis. This reveals a
potential role for hepcidin or hepcidin agonists in the
treatment of abnormal iron absorption in β-thalassemia and
other related disorders.
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3. Summary

Recent studies shed new light on the molecular mechanisms
that underlie IE in β-thalassemia. These findings suggest
that Jak2 plays a role in the onset of IE and splenomegaly,
and show how the use of Jak2 inhibitors to limit these
processes could open exciting new therapeutic options for
thalassemic patients. The large body of work on hepcidin
is starting to reveal evidence of what has long been held
to be true, the existence of an “erythroid regulator”. The
discovery of erythroid factors that regulate hepcidin produc-
tion suggests possible new therapeutic targets to decrease
iron overload. Furthermore, the evidence that exogenous
hepcidin administration can ameliorate organ iron load
without affecting anemia opens a new therapeutic field
for hepcidin agonists/mimetics involving the treatment of
different kinds of hemochromatosis (Figure 2).
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Myelodysplastic syndromes (MDS) are a heterogeneous disorder of the hematopoietic stem cells, frequently characterized by
anemia and transfusion dependency. In low-risk patients, transfusion dependency can be long lasting, leading to iron overload.
Iron chelation therapy may be a therapeutic option for these patients, especially since the approval of oral iron chelators, which
are easier to use and better accepted by the patients. The usefulness of iron chelation in MDS patients is still under debate, mainly
because of the lack of solid prospective clinical trials that should take place in the future. This review aims to summarize what is
currently known about the incidence and clinical consequences of iron overload in MDS patients and the state-of the-art of iron
chelation therapy in this setting. We also give an overview of clinical guidelines for chelation in MDS published to date and some
perspectives for the future.

1. Introduction

Myelodysplastic syndromes (MDS) are clonal disorders of
the hematopoietic stem cell and are mainly characterized
by bone marrow blasts up to 20%, one or more peripheral
cytopenias and bone marrow dysplasia [1]. The prognosis
can be variable, with survival ranging from a few months
to many years, and depends on the three features evaluated
by the International Prognostic Scoring System (IPSS) [2]:
cytogenetic abnormalities, percentage of blasts in the bone
marrow, and number of peripheral cytopenias. Among so
wide a spectrum of clinical features, clinicians must choose
from different therapeutic options (reviewed in [3]), that
vary from supportive care or growth factor administration to
chemotherapy or bone marrow transplantation in younger
and higher risk cases. New therapeutic options are now
available; some of them, addressed to patients with specific
cytogenetic features, such as lenalidomide for patients with
5q-. Other promising medications are the hypomethylating
agents, which may improve survival in higher risk subjects
[3].

Lower-risk MDS patients often become transfusion-
dependent during the course of the disease, which can be
quite long, and this could contribute to increased cardiac

morbidity and mortality. It is well known that transfusion
dependency is an important prognostic factor in MDS and
portends worse prognosis [4]. Similarly, high ferritin level in
refractory anemia, but not in refractory cytopenia without
anemia, is a negative prognostic factor for survival [5].
However, it should be kept in mind that more aggressive
disease is frequently associated with a high transfusion
rate, so significant transfusion dependency often becomes a
surrogate marker of aggressive disease.

Blood transfusion therapy may lead to organ toxicity
due to the formation of nontransferrin bound iron (NTBI)
and resulting oxidative stress, as is well documented in
transfusion-dependent congenital anemias [6]. In low-risk
MDS patients with longer life expectancy, preventing damage
due to iron overload is an important concern. In fact,
several authors underline the importance of iron chelation
as a prognostic variable for improving survival [7, 8]. The
data, however, are mainly derived from retrospective studies
and need to be confirmed in prospective trials. Recently,
Sanz et al. reported that iron overload (serum ferritin over
1000 ng/mL) has a negative prognostic impact on leukemia-
free survival [9], suggesting that reactive oxygen species
(ROS), increased in iron overload, may be responsible for
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DNA damage and disease progression in multiply transfused
patients. Furthermore, other therapeutic indications have
to be considered for iron chelation in MDS patients:
pretransplant high ferritin level has a negative prognostic
significance for survival in acute myeloid leukemia (AML)
and MDS patients undergoing bone marrow transplantation
[10, 11]; so many reports underline the usefulness of
iron chelation for higher risk candidates for allografting.
Moreover, Pullarkat et al. [12] recently have proposed that
iron chelation may lower infection risk, delay leukemic
transformation, and improve hematologic parameters in
patients with higher IPSS scores who are not at this
point generally considered to be candidates for chelation
according to multiple guidelines [13–21]. This paper briefly
summarizes what it is currently known about iron overload
and iron chelation in MDS.

2. Iron Overload in MDS

Chronic transfusion therapy is the main cause of iron
overload in MDS patients. It is well known from patients
affected by congenital anemias that multiple transfusion
leads to the formation of NTBI, which includes the labile iron
pool (LIP) [6, 22]. This is defined as the chelatable iron, able
to reach tissues and cells, and is thought to be responsible
for tissue damage, fibrosis and organ failure, mainly affecting
the liver, heart and pancreas [6]. Several reports describe
organ damage possibly due to multiple transfusions in MDS
patients [23, 24]. However, comorbidities often exist, making
it difficult to discern how much organ damage is due to
transfusion therapy as opposed to age-related comorbidities.
Iron overload may have many clinical consequences in MDS
patients, which are briefly summarized below.

3. Iron Overload and Impact on Survival and
Leukemic Evolution

Several retrospective studies suggest an important contri-
bution of transfusion dependency in shortening survival in
MDS patients [25]. Malcovati et al. [26] reported in a series
of 467 MDS patients a high incidence of cardiac failure
(accounting for 51% of non leukemic deaths) in transfusion-
dependent MDS patients. It is not yet clear how significant
is the contribution of iron overload from transfusions, and
how much is due to a higher disease severity in transfusion-
dependent patients. However, a reduced survival rate has
been observed in refractory anemia (RA) and refractory
anemia with ringed sideroblasts (RARS) patients but not
in refractory cytopenia with multilineage dysplasia (RCMD)
patients [5]. More recently, the same group highlighted
the importance of transfusion dependency for prognosis
whether we consider leukemia-free or overall survival [27,
28]. Similarly, Cermak et al. [29] reported a statistically
significant negative impact on survival of transfusi on
dependency in MDS with erythroid dysplasia without excess
blasts. The importance of iron overload on morbidity and
mortality has been also shown by Takatoku et al. [30]. In this
retrospective study which included 292 patients affected by

MDS, myelofibrosis and aplastic anemia, 97% of deaths from
cardiac and hepatic failure were observed in patients with a
serum ferritin level over 1000 g/L. More recently, Sanz et al.
analyzed the impact of iron overload in a multicenter study of
the Spanish group including 2994 patients [9]. A multivariate
analysis performed on 902 cases with complete data available
demonstrated a strong association between not only high
serum ferritin level and reduced survival (P < .0001), but
also leukemia-free survival (P < .0001) [7]. This is the
first study evaluating the correlation between iron overload
and progression to leukemia, possibly suggesting a negative
influence of reactive oxygen species in inducing increased
genomic instability in hematopoietic progenitors, as has been
demonstrated by in vitro and in vivo studies [31–33].

However, a strong and well-documented relation
between shorter survival and iron overload is still lacking
[34]. We need prospective studies able to correlate
more precisely iron overload parameters such as NTBI
measurement and appropriate magnetic imaging of the liver
and heart to survival and leukemic progression.

4. Cardiac Iron and Transfusion Rate

Iron deposition in myocardial tissue is one of the most
concerning potential complications in MDS patients receiv-
ing chronic transfusion therapy. It is well known that
secondary hemocromatosis in thalassemia patients and in
other congenital anemias leads to cardiac iron deposition and
heart failure [35]. Many studies in recent years addressing
this point in transfused MDS patients have been published.
In this clinical setting we must consider that there is
a shorter transfusional history compared with congenital
anemias, and that other factors besides iron deposition
could be involved in increased cardiac failure in transfused
patients, such as anemia and MDS severity. Cardiac iron
accumulation in MDS can be variable and there are many
studies reporting conflicting results in this regard. In an
autopsy series of transfusion-dependent patients, Buja and
Roberts [36] found a direct correlation between the number
of red cell transfusions and the amount of iron deposition.
More recently, studies based on MRI T2∗ imaging suggest
that cardiac iron accumulation is not a frequent feature of
MDS patients [37] and does not correlate with serum ferritin
levels or hepatic iron overload [38, 39] but only with the size
of the chelatable iron pool [40].

5. Iron Overload and Risk of Infection

There are numerous observations suggesting an increased
risk of infection in iron loaded patients, particularly those
affected by acute leukemia or allogenic stem cell trans-
plantation (SCT) recipients [41–43]. In these conditions,
there is a coexistence of many factors able to enhance
infectious susceptibility, such as neutrophil dysfunction,
severe cytopenias and an increase in labile plasma iron (LPI)
due either to a high transfusion rate or to myelosuppressive
therapies. However, even if iron chelation can be useful in
this setting in preventing bacterial and fungal infections,
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it is important to correctly choose the appropriate chela-
tion agent: it has been suggested that deferoxamine can
worsen fungal infections by acting as a siderophore [44]. In
contrast, it has been demonstrated that deferasirox can be
effective against mucormicosis infection in vivo [45]. So, as
suggested recently by Pullarkat, iron chelators could have
a possible new role in the future, lowering infection risks
in MDS, expecially in high risk patients with more severe
neutropenia [12].

6. Iron Overload in Transplantation

In recent years, different studies highlighted iron overload
as a negative prognostic indicator in patients undergoing
stem cell transplantation (SCT). In a cohort of 590 patients
who underwent myeloablative SCT, Armand et al. [10]
found a strong negative association between high serum
ferritin level and overall and disease-free survival. This
association was seen in patients affected by acute myeloid
leukemia or myelodysplastic syndrome. The five-year overall
survival decreased from 54% for patients with serum ferritin
under 231 ng/mL to 27% for those with serum ferritin
higher than 2034 ng/mL. Additionally, in MDS patients a
serum ferritin higher than 2034 ng/mL was associated with
a significantly increased transplant-related mortality (hazard
ratio = 3,2), no correlation was found between serum
ferritin level and relapse rate, however. Similar results have
also been published by Pullarkat et al., who analyzed 190
patients undergoing SCT: in a multivariate analysis high
pretransplant serum ferritin (above 1000 ng/ml) strongly
correlated with an increased risk of death (hazard ratio 2,28,
P = .004), day 100 mortality (odds ratio in generalized
linear models of 3,82, P = .013), bloodstream infection
(odds ratio = 3, 11) and acute graft versus host disease
(odds ratio = 1, 99) [11]. The 190 patients were followed
for a mean of 209 days: 27 died in the first 100 days
and 29 after this cut off. The results of Cox proportional
hazards model showed a higher risk of death in high-ferritin
group (P = .004). More recently, Mahindra et al. studied
222 patients who underwent myeloablative allogeneic bone
marrow transplantation: pretransplantation serum ferritin
above 1910 μg/l was strongly associated with lower overall
and relapse-free survival (P = .003 for both the variables)
and with lower incidence of chronic and acute graft versus
host disease (P = .019 and 0,10, resp.). No differences were
observed in relapse mortality and incidence of hepatic veno-
occlusive disease between patients stratified according the
serum ferritin value of 1910 μg/l [46]. A higher morbidity
rate in iron loaded transplant recipients has been shown by
Au et al. [47]: high iron levels measured by T2∗ MRI mostly
in the liver, pancreas and pituitary gland were associated with
abnormal pancreas and pituitary function in 40%–70% of
patients studied.

During the SCT procedure and follow up, serum fer-
ritin and NTBI levels are markedly increased by several
mechanisms (reviewed in [48]), increasing the risk of infec-
tions, mucositis, chronic liver disease, sinusoidal obstruction
syndrome and idiopathic pneumonia. Therefore, reducing

iron burden after SCT may be helpful in lowering the risk
of infection [49] and organ toxicity, and can be achieved
by phlebotomy in patients with a normal hemoglobin.
Prospective clinical trials to evaluate the effectiveness and
safety of iron chelators in this setting are ongoing [48].

7. Iron Chelation in MDS

7.1. Iron Chelators Commercially Available. Currently, three
iron chelators are commercially available: deferoxamine
(DFO), deferasirox (DFR) and deferiprone (DFP). DFO was
introduced in the 1970s and had a profound impact on the
survival of thalassemia patients [50]. In such patients the
drug reduced organ dysfunctions and mortality, restoring a
life expectancy similar to normal individuals with a survival
rate strictly correlating to days of deferoxiamine infusions
[51]. Due to its short half life, DFO is administered by
subcutaneous infusion 5 to 7 nights/week, though it may be
difficult to use in MDS patients due to thrombocytopenia.
More recently, two oral agents have been introduced: the
three-times daily agent deferiprone and the once-daily
deferasirox [52–54]. DFP is effective in reducing hepatic
and cardiac iron content in thalassemia patients, but its
clinical use is partially limited by the risk of occurrence
of agranulocytosis. This concerning adverse effect is rare,
but potentially harmful in thalassemia and also in MDS,
where pancytopenia is a common clinical feature. The
latter agent, deferasirox, is administered once daily due
to a long half life, and has been recently released on the
market for the treatment of secondary iron overload in
transfusion-dependent anemias. Several clinical studies
evaluating the efficacy and safety of deferasirox in many
transfusion-dependent congenital anemias have been
published [55–58]. Moreover, its usefulness has also been
tested in a cohort of MDS patients, yielding good data on
efficacy and safety in this older population [59, 60]. Its
side effects are generally mild, consisting mainly of nausea,
diarrhea and a self-limiting serum creatinine increase, thus
making this agent possibly the most suitable for chelation
therapy in the MDS population [61]. We should also keep
in mind the recent guidance from FDA regarding the
use of deferasirox in MDS patients where a greater risk
for adverse events such as kidney failure, gastrointestinal
hemorrhage and deaths is reported for myelodysplastic
patients compared to others without this condition (http://
www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInfo-
rmationforPatientsandProviders/DrugSafety).

7.2. Impact of Iron Chelation on Survival in MDS. Two retro-
spective studies reported a positive impact of iron chelation
on the survival of MDS patients: Leitch et al. analyzed a
population of 178 MDS patients from the University of
British Columbia database, revealing a positive association
between iron chelation and survival in a subcohort of
28 matched patients [7]. In a multivariate analysis iron
chelation therapy (based on deferoxamine administration by
subcutaneous infusion for at least 12 hours per day and 5
days per week) was a significant factor for overall survival
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(P = .01, hazard ratio 0,29). Similar results have been
obtained also in a partially prospective analysis performed
on a population of 170 MDS patients from 18 hematological
centers in France. Rose et al. analyzed survival data in
a cohort of MDS patients referred for transfusions in a
month period in all the French centers involved. Data on
survival were collected prospectively whereas transfusion
and previous clinical history retrospectively. Among the
cohort of iron chelated patients, 19 received deferoxamine
treatment by intermittent bolus, 57 DFO by infusion for
more than 3 days per week or, alternatively, DFP or DFR.
The authors observed an improvement in overall survival
in patients who underwent iron chelation therapy using a
multivariate analysis: overall survival was 115 months in
the chelated group versus 51 months in the nonchelated
patients with a statistically significant difference (P = .0001)
[8]. Although these data are promising, ad hoc prospective,
controlled studies are needed in order to clarify the impact
of iron chelation on overall survival and leukemic evolution
in MDS.

7.3. Guidelines for Iron Chelation Therapy in MDS. Several
international guidelines, based mostly on the opinions of
expert panels, have been published in recent years, and their
main features are summarized in Table 1 and reviewed by
Gattermann [13]. Concerning the threshold of the number of
red blood cell (RBC) transfusion for starting iron chelation,
the Italian guidelines recommend chelation for patients
who reached an average of 50 RBC units, but only if they
have an expected lifespan of 6 months [14], while the UK
expert panel considers candidates for iron chelation MDS
patients who have received 25 units of blood and who
will receive ongoing transfusions [15]. A similar number of
previous transfusions is included in the NCCN (National
Comprehensive Cancer network) guidelines, where iron
chelation is suggested after the receipt of 20–30 units of RBC
[16]. The Japanese guidelines considered a higher threshold
of RBC units transfused; however, it should be noted that the
unit in this country is smaller [17].

Most guidelines suggest as an indicator of iron overload
a cut-off of serum ferritin level: even if ferritin is not
such a reliable indicator of iron overload, it is easily
obtained in clinical practice. The ferritin values indicated
vary slighty in the guidelines (see Table 1), but the majority
considered 1,000 g/L as a reasonable threshold for starting
iron chelation. Serum ferritin evaluation is recommended
during iron chelation to establish efficacy of the treatment at
least every three months in transfusion-dependent patients.
A useful and more reliable tool in monitoring iron overload
and iron chelation therapy is liver magnetic resonance but it
is not available in all centers. Monitoring of organ functions
(mainly cardiac, hepatic and endocrine) with appropriate
techniques is frequently indicated, other parameters such as
ROS, NTBI and LPI are under investigation [61]. Duration
of chelation has to be individually established and the
therapy has to be maintioned as long as transfusion therapy
continues or as long as iron overload remains clinically
relevant [18].

In summary, the majority of authors are in agreement
that iron chelation should be offered to lower-risk MDS
patients with a life expectancy more than one year and
a serum ferritin above the mentioned threshold. Patients
who are candidates for allogenic transplantation or other
effective therapies can also be considered candidates for
chelation.

7.4. Improvement in Hematopoiesis with Chelation. In some
patients with MDS receiving iron chelation, improved
hematopoiesis has been noted. There are some data regarding
this effect with deferoxamine and deferiprone. In 1996
Jensen et al. described a hemoglobin improvement in 11
MDS patients treated with deferoxamine for up to 60
months, but in some cases there was even a trilineage
response [62, 63]. It has also been reported that patients
with myelofibrosis have a similar response to deferiprone
[64]. In all of these reports, the hematological response
was associated with a sharp decrease in iron burden and
the effect was fairly long lasting, in the order of one year.
The effect of deferasirox therapy seems to differ: several
reports and our own experience have demonstrated an
unexpected improvement in hemoglobin level and reduction
in transfusion requirements even after only a few months
of chelation [65–67]. Three out of five patients described in
these reports became transfusion independent. A hemato-
logic improvement by World Health Organization (WHO)
criteria has also been recently described in clinical trials
with deferasirox in low and int-1 MDS patients [68]. The
hemopoiesis improvement has not yet been reported in any
patients affected by thalassemia or other hereditary anemias,
but it seems not restricted to MDS patients, as several
cases of myelofibrotic patients have been observed. It is not
yet clear which mechanism could lead to the hemoglobin
improvement and which patients could benefit from this
effect. Removing excess iron from erythroid precursors
could improve erythropoiesis, similar to what occurred in
a case of sideroblastic congenital anemia due to GLRX5
deficiency described recently by Camaschella et al. where
an efficient iron chelation obtained by DFO subcutaneous
infusion led the patients to transfusion independence due to
a rebalancing in iron-responsive protein 1 and 2 functions
and intracellular iron distribution [69]. Also observed was a
reduced growth of erythroid colonies in vitro in iron-loaded
patients: the study performed by Hartmann et al. [70] on 42
peripheral blood samples of MDS patients demonstrated a
statistically significant (P < .004) reduced erythroid colony
formation in patients with high serum ferritin levels thus
supporting the hypothesis that iron chelation could induce
an improvement in hemopoiesis, perhaps by reducing NTBI-
mediated toxicity or, alternatively, the phenomenon could be
explained by the more severity of bone marrow disease in
transfusion-dependent patients. It should be kept in mind,
however, that changes in hemopoiesis have been seen only
in a portion of patients, while NTBI detoxification occurs
in all chelated subjects according to the drug used and its
type of administration. Our hypothesis to account for this
discrepancy is that deferasirox could interfere directly with
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oncogenes in the MDS blast cell. Nuclear factor-kappaB (NF-
κB) is a key regulator of many cellular processes and its
impaired activity has been described in different myeloid
malignancies including MDS and could be a good potential
target of deferasirox activity. Preliminary in vitro analysis
demonstrated a deferasirox-dependent reduction in both
nuclear localization and activity of NF-κB in MDS cells and
leukemia cell lines [71]. NF-κB effects were not detected in
cells incubated with DFO or DFP. The NF-κB inhibition
by deferasirox could prove to be an important therapeutic
option in higher risk MDS patients, targeting blast cells in
which increased NF-κB activity has been extensively demon-
strated, and acting as a possible enhancer of chemosensitivity
of the neoplastic clone. Our promising hypothesis needs
obviously to be validated in vivo by prospective clinical
trials.

8. Conclusion

The usefulness and clinical indications of iron chelation
therapy in myelodysplastic syndrome patients are still under
debate within the scientific community [12, 72, 73]. Many
authors underline the deleterious effect of iron deposition in
tissues due to secondary hemochromatosis, similar to what
occurs in the well-studied setting of congenital anemias.
These data are mainly derived from clinical studies showing
that transfusion dependence and high serum ferritin levels
are independent prognostic variables for reduced overall and
disease-free survival [4, 5]. High serum ferritin level was
also recently identified as a prognostic factor for shorter
time to progression to leukemia [9]. There are also data
showing an impact of iron chelation on survival, though
these data are from retrospective studies [7, 8]. The main
concern of experts not in favour of iron chelation is that
there is insufficient evidence about the contribution of iron
overload to mortality rate and cardiac dysfunction in MDS
patients, and about a positive impact of iron chelation on
improving organ dysfunction, survival and quality of life.
Strong prospective studies addressing these points are needed
in the coming years, especially to address a putative survival
effect. It is not yet clear which MDS patients could benefit
most from iron chelation therapy: international guidelines
are not completely in agreement on serum ferritin threshold
level or number of RBC units transfused for starting iron
chelation [13]. Candidates for this therapy are mainly
lower-risk patients with a better prognosis and a longer
life expectancy, but patients who are candidates for SCT
or chemotherapy should also be included. More recently,
Pullarkat proposed to change our thinking about restricting
chelation to patients with lower risk MDS, considering
recent data about leukemic progression and incidence of
infection in iron loaded patients [12]. Finally, the data about
hemopoiesis improvement and NF-κB activity inhibition
have the potential to provide new insight into iron chelation
and its beneficial effects, all suggesting that higher risk MDS
patients may also be good candidates for this therapy [66–
68, 71]. In our opinion, we should change our thinking about
iron chelation in MDS, expanding its indications from a

mere supportive therapy for preventing organ damage due to
RBC transfusions, to an active measure against progression
to leukemia.
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Iron chelation therapy is often used to treat iron overload in patients requiring transfusion of red blood cells (RBC). A 76-
year-old man with MDS type refractory cytopenia with multilineage dysplasia, intermediate-1 IPSS risk, was referred when he
became transfusion dependent. He declined infusional chelation but subsequently accepted oral therapy. Following the initiation
of chelation, RBC transfusion requirement ceased and he remained transfusion independent over 40 months later. Over the same
time course, ferritin levels decreased but did not normalize. There have been eighteen other MDS patients reported showing
improvement in hemoglobin level with iron chelation; nine became transfusion independent, nine had decreased transfusion
requirements, and some showed improved trilineage myelopoiesis. The clinical features of these patients are summarized and
possible mechanisms for such an effect of iron chelation on cytopenias are discussed.

1. Introduction

The myelodysplastic syndromes (MDS) are characterized by
ineffective hematopoiesis, cytopenias, and a risk of transfor-
mation to acute myeloid leukemia (AML); survival and AML
risk are predicted by the International Prognostic Scoring
System (IPSS) [1]. Because the median age of the MDS onset
is in the seventh decade, most patients are ineligible for
potentially curative hematopoietic stem cell transplantation
[2]. Although other treatments are now available [3–7],
the standard treatment for many MDS patients remains
supportive care.

Most MDS patients eventually become red blood cell
(RBC) transfusion dependent, risking iron overload [8],
which may lead to cardiac, hepatic, and endocrine dysfunc-
tion. Recent studies suggest an adverse effect of RBC trans-
fusion dependence on survival, predominantly in lower-risk
MDS [9]. This effect was sufficiently significant that RBC
transfusion dependence was incorporated into the World

Health Organization Prognostic Scoring System (WPSS) for
MDS [10].

While the benefits of iron chelation therapy are better
established in thalassemia [11], recent retrospective studies
in lower-risk MDS suggest a possible improvement in
survival in transfusion dependent patients who received
chelation [12]. Guidelines in MDS recommend chelation
with an otherwise reasonable life expectancy and evidence
of iron overload: elevated serum ferritin, iron related organ
dysfunction, or chronic RBC transfusions [13, 14]. We
present the clinical course of a RBC transfusion dependent
MDS patient who became transfusion independent shortly
after starting chelation and has remained transfusion inde-
pendent for over three years. We review the literature on
the abrogation of cytopenias in acquired anemias following
chelation.

This paper was prepared in accordance with the require-
ments of the St. Paul’s Hospital Institutional Research Ethics
Board.
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2. Case Report

A 76-year-old man was referred in June 2004. He was
diagnosed with MDS in 1997 during a work-up of abnormal
blood counts: white blood cells (WBC) 2.4 (normal 4.0–11.0)
× 109/L, neutrophils 0.7 (2.0–8.0) × 109/L, hemoglobin
(Hb) 133 (135–180) G/L, and platelets 108 (150–400)
× 109/L. The following laboratory parameters were nor-
mal: creatinine, bilirubin, thyroid stimulating hormone,
reticulocyte count, serum B12 level, red blood cell folate;
and serum protein electropheresis. Bone marrow aspiration
and biopsy showed refractory anemia (RA) by the French-
American-British (FAB) classification [15] and cytogenetic
analysis revealed trisomy 8 and loss of chromosome Y.
Stem cell culture showed no erythropoietin independent
colony growth, serum erythropoietin level was 148.3 (normal
3.3–16.6) IU/mL and IPSS score was intermediate-1. He
remained transfusion independent until one month prior to
referral, when the hemoglobin was 60 G/L, prompting the
initiation of RBC transfusion support.

History and physical examination were otherwise unre-
markable. WBC count at referral was 3.4 × 109/L, Hb
(transfused) 86 G/L, mean cellular volume (MCV) 121 fl
(80–100), and platelets 44 × 109/L. Serum ferritin was 1293
(15–370) ug/L with no prior ferritin levels available. Bone
marrow aspiration and biopsy confirmed RA/refractory
cytopenia with multilineage dysplasia (RCMD) by World
Health Organization (WHO) criteria [16]. Marrow blast
count was 2%.

Over a 30-month period, he required transfusion of
3 RBC units every 4 weeks to maintain the hemoglobin
above 90 G/L and he complained of fatigue and functional
limitation; he received approximately 90 RBC units in
total. In January 2005, the ferritin was 2197 ug/L but
he declined deferoxamine; however, in September 2006,
he agreed to start deferasirox. Bone marrow aspiration
and biopsy showed unchanged RCMD and karyotype.
Deferasirox was started at 20 mg/kg/day. He required several
dose interruptions and adjustments for renal insufficiency
(peak creatinine 141 umol/L, normal to 100 umol/L) and the
dose of deferasirox was titrated between 5–30 mg/kg/day. He
received no other treatment for anemia.

Two months after starting chelation, the hemoglobin
increased to 109 G/L and he has not required transfusion
since. Mean hemoglobin over 24 months was 122 (range
96–144) G/L. Hemoglobin and ferritin levels are shown
in Figure 1. The patient reports excellent energy and a
significantly improved quality of life.

In May 2008, he was assessed for skin nodules and
reported having similar nodules that appeared and regressed
spontaneously for at least two years. A biopsy revealed
leukemia cutis (LC). Despite this, he remained clinically
well and transfusion independent for 17 months since the
diagnosis of LC, over 41 months since the initial appearance
of nodules, and 40 months since the initiation of chelation.

Characteristics of ten MDS patients, including ours,
achieving transfusion independence with chelation are sum-
marized in Table 1 [17–19]. Nine other patients with signifi-
cant improvement in hemoglobin with chelation have been
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Figure 1: Hemoglobin and serum ferritin levels for a patient
with MDS receiving iron chelation therapy. The solid black arrow
represents the date at which chelation was initiated and the dashed
arrow represents the date of his last red blood cell transfusion. The
grey bar indicates the period during which transfusion requirement
was 3 red blood cell units every 4 weeks.

reported [19, 20]. Several features of these latter patients
were not reported; however, eight received deferoxamine and
one deferasirox, and the median time to improvement in
RBC transfusion requirement was 14.4 (3–24) months. None
of these patients were reported to have received any MDS
treatment other than chelation.

3. Discussion

It is well established that chelation extends the survival of
transfusion dependent patients with thalassemia by mitigat-
ing iron toxicity [21–24]. Recent retrospective data suggest
a possible association between chelation and improved
survival in MDS [12, 25]. The first report of decreased
transfusion requirements with chelation was in 1990 [26].
Since then, nineteen MDS patients, including ours, are
reported who had an improvement in hemoglobin or
decreased transfusion requierements.

Our patient was transfusion independent within two
months of starting chelation. The ferritin level decreased
from 5271 to 1225 ug/L but remains elevated. Once trans-
ferrin is saturated, non-transferrin bound iron (NTBI) may
be detected [27], correlating with the presence of potentially
cytotoxic reactive oxygen species (ROS) [28]. Whether
oxidative stress was present in our patient is unknown as
few transferrin saturations were recorded and NTBI and
ROS measurement are not readily available. However, the
elevated ferritin over a long course despite chelation while
transfusion independent may indicate a significant iron load,
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Table 1: Clinical characteristics of 10 MDS patients achieving red blood cell transfusion independence with iron chelation therapy.

Clinical Feature (units) n

Age at MDS diagnosis (years) Median 58 (range 18–74)

Gender M : F 5 : 5

MDS subtype (FAB or WHO)

RA 5

RARS 2

RCMD 1

RAEB 2

IPSS score

Low 1

Intermediate-1 5

Intermediate-1 or 2 1

High 1

Not available 2

Iron chelation agent

Deferoxamine 7

Deferasirox 3

Time to RBC transfusion independence (months) Median 17.5 (range 1–24)

Duration of RBC transfusion independence (months) Median 13 (range 3–40)

Abbreviations: F: female; FAB: French-American-British; IPSS: International Prognostic Scoring
System; M: male; n: number; RA: refractory anemia; RARS: refractory anemia with ringed sideroblasts,
RAEB: refractory anemia with excess blasts; RBC: red blood cell; RCMD: refractory cytopenia with multilineage dysplasia; and WHO: World Health
Organization.

potentially leading to marrow toxicity and suppression of
hematopoiesis.

A patient with primary myelofibrosis (PMF) was
reported whose hemoglobin increased from 76 ± 10 G/L to
100 G/L after starting chelation [19]; it returned to baseline
(80 G/L) when chelation was interrupted, and increased
again to 100 G/L when chelation resumed. A second PMF
patient with baseline hemoglobin 60 G/L requiring 2 RBC
units every two weeks achieved long-term transfusion inde-
pendence one month after beginning deferiprone [29]. A
third PMF patient with baseline hemoglobin 50–60 G/L
requiring 2-3 RBC units per month became transfusion
independent two months after starting deferasirox, an effect
which persisted two years after chelation was stopped
for improvement in ferritin (953 ug/L) and transferrin
saturation (45%) [30]. These patients received no other
treatment for PMF. A patient with aplastic anemia (initial Hb
45 G/L, neutrophil count 0.3× 109/L, and platelet count 3×
109/L) had trilineage recovery and became RBC transfusion
independent after four years of deferoxamine [31]; this
patient received low-dose erythropoietin following an initial
improvement in blood counts.

An improvement in MCV, platelet and white blood cell
counts was also noted [18, 20]. In a report of six patients,
two with pancytopenia had significant increases in WBC,
neutrophil, and platelet counts (P ≤ .001) [20], seen within 3
months, maximized by 18 months, and in some patients, the
effect persisted after chelation was discontinued. All of them
had an elevated MCV prior to chelation, which decreased in
five and normalized in two, suggesting possible improvement
in erythropoiesis outside the MDS clone. In a report of

eleven patients, the neutrophil count increased in eight of
nine, and the platelet count in seven of eleven [18]. In our
patient, recent WBC counts range between 3.1–4.3 × 109/L
and platelets consistently clump; the MCV is unchanged at
120 fl.

The mechanisms by which chelation may improve
cytopenias are unclear; however, iron was recently shown to
have a suppressive effect on erythroid progenitors in vitro
[32]. Erythroid colony assays on 42 MDS patients showed,
in patients with ferritin 250 ug/L or more, that BFU-E were
a mean of 2.35 (range 0–27) colonies per culture, compared
to 10.1 (0–76) in patients with normal ferritin (P < .004);
whether this is an effect of iron or due to other factors awaits
further study.

Although chelation may exert its protective effect by
reversing the deposition of iron [23, 33], oxidative stress from
iron overload may damage lipids, proteins, and nucleic acids
[27, 28, 34–37], and it would be interesting to determine
whether the protective effect of chelation on BFU-E might be
from oxidative stress alleviation. A study of 15 patients with
lower-risk MDS showed a decrease in RBC ROS following
three months of chelation [38] and a relationship between
ferritin and ROS content of CD34+ cells in MDS patients was
established [39]. In thalassemia, chelation reduced oxidation
in RBC and increased half-life from 12.1 ± 2.4 to 16.4 ± 4.3
days [40]. In the US03 trial of deferasirox in MDS, hema-
tologic improvement was seen in 5 of 53 patients (9.4%)
[41] and LPI, an indicator of oxidative stress, normalized
over 12 months of chelation; whether this accounts for the
mitigation of cytopenias remains to be determined. Finally,
there are reports of increased erythropoietin levels with
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chelation in normal volunteers and this could contribute to
an improvement in hemoglobin in MDS [3, 42].

It has been suggested that the transcription factor NF-κB
may be important in modifying myelopoiesis with chelation.
In mononuclear cells of MDS patients [43], deferasirox
induced a significant reduction in NF-κB activity, but the
opposite effect was seen with deferoxamine and deferiprone
and no difference was noted in patients with or without iron
overload. Although these findings might explain an effect
of deferasirox on cytopenias, the effect of deferoxamine and
deferiprone is not accounted for [18].

Sloand et al. showed improvement in erythropoiesis
within the MDS clone in patients with trisomy 8 responding
to immunosuppressive therapy [44]. While our patient has
+8, no therapy other than chelation was administered;
however, the MCV remains elevated, possibly indicating a
significant contribution to erythropoiesis by the MDS clone.
In the Jensen study, two of eleven patients had +8; in the first,
the +8 clone decreased from 60% to 10% with chelation, and
the second had persistence of +8 and clonal evolution to a
deletion of 5q as well. Thus, immunomodulation resulting
in improvement of erythropoiesis cannot be invoked as a
predominant mechanism for transfusion independence in
these patients.

4. Conclusions

In summary, a number of patients with acquired anemias
have been reported in whom an improvement in cytopenias
was seen following the initiation of iron chelation therapy,
clinically manifested as a decrease in RBC transfusion
requirements or even transfusion independence. This may
occur in up to 9% of MDS [41] and possible mechanisms
include reducing oxidative stress, altering intracellular levels
of NF-κB; increasing erythropoietin levels, or other mech-
anisms yet to be elucidated. In future trials of chelation,
consideration could be given to including measures of
these parameters, and conversely, trials of medications
known to induce transfusion independence in MDS such
as immunomodulatory, demethylating, or erythropoiesis
stimulating agents could compare these in responders and
nonresponders. Patients with iron overload considered for
chelation should be assessed and monitored by a physician
experienced with chelation medications.
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In sickle cell disease transfusions improve blood flow by reducing the proportion of red cells capable of forming sickle hemoglobin
polymer. This limits hemolysis and the endothelial damage that result from high proportions of sickle polymer-containing red
cells. Additionally, transfusions are used to increase blood oxygen carrying capacity in sickle cell patients with severe chronic
anemia or with severe anemic episodes. Transfusion is well-defined as prophylaxis (stroke) and as therapy (acute chest syndrome
and stroke) for major complications of sickle cell disease and has been instituted, based on less conclusive data, for a range of
additional complications, such as priapism, vaso-occlusive crises, leg ulcers, pulmonary hypertension, and during complicated
pregnancies. The major and unavoidable complication of transfusions in sickle cell disease is iron overload. This paper provides an
overview of normal iron metabolism, iron overload in transfused patients with sickle cell disease, patterns of end organ damage,
diagnosis, treatment, and prevention of iron overload.

1. Introduction

The human body has no effective physiological mechanism
for excreting excess iron. Therefore, in conditions such as
sickle cell disease (SCD), where transfusions are frequently
indicated, exogenous iron can accumulate, circulate as non-
transferrin bound iron (NTBI), enter tissues, form reactive
oxygen species (ROS), and result in end organ damage. How-
ever, patients with SCD, compared with thalassemic patients,
despite a similar transfusion load, may be relatively protected
from iron mediated cardiac and endocrine gland toxicity
[1]. In thalassemia, ineffective erythropoiesis contributes to
iron overload directly and by regulating other downstream
pathways. The unfolding pathophysiology of transfusional
iron toxicity in SCD, less well studied than in thalassemia,
will be discussed.

2. Normal Iron Metabolism

Iron homeostasis in humans is maintained by the strict
regulation of absorption based on body needs. 1 mg (10%
of total dietary iron) is absorbed daily, predominantly in
the duodenum, and an equal amount is lost through feces,

urine, and sweat [2]. In normal physiological conditions,
iron deficiency and anemia increase iron absorption, while
iron overload decreases it [3].

Nonheme iron absorption is relatively well characterized.
Ferric (Fe3+) is reduced to ferrous (Fe2+) iron in the duodenal
enterocyte by a ferric reductase (DcytB). Fe2+ is transported
into the cell by the Divalent Metal Transporter (DMT-1),
located at the apical brush border. In the absence of iron
overload, some absorbed iron is stored in the enterocyte
as ferritin and the rest is transported across the basolateral
membrane by ferroportin, with the aid of the ferroxidase
hephaestin. In the circulation, iron is bound to transferrin
and transported to the liver and bone marrow. In the liver,
transferrin receptors 1 and 2 mediate the endocytosis of iron,
which is then stored as ferritin and released by a ferroportin-
mediated mechanism when bodily needs increase. In the
erythroid precursors, transferrin bound iron is taken up by
transferrin receptor 1 and utilized for erythropoiesis. During
red cell senescence, iron is released into macrophages in the
reticuloendothelial system (RES) and is stored as ferritin and
hemosiderin; again, egress of iron from the macrophage is
ferroportin dependent [4](Figure 1).
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Figure 1: Iron absorption and transport [4]. Reproduced with permission from MMS, and author. Copyright c© (2005) Massachusetts
Medical Society. All rights reserved.

The presence of ferroportin on the cell membrane is
regulated by hepcidin, a 25-amino acid peptide synthesized
by the liver that is the principal hormone involved in
regulating iron absorption [5]. Hepcidin acts by binding
to the ferroportin transporter, triggering its internalization
and degradation, thereby diminishing net circulating iron
by reducing iron absorption in the gut and increasing iron
sequestration in the RES. Anemia, hypoxia, and erythro-
poiesis decrease hepcidin gene expression, thereby stabilizing
ferroportin and increasing circulating iron available for ery-
thropoiesis [6]. In contrast, acute and chronic inflammation
increase hepcidin expression and ferroportin degradation
[7]. The paradoxical iron restriction seen in the anemia
of chronic inflammation is associated with increased RES
iron and results from a high-hepcidin state. Hemojuvelin,
also expressed in the liver, is believed to positively regulate
hepcidin production [8]. Matriptase 2, a recently identified
serine protease, appears to be a sensor of iron deficiency and
inhibitor of hepcidin [9]. These peptides help regulate iron
absorption and maintain homeostasis.

Heme iron absorption is less clearly characterized. Heme
Carrier Protein 1 (HCP-1), believed to facilitate heme
iron uptake, has been recently identified on the duodenal
enterocyte brush border [10]. Heme iron taken up by this
transporter is broken down by a heme oxygenase in the
enterocyte into iron and protoporphyrin [11]. It is unclear
whether heme is completely degraded into iron in the

enterocyte and absorbed via ferroportin, or if intact heme is
also transported via other mechanisms. The Feline Leukemia
Virus subgroup C Receptor (FLVCR) appears to play such
a role in transporting heme from erythroid precursors
[12, 13].

3. Indications for Transfusion in SCD

Transfusion is a frequently employed therapy in SCD, but
its best-validated uses have been in preoperative prophylaxis,
treatment of acute chest syndrome (ACS) and prophylaxis,
and treatment of stroke [14–16].

Transfusions first demonstrated their effectiveness in
reducing recurrent strokes in SCD [14, 17]. Subsequently,
transfusions have also proved to be effective prophylaxis
against first stroke in high risk patients. The Stroke Pre-
vention Trial in SCD (STOP) randomized 130 high-risk
children with SCD to either transfusion therapy (to maintain
HbS <30%) or observation [18]. These high risk children
had an increased blood flow in the Internal Carotid or
Middle Cerebral Artery by Transcranial Doppler (TCD).
This study showed a 92% reduction in incidence of first
stroke in transfused high-risk patients. A follow-up study,
STOP2, randomized 72 children whose TCD had normalized
after 30 months of transfusion therapy to either ongoing or
discontinued transfusions. The study was halted prematurely
when a significant increase in abnormal TCD velocity and



Advances in Hematology 3

stroke risk was seen in the group in which transfusion
therapy had been halted [19]. The optimal duration of
transfusion in SCD patients at high risk for primary or
recurrent stroke is still undefined, resulting in long-term
transfusion management of a young population.

In addition to preventing strokes, transfusion is ben-
eficial in other complications of SCD such as ACS [20,
21]. Vichinsky et al. showed that transfusion improves
oxygenation in ACS [22]. Subset analysis from the STOP
trial also showed a significant reduction in the frequency
of ACS and painful crises in the transfused group [23]. In
addition, preemptive transfusion therapy was effective in
preventing ACS in a small number of SCD patients with
elevated plasma secretory phospholipase A2 levels, an early
sign of ACS [24]. In a study of pregnant women (n = 72)
with SCD randomized to receive prophylactic transfusions
or transfusions for medical and obstetric emergencies only,
a significant reduction in pain crises was observed in the
arm that received prophylactic transfusions [25]. Finally,
preoperative simple transfusion to maintain a hemoglobin
of 10 gm/dL reduces peri- and postoperative complications
in patients with SCD [26–28].

4. Mechanism of Transfusion Mediated
Iron Overload

While transfusion may improve disease complications, iron
overload is a dreaded and inevitable consequence of ongoing
transfusion therapy. Chronically transfused iron overloaded
patients with SCD have significantly higher mortality than
less transfused counterparts without iron overload, as well
as age and race-matched normal controls [29, 30]. This
finding may reflect disease severity rather than iron burden;
nonetheless, patients with SCD are far less likely to be
screened for end organ damage than patients with tha-
lassemia, despite a similar transfusion history [31]. Therefore
knowledge of iron toxicity in SCD is of paramount impor-
tance.

Transfusion of packed red blood cells (RBCs) provides
1 mg per mL transfused of additional elemental iron. Long-
term transfusion therapy of, for instance, 20-units RBCs/year
is associated with significant iron overload (20 units ×
220 mL per unit × 1 mg per mL = 4400 mgm exogenous
iron/year) [32]. With repeated transfusions, serum trans-
ferrin becomes saturated and the excess circulating iron is
transported as NTBI [33]. NTBI enters cells in a dysregulated
fashion; a subset of NTBI, called Labile Plasma Iron (LPI),
may cause end organ damage secondary to its high redox
potential [34].

5. End Organ Toxicity due to
Iron Overload in SCD

Saturation of transferrin by excess circulating iron results
in increased NTBI and LPI [35]. NTBI can appear in the
absence of transferrin saturation, the mechanism of which
is not yet clear [36]. NTBI and LPI tend to enter tissues
more readily and result in formation of reactive oxygen

Repeated transfusions resulting in
increased circulating iron

Increased saturation of transferrin

Increased NTBI and LPI

NTBI and LPI enter tissues and form ROS causing
lipid peroxidation and end organ damage

Figure 2: Mechanism of end organ damage in iron overload.

species (ROS) such as the hydroxyl radical by the Haber
Weiss reaction [37, 38]. Excess iron tends to deposit in the
hepatic parenchyma, in endocrine organs, and in cardiac
myocytes, causing end organ damage by ROS-mediated lipid
peroxidation [39, 40] (Figure 2).

In patients with β thalassemia major (TM), long-term
transfusion causes iron overload that results in cardiac
damage, liver fibrosis, gonadal dysfunction, and growth
retardation. Cardiac iron overload still remains the main
cause of mortality in TM despite chelation therapy [41].

Although large studies looking at long-term transfusion
and iron overload in SCD are lacking, available data suggest
that SCD patients are relatively protected from iron-induced
cardiac and endocrine organ damage as compared with TM
patients. In a study by Wood et al. comparing 19 patients
with TM and 17 patients with SCD (matched for age, sex,
transfusion duration, chelation therapy, and hepatic iron
content), cardiac iron overload, measured by T2∗MRI, and
cardiac dysfunction were significantly more prevalent in the
group with TM [42]. In another study, cardiac disease and
gonadal dysfunction seen in TM were not present in SCD
patients with similar serum ferritin levels and equivalent liver
iron content. Hepatic fibrosis was detectable pathologically,
albeit at 39% in SCD (n = 43) compared with 81% in TM
(n = 30). TM patients had a significantly longer duration
of transfusions and higher incidence of viral hepatitis in this
study [43].

Studies comparing the sequelae of iron overload in TM
versus SCD are of interest, but one must be cautious in
applying conclusions from these studies given the many
differences between TM and SCD patients clinically. These
reports highlight the need for independent study of the
contribution of iron overload to the morbidity and mortality
in SCD.

6. Potential Factors Modifying
Iron Toxicity in SCD

The possible difference in iron mediated toxicity between
TM and SCD underscores the complexity of iron regulation.
Damage from iron overload is not merely a function of the
absolute amount of excess iron present. Modifying factors
include, but are not limited to, relative distribution of iron
loading in RES versus parenchymal cells, levels of NTBI
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and LPI, coexisting hereditary iron loading defects, and the
impact of ineffective erythropoiesis.

The levels of NTBI and LPI, the most redox reactive
and toxic iron species, have been compared between SCD
and TM. In a small study, NTBI levels in SCD were less
than half of those seen in TM, despite higher ferritin levels
and hepatic iron concentration in SCD. However, patients
with thalassemia in this study had received 4 times more
transfusion than those with SCD [44]. Koren studied patients
with SCD including HbSS and Sβ◦ thalassemia (n = 36) and
β Thalassemia, including TM and Thalassemia intermedia
(n = 43). The two groups overall were matched for
transfusion load (SCD: 104 ± 77 and β Thalassemia 179 ±
103 cc/kg/yr). In subset analyses, however, TM patients had
a significantly greater transfusion burden than patients with
HbSS, which may account for significantly lower NTBI and
LPI observed in SCD patients in this study. While only 1
patient with SCD developed cardiomyopathy, 32 patients
with TM had evidence of either cardiac or gonadal damage
[45].

Coexistent hereditary iron overload conditions have been
studied in the context of SCD and the iron overload phe-
notype. Currently defined hemochromatosis polymorphisms
of European origin are less frequent in African Americans
and do not seem to contribute to exacerbated iron loading in
African Americans with SCD [46]. Nonetheless, other causes
of primary and dietary iron overload are well described
in populations of African descent, even if the underlying
genetics are not, and these may contribute to phenotypic
diversity in SCD and iron overload [47, 48].

The role of hepcidin in the pathophysiology of iron
overload in SCD remains controversial. Patients with SCD
suffer from recurrent infections and ongoing endothelial
damage by reperfusion injury that result in a chronic-
inflammatory-like state [49]. This is evidenced by increased
CRP, IFNγ, IL-1, and IL-6 in steady state and IL-6 and TNF-α
increase during crises [50, 51]. By analogy with the anemia of
chronic inflammation (in which cytokines increase hepcidin
levels), one may speculate that hepcidin levels would be
elevated in SCD. However, hepcidin levels in nontransfused
steady-state SCD (n = 40) are not elevated when compared
with normal controls (n = 30), even when SCD patients with
infections and end organ damage were assessed as a subgroup
[52]. Another study, comparing hepcidin in 16 patients with
sickle syndromes (HbSS, HbSβ◦ thalassemia, HbSC) against
race matched controls heterozygous for HbS or HbC, also
found no difference among the groups. In fact, in 5 patients
with SCD in this study, hepcidin levels were below the
lower limit of normal, which was attributed to increased
erythropoietic activity [53]. Coexistent iron deficiency can
also affect hepcidin estimation. Iron deficiency anemia has
been described in the pediatric population with SCD, both
due to nutritional status and intravascular hemolysis with
urinary iron losses. In a study of 70 children with HbSS and
HbSC, 9% of nontransfused children were found to have iron
deficiency [54].

Although steady-state SCD patients do not exhibit
increased hepcidin levels, transfusion acutely up regulates
hepcidin mRNA expression [55]. It is unclear whether this

increased gene expression results in increased circulating
hepcidin and decreased unbound iron immediately post
transfusion. Nor is it known whether this transient increase
in hepcidin expression is of clinical relevance.

In contrast, hepcidin is significantly downregulated in
patients with ineffective erythropoiesis such as thalassemia,
thereby worsening unbound iron toxicity in this population
[56–58]. Depressed urinary hepcidin levels relative to iron
burden have been associated with augmented but ineffective
erythropoiesis (thalassemia, congenital dyserythropoietic
anemia and sideroblastic anemia). This is in distinction to
conditions with augmented but effective erythropoiesis, as
in hemolysis (hereditary spherocytosis, and autoimmune
hemolytic anemias), in which urinary hepcidin levels rel-
ative to iron burden are not significantly depressed [59].
Hepcidin suppression in thalassemia may be mediated in
part by growth differentiation factor 15 (GDF-15). GDF-
15, a member of the TGF-β superfamily, is produced by
erythroid progenitors and reaches measurable serum levels
in the presence of ineffective erythropoiesis. GDF-15 levels
are elevated in TM, but not in SCD. Serum from TM
patients suppresses hepcidin expression in vitro, unless
GDF-15 is blocked [60]. Twisted gastrulation (TWSG1), a
cytokine produced during early stages of erythropoiesis, also
downregulates hepcidin and is highly expressed in the spleen,
bone marrow, and liver of thalassemic mice. The role of
TWSG1 in SCD has not been studied yet [61]. Hepcidin and
other cytokines (such as GDF 15 and TWSG1) are likely to
be key to observed iron regulation in SCD.

7. Measurement of Iron Overload

The gold standard for assessing liver iron stores in the
absence of cirrhosis is the hepatic iron content (HIC),
determined by liver biopsy and quantitation with atomic
absorption spectrophotometry [62]. The normal HIC is
between 0.4 and 2.2 mg/g of liver dry weight. Based on
data from hereditary hemochromatosis, <7 mg/g is not
associated with obvious hepatic pathology while >15 mg/g
is consistently associated with liver fibrosis [63]. The use of
biopsy-measured HIC as a marker of iron overload is limited
by the small but finite risk of complications of liver biopsy,
lack of reproducibility of quantitative assays, and sampling
error [64].

Noninvasive methods including blood tests (ferritin
and iron saturation) and imaging techniques (MRI-based
techniques) have been evaluated as predictors of HIC.
Ferritin has been shown to correlate with HIC in TM,
but the correlation in SCD is less clear [65]. In a cross-
sectional study of 27 children with SCD who had received
chronic transfusion therapy without chelation, transfusion
volume correlated with hepatic iron content (HIC) but, when
adjusted for transfusion volume, serum markers did not
[66]. In another study of 20 patients with SCD undergoing
chronic transfusion therapy with iron chelation, HIC showed
a positive correlation with the duration of transfusion and
liver fibrosis but not with serum markers [67]. Analyses of
chronically transfused SCD patients without viral hepatitis
from the STOP and STOP2 trials, most of whom were on
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Table 1: Tests to estimate iron load.

TEST Application

Serum ferritin
Relatively unreliable in SCD, especially in the
range of 1500–3000 ng/mL. In this range, levels
of ferritin do not linearly correlate with HIC

SQUID
Reliable predictor of HIC, but expensive and
available in few institutions worldwide, mostly
for research purposes

T2∗ MRI
Well-validated predictor of HIC and cardiac
complications from iron overload

Liver biopsy
Gold standard. Accurate estimation of iron
overload except in fibrosis. Invasive but <1%
risk of complications. Sampling error possible

chelation therapy, showed that a ferritin level <1500 ng/mL
was correlated with low transfusion burden and low mea-
sured HIC, while a ferritin >3000 ng/mL was consistently
predictive of HIC >10 mg/g. The intermediate levels did not
correlate linearly with iron overload [68]. These data suggest
that serum ferritin may not be an accurate predictor of liver
iron stores, especially in the range of 1500 to 3000 ng/mL.

Imaging techniques for noninvasive determination of
HIC have been developed and validated. The Superconduct-
ing Quantum Interference Device (SQUID) quantitatively
determines HIC by magnetic measurement, and in cases
of hereditary and transfusional iron overload has shown
significant correlation with HIC as measured by biopsy [69].
However, this device is expensive and not readily available.
T2∗ MRI has been validated as a reliable noninvasive means
to assess iron stores in the liver and heart [70]. Increasing
iron content in the liver and heart reduces relaxation times
as measured by T1, T2, and T2∗ MRI. T2∗ values of
<20 milliseconds in nonfibrotic livers correlates (r = 0.93)
with increased HIC by biopsy [71]. Similarly, cardiac T2∗

values of <20 ms correlate with a decline in left ventricular
ejection fraction values, increase in cardiac arrhythmias, and
need for cardiac medications [72]. The reciprocal of this
relaxation time, R2 and R2∗, has also demonstrated good
direct correlation with HIC in patients with SCD [73]. From
these data it appears that MRI is a good noninvasive tool to
assess iron overload (Table 1).

8. Therapy for Transfusional
Iron Overload in SCD

8.1. Non Pharmacological Therapy. Decreasing transfusion
requirement by substituting erythracytapharesis for simple
transfusion, transfusing younger red cells, and performing
splenectomy in patients with hypersplenism have been
evaluated as nonpharmacological techniques for preventing
and treating iron overload. In erythrocytapharesis, patient
RBCs are removed as transfused blood is being infused. A
study was performed using erythrocytapharesis to a goal HbS
of 50% in patients with history of stroke, recurrent VOC
or priapism, comparing them to historic controls treated
with simple transfusion or modified simple transfusions.
The degree of iron overload, as assessed by serum ferritin,

was significantly reduced in 14 SCD patients treated by
erythrocytapharesis compare to those treated with simple
transfusion, in spite of an increased absolute requirement for
donor units [74]. This approach is hampered by practical
resource limitations at donor centers and by complications
of permanent vascular access in SCD [75, 76]. Furthermore,
increased exposure to donor units also raises the risk of
alloimmunization to further deter its wider acceptance in the
community [77].

Transfusion of young erythrocytes called neocytes sig-
nificantly reduces transfusion requirements and prolongs
transfusion interval by 15–25%. However, this occurs at the
expense of increased donor exposure and costs [78], and this
technique is not widely used.

Retrospective analysis of 34 pediatric patients with
SCD (HbSS, HbSC, HbSβ◦ thal) for 6 months before and
12 months after splenectomy for splenic sequestration or
hypersplenism showed a significant reduction in transfusion
requirements postsplenectomy [79]. Splenectomy, however,
is associated with long-term risk of infection by encapsulated
organisms and likely benefits few adult patients with SCD
since autosplenectomy commonly leaves them without a
functioning spleen.

8.2. Pharmacological Therapy. Chelation therapy is routinely
employed to prevent and treat iron overload in chronically
transfused SCD patients. Chelators work by targeting the
unbound iron in the blood, including NTBI and LPI that
cause tissue injury [80]. Different parameters have been used
to estimate iron load and determine need for chelation. These
include HIC by liver biopsy, serum markers such as ferritin,
and transfusional iron load (TIL).

8.2.1. Indications to Commence Chelation Therapy. Tradi-
tionally, determining HIC by liver biopsy is considered
the gold standard to predict iron overload and determine
need for chelation therapy. Based on data from hereditary
hemochromatosis and TM showing that elevated HIC over
7 mg/g liver dry weight is a risk factor for hepatic fibrosis,
this value has been used as a guide to start chelation [63, 81].
In a study of 12 pediatric patients with SCD who previously
received an average of 15 transfusions over 21 months, mean
HIC was 9.4 ± 1.2 mg/g dry weight, and 4 of 12 patients had
liver fibrosis, validating that a cut off of 7 mg/g could be used
as a guide for SCD as well [82]. Vichinsky et al. described 43
adult patients with SCD who were previously transfused for
a mean of 6 years, resulting in elevated ferritin levels at 2916
± 233 ng/mL, and increased HIC, at 14.33 ± 1.4 mg/g dry
weight. Only 2% of these SCD patients had viral hepatitis,
but 39% of them had an elevated fibrosis score at liver biopsy
suggesting that adults with SCD have a similar response to
iron overload [43].

As mentioned previously, noninvasive estimates of HIC
are less predictive of the need for liver biopsy and possible
therapy for iron overload. Serum ferritin of >1000 ng/mL,
used as a guide in patients with thalassemia, is not validated
in SCD. While in SCD ferritin levels of over 3000 ng/mL
are associated with HIC >10 mg/g, values between 1500
and 3000 ng/mL are not predictive of an elevated HIC
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Table 2: Indications for chelation therapy in SCD.

Test Adult patients Pediatric patients

Transfusional iron load 20 to 30 units >100 mg/kg

Serum ferritin >3000 ng/mL, 1500–3000 ng/mL: equivocal >3000 ng/mL, 1500–3000 ng/mL: equivocal

HIC >7–9 mg/g dry weight >7–9 mg/g dry weight

[67]. A better parameter for noninvasive estimation is
transfusional iron load (TIL). TIL of >100 mg/kg has been
closely correlated with high liver iron stores and liver fibrosis
in the pediatric population and is an indication to start
chelation therapy [65, 67] (Table 2). There are no systematic
studies in adults with SCD. 30 units of RBCs in a 70 Kg
adult would result in 94 mg/Kg iron load, and so findings
in children with SCD are congruent with recommendations
for secondary iron overload in myelodysplastic syndrome
in adults, where chelation is suggested after transfusion
of 20–30 units of packed RBCs, or a ferritin of
>2500 ng/mL [83] (see National Cancer Comprehensive
Network Clinical Practice Guidelines in Oncology v.2.2010)
(http://www.nccn.org/professionals/physician gls/PDF/mds
.pdf).

8.2.2. Chelating Agents. Deferoxamine (DFO), the first iron
chelator introduced in the 1970s, is derived from the microbe
Streptomyces pilosus. Due to poor oral absorption it is
administered parenterally. In the liver it is converted to active
metabolites that chelate-free iron and eliminate it through
urine and feces. Only 10% of the administered drug is
available for chelation [84]. Although initially given intra-
muscularly, therapy was later optimized as subcutaneous
infusions of 30–50 mg/kg for 8–12 hours every night for 5–7
nights per week [41]. Dose adjustment is performed based
on ferritin to DFO ratio. With good compliance the drug
prevents and reverses cardiac dysfunction and significantly
improves survival [85]. Adverse effects include reversible
sensorineural hearing loss, retinal damage, and growth
retardation [86]. Yearly audiologic and ophthalmologic
evaluations are advised since early effects are reversible. Rare
cases of renal failure and interstitial pneumonitis have also
been reported.

However, continuous parenteral administration makes
DFO less attractive, and compliance is poor [87, 88].
Children and adults with thalassemia have been treated with
subcutaneous DFO injections every twelve hours as a more
acceptable alternative to continuous infusions, though the
amount of drug that can be administered by bolus injections
is limited [89, 90].

Oral alternatives include Deferasirox (DFS) and
Deferiprone (DFP). DFS is an FDA approved oral iron
chelator. In a randomized open label multicenter phase
II study, one year of DFS therapy was compared against
DFO in chronically transfused SCD and both drugs were
found to be equally efficacious. Side effect profile of DFS
was similar to DFO including >10% headache, skin rash,
and gastrointestinal toxicity as well as less common hearing
and visual side effects [91]. Renal toxicity has been described
in DFS, and the target dose for efficacy is approximately

25–30 mg/Kg. Compliance is variable because of taste, and
DFS, like DFO, is expensive.

Deferiprone is an oral iron chelator licensed for use
in Europe. Safety of this drug was demonstrated in a
multicenter prospective study but long-term data regarding
efficacy is lacking. It appears to have the greatest efficacy
in chelating cardiac iron but, because of early controversial
studies in North America, is not licensed for use by the FDA
[92, 93].

The efficacy and safety of combination therapy using
different chelators is also being studied.

9. Conclusion

Iron overload is a feared complication of long-term transfu-
sion in SCD. The indications for transfusion in SCD continue
to broaden and minimizing unnecessary transfusions in
patients with SCD should be strongly emphasized in the
clinical setting to reduce complications of iron overload.
Optimum use of nontransfusion therapy such as Hydrox-
yurea may mitigate some, but not all need for transfusion
therapy. Whether nonmyeloablative bone marrow trans-
plantation replaces long-term transfusion therapy in some
situations remains to be seen. SCD patients may be relatively
protected from end organ damage due to iron toxicity, for
reasons incompletely understood. Hepcidin is likely central
to differences observed between iron toxicity in SCD and in
thalassemia.

In SCD, a condition with a strong inflammatory com-
ponent, ferritin, which is an acute-phase reactant, may
not accurately predict body iron stores. Based on currently
available data (often extrapolated from other diseases),
chelation therapy should be considered when:

(1) adult patients with SCD have received 20–30 units of
RBC transfusions,

(2) pediatric patients with SCD are approaching a TIL ≥
100 mg/Kg, and/or

(3) HIC in any age group exceeds 7–9 mg/g

(a) Excessive HIC is likely when the serum ferritin
is >3000 ng/mL, less clear at 1500–3000 ng/mL.

Oral and parenteral chelators with a range of side
effects and costs are now available that can be tailored
to individual patients; nonetheless, simple and inexpensive
chelation remains an elusive goal.

Challenges remain in the prevention and management
of iron overload in SCD. Increased federal research support
would benefit clinical investigation into practical matters
such as clarification of the indications for transfusion therapy
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in adults with SCD, improved catheter technology to allow
safe exchange transfusions, and optimal chelation therapy.
Important unaddressed pathophysiologic questions include
the etiology of nonhepatic risks of iron overload in adults
(such as pulmonary hypertension, the risk for which has
been correlated with ferritin levels), and a more complete
elucidation of the role that perturbed iron absorption,
transport, and storage play in damage from iron overload in
SCD.
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Diamond-Blackfan anemia (DBA) is a rare, pure red-cell aplasia that presents during infancy. Approximately 40% of cases are
associated with other congenital defects, particularly malformations of the upper limb or craniofacial region. Mutations in the
gene coding for the ribosomal protein RPS19 have been identified in 25% of patients with DBA, with resulting impairment of 18S
rRNA processing and 40S ribosomal subunit formation. Moreover, mutations in other ribosomal protein coding genes account for
about 25% of other DBA cases. Recently, the analysis of mice from which the gene coding for the heme exporter Feline Leukemia
Virus subgroup C Receptor (FLVCR1) is deleted suggested that this gene may be involved in the pathogenesis of DBA. FLVCR1-
null mice show a phenotype resembling that of DBA patients, including erythroid failure and malformations. Interestingly, some
DBA patients have disease linkage to chromosome 1q31, where FLVCR1 is mapped. Moreover, it has been reported that cells
from DBA patients express alternatively spliced isoforms of FLVCR1 which encode non-functional proteins. Herein, we review the
known roles of RPS19 and FLVCR1 in ribosome function and heme metabolism respectively, and discuss how the deficiency of a
ribosomal protein or of a heme exporter may result in the same phenotype.

1. Introduction

Diamond Blackfan anemia (DBA; OMIM #205900) is a
rare, congenital, pure red-cell aplasia that presents during
infancy, usually within the first year of life. Its main clinical
features are normochromic and macrocytic anemia, reticu-
locytopenia, and nearly complete absence of red blood cell
precursors in the bone marrow. The erythroid hypoplasia is
due to impaired proliferation and differentiation of red blood
cell progenitors in the bone marrow. Other hematopoietic
lineages are usually normal. High serum levels of folic
acid, vitamin B12, erythropoietin, elevated fetal hemoglobin,
and erythrocyte adenosine deaminase further support DBA
diagnosis [1].

DBA is a clinically heterogeneous disorder. In addition to
erythroid failure, it is also characterized by congenital mal-
formations and cancer predisposition. Growth retardation
and a wide variety of congenital anomalies have been seen in
more than 50% of DBA cases. Short stature is constitutional
in most patients. Thumbs, upper limbs, and hands and

craniofacial, urogenital, and cardiovascular anomalies are
also common. Although not yet statistically validated, DBA
patients have an increased risk of cancer development.
Both hematopoietic malignancy (acute myeloid leukemia,
myelodysplastic syndrome, Hodgkin and non/Hodgkin lym-
phomas, and acute lymphoblastic leukemia) and non-
hematopoietic tumors (osteogenic sarcoma, breast can-
cer, hepatocellular carcinoma, melanoma, fibrohistiocytoma,
gastric cancer, and colon cancer) have been described in
some DBA patients [2, 3].

DBA is an autosomal dominant disorder with a disease
incidence of 5–10 cases per million live births in Europe.
The molecular genetics of DBA is evident in about half of
the patients. All the DBA mutations identified so far, both
in sporadic and familial cases, have been found in genes
coding for ribosomal proteins, and DBA is now considered
the prototype of “ribosome-based disorders”. The first DBA
gene to be identified is Ribosomal Protein S19 (RPS19),
located on chromosome 19q13.2 and mutated in 25% of
DBA patients. Recently, mutations in several other ribosomal
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proteins, RPS24, RPS17, RPL11, RPL5, RPS7, and RPL35a,
have been identified in approximately 20% of DBA patients
[4]. In the remaining 55% of DBA patients, no mutations
have been reported suggesting the existence of other genes
involved in the pathogenesis of DBA.

Recently, it has been demonstrated that Feline Leukemia
Virus subgroup C Receptor (FLVCR1) deficient embryos
display a phenotype very close to DBA patients, including
bone marrow failure and congenital malformations [5].
FLVCR1 is a heme exporter [6, 7] suggesting that altered
heme homeostasis could play a fundamental role in the
pathogenesis of DBA. Although no mutations in FLVCR1
have been found in DBA patients [8], it will be interesting
to understand how the deficiency in a heme exporter
could recapitulate the human disease and if a link between
FLVCR1 and the ribosome biosynthetic pathway exists. In
this paper, the possible molecular mechanisms underlying
the pathogenesis of DBA are discussed.

2. Diamond-Blackfan Anemia as a Disorder of
Ribosome Biogenesis

2.1. Ribosomal Protein S19. RPS19 is one of 33 ribosomal
proteins that, together with 18S rRNA, constitute the 40S
ribosomal subunit. Immunoelectron microscope studies
showed that it localizes to the external surface of the 40S
subunit, in close proximity to RPS3A, RPS13, RPS16, and
RPS24, a region that interacts with the eukaryotic initiation
factor eIF-2 [9].

RPS19 is a highly conserved, ubiquitously expressed pro-
tein. In red blood cells, RPS19 expression strongly decreases
during terminal erythroid differentiation [10]. RPS19 is
localized predominantly in the nucleus, in particular into the
nucleolus where ribosome synthesis takes place, and in the
cytoplasm as a ribosomal component [11].

Different kinds of mutation in RPS19 have been discov-
ered in DBA patients: nonsense and missense mutations,
deletions, insertions, splice defects, and larger rearrange-
ments. RPS19 mutations could lead to reduction of mRNA
and/or protein levels, loss of nucleolar localization, or
impairment of ribosomal association [12]. All the mutations
identified so far in ribosomal proteins have been found in
heterozygosity. How the haploinsufficiency of a ribosomal
protein may lead to erythroid failure, malformations, and
cancer is still not completely understood and the multiple
molecular mechanisms in which ribosomal proteins are
involved are only just becoming clearer.

2.2. In Vitro and In Vivo Models of RPS19 Deficiency. The
erythroid hypoplasia characterizing DBA is due to a defect
of erythroid progenitor differentiation. CD34+ bone marrow
cells derived from DBA patients and cultured in vitro show
a reduction in proliferation rates and colony formation
capacity associated with increased apoptosis [13, 14].

The fact that RPS19 has a fundamental role during
erythropoiesis was first evident when RPS19 mutations were
identified in DBA patients. This role was further confirmed
by in vitro studies in which the effect of RPS19 silencing

and overexpression was analyzed. In both primary culture
(CD34+ umbilical cord blood and bone marrow cells)
and erythroid-like cell lines (TF-1 and U-7 cells) RPS19
silencing mimics the DBA phenotype: impaired erythroid
differentiation and proliferation of erythroid progenitors,
cell growth arrest at G0/G1, and apoptosis [13, 15]. Similar
results were obtained by overexpressing mutated forms of
RPS19, analogous to those found in DBA patients, in K562
cells and in human CD34+ bone marrow cells [16]. On the
contrary, RPS19 overexpression into CD34+ bone marrow
cells from RPS19-deficient DBA patients increases the ery-
throid colony formation capacity and improves erythroid
progenitors proliferation in vitro [17–19]. Furthermore, the
loss of different ribosomal proteins causes different cell cycle
defects; primary fibroblast from DBA patients with RPS19
mutations is characterized by cell cycle arrest at the G1 phase
while RPS24 mutation impairs the progression through the S
phase [20].

Generation of a mouse model of RPS19 deficiency has
been attempted by Matsson and colleagues but the deletion
of RPS19 in mice is lethal before implantation; no RPS19
deficient embryo may be recovered as early as the blasto-
cyst stage. Moreover, RPS19 heterozygous mice are viable
but indistinguishable from wild-type mice: hematological
parameters, erythroid proliferation, and differentiation are
normal as well as organ development and morphology. No
difference may be found in DBA markers such as erythrocyte
adenosine deaminase and globin isoforms. Contrary to
the occurrence in human patients, heterozygous mice fully
compensate the loss of one RPS19 allele with normal protein
levels [21, 22].

On the other hand, zebrafish appears to be a good
animal model to study the consequences of RPS19 defi-
ciency. Knocking-down RPS19 in zebrafish, using antisense
morpholinos, perfectly recapitulates the DBA phenotype.
Both the primitive and definitive waves of erythropoiesis
are impaired: an increased number of red cell progenitors
remains in the intermediate cell mass and primitive cells
are not replaced by adult ones. Also erythroid markers of
differentiation, such as gata-1 and c-myb, are expressed at
lower levels compared to controls. Myeloid and lymphoid
lineages appear normal. Morphants also show delayed devel-
opment and morphological defects that are evident during
somatogenesis: reduced forebrain and eye field, smaller head
and eyes with head cartilage not formed properly [23–
25]. Similar phenotypes are observed when the expression
of other ribosomal proteins is lost. The knock-down of
RPL35, RPL35a, and RPLP2 in zebrafish leads to erythroid
failure and malformations [24], while the loss of RPL11 only
leads to alteration of embryonic development [26]. These
data highlight an important role for ribosomal proteins
not only during erythropoiesis but also for proper organ
development.

The fundamental role of ribosome integrity for ery-
thropoiesis and development is further confirmed by the
observation that a heterogeneous group of disorders, referred
to as “inherited bone marrow failure syndromes”, is also
characterized by bone marrow failure, congenital malfor-
mations, and cancer predisposition. In addition to DBA,
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this group of disorders include dyskeratosis congenita (DC),
cartilage-hair hypoplasia (CHH), and Shwachman-Diamond
syndrome (SDS). In each case, a defect in proteins that
are involved in ribosome synthesis has been identified. DC
is due to mutations in dyskerin gene (DKC1), a puta-
tive pseudouridyl synthase involved in rRNA modification.
Mutations in RMPR, which encode the RNA component
of ribonuclease mitochondrial RNA processing complex
(RNase MRP), involved in the cleavage of rRNA precursors
and other functions, have been identified in CHH. SDS is due
to mutations in SBDS, which encode for a protein involved in
ribosome synthesis [1].

2.3. Role of RPS19 in Ribosome Biogenesis. The mammalian
ribosome is composed of a large 60S and a small 40S
subunit consisting of 4 rRNAs and 80 ribosomal proteins.
Ribosome biogenesis is a very complex process. First, a
polycistronic pre-rRNA transcript is processed into the 18S
rRNA (component of the 40S subunit) and the 5.8S and
25S/28S rRNAs (component of the 60S subunit). Then,
rRNAs associate with the ribosomal proteins and the 5S
rRNA, which is independently transcribed, and form an early
90S particle that is subsequently processed into 66S and
43S preribosomes. Following assembly in the nucleolus, the
preribosomes are exported into the cytoplasm through the
nuclear pore complex as independent entities and additional
maturation steps are necessary to achieve translational
competence. RPS19 is one of the ribosomal proteins that,
together with 18S rRNA, constitute the small 40S subunit
[27].

Recent studies demonstrated that RPS19 not only has a
structural role, as initially thought, but also has additional
functions. The analysis of the RPS19 interactome, by a high
throughput proteomic approach, suggests that RPS19 may
play an important role in rRNA processing, metabolism,
and translation. One hundred and fifty-nine new proteins
interacting with RPS19 have been identified: NT-Pases,
hydrolases/helicases, isomerases, kinases, splicing factors,
structural constituents of ribosomes, transcription factors,
transferases, transporters, and DNA/RNA-binding protein. It
has been demonstrated that RPS19 not only interacts with
other components of the 40S ribosome but also with the
preribosome 90S. Moreover, RPS19 interacts with proteins
important for the transport of the small subunit from the
nucleus to the cytoplasm and also with proteins involved in
the pseudouridylation of rRNA, a process involved in early
stages of ribosome biogenesis [28].

Interference with RPS19 expression in vitro leads to a
reduced maturation of the 40S ribosome subunit, increased
expression of the 60S subunit, reduced 18S rRNA synthesis,
and accumulation of a novel 21S pre-rRNA [1, 29]. The
same results were obtained analyzing bone marrow CD34+
cells and fibroblasts from DBA patients [13, 30]. These data
suggest that RPS19 might be required for a specific step in
18S rRNA processing from the 21S precursor, highlighting
that RPS19 actively participates in ribosome biogenesis.

Recent works showed that RPS19 haploinsufficiency
leads to the posttranscriptional downregulation of other
small subunit ribosomal proteins such as RPS20, RPS21 and

RPS24 compared to large subunit ribosomal proteins. This
has been demonstrated in TF1 cells interfered for RPS19
and in lymphoblastoid and fibroblast cell lines derived from
RPS19 deficient DBA patients [20, 31] suggesting the impor-
tance of the correct subunits amount and stoichiometry for
ribosome assembly.

2.4. Role of p53 Activation in the Pathogenesis of DBA.
Recent data suggest an important role of p53 family in
the pathogenesis of DBA. The knock-down of RPS19 in
zebrafish leads to erythroid and developmental defects which
are associated with over-expression of p53 and ΔNp63 [23].
The p53 family plays a crucial role in cell proliferation
and differentiation during development and p53 activation
promotes cell growth arrest and apoptosis, while ΔNp63
over-expression supports proliferation. It has been hypoth-
esized that an imbalance between p53 and ΔNp63 may affect
the ability of red cell precursors to differentiate. Moreover,
ΔNp63 has a crucial role in specification of nonneural
ectoderm during gastrulation, thus likely contributing to the
craniofacial defects seen in morphants. The phenotype of
RPS19 deficient embryos is alleviated when the expression
of p53 and ΔNp63 is down-regulated [23].

Similar results have been observed when the expression
of RPL11 is knocked-down in zebrafish. Also the loss of
RPL11 leads to developmental defects associated with the
activation of p53 pathway [26].

Interestingly, the activation of p53 has been observed also
when the expression of other ribosomal proteins not directly
involved in the pathogenesis of DBA, like RPS8, RPS11,
RPS18, and RPS6, is lost [23, 32], or when the expression of
other factors involved in ribosome biogenesis like Bop1 [33],
bap28 [34], or TCOF is impaired [35]. These data suggest
that impairment of ribosome biogenesis in general leads to
the activation of p53 pathway.

Disruption of the nucleolus, the region where ribosome
biogenesis takes place, also leads to p53 activation [36].
Therefore it has been hypothesized that ribosome biogenesis
impairment due to mutations in RPS19 could lead to nucleo-
lar stress, p53 activation, erythroid failure, and malformation
typical of DBA.

2.5. Role of RPS19 during Erythropoiesis. How the hap-
loinsufficiency of a ribosomal protein could lead to ery-
throid impairment is still an open question. It has been
hypothesized that immature erythroid progenitors could
be particularly sensitive to ribosomal proteins deficiency
with respect to other cell types because of their increased
proliferation rates. High rates of RNA synthesis which
exceeded the cell proliferation rates have been shown in
primary erythroid culture [37]. So these cells could be more
sensitive to ribosome biogenesis impairment due to RPS19
loss than other cell types. This also correlates with the high
expression of RPS19 in the early phases of erythropoiesis
[10, 38].

Furthermore, Sieff and coworker showed for the first
time that loss of RPS19 specifically affects erythropoiesis
as the knock-down of RPS19 in primary murine fetal
liver erythroid cells results in the downregulation of key
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erythroid signaling proteins [37]. Loss of RPS19 decreases
the expression of MYB, a transcription factor critically
important for erythropoiesis, and of its transcriptional target
KIT. The downregulation of MYB has also been shown using
global gene expression analysis on bone marrow progenitors
from DBA patients [37].

So impairment of ribosome biogenesis during the early
stages of erythropoiesis leads to the deficiency of critically
important erythroid transcription factors.

3. Diamond Blackfan Anemia as a Putative
Disorder of Heme Metabolism

3.1. Feline Leukemia Virus Subgroup C Receptor. Feline
Leukemia Virus subgroup C Receptor (FLVCR1) is a heme
exporter belonging to the major facilitator superfamily
(MFS) of transporters [39]. Overexpression of FLVCR1 in
the rat renal epithelial cell line NRK causes a slight decrease
in intracellular heme concentration while the impairment of
FLVCR1 expression in feline embryonic fibroblasts leads to
increased intracellular heme levels. NRK cells overexpressing
FLVCR1 show an increase in heme export measured using
both the fluorescent heme analog zinc mesoporphyrin and
Fe59-hemin [7].

FLVCR1 is ubiquitously expressed [5]. High levels of
FLVCR1 expression have been detected in Caco-2 and HepG2
cell lines, cancer cell lines, peripheral blood CD34+ stem
cell progenitors, and hematopoietic cell lines with erythroid
features [7].

3.2. Role of FLVCR1 during Erythropoiesis. FLVCR1 has been
initially identified as the receptor for Feline Leukemia Virus
subgroup C (FeLV C) causing a severe erythroid aplasia in
cats similar to the anemia seen in DBA patients, suggesting
that FLVCR1 plays a fundamental role during erythropoiesis
[40].

FLVCR1 expression is high in early erythroid precursors
and decreases during erythroid differentiation, similar to
RPS19 expression. Cell lines with undifferentiated erythroid
features like K562 or HEL-DR express high levels of FLVCR1
while it is expressed at low levels in HEL-D, a more mature
cell line with spontaneous hemoglobinization. In the same
way, FLVCR1 is expressed at high levels in CFU-E from
mobilized peripheral blood CD34+ stem progenitor cells and
its expression decreases during erythroid differentiation in
vitro. Impairment of FLVCR1 function, both in K562 cells
and in lineage-depleted human umbilical cord blood cells,
results in a decreased erythroid differentiation and increased
apoptosis [7]. In vivo, the loss of FLVCR1 in mice results
in embryonic lethality due to the impairment of definitive
erythropoiesis. Also when FLVCR1 expression is deleted
postnatally, mice develop severe anemia [5].

3.3. Erythropoiesis and Heme Homeostasis. Heme is a com-
plex of iron and protophorpyrin IX fundamental for cell biol-
ogy. Heme is the prosthetic group of many essential proteins
including hemoglobin, myoglobin, and cytochromes. How-
ever, high concentrations of intracellular free heme are toxic,

causing cell oxidative damage through lipid peroxidation. So
the balance between heme biosynthesis, heme utilization for
hemoprotein production, and heme catabolism is controlled
at multiple levels [41].

Moreover, heme is not only a structural component of
hemoproteins but it is also involved in many intracellular
pathways. Intracellular heme regulates both the transcription
and translation of globin chains through interaction with
the transcriptional repressor Bach1 and the heme-regulated
eIF2α kinase (HRI), respectively (Figure 1(a)).

Heme positively regulates the transcription of globin
mRNAs through binding to the transcriptional repressor
Btb and Cnc Homology 1 (Bach1). Under basal condition,
Bach1 heterodimerizes with small Maf transcription factors
and binds to MARE (Maf recognition elements) sequences
inhibiting the transcription of target mRNAs. Heme bind-
ing to Bach1 decreases its affinity to small Maf proteins
and promotes Bach1 nuclear export; small Maf proteins
heterodimerize with Nuclear Factor Erythroid 2-like (Nrf2)
proteins activating the transcription of target genes [42].
So, when intracellular heme concentration increases, the
transcription of globin mRNAs increases.

HRI is a kinase able to phosphorylate the translation
initiation factor eIF2α in a heme-dependent manner. Phos-
phorylation of eIF2 leads to inhibition of protein synthesis.
During erythropoiesis when intracellular heme increases,
heme binding to HRI keeps HRI in an inactive state, thus
allowing protein synthesis. During this stage of erythroid
differentiation, the main proteins to be synthesized are α-
and β-globin chains and so hemoglobin is formed [43]. The
regulation of HRI activity by intracellular heme allows for
coordination of the synthesis of globin chains with heme
concentration. Imbalance between heme and globin chains
is deleterious to red blood cells and their progenitors as
intracellular free heme promotes oxidative cell damage and
apoptosis. It has been hypothesized that FLVCR1 could
represent an additional control step in this process [7].
Because FLVCR1 expression is high during the earlier stages
of erythropoiesis, it has been suggested that FLVCR1 exports
excess heme out of erythroid progenitors when globin
synthesis is not yet initiated. Then, as erythroid differen-
tiation proceeds, globin chains synthesis initiates, FLVCR1
expression decreases, and intracellular heme concentration
increases allowing hemoglobin formation (Figure 1(b)).
According to this model, the loss of FLVCR1 expression
leads to increased intracellular free heme, cytotoxicity, and
impaired differentiation (Figure 1(c)).

3.4. Role of FLVCR1 during Development. In addition to
the erythroid defect, FLVCR1-null embryos display defective
growth and developmental anomalies resembling those
found in DBA [5]: abnormal limb, hand, and digit matura-
tion, flattened faces, and hypertelorism. These data suggest
that FLVCR1 expression is also fundamental for proper organ
development.

It has been observed that hemoglobin, heme, and
bilirubin have an inhibitory effect on cartilage metabolism
and growth in vitro although the molecular mechanism is
not clear [44–46]. FLVCR1 is expressed at high levels during
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development in the yolk sac and placenta [5]. It is possible
that beyond a role in erythropoiesis, FLVCR1 could be also
involved in maternal-fetus heme exchange. If so, we can
hypothesize that the lack of FLVCR1 during development
may determine a heme overload condition in the embryo
and, consequently, an inhibition of cartilage development,
resulting in malformations.

3.5. Links between FLVCR1 and DBA. It is now clear that
DBA is a clinically heterogeneous disorder and no clear
genotype-phenotype correlation has been found. Congenital
malformation is constitutional in most patients, but the type
and degree of severity of these anomalies is also different
among DBA patients affected by the same mutation. In the
same way there is no correlation between genotype and
cancer predisposition or response to therapies. Mutations
in ribosomal proteins account for about half of DBA cases,
but the molecular genetics of the remaining cases is still
unknown, suggesting the existence of other DBA genes
or unidentified modifiers that modulate the phenotype of
DBA.

Interestingly, FLVCR1-null mice display a phenotype
very close to DBA. Impairment of erythropoiesis occurs at
the same stage as that seen in DBA patients, and also the
kind of malformations seen in FLVCR1-null mice are very
similar to the congenital abnormalities described in DBA
patients.

Human FLVCR1 has been mapped by radiation hybrid
mapping to chromosome 1q31.3. Apart from the transcrip-
tion factor ATF3, no other genes have been mapped to this
chromosome region. It is intriguing that rearrangement of
the distal region on chromosome 1q has been described in a
patient with DBA. Mutations in FLVCR1 have been searched
in a small group of multiplex DBA families with disease
linkage to 1q31 but no mutations have been identified [8].

Alternatively spliced isoforms of FLVCR1 have been
identified in immature bone marrow erythroid cells of some
DBA patients negative for RPS19 gene mutations. Four
different FLVCR1 isoforms result from the deletion of exon
2 or exon 3 alone or in combination with exon 6 [47].

Splicing of FLVCR1 exon 3 or exon 6 causes in-
frame mutations that encode potential proteins with major
deletions. Splicing of exon 2 causes a frame-shift mutation
resulting in a premature stop codon and potentially encodes
a truncated isoform of the protein.

In vitro, overexpression of deleted exon 3 or exon
6 FLVCR1 isoforms leads to phenotypes that are weakly
susceptible to FeLV-C infection, indicating that FLVCR1
function is impaired. These isoforms are expressed at
lower levels than normal FLVCR1 and are mislocalized:
while canonical FLVCR1 is expressed at the cell membrane,
alternative spliced FLVCR1 isoforms localize intracellularly.
Moreover, immature erythroid cells from DBA patients show
a decreased expression of FLVCR1 mRNA and an enhance-
ment of alternative spliced transcripts. It is interesting that
RPS19 interference in K562 cells results in an increase
of FLVCR1 alternative splicing, establishing the first link
between RPS19 and FLVCR1 in the pathogenesis of DBA
[47].

4. Conclusions

DBA is a clinically heterogeneous disorder characterized by
hypoplastic anemia associated with congenital malforma-
tions, and cancer predisposition. The molecular mechanisms
underlying the pathogenesis of DBA are still not completely
understood. Mutations in RPS19 cause an impairment of
ribosome biogenesis and protein synthesis but how this leads
to erythroid failure, congenital malformations and cancer
is unknown. It has been hypothesized that impairment of
ribosome biogenesis leads to nucleolar disorganization and
activation of the p53 family.

It is intriguing to note the similarity between the
phenotype of FLVCR1-null embryos and DBA. It has been
hypothesized that the loss of both FLVCR1 and RPS19
could converge on the same pathway. Loss of FLVCR1
causes increased intracellular heme levels during a stage of
erythroid differentiation in which globin chains synthesis
is not yet initiated. The haploinsufficiency of RPS19 leads
to impaired ribosome biogenesis and therefore protein
synthesis. As globin chains are the major proteins synthesized
during erythroid differentiation, there is an increase in
intracellular free heme. In both cases, high intracellular
heme concentration would result in the block of erythroid
differentiation and apoptosis (Figure 1(c)). This hypothesis
clearly explains the erythroid phenotype but not how RPS19
or FLVCR1 deficiency leads to congenital malformations. As
mentioned earlier, heme is a potent inhibitor of cartilage
growth and metabolism. Thus, even in this case it is possible
to speculate that heme overload resulting from FLVCR1 gene
function impairment and reduced protein synthesis due to
ribosomal protein genes mutations may generate the same
phenotype, that is, skeletal malformation. Interestingly, it has
been reported that perichondrial zone expresses high levels
of genes involved in protein synthesis including RPL35a and
RPS6, as well as the hemoglobin beta2 gene.

Finally, the work of Rey and colleagues suggested a direct
relationship between RPS19 and FLVCR1 [47]. Interference
with RPS19 results in a decreased expression of FLVCR1
and in an increased level of alternative spliced isoforms of
FLVCR1, with compromised function. It could be speculated
that RPS19 is able to directly or indirectly regulate the
expression of FLVCR1 but the molecular details of this
relationship are yet to be understood. Moreover, nothing is
known about the proteins interacting with FLVCR1 and so
we cannot exclude the fact that RPS19 and FLVCR1 may
share common downstream interactors.

The availability of cellular and animal models for
studying ribosomal proteins and FLVCR1 gene function
constitutes the basis for future work aimed at elucidating the
molecular pathogenetic mechanism of DBA.
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Anemia of inflammation (AI), also known as anemia of chronic inflammation or anemia of chronic disease was described over
50 years ago as anemia in association with clinically overt inflammatory disease, and the findings of low plasma iron, decreased
bone marrow sideroblasts and increased reticuloendothelial iron. Pathogenic features underlying AI include a mild shortening
of red cell survival, impaired erythropoietin production, blunted responsiveness of the marrow to erythropoietin, and impaired
iron metabolism mediated by inflammatory cytokines and the iron regulatory peptide, hepcidin. Despite marked recent advances
in understanding AI, gaps remain, including understanding of the pathogenesis of AI associated with “noninflammatory” or
mildly inflammatory diseases, the challenge of excluding iron deficiency anemia in the context of concomitant inflammation, and
understanding more precisely the contributory role of hepcidin in the development of AI in human inflammatory diseases.

1. Introduction

Anemia of inflammation (AI), also known as anemia
of chronic inflammation or anemia of chronic disease,
was described over 50 years ago as a normo to micro-
cytic anemia, typically of mild severity, characterized bio-
chemically by a low plasma iron, decreased total iron-
binding capacity, decreased transferrin saturation, and,
on bone marrow examination, decreased sideroblasts and
increased reticuloendothelial iron [1]. Despite the hetero-
geneity of underlying infectious, malignant and inflam-
matory diseases described in conjunction with this type
of anemia, there was a remarkable degree of similar-
ity in terms of the severity of the anemia, correlating
directly with the degree of inflammation present, and its
stability over time, features which remain characteristic
of AI today [1]. Despite advances in understanding the
underlying mechanisms leading to AI, several key clinical
issues remain, including understanding of mechanisms
of AI in “noninflammatory” diseases, optimal methods
for distinguishing AI from iron deficiency anemia, and
understanding the contributory role of various pathologic
mechanisms in individual human diseases that lead to
AI.

2. Pathophysiology of AI

Pathogenic features underlying AI include a mild shortening
of red cell survival, impaired erythropoietin production,
blunted responsiveness of the marrow to erythropoietin,
and impaired iron metabolism [2]. Inflammatory cytokines,
including interleukin-1 (IL-1), tumor necrosis factor-α
(TNF-α), and interferon-γ (IFN-γ), affect the differentiation
and proliferation of erythroid progenitor colony formation
in vitro [2–4]; the proapoptotic effects of which have been
reversed by treatment with the TNF-inhibitor infliximab
in patients with rheumatoid arthritis [5, 6]. Cytokines
and acute-phase reactants may also cause sequestration of
iron in reticulo-endothelial cells (reviewed in [4]); how-
ever, hepcidin, a key regulator of iron homeostasis, has
recently emerged as a central player in the disordered iron
metabolism seen in AI. The hepcidin gene is located on
chromosome 19 and encodes an 84 aa prepropeptide which
undergoes cleavage to produce first the circulating 60 aa
prohepcidin, followed by cleavage to produce the 25 aa form
of hepcidin [7]. This 25 aa peptide acts via binding to the
only known mammalian cellular iron exporter, ferroportin,
leading to its internalization and degradation, with conse-
quent loss of iron export from the duodenal enterocytes
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and reticulo-endothelial cells [8]. Hepcidin synthesis is
suppressed by erythropoiesis [9] and iron deficiency and
upregulated by iron overload and inflammation. Infusion
of IL-6 [10] or lipopolysaccharide (LPS) [11] into healthy
volunteers leads to a rapid increase in urinary hepcidin, with
concomitant decrease in serum iron levels. IL-6 upregulates
synthesis of hepcidin via signal transducer and activator
of transcription-3 (STAT-3) signaling [12]. Hepcidin levels
have been found to be elevated in patients with severe
inflammation when compared to healthy controls [13]. A
hepcidin transgenic mouse model replicates many of the
pathogenic features of AI, including a mild, hypochromic
anemia, sequestration of iron in the spleen, and impaired
marrow response to erythropoietin [14]. Thus, in vitro and
in animal and human models, hepcidin has been shown to
effect most if not all of the iron-related changes which are
pathognomic features of AI.

3. AI in “Noninflammatory” States

Diagnostic features of AI in the appropriate clinical context
include characteristic iron indices associated with reduced
bone marrow sideroblasts and increased reticuloendothelial
iron [1]. In current practice, the diagnostic criteria of AI
are frequently modified to require only the presence of
anemia, the absence of overt other etiologies, and associated
peripheral blood findings of disordered iron metabolism,
such as a low serum iron with normal or elevated serum
ferritin [15]. This has led to widening of the spectrum of
clinical states associated with AI, including aging, diseases
associated with aging such as heart failure, and hospitaliza-
tion [16]. It is important to note, however, that there are
currently no uniform peripheral blood laboratory criteria for
the diagnosis of AI.

3.1. Anemia of the Elderly. Abnormal iron indices suggestive
of AI are relatively common findings in elderly patients. In
the U.S. National NHANES III study, 20% of elderly adults
with anemia were characterized as having AI as the sole cause
of their anemia, defined as a serum iron <60 mcg/dL and
no evidence of iron deficiency. Iron deficiency was in turn
defined as having at least two of the following: transferrin
saturation less than 15%, serum ferritin less than 12 ng/mL,
or erythrocyte protoporphyrin concentration greater than
1.24 uM [17]. Aging is also associated with increased inflam-
mation and a mild rise in inflammatory markers, including
IL-6 [18, 19], and elderly patients with anemia have been
found to have higher levels of inflammatory markers than
elderly patients without anemia [20]. However, the degree of
inflammation present is mild; in one study the differences in
median levels of IL-6 and C-reactive protein (CRP) between
anemic and nonanemic elderly patients were relatively small
(2.5 versus 1.4 pg/mL and 4.9 versus 2.7 mg/L, resp.) [21].

Can AI-type pathophysiology exist in the absence of
associated clinically evident inflammatory disease? This
question has been studied in elderly patients. In an early
report, 5 elderly patients without underlying inflammatory
disease presented with a microcytic, hypochromic anemia,

low serum iron levels, and increased bone marrow iron [22].
In ferrokinetic studies, these patients were found to have low
iron absorption, normal iron utilization (incorporation of
infused iron into red cells), and decreased reutilization of
iron (incorporation of iron from infused hemoglobin into
red cells). These findings of low serum iron, low iron binding
capacity, high serum ferritin, and increased bone marrow
iron in elderly patients in the absence of malignant or
inflammatory diseases were termed “primary defective iron-
reutilization syndrome” [23]. Interestingly, treatment with
testosterone enanthate led to improvements in hemoglobin,
red cell mass, and iron reutilization. In a follow-up study, two
similar patients were described [23]. Treatment with danazol
in both patients resulted in an increases in hemoglobin,
serum iron, percent transferrin saturation, and decreased
ferritin, suggesting that treatment led to release of previ-
ously sequestered reticulo-endothelial iron. These results are
intriguing and suggest both that disordered iron metabolism
can develop in the absence of overt inflammatory disease,
and also that androgen therapy, at least in this small
patient sample, corrected the underlying defect. Androgens
have been shown to increase erythropoietin levels [24] and
hematopoietic stem cell cycling [25]; however it seems more
likely that an unrelated mechanism led to improvement in
the anemia and iron homeostasis in these cases. It would also
be interesting to assess whether milder biochemical evidence
of disordered iron metabolism, that is, a mild normocytic
normochromic anemia with less dramatically abnormal iron
indices, had similar ferrokinetic findings. It is possible that
the use of more sensitive markers of inflammation such as
the high sensitivity CRP would isolate a subset of patients
without overt inflammatory disease who nonetheless had
findings consistent with AI.

3.2. Anemia of Heart Failure. AI as defined by iron indices
is also common in patients with congestive heart failure.
In one study, 85 of 148 (57%) anemic outpatients with
congestive heart failure had AI [26]. Those with AI had
higher levels of inflammatory markers, including IL-6 and
TNF-α, compared to levels found in previously reported
healthy subjects, supporting the diagnostic criteria. However,
in another study in anemic hospitalized patients with more
advanced heart failure, 27 of 37 (73%) had iron deficiency
as diagnosed by the gold standard of absent iron on bone
marrow aspirate, despite the group having a mean ferritin
of 75 ± 59.1 ng/mL [27]. Thus, using a serum ferritin cutoff
level of >50 ng/mL may be too restrictive in excluding iron
deficiency anemia in patients with heart failure. The findings
from this study highlight the dilemma of distinguishing
iron deficiency anemia from AI, which remains a frequent
clinical challenge despite the availability of tests such as the
soluble transferrin receptor (sTfR), a marker of increased
erythropoiesis and iron deficiency [28].

3.3. Identifying Iron Deficiency in Patients with AI. Recent
work suggests that measuring hepcidin levels may have
future utility in distinguishing the two disorders. In a rat
model of chronic inflammation and iron deficiency anemia,
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hepatic hepcidin mRNA was suppressed in controls with
iron deficiency alone, elevated in rats with inflammation
alone, and suppressed in rats with combined inflammation
and iron deficiency [29]. Serum hepcidin levels followed
a similar but less distinct pattern. Rats with inflammation
had significantly less uptake of orally administered iron
compared with both control rats and rats with combined
inflammation and iron deficiency. In the same study, human
patients were designated as having anemia of inflammation
in combination with iron deficiency if they had anemia, an
associated inflammatory disease, and a transferrin satura-
tion <16%, serum ferritin of <100 mcg/mL and sTfR/log
ferritin >2. Serum hepcidin levels were significantly higher
in patients with inflammation alone than in those with
either iron deficiency alone or combined iron deficiency
and inflammation. Consistent with these results, in human
duodenal biopsy samples, mRNA expression of ferroportin
was increased in those with combined inflammation and iron
deficiency compared to those with inflammation alone. In
another study utilizing a mouse model of sepsis and pro-
longed organ dysfunction, inflammation-induced increase
in hepatic hepcidin mRNA was suppressed by phlebotomy,
and, to a lesser extent, by erythropoietin administration [30].
These results suggest that severe iron deficiency exerts a
dominant effect over inflammation with regard to regulation
of hepcidin in vivo, and furthermore, that hepcidin levels,
if validated for clinical use, may be of utility in confirming
or excluding iron deficiency in the presence of concomitant
inflammation.

3.4. Anemia of Chronic Kidney Disease (CKD). Anemia
of CKD is another “noninflammatory” disease in which
inflammation may actually play a prominent role in the
development of anemia. The pathogenesis of anemia in CKD
is multifactorial and predominately driven by impaired ery-
thropoietin production; however inflammation negatively
impacts erythropoiesis and is associated with resistance to
erythropoietic therapy [31, 32]. Several recent studies have
measured hepcidin levels in patients with CKD in an effort to
clarify the contributory role of hepcidin and disordered iron
metabolism in anemia in this disease. Ashby et al. measured
plasma hepcidin (by immunoassay) in healthy controls and
patients with chronic kidney disease both off (44 patients)
and on (94 patients) hemodialysis [33]. Although hepcidin
levels did not correlate strongly with ferritin levels in
patients on hemodialysis (felt by the authors to be related
to intravenous iron supplementation in this group), in those
not on hemodialysis, hepcidin levels did correlate strongly
with ferritin levels, consistent with upregulation of hepcidin
in relation to increased iron. In addition, hepcidin levels
were negatively correlated with erythropoietin dose, and fell
slightly in patients who were initiated on erythropoietin
therapy. There was no correlation between hepcidin levels
and markers of inflammation (CRP or IL-6) in either
group. Interestingly, there was a negative correlation between
hepcidin and worsening renal function. Plasma growth
differentiation factor-15 (GDF15) levels, which are elevated
in thalassemia major and inhibit hepdcidin synthesis [34],

did not appear to negatively regulate hepcidin in this setting,
consistent with results in normal volunteers treated with
low-dose recombinant human erythropoietin [35]. Weiss
et al. measured serum hepcidin as well as iron indices in
20 patients on hemodialysis and found that hepcidin levels
correlated positively with serum iron, ferritin, transferrin
saturation, and negatively with reticulocyte count, but not
with markers of inflammation, including serum IL-6, trans-
forming growth factor-β (TGF-β), or CRP [36]. However,
the patients had relatively low levels of inflammation, with
mean CRP levels of only 0.7 mg/dL. Similarly, Tomosugi et al.
measured hepcidin levels using a semiquantitative surface-
enhanced laser desorption ionization time of flight mass
spectrometry (SELDI-TOF MS) assay and found that while
serum hepcidin-25 levels correlated well with IL-6 levels
in patients with acute infection, there was no correlation
between hepcidin and IL-6 in patients receiving dialysis
without additional associated inflammatory disease [37].
Zaritsky et al. found in adults with chronic kidney disease
stages 2 to 4, ferritin, soluble transferrin receptor levels and
glomerular filtration rate (GFR) were directly correlated with
serum hepcidin levels. When pediatric patients with CKD
stages 2–5 were included in a multivariate analysis, high
resolution CRP also correlated with serum hepcidin levels
[38]. Thus, these studies, taken together, suggest that in
patients with CKD without additional inflammatory disease,
hepcidin is regulated predominately by iron status, and to a
lesser extent by erythropoiesis, and even less by inflammation
and thus may not play a prominent contributory role in the
anemia associated with CKD.

4. Hepcidin Levels in
Inflammatory Bowel Disease

Measurements of hepcidin levels in inflammatory bowel dis-
ease (IBD) have also yielded interesting results. In one study,
six pediatric patients with active Crohn’s disease (defined
as an IL-6 level >5 pg/mL) had poor absorption of a single
dose of oral iron and high urinary hepcidin levels (mean
295.3 ng/mg creatinine) compared to ten patients with
relatively inactive Crohn’s disease (with IL-6 levels ≤5 pg/mL
and mean urinary hepcidin levels 31.22 ng/mg creatinine).
Thus, patients with active disease had a markedly higher
hepcidin levels than those with quiescent disease, consistent
with the hepcidin model of AI. Interestingly, hemoglobin
levels were similar in both groups (mean 11.7 and 11.6 g/dL
in active and inactive disease, resp.). Although this was
possibly due to the small number of patients studied, the
absence of a difference in hemoglobin level despite markedly
different hepcidin levels also raises the possibility that ele-
vated hepcidin does not drive the anemia in this disease, even
when active. Surprisingly, in another study in 61 patients
with inflammatory bowel disease (mean age 44 years), serum
hepcidin levels, as measured by radioimmunoassay, were
significantly lower in those with IBD compared to healthy
controls. In this study, iron deficiency anemia was defined
as the presence of a low serum iron (<10.6 umol/L) and low
serum ferritin (<15 ug/L). AI was defined as anemia with low
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serum iron and normal ferritin level. Although the directly
contrasting results between these two studies may potentially
be explained by differences in urine versus serum hepcidin
assays, an alternative explanation is that patients with IBD
with a serum ferritin above 15 may still be iron deficient
and have suppressed hepcidin synthesis. Regardless, these
contrasting results highlight the need for further studies to
more accurately delineate the contributory role of hepcidin
in the development of AI in IBD.

In summary, despite marked recent advances in under-
standing AI, gaps remain, including understanding the
pathogenesis of AI associated with “noninflammatory” or
mildly inflammatory diseases, the challenge of excluding iron
deficiency anemia in the context of concomitant inflam-
mation, and understanding more precisely the contributory
role of hepcidin in the development of AI in human
inflammatory diseases.
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