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Abstract
Beta-thalassemia and sickle cell anemia (SCD) represent the most common hemoglobinopathies
caused, respectively, by deficient production or alteration of the beta chain of hemoglobin (Hb).
Patients affected by the most severe form of thalassemia suffer from profound anemia that
requires chronic blood transfusions and chelation therapies to prevent iron overload. However,
patients affected by beta-thalassemia intermedia, a milder form of the disease that does not require
chronic blood transfusions, eventually also show elevated body iron content due to increased
gastrointestinal iron absorption. Even SCD patients might require blood transfusions and iron
chelation to prevent deleterious and painful vaso-occlusive crises and complications due to iron
overload. Although definitive cures are presently available, such as bone marrow transplantation
(BMT), or are in development, such as correction of the disease through hematopoietic stem cell
beta-globin gene transfer, they are potentially hazardous procedures or too experimental to provide
consistently safe and predictive clinical outcomes. Therefore, studies that aim to better understand
the pathophysiology of the hemoglobinopathies might provide further insight and new drugs to
dramatically improve the understanding and current treatment of these diseases. This review will
describe how recent discoveries on iron metabolism and erythropoiesis could lead to new
therapeutic strategies and better clinical care of these diseases, thereby yielding a much better
quality of life for the patients.
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GLOBIN GENES AND HEMOGLOBINOPATHIES
The human alpha and beta-globin genes and loci have been studied extensively for their
important roles in human biology and pathophysiology [1]. The globin genes were among
the small group of human genes first cloned [2–4] and the structure of the corresponding
proteins was described at the early stages of human functional biology studies [5]. The alpha
and beta-globin genes and the loci in which they are embedded were, and still are, utilized
for understanding tissue and developmental stage-specific expression of gene families [6, 7].
Mutations that affect the corresponding genes lead, altogether, to the most frequent inherited
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group of human diseases: hemoglobinopathies [6]. Hemoglobinopathies are a heterogeneous
group of diseases in which genetic defects result in an abnormal structure of one of the
globin chains of the hemoglobin molecule or in the production of an abnormally low
quantity of a given hemoglobin chain or chains.

In order to better understand the relationship between genes, mutations, phenotypes, and the
mouse models utilized to study the hemoglobinopathies, a brief description of the human
and mouse globin genomic loci and the corresponding ontogenic gene profile expression is
required. The human alpha-globin locus is located near the telomere of the short arm of
chromosome 16 and spans 70 kb, encompassing both the three expressed and translated
globin genes and the cis-acting elements that direct their stage–specific expression during
ontogeny [6, 8]. The genes are in the same transcriptional orientation and are arranged
according to the order in which they are expressed during development, with the embryonic
zeta gene located upstream from the fetal/adult alpha1- and alpha2-globin genes. In addition
to regulation by promoters and enhancer elements, expression of the alpha-like globin genes
is also dependent on a regulatory sequence called HS-40, which is located 40 kb upstream
from the zeta-globin gene (Fig. (1A)). The human beta-globin locus is characterized by five
expressed and translated genes, spans 80 kb, and is located on chromosome 11. The
organization of the beta-globin locus reflects the common evolutionary origin of the a_ lpha-
and beta-like globin genes. The embryonic epsilon-globin gene is located at the 5′ end,
followed by the fetal-gammaG- and gammaA-globin genes and the adult delta- and beta-
globin genes that define the 3′ end of the locus. Expression of the beta-like globin genes is
also dependent on a regulatory sequence called locus control region, or LCR, which is
located 8 to 22 kbs upstream of the epsilon-globin gene. The mouse alpha- and beta-globin
loci are located, respectively, on chromosome 11 and 7. Their structure is similar to the
human globin loci (Fig. (1A)). The alpha-globin locus is characterized by three expressed
globin genes (the embryonic zeta-globin gene and the two fetal/adult genes, alpha1- and
alpha2-globin) and the cis-acting elements (HS-26) that direct their stage–specific
expression during ontogeny [6]. Four expressed globin genes and the LCR characterize the
mouse beta-globin locus: two embryonic genes, beta-h1 and epsilon-y2, and two adult genes
b1, or beta-globin major, and b2, or beta-globin minor [6, 8, 9] (Fig. (1A)). In humans, the
switch from epsilon- to gamma-globin production begins very early in gestation, as fetal
hemoglobin (HbF) is readily detected in five-week old human embryos and is complete by
the tenth week of gestation (Fig. (1B) and (1C)). Beta-chain synthesis increases to
approximately 10 percent of total hemoglobin (Hb) by 30 to 35 weeks of gestation (Fig.
(1B)). At birth, HbF comprises 60–80 percent of total Hb. It takes about two years for the
level of HbF to decrease to 0.5–1 percent, the level characteristic of adult red blood cells [6].
On the contrary, in mice, which do not harbor fetal globin genes, the embryonic beta-h1 and
epsilon-y2 genes are expressed during the embryonic phase of development, and the b1 and
b2 genes are switched on in utero around 11.5 days of gestation as opposed to the embryonic
genes that are completely silenced by 14–15 days of gestation [8, 9] (Fig. (1B)).

The first group of hemoglobinopathies can be due to substitution of one amino acid for
another (as with sickle cell Hb or HbS [10]), deletion of a portion of the amino acid
sequence (Hb Gun Hill [11]), abnormal hybridization between two chains (Hb Lepore [12,
13]), or abnormal elongation of the globin chain (Hb Constant Spring [14]). These abnormal
Hbs can have a variety of physiologically significant effects, although our review will focus
on the most common variant, HbS. An adenine (A) to thymidine (T) substitution in codon 6
(GAG-GTG) results in the insertion of valine in the place of glutamic acid in the gene for
beta-globin, causing HbS, which has the unique property of polymerizing when
deoxygenated [6]. When the polymer becomes abundant, the red cells “sickle”, forming stiff
rods that stretch and distort the red cells. These distorted cells can obstruct blood flow
through the small vessels, affecting many organs and tissues. The restricted oxygen delivery
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to the tissues damages cells, injures organs, and produces pain. Red cell sickling results in
acute, recurrent, and chronic complications, causing SCD. Vaso-occlusion within the
microcirculation, and at times, in larger vessels, can occur almost anywhere blood flows and
is responsible for most of the severe complications of the disease. Notably, sickle cells
interact with other blood cells and with the vascular endothelium, causing vascular injury,
tempering vascular tone, and occluding small and sometimes large blood vessels [6, 15, 16].

The second group of hemoglobinopathies is due to a large number of heterogeneous
mutations causing abnormal globin gene expression and resulting in total absence or
quantitative reduction of globin chain synthesis. Mutations in the alpha- or beta-globin gene
lead to alpha- and beta-thalassemia, respectively [6]. Alpha-thalassemia is usually due to
deletions within the alpha-globin gene cluster, leading to loss of function of one or both
alpha-globin genes in each locus [17]. However, non-deletion mutations have been
described, although they are much less frequent [6]. Depending on the number of genes that
are unable to synthesize the alpha-globin protein, different clinical manifestations can be
observed. If one or two alpha-globin genes are mutated (in cis or trans), normally no or
minimal hematological effects are associated with these mutations, and individuals are
normally silent thalassemia carriers or show alpha-thalassemia trait [6]. If three out of four
genes are mutated, the condition is called hemoglobin H (HbH) disease, resulting in a
hemolytic anemia that can worsen with febrile illness or exposure to certain drugs,
chemicals, or infectious agents. Hemoglobin H disease is characterized by moderate to
severe anemia, hepatosplenomegaly, and jaundice. Transfusion may occasionally be
required and, if repeated frequently, can lead to iron overload. If all four alpha-globin genes
are deleted, the resulting condition is called alpha-thalassemia major, which is so severe that
death often occurs in utero. Children rescued through intrauterine transfusions will remain
dependent on red blood cell transfusions for survival [18]. In contrast to alpha-thalassemia,
the majority of the molecular defects associated with beta-thalassemia are usually point
mutations involving only one or a limited number of nucleotides, but result in a major defect
of beta-globin gene expression either at the transcriptional or post-transcriptional levels [6].
Notably, more than 200 different mutations have been associated with the beta-thalassemia
condition [6, 19]. The hallmark of beta-thalassemia is ineffective erythropoiesis (IE) which
leads to erythroid marrow expansion to as much as 30 times the normal level.
Extramedullary erythropoietic tissues, primarily in the thorax and the paraspinal regions,
may be stimulated to expand and can lead to characteristic deformities of the skull and face,
osteopenia, and demineralization of the bones, which are then prone to fractures. Despite
excessive erythropoietic activity, the affected person suffers from anemia, which is
exacerbated by progressive splenomegaly and an increase in plasma volume as a result of
shunting through the expanded marrow.

Interestingly, SCD and thalassemia can coexist with other hemoglobinopathies. A sickle cell
trait can coexist with alpha- or beta-thalassemias and various other hemoglobinopathies,
such as hemoglobin C or HbC, in which a lysine has replaced glutamic acid at position 6,
and hemoglobin E or HbE, in which glutamic acid has replaced lysine at position 26 [6].
Beta-thalassemia is often co-inherited with alpha-thalassemia and/or sickle cell trait.
Coinheritance of alpha- and beta-thalassemia may reduce the severity of the globin-chain
imbalance [6, 20]. Coinheritance of HbS trait and severe beta-thalassemia may result in a
clinical disorder indistinguishable from sickle cell anemia. By contrast, coinheritance of
HbS trait and mild beta-thalassemia will result in a milder sickling disorder. Coinheritance
of HbE and beta-thalassemia results in a wide spectrum of clinical disorders ranging from
mild anemia to a severe disorder indistinguishable from thalassemia major [6].

SCD and the thalassemias are quite common, not only in Mediterranean, but also in African,
African-American, and Asian populations. However, specific sets of mutations are
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associated with different ethnic groups [6]. It has been estimated that approximately 7% of
the world population are carriers of such disorders, and that 300,000–400,000 babies with
severe forms of these diseases are born each year [21]. Better understanding of the
molecular biologic aspects of the hemoglobinopathies has led to improvements in population
screening and prenatal diagnosis, which, in turn, have led to dramatic reductions in the
number of births of children with beta-thalassemia major and SCD in the Mediterranean
littoral [21]. However, as a consequence of decreases in neonatal and childhood mortality in
other geographical areas, the severe hemoglobinopathies have become worldwide clinical
problems. Therefore, severe forms of hemoglobinopathies remain increasingly important
clinical problems in much of the world [21, 22]. Despite recent discoveries concerning the
genetic abnormalities that lead to the beta-thalassemia syndrome, a number of unsolved
pathophysiological issues remain or are being investigated, such as IE, extra-medullary
hematopoiesis (EMH) [23, 24], abnormal iron absorption [25, 26], reactive oxygen species
(ROS), and radical formation [27], bone fragility [28] and endocrinological disorders [29].
Better understanding of the pathophysiologic features of the disease could result in measures
that might raise hemoglobin values, reduce splenomegaly, prevent iron overload, heart and
liver failure, as well as bone abnormalities and endocrine disorders, thereby yielding a much
better quality of life.

CLINICAL IMPACT OF IRON OVERLOAD
The same properties that make iron essential for basic biological processes such as the
transport of oxygen and transfer of electrons also make it toxic, mainly because iron can
promote oxidative damage to vital biological structures. Iron homeostasis needs to be tightly
regulated through iron uptake, utilization, and storage. Because iron is essential for the
homeostasis of all cells in the human body and the formation of heme and Hb, no
physiological mechanism to aid in its excretion exists. In non-transfused patients, iron
absorption builds, resulting in increases in body iron burden. Transfusions accelerate the
pace of iron accumulation. The resulting iron overload leads to the most damaging effects of
SCD and thalassemias, making iron chelation a major focus in the management of these
diseases. Iron is progressively deposited in parenchymal tissues, where it may cause
significant toxicity as compared to that within reticuloendothelial cells [30]. As iron loading
continues, the capacity of serum transferrin, the main transport protein of iron, to bind and
detoxify iron may be exceeded. Thereafter, the non-transferrin-bound fraction of iron within
plasma may promote generation of free hydroxyl radicals, propagators of oxygen-related
damage [27, 30]. As iron loading progresses, the accumulation may lead to progressive
dysfunction of the liver, endocrine glands, and heart [31, 32].

Iron-induced liver disease is a common cause of death in transfused patients [33]. Within
two years following the start of transfusions, collagen formation and portal fibrosis are
observed, and in the absence of chelating therapy, cirrhosis may develop [34]. Iron-induced
liver disease may be complicated by transfusion-related hepatitis [35]. Chronic iron
deposition also damages the thyroid, parathyroid, adrenal glands, and exocrine pancreas.
Iron loading within the anterior pituitary may cause disturbances in sexual maturation. Both
hyperinsulinism, from the inability of the liver to extract insulin, and diabetes mellitus, from
pancreatic beta-cell exhaustion and/or pancreatic destruction, may occur. Iron-induced
myocardial dysfunction may be the most important factor determining the survival of
patients with beta-thalassemia. Extensive iron deposits are associated with cardiac
hypertrophy and dilatation, myocardial fiber degeneration and, though rarely, fibrosis. In
transfused, unchelated patients, symptomatic cardiac disease is observed after about ten
years following the start of transfusions and may be aggravated by pulmonary hypertension
[36, 37]. Therefore, even if the goal of transfusion therapy is the correction of anemia,
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important efforts need to be undertaken in order to limit the damage derived from transfused
iron overload [38].

MOUSE MODELS OF HEMOGLOBINOPATHIES
Murine Models of Beta-Thalassemia Intermedia

In mice, the b1 and b2 genes are responsible, respectively, for 80% and 20% of total adult
Hb production. Normal adult mice produce Hb levels in the range of 13 to 15 g/dL of blood.
No naturally occurring mutations or deletions that completely inhibit expression of the beta-
globin genes have ever been observed, as mice, homozygous for mutations that prevent
expression of the beta-globin genes, die perinatally due to the lack of expression of any Hb.
Limited by this genetic constraint, only three adult mouse models of beta-thalassemia
intermedia have been described and generated so far. In the first (th1), a spontaneous DNA
deletion was found that included the b1 gene and its adjacent upstream sequence, including
the promoter [39]. Mice that are homozygous (th1/th1) for this deletion show Hb levels in
the range of 9 to 11 g/dL, despite the fact that the remaining b2 gene normally accounts for
only 20% of beta-globin production. In these mice, relatively high Hb levels are obtained
through a translational compensatory mechanism that increases b2 globin synthesis [40].
The second mouse model (th2) was generated by targeted deletion of the b1 gene,
introducing a non-globin promoter into the locus of the disrupted b1 locus. Mice
homozygous for this deletion (th2/th2) are severely anemic and do not survive more than a
few hours after birth, while heterozygous mice only show a very mild phenotype [41]. It has
been speculated that the presence of the newly introduced promoter in the disrupted b1 locus
can compete with the b2 promoter for transcription factors brought to the globin genes by
the LCR, thereby reducing transcription from the b2 gene. The third model, th3, was
generated by deletion of both the b1 and b2 genes [42, 43]. Mice homozygous for this
deletion die late in gestation, as expected by the simultaneous absence of the b1 or b2 genes.
Heterozygotes (th3/+), however, are viable and thalassemic. Adult th3/+ mice exhibit the
most severe anemia (8 to 10 g/dL of Hb) of the three mouse models of beta-thalassemia
intermedia. Moreover they show strong abnormal red cell morphology, splenomegaly, and
develop spontaneous hepatic iron deposition similar to that found in humans with beta-
thalassemia intermedia.

Murine Models of Beta-Thalassemia Major or Cooley’s Anemia
Generation of an adult mouse model with features of Cooley’s anemia, including lethal
anemia, has been hampered by the fact that in mice, in contrast to humans, gamma-like
globin genes are not present. Lack of an animal model that can reproduce Cooley’s anemia
has limited the full characterization of the critical pathophysiologic events of this disease,
has prevented a full investigation of the biological mechanisms underlying the disease, and
has hampered the evaluation of both pharmacological and genetic treatments. To overcome
the embryonic lethal outcome, an adult mouse model of beta-thalassemia major was
generated [44] by engrafting wt animals, after myelo-ablation, with hematopoietic fetal liver
cells (HFLCs) harvested from alive th3/th3 embryos at 14.5 days of gestation. The embryo
genotypes obtained from heterozygote matings were readily identified by Hb electrophoresis
prior to transplantation [44]. After 6–7 weeks, these mice exhibited a severe anemia, with 1–
3 g Hb/dL, low red blood cell (RBC) counts, low hematocrit values, and low reticulocyte
counts together with very high levels of serum erythropoietin. Profound anemia settled in
after 50 days, consistent with the clearance rate of the recipient’s normal RBCs, and the
mice succumbed to ineffective erythropoiesis within 60 days [44]. Platelet and neutrophil
counts were comparable in experimental and control groups, excluding aplasia or graft
failure as the cause of death [44]. Moreover, these mice presented severe body mass
reduction with massive splenomegaly due to major erythroid hyperplasia, as indicated by
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pathological analyses, as well as extensive hepatic EMH and iron overload [44]. These
animals could be rescued by lentiviral mediated beta-globin gene transfer [44] or by blood
transfusion [26], supporting the notion that their phenotype is specifically due to erythroid
impairment.

Murine Models of Sickle Cell Disease
Initial efforts focused on the generation of transgenic animals expressing the mutant betaS-
globin gene. However, chimeric Hb consisting of murine alpha-globin and human betaS-
globin did not polymerize efficiently [45, 46]. Even with the addition of a human alpha-
globin transgene, only a small fraction of the cells sickled in vivo because of the disruption
of HbS by murine alpha-globin proteins [47]. In addition, under hypoxic conditions, there is
more extensive deoxygenation of murine Hb than HbS, as mouse Hb has a lower O2 affinity
than HbS [48].

To generate additional mouse models that were more faithful to the human disorder, two
alternative strategies were devised. In order to obtain Hb that would polymerize more
readily, Trudel and collaborators [49, 50] introduced two additional mutations into the
human betaS-globin gene: a second mutation in codon 23 to reproduce the betaS-Antilles
allele, and a third mutation to yield betaS-Antilles-D-Punjab or HbSAD. The beta SAD gene
and the human alpha-2-globin gene, each linked to the beta-globin LCR, were co-introduced
into the mouse germ line. In this transgenic line (SAD-1), red blood cells contained 19%
Hb-SAD (human alpha/betaSAD tetramer) and mouse-human hybrids in addition to mouse
hemoglobin. Adult SAD-1 transgenic mice were not anemic but had some abnormal features
of erythrocytes and slightly enlarged spleens. In order to generate adult mice with a more
severe sickle cell syndrome, a deletion in heterozygosity of the mouse beta-globin genes was
introduced (beta-thal/SAD-1). In this model, the Hb-SAD was increased to 26%. The mice
exhibited abnormal erythrocytes with regard to shape and density, and to a certain extent,
anemia, a larger spleen, higher reticulocytes, and IE. In addition, they exhibited mortality
upon hypoxia and polymerization of hemolysate similar to that found in human SCD. The
SAD mice displayed a greater propensity for red cell sickling under hypoxic conditions,
providing data that furthers the understanding of the physiopathology of SCD and test
compounds that could be beneficial in treating the disease [51, 52]. However, attempts to
generate a SAD mouse model completely lacking mouse Hbs failed due to perinatal lethality
[49].

The second approach has been to generate mouse models in which the human alpha- and
betaS-globin were expressed in the absence of murine globin genes. This was achieved
through a series of crossing and interbreeding that included the transgenic founders and
alpha- and beta-globin knock-out (KO) mice. Four groups have reported sickle transgenic
mouse models in which all the murine globin genes were knocked out. To create a mouse
model that produces sickle human Hb, Paszty et al. co-injected three fragments of human
DNA into fertilized mouse eggs to generate transgenic founders expressing human alpha-
and betaS-globin (Berkeley model) [53]. Since gamma-globin has anti-sickling properties,
they included the gammaG- and gammaA-globin genes to decrease the likelihood that
erythrocytes would sickle during gestation and cause fetal death. Recently the Berkeley mice
have been thoroughly analyzed, showing a wide spectrum of hematologic and
histopathologic findings that are very similar to those found in humans with SCD. However,
notable differences were observed, such as higher anemia (6.1 g/dL) than SCD patients (on
average 8.2 g/dL), as well as splenomegaly [54, 55]. Ryan et al. generated the second mouse
model (Birmingham). They created transgenic animals carrying a 22-kb DNA fragment
encompassing the human beta-globin LCR and a 9.7-kb DNA fragment containing the
gammaA-globin and betaS-globin genes. The LCR was also linked to a 3.8-kb DNA
fragment containing the human alpha-1-globin gene [56]. This mouse model is extremely
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anemic with a decrease in Hb almost double that seen in SCD patients and markedly reduced
survival. The third murine model of SCD, created by Chang et al., recapitulates not only the
phenotype but also the genetic locus encompassing betaS-globin gene in patients with SCD.
For this purpose, they transferred a 240-kb betaS-globin YAC in which members of the
human beta-globin gene cluster are present in their native genomic context [57]. However,
even this mouse exhibits severe anemia and short lifespan. Fabry et al. have generated the
fourth model [58]. These mice carry human LCR-alpha-2-globin and human LCR-betaS-
globin constructs and produced three different levels of human HbF (<3%, 20% and 40%).
Mice with the least HbF expression had the most severe pathology and markedly reduced
survival. At least 20% of HbF was required to rescue animals with high HbS levels that
simultaneously showed SCD features.

Thus, in all these mouse models, either co-expression of mouse beta-globin, as in the SAD
mice, a mild thalassemic phenotype, as in the Berkeley mice, or an increased hemoglobin F
level, as in the NY1KO mice, appears to be required for survival beyond several months of
age. Therefore, the severity of anemia is compounded by the suboptimal expression of these
genes, which adds thalassemia features, or by additional normal hemoglobins, thereby
complicating the pathophysiology observed in the mice. Each of these lines may contribute
to our understanding of SCD, although none of them fully recapitulates the relationship
between hemolysis, IE, and iron metabolism observed in human SCD.

IRON METABOLISM
Dietary nonheme iron is absorbed though the enterocytes of the intestinal epithelium in the
duodenum and proximal jejenum (Fig. (2)). Duodenal cytochrome-b (DCYTB) [59] reduces
iron from the ferric (Fe3+) to the ferrous form (Fe2+), which is carried into epithelial cells
by the divalent metal ion transporter 1 (DMT1). Targeted mutation of the murine DMT1
gene (Slc11a2−/− mice) determined that the main role for DMT1 is intestinal iron
absorption and erythroid iron uptake [60]. Heme iron is absorbed through the heme carrier
protein 1 (HCP1) [61]. The intracellular metabolism of heme is not fully understood,
although inside the enterocytes, heme appears in membrane-bound vesicles within the
cytoplasm [62] where it is likely degraded by heme oxygenase to yield ferrous iron. Egress
of iron from these cells involves ferroportin (FPN) or iron-regulatory protein-1 [63, 64].
Similar to DMT1, FPN likely conducts Fe2+ ions. Cellular iron export, therefore, requires
an associated ferroxidase activity. In the intestine, ceruloplasmin, a circulating multicopper
oxidase, and hephaestin (HEPH), a homolog of ceruloplasmin, supply this activity [65–67],
whereas hepatocytes and macrophages probably use ceruloplasmin exclusively. In the
bloodstream, iron is bound to apotransferrin (apoTF) to form holotransferrin (holoTF) for
delivery to other organs via transferrin receptor 1 (TFR1). In non-pathological conditions,
very small amounts of iron may be loosely associated with albumin or alternative molecules.

Spontaneous mutations and targeted mutations disrupting the Tf and transferring receptor-1
(Tfr1) genes demonstrate the importance of these proteins in iron metabolism and, in
particular erythropoiesis, both in animals and humans. Erythroid precursors take up holoTF
through TFR1 by receptor-mediated endocytosis. Profound deficiency of TF results in
severe anemia, and iron deficiency occurs only in hematopoietic cells, while other tissues
develop massive iron overload [68, 69]. Targeted disruption of the murine Tfr1 gene causes
severe anemia and embryonic death [70]. Following endocytosis and vesicle acidification,
iron is reduced to its ferrous form prior to being transferred across the endosomal
membrane. The endosomal ferrireductase activity is mediated by the six-transmembrane
epithelial antigen of the prostate-3 gene or STEAP3 and, to a lesser extent, by other STEAP-
like genes (STEAP1, 2 and 4) [71, 72]. STEAP3 is highly expressed in the liver, and its
product is a protein which co-localises in endosomes with TFR1 and DMT1. However,
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different members are expressed at higher level in some tissues than others. Once the iron
leaves the endosome, it must move to the mitochondrion for incorporation into
protoporphyrin IX by ferrochelatase to form heme. Mitoferrin carries out mitochondrial iron
import, as determined by experiments in which absence of mitoferrin was associated with
failure to incorporate erythroid iron into heme [73]. Another protein capable of cellular
heme export, FLVCR, likely plays a key role in erythropoiesis [74]. If FLVCR is deleted
neonatally, leads to the development of a severe macrocytic anemia with proerythroblast
maturation arrest. In addition, it has been shown that FLVCR mediates heme export from
macrophages. Altogether these observations suggest that erythroid precursors export excess
heme to ensure survival and that trafficking of heme facilitates erythropoiesis and systemic
iron balance [75].

Hepatocytes are the main depots for iron storage, and iron is predominantly stored in the
form of ferritin (FT), which can be mobilized when needed elsewhere in the body. The liver
can also clear from the circulation other forms of iron associated to proteins. Circulating
ferritin contains very small amounts of iron [76] and, as such, it is not a major source of iron
in normal conditions. Nevertheless, the liver clears ferritin by a method involving binding to
a specific ferritin receptor [77]. In addition, plasma Hb and heme can be elevated in
hemolytic states and be an important source of toxic iron. Hemopexin and haptoglobin are
scavenging proteins that respectively bind heme and Hb [78]. Uptake of the heme-
hemopexin and Hb-haptoglobin complexes are mediated by their specific receptor,
respectively CD91 and CD163 [79, 80]. Hepatocytes can also acquire their iron load in a
different fashion which is not mediated by the previously described mechanism: non–
transferrin-bound iron (NTBI) uptake. This pathways become particularly important when
serum iron levels exceed TF binding capacity [81]. The identity of the hepatocyte NTBI
uptake molecules has not been yet clarified. DMT1 is a potential candidate in view of the
fact that NTBI uptake is increased in cells in which DMT1 mRNA and protein expression
are upregulated [82, 83]. A few additional candidates have been proposed, such as ZIP14,
originally described as a zinc transporter [84, 85], and neutrophil gelatinase-associated
lipocalin (NGAL), which is elevated in beta-thalassemia [86], and it has been described as a
siderophore-iron-binding protein as well as a growth factor [87]. Moreover, other tissues
have NTBI uptake activities and load iron when NTBI is present in the plasma. In particular,
it has been proposed that cardiomyocytes, in condition of iron overload, use L-type calcium
channels for ferrous iron intake [88]. However, for all these potential NTBI transporters, the
information is still inadequate to draw any conclusion.

FPN, the iron exporter on the surface of absorptive intestinal enterocytes, hepatocytes,
placental cells and macrophages, releases iron into the plasma [64, 89]. MON1A, a
membrane trafficking protein, controls the amount of FNP to the surface of iron-recycling
macrophages. This was discovered in an elegant study in mice, in which an allelic variant of
Mon1a was associated with lower amounts of Fpn molecules on the macrophage surface
membrane and these correlated with increased intracellular iron content in enterocytes,
hepatocytes and macrophages [90]. FPN can be internalized and degraded by association
with hepcidin (HAMP), an iron sensor protein (Fig. (2)) [91–94]. In particular, degradation
of FPN interrupts cellular iron export in at least two sites: the intestinal epithelium and tissue
macrophages (Fig. (2)). In particular, FPN degradation in the duodenum leads to decreased
iron absorption from the diet. After HAMP binding, FPN is tyrosine phosphorylated at the
plasma membrane. Mutants of human FPN that do not get internalized or that are
internalized slowly show either absent or impaired phosphorylation. Once internalized, FPN
is dephosphorylated and subsequently ubiquitinated. Ubiquitinated FPN is trafficked
through the multivesicular body pathway en route to degradation in the late endosome/
lysosome [64, 95, 96]. HAMP, a cysteine-rich 25-amino acid peptide produced by
hepatocytes and secreted into the bloodstream, derives from the C-terminus of an 84–amino
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acid prepropeptide, originally isolated from urine and blood ultrafiltrate [97]. Hepatic iron
homeostatically regulates HAMP levels [98], which in turn controls the concentration of
FPN on the cell surface. HAMP is also induced during inflammation, in which HAMP’s
effect on iron transport causes the characteristic decrease in blood iron (hypoferremia of
inflammation). Hypoferremia is thought to increase host resistance not only to microbial
infection [99], but it also leads to the anemia of inflammation (often referred to as the
anemia of chronic disease) [100]. In these conditions, HAMP transcription is likely to be
activated by IL-6 and its receptor through STAT-3 [101–103], (Fig. (3)). In addition, it has
been demonstrated that p53 binds the HAMP promoter activating its expression, suggesting
that up-regulation of HAMP by p53 is part of a defense mechanism against cancer through
iron deprivation, and that HAMP induction by p53 might be involved in the pathogenesis of
anemia accompanying cancer [104] (Fig. (3)). In addition, Cebpa-KO mice showed low
Hamp expression. It has been suggested that this transcriptional factor controls Hamp
expression [105] through the Epo/EpoR pathway [106]. Therefore, it seems that expression
and synthesis of this peptide involves multiple pathways that require further studies.

Increased plasma iron, from macrophage recycling of aged red blood cells or from intestinal
absorption of iron, stimulates hepatocytes by an as of yet not completely understood
mechanism to produce more HAMP. Recently it has been proposed that holoTF
concentrations regulate HAMP expression in primary hepatocytes and cell lines [107] by
activating an iron homeostatic regulatory pathway that was previously characterized by a
series of studies in vitro, use of animal models and characterization of related human
pathological disorders termed hereditary hemochromatosis (HH). HH refers to the clinical
disorder that results from an excess of total body iron and leads to organ failure due to iron
toxicity. In HH, hyper-absorption of dietary iron leads to hyper-ferremia, tissue iron
deposition, and a paucity of iron in intestinal epithelial cells and tissue macrophages.
Complications include cirrhosis; hepatocellular carcinoma; heart disease; and
neuroendocrinopathies, particularly diabetes. It is worthwhile to note that patients affected
by hemoglobinopathies and iron overload share many clinical manifestations with HH. HH
is a heterogeneous genetic disease that may result from mutations in at least 4 genes: HFE,
transferrin receptor 2 (TFR2), hemojuvelin (HJV) and HAMP. The majority of patients
affected by HH [108] have a mutation in HFE at position 282 (tyrosine for cysteine at
position 282: C282Y). HFE is a HLA class I atypical protein, which binds beta2-
microglobulin [109], TFR1 [110, 111] and TFR2 [112]. Targeted mutagenesis was used to
produce two mutations in the murine hemochromatosis gene (Hfe) locus. The first mutation
deleted a large portion of the coding sequence, generating a null allele [113]. The second
mutation introduced a missense mutation C294Y (corresponding to C282Y in humans) [114]
into the Hfe locus, but otherwise left the gene intact. Homozygosity for either mutation
results in postnatal iron loading, although the effects of the null mutation are more severe
than the effects of the C294Y/C282Y mutation [113, 115]. Patients with HH disorder have
low/normal HAMP, measured either as RNA on liver biopsies or as the amount of peptide
excreted in the urine [116–118]. However, HAMP levels are inappropriately low if related to
the degree of iron loading [117, 118]. Hfe-KO mice had similar features, showing high iron
liver content and inappropriately low expression of Hamp [113]. However, the actual
amount of Hamp secreted in the blood stream has never been quantified and it cannot be
excluded that, directly or indirectly, Hfe mediates Hamp synthesis and/or secretion more
than Hamp expression. In fact, posttranslational processing of HAMP it is a controlled
mechanism that requires the prohormone convertase furin [119], but it is not known if Hfe is
involved in this process. Nevertheless, the previous observations indicated that Hfe has a
role in sensing iron and regulating Hamp synthesis and/or activity. In fact, when Hfe-KO
mice were crossed with transgenic mice over-expressing Hamp [93], Hamp inhibited the
iron accumulation normally observed in the Hfe-KO mice [120].
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Similar findings characterize TFR2, which was cloned based on the sequence homology
with TFR1 and its ability to bind holoTF and HFE, although its function is different from
TFR1 [121, 122]. HH associated with mutations in TFR2 [123] is often reported as a
disorder similar to HH associated-HFE, since the pattern of liver iron storage and the
response to phlebotomy are identical in the two disorders [124]. TFR2 RNA is not iron-
regulated since it has no iron-responsive (IRE) elements. IREs are RNA stem-loops found in
the untranslated regions (UTR) of mRNAs involved in iron transport and storage and are
recognized by iron regulatory proteins (IRPs). IRPs, whose activity is modulated by iron,
interfere with ribosome assembly or determine the stability of IRE-mRNAs in the function
of iron demand or surplus [125]. Therefore, the main function of TFR2 is probably to
monitor the amount of iron in the form of holoTF and competing with TFR1 to bind HFE
[126]. Release of HFE from TFR1 likely modulates the ability of HFE to activate HAMP
expression [112]. In fact, low Hamp liver RNA was documented in Tfr2-deficient mice
[127], and low HAMP urinary levels and low HAMP/ferritin ratios were found in patients
with TFR2 mutations [128]. The importance of the interaction of Hfe with Tfr1 in
controlling Hamp expression was shown utilizing murine mutant lines that interfered or
favored a constitutive Hfe/Tfr1 interaction. In the former case mice developed iron
deficiency associated with inappropriately high Hamp expression, while in the latter case
mice developed iron overload attributable to inappropriately low expression of Hamp. These
data suggest that Hfe induces Hamp expression when it is not in complex with Tfr1 [126].

HJV is highly expressed in the liver, in addition to the skeletal muscle and the heart [129].
The gene is transcribed in several isoforms because 5 alternative splicing variants have been
recognized. The larger transcript encodes a 426 amino acid, glycosylphosphatidylinosytol
(GPI)-linked protein, characterized by an RGD motif and a von-Willebrand type D domain.
The GPI anchor suggests that HJV can be present in either a soluble (HJV.Fc) or a cell-
associated form. The finding of extremely low HAMP levels in patients carrying mutations
in HJV indicates that this protein controls HAMP production [129]. In fact, HJV signals
through the bone morphogenic proteins (BMP), namely BMP-2 (but also BMP-4 to a lesser
extent) and BMP-receptors, to activate a downstream transcriptional factor called SMAD-4,
which triggers transcription of HAMP [130, 131]. BMP-2 administration increases HAMP
expression and decreases serum iron levels in vivo, whereas HJV.Fc selectively inhibits
BMP-2 induction of HAMP expression [132]. In cells engineered to express HJV, increasing
iron concentrations progressively inhibited HJV.Fc release [133]. Thus, soluble and cell-
associated HJV reciprocally regulate HAMP expression in response to changes in
extracellular iron concentration.

The majority of the mutations in HAMP that cause HH are due to either a complete
inactivation of the protein [134] or a substitution of one of the invariant cysteines of the
peptide [135]. In addition, Hamp-deficient mice accumulate iron in parenchymal cells due to
greater intestinal absorption, increased circulating iron levels, impaired retention of iron by
reticuloendothelial cells, and hepatic iron overload [91]. In contrast, transgenic mice over-
expressing Hamp have markedly lower iron stores, resulting in severe anemia [93].
Mutations in the HJV and HAMP are responsible for a subset of HHs called juvenile-HH.
The disease shares numerous features with HH associated-HFE, but all the clinical
manifestations develop earlier because intestinal iron absorption is greater, and the rate of
iron accumulation faster, than in the classic form. In addition, juvenile-HH often leads to
hypogonadism and premature death due to cardiac arrest.

Although mutations in FNP were previously described as additional forms of HH (type IV),
they are now grouped under ferroportin diseases which have a dominant genetic pattern of
inheritance and heterogeneous clinical presentation [96, 136, 137]. Based on their clinical
manifestations, some patients show iron loading of Kupffer cells with relatively low

Rechavi and Rivella Page 10

Curr Mol Med. Author manuscript; available in PMC 2013 July 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



saturation of plasma TF, but others with high TF saturation and iron-loaded hepatocytes.
Mutations in FPN are either defective in cell surface localization or have a decreased ability
to be internalized and degraded in response to HAMP [138–141]. Since FNP forms
multimeric complexes, the mutant FNP affects the localization of the wild-type FNP [138].
The first subset of mutations causes a loss of iron export function, causing
haploinsufficiency. By contrast, a second set of mutations [138–140, 142], which can be
associated with greater TF saturation and more prominent iron deposition in liver
parenchyma in vivo, resist HAMP inhibition, resulting in a permanently “turned on” iron
exporter.

In contrast to all other types of HHs, which are characterized by HAMP deficiency, patients
with ferroportin disease showed increased HAMP levels [143]. Except for iron overload in
the ferroportin diseases in which HAMP synthesis is of no consequence to prevent iron
absorption, the insufficient production of HAMP is now considered the key pathogenetic
feature of all forms of HH. Given the essential role of HAMP in iron homeostasis and the
severity of juvenile-HH that results from mutations in HAMP, it is likely that HFE, TFR2,
and HJV work cooperatively together to control HAMP expression. Recently, a model for
the regulation of iron homeostasis that includes all these proteins has been proposed [126].
HFE and TFR2, upon their interaction, would associate with the HJV/BMP complex,
synergistically inducing HAMP transcription through the SMAD-4 pathway [112].

IRON ABSORPTION AND INEFFECTIVE ERYTHROPOIESIS
Iron balance must be carefully regulated to provide iron as needed but avert the toxicity
associated with iron excess. Tissue iron overload is a primary focus of beta-thalassemia and
SCD management, and if not prevented or adequately treated, is fatal in both transfused and
non-transfused patients. Iron metabolism shows similar features regardless if SCD and
thalassemia patients require blood transfusion. In transfused and non-transfused patients,
iron overloaded in absence of chelation therapy causes elevated serum TF saturation and FT
levels. NTBI increases when serum iron levels exceed TF binding capacity [81, 144]. NTBI
and excess iron are primarily deposited in liver parenchymal cells and other organs. The
heart and endocrine tissues are particularly susceptible.

The expression level of genes that regulate iron absorption and metabolism is different
depending on whether the iron burden is derived from increased iron absorption or through
blood transfusion, as it will be described later in our review. In beta-thalassemia intermedia,
where regular transfusion therapy is unnecessary, there is evidence of iron overload [145–
148]. Iron absorption studies show that the rate of iron loading from the gastrointestinal tract
is approximately three to four times greater than the normal rate [32]. Increased iron
absorption also plays a role in beta-thalassemia major, where its importance is inversely
related to Hb levels. In non-transfused patients with severe thalassemia, abnormally
regulated iron absorption results in increases in body iron burden (which may vary between
2 and 5 g per year) depending on the severity of erythroid expansion [149]. Regular
transfusions may double this rate of iron accumulation. Increased iron absorption was
observed in three non-transfused SCD patients [150]. In the same study, patients affected by
beta-thalassemia major were compared before and after transfusion therapy. The results
clearly showed that in the absence of a transfusion, iron absorption was elevated, whereas it
was decreased or normalized after transfusion therapy. In addition, in the presence of
transfusion regimens, endogenous erythropoiesis was suppressed [150]. This study and
previous investigations led to the conclusion that iron absorption in humans is regulated by
the combined influences of hypoxia, the body’s iron stores [91, 92, 98], and the
erythropoietic demand for iron [26, 94].
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Therefore, IE would further increase iron absorption. IE is triggered by a combination of
several factors: premature destruction or elimination of abnormal non-nucleated erythroid
cells (e.g. hemolytic anemia and macrophagocytosis), cell death of erythroid precursor by
apoptosis, and limited erythroid cell differentiation. The most important features of IE in
thalassemias and SCD are, respectively, the excess of the complementary functional globin
chains and the abnormal betaS-globin that causes premature destruction of erythroid cells in
the bone marrow (BM) and at extramedullary sites. In addition, our studies suggest that IE in
thalassemia is also characterized by reduced erythroid differentiation [151], which would
further exacerbate anemia. In beta-thalassemia and alpha-thalassemia major, as well as in
HbH disease, IE is supported by ferrokinetic reports, as well as additional studies assessing
plasma levels of EPO and the soluble transferrin receptor [18, 152–154]. In SCD, the data is
scarcer and less straightforward. Iron deficiency, evaluated as the absence of BM iron stores,
rather than iron overload, is very common among non-transfused patients with sickle cell
anemia [55]. In addition, iron therapy given to SCD patients with low MCV, serum FT and
TF saturation levels was successful increasing the Hb level more than 1g/dL, suggesting that
these patients were iron deficient [155]. However, Erlandson et al. [150] documented
increased iron absorption in three non-transfused SCD patients showing 6.5 to 8.7 g/dL of
Hb. Increased reticulocytosis was observed together with anemia, which suggested that IE
occurred in those patients. It is thus likely that all the hemoglobinopathies associated with IE
have increased iron absorption.

How does erythropoiesis control iron demand? The mechanisms that control iron
homeostasis predict signaling through iron absorbing duodenal cells, iron storing hepatocyte
and iron recycling macrophages by regulators, historically defined as “store” and
“erythroid” regulators [156]. To date, the only iron store candidate is the circulating peptide
hormone, HAMP [91, 157]. Normally, intestinal absorption accounts for only a fraction of
iron circulating bound to TF, but this can be dramatically increased if HAMP synthesis is
decreased. The effect of decreasing the level of HAMP also affects iron concentration in the
macrophages. Circulating iron is mostly derived from the recovery of iron from senescent
erythrocytes, through phagocytosis by tissue macrophages, particularly in the spleen. The
cells are lysed, and Hb is catabolized, presumably by heme oxygenase, to liberate iron. FPN
is critical for macrophage iron export. Therefore, different HAMP levels can change the
ratio between stored and released iron. In the presence of IE, iron absorption and the amount
of iron released from macrophages is expected to increase.

Although several mechanisms have been proposed to explain how erythropoiesis affects iron
absorption, to date, the characterization of the erythroid regulator has been more elusive.
The function of the erythroid regulator is to maintain the production of erythrocytes
irrespective of the body’s iron balance. While increased amounts of the erythroid regulator
are extremely helpful in resolving transient blood loss, in hemoglobinopathies, this process
will end in iron overload due to the inadequacy of IE in addressing anemia. After
phlebotomy, hemolysis, or EPO administration, HAMP production is decreased, [94, 158,
159], indicating that the erythroid regulator exerts its activity, at least in part, by suppressing
production of this peptide. Two major lines of thought identify the erythroid regulator either
with a diffusible factor or an intrinsic cellular process, both of which repress HAMP
expression. Increased erythropoiesis through secretion of soluble mediators could directly
influence HAMP production. Erythropoiesis also causes a fall in tissue iron content and
serum levels and they too could down-regulate HAMP. Alternatively, anemia could cause
hypoxia, triggering EPO expression or activation of transcription factors that repress HAMP
synthesis.

Pak and colleagues [160] administered inhibitors of erythropoiesis after phlebotomy to
disassociate the effects of anemia, hypoxia, and Epo from the effects of increased
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erythropoiesis and iron use. Phlebotomized mice developed anemia, tissue hypoxia,
increased EPO, increased erythropoiesis, decreased serum iron, and hepatic Hamp mRNA
levels. When erythropoietic inhibitors were administered, serum and tissue iron as well as
Hamp mRNA rose dramatically, even though the mice were anemic. These experiments
suggest that the dominant regulators of Hamp during increased erythropoiesis include a
signal arising from the erythropoietic activity in the bone marrow or the effects of increased
iron use on plasma or tissue iron (Fig. (3)). The existence of an erythroid factor is also
supported by studies in which the serum of patients affected by beta-thalassemia or HH
associated with HFE, were compared in terms of their ability to induce the expression of
HAMP and other iron metabolism-related genes. Sera from beta-thalassemia major and
intermedia patients down-regulated HAMP expression in the HepG2 cell line. In contrast,
the majority of sera from hereditary hemochromatosis patients induced an increase in
HAMP expression, which correlated with TF saturation [161]. Recently, a candidate
erythroid regulator has been proposed called GDF15. Compared to controls, GDF15 is
elevated in the serum of beta-thalassemic patients and suppresses HAMP expression in vitro
[162]. GDF15 is a member of the TGF-beta superfamily of proteins, which are known to
control cell proliferation, differentiation, and apoptosis in numerous cell types. Interestingly
GDF15, also called MIC-1, can be modulated by p53 and conditioned medium from cells
expressing this protein can suppress the growth of certain tumor cells provided they express
TGF-beta receptors and SMAD4 [163–165]. However, the mechanism of function and
efficacy of GDF15 in repressing HAMP expression still needs to be elucidated.
Alternatively, a direct involvement of EPO in Hamp regulation can be hypothesized. In fact
it has been reported that EPO, through EPOR signaling and in a dose-increasing fashion,
inversely mediates Hamp expression in freshly isolated mouse hepatocytes and in the
HepG2 cells. Interestingly, chromatin Immunoprecipitation experiments showed a
significant decrease of C/EBPalpha binding to the Hamp promoter after EPO
supplementation, suggesting the involvement of this transcription factor in the
transcriptional response of Hamp to EPO [106].

Alternatively, studies by Yoon et al. and Peyssonnaux et al. [166, 167] emphasized the role
of hypoxia as a mechanism to control iron absorption and erythropoiesis. Using several
conditional transgenic lines to modify expression of the hypoxic response, they
demonstrated that the hypoxia-inducible transcription factor Hif1alpha binds the Hamp
promoter, down-regulating its expression in hypoxic conditions (Fig. (3)). Their studies also
suggested a more general role for the hypoxia pathway in coordinating iron metabolism and
oxygen transport by the simultaneous coordinate expression of Hamp, Fpn, and Epo.

All these studies might also indicate that in the simultaneous condition of increased
erythropoiesis and hypoxia, several factors synergistically lead to HAMP down-regulation.
This model does not fail to appreciate the individual role of erythroid soluble factors,
hypoxia and iron levels, although their separate effect on HAMP synthesis would be of a
lower magnitude. It is also possible that other genes might be influenced by erythroid
demand, further increasing the rate of iron absorption. This was illustrated by using mouse
models of beta-thalassemia, in which the effect of IE on Hamp synthesis was investigated.
The first studies indicated that both mice affected by beta-thalassemia major (th3/th3) and
intermedia (th3/+ and th1/th1) had, respectively, low or relatively low Hamp expression
levels compared to the amount of iron overload [168–171]. A more extensive analysis
indicated that, while in 1 year-old th3/+ mice, Hamp expression was similar to or higher
than that of control mice, it was rather the up-regulation of Fpn in the duodenum that caused
iron overload [26]. In addition, analysis of the mRNA level of several iron related genes
revealed that Hfe and Cebpa were reduced in the liver of all the animals that expressed low
Hamp levels. In particular, Cebpa decreased in th3/th3 mice that showed the lowest level of
Hamp expression. Therefore, our data suggest that Hfe could play a direct role in Hamp
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regulation in beta-thalassemia, while low Cebpa might further decrease Hamp expression in
conditions of extreme IE. In transfused mice Hamp, Hfe, and Cebpa expression augmented
probably due to the combined effect of reduced anemia, increased iron content, and
suppression of erythropoiesis [26].

The importance of the physiological role of HAMP in patients affected by
hemoglobinopathies has been underscored by studies in which low HAMP levels
corresponded with iron burden and anemia. In a study by Kattamis, liver HAMP mRNA
levels correlated with hemoglobin concentration and inversely correlated with serum
transferrin receptor, erythropoietin, and non-transferrin-bound iron [172]. In beta-
thalassemic patients, they did not correlate with indices of iron load, and urinary HAMP
levels were disproportionably suppressed with regard to iron burden. In parallel studies, the
HAMP to FT ratio was used as a marker of the appropriateness of HAMP expression
relative to the degree of iron burden. In thalassemic syndromes, urinary HAMP was
suppressed relative to the degree of iron burden, whereas transfusion led to its increase. In
addition, SCD patients were analyzed, showing that urinary HAMP was suppressed and
inversely associated with erythropoietic drive [143, 173, 174]. These studies illustrate that
low HAMP levels contribute to iron overload and suggest the potential therapeutic role of
HAMP or HAMP agonists in these disorders.

(UN)SOLVED QUESTIONS AND FUTURE DIRECTIONS
Although hemoglobinopathies are monogenic disorders, they are complex diseases
displaying many unexplained secondary clinical manifestations and pleiotropic aspects.
Very few other traumas can be as rapidly life-threatening as major blood loss and tissue
oxygen deprivation. Therefore, it is conceivable that the nature of these diseases requires
extreme physiological responses in order to limit anemia and sustain life. In
hemoglobinopathies, the majority of the body’s physiological responses are likely re-
directed or focused to optimize blood production at the expense of other cellular homeostatic
circuitry systems, triggering pathological effects if these conditions chronically persist. One
example that supports this concept involves iron homeostasis. As one of the main functional
components of Hb, iron is absolutely required for RBC production. Iron absorption is
dramatically altered in th3/th3 mice to the extent that the concentration of iron in tissue and
serum may be as high as 10 times the normal level [26]. These levels far exceed erythroid
demands, as shown by parenchymal iron deposition and suggest that, in conditions of
extreme anemia, the circuitry that controls iron homeostasis is lost. Under normal
conditions, the iron levels observed in beta-thalassemia major would trigger an elevated
production of Hamp; however, the extreme level of IE in these animals prevents Hamp from
sensing the iron burden and keeps its expression very low. In contrast, in th3/+ mice, which
have less erythropoietic drive compared to th3/th3, Hamp expression is likely to be
determined by the relative ratio between anemia and iron overload, which varies with age. In
fact, although the level of expression of Hamp escalated in aging mice, the net rate at which
iron content increased was maintained due to a persistent up-regulation of both Fpn mRNA
and protein in the duodenum, thus underscoring this iron transporter’s fundamental role in
the iron overload of beta-thalassemia (Fig. (4)). Altogether, these observations indicate that
in beta-thalassemia, iron absorption fails to obey normal physiological rules and is increased
despite the tissue damage that accompanies iron overload.

If it is now clear why Hamp is decreased in the condition of IE, it is unknown why Fpn is
increased in the duodenum in th3/+ mice. As previously noted [166, 167], increasing levels
of hypoxia over time could trigger up-regulation of Fpn in the duodenum, although the same
has not been observed for th3/th3 mice. Haptoglobin is a glycoprotein produced mainly by
the liver and secreted into the blood. Haptoglobin, by virtue of its high affinity for
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hemoglobin, protects the tissues against hemoglobin-induced oxidative damage and allows
heme iron recycling. It has been shown that iron induces a dramatic post-transcriptional
decrease of liver and serum haptoglobin in C57BL/6 mice [175], the same strain of
thalassemic mice that showed increased duodenal Fpn [26]. In addition, it has been shown
that haptoglobin-KO mice export significantly more iron from the duodenal mucosa to
plasma compared to their control counterparts. This is due to increased duodenal expression
of Fpn, both at the protein and mRNA levels, whereas hepatic Hamp expression remains
unchanged [176]. In the same study, it was also suggested that increased free Hb levels
might activate Fpn expression. Therefore, due to the underlying IE in th3/+ mice, high free
Hb and low haptoglobin serum levels could be responsible for increased Fpn expression in
the duodenum. This hypothesis could be easily verified.

As in thalassemic patients, the organs most affected in HH patients are the liver and the
heart. Therefore, HH and beta-thalassemia might share clinical manifestations with the same
molecular origin: dysregulation of gene(s) that sense and control iron absorption. In
thalassemic mice, it was shown that when Hamp was down-regulated, the expression of the
Hfe gene was low as well. This is the first observation that one of the pleiotropic effects
observed in beta-thalassemia (iron overload) might share the same molecular mechanism
observed in another disorder. Is it possible, hence, that the low penetrance observed in HH
and the variability in the clinical features triggered by iron overload observed in thalassemia
might be due to similar modifier genes? Comparing thalassemic mice with other mouse
models of hemochromatosis (e.g. Hfe-KO mice), in addition to their interbreeding, could
greatly expand our knowledge of these disorders, simplifying the isolation of the genes that
contribute to these pathologies.

A few studies have emphasized the possibility that administration of Hamp or control of its
level of expression could be utilized to control iron absorption [26, 132, 168, 177–179].
Rivera at al. showed that HAMP injection reduced iron absorption in normal animals [178],
while Roy and colleagues demonstrated that mice over-expressing Hamp developed a mild-
to-moderate anemia associated with iron deficiency and iron-restricted erythropoiesis [179].
In addition, it has been shown that BMP-2 administration increases HAMP expression and
decreases serum iron levels in vivo [132]. All these studies support a role for HAMP
administration or modulators of the BMP signaling pathway for treating diseases of iron
overload. Future studies should address whether abnormal iron absorption could be
prevented by administration of Hamp. Mouse models of beta-thalassemia and SCD, as a first
step to evaluate the potential therapeutic approach of Hamp administration in these diseases,
could be utilized. Anemia, liver, and macrophage iron metabolism will need to be carefully
monitored. However, the decreased levels of HAMP observed in the urine of thalassemic
patients [143] indicate that these new potential therapeutic approaches are worthwhile to
investigate for their potential to reduce iron overload in thalassemia and other
hemoglobinopathies.
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Fig. 1. Schematic chromosomal organization of the globin-loci
Genes of the human and mouse alpha-and beta-globin_ loci are represented, respectively, on
the left and right of the diagram (A). Time course of developmental globin gene regulation
(B). Hemoglobin tetramers produced at different stages of life (C).
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Fig. 2. Simplified schema describing iron metabolism
Iron is absorbed by duodenal enterocytes by DMT1 or HCP1 while FPN releases it to the
plasma to bind apo-TF (A). Iron circulates as holo-TF (B). Most of the iron in the body is
incorporated into erythroid precursors in the bone marrow, where Hb is synthesized (C).
Iron is also stored in parenchymal cells of the liver (D) and reticuloendothelial macrophages
(E). Parenchymal cells, mobilizing FT-bound iron, and macrophages cells, by degrading Hb
from senescent erythrocytes, release iron to the plasma onto TF for delivery to other cells
(F). When iron concentration increases, HAMP is secreted by parenchymal cells, targets
FPN blocking iron absorption by duodenal enterocytes and iron egress from macrophages.
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Fig. 3. Transcriptional regulation of HAMP expression
Basal HAMP expression depends upon signaling by interaction between BMPs, BMPRs
through the downstream SMAD factors. HJV acts as a BMP co-receptor. HoloTF also
induces HAMP expression through the same pathway. It has been proposed that the HFE/
β2M/TFR2 and the BMP/BMPR/HJV complexes interact to synergistically increase HAMP
expression through the SMAD factors. HAMP induction in inflammation results, at least in
part, from the signaling of IL-6 through its receptor and STAT3. P53 also activates HAMP
transcription. Erythropoiesis represses HAMP transcription directly, by GDF15; indirectly,
by hypoxia or by other unknown mechanisms. The question mark indicates that some of
these pathways are not completely elucidated yet.
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Fig. 4.
Schematic representation of iron metabolism mediated by HAMP and FPN, from the top, in
condition of normal erythropoiesis, beta-thalassemia intermedia in early and late stage and
in beta-thalassemia major. Discussed in the text.
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