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ABSTRACT

Iron is one of the most widely spread metals in the earth’s crest. In the living body it
has a dual nature. The element is essential for almost all living organisms: it partici-
pates in important metabolic processes including oxygen transport, DNA synthesis
and electron transport, regulation of gene expression. However, excess of iron is
highly toxic because of its ability to promote free radical formation via Fenton’s
reaction. High levels of iron within the body have been associated with increased
incidence of some cancers and dysfunction of organs [heart, pancreas, liver] or
development of some neurodegenerative diseases. This dual nature has forced the
evaluation of systems of transport, store and use of the element in a safe and avail-
able manner. The specific binding to proteins provides increased iron solubility and
bioavailability, reduces the potential toxicity and exerts control over the metabo-
lism of this essential nutrient.

Recent advances in genetics, molecular biology and biochemistry of iron metabo-
lism provide more detailed understanding of regulatory mechanisms. That knowl-
edge contributes to more effective protection and treatment of disorders, caused by
disturbances in iron homeostasis thus making a step ahead in improving health and
quality of life.

Key Words: Iron, transport, uptake and storage, regulatory mechanisms, iron ab-
sorption

OZET

Demir yer kabugunda en bol bulunan metallerden biridir. Canli organizmasinda
ikili bir tabiat1 vardir. Hemen hemen biitiin canli organizmalar i¢in alinmasi zorun-
lu olan bir elementtir. Oksijen tagima, DNA sentezi ve electron taginmasi, gen ifade-
sinin diizenlenmesi gibi énemli metabolik islemlerde rol alir. Ote yandan, demirin
fazlas1 Fenton tepkimesi yoluyla serbest radikal olusumunu arttirdigi i¢in oldukga
toksiktir. Viicuttaki yiiksek demir diizeyinin bazi kanserlerle ve organ bozuklugu
ile [kalp, pankreas, karaciger] veya norodejeneratif hastaliklarin gelismesi ile
iligkili oldugu gosterilmistir. Bu ikili tabiat, elementin giivenli ve yararlanilabilir
sekilde taginma, depolanma ve kullanim sistemlerinin gelismesini zorunlu kilmistir.
Proteinlere 6zgiil baglanma demirin ¢6ziiniirligiinii ve biyoyararlanimini arttirip,
potansiyel toksisitesini azaltir ve bu esansiyel besin maddesinin metabolizmasi
iizerinde kontrol saglar.

Anahtar Kelimeler: Demir, tasinma, alim ve depolama, diizenleyici mekanizma-
lar, demir emilimi
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Distribution of Iron in Human Body

The average content of iron in the body is approximately
35 and 45 mg/kg body weight in adult women and men
respectively [1]. The main part of total body iron [60
—70 %] is incorporated in the structure of hemoglobin of
the developing erythroid precursors and mature eryth-
rocytes. Another 10 % of essential iron is presented in
muscle myoglobin and some other tissue enzymes and
cytochromes. In healthy individuals, the remaining iron
[20-30 %)] is stored as ferritin and hemosiderin in hepa-
tocytes and macrophagial systems of liver, spleen and
bone marrow.

The iron, bound to plasma transferring is less than 1 %
of the total iron store, but its pool is very important with
high turnover. Almost 80 % of transferrin-bound plas-
ma iron is transported to the bone marrow for hemoglo-
bin synthesis in the developing erythroid cells [2]. The
monocyte-macrophagial system provides the biggest
amount of iron, needed for the erythropoesis [3].

Transport And Uptake Of Iron

Within the body, between the sites of absorption, stor-
age and utilization, iron is transported bound to plasma
protein transferrin. The protein is also involved in the
transport of other metal ions such as AI**, Mn?" [48, 49],
Cu?" and Cd* [4] although the affinity for binding iron
is the highest. Transferrin is mainly synthesized in the
liver but is also produced in the brain, testis, lactating
mammary glands and in some fetal tissues during the
development. In the circulation transferrin molecules
exist as a mixture of iron-free [apo], mono-ferric and
di-ferric forms. The relative abundance of each form
depends on the concentration of iron and transferrin in
blood plasma. The complex transferrin-iron enters the
cells by a receptor mediated endocytosis with formation
of specialised endosomes. Di-ferric transferrin has the
highest affinity, followed by monoferric and apotrans-
ferrin has the lowest affinity [5].

There are at least two types of transferring-receptors;
each has its own distinct cell and tissue-specific expres-
sion. The protein structure of the receptor 1 consists of
three domains: 1. cytoplasmic region [61 amino residues,
amino-terminal]; 2. transmembrane region [28 resi-
dues] and 3. extracellular carboxyl-terminus region [671
residues], to which transferring binds [6,7]. Nucleotide
sequence analysis of the structure reveals a moderate
degree of similarity with prostate-specific membrane
antigen [8]. Biological significance of this similarity re-
mains to be elucidated. The form in the circulation lacks
the cytoplasmic and transmembrane domains of the in-
tact receptor [6,7]. Serum [soluble] transferrin receptors
correlate well with red cell iron turnover and erythropo-
etic activity.

Transferrin-receptor 1 is mainly expressed in immature
erytrocytes, placental tissues, liver and rapidly divided
cells [9].

Studies, based on mice models, demonstrate biological
significance of this form of the receptor. Mice heterozy-

Turk J Biochem, 2007; 32 (3) ; 135-140 .

gous for the disrupted gene develop typical symptoms
of iron deficiency [10]. Mice with homozygous muta-
tions of the gene die in utero because of highly defec-
tive erythropoesis and heavily disturbed neurological
development. The neurological defect raises question
weather the defect is caused by the impaired supplying
of neurons with iron or the same receptor has some ad-
ditional yet unidentified function, not related to iron, in
these cells.

The second transferring receptor TfR-2 is a transmemb-
rane glycoprotein that shares 66 % similarity with TfR-1
in the extracellular domain. It is expressed in the liver
where expression of TfR-1 is relatively low. It could bind
iron and play role in cellular iron uptake. Affinity of
transferrin is lower for TrR-2 than for TfR-1 [11]. The bi-
ological significance of TfR-2 is evident in humans with
a homozygous mutation in its gene. These patients deve-
lop a non-HFE-linked form of hemochromatosis [12].
Non-transferrin bound iron [NTBI] could be uptaken by
pathways, which include production of hydroxyl radi-
cals rather than through increased other transporter syn-
thesis or other type of the cell surface receptors. NBTI
uptake also appears to be influenced by other trivalent
metals, but how these effects are exerted is unknown
[13]. Additional transferrin-independent mechanism by
melanotransferrin and lactoferrin exist to transport iron
[14, 15].

Iron Storage

Alterations in iron storage capacity are key part for es-
tablishing of iron homeostasis. Modulation of iron stor-
age can be performed by changed synthesis or degrada-
tion of ferritin molecules.

Tissue ferritin is composed of two type of chains: heavy
[H] and light [L]. A third subunit G is found in the serum
and is thought to derive from L-subunit by glycosylation
[16]. H-ferritin is a ferooxidase and this activity pro-
motes the more rapid incorporation of iron into ferritin
structures, rich in this subunit. The H chains predomi-
nate in tissues like heart and pancreas. Isoforms, rich
of L-chains take up iron more slowly but hold it longer
and they are predominant in storage tissues like liver
and spleen. A decrease in the amount of H subunits in-
creases compensatory L-subunit synthesis. Therefore, H
deficiency can lead to isolated hyperferritinaemia in the
absence of iron overload [17].

In the cells, loaded by iron, lysosomal hydrolytic en-
zymes degrade the aggregates of ferritin to the forma-
tion of haemosiderin. This conversation may have a cy-
toprotective role against iron cytotoxicity..

Regulation of Iron Uptake and Storage

Tight regulation maintains a balance between iron up-
take, transport, storage and utilization in response to
cellular metabolic needs. In mammalian cells, the ex-
pression of many key molecules in iron metabolism is
regulated via a feedback regulatory mechanism. In non-

136

Atanassova and Tzatchev



erythroid cells these regulations are occurred at post-
transcriptional level and depend of intracellular iron
levels [18,19]. They involve interaction between specific
sequence — stem-loop structures, termed iron responsive
elements [IRE] in mRNA and iron regulatory proteins
land 2 [IRP]. Depending on their locations in mRNA,
IRE-s act as suppressors or enhancers of translation thus
resulting in decreased or increased stability of mRNA
molecules and therefore in suppressed or stimulated syn-
thesis of the key proteins: ferritin, TfR1, Iregl, DMTI.
In erythroid cells the regulation occurs at transcriptional
level during erythroid differentiation without involving
IRE and IRP mechanism.

In the patients with hereditary hyperferritinemia-cata-
ract syndrome, an autosomal dominant disorder, a single
point mutation in the hexa-nucleotide loop region of the
IRE in ferritin light chain has been identified and char-
acterized [20]. Therefore the affinity of IRPs to the mu-
tant IRE is dramatically reduced. The result is overpro-
duction of ferritin irrespectively to cellular iron status.

Disorders of Iron Metabolism

Disorders of iron metabolism are related either to defi-
ciency or to excessive accumulation of iron. To mini-
mize iron-mediated harmful effects and to reduce cost
of the treatment, early diagnosis is absolutely necessary.

Iron deficiency

Iron deficiency probably represents the most common
nutritional deficiency overall. Once the body stores have
been exhausted, a continuing negative iron balance re-
duces transferrin-iron saturation to less than required
to maintain erythropoiesis. Eventually, with continuing
iron deficiency, haemoglobin production is impaired and
anaemia develops, reducing the availability of oxygen to
the tissues. Consequences of iron —deficiency anaemia
are well known. Special interest provoke observed non-
hematological effects: reduced work performance with
lactic acidosis, reduced attention span and learning abil-
ity in children, impaired temperature regulation, defects
in cell-mediated immunity.

In some periods such as early childhood and adolescence,
the iron content in the diet could be not enough to pro-
vide proper amounts for the body needs. For the women
in active age, the additional iron loss by the monthly
cycle increases the daily needs. During pregnancy there
is also an increased need of iron. Special attention is
concentrated on early diagnosis of iron deficiency in
pre-school children because lack of iron in this case may
cause deteriorated cognitive function with considerable
social implication.

Iron Overload

Hereditary hemochromatosis is inherited autosomal re-
cessive disorder with a high prevalence in Caucasians
[0.5-1.20 %] [21]. HFE was discovered as the causative
gene for this disease in 1996. Two mutations [C282Y
and H63D] account for 90 % of hemochromatosis [1].
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The patients with non HFE-hemochromatosis have a ho-
mozygous mutation in the gene that codes the structures
of the transferrin receptor 2. It seems possible that TfR2
function is associated with regulation of homeostasis
rather than directly involved in iron uptake [22].
Excessive absorption may occur in genetically caused
African model of iron overload [Bantu siderosis]. In-
creased deposition of iron is generalised in the macro-
phages. This fact has a special consequence in Africa
where tuberculosis is endemic. The cause of this distur-
bance is combination between stimulated iron absorp-
tion and genetic defect, non-localised into HLA locus
[23].

Iron overload is also occasionally seen patients with
alcoholic liver disease. The mechanism for stimulation
of iron absorption may include the high iron content of
some alcoholic beverages, pancreatic exocrine insuffi-
ciency or a direct effect of alcohol as a stimulator of iron
absorption.

Intestinal iron absorption-physiology and
molecular aspects

Iron has no normal pathway for excretion from the body.
Therefore the positive iron balance is maintained by
regulating predominantly the intestinal absorption of
the element.

In man dietary iron intake consists of two components:
haem iron [red meat] and non-haem iron [vegetables, ce-
reals]. Non-haem iron exists predominantly in the highly
insoluble ferric form Fe[III] and therefore is poorly bio-
available. It is the reason for the high percent of iron
deficiency anaemia in the developing countries, where
the combination of poor iron supplies and parasitic in-
fections reduces iron stores. Non-haem iron is absorbed
early in the duodenum, where the low pH favours the
solubility of iron. Low molecular iron complexes and
Fe*" are well absorbed. In the jejunum and ileum, the
element forms insoluble complexes thus decreasing the
bio-availability of iron.

Iron absorption occurs mainly in the proximal intestine
with the maximal rate in the duodenum and the lowest
in the ileum [24]. The intestinal transit of iron through
duodenal enterocytes includes two main components:
uptake and transfer [25]. Uptake is defined as a transport
of dietary iron across the apical membrane of the entero-
cyte into the intestinal mucosa. Transfer is the move-
ment of iron from the enterocyte across the basolateral
membrane to the circulation.

Mucosal uptake
Apical transporter DMTI1/Nramp?2

This transporter is a protein that transfers iron across
the apical brush-border membrane within the cells. The
nature of the transporter has been identified by two in-
dependent groups. Gunshin et al. gave the name DMT]I,
which underlines the capability of the protein to trans-
port divalent ions of some metals [26]. Fleming et al.
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gave the name Nramp2 and revealed that the transporter
is analogue of protein in the macrophages and it is a
part of the defence against intracellular pathogens [27].
DMT1 is not specific only for iron. The ability of DMT1
to transport the ions of some heavy metals such as Pb or
Cd provides an explanation for the increased absorption
of these toxic metals in iron deficiency state. Zinc and
copper have been reported to regulate DMT1 expression,
providing another possible mechanism for metal interac-
tion with iron absorption [28].

Duodenal ferri-reductase activity

In mammalians, iron is taken primarily in the the duo-
denum, where ferrous iron is more efficiently absorbed
than ferric iron. DMTI1 has been shown to be respon-
sible for the uptake of ferrous iron from the lumen into
the mucosa. Most dietary iron is in the form of ferric
iron complexes and these must be reduced to ferrous
ions before iron can be transported by DMT1 across the
apical membrane. A brush-border surface ferric reduc-
tase enzyme activity has been demonstrated both in the
duodenal mucosa itself and in cultured intestinal cells
[24,29]. Reduction and uptake are sequential steps dur-
ing absorption [24]. The reductase activity is strongly
stimulated by hypoxia and iron deficiency, both of
which stimulate absorption of dietary non-haeme iron.
The reductase activity is highest in the duodenum and
lowest in the ileum, compatible with the profile of iron
absorption along the gut: highest in the duodenum and
lowest in the ileum [24].

McKie et al. identified the gene, responsible for the re-
ducing activity [duodenal cytochrome b -dcytb] by a
subtractive cloning strategy [30]. The protein sequence
is homologous to cytochrome b561-b-type haem trans-
membrane reductase, highly expressed in chromaffin
granule membranes in the adrenal medulla. Later stud-
ies confirm that duodenal ascorbate serves as an elec-
tron source for this reductase activity thus providing one
mechanism for molecular explanation of interaction be-
tween intracellular ascorbate levels and the rate of iron
absorption [31,32].

Basolateral transfer

The protein transporter, responsible for the transfer
across the basolateral membrane of duodenal entero-
cytes across the circulation is Ireg 1/Ferroportin. Iregl
is isolated following the same strategy as for Dcytb [33].
Iregl is independently identified in other two labs and
has been named ferroportin [34] and MTP1 [35]. Iregl
likely also plays an important role in iron transport in
other organs, notably the placenta, where iron trans-
fers between maternal and fetal circulations. Recycling
of iron into circulation from the breakdown of haemo-
globin and realising from macrophages to the circula-
tion also probably involves Iregl. Several groups report
mutations in the structure of Iregl which cause haemo-
chromatosis [36,37] distinct from HFE mutations. The
clinical data show distinct differences for patients with
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HFE mutations. In patients with Iregl mutations, serum
ferritin is very high and reticuloendothelial cells are se-
verely loaded in contrast to HFE patients.

Hephaestin - intestinal ferooxidase

Hephaestin is a protein with a structure highly similar to
that of ceruloplasmin-multi-copper ferrooxidase. Stud-
ies indicate that the protein is required for the release
of iron into the circulation and the binding to the trans-
ferring. Hephaestin is not a transporter, but it facilitates
the iron transport. In normal iron uptake of dietary iron
but defective hephaestin microcytic anemia is developed
and it is not compensated effectively by oral iron supple-
mentation but by parenteral iron supplying. Hephaestin
is highly expressed in small intestine but not predomi-
nantly in the duodenum like Iregl, Dcytb or DMTI1. In
fact it is expressed in the gut with no obvious gradient.
This suggests hephaestin may have additional role in the
intestine unrelated to iron absorption [38].

Hepcidin: hormone - key regulator of iron ho-
meostasis

Hepcidin is a small 25-aminoacid disulfide rich pep-
tide, synthesized in the liver and secreted in the plasma
[39,40]. The lack of the peptide causes progressive ac-
cumulation of iron and the over-expression leads to se-
vere iron deficiency anaemia [41]. Mutations in hepcidin
cause early-onset iron overload in man with juvenile he-
mochromatosis [42]. Refractory iron deficiency anaemia
in patients with large liver adenomas is related to mark-
edly increased RNA levels of hepcidin [43]. In vitro data
suggest that increased non-transferrin bound iron in
thalassemia syndromes and some other hemolytic states,
in patients with hereditary hemochromatosis, hypo- and
a-transferrinemia could lead to decreased hepcidin se-
cretion: it provides one possible mechanism, explain-
ing increased iron absorption and iron overload in these
pathological conditions [44].

The idea that hepcidin could be cytokine-regulating
gene both impairing iron recycling from the macro-
phages and iron absorption is confirmed by the fact that
its production is induced by IL-6, but not by IL-1 u TNF-
a [45].

Availability of reliable serum and urine hepcidin assay
could enlarge the number of studies on hepcidin regula-
tion, performed in man [46].

Regulators of iron absorption

Iron in the diet could modulate the rate of absorption:
mechanism referred as “dietary regulator” [1]. The phe-
nomenon “mucosal block” occurs several days after the
consumption of dietary iron. Supplementation by high
oral iron doses decreases Dcytb and DMT - expression
thus suggesting that “mucosal block” operates at the
level of protein involving in iron uptake [47].

Iron stores regulator responds rather to total body iron
than dietary iron. It probably acts at the level of crypt-
cell programming. This regulator facilitates slow accu-
mulation of dietary non-heme iron and does not regulate
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hem-iron uptake. It prevents iron overloading once the
body iron stores have been repleted [1].

Several other factors could influence the rate of intes-
tinal iron absorption: marrow erythropoetic activity,
blood hemoglobin concentration, presence of systematic
inflammation [48]. Iron absorption is increased in rapid
growing and pregnancy: states with decreased iron in
the tissues. During the second pregnancy stage the ab-
sorption of iron from the diet is increased as well as ab-
sorption of supplemented inorganic iron. The increasing
is continuing at about 12 weeks after birth delivery.
Recent knowledge on the mechanism of intestinal non-
heme iron absorption confirms earlier hypothesis that
hypoxia plays role of independent stimulating regula-
tor [49,50]. Key aspect of iron absorption regulation is
separation of absorption mechanism from the presumed
sensing mechanism. This separation is supported by re-
cent findings on the crypt-villus localization of proteins
concerning absorption [25].

Considerable progress has been made in understand-
ing the mechanisms controlling iron absorption and the
whole iron homeostasis. The dual nature of iron in hu-
man body determines the essential importance of these
regulations. Profound studies of the processes, maintain-
ing normal narrow iron limits contribute to more effec-
tive protection and treatment of the main disturbances of
iron metabolism [iron deficiency and iron overload] and
allow improving health and quality of life.
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