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Child-Pugh classification
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HS; healthy subject, CH; chronic hepatitis, LC; liver cirrhosis
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Iron metabolism and anemia
'Katsuya Tkuta, *Yoshihiro Torimoto, 'Yutaka Kohgo
'Division of Gastroenterology and Hematology/Oncology, Department of Medicine,
Asahikawa Medical College
*Oncology Center, Asahikawa Medical College Hospital

Abstract

Iron is essential for all living organisms. Iron is taken up from the foods by enterocytes
of the duodenum and proximal jejunum, and then released into the plasma and transported
to whole body by binding to transferrin. Transferrin—bound iron is utilized mainly for
erythropoiesis at the bone marrow, in which iron is essential for the formation of heme.
Recently, a new anti-microbial peptide, named hepcidin, was identified, and hepcidin is
found to function as the regulator of body iron metabolism by inhibiting iron uptake at
enterocyte and iron release from reticuloendothelial macrophages. Hepcidin is produced
by hepatocytes, and the expression is modulated by inflammation so that hepcidin is
thought to be involved in the pathophysiology of anemia of chronic disease. Research in
the iron metabolism field has been developing rapidly these years, and the new innovational
therapies for the disease caused by the dysregulation of iron metabolism are expected.

Key words: anemia, iron metabolism, hepcidin, anemia of chronic disease (ACD),

mitochondria, heme
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5L ferroportin & 4 L C 2 fifk S L THN 24, ceruloplasmin 12 &
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S LAZRIR - MR A 0, MR o T a,
FPN: ferroportin, HCP-1: heme carrier protein-1,
DMT1: divalent metal transporter 1. Deytb: duodenal eytochrome b, Tf: transferrin
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protein-1(HCP-1) = X - THIlaN~ILh = %
i1, heme oxygenase -1 {2 £ T2 A7,
TS HI N A - 22 8kiR, F o Bl A e rE o
LA A ferroportin (2 & - T 2 ik Tlil
FMIZHB = h s Hoih 2407 2 ik,
hephaestin & (TS 4512 & - T 38k A8
fbaia’, 3oL ko281t #1149
FOTIZM L2 TREGL, 42 EREN s

—160'—



H
Nippon Rinsho Vol 66, No 3, 2008-3 471
> Co Fe @y 1 ——
m .) ® m :) enthmblastJ
o TiR1 TiR2 ’.-' TfR-independent ‘\
Pl [ ol |
/ \\ ;' / l’
{ \ ’ IR
cllioome 5P oS hydroxymethylbilane
¢
P (PBGD) Ny (UROSS)
ii uroporphyrinogen 1
DMT1 porphobilinogen ‘
" (aLan) lmmm
ammnlevﬂmn: acid coproporphyrinogen TIT
. I
(CPO)
(ALAS) ) l \\
glycine protoporphyrinogen [X
inyl-CoA
e Pwm
protoporphyrin IX
(FECH)
mltnc!mndna
\ A
F2 BREFFRICBETIALOSHEREEHEORN Y AHER

AF#IBETIZ TRl 13512 TR2, BLUTRIFEFHEHROBESATE), TholzloTTI#EE
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TiR1: transferrin receptor 1, TfR2: transferrin receptor 2, DMTIL: divalent metal transporter 1,
ALAS: aminolevulinic acid synthase, ALAD! aminolevulinic acid dehydratase, PBGD! porphobilinogen
deaminase, URO3S: uroporphyrinogen III synthase, UROD! uroporphyrinogen decarboxylase, CPO!:
coproporphyrinogen oxidase, PPO: protoporphyrinogen oxidase, FECH: ferrochelatase.
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Abstract

Alcoholic liver diseases ( ALD) are frequently associated with iron overload, Until recently,
the effects of ethanol in hepatic iron uptake and intestinal iron absorption have not been
clarified in detail. Two possible mechanisms for iron overload are the uptake of iron into
hepatocytes in a specific manner through the increased expression of transferrin receptor
(TMR) |: and increased intestinal iron absorption by the lowering of hepeidin. It is worth-
while 10 examine whether a similar mechanism is present i the development of steatosis
and non-alecholic steatohepatitis (NASH). Hepatocytes have several iron uptake pathways.
Ethanol increases transferrin (TF)-mediated uptake via o receptor-dependent manner, but
downregulates the non-Ti-bound iron uptake. According 1o immunohistochemical study,
TIR1 was increased in hepatocytes in 80% of hepatic tissues of patients with ALD, but was
not detected in normal hepatic tissues. In an experimental model, ethanol exposure 1o the
primary cultured-hepatocytes in the presence of iron increased TfR1 expression and “Fe-
labeled TF uptake. In patients with ALD, intestinal iron absorption is increased by oral iron
uptake assay. The regulatory hormone for iron homeostasis, hepeidin is downregulated in
ethanol-loaded mice liver. As well as ALD, a similar mechanism was present in the mouse
model fed with a high-fat diet, a model of the initial phenomenon of steatosis, The comman
mechanism for hepatic iron deposition and the triggering role of iron may be present in the
development of ALD and non-alcohalic fatty liver disease/NASH.

Introduction

Body iron metabolism is strictly regulated in physiological condi-
tions, but it is becoming clear that several factors including
uleohol, hepatitis C virus (HCV) infection, steatohepalitis efc,
affect iron metabolism and the outcomes of their own diseases.'
Alcoholic liver diseases (ALD}. which are churactenized by fatty
liver. fibrosis, hepatitis and cirrthosis, are frequently associated
with mild to severe iron overload, In advanced cases, such as
cirrhosis, the reticuloendothelial iron deposition is dominant, in
which endotoxemia and hypercytokinemias are deeply involved.
However, in ALD of earlier stages, such as fuity liver and fibrosis,
won deposition is very mild and iron is preferentially present in
hepatocytes. These findings indicate that alcohol hisell or s
metabolites primarily affect and dysregulate overall body iron
metabolism, including hepatocyte iron uptake and intestinal iron
absorption in a specific manner such as via the newly discovered
hormone, hepeidin. Conceming the fundamental pathogenesis of
ALD, the production of reactive oxygen species (ROS) is consid-
ered 10 be responsible. During the oxidation process of ethanol,
superoxide (0:) is produced and is transformed to hydroxyl
radical (OH ). which is the most poteni oxidant via the Fenton
reaction in the presence of free iron.” Actually, in the imragastric
infusion model of ALD, supplementation of carbonyl iron

advances fibrosis and cirrhosis.” Two possible mechanisms of the
role of alcohol in the carly stage of disease can be seen in Fig, 1.
one is increased uptake of ron into hepatocytes and the other is
increased intestinal iron absorption.'

Iron accumulation in hepatocytes
by ethanol

It is well known that Japanese patients with ALD have a phenotype
that is rather mild compared with that of severe alcoholic siderosis
seen in the USA® In our study dealing with Japanese ALD.® us
well as in the rat model,” there is a positive correlation between
ron deposition and histological ity of a lipid-peroxid.
product, 4-hydroxy-2-nonenal (HNE}protein adduct. suggesting
that free iron responsible for the Fenton reaction may be present
predominantly in hepatocytes, and that ROS-induced cell damage
is increased.

Hepatocytes have several pathways for iron uptake: transferrin
(Tr-mediated and non-medinted pathways.* Plasma iron is usually
hound to Tf and iron-bound T1 is Luken up via its specific receptor.
In addition, non-Tl-bound iron (NTBI) is thought 10 contribute
iron uptake to hepatocytes through either a divalent metal trans-
porter (DMT1" or ZIP14.'" As shown in Fig. 2, we have found
that ethanol augmented “Fe-bound T but inhibited “Fe-citrate
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Figure 1 Two ble mach ns of dy slated hepatic iron acou-
mulation in slcoholic liver disease (ALD) in the early stage of the
disease. One is increased uptake of iron into hepatocytes and the other
is increased intestinal ifon absorption.

(NTBI), suggesting that Tf-bound iron may have an important role
for hepatic iron uptake by ethanol. Although there are two mol-
ecules of TF receptor, TFR1 and TfR2, TfR1 has a high affinity to
serum Tf and is considered to be functional. However, in normal
hepatocytes, TIR2 is constitutively expressed. but TTR1 is down-
regulated, suggesting that Tle dncs not contribute 1o the steady-
stulelmn, ke. By i hemical study of TIR1, the

was i d in hepatocytes in 80% of hepatic tissues
in Iapnnese patients with ALD, but was not detected in normal
hepatic tissues,' It is noteworthy that the mean duration of absti-
nence of patients who demonstrated positive TIR1 expression in
hepatocytes was significantly shorter than that of patients who
demonstrated negative TfR1 expression. Taken together, it is pos-
sible that ethanol may augment TIR1. In the mt primary hepato-

Dy lation of iron

control." In addition, alcohol-loading might disrupt the sensing
signal of inflammatory cytokines and then downregulate hepcidin
expression, following the increased iron absorption from the
small intestine. Concerning the mechanism of hepcidin down-
regulation by alcohol, a decreased hepcidin expression in mouse
liver is accompanied by increases of DMTI and ferroporin |,
and a decrease of hepeidin promoter activity and DNA-binding
activity of CCAAT/enhancer-binding protein (C/EBP)." In
henmewhromatotic hlet /) miee et with ethanol, o funther
decrease in hepcidin mRNA expression was observed, in asso-
ciation with the decrease of C/EBP alpha, which may have impli-
cations for the liver injury observed in alcoholic liver disease and
genetic hemochromatosis in combination with alcohol '

Steatosis as an inducer of
dysregulation of iron metabolism

Non-alcoholic  steatohepatitis (NASH) or non-alcoholic fatty
liver disease (NAFLD) is a clinical entity characterized by the
histopathological changes nearly identical to those induced by
alcohol intake. In US population, approximately 25% are obese,
and at least 20% of the obese individuals have hepatic steatosis,
and it is suggested that obesity and steatosis affect liver disease
progression.” A mild or moderate excess iron is frequently accu-
mulated in liver tissue with NASH. Actually, the prevalence of
the HFE gene mutation associated with hereditary hemochroma-
tosis is increasing in patients with NASH, with the evidence
strongly suggesting that iron is one of the important factors for
the development of NASH* It was also reported that phle-
botomy is effective against NASH and the rise of oxidative stress
markers related to the grade of iron overload in the liver®

the hanism of iron overload in NASH is still
unknown, Recently, our study using the high-fat diet mouse
model suggested a strong link between the activation of peroxi-
mme proliferator-activated recepior gamma 1PPAR1) and the

cyte culture, the expression of TFR 1 is upregulated in the p e
of ethanol and iron by western blotting and “S-methionine meta-
bolic labeling, suggesting that cthanol or its metabolite may affect
the regulation of TfR1 and iron uptake. This increased TIRI
expression was regulated by increasing the activity of iron regu-
latory protein (IRP)."

Role of hepcidin in aleoholic iron
overload

Body iron homeostasis is regulated strictly among processes
such as dietary iron absorption, transport in circulation, and uti-
lization or storage in bone marrow and liver. Increase in intesti-
nal iron absorption is one of the mechanisms of the increase of
body iron in alcoholics.' In patients with hereditary hemochro-
matosis, serum pro-hepcidin was lower than that in normal con-
trols, suggesting that iron absorption is increased even with high
iron storage.' It was also speculated that downregulation of hep-
cidin might be one of the important factors for the pathogenesis
of iron overload in ALD." In the ethanol-loaded mouse model
which has a mild ic change, the hepcidin 1, 2 mRNA and
protein expressions were significantly lower than in those of

Journal of Gestroenterclogy and Hepatoiogy 23 (2008) Suppl. 1, 578-581 © 2007 The Authors

lation of cAMP resp element-binding  protein
(CREB)® in addition 10 an increase of adipose differentiation-
related protein (ADPR).* Among these molecules, the down-
regulation of CREB may be crucial, because CREB activation
contributes to survival signals such as anti-apoptotic protein Bel-
2* and iron chelator desferrioxamine-increased CREB binding 1o
the D-loop DNA of the mitochondrial genome in neurons.” The
downregulation of CREB, which is associated with an activation
of PPARY by high-fat diet stimulation, may potentiate further
dysregulation of iron metabolism. Actually, we found a signifi-
cant increase in mRNAs of TIRI and DMT1, and a decrease of
hepcidin mRNA in association with bodyweight gain, mild ste-
atosis and increased HNE immunostaining in this model
(Miyoshi et al., unpubl. data, 2007). As iron accumulation in the
liver tissue after 16 weeks on a high-fat diet was not yet signifi-
cant, our data strongly suggests that initial high-fat diet introduc-
tion upregulates TIRI exp n and downregul hepeidin
expression in the liver tissue, and upregulates DMT1 expression
in the Taken together, a high-fat diet itself has a
capacity 1o accelerate intestinal iron absorption and hepatic iron
uptake, as does ethanol. Therefore, it seems likely that iron is
one of the imporant factors triggering NASH/NAFLD to
develop, rather than a secondary factor.
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Transfusional iron overload and iron chelation therapy
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Abstract [ron is an essential metal for the body. while
excess iron accumulation causes organ dysfunction through
the production of reactive oxygen species. There is a
sophisticated balance of body iron metabolism of storage
and transport, which is regulated by several [lactors
including the newly identified peptide hepeidin. As there is
no passive excretory mechanism of iron, iron is easily
accumulated when exogenous iron is loaded by hereditary
factors, repeated transfusions, and other diseased condi-
tions. The free irons, non-transferrin-bound iron, and labile
plasma iron in the circulation, and the labile iron pool
within the cells. are responsible for iron toxicity. The
charactenistic features of advanced iron overload are failure
of vital organs such as liver and heart in addition 10
endocrine dysfunctions. For the estimation of body iron,
there are direct and indirect methods available, Serum
ferritin is the most convenient and widely available
modality, even though its specificity is sometimes prob-
lematic. Recently, new physical detection methods using
magnetic resonance imaging and superconducting quantum
interference devices have become available 10 estimate iron
concentration in liver and myocardium. The widely used
application of iron chelators with high compliance will
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resolve the problems of organ dysfunction by excess iron
and improve patient outcomes,

Keywords Hemochromatosis - Hepcidin -
Iron metabolism - [ron overload -
Non-transferrin-bound iron (NTBI)

1 Introduction

Iron is an essential metal for hemoglobin synthesis of
erythrocytes, oxidation—reduction reactions, and cellular
proliferation, whereas excess iron accumulation causes
organ dysfunction through the production of reactive
oxygen species (ROS). The total amount of body iron is
approximately 3-4 g, two-thirds of which is composed of
red blood cell (RBC) iron and recycled iron by RBC
destruction; the remainder is stored in ferritin‘hemosiderin,
while only 1-2 mg of wron are absorbed in the intestinal
tract and circulated in the blood |1]. Body iron metabolism
is a semi-closed system, and is critically regulated by
several factors including the newly identified peptide
hepcidin, In the circulation, iron is usually bound to
transferrin (Tf), and most of the Tf-bound iron is utilized
for bone marrow erythropoiesis [1]. As there is no active
mechanism to excrete iron from the body, a progressive
accumulation of body iron easily occurs as a result of
long-term transfusions in patients with anemia of genetic
disorders such as thalassemia, sickle cell disease (SCD).
and Diamond Blackfan syndrome, and of bone-marrow
failures such as aplastic anemia (AA) and myelodysplastic
syndromes (MDS). In order to consider pathophysio-
logical mechanisms of organ injury by iron overload. an
understanding of molecular mechanisms of body iron
metabolism is essential.
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Table 1 Molecules mvolved m body iron metabolism

Muolecules for intestinal fron absorption
Divaleni metal iransporter | (DMT1)
Duodenal cytochrome b (Doyth)

Heme carrier protein (HCP)
Hemeoxygenase-|

Ferroportin

Hephaestin

Transfermn

Molecules for bone marrow iron uptake
Transferrin receptor |

Transferrin

Mulecules for rewtilization of senescent red blood cells
Hemeoxygenase- |

Fermoportin

Transfermin

Molecules for hepatic iron stornge
Ferritin

Hemosidenn

Transfermin

Transfemin receptor |

Transfermin receptor 2
Non-transferrin-bound iron

HFE

fiR2-microglobin

Divalent metal transponer |

ZIP1a

Hemaojuvelin
Molecules for systemic iron regulation
Hepeidin

(Unknown erythroid regulator?)

2 Molecular mechanisms of body iron metabolism

Table | shows a list of molecules involved in body iron
metabolism, categorized as functions including intestinal
absorption, erythroid iron uptake. reutilization of senescent
RBCs. hepatic iron storage. and systemic regulation.

2.1 Intestinal iron absorption

Ingested iron is classified as non-heme iron and heme iron.
Non-heme iron derived from plants is mainly composed of
inorganic ferric Fe(IlT) iron, and is absorbed into entero-
cytes through the divalent metal ransporter | (DMTI) after
reduction of Fe(I11) to Fe(ll) by duodenal cytochrome b [2,
3], In contrast, heme-iron derived from meat is absorbed
through a heme carrier protein into enterocytes, where it is
degraded by hemeoxygenase-1 (HO-1). Iron within en-
terocytes is then transferred from the luminal to the
vascular site of the cell, and released into the circulation

@ Springer

via the metal transporter, ferroportin in the form of Fe(ll).
Excreted Fe(Il) is thereafier oxidized to Fe(lll) by hepha-
estin, & homolog of ceruloplasmin, and the resulting ferric
iron 1% bound 1o serum TF [4].

22 Red blood cell iron reutilization in the reticulo-
endothelial system (RES) and iron load by blood
transfusion

The average life span of circulating RBCs is approximately
120 days, indicating that 20 mg of iron derived from 20 ml
of RBCs are processed by RES/macrophages on a daily
basis. Within macrophages, heme derived from phagocy-
tized RBCs 1s catabolized by HO- |, and free iron is released.

Intra-cellular iron is released into the circulation via
ferroportin. and the iron is donated to Tf and reutilized for
bone marmow erythropoiesis.

In patients with genetic anemias and bone marrow fail-
ures, regular transfusion is required in order to overcome
the intractable symptoms. Transfused RBCs are taken up
and degraded by RES/macrophages, in which the recycled
iron is overloaded and the excess iron saturates the binding
capacity of TL. This excess iron appears in the circulation as
a form of non-Tf-bound iron (NTBI) [I, 5], and causes
organ dysfunction by the production of ROS. One mulliliter
of blood contains approximately (.5 mg of iron, and there is
no active mechanism for excretion of this excess iron. In
Japan, one unit of blood corresponds to 200 ml of whole
blood or 140 ml of concentrated RBCs, both of which
contain approximately 100 mg of iron. As the critical level
of iron overload at which organ dysfunction occurs in the
liver is approximately 7 mg/g dry liver weight [6].
according to the formula derived by Angelucci [body iron
accumulation (mg/kg) = liver iron concentration (LIC; mg/
g dry weight = 10.6)] [7], only 40 Japanese units of
transfusion are required to reach this level.

2.3 Iron uptake and wtilization in liver

The liver is a major storage organ of iron, in which excess
iron is stored as ferriin and hemosiderin. In addition to
these proteins, an additional fraction of free iron is present
in the form of the labile iron pool (LIP) within cells. The
LIP is hiologically active in intracellular metabolism via
oxidation-reduction reactions, cell proliferation, and cell
signaling, but is toxic if present in excess. As shown in
Fig. I. hepatocytes huve essentially two pathways for
uptake of iron from the circulation: Tf-bound iron (Fe,-TT)
at physiological iron concentrations, and NTBI in iron
overload conditions [3].

Concerning the uptake of Fey-Tf, there are three path-
ways involved: two are dependent on and one is
independent  of transferrin receptor  (TiR) recycling.
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Fig. I Routes for iron uptake by hepatocytes. Hepatocyles have
several pathways for iron uptake from the circulation. Concerning
uptake of Tr-bound iron (Fex-Th at physiological concentrations,
there are three pathways involving TIR1, TMR2, and TIR-independent
mechanisms, The pathway via TR is a classical one and is well
clucidated. When serum FexTF binds to TIRI, the Fe;Tr-TIRI
complex is internalized by endocylosis, and iron is released within the
endosome when endosomal pH is acidic. The resulting apotransferrin-
TR complex is then recyeled back to the cell surface for re-
utilization. Released iron into the endosome is transferred to the
cytoplasm by DMTI: the resulting eytoplasmic free iron is used for
iran-related biological functions, and the rest of the iron is stored as
ferritin. In addition 10 TfRI, TfR2 and the mechanism that is
independent of TIR1 and TfR2, are also considered (0 be important
routes for iron uptake in hepatocytes, but the details of these routes
remain o be elucidated, Concerning the hepatic uptake of NTBI,
which is present in the serum during conditions of iron overload.
DMTI1 and ZIP14 are considered 1o be involved

Transferrin receptor 1 (TfRI) is a classical functional
receptor, expressed highly in erythroblasts, but less so in
hepatocytes. When serum Fe,-Tf binds to TfR1, Fe,-Tf is
internalized by endocytosis. Internalized Fe,TI-TIR1
complexes within the endosome release iron when endo-
somal pH is acidified. The resulting apotransferrin-TiR1
complex is then recycled back to the cell surface for re-
utilization. Transferrin receptor 2 (TfR2), a new homolog
of TfRI1. is ubiguitously expressed on hepatocyte surfaces
and possesses @ similar mechanism of recycling, but the
hinding affinity is rather weak: the functional role of TfR2
for cellular iron uptake is still obscured. In hepatocytes,
there is another Fe,-Tf uptake mechanism that is inde-
pendent of TR recycling, which is also considered to be
important [8].

In iron-overloaded conditions, NTBI appears in the
circulation and is taken up through two molecules such as
DMTI and ZIP14 on hepatocytes [9].

2.4 Bone marrow iron metabolism und erythropoiesis

Bone marrow erythroblasts require large amounts of iron
for hemoglobin synthesis. TfR1 is strongly expressed in

erythroblasts and functions as the uptake system of extra-
cellular Fe.-TF, Within erythroblasts, iron is transferred 1o
mitochondria and is incorporated into the center of the
heme ring, which is synthesized by condensation of &-
aminolevulinic acid, a product made by erythroid 4-am-
inolevulinic acid synthase (¢ALAS). It is noteworthy that
the synthesis of eALAS is also regulated by an iron-
responsive-element binding protein (IRP) as well as TfR1
[10]. It is well known that genetic abnormalities of this
pathway cause the phenotype of ringed sideroblastic ane-
mias [11].

2.5 Systemic regulation of body iron metabolism

It has been postulated for a long time that a soluble
factor acts to synchronize body iron metabolism between
different organs. Recently, a basic peptide called hepci-
din, an antimicrobial purified from urine, was found to
have this role [12]. Hepcidin is considered to be a
negative regulator that inhibits both intestinal iron
absorption and reticulo-endothelial iron release. It is
mainly synthesized in the liver, in which production is
enhanced during iron overload and inflammation [13]. In
some patients with genetic hemochromatosis, an abnor-
mality of hepcidin gene has been reported. In these
patients, hepeidin production was suppressed and iron
absorption increased [14], Furthermore, hepcidin expres-
sion is also down-regulated even in patients without a
genetic abnormality of hepcidin. These reports strongly
suggest that hepcidin plays an important role in tissue
iron deposition in many iron-overloaded conditions
including HFE hemochromatosis [15]. Currently, several
additional molecules such as TIR2Z and hemojuvelin
(HIV) are also known to be involved in its regulation
[16]. Furthermore, it is becoming clear that there is a
role for hepcidin even in secondary iron overload. In a
mouse model of f-thalassemia, representing ineffective
erythropoiesis, there is an upregulation of hepcidin and a
down-regulation of ferroportin, explaining how hepcidin
also contributes to the formation of secondary hemo-
chromatosis associated with neffective erythropoiesis
[17].

3 Forms of iron in serum and tissue

As free iron is extremely toxic to cells, the body has a
number of protective mechanisms with which to bind iron
in various tissue compartments. In serum, iron is usually
bound to Tf, but some is present as NTBI when iron con-
centration exceeds the iron binding capacity of plasma Tf.
It is also noted that ferritin is present in serum, although its
biological role in iron transport is unclear.
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3.1 Iron in plasma: Tf-bound iron and non-Tf-bound
iron (NTBI)

It is well known that plasma Tf is capable of binding and
transporting ferric iron to cells via TfRs. The binding
capacity of Tf to inorganic iron is very strong, and this
characteristic behavior prevents iron from existing in its
free form under normal physiological conditions. As the Tf
saturation in normal physiological conditions is up to 35%.
this suggests that there is sufficient capacity to prevent the
release of free toxic iron into the circulation [ 18]. However,
when the iron binding capacity of Tf is satrated in the
iron-overloaded state, an additional iron compartment
NTBI, appears in the circulation. This compartment is
biologically more toxic than Tf-bound iron. Among the
NTBI fractions, labile plasma iron (LPI) is the most loxic.
Unlike Tf-bound iron, the cellular uptake of NTBI is not
dependent on the TfR, and therefore the resulting iron is
diffusely distributed throughout the organs, independent of
the presence of the TfR [5, 19]. Unlike serum iron, TIBC
and percent-Tf-saturation measurements, the inter-institu-
tional difference of NTBI and LPl measurements are oo
great and these parameters have not been standardized.

3.2 fron in tissue: tissue ferritin and labile iron pool
(LIP)

Within cells, iron is stored in the proteins ferritin or he-
mosiderin. Ferritin is a cytoplasmic protein consisting of 25
heterodimeric subunits of H and L that stores iron as ferric
hydroxide phosphate in a controlled manner. Each mole-
cule can store up to 4,500 Fe(I11) within the protein shell
[20]. and release greater quantities of iron when the body is

iron deficient. Most ferritin is present in liver, spleen, and
bone marrow, and a trace amount is found in the blood as
serum ferritin. It is noteworthy that the synthesis of ferritin
is post-transcriptionally regulated by the cytoplasmic
transacting factor IRP. IRP activates ferritin synthesis
when iron is excess in the cell [21]. This adaptive response
is important for preventing cells from free iron toxicity.

In addition to ferritin iron, LIP is present within cells in
order to facilitate biological actions involving iron atoms,
and can become cytotoxic or carcinogenic when the con-
centration exceeds the protective capacity of ferritin. Most
of the LIP is free ferric ron bound to citrate or adenosine
diphosphate, and a small amount of LIP is reduced to
ferrous iron, which is responsible for oxidation-reduction
reactions and the Fenton reaction. Iron toxicity is devel-
oped thorough the production of ROS.

3.3 Serum ferritin

In 1972, Jacobs et al. [22, 23] in the UK reported that
ferritin was also present in serum, although its amount was
very low. By quantitative phlebotomy. it was found that
serum ferritin (SF) correlated with total body iron stores.
Although it is still not clear how SF is produced, it is the
most convenient laboratory test available to estimate body
iron stores at the present time, However, the level of SF is
also affected by acute and chronic inflammation and
infections. Therefore, data should be interpreted carefully
when using SF as a biological marker for evaluation of
body iron stores, as shown in Table 2. There is a difference
between the standard values of SF concentration in males
and females (normal range 10-220 pg/L in males; 10-
85 pg/L in females). It is clear that low SF values less than

Table 2 Considerations needed to use serum femitin as a biological marker for the evaluation of body iron store

®  There is a sex difference of standard values of serum ferritin concentration
¥ Male: 10-220 pg/L, Female: 10-85 pg/L
®  Serum ferritin will be | 1 in various clinical conditions other than iron overload
v Chronic infl (effect of infl ¥ cytol ]
¥ Chronic liver damage (release from destroyed hepatocytes)
¥ Malignancies (release from destroyed tumors)
v The conditions needed to be d for diff ial di is d on the value of serum
ferritin
Slight elevation (250-500 pg/L)
Maligi hronic liver damage, ct fl mild iron overload
Mild elevation (S00-1000 pg/L)
Early stage of iron overload, ineffective erythropoiesis (thalassemia, eic)
The frequency of the conditions except iron overload decreases
Moderate elevation (10005000 pg/L)
Iron overload, Adult Still's disease, hemophagocytic syndrome
Severe elevation (more than 5000 pg/L)
Iron overload (hemochromatosis)
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12 pg/L are usually representative of body iron deficiency.
On other hand, patients with SF levels that are higher than
the normal range may be indicative of conditions such as
iron overload, inflammation, collagen disease, malignancy,
and hepatic diseases [24]. This characteristic feature of the
SF assay is considered to be a disadvantage for monitoring
iron overload. Especially in Japan, the significance of SF as
an inflammation marker has been over-stressed because
there ure few patients with hereditary hemochromatosis
showing significantly high values of more than a couple of
thousand or ten thousand microgram per liter.

Systemic measurements of SF in various diseases were
conducted mainly in the late 1970s, just after the devel-
opment of this assay. and it was found that AA and
sideroblastic anemia patients who had received blood
transfusions had SF levels of more than 1,000 pg/L.
whereas patients without transfusions had lower levels.
These old data have suggested previously that anemic
patients who had ineffective erythropoiesis without trans-
fusion support could maintain their SF levels at values less
than 1,000 pg/L, even though adaptive increases in intes-
tinal iron absorption were noted [25]. Therefore. the
interpretation of the value of SF for the assessment of body
iron status is simplified if other clinical conditions such as
inflammation and malignancy are excluded by other
modalities, The clinical studies concerning the relationship
between blood transfusion and SF have been conducted
mainly in the Europe and US, showing that there is a clear-
cut positive correlation between the amount of chronic
blood transfusion and the elevation of SF in patients with
f-thalassemia [26, 27]. Furthermore, the concentration of
heart iron is increased when SF levels become greater than
1.800 pg/L, and the prevalence of cardiac events is sig-
nificantly increased when SF levels are more than
2,500 pg/L. [6, 28]. Similar results concerning the rela-
tionship between SF and organ dysfunction of liver and
heart were shown in a Japanese retrospective study in
transfusion-dependent patients with bone-marrow-failure
syndromes [29]. In this study, 90% of patients with either
cardiac or hepatic complications had high SF levels of
more than 1,000 pg/L. Coincidentally, this level of SF also
represents the threshold of the target value at which iron
chelation therapy should be initiated in patients with
wransfusion iron overload, according to the guidelines of the
International MDS Symposium [30].

4 Measurement of body iron stores: comparison with
serum ferritin

Direct and indirect methods are available for the estimation
of body iron. As previously mentioned, the measurement of
SF is the most convenient and cost-effective technique,

15.000 -

10,000

5.000 |-

Serum Ferritin (ug/liter)

0 50 100 150 200
Hepatic Iron (umolig of liver, wet weight)

Fig. 2 Cumpmsm of hepatic iron and serum ferritin cnnct.nmuom
Indirect esti is ¢ i with the refi e method. based on
the direct measurement of hepatic iron levels by chemical analysis or
magnetic-susceptibility studies. Open circles denote the values ut the
start of the trial (before deferiprone therapy), and sofid circles the
values at the time of the final analysis. Thc diagonal line denotes the
simple linear least t the two variables.
(From [31]. chmduucd with perrnmmn Olivient NF et al. N Engl J
Med. 1995:332:918-22. Copyright ©1995 Massachusetts Medical
Society. All rights reserved)

although other factors can also influence its value. There is
no argument that the gold standard for iron determination is
direct tissue iron determination. Notably, other methods
that are becoming increasingly important include physical
methods such as the superconducting quantum-interference
device (SQUID) and magnetic resonance imaging (MRI).

4.1 Direct measurement

Liver is the major organ for iron storage and has the largest
capacity 1o store excess iron. The measurement of hepatic
iron concentration by liver biopsy is the most reliable means
to assess body iron storage; however, this procedure is
invasive and cannot be used in all cases [7]. Figure 2 com-
pares the indirect estimation of body iron based on serum
ferritin and LIC. Open circles denote the values at the start of
the trial (before treatment with deferiprone), and solid cir-
cles denote the values at the time of the final analysis. The
correlation between these measurements was significant
(R = 0.73; P < 0,005) [31]. Concerning the determination
of cardiac iron deposition, myocardial biopsy can be used:
however, this procedure is not often conducted without
special experimental reasons due to its high technical risk.

In patients with fl-thalassemia, there is a correlation
between LIC and cumulative amounts of RBC transfusions
[26] and the risk of organ dysfunction is enhanced when
LIC values are greater than 7 mgfkg wet tissue, and LIC
levels of over 15 mg/kg wet tissue increase the risk of early
cardiac death due to iron deposition in the myocardium [6].
Studies in the deferasirox clinical development program in
[f-thalassemia also demonstrated a correlation between the
reduction in LIC and SF values (R = 0.63).
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4.2 Physical measurement of body iron

As iron is one of the heavy metals, an increased concen-
tration of biological iron consisting of ferritin and
hemosiderin can be detected by body imaging procedures.
Until recently, abdominal echograms and computed
tomography (CT) produced images at high iron concen-
trations, although these two modalities are not quantitative
and are only capable of detecting iron overload under
conditions of extremely high iron deposition [32].
Recently, quantitative procedures such as SQUID [33] and
MRI have been introduced, which use the physical char-
acteristics of iron. However, SQUID apparatus is only
available in a couple of institutions in the Europe and US
because of its cost. On other hand, LIC determinations by
MRI are widely available. This method utilizes the specific
characteristic of iron that shortens T1, T2, and T2* relax-
ation times, The measurable range of iron concentration by
R2 (in a 1.5-T MRI magnet) is 0.3—42.7 mg Fe/g dry tis-
sue, which covers the concentrations observed in iron-
overloaded livers.

In addition to LIC measurement, the determination of
cardiac iron concentration is clinically important because
one of the major causes of death in iron overload is sudden
cardiac arrest. The most reliable non-invasive method of
cardiac iron is MRI R2* which was developed by
Anderson et al. [34]. The advantage of MRI R2#* is the
shorter time period required to scquire an image as only
one breath period is necessary by this procedure.

Of the patients with LIC values below 350 pmal/g, all
but one had myocardial iron within normal (<8 umol/g) or
nearly normal ranges. When liver iron levels reached a
threshold of 350 pmol/g, iron deposition became evident in
the myocardium. At the same time, there was a propor-
tional increase in urinary iron excretion, indicating raised
levels of labile iron. SF levels of >1,800 pg/L. were also
associated with myocardial deposition.

5 Toxic effect of iron overload on organ function

fron overload induces organ damage in liver, heart, pan-
creas, thyroid, and the central nervous system. The main
cause of this organ damage is due to the overproduction of
ROS in the presence of excess iron.

5.1 Mechanism of iron toxicity

The production of ROS by iron is mainly through the
Fenton reaction, which eventually forms hydroxyl radicals
from superoxide or hydrogen peroxide [35]. Among ROS.
the hydroxyl radical is the most toxic fraction and it targets
carhohydrate, protein, and nucleic acids. It is known that

£) Springer

the reaction of hydroxyl radicals with the nucleic acid base
8-hydroxyguanine (8-OHG) is highly correlated with ter-
atogenicity and carcinogenicity by oxidative stresses.
Another powerful ROS showing similar reactivity as the
hydroxyl radical is lipid hydroxyl-peroxide: ROOH. In iron
overload. lipid peroxidative products such as malondial-
dehyde and 4-hydroxy-2-nonenal are increased, which
form the radicals ROO-(alkyl oxyradical) and RO-(alkoxy
radical). These lipid-based radicals possess longer hall
lives than hydroxyl radicals, and also have a stronger
capacity for chronic cell toxicity and DNA damage.

5.2 Iron overload syndrome

Pathological conditions representing body iron overload
are designated as iron overload syndromes, and iron
deposition causes organ dysfunction including cell death,
fibrosis, and carcinogenesis. Iron overload syndromes are
classified as genetic or secondary as shown in Table 3.
Hereditary hemochromatosis is the most common
genetic disorder in Western countries [36]. and its clinical

Table 3 Classification of iron overload
Hereditary hemochromatosis and related disorders

Hereditary Type |
hemochomatoss HFE gene (6p21.3) mutation
Type 2
Subtype A: hemojuvelin gene (1g21)
mutaton

Subtype B: hepeidin gene (19q13)
mutation
Type 3
Transferrin receptor 2 gene (Tg22
mutation
Type 4
Ferroportin gene {2¢32) mutation

H-ferritin gene mutation (mRNA iron-
ive-el )

Ferritin gene mutation

DMT! gene mutation
Cernlaplasmin gene
mutation
Atransferrinemia Transferrin gene mutation
Secondary iron overload
Ineffective
erythropoiesis
Admunistration of iron
for long periods

Thalassemia, sideroblastic anemia,
myelodysplastic syndromes
Take orally or intravenous injection

Transfusion for long
periods

Dietary fron overload

Liver dysfunction Alcoholic liver injury. chronic hepatitis

(type C), I patitis
Porphyria

Others
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manifestation 1s systemic iron deposition mainly in liver,
heart. brain, and endocrine organs. This organ damage is
considered to be a result of tissue injuries by iron-induced
oxidative stresses [37]. In 1996, the causative gene was
identified as HFE in the human chromosome 6 [38], and
approximately 85% of patients with hereditary hemochro-
maltosis in Western counties have a homologous mutation
of C282Y in their HFE gene. Thereafter, other genes such
as hemojuvelin (HIV), TfR2, ferroportin, and hepcidin
(HAMP) gene were identified [39]. In spite of the lack of
genetic background, iron overload is commonly observed
as a secondary condition. The most common condition
occurs in patients who require long-term blood transfusions
due to severe anemias. This condition includes genetic
disorders such as thalassemia and SCD, and anemia
refractory to conventional treatments. In these patients,
ineffective erythropoiesis and continuous accumulation of
exogenous iron by transfusion are considered to be
responsible for the iron overload. The resulting organ
failures such as liver failure, cardiac failure, and severe
diabetes mellitus affect patients’ outcome [1]. In addition
to these classical conditions, there are many diseases that
show mild iron deposition or dysregulation of body iron
distribution. Such conditions include chronic hepatitis C.
alcoholic liver disease. non-alcoholic steatohepatitis, and
insulin resistance, and iron is an imporant cofactor that
modifies these disease conditions, Furthermore, it is
becoming clear that excess iron is also hazardous as it
promotes atherosclerosis, carcinogenesis, diabetes, and
other lifestyle-related disorders [40].

5.3 Organ dysfunction by excess iron

The liver is the most important organ for iron storage with
the largest capacity to sequester excess iron. The periodical
change of organ dysfunction by long-term transfusions has
been studied in patients with homozygous fi-thalassemia.
Usually, within 2 years of transfusion, abnormalities of
liver function tests (LFTs) such as transaminase are not
prominent; LFTs are within the normal range or slightly
elevated. During these periods, the liver biopsy examina-
tion shows a slight fibrosis with mild inflammation and iron
deposition. Clinically, the liver is hardened and palpable,
and serum transaminase levels are moderately elevated,
while other LFTs are within the normal range or slightly
elevated. Therefore, it is important for transfusion-depen-
dent patients that clinicians make a correct staging in order
to confirm whether any liver lesions are fibrotic or cirrhotic
by examining CT, MRI, and biochemical analyses includ-
ing serum transaminase determinations.

The most important adverse event of long-term trans-
fusion is a sudden death due to cardiac failure. It was
reported that approximately 70% of deaths in patients with

B-thalassemia are cardiogenic [41]. Signs of cardiac dys-
function include cardiac hypertrophy. arthythmia, and
endocarditis, which eventually cause cardiac failure. Left
ventricular disturbance is prominent and is represented as
the decrease of ventricular ejection fraction (VEF) by
cardiac echogram. As this decrease of VEF appears prior to
the clinical signs of cardiac failure and the enlargement of
cardiac shadow in chest X-rays. the cardiac echogram is
the most useful modality for the follow-up of myocardial
damage by iron overload [42]. MRI is also useful to assess
the ventricular function, and the deposition of iron in car-
diac muscles is detectable by an increase in signal
intensity. Furthermore, MRI calculation of T2* or R2*
allows the possibility of semi-quantitation of iron concen-
trations, even at relatively low concentrations [43].

According to a follow-up study in patients with fi-thal-
assemia, organ dysfunction by iron overload appears firstly
in the liver when serum ferritin exceeds 1,000 pg/L, and
other organ involvements including heart follow in accor-
dance with the further development of iron deposition.
Significant cardiac iron deposition is usually observed
when LICs are more than 15 mg/g dry weight or serum
ferritin levels are more than 1,800-2,500 pg/L [6].

Clinically, in order to detect organ dysfunctions, serum
ferritin determinations should be conducted once every |-
3 months. When serum ferritin levels exceed 1,500 pg/L,
patients should be examined for the symptoms of cardiac
failure or arrhythmias [44], and periodical cardiac echo-
grams may also be useful in diagnosis.

In addition to iron deposition in the liver and hear,
pancreatic beta cells are another important target of iron
toxicity, which cause glucose intolerance and diabetes
mellitus, An additional factor leading to the development
of glucose intolerance is hepatic disturbance of insulin
utilization, which accelerates beta cell depletion due to
hyperinsulinemia [45]. From a clinical perspective, serial
determinations of blood glucose, urine sugar, and glyco-
albumin are useful, whereas glycohemoglobin is not as
useful owing to the effect of transfusions. Endocrinopathies
hy long-term transfusion include developmental distur-
bances, incomplete puberty, and thyroid dysfunctions [46].
In patients with thalassemia and SCD, special attention
should be paid 1o early onset symptoms such as distur-
bances of development and sexual immaturity.

6 Conclusion

Iron is essential for the body, but extremely toxic when
excess amounts are present. As the body has no active
excretion pathways for iron, a continuous load of iron
exceeding 1-2 mg/day will result in iron overload, and
organ failures including liver and heart. The recent
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