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SUMMARY

Iron belongs among the trace elements and its role in humans is irreplaceable. Up to
5 g of iron can be found in adult body distributed among different compounds. Iron ions
are therefore essential to all cells of our body and its homeostasis is thoroughly
controlled.

Iron uptake into the organism is mediated by enterocyte cells in the small intestine,
where heme as well as non-heme forms of iron are absorbed. Non-heme iron is absorbed
via Dcytb (duodenal cytochrome b), DMT1 (divalent metal transporter 1), ferroportin,
hephaestin, and ceruloplasmin molecules. Although these molecules can also participate
in non-transferrin-bound iron transport across plasma membranes within the whole
organism, mechanisms of this transport are not yet fully elucidated.

The aim of the present work was to contribute to our understanding of molecular
mechanisms that are involved in non-transferrin-bound iron transport across the plasma
membrane of mammalian cells. Our project was focused on the description of non-
transferrin-bound iron transport in human cells in vitro and in vivo under conditions of
iron deficiency or iron overload. Transformed cell lines, that represent the three main
types of cells involved in iron homeostasis, and tissue samples of duodenal biopsies were
used as experimental models.

The expression of DMT1, Dcytb, ferroportin, hephaestin and ceruloplasmin
molecules was tested in human cell lines Caco-2 (colorectal carcinoma), K562
(erythroleukemia) and HEP-G2 (hepatocellular carcinoma). The Caco-2 cell line
represents intestinal cells responsible for iron absorption, the K562 cell line represents
erythroid, iron-utilizing cells, and the HEP-G2 cell line is a model of hepatocytes that
exhibit a high capacity for iron storage. The expression of the mentioned molecules was

also tested in tissue samples from patients with iron deficiency anemia (IDA), hereditary



hemochromatosis (HHC), alcoholic liver disease (ALD) and healthy controls. The level
of expression was tested on both mRNA and protein levels. Moreover, HFE
(hemochromatosis gene) and TfR1 (transferrin receptor 1) mRNA levels and serum
hepcidin levels were analyzed in patient samples.

In in vitro experiments we demonstrated that different iron availability affects the
expression of tested molecules in cell-type specific manners. In Caco-2 cells, we detected
changes that correspond with suggested mechanisms of cellular regulation of iron
transport via IRP/IRE interactions. Under iron deprivation, we detected increase iron
uptake in K562 cells. Although the increase in iron uptake was dependent on protein
synthesis, we detected no changes in the protein expression of tested molecules.
Therefore, we assume involvement of others, as yet, unidentified molecules participating
in non-transferrin-bound iron transport into these cells.

In in vivo studies, we demonstrated decreased serum hepcidin levels in all tested
groups of patients compared to controls. However, the change was significant only in the
ALD group of patients. Nevertheless, the effect of hepcidin levels on tested iron transport
molecules in our patients was not confirmed. Increased mRNA levels of DMT]1,
ferroportin and TfR1 were detected, however, these changes were not confirmed on the
level of proteins. This may be due to the relatively small group of patients, which
contributed to the high heterogeneity of results. However, some positive correlations
among Dcytb, hephaestin, DMT1, ferroportin, and TFR1 mRNA in all groups of patients
indicate coordinated regulation of the expression of these genes.

In our study, we contributed to our understanding of the regulatory mechanisms of
iron uptake into the organism via duodenal enterocytes using in vitro and in vivo
experiments. Active transport of non-transferrin-bound iron was also detected in non-
enterocyte cells, however, it was most likely with the involvement of other suspected

molecules.
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SOUHRN

Zelezo patii mezi stopové prvky a jeho role je u &lovéka nezastupitelna. V téle
dospélého ¢lovéka mize byt pritomno az 5 g zeleza jako soucast nejriiznéjsich sloucenin.
Ionty Zeleza jsou tedy esencidlni pro veskeré buiiky naSeho téla a jejich homeostaza tak
musi byt disledné kontrolovana.

Zelezo vstupuje do organismu pies enterocytarni buiiky tenkého stieva, kde je
absorbovano jak v hemové tak nehemové formé. Nehemové Zelezo je ptfijimano pomoci
molekul Dcytb (duodenal cytochrome b), DMT1 (divalent metal transporter 1),
ferroportin, hephaestin a ceruloplasmin. Ackoli se tyto molekuly mohou podilet i na
transportu netransferrinového zeleza ptes plasmatickou membranu Vramci celého
organismu, mechanismy tohoto transportu nejsou stale pln¢ prozkoumany.

Cilem ptedlozené prace bylo pfispét k pochopeni molekularnich mechanizmt, které
se podileji na transportu netransferinového Zeleza pies plasmatickou membranu v sav¢ich
bunikach. Nas§ projekt byl zaméfen na popis transportu netransferinového zeleza v
lidskych bunkach in vitro a in vivo pii nedostatku nebo pfetizeni zelezem. Jako
experimentalni modely jsme pouzili transformované bunééné linie reprezentujicich tii
zakladni typy bunék homeostazy Zeleza a vzorky tkani z duodenalnich biopsii.

Expresi DMT1, Dcytb, ferroportinu, hephaestinu and ceruloplasminu jsme testovali v
lidskych bunécnych liniich Caco-2 (kolorektalni karcinom), K562 (erytroleukemie) a
HEP-G2 (hepatoceluldrni karcinom). Bunéfna linie Caco-2 reprezentuje intestinalni
buiky zodpovédné za absorpci Zeleza, linie K562 predstavuje erythroidni, Zelezo-
vyuzivajici bunky, a linie HEP-G2 je modelem hepatocytl s vysokou schopnosti Zelezo
skladovat. Expresi danych molekul jsme dale testovali ve vzorcich duodenalni tkané
pacienti s anemii v dusledku nedostatku zeleza (IDA, iron deficiency anemia),

hereditarni hemochromat6zou (HHC), alkoholovym jaternim postizenim (ALD, alcohol
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liver disease) a u zdravych kontrol. Miru exprese jsme testovali jak na urovni mRNA, tak
na arovni proteinti. Ve vzorcich pacientd jsme dale stanovovali hladinu mRNA pro HFE
(gen pro hemochromatoézu) a TfR1 (transferinovy receptor 1) a hladinu sérového
hepcidinu.

V ramci in vitro experimentd jsme ukazali, ze rozdilna dostupnost zeleza ovliviuje
expresi testovanych molekul v zavislosti na bunééném typu. U bunc¢k Caco-2 jsme
detekovali zmény, které koresponduji s predpokladanym mechanismem regulace
transportu zeleza na bunécné urovni pomoci IRP/IRE interakci. Za podminek nedostatku
zeleza jsme zjistili zvySeny piijem Zeleza bunkami K562. Ackoli byl zvySeny pfijmem
zeleza zavisly na proteosyntéze, nezaznamenali jsme zadné zmény v expresi testovanych
molekul na Grovni proteinu. Pfedpoklddame tedy ucast dalSich zatim neidentifikovanych
molekul podilejicich se na transportu netransferinového zeleza do téchto bunék.

Ve studiich in vivo jsme zaznamenali snizené hladiny sérového hepcidinu oproti
kontrole u vSech testovanych skupin pacientti. Nicmén¢, pouze v piipadé pacienti s ALD
se jednalo o zménu signifikantni. Vliv hepcidinu na testované molekuly transportu zeleza
u naSich pacientll jsme vSak nepotvrdily. Na Grovni mRNA jsme sice zjistili zvySeni
exprese DMT1, ferroportinu a TfR1, ale tyto zmény nebyly potvrzeny na urovni
proteinu. Divodem mohou byt relativné malé soubory pacientii piispivajici k vysoké
heterogenité vysledkt. Pfesto, urité pozitivni korelace mezi mRNA hladinou Dcytb,
hephaestinu, DMT1, ferroportinu a TfR1 u vSech skupin pacientdi nasvédcuji
koordinované regulaci téchto geni.

V ramci na$i studie jsme piisp€li k porozuméni regula¢nich mechanismi vstupu
Zeleza do organismu prostiednictvim duodenalnich enterocytli pomoci in vitro i in vivo
experimentll. Aktivni transport netransferrinového Zeleza jsme prokdzali i v ptipadé
neenterocytarnich bunék, avsak velmi pravdépodobné za ucasti i jinych suspektnich

molekul.
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INTRODUCTION

1. INTRODUCTION

1.1. IRON AND THE BODY

Iron is an essential element for all organisms due to its involvement in many cellular
processes. In biological systems, iron is present in two stable oxidative states, such as
ferric ion (Fe®*") and ferrous ion (Fe?*). Under physiological conditions, ferrous iron is
subjected to rapid oxidation and ferric iron forms insoluble, biologically unavailable
hydroxides. The equilibrium concentration of free ferric iron is under these conditions
extremely low, which means an almost complete absence of free ferric iron in biological
systems.

Iron is involved in oxygen transfer (hemoglobin, myoglobin) and thanks to its ability
to exist in two stable oxidative states it can also function as a donor or acceptor of
electrons. Owing to this redox ability, iron is an active part of the electrotransport
proteins (iron-sulfur proteins and cytochromes), it participates in the processes of
oxidative phosphorylation (mitochondrial aconitase, succinate dehydrogenase), DNA
synthesis (ribonucleotide reductase), catalytic oxidation (oxidase) and aides in
decomposition of oxygen derivatives (superoxide dismutase). It also participates in
hydrogen and nitrogen fixation (nitrogenase, hydroxylase), and many other reactions.

Nevertheless, the very same properties of iron which are beneficial for an organism
can also lead to organ damage. Redox reactions of iron contribute to the formation of free
radicals, which are often responsible for serious cell injury. As such, free ferrous iron can
react with peroxides to produce hydroxyl and hydroperoxyl radicals via the Fenton
reaction (Walling et al., 1975; Graf et al., 1984). Hydroxyl radicals are particularly

reactive and can cause lipid peroxidation with subsequent damage of cellular membranes,
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INTRODUCTION

or damage of DNA and proteins (Gutteridge et al., 1983; Conrad and Umbreit, 1993;
Britton et al., 1994; Andrews, 2000a and 2005).

Iron, of all the biogenic trace metal elements, is present in the body in the highest
amount, i.e. about 35 mg/kg for females and 45 mg/kg in males. The largest proportion
of total iron in the body is incorporated into hemoglobin (65 to 75%). About 10% of iron
IS present in myoglobin, cytochromes, and other enzymes, about 20-30% is stored in the
form of ferritin, and less than 1% is present in the blood.

Under normal conditions, most of the iron in human plasma (15-25 uM) is bound to
transferrin (Morgan, 1981). However, about 0.5 uM iron circulates as non-transferrin
iron (Batey et al., 1980) which is present in the form of low-molecular-mass complexes
or, to a lesser degree, bound to other plasma proteins, such as the previously mentioned
hemoglobin, myoglobin, serum ferritin, and others (Hershko, 1975; Muller-Eberhard and
Morgan, 1975; Sibille et al., 1988; van Eijk and de Jong, 1992). Although the total body
iron content is 3.5 to 4 g, on average, a maximum of 2 mg of iron is absorbed and
subsequently lost from the organism each day (Andrews, 1999 and 2000b; Steinbicker

and Muckenthaler, 2013) (Fig. 1.1.). Since there is no active mechanism of iron release

TISSUES 2200000 |
RBCs precursors
0.5-2gFe
HEPATOCYTE VN e20mg Macrophage *
A \ Fe/day / :
v h
NTBI —— Fe,Tf
3mg
CIRCULATION LA RBC
Vil 12mg
DUODENUM Duodenal
enterocytes

Fig. 1.1. Body iron distribution in healthy state. NTBI — non-transferrin-bound iron, RBC — red blood cells,

Tf — transferrin (from Tandara and Salamunic, 2012).
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INTRODUCTION

from the body, the regulation of iron content in an organism takes place at the level of
iron absorption in intestine.

Generally, iron transport across the plasma membrane fulfils at least three roles in
mammals: (1) to absorb iron in the intestine for the purposes of the entire organism, (2)
to supply individual cells with required iron, and (3) to clear potentially dangerous iron
from the circulation, particularly under the conditions of iron overload (Hentze et al.,
2004; Andrews, 2005). For these reasons, not only iron absorption, but also iron transport
and storage within the body are very strictly regulated processes (Andrews, 1999; Frazer
and Anderson, 2003; Hentze et al., 2004).

1.2. IRON ABSORPTION BY ORGANISM

Dietary iron can be absorbed into the organism in two basic forms. Heme iron, as
a source of organic iron, is present predominantly in red meat and creates approximately
20% of total iron in the diet. Up to 80% of dietary iron is therefore consisted of non-
heme iron from foods of plant origin. Nevertheless, an efficiency of iron utilization from
the diet differs between heme (25 to 50%) and non-heme (1 to 10%) iron, usually
resulting in higher absorption of organic iron from animal based foods (Monsen, 1988;
Lombard et al., 1997; Anderson et al., 2005; Sharp and Srai, 2007). Both heme and non-
heme iron are absorbed into the organism via enterocytes in the duodenum and proximal
jejunum (Conrad et al., 1966; Raffin et al., 1974; Muir and Hopfer, 1985; Chowrimootoo
etal., 1992).

1.2.1. HEME IRON ABSORPTION

For intestinal heme absorption several mechanisms are considered. Apart from
receptor-mediated endocytosis and passive diffusion, active transport is mainly

discussed. A potential heme transporter across the intestinal apical membrane, heme

15



INTRODUCTION

carrier protein 1 (HCP1), was discovered in 2005 (Shayeghi et al., 2005) but later
disputed, since the molecule was actually established as a proton-coupled folate
transporter (PCFT). However, the role of PCFT/HCPL1 as an apical heme transporter has
been reestablished with dual functions as a heme/folate importer with high affinity for
folate (Le Blanc et al., 2012).

Imported heme is metabolized in intestinal cells by heme oxygenase-1 (HO-1) and -2
(HO-2), which produces carbon monoxide, biliverdin, and free ferrous iron (Raffin et al.,
1974; Maines et al., 1986; Maines, 1988). Inducible HO-1 is expressed in macrophages,
microglia, and other cells whereas constitutive HO-2 can be mainly found in testicular,
liver, renal, neuronal, and vascular cells (Ryter et al., 2006). Biliverdin is then
metabolized to bilirubin by biliverdin reductase. Free iron becomes part of the labile iron
pool, is stored in a ferritin, or transported from the enterocyte into the bloodstream (Fig.
1.2)).

Besides, some parts of imported heme molecules can remain intact and active
mechanisms of heme export from enterocytes are involved. Intracellular heme can be
transported across the basolateral membrane into the circulation as well as across the

apical membrane back into the lumen. The feline leukaemia virus subgroup C cellular

Ferritin ._\/_. Transferrin

Fe
NADPH
Hemoglobin \ CcO
HO1 or HO2 N
Free Radicals-----» Biliverdin
NADP \BVR
Oxidation of Bilirubin and Heme ~——4— Bilirubin
l Free Radicals
BOXes

Fig. 1.2. Heme metabolism. BOX — oxidized form of bilirubin, BVR — biliverdin reductase, HO —

hemoxygenase (from Clark and Sharp, 2006).
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INTRODUCTION

receptor 1 (FLVCR1) and ATP-binding cassette sub-family G member 2 protein
(ABCG2) are supposedly responsible for this transport (Quigley et al.,, 2004;
Krishnamurthy et al., 2007; Keel et al., 2008; Vlaming et al., 2009) (summarized in Fig.
1.3).

Non-heme iron transport, highly important for intestinal iron absorption, is mediated
by divalent metal transporter 1 (DMT1) and ferroportin molecules. DMT1 (NRAMP2,
DCT1) is a transmembrane iron importer with a high affinity for divalent iron. DMT1 is
a proton symporter and therefore it is active only in specific low-pH environments
(Fleming et al., 1997; Gunshin et al., 1997; Canonne-Hergaux et al., 1999; Tandy et al.,
2000). Ferroportin (Iregl, MTP1) is the only known protein mediating iron export from
cells. As well as DMT1, ferroportin is a transmembrane transporter with affinity for
ferrous iron (Abboud and Haile, 2000; Donovan et al., 2000; McKie et al., 2000). The
expression of both molecules is regulated on least two levels: via cellular iron levels or
the amount of iron in the diet using the IRE/IRP post-transcriptional regulatory
mechanism (see 1.5.2.), or post-translationally via hepcidin (see 1.5.1.). Moreover,
regulation on the transcription level involving the hypoxia and HIF/HRE mechanism can
participate here as well (see 1.5.2.).

Dietary iron is mostly present in its ferric form, therefore, prior to intake into
enterocytes the ferric iron is reduced, likely by duodenal cytochrome b ferrireductase
(Dcytb) (McKie et al., 2001; Latunde-Dada et al., 2008; Wyman et al., 2008). However,
some other non-enzymatic mechanisms can participate in the reduction of dietary iron
prior to its uptake into cells (Pollack et al., 1963; May et al., 1999; Ghio et al., 2003;
Lane and Lawen, 2008). Ferrous iron is then transported across the apical membrane of
the enterocytes by the DMT1 importer or other possible metal transporters such as
ZRT/IRT-like protein 8 and 14 (ZIP8 and ZIP14) (Jenkitkasemwong et al., 2012; Wang
et al., 2012). Free iron is utilized within the cell or transported by ferroportin through the

basolateral membrane out of the enterocytes. Once iron is exported, it is oxidized by
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Fig. 1.3. Absorption of iron by enterocyte. ABCG2 — ATP-binding cassette sub-family G member 2
protein, CP — ceruloplasmin, Dcytb — duodenal cytochrome b, DMT1 — divalent metal transporter 1,
FLVCRL1 — feline leukaemia virus subgroup C cellular receptor 1, FPN1 — ferroportin 1, HCP1 — heme
carrier protein 1, HO — hemoxygenase, HP — hephaestin, HRG-1 - heme responsive gene-1, Tf —

transferrin, TfR — transferrin receptor.
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transmembrane ferroxidase hephaestin or plasma ceruloplasmin (Vulpe et al., 1999;
Hellman and Gitlin, 2002). In circulation, ferric iron is bound by plasma transferrin and
delivered within the organism (summarized in Fig. 1.3.).

Moreover, another non-heme iron absorption process was recently recognized. It is
generally accepted that clathrin-dependent endocytosis of ferritin (see 1.4.) is responsible
for iron uptake into cell. However, the process itself has not been sufficiently clarified.
T cell immunoglobulin and mucin-domain 2 (TIM-2) and scavenger receptor class A
member 5 (SCARAS5) molecules were identified as ferritin receptors in mice but not in
humans (Chen et al., 2005; Li et al., 2009). In human cells, though, transferrin receptor 1
(TfR1) was described as a ferritin receptor responsible for ferritin internalization into

endosomes and lysosomes (L. et al., 2010).

1.3. IRON TRANSPORT WITHIN ORGANISM

Iron release into the circulation for its utilization in the body is mediated via
enterocytes and macrophages. While enterocytes are responsible for iron uptake from the
diet, macrophages release iron that is recycled from senescent or damaged erythrocytes.

Mammalian cells usually acquire iron from the bloodstream by transferrin (Tf)
uptake via transferrin receptor (TfR) mediated endocytosis (Dautry-Varsat et al., 1983;
Klausner et al., 1983). However, the physiological relevance of non-transferrin low-
molecular-mass iron uptake has also been clearly demonstrated especially in iron
overload states (Qian and Tang, 1995). The uptake of non-transferrin iron by cultured
cells as well as by tissues such as liver, pancreas, heart, and brain in in vivo studies has
been shown by many authors (Brissot et al., 1985; Basset et al., 1986; Wright et al.,
1986; Sturrock et al., 1990; Kaplan et al., 1991; Seligman et al., 1991; Inman and
Wessling-Resnick, 1993; Ueda et al., 1993; Baker et al., 1998; Musilkova et al., 1998;
Kovar et al., 2006; Balusikova et al., 2009). Moreover, heme iron can be transported

within the organism too (Latunde-Dada et al., 2006).
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1.3.1. TRANSPORT OF TRANSFERRIN-BOUND IRON

Iron transport in mammals and uptake by cells of the organism is mainly realized
via iron binding to plasma transferrin and through endocytosis mediated by transferrin
receptors (Qian et al., 1997).

Free iron is transported from cells into the serum in its ferrous form. Prior to its
binding to transferrin it has to be oxidized into the ferric form by ferroxidase hephaestin
or ceruloplasmin (see 1.2.2.). When present in serum, two ferric ions are bound to the
iron-free transferrin molecule (apo-transferrin) with relatively high affinity (Holmberg
and Laurell, 1947; Laurell and Ingelman, 1947; Aisen and Listowsky, 1980). Transferrin
with ferric iron (holo-transferrin) is subsequently bound to the transferrin receptor 1
(TfR1) under extracellular pH of 7.4, in order to be transported into the cells (Jandl et al.,
1959; Dautry-Varsat et al., 1983). Only one ferric iron can be bound to transferrin, but
transferrin affinity for the transferrin receptor afterwards is very low. Transferrin receptor
2 (TfR2) is present in the serum too, but its affinity toward transferrin is significantly
lower compared to TfR1 and therefore TfR2 mainly serves as a regulatory molecule
(Kawabata et al., 1999 and 2000).

Complexes of holo-Tf/TfR1 are accumulated on the membrane and internalized in
endosomes. After internalization, ferric iron is released from Tf/TfR1 complexes in
endosomes due to decreased endosomal pH. It is reduced into ferrous iron by six-
transmembrane epithelial antigen of prostate 3 (STEAP3) molecules and transported to
the cytoplasm via DMTL1 transporter (Fleming et al., 1998; Gruenheid et al., 1999;
Tabuchi et al., 2000; Canonne-Hergaux et al., 2001; Knutson, 2007). Lately, ZIP14 was
shown to participate in endosomal iron transport, too (Zhao et al., 2010). Iron-free
transferrin is released from Tf/TfR1 complex after endosome recycling onto the cell
surface (Fig. 1.4.).

Transferrin iron uptake is regulated by TfR1 expression changes which inversely
reflect intracellular iron levels using the IRP/IRE mechanism and also by hypoxia via the
HIF/HRE regulatory system (see 1.5.2.).
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Fig. 1.4. Cellular iron uptake via transferrin cycle. DMT1 — divalent metal transporter 1, STEAP3 — six-
transmembrane epithelial antigen of prostate 3, Tf — transferrin, TfR — transferrin receptor.

1.3.2. TRANSPORT OF NON-TRANSFERRIN-BOUND IRON

Within the organism, mammalian cells can take up iron from low-molecular-mass
sources via an alternative transferrin-independent mechanism that is actually the same as
in intestine (see 1.2.2.). DMTL1 probably together with Dcytb ferrireductase are involved
in iron absorption, while ferroportin, together with the plasma ferroxidase ceruloplasmin,
are involved in the iron export from cells into the plasma (Fleming et al., 1997; Andrews,
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2002; Canonne-Hergaux and Gros, 2002; Hentze et al., 2004; Andrews, 2005;
Richardson, 2005; Dunn et al., 2007).

Although Dcytb was shown to play an important role in the reduction of ferric iron,
some other molecules with ferroxidase activity, such as proteins of the STEAP family,
have been detected. As mentioned before (1.3.1.), STEAP3 is also responsible for iron
reduction in endosomes (Knutson, 2007). Currently, a prion protein has been
demonstrated as possible ferrireductase in mice and HEP-G2 cells (Tripathi et al., 2015).
The role of the ferrous iron transporter DMT1 is well established especially in
enterocytes, but also other metal transporters, such as ZIP8 and ZIP14, have been
identified for non-transferrin-bound iron import into the cells. Both, ZIP14 and DMT1
have been found to be abundantly expressed in liver, pancreas, and heart tissue whereas
ZIP8 is highly expressed in lung and placenta. DMT1 is also increasingly produced by
brain, prostate, and thymus (Liuzzi et al., 2006; Jenkitkasemwong et al., 2012; Wang et
al., 2012; Nam et al., 2013). Other molecules suspected of iron import are for example
B3 integrin, lipocalin 2 and voltage-dependent anion-selective channel 2 (VDAC?2) (Yang
et al., 2002; Devireddy et al., 2005; Valis et al., 2008). Though ferroxidase
ceruloplasmin can be found as a free plasma molecule, a transcription variant of
ceruloplasmin with glycosylphosphatidylinositol-anchor  (GPI-ceruloplasmin) was
described as an essential molecule for ferroportin stabilization in plasma membrane. GPI-
ceruloplasmin expression has been detected in hepatocytes, glioma cells, astrocytes, and
macrophages (De Domenico et al., 2007a; Marques et al., 2012).

Similarly, heme transport within organism also corresponds with heme absorption
via enterocytes (see 1.2.1.). But in contrast to enterocytes, the transmembrane heme
importer responsible for heme uptake from serum is well established. Heme responsive
gene-1 (HRG-1) has been found to be involved in heme import into the brain, heart,
kidneys, and small intestines. In intestinal cells, however, HRG-1 is localized in the
basolateral membrane only and thus is not responsible for heme uptake from the diet but
only from the circulation. Moreover, HRG-1 is also responsible for heme transport from
lysosomes (Yanatori et al., 2010). Heme cellular exporters FLVCR1 and ABCG2 have
been found, in addition to duodenum, in liver, kidneys, lungs, spleen, brain, placenta and
others tissues (Quigley et al., 2004; Keel et al., 2008; Krishnamurthy and Schuetz, 2006;
Krishnamurthy et al., 2007; Vlaming et al., 2009) (Fig. 1.3. and 1.5.).
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Fig. 1.5. Heme transport in non-intestinal cells. ABCG2 — ATP-binding cassette sub-family G member 2
protein, DMT1 — divalent metal transporter 1, FLVCR1 — feline leukaemia virus subgroup C cellular
receptor 1, FPN1 — ferroportin 1, HCP1 — heme carrier protein 1, HO — hemoxygenase, HRG-1 — heme

responsive gene-1.

A very special mechanism of iron uptake is involved in macrophages, since
reticuloendothelial macrophages are responsible for iron recycling from red blood cells.
Senescent red blood cells are phagocytized and lysed in phagolysosomal compartments,
hemoglobin is degraded, heme is transported from phagolysosomes by HRG-1 and free
iron is released after heme oxidation (see 1.2.1.). Once in macrophages, iron can be
stored in ferritin deposits or returned into the circulation by ferroportin (Andrews, 2000b)
(Fig. 1.6.).
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Fig. 1.6. Iron recycling by macrophage. FPN1 — ferroportin 1, HO — hemoxygenase, HRG-1 — heme

responsive gene-1, RBC — red blood cell.

1.4. IRON STORAGE IN ORGANISM

Since free iron cations transported into the cytoplasm are potentially toxic, the cells
eliminate this toxicity basically in the three ways: free iron is (1) distributed to different
compartments, where it is further used for the synthesis of important proteins; (2)
exported from the cell into the circulation, or (3) stored in deposits. However, the
distribution of iron storage in various organs and tissues is not equal. The highest storage
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capacity for the iron is in the cells of parenchymatic tissues such as liver, pancreas, heart,
and endocrine organs (Hower et al., 2009).

The two main iron-storage molecules within the cells are ferritin and hemosiderin.
For most vertebrates, ferritin is composed of two subunits designated as L- (light) and H-
(heavy) ferritin. These subunits are organized into higher structures each of which
consists of 24 molecules of L- or H-ferritin (Fig. 1.7.). Hence, each ferritin cluster is able
to enclose up to several thousand ferric ions (Munro and Linder, 1978; Harrison and
Arosio, 1996). Ferritins differ in amounts of L- and H subunits and are referred to as
isoferritins, which are present in individual tissues (Theil, 2003). H-ferritin is a
ferroxidase and its activity facilitates rapid incorporation of iron into ferritin complexes
as well as its rapid release. On the other hand, isoferritins rich in L- subunits accept iron
more slowly and therefore store it for longer periods. Small amounts of ferritin can also
be found in plasma. Serum ferritin is proportional to the total body iron level and is used
as a clinical indicator of iron quantity in individuals (Walters et al., 1973; Lipschitz et
al., 1974).

Another storage molecule for iron in the cell is hemosiderin. It is a macromolecular
complex of ferritin and lipid structures. Hemosiderin is primarily present in Kupffer cells
in the liver, but during chronic iron overload it can also be found in the cells of damaged
organs (Richardson, 2005).

Iron stored as
mineral inside ferritin

Fig. 1.7. 3D model of ferritin structure. The heavy subunit and the light subunit are shown in blue and

purple, respectively (from Rouault, 2013).
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1.5. REGULATION OF IRON HOMEOSTASIS

Iron homeostasis is essential to maintain sufficient iron levels to enable appropriate
cell functions as well as to avoid the risk of cell injury due to the iron overload. Since
there is no active mechanism for removing iron from an organism, iron intake into the

body and its distribution within the body needs to be very strictly regulated.

1.5.1. HOMEOSTASIS OF BODY IRON LEVEL

Whole-body iron homeostasis is primarily mediated by the active form of the
regulatory peptide hepcidin (Nicolas et al., 2002a; Ganz, 2004; Dunn et al., 2007).
Active hepcidin negatively regulates iron uptake into the organism and its release into the
serum from hepatocytes and macrophages. This regulation is based on
hepcidin/ferroportin interaction that leads to ferroportin internalization and degradation
with a subsequent decrease of iron transport into the bloodstream (Nemeth et al., 2004;
De Domenico et al., 2007b) (Fig. 1.8.). Besides ferroportin, other iron transport
molecules such as DMT1 and TfR1 have been suggested as hepcidin targets (Brasse-
Lagnel et al., 2011; Du et al., 2011 and 2012).

The HAMP gene, which encodes hepcidin (originally identified as LEAPL, liver-
expressed antimicrobial peptide) is predominantly expressed in hepatocytes (Krause et
al., 2000; Park et al., 2001). Its expression responds to body iron levels via tissue iron
stores and transferrin saturation; however it also responds to erythropoiesis, hypoxia,
inflammation, and others (Nicolas et al., 2002b; Ganz, 2003 and 2004; Rishi et al., 2015)
(Fig. 1.9.).

Iron-mediated hepcidin regulation involves activation of hepcidin transcription via
the BMP-SMAD pathway. Within this pathway, the response to acute changes in
extracellular iron level involves HFE (hemochromatosis gene), TfR1, and TfR2
molecules. Chronic iron overload regulation seems to involve HFE and TfR2, bone

morphogenetic protein 6 (BMP6), hemojuvelin (HJV), and matriptase-2 (Ramos et al.,
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2011). Membrane serine protease matriptase-2 is responsible for HJV cleavage and its

inactivation as an agonist of BMP signaling (Silvestri et al., 2008b).
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Fig. 1.8. Hepcidin effect on iron absorption via enterocytes. When hepcidin serum levels are high, hepcidin
is bound to iron exporter ferroportin resulting in ferroportin internalization and degradation. Subsequently,
iron release from enterocytes into the bloodstream is decreased. On the other hand, low hepcidin serum
levels result in increased iron absorption via enterocytes since ferroportin stays present in basolateral
membrane of the cells.

Inflammatory regulation of hepcidin is mediated by inflammatory cytokines via the
JAK-STATS3 signaling pathway. Lipopolysaccharide and IL-6 were shown to increase
hepcidin transcription via phosphorylation of STAT3 (Sakamori et al., 2010). Moreover,
it is suggested that iron-mediated and inflammatory pathways can interact and therefore

HFE molecule can be involved in JAK-STAT3 mediated hepcidin regulation.
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Fig. 1.9. Systemic regulation of iron homeostasis by hepcidin. NTBI — non-transferrin-bound iron, RBC —

red blood cells, Tf — transferrin (from Tandara and Salamunic, 2012).

Initially, erythropoietin (EPO) was regarded as the main regulatory molecule for
erythroid control of hepcidin expression. However, it has been shown that EPO can
regulate hepcidin expression only indirectly (Pak et al., 2006; Ashby et al., 2010; Sasaki
et al., 2012). Subsequently, the role of other erythroid regulators of hepcidin has to be
considered. Growth differentiation factor 15 (GDF15), twisted gastrulation BMP
signaling modulator 1 (TWSG1) and erythroferrone (ERFE) have all been identified as
potential hepcidin regulators, though their role needs to be verified. (Tanno et al., 2007
and 2009; Casanovas et al., 2013; Kautz et al., 2014a and 2014b).

Since erythropoiesis increases under hypoxic conditions, like erythroid control,
hypoxia decreases hepcidin level too. Because the hepcidin promotor sequence includes

HRE regions, HIF involvement seems obvious (see 1.5.2.). Moreover, hypoxia modulates
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expression of some iron sensing molecules such as TfR2, HIJV and matriptase-2 that have
been shown to affect hepcidin expression via the BMP-SMAD pathway, as mentioned
above (Silvestri et al., 2008a; Lakhal et al., 2011). Besides, IL-6 and platelet-derived
growth factor (PDGF) levels also increase under hypoxia (Sonnweber et al., 2014).

In addition to the described regulatory mechanisms, other factors could also affect
hepcidin expression. Additional regulators of hepcidin synthesis include hepatocyte
growth factor (HGF), epidermal growth factor (EGF), hormones like estrogen and
testosterone, and other potential regulatory pathways such as the Ras-Raf and mTOR
pathway. (Goodnough et al., 2012; Yang et al., 2012; Guo et al., 2013; Latour et al.,
2014; Mleczko-Sanecka et al., 2014) (summarized in Fig. 1.10.).

1.5.2. HOMEOSTASIS OF CELLULAR IRON LEVEL

Cellular iron homeostasis is controlled by regulatory system based on iron regulatory
protein (IRP) and iron-responsive element (IRE) interactions. IRP/IRE system regulates
post-transcriptionally the expression of various iron homeostasis-related molecules
(Eisenstein, 2000; Cairo and Recalcati, 2007). IREs are stem-loop regulatory sequences
present in untranslated regions (UTRs) of mRNA. They bind two known cytoplasmic
regulatory molecules IRP1 (ACO1, aconitase 1) and IRP2 (IREB2, iron-responsive
element-binding protein 2) after their activation associated with iron deprivation
(Muckenthaler et al., 2008). IRP binding to IRE, located in the 5’UTR, causes
translational inhibition and thus decreased levels of the target protein (Muckenthaler et
al., 1998). On the other hand, IRP/IRE interaction in 3’UTR mediates mRNA
stabilization and thus increases protein levels (Binder et al., 1994) (Fig. 1.11.).

The molecules, the expression of which is regulated by IRP/IRE mechanism, e.g.
TfR1 (3°UTR), DMT]1 (3°’UTR), ferroportin (5’UTR), ferritin L and ferritin H (5’UTR),
HIF-2a (5°UTR) etc., are responsible for iron import and export from cells as well as iron
utilization and storage (Hentze et al., 1987; Koeller et al., 1989; Gunshin et al., 1997;
McK:ie et al., 2000; Tchernitchko et al., 2002; Sanchez et al., 2007).
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Fig. 1.10. Positive and negative regulators of hepcidin expression. BMP6 — bone morphogenetic protein 6,
BMPR — bone morphogenetic protein receptor, CREB/H — cAMP response-element binding protein/H,
EGF — epidermal growth factor, EGFR — epidermal growth factor receptor, EPO — erythropoietin, EPOR —
erythropoietin receptor, ERFE — erythroferrone, GDF15 — growth differentiation factor 15, HFE —
hemochromatosis protein, HIF — hypoxia-inducible factor, HV — hemojuvelin, IL-6 — interleukin 6, IL-6R
— interleukin 6 receptor, JAK — Janus kinase, PDGF-BB — platelet-derived growth factor-BB, PDGFR —
platelet-derived growth factor receptor, SMAD — sma and mothers against decapentaplegic homologue,
STAT3 — signal transducer and activator of transcription 3, TFR — transferrin receptor, TWSG1 — twisted
gastrulation BMP signaling modulator 1 (from Rishi et al., 2015).

30



INTRODUCTION

IRON DEPLETE CELLS IRON REPLETE CELLS
A IRP1 & Fe citrate isocitrate
IRP2 Fe N
i Fe IRP1
\ / Fe Fe  F§
IRP1/2 Proteasomal degradation [T EREES
of IRP2
6 % 5 L AAA 3’ 5’ aL AAA 3
inhibition of translation translation
Fe citrate isocitrate
B IRP2 IRP1 D N
Liil Fe. ey
\ / Fe AT
Proteasomal degradation IRPact as aconitase
IRP1/2 of IRP2 IRP1/2
5"ﬂ AAA 3 XRNase a* 5 \\ ????? AAA 3 XRN&SE
stabilisation of mRNA by 3'UTR-IRE IRP binding o L
T no stabilisation of mRNA by IRP binding

Fig. 1.11. Maintenance of cellular iron homeostasis by IRE/IRP system. Under iron deprivation, the IRP
molecules bind to IRE sequences. Translation of iron storage molecules (5°UTR) is inhibited (A) when
translation of iron transport molecules (3°UTR) is increased (B). Under iron overload, molecules of IRP1
function as aconitases while IRP2 molecules are degraded in proteasomes. Therefore, translation of iron
storage molecules is not affected by IRPs binding and can be processed (C). On the other hand, mRNA of
iron transport molecules is not stabilized and thus can be cleaved by RNases (D). IRE — iron-responsive

element, IRP — iron regulatory protein, UTR — untranslated region (from Tandara and Salamunic, 2012).

Similarly another local regulatory mechanism involving HIF/HRE interaction can
participate in cellular iron homeostasis (Wang and Semenza, 1993). The hypoxia-
inducible factor (HIF) has been shown in previous studies to regulate intracellular iron by
binding to HIF-responsive elements (HRE) within the genes coding for Tf, TfR,
hepcidin, DMT1, Dcytb, ceruloplasmin, HO-1, and others (Bianchi et al., 1999; Lok and
Ponka, 1999; Tacchini et al., 1999; Christova and Templeton, 2007; Lakhal et al., 2011;
Latunde-Dada et al., 2011). As the HRE sequences are usually located in enhancer or
promotor regions, HIF/HRE regulation affects gene expression at transcriptional level.
There are three subunits of hypoxia-inducible factor that are differentially expressed in
different tissues. The most important and ubiquitously expressed is subunit HIF-1a
(Semenza, 1998; Ke and Costa, 2006).
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During normoxia, the HIF-a subunits are hydroxylated by prolyl hydroxylase
domain (PHD), bound to von Hippel-Lindau factor (VHL), and degraded in proteasomes
(Srinivas et al., 1999; Masson et al., 2001; Masson and Ratcliffe, 2003). In hypoxia,
PHD is inactivated and HIF-a is stabilized. Stabilized subunits translocate into the
nucleus where they are bound to HIF-18 (ARNT, aryl hydrocarbon receptor nuclear
translocator) (Wang et al., 1995). Heterodimers of HIF-a and HIF-1p then bind to HRE
and regulate expression of target genes (Crews, 1998) (Fig. 1.12.).

Normoxia
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Fig. 1.12. Regulation of transcription via HIF/HRE mechanism. CBP — CREB binding protein, FIH - factor
inhibiting HIF-1, HIF — hypoxia-inducible factor, HRE — HIF-responsive element, PHD — prolyl
hydroxylase domain, VHL — von Hippel-Lindau tumor supressor, Ub — ubiquitin (from Shimoda and
Laurie, 2014).
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1.6. IRON METABOLISM-RELATED DISORDERS

Since deregulation of iron homeostasis may lead to both iron deprivation and iron
excess, a variety of diseases resulting from both states can develop. We can distinguish
primary and secondary iron disorders based on their different origins. Primary disorders
develop as a result of a genetic abnormality whereas secondary disorders usually results
from non-genetic causes. Some of primary iron disorders mentioned in following

chapters are listed in Tab. 1.1.

1.6.1. IRON DEPRIVATION ASSOCIATED DISORDERS

Iron deprivation is the most frequent cause of microcytic anemia. Patients are usually
asymptomatic in the early stages of the disease, but general symptoms of anemia such as
fatigue, lightheadedness, and weakness can be manifested later (DeLoughery, 2014).

The common causes of low iron levels include chronic bleeding, increased
physiological requirements, inadequate absorption due to chronic infection or genetic
mutation, and insufficient or poor nutrition. Typical disorders resulting in microcytic
anemia can therefore include iron deficiency anemia, anemia of chronic disease,

thalassemia, iron refractory iron deficiency anemia, sideroblastic anemia, and others.

1.6.1.1. Primary cause of iron deficiency

Primary iron deficiency can result from DNA mutations in several genes coding for
various proteins involved in iron transport and metabolism. Nevertheless, iron
homeostasis is very complex process and many molecules are involved not only in iron
import into the organism but also in cellular iron transport within the organism.

Therefore, iron deficiencies can be associated with tissue iron overload at the same time.
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Tab. 1.1. Selected iron disorders of genetic origin (from Tandara and Salamunic, 2012).

Disease Protein involved Phenotype/inheritance

HH tvpe 1 HEE Iron overload

yp (autosomal recesive)
L Iron overload

HH type 2A Hepcidin (autosomal recesive)
HH type 2B Hemojuvelin Iron overload.

(autosomal recesive)
Iron overload

HH type 3 TfR2 (autosomal recesive)
HH type 4 Iron overload

Ferroportin

(Ferroportin disease) (autosomal dominant)

Iron overload, anemia

Hypotransferrinemia Transferrin .
(autosomal recesive)
. . . Iron overload, anemia
Aceruloplasminemia Ceruloplasmin .
(autosomal recesive)
. Iron overload, anemia
DMT1-iron overload DMT1 T
(autosomal recesive)
. Iron deficiency anemia
IRDA Matriptase-2 y

(autosomal recesive)

DMT1 - divalent metal transporter 1, HFE — hemochromatosis gene, HH — hereditary hemochromatosis,

IRDA — iron deficiency anemia, TfR2 — transferrin receptor 2.

Thalassemia is autosomal recessive disorder caused by abnormal formation of
hemoglobin and therefore of red blood cells. The source mutation is present in genes
coding for a, B, or & globin chains forming the hemoglobin hetero-tetramer. Patients
suffering of thalassemia therefore synthetize lower amounts of hemoglobin resulting in
lower numbers of red blood cells in circulation and anemia. As was mentioned before,
the side effect of thalassemia can be organ iron overload especially due to repeated blood
transfusions (Martin and Thompson, 2013).

Iron refractory iron deficiency anemia (IRIDA) (autosomal recessive) is caused by
mutations in TMPRSS6 (transmembrane protease, serine 6) gene encoding for the
matriptase-2 protein. Matriptase-2 is responsible for hemojuvelin cleavage and thus
negative regulation of hepcidin expression (see 1.5.1.). Malfunction of matriptase-2
results in increased hepcidin production and subsequent degradation of ferroportin. Since
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ferroportin is responsible for cellular iron efflux, insufficient amounts of iron are
absorbed into the body (Finberg, 2009; De Falco et al., 2013).

The origin of sideroblastic anemia (SA) can be a congenital genetic disorder as well
as have non-genetic causes. Anyway, sideroblasts are produced instead of healthy red
blood cells during SA. Therefore, iron is available in the body but it is not incorporated
into hemoglobin. For this reason, patients with SA very often suffer simultaneously from
iron overload (Caudill et al., 2008).

Aceruloplasminemia is autosomal recessive disease manifested by lack of
ceruloplasmin, which is partly responsible for plasma iron oxidation into its ferric form.
Ceruloplasmin deficit results in limited production of red blood cells together with iron
storage in the liver cells, macrophages, neuronal tissue, and others (Harris et al., 1998).

Hypotransferrinemia is characterized by partial deficiency in plasma transferrin
caused by a mutation in gene coding for transferrin. Iron is therefore unavailable for
erythropoiesis, in contrast to its abnormal storage in parenchymal tissues with the result
of severe anemia together with a serious iron overload (Hamill et al., 1991; Beutler et al.,
2000).

Disorders with secondary iron deficiency are mainly accounted for by iron
deficiency anemia (IDA) and anemia of chronic disease (ACD). Both diseases are also
the most prevalent form of anemias (Theurl et al., 2006). Especially, since iron
deficiency due to inadequate nutrition is the most common cause of microcytic anemia,
IDA is one of the major health problems worldwide.

In IDA, the amount of hemoglobin and red blood cells is decreased as a result of
inadequate diet with insufficient iron absorption, or excessive bleeding. On the other
hand, ACD is usually observed in patients with infection, inflammation, or malignancy.
The main cause of ACD involves elevated production of cytokines with a consequent up-
regulation of hepcidin production and decreased iron release into the circulation (Weiss
and Goodnough, 2005; Poggiali et al., 2014) (see 1.5.1.).
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1.6.2. IRON OVERLOAD ASSOCIATED DISORDERS

Iron accumulation in organism, production of reactive oxygen species (ROS) and
subsequent oxidative stress leads to a limitation of cell functions that can affect many
different tissues in the body (McCord, 1998). Iron-induced oxidative stress and
subsequent apoptosis particularly damages parenchymatic organs that contain cells with
numerous mitochondria and have high respiratory activity such as hepatocytes,
cardiomyocytes and pancreatic B-cells. Liver cells are especially affected due to their
high capacity for iron storage (Hower et al., 2009), mainly in the form of ferritin and
hemosiderin (Morgan and Walters, 1963; Munro and Linder, 1978). Therefore organ
damage resulting in fibrosis, cirrhosis, hepatocellular carcinoma, heart failure, glucose

intolerance or diabetes mellitus can be seen in patients with iron overload.

1.6.2.1. Primary cause of iron overload

Primary iron accumulation, as in the case of iron deprivation, develops as a result of
a genetic abnormality and is mostly represented by hemochromatosis (Swinkels et al.,
2006). Hemochromatosis leads to an increase in the absorption of iron by enterocytes and
subsequently, the excess iron is stored primarily in the liver, pancreas, skin, and heart
tissue.

Hereditary hemochromatosis (HHC) or hemochromatosis type | is the most common
type of hemochromatosis. It is an autosomal recessive disease with incomplete
penetrance caused by a mutation in the HFE gene. HFE gene protein products are
involved in the regulation of iron transport by hepcidin but the exact mechanism is not
yet completely known (see 1.5.1.). The main cause is the C282Y (p.Cys282Tyr) mutation
in the HFE gene that represents 80 — 90% of patients with HHC. Less severe but still
frequent mutations are also H63D (p.His63Asp) and S65C (p.Ser65Cys) mutations with
clinical significance, but only when combined with C282Y. Either way, symptoms are

usually developed after the third decade of patient’s life and can be treated by repeated
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phlebotomy (Feder et al., 1996; Jazwinska et al., 1996; Jouanolle et al., 1996; Hanson et
al., 2001).

Hemochromatosis type Il or juvenile hemochromatosis (autosomal recessive) leads
to a severe form of iron overload that manifests in early age. The disease is caused by a
mutation in the gene for hemojuvelin that is involved in hepcidin regulation, or directly
in gene for hepcidin. In both cases, hepcidin levels are decreased and iron is abnormally
absorbed (Hentze et al., 2004) (see 1.5.1.).

Other types of hemochromatosis are less common and are represented by
hemochromatosis type 111 (an autosomal recessive mutation in TfR2 gene) (Camaschella
et al., 2000), ferroportin disease (an autosomal dominant mutation in ferroportin gene)
(Montosi, 2001; Njajou et al., 2001), hemochromatosis type V (an autosomal dominant
mutation in H-ferritin gene) (Kato et al., 2001), aceruloplasminemia (see 1.6.1.1.),

hypotransferrinemia (see 1.6.1.1.), and others.

Secondary liver iron overload can be developed as a consequence of ethanol liver
damage, porphyria cutanea tarda, non-alcoholic steatohepatitis, chronic hepatitis C,
frequent blood transfusions, etc. (Andrews, 2005). However, the most common cause of
secondary iron accumulation in the liver is alcohol abuse (Siegmund and Brenner, 2005;
Sebastiani and Walker, 2007; Cubero et al., 2009).

Ethanol oxidation to acetaldehyde as well as oxidation of acetaldehyde within the
body can affect the redox status of the cell and affect iron metabolism via changes in the
expression of iron homeostasis-related molecules, especially hepcidin (e.g. Suzuki et al.,
2002; Bridle et al., 2006; Harrison-Findik et al., 2006; Harrison-Findik, 2007). Hepcidin
levels decrease in response to ethanol exposure what increases protein expression of
DMT1 and ferroportin (Nemeth et al., 2004; Brasse-Lagnel et al., 2011) resulting in
increased iron uptake into the body (see 1.5.1.). Moreover, ethanol exposure can increase
the expression of iron transport related molecules, such as TfR1, via hypoxia-responsive
elements (Suzuki et al., 2002; Kohgo et al., 2005) (see 1.5.2.). Increased TfR1 levels in

plasma membrane of hepatocytes increase iron uptake into these cells and thus can play
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an important role in iron accumulation in the liver due to ethanol abuse (Tuoi Do et al.,
2011).
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2. AIMS

The aim of the presented work was to contribute to our understanding of the
molecular mechanisms involved in iron transport across plasma membranes and its
regulation in mammalian cells. The project is mainly focused on non-heme and non-
transferrin iron (NTBI) transport in human cells in vitro and in vivo under conditions of
iron deficiency or iron overload.

As an experimental model, we employed human cells including the Caco-2 cell line
(colorectal carcinoma representing intestinal cells involved in iron absorption), the K562
cell line (erythroleukemia representing erythroid cells involved in iron utilization), and
the HEP-G2 cell line (hepatocellular carcinoma representing hepatocytes involved in iron
storage). Furthermore, human duodenal tissue samples from patients with hereditary
hemochromatosis, iron deficiency anemia, and alcoholic liver disease, and healthy

controls were also studied.

In particular, our studies were focused on:

1. NTBI uptake in iron-utilizing cells under iron deprivation and the involvement of
known NTBI transport molecules in this process (paper 1).

2. Expression of known NTBI transport molecules in various types of human cells
under iron deficiency and excess (paper 2).

3. Expression of iron transport related molecules in duodenum of patients with
hereditary hemochromatosis, iron deficiency anemia, and alcoholic liver disease

(paper 3 and 4).
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3. RESULTS AND COMMENTS

3.1. COMMENTS ON PAPERS

Iron uptake into the organism takes place in the small intestine, specifically in the
duodenum and proximal jejunum. Heme as well as non-heme iron is absorbed from the
diet via the apical membrane of enterocytes and subsequently transported into the
bloodstream through the basolateral membrane of the cell (Conrad et al., 1966; Raffin et
al., 1974; Muir and Hopfer, 1985; Chowrimootoo et al., 1992).

Heme is thought to be imported into enterocytes via the heme carrier protein 1
(HCP1) transporter (Le Blanc et al., 2012). Within the cell, heme is metabolized by heme
oxygenase molecules while carbon monoxide, biliverdin, and free ferrous iron are
produced (Raffin et al., 1974; Maines et al., 1986; Maines, 1988). Non-heme iron,
usually present in nutrients in its ferric form, is reduced to ferrous iron by duodenal
cytochrome b (Dcytbh) and transported into the cell by divalent metal transporter 1
(DMT1) (Fleming et al., 1997; Gunshin et al., 1997; Canonne-Hergaux et al., 1999;
Tandy et al., 2000; McKie et al.; 2001, Latunde-Dada et al., 2008; Wyman et al., 2008).
Once inside the enterocyte the iron can be utilized, stored in ferritins, or exported into the
bloodstream by ferroportin (Abboud and Haile, 2000; Donovan et al., 2000; McKie et
al., 2000). In the circulation, ferrous iron is re-oxidized by hephaestin or ceruloplasmin
and bound to transferrin as the main transport molecule for iron within the organism
(Aisen and Listowsky, 1980; Vulpe et al., 1999; Hellman and Gitlin, 2002). Transferrin-
bound iron is absorbed into individual cells via transferrin/transferrin receptor complex-
mediated endocytosis (Dautry-Varsat et al., 1983; Klausner et al., 1983). Additionally,
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non-transferrin-bound iron (NTBI) transport across plasma membrane also takes place
within the organism, but its significance increases especially during pathological states
(Qian and Tang, 1995; Andrews, 2002 and 2005). NTBI transport is therefore more
effective in states of iron overload or iron deficiency depending on cell type. In other
words, different iron transport mechanisms are suggested in different cell types in
accordance with cell function relative to iron handling.

Since there is no active mechanism responsible for iron elimination from the body,
iron homeostasis usually depends on proper regulation of iron absorption. Systemic iron
homeostasis is therefore strictly controlled by hepatic peptide hepcidin (Nicolas et al.,
2002a; Ganz, 2004; Dunn et al., 2007). The negative regulatory mechanism involves
hepcidin binding to ferroportin, the only known iron exporter, and subsequent ferroportin
internalization and degradation (Nemeth et al., 2004). The local regulation of iron
homeostasis involves post-transcriptional regulatory mechanisms mainly involving iron
regulatory protein (IRP)/iron-responsive element (IRE) interactions (Eisenstein, 2000;
Cairo and Recalcati, 2007). Lately, hypoxia-inducible factor (HIF)/HIF-responsive
element (HRE) regulation has also been considered (Wang and Semenza, 1993; Lee and
Andersen, 2006).

In our studies we focused on NTBI iron transport mechanisms across the plasma
membrane of human cells in vitro and in vivo. We tested molecules participating in the
transport of NTBI in enterocytes as well as non-intestinal cells. The level of mMRNA and
protein expression of DMTL1, Dcytb, ferroportin, hephaestin and ceruloplasmin molecules
were tested under conditions of iron deficiency or excess using real-time PCR and
western blot analysis. Moreover, some of the regulatory molecules such as hepcidin,
HFE and TfR1 were also tested. In in vivo studies, hepcidin serum levels were assessed
using commercially produced ELISA Kkits and all patients were tested for HFE gene

mutations together with serum iron parameters.

3.1.1. IRON TRANSPORT ACROSS PLASMA MEMBRANE: IN VITRO STUDIES

Transferrin-bound iron transport is considered as the main iron transport mechanism

within the body, while the NTBI transport mechanism is not yet fully elucidated.
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Therefore, we decided to measure NTBI uptake as well as expression of molecules
involved in NTBI transport in highly relevant cell types and under strict iron-defined
conditions to elucidate NTBI transport molecules significance within the organism (paper
1and 2).

During in vitro analyzes we tested changes in the expression of NTBI transport
molecules under iron deprivation and overload in three main types of cells involved in
iron handling. Caco-2 (colorectal carcinoma) human cell line represented intestinal cells
responsible for iron absorption into the body, K562 (erythroleukemia) human cell line
represented erythroid cells as major iron-utilizing cells, and HEP-G2 (hepatocellular
carcinoma) human cells modeled hepatocytes as major storage cells (paper 2, p. 53).
Moreover in K562 cells, NTBI uptake under conditions of iron deficiency was measured
prior to the assessment of the expression of iron transport-related molecules (paper 1, p.
47).

Thanks to the identical defined conditions of cells cultivation we can demonstrate
that different iron availability affects the expression of tested molecules in cell-type
specific manners. However, due to the lack of systemic iron regulation by hepcidin, the
influence of cellular regulation on iron homeostasis can be considered only. Although we
detected some changes in the mRNA level of tested molecules, it did not always correlate
with the expression on the level of proteins.

In Caco-2 cells, the proteins level of DMT1 and ferroportin were increased under
conditions of iron deficiency and excess, respectively (Fig. 4 and 5, paper 2, p. 60).
Without hepcidin involvement in the regulation, these changes correspond with the
assumption of increased iron absorption into cells during iron deficiency and increased
iron efflux under iron overload. Since the expression of DMT1 and ferroportin proteins
reflects increase on mRNA levels (Fig. 1, paper 2, p. 58), we suggest involvement of
IRP/IRE regulatory mechanism. Our model was therefore in agreement with the
suggestions concerning mechanism of cellular regulation of iron uptake (Muckenthaler et
al., 2008).

Despite some changes in the expression of tested molecules on mRNA level in HEP-
G2 and K562 cells (Fig. 2 and 3, paper 2, p. 59), slight or no changes at all were
observed on the level of proteins. This is in agreement with our findings considering
testing of K562 cells under iron deprivation conditions, in paper 1 (Fig. 3 and 4, paper 1,
p. 50 and 51). We detected significant increase in iron uptake under iron deprivation in

K562 cells (Fig. 1, paper 1, p. 50). Together with the involvement of protein synthesis
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(Fig. 2, paper 1, p. 50), we expected participation of some others NTBI transport
molecules in this system (Valis et al., 2008).

For NTBI iron uptake into the cells, ferric iron needs to be reduced to its ferrous
form. Although Dcytb was shown to play an important role, other molecules responsible
for iron reduction have also been detected. At least, six-transmembrane epithelial antigen
of prostate (STEAP) proteins were presented as reductases involved in iron metabolism.
Among other, a family member STEAP3 has been confirmed as a ferrireductase involved
in iron reduction in endosomes (Knutson, 2007). Moreover, other mechanisms can
participate in reduction of iron prior to its uptake into the cells since there is also
evidence of non-enzymatic iron reduction. Although the ferrous iron transporter DMT1
function has been well demonstrated, other metal transporters, such as ZRT/IRT-like
protein 8 and 14 (ZIP8 and ZIP14), have also been linked to iron import (Liuzzi et al.,
2006; Jenkitkasemwong et al., 2012; Wang et al., 2012; Nam et al., 2013). Molecules
such as lipocalin 2 or voltage-dependent anion-selective channel 2 (VDAC2) should be
also discussed (Yang et al., 2002; Devireddy et al., 2005; Valis et al., 2008). On the
other hand, the iron exporter ferroportin was found to be essential for iron efflux from
cells and no new molecules have been identified for iron export. Until now, two
molecules responsible for iron oxidation after iron release from the cell were discovered.
A transmembrane molecule of hephaestin was shown to co-localize with ferroportin
whereas ceruloplasmin is a plasma molecule. Nevertheless, a transcription variant of
ceruloplasmin was described as a glycosylphosphatidylinositol-anchored isoform
essential for ferroportin stabilization in membranes (De Domenico et al., 2007a; Marques
etal., 2012).

3.1.2. IRON TRANSPORT ACROSS PLASMA MEMBRANE: IN VIVO STUDIES

Studies in vivo (paper 3 and 4) were focused on NTBI uptake into the human
organism. Since there were just animal or patient studies focused predominantly on
MRNA level of NTBI transport molecules, we assessed the expression of DMTL1, Dcytb,
ferroportin, and hephaestin in duodenal biopsies of defined group of patients on both

MRNA and protein level.
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The group suffering from iron deficiency was represented by patients with iron
deficiency anemia (IDA) and the group with primary iron overload was represented by
individuals diagnosed with hereditary hemochromatosis (HHC), who were divided into
HHC treated and HHC untreated groups of patients (paper 3, p. 65). Since alcohol
consumption is considered a high risk factor for iron metabolism disorders, a group of
patients with alcoholic liver disease (ALD) represented patients with secondary iron
overload or deficiency (paper 4, p. 77). According to body iron levels, the ALD group
was divided into patients with iron deprivation, iron overload, and normal iron status.
Subjects with no evidence of disturbed iron homeostasis were used as healthy controls.

All patients were tested for the presence of mutations in the HFE gene in order to
confirm or exclude the effect of the genotype on iron metabolism. Each individual was
also tested for serum iron parameters and consequently classified as iron deficiency, iron
overload, or controls.

Serum hepcidin of IDA patients was slightly decreased with no statistical
significance when compared to controls (paper 3, p. 72). Nevertheless, decreased
hepcidin serum levels were expected in IDA and increased iron absorption should follow
due to an effort of the organism to elevate iron levels. Hepcidin is supposed to interact
with ferroportin and DMT1 transporters, but no changes in protein levels of these
molecules were detected (Fig. 1, paper 3, p. 70). Simultaneously, increased mMRNA levels
of DMT1 and ferroportin in IDA patients suggest that IRP/IRE interactions should take
part in the regulation of gene expression in association of iron deprivation, however,
changes in protein levels were not observed, as mentioned above (Fig. 1, paper 3, p. 70).

Increased mMRNA levels of DMT1 and ferroportin were also found in HHC patients
after treatment (Fig. 2, paper 3, p. 71). This is not surprising since systemic iron
regulation of post-phlebotomized patients can react to massive blood loss just like with
anemia. Still, the regulatory mechanism was not confirmed at the protein level. No
changes at all were observed in HHC patients without treatment (Fig. 2, paper 3, p. 71).
As expected, since there were no changes in DMTL1 and ferroportin protein levels, serum
hepcidin was not changed in any group of the HHC patients compared to controls (paper
3, p. 72). We also tested the expression of hemochromatosis (HFE) and transferrin
receptor 1 (TfR1) genes (Fig. 1 and 2, paper 3, p. 70 and 71). According to the crypt cell
hypothesis, the HFE/TfR1 complex on the basolateral membrane of enterocytes acts as a
regulator of iron homeostasis by sensing the amount of body iron (Philpott, 2002).

However, this theory has recently been doubted (Goswami and Andrews, 2006; Gao et
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al., 2009). We detected increased mRNA levels of HFE and TfR1 in IDA and HHC
treated patients compared to controls, but this was most likely due to the IRE/IRP
regulation of TfR1 gene expression. Unfortunately, due to an insufficient amount of
samples we had no chance to test protein levels of these molecules.

Very similar results were found for individuals with ALD after classification of
patients into the individual ALD group (Fig. 2, paper 4, p. 82). Increased mRNA levels
for DMT1, ferroportin and TfR1 were observed in ALD patients with normal iron status
and ALD patients with anemia, increased mRNA for HFE was found in ALD patients
with iron overload. As before, no changes were confirmed in protein level. Therefore, it
is surprising that we detected a significant decrease in serum hepcidin in both iron
deficient and iron overload ALD groups (Fig. 3, paper 4, p. 85). Hepcidin suppression
can be caused directly by ethanol or indirectly via regulatory molecules (Suzuki et al.,
2002; Harrison-Findik, 2007; Vecchi et al., 2009). As mentioned above, with these
changes in serum hepcidin levels, we would expect subsequent effects on protein levels,
at least for ferroportin.

However, some positive correlations among Dcytb, hephaestin, DMT1, ferroportin
and TFR1 mRNA in all group of patients indicate coordinated regulation of these genes
(Table 2, paper 3, p. 72; Table 2, paper 4, p. 83).
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Abstract

We tested the effect of iron deprivation on the uptake of iron from ferric citrate by human erythroleukemia K562 cells. The iron uptake after 24-
h preincubation in defined iron-free medium was approximately 2—3% higher than after the preincubation in control transferrin-containing
medium. The preincubation of K562 cells in iron-free medium together with the inhibitor of protein synthesis cycloheximide completely abrogated
the stimulation of the iron uptake, The preincubation in iron-free medium resulted in a slight decrease (20%) of DMT1 mRNA level. The level of
Deytb, ferroportin and hephaestin mRNA did not exert any significant change. We also did not find any significant effect on the protein level of
DMT1, Deytb, ferroportin and hephaestin. We conclude that iron deprivation stimulates the uptake of non-transferrin iron in K562 cells and that
this stimulation depends on protein synthesis. It seems that the expression of an unknown or seemingly unrelated protein(s) is involved.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Non-transferrin iron uptake; Iron deprivation; K562 cells

Introduction

The plasma level of the non-transferrin low-molecular-mass
form of iron is usually below | pM. However, sometimes it may
rise to values over 20 pM [1]. Most of this form of iron is
represented by ferric citrate [2]. Mammalian cells can take up iron
from low-molecular-mass sources via an alternative transferrin-
independent mechanism(s). The process of non-transferrin iron
uptake has been studied extensively, including human K562 and
HelLa cells, and shown to be of physiological significance [3—11].

Progress has been made in describing some molecules
involved in transport of free iron across biological membranes.
DMT1 (divalent metal transporter 1) and ferroportin (also known
as Iregl or MTPI) are the only known plasma membrane
transport proteins which were proved to be involved in the
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Republic. Fax: +420 244471707,
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transport of free iron in mammals. Ferroportin, probably together
with a ferroxidase hephaestin or ceruloplasmin, are involved in
the iron export from enterocytes into the plasma. DMT]1 together
with Dcytb (duodenal cytochrome b-like) ferrireductase are
involved in iron absorption by intestinal enterocytes. DMT]1 is
also involved in the iron transport across the endosomal
membrane. However, DMT1 is a proton symporter active only
in specific low-pH environment [12-15]. There are good reasons
to believe that other molecules involved in the iron uptake and
differing from mentioned molecules exist [16—18]. Several
candidate molecules can be considered. Plasma membrane iron-
binding protein melanotransferrin (p97) was considered. How-
ever, later findings showed that melanotransferrin is not involved
in the ron uptake, including K562 cells [19.20]. The role of
molecules involved in iron redox reactions (ferrireductases and
ferroxidases), such as mentioned Dceytb, hephaestin and cerulo-
plasmin, is seriously considered [14,15,21]. The role of P53
integrin as a putative membrane iron transporter was introduced
by Conrad and his coworkers [22]. Newly the mvolvement of
mouse lipocalin 24p3/human NGAL (neutrophil gelatinase-
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associated lipocalin) and their receptors in the iron uptake is
considered [17,18]. Thus despite this progress the character of
non-transferrin ferric iron uptake by mammalian cells, with the
exception of enterocytes, still remains obscure.

In this study we tested the effect of iron deprivation on the
uptake of iron from ferric citrate by erythroleukemia K562 cells
employing chemically defined culture media. So far the effect of
decreased iron availability on the uptake of non-transferrin iron
by mammalian cells has been tested rarely. We found that iron
deprivation significantly stimulates the uptake of iron by K562
cells. However, we did not detect the involvement of any tested
gene (DMTI, Deytb, ferroportin, hephaestin, ceruloplasmin).

Materials and methods
Materials

Cycloheximide was purchased from Sigma Chemical Co.
(St. Louis, MO) and **FeCl; for [**Fe]ferric citrate preparation
was from DuPont NEN (Boston, MA). Rabbit polyclonal
antibodies NRAMP22-A, DCYTBI11-A, MTPI1-A and
HEPH11-A against human DMTI1, Dcytb, ferroportin and
hephaestin from Alpha Diagnostic International (San Antonio,
TX), rabbit polyclonal antibody AO0031 against human
ceruloplasmin from DakoCytomation (Glostrup, Denmark),
and mouse monoclonal antibody Ab-4 against human o,f>-
tubulin from Neomarkers (Fremont, CA) were used.

Cells and culture conditions

The human cell line K562 (erythroleukemia) was obtained
from M. Wessling-Resnick (Harvard School of Public Health,
Boston, MA) and the human cell line HeLa (cervical carcinoma)
from J. Kaplan (University of Utah School of Medicine, Salt
Lake City, UT). Cells were maintained in the FBS medium [11],
based on the RPMI 1640 medium and supplemented with 10%
fetal bovine serum, at 37°C in a humidified atmosphere of 5%
CO, in air.

In the experiments, defined media were employed. Iron-free
medium was a defined serum-free medium, based on RPMI
1640 and containing supplements substituting serum, without
addition of any iron source as described previously [I1].
Transferrin medium contained in addition 5 pg/ml of iron-
saturated human transferrin as a source of iron [10].

Iron uptake measurement

Measurement of non-transferrin iron uptake by the cells was
carried out in iron-free medium containing 1 pM [**Fe]ferric
citrate as described in detail previously [11].

Real-time PCR

Total RNA was prepared from K562 cells using the RNAeasy
MiniKit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Total RNA was reverse transcribed in a 20 pl reaction
using the reverse transcription kit TagMan Reverse Transcription

Reagents (Applied Biosystems, Foster City, CA) with random
primers according to the manufacturer’s instructions. Transcribed
c¢DNA was subjected to real-time quantitative PCR in an ABI
Prism 7000 Sequence Detection System (Applied Biosystems)
using a commercially available kit Sybr green PCR Master Mix
(Applied Biosystems). Amplification of DMT1 c¢DNA was
performed with forward primer 5'-TTGGGTTGGCAATGTTT-
GATT-3' and reverse primer 5'-CGGGTGGCTTCTTCTGTCA-
3’. For the quantification of hephaestin cDNA, forward primer
5'-GGGAATGGCACAACCAGTCT-3" and reverse primer 5'-
CCAGGAGCCCATCCTTGTT-3" were used. For the quantifi-
cation of ferroportin, Deytb, and GAPDH c¢DNA, previously
described primers were used [23-25]. All data were normal-
ized to the amount of GAPDH c¢DNA in the sample. The
2745¢T method was used to calculate relative changes in gene
expression employing the ABI Prism 7000 SDS Software
Version 1.1 (Applied Biosystems).

Western blot analysis

Western blot analysis of the levels of DMTI1, Dcytb,
ferroportin, hephaestin, ceruloplasmin, and a,p-tubulin (load-
ing control) was carried out with some modifications as
described in detail previously [26]. Proteins separated by
SDS-PAGE were blotted onto 0.2 pm nitrocellulose membrane
for 2 h at 0.25 A using MiniProtean II blotting apparatus (Bio-
Rad, Hercules, CA). The membrane was blocked with 5% BSA
in TBS (100 mM Tris—HCI, 150 mM NaCl, pH 7.5) for 10 min
(DMTT1) or 40 min (ferroportin), with 5% fish gelatine in TBS
for 1 h (Dcytb, hephaestin) or with 5% non-fat milk in TBS for
20 min (ceruloplasmin, o,B-tubulin). Washed membrane was
incubated with primary antibodies. After the incubation, the
washed membrane was incubated with corresponding horse-
radish peroxidase-conjugated secondary antibody. Both primary
and secondary antibodies were diluted in 5% BSA (fish
gelatine, non-fat milk)/0.1% Tween-20/TBS and 0.1% Tween-
20/TBS was used for washing. The horseradish peroxidase-
conjugated secondary antibody was detected by enhanced
chemiluminescence using the Supersignal reagent from Pierce
(Rockford, IL) and LAS 1000 CCD device (Fuji).

Statistical analysis

Statistical significance of differences was determined using
Student’s ¢ test.

Results and discussion
Iron deprivation stimulates iron uptake

We tested the effect of changed availability of iron on the
uptake of iron from [**Felferric citrate (1 pM) by human
erythroleukemia K562 cells employing defined culture media
with defined sources of iron. Preincubation with a high level of
non-transferrin iron (500 uM ferric citrate) did not result in any
significant change of iron uptake by K562 cells but it resulted in
a significant increase of the uptake by Hela cells (data not
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Fig. 1. Effect of preincubation in iron-free medium on non-transferrin iron
uptake. The effect of 24-h preincubation in iron-free medium (-Fe) and in control
transferrin medium (Control), containing 5 pg/ml of transferrin as a source of
iron, on the iron uptake from [**Fe]ferric citrate (1 pM) by K562 and HeLa cells
was measured during 60 min of incubation. Each column represents the
mean+standard error of the mean (SEM) of three experimental values
obtained in one representative experiment of three independent experiments.
**Statistical significant increase (P<0.01) when compared with the control.
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Fig. 2. Effect of cycloheximide on the stimulation of non-transferrin iron uptake
by preincubation in iron free medium. The effect of 24-h preincubation in iron-
free medium (-Fe) with or without 15 pg/ml of cycloheximide (CH) on the iron
uptake from [**Felferric citrate (1 pM) by K562 cells was measured during
60 min of incubation. Control cells were preincubated in FBS medium (Control)
containing 10% fetal bovine serum. Each column represents the mean + standard
error of the mean (SEM) of three experimental values obtained in one
representative experiment of two independent experiments. **Statistical signi-
ficant increase (P<0.01) when compared the preincubation in iron-free medium
(without cycloheximide) with the control (without cycloheximide). ~*Statistical
significant decrease (P<0.01) when compared the preincubation in iron-free
medium (with cycloheximide) with the preincubation in iron-free medium
(without cycloheximide).

shown). The stimulation of non-transferrin iron uptake in cells
incubated with high levels of non-transferrin iron has been
reported previously [6,7,27].

Surprisingly, we found that 24-h preincubation in defined iron-
free medium (see Materials and methods) significantly stimulated
the iron uptake (2—3x) by K562 cells when compared with the
uptake after the preincubation in control transferrin medium (see
Materials and methods) containing 5 pg/ml of iron-saturated
human transferrin as a source of iron (Fig. 1). To our knowledge,
this is the first case where a significant stimulation of non-
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Fig. 3. Effect of preincubation in iron-free medium on the mRNA levels of
DMTTI, Dcytb, ferroportin and hephaestin. The effect of 24-h preincubation in
iron-free medium (-Fe) and in control transferrin medium (Control), containing
5 ng/ml of transferrin as a source of iron, on the mRNA level was determined by
quantitative real-time PCR in K562 cells. Relative quantity of mRNA (RQ) in
the cells preincubated in iron-free medium is compared with RQ in the control
cells as a calibrator. The mean+standard error of the mean (SEM) of four
independent experiments is shown. *Statistical significant decrease (P<0.05)
when compared with the control.
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Fig. 4. Effect of preincubation in iron-free medium on the level of DMTI,
Deytb, ferroportin and hephaestin. The effect of 24-h preincubation in iron-free
medium (-Fe) and in control transferrin medium (Control), containing 5 pg/ml
of transferrin as a source of iron, on the protein level was determined by western
blot analysis in K562 cells employing polyclonal antibodies against human
DMTI, Deyth, ferroportin and hephaestin. Monoclonal antibody against human
a,3-tubulin was used to confirm equal protein loading. The data shown were
obtained in one representative experiment of three independent experiments.

transferrin iron uptake by iron deprivation has been clearly
documented.

On the contrary, the preincubation in iron-free medium had
no significant effect on the iron uptake by HeLa cells (Fig. 1).
The data demonstrate that the uptake of non-transferrin iron in
K562 and in HeLa cells is regulated differently in spite of the
fact that the parameters of the iron uptake from ferric citrate in
K562 and HeLa cells seem to be similar [11,28]. In K562
cells, the iron uptake is stimulated by the iron deprivation but
it is not affected by an excess of extracellular non-transferrin
iron. The stimulation of the iron uptake by K562 cells could
be related to an extra requirement for iron by erythroid cells.
On the other hand, the stimulation of non-transferrin iron
uptake in HeLa cells by the excess of extracellular non-
transferrin iron could rather reflect the capacity of cells to
clear potentially dangerous non-transferrin iron from the
environment [27,29].

Iron uptake stimulation depends on protein synthesis

In order to elucidate whether the stimulation of non-
transferrin iron uptake by K562 under iron deprivation is
related to a new protein synthesis, we tested the effect of the
mnhibitor of protein synthesis cycloheximide on the stimulation.
The iron uptake after 24-h preincubation in iron-free medium
was approximately 4-5x higher than the uptake after the
preincubation in control FBS medium (see Materials and
methods) containing 10% fetal bovine serum. The preincuba-
tion in iron-free medium together with cycloheximide (15 pg/
ml) resulted in a total abrogation of the stimulation of the iron
uptake. On the other hand, the effect of cycloheximide on non-

stimulated iron uptake after the preincubation in the control
medium was relatively negligible (Fig. 2).

The data demonstrate that the stimulation of non-transferrin
iron uptake by iron deprivation in K562 cells requires protein
synthesis and that the induction of expression of a relevant
gene(s) can be involved. An increased expression of the
transferrin receptor via well-known mechanism comprising the
activation of the iron regulatory protein (IRP) [30,31] is not
involved here because it was shown previously [28] that K562
cells do not produce autocrine transferrin for binding the iron.

Expression of suspected genes is not involved

In order to assess whether the expression of the genes with
known or suspected role in non-transferrin iron uptake is
involved here, we tested the effect of iron deprivation on their
expression. We have found previously that there is no detectable
level of 35 integrin (putative membrane iron transporter) [22]
and {33 integrin mRNA in K562 cells under control conditions
as well as under iron deprivation (our unpublished data).
Similarly, we have shown previously that plasma membrane
iron-binding protein melanotransferrin (p97) is not involved in
non-transferrin iron uptake by K562 cells [19].

We tested the expression of DMTI, Dcytb, ferroportin,
hephaestin and ceruloplasmin employing quantitative real-time
PCR (mRNA level) and western blot analysis (protein level).
However, we did not detect any ceruloplasmin as well as
ceruloplasmin mRNA in K562 cells but we detected both
ceruloplasmin and ceruloplasmin mRNA in CaCo2 and HelLa
cells used as a positive control (data not shown). The
preincubation in iron-free medium did not significantly affect
the mRNA level of the other tested genes with the exception of
DMTI. In the case of DMT1, we demonstrated certain statistical
significant decrease (about 20%) of mRNA level after iron
deprivation (Fig. 3). We did not find any significant effect of the
preincubation in iron-free medium on the protein level of
DMT]1, Deytb, ferroportin and hephaestin (Fig. 4).

Taken together, we conclude that iron deprivation significantly
stimulates the uptake of non-transferrin ferric iron by human
erythroleukemia K562 cells. This iron uptake stimulation depends
on protein synthesis and thus probably involves the induction of
gene expression. However, we did not detect the involvement of
any tested relevant gene. It seems that the expression of an
unknown or seemingly unrelated protein(s) is involved in the
stimulation. Good candidates could be here proteins of newly
discussed system NGAL/NGAL receptor [17,18].
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Abstract We studied the effect of iron deficiency, i.e.,
24-h preincubation in iron-free medium, and the effect of
high level of non-transferrin iron, i.e., the preincubation in
ferric citrate medium containing 500 uM ferric citrate, on
the expression of DMTI1, Dcytb, ferroportin, hephaestin,
and ceruloplasmin in various functional types of human
cells. The expression of these proteins potentially involved
in non-transferrin iron transport across cell membranes was
tested on mRNA level by quantitative real-time PCR as
well as on protein level by western blot analysis in Caco-2
(colorectal carcinoma), K562 (erythroleukemia), and HEP-
G2 (hepatocellular carcinoma) cells. We found that chan-
ges in non-transferrin iron availability, i.e., iron deficiency
and high level of non-transferrin iron, affect the expression
of tested proteins in a cell type-specific manner. We also
demonstrated that changes in the expression on mRNA
level do not often correlate with relevant changes on pro-
tein level.
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Introduction

Iron, due to its ability to accept or donate electrons, plays a
key role in essential biological functions in organisms, such
as oxygen transport, mitochondrial energy metabolism, or
deoxynucleotide synthesis. On the other hand, free iron is
supposed to catalyze the formation of highly reactive free
radicals that can cause cell damage. Therefore, it is of
crucial importance for both the cells and the organism to
maintain systemic iron homeostasis to ensure adequate iron
supply but to prevent accumulation of excess iron [1, 2].

Intestinal iron absorption is a rigorously regulated pro-
cess, consisting of two steps involving iron uptake across
the apical membrane and iron export across the basolateral
membrane of duodenal enterocytes. Prior to absorption,
dietary ferric iron (Fe3+) has to be reduced to ferrous form
(Fe*™) at the apical surface in order to be transported by
divalent metal transporter 1 (DMTI1) into enterocytes
[3, 4]. This reducing role is attributed to membrane-bound
duodenal cytochrome & ferrireductase (Dcytb) [5-7].
However, absence of the murine Dcytb homolog (Cybrd1)
results in no iron-deficient phenotype, suggesting that
Cybrd1 is not perhaps an essential component of intestinal
iron absorption mechanism in mice [8]. Inside enterocytes,
ferrous iron can be stored in the protein ferritin or trans-
ported across the basolateral membrane by ferroportin
(MTP1) [9-11] and then oxidized by the ferroxidase
hephaestin, membrane-bound homolog of the plasma
ferroxidase ceruloplasmin, before being bound by plasma
transferrin [12].

In erythroid cells and hepatocytes, transferrin/transferrin
receptor-mediated endocytosis is the main pathway of
cellular iron uptake. Iron-loaded serum transferrin is bound
by the membrane transferrin receptor and internalized via
receptor-mediated endocytosis into endosomes, where an
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acidic pH causes conformational changes and iron dissoci-
ation. Released iron is then reduced by endosomal
ferrireductase and transported into the cytosol by DMT1 [13,
14]. In erythroid cells, six-transmembrane epithelial antigen
of the prostate-3 (Steap3) was recently identified as the
ferrireductase responsible for reduction of iron in the endo-
somes. Steap3 was also shown to be highly expressed in the
liver [15, 16]. Ferrous iron is exported across plasma mem-
brane of erythroid cells and hepatocytes through ferroportin
and oxidized by the plasma ferroxidase ceruloplasmin [17].
Ferroportin is also responsible for iron export in macro-
phages which recycle iron from senescent red blood cells to
the plasma [18]. The presence of ferroportin reported in
erythroid cells provides an evidence that these cells also
possess specific mechanisms of iron export [19].

Maintaining of iron homeostasis within the cell con-
cerns regulation of proteins involved in iron transport
across plasma membrane, as well as proteins involved in
iron utilization and storage. Posi-transcriptional regula-
tion plays a key role here. The cytosolic iron regulatory
proteins (IRPs) 1 and 2 have the ability to sense and
control the intracellular iron concentration by binding to
iron responsive elements (IREs) of genes encoding key
iron-related proteins [20-22]. In iron-depleted states,
IRPs binding to multiple IREs in the 3'-untranslated
region (UTR) of transferrin receptor 1 (TfR1) mRNA
stabilizes mRNA transcript against degradation, while
IRPs binding to single IRE in the 5-UTR of mRNAs
encoding ferritin H and L chains or ferroportin inhibits
translation process [1]. It leads to increased cellular iron
uptake and decreased intracellular iron storage in ferritin,
and finally it results in increased levels of intracellular
iron [16]. A single IRE was also identified in the 3'-UTR
of one isoform of DMT1. On the other hand, increased
iron levels favor the conversion of IRPI from its active
RNA binding form into a Fe-S cluster containing cyto-
plasmic aconitase that lacks IRE binding activity, as well
as the proteasomal degradation of IRP2. IRPs are active
in various types of cells including intestinal cells (Caco-2
cells), erythroid cells (K562 cells), and liver cells (HEP-
G2 cells) [23, 24].

Key role in regulation of iron homeostasis within whole
organism is played by peptide hepcidin which is mainly
expressed in the liver. Hepcidin regulates serum iron level
via the modulation of iron absorption through enterocytes
and iron release from hepatocytes and macrophages. This
regulation is based on hepcidin binding to ferroportin
which induces ferroportin internalization and subsequent
degradation. Increased serum iron level leads to increased
expression of hepcidin on transcriptional level and vice
versa. Several molecular mechanisms mediated by iron-
saturated transferrin are involved here [2, 16].

@ Springer

It was shown that mammalian cells can take up iron
from low-molecular-mass sources via an alternative trans-
ferrin-independent mechanism(s) [25-29]. Most of low-
molecular-mass iron in plasma seems to be in the form of
ferric citrate [30]. As transferrin becomes saturated in iron
overload states, excess iron is found as non-transferrin iron
and it probably plays an important role in hepatocyte
iron loading in hereditary hemochromatosis and other iron
overload conditions. However, the mechanism of non-
transferrin ferric iron uptake by mammalian cells, with the
exception of enterocytes, still remains obscure.

The aim of this study was to compare the expression of
proteins potentially involved in non-transferrin iron
transport across membranes (DMT1, Dcytb, ferroportin,
hephaestin, and ceruloplasmin) in various types of human
cells (Caco-2, K562, and HEP-G2) under extracellular
iron deficiency and excess of extracellular non-transferrin
iron. Cell lines employed represent the main tissue types
involved in iron exchange. Caco-2 cell line (human
colorectal carcinoma) represents a model of intestinal
epithelial cells which are responsible for iron absorption
into the circulation. K562 cell line (human erythroleukemia)
represents erythroid cells which are the major iron-
utilizing cells in the body. HEP-G2 cells (human hepa-
tocellular carcinoma), a model of hepatocytes, represent
the major iron storage cells. We demonstrated that
changes in iron availability, i.e., iron deficiency and iron
excess, affect the expression of DMTI, Decytb, ferropor-
tin, hephaestin, and ceruloplasmin on mRNA as well as
on protein level in a cell type-specific manner. We also
demonstrated that changes of the expression on mRNA
level do not often correlate with relevant changes on
protein level.

Materials and methods
Materials

Goat polyclonal antibodies NRAMP 2 (N-20) and
Hephaestin (N-20) against human DMT1 and hephaestin
from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
goat polyclonal anti-Cytochrome 5 reductase 1 antibody
(EB06633) against human Dcytb from Everest Biotech
(Oxfordshire, UK), rabbit polyclonal antibody MTP11-A
against human ferroportin from Alpha Diagnostic Inter-
national (San Antonio, TX, USA), rabbit polyclonal
antibody AO0031 against human ceruloplasmin from
DakoCytomation (Glostrup, Denmark), and mouse
monoclonal antibody Anti-Actin (clone AC-40) against
human actin (Sigma-Aldrich, St. Louis, MO, USA) were
used.
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Cells and culture conditions

The human cell line Caco-2 (colorectal carcinoma) was
obtained from the ATCC (American Type Culture Col-
lection, Manassas, VA, USA), the human cell line K562
(erythroleukemia) from M. Wessling-Resnick (Harvard
School of Public Health, Boston, MA, USA), and the
human cell line HEP-G2 (hepatocellular carcinoma) from
the DSMZ (German Collection of Microorganisms and
Cell Cultures, Braunschweig, Germany). Cells were
maintained in the FBS medium [28], based on the RPMI
1640 medium and supplemented with 10% fetal bovine
serum (containing also bovine transferrin and ceruloplas-
min), at 37°C in a humidified atmosphere of 5% CO; in air.
In the experiments, defined media were employed. Iron-
free medium was a defined serum-free medium, based on
RPMI 1640 and containing supplements substituting
serum, without addition of any iron source as described
previously [28]. Ferric citrate medium contained in addi-
tion 500 puM ferric citrate as a source of iron [31].
Transferrin medium contained in addition 5 pg/ml of iron-
saturated human transferrin as a source of iron [27]. On the
basis of our previous studies [23, 29], we suppose that 24-h
preincubation in iron-free medium leads to certain iron
deprivation of the cells and 24-h preincubation in ferric
citrate medium represents an excess of iron for the cells.
The defined transferrin medium was used as a control
medium in the case of K562 cells because these cells can
easily be adapted to long-term growth in a defined medium.
The transferrin medium provides the cells with a sufficient
amount of iron similar to the medium supplemented with
10% fetal bovine serum [29]. The FBS medium

Table 1 Sequences of used primers and probes

supplemented with 10% fetal bovine serum was used as a
control medium for Caco-2 and HEP-G2 cells. These cells
cannot be adapted to long-term growth in a defined
medium.

Real-time PCR

Total RNA was prepared from Caco-2, K562, and HEP-G2
cells using the RNAeasy MiniKit (Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions. Total
RNA was reverse transcribed in a 10 pl reaction using the
reverse transcription kit TagMan Reverse Transcription
Reagents (Applied Biosystems, Foster City, CA) with
random primers according to the manufacturer’s instruc-
tions. Transcribed ¢cDNA was subjected to real-time
quantitative PCR in an ABI Prism 7000 Sequence Detec-
tion System (Applied Biosystems) using a commercially
available kits Sybr green PCR Master Mix (Applied Bio-
systems) for Dcytb, hephaestin, ceruloplasmin, and
GAPDH, and Taq Man Universal PCR Master Mix
(Applied Biosystems) for DMTI1 and ferroportin. Com-
mercially available TagMan® Gene Expression Assay for
hepcidin was obtained from Applied Biosystems and used
according to the manufacturer’s instructions. Amplification
of DMTI(IRE), Dcytb, ferroportin, hephaestin, cerulo-
plasmin, and GAPDH c¢DNA was performed with primers
and probes shown in Table 1. For the amplification of
DMTI(IRE), Dcytb and ferroportin ¢cDNA, previously
described primers and probes were used [32, 33]. Primers
and probes were purchased from Generi Biotech (Hradec
Kralove, Czech Republic) and Applied Biosystems,
respectively. All data were normalized to the amount of

Gene Primer/probe

Sequence

DMTI(IRE) [26] Forward primer
Reverse primer
Probe

Dcytb [27] Forward primer
Reverse primer
Ferroportin [26] Forward primer
Reverse primer
Probe

Hephaestin® Forward primer
Reverse primer
Ceruloplasmin® Forward primer
Reverse primer
GAPDH" Forward primer

Reverse primer

5'-GTG GTC AGC GTG GCT TAT CTG-3

5'-GATGCT TAC CGT ATG CCC ACA GT-3'

5'-FAM TGT TCT ACT TGG GTT GGC AAT GTT TGA TTG C TAMRA-3'
5'-GTC ACC GGC TTC GTC TTC A-3

5'-CAG GTC CAC GGC AGT CTG TA-3

5'-TGA CCA GGG CGG GAG A-3'

5'-GAG GTC AGG TAG TCG GCC AA-3'

5'-FAM CAC AAC CGC CAG AGA GGA TGC TGT G TAMRA-3'
5'-GGG AAT GGC ACA ACC AGT CT-3'

5'-CCA GGA GCC CAT CCT TGT T-3'

5'-AAC CCT GGA GAA TGG ATG CTC-3’

5'-TTG CAA ACC GGC TTT CAG A-3'

5'-GTC GGA GTC AAC GGA TTT GG-3'

5'-AAA AGC AGC CCT GGT GAC C-3'

# Our own sequences

" Sequences provided by Dr. M. Kahle (Institute of Experimental Medicine, Academy of Sciences of the Czech Republic, Prague)
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GAPDH cDNA in the sample. The expression of house-
keeping gene GAPDH was not affected significantly by
changes in iron availability. The 274" method was used
to calculate relative changes in gene expression employing
the ABI Prism 7000 SDS Software Version 1.1 (Applied
Biosystems).

Western blot analysis

Western blot analysis of the levels of DMT1, Dcytb, fer-
roportin, hephaestin, ceruloplasmin, and actin was carried
out with some modifications as described in detail previ-
ously [34]. Proteins of whole cell lysates separated by SDS-
PAGE were blotted onto 0.2 um nitrocellulose membrane
for 2 h at 0.25 A using MiniProtean II blotting apparatus
(Bio-Rad, Hercules, CA). The membrane was blocked with
5% BSA in TBS (100 mM Tris—HCI, 150 mM NaCl, pH
7.5) for 40 min (DMT1, Dcytb, ferroportin, and hephaestin)
or with 5% non-fat milk in TBS for 20 min (ceruloplasmin
and actin). Tween-20 (0.1 %)/TBS was used for washing.
The washed membrane was incubated with relevant pri-
mary antibody. Antibodies against human DMTI, Dcytb,
ferroportin, hephaestin, ceruloplasmin, and actin (loading
control) (see Materials) were used as primary antibodies.
After the incubation (overnight, 4°C), the washed mem-
brane was incubated for 1 h with corresponding horseradish
peroxidase-conjugated secondary antibody from Santa Cruz
Biotechnology. The horseradish peroxidase-conjugated
secondary antibody was detected by enhanced chemilumi-
nescence using the Supersignal reagent from Pierce
(Rockford, IL) and LAS 1000 CCD device (Fuji).

Statistical analysis

Data concerning mRNA levels are presented as mean +
SEM of four or three experimental values obtained in
independent experiments. Statistical significance of dif-
ferences, when comparing obtained data, was determined
using paired Student’s ¢ test for two groups. P < 0.05 was
considered statistically significant.

Results
Effect of iron deficiency and excess on mRNA level

We tested the effect of iron deficiency, i.e., the incubation
in iron-free medium, and the effect of high level of non-
transferrin iron, i.e., the incubation in ferric citrate medium
containing 500 uM ferric citrate, on mRNA level of DMTI1
(IRE isoform), Dcytb, ferroportin, hephaestin, and cerulo-
plasmin in Caco-2, K562, and HEP-G2 cells employing
quantitative real-time PCR.
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After 24-h preincubation of Caco-2 cells in iron-free
medium when comparing with the preincubation in control
medium, we detected certain increase of the mRNA level
of DMTI, Dcytb, ferroportin, and hephaestin. However,
this increase was not shown to be statistically significant.
The preincubation of Caco-2 cells in ferric citrate medium,
when compared with control, led to certain statistically
non-significant decrease of the mRNA level of DMT1 and
to a statistically significant increase (about 40-60%) of the
mRNA level of Dcytb, ferroportin, and hephaestin. When
comparing the effect of iron deficiency (the preincubation
in iron-free medium) versus the effect of high level of non-
transferrin iron (the preincubation in ferric citrate med-
ium), we detected a statistically significant increase in
DMTI1 mRNA level. The mRNA level increased from the
relative quantity about 0.6 under iron excess to the relative
quantity about 1.4 under iron deficiency (Fig. 1).

In the case of K562 cells, we did not detect any cerulo-
plasmin mRNA. The preincubation of the cells for 24 h in
iron-free medium, when compared with control, led to a
statistically significant decrease of the mRNA level of
DMT]1 (about 20%) and ferroportin (about 40%). The pre-
incubation in ferric citrate medium resulted in certain
statistically non-significant increase of the mRNA level of
DMTI and Dcytb and to a statistically significant increase
(about 70%) of ferroportin mRNA level in comparison with
control. When comparing the effect of iron deficiency versus
the effect of high level of non-transferrin iron, we detected a
statistically significant decrease in the mRNA level of both
DMTI and ferroportin. DMT1 mRNA level decreased from
the relative quantity about 1.4 under iron excess to the rel-
ative quantity about 0.8 under iron deficiency. For
ferroportin it was even a decrease from about 1.7 under iron
excess to about 0.6 under iron deficiency (Fig. 2).

We did not detect any hephaestin mRNA in HEP-G2
cells. These cells did not significantly change the mRNA
level of DMT1, Dcytb, ferroportin, and ceruloplasmin after
24-h preincubation in iron-free medium. After the prein-
cubation in ferric citrate medium when comparing with
control, we detected some statistically non-significant
increase of ferroportin mRNA level and a statistically
significant decrease (about 20%) of ceruloplasmin mRNA
level. Comparison of the effect of iron deficiency versus
the effect of high level of non-transferrin iron showed a
statistically significant decrease in ferroportin mRNA level.
The mRNA level decreased from the relative quantity
about 1.4 under iron excess to the relative quantity about
0.8 under iron deficiency (Fig. 3).

Effect of iron deficiency and excess on protein level

Detected statistically significant differences in the mRNA
level of the studied genes due to changed availability of
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Fig. 1 (a) Effect of iron 2.4 -
deficiency (iron-free medium)
and (b) effect of high level of
non-transferrin iron (ferric
citrate medium) on mRNA
levels of DMTI, Dcytb,
ferroportin, hephaestin, and
ceruloplasmin in Caco-2 cells.
The effect of 24-h preincubation
of the cells in defined iron-free
medium (—Fe) as well as in
defined ferric citrate medium
(FeC), containing 500 pM ferric
citrate as a source of iron, and in
control FBS medium (Control),
containing 10% fetal bovine
serum as a source of iron, on 0.0
mRNA level was determined by

quantitative real-time PCR.

Relative quantity of mRNA in

the cells preincubated in iron- 2.4 1 b
free medium or in ferric citrate
medium is compared with
relative quantity of mRNA in
the control cells as a calibrator.
The mean £+ SEM of four or
three independent experiments
is shown. **Statistically
significant difference
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transferrin iron is compared

Relative quantity of mRNA

0.0

DMT1

iron (see previous chapter) were also tested on protein
level, employing western blot analysis, in order to confirm
upregulation or downregulation resulting in real change on
protein level.

Statistically significant difference in the mRNA level
of DMT1 in Caco-2 cells (see Fig. 1), when comparing
the effect of iron deficiency (the preincubation in
iron-free medium) versus the effect of high level of non-
transferrin iron (the preincubation in ferric citrate
medium), was confirmed on protein level. DMT1 level
after 24-h preincubation in iron-free medium was signif-
icantly higher when compared with the preincubation in
ferric citrate medium (Fig. 4). Statistically significant
increase of the mRNA level of Dcytb, ferroportin, and
hephaestin in Caco-2 cells after the preincubation in ferric
citrate medium (see Fig. 1), when compared with control,
correlated with increased protein level only in the case of
ferroportin and hephaestin. Ferroportin level was signifi-
cantly increased and hephaestin level was slightly
increased. However, we did not find any effect of the

Dcytb

Ferroportin Hephaestin  Ceruloplasmin

preincubation in ferric citrate medium on protein level of
Dcytb (Fig. 5).

Statistically significant decrease of the mRNA level of
both DMT1 and ferroportin in K562 cells (see Fig. 2),
when comparing the effect of iron deficiency versus the
effect of high level of non-transferrin iron, was not fol-
lowed by corresponding change in the protein level. Protein
levels of DMT1 and ferroportin were found unchanged
here (Fig. 4).

Statistically significant decrease of ferroportin mRNA
level in HEP-G2 cells was shown when comparing the
effect of iron deficiency versus the effect of high level of
non-transferrin iron (see Fig. 3). This decrease was not
confirmed on protein level (Fig. 4). On the other hand,
detected statistically significant decrease of ceruloplasmin
mRNA level (see Fig. 3), when comparing the effect of
high level of non-transferrin iron with control, was con-
firmed on protein level. Ceruloplasmin level was somewhat
decreased after the preincubation in ferric citrate medium
(Fig. 5).
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Fig. 2 (a) Effect of iron deficiency (iron-free medium) and (b) effect
of high level of non-transferrin iron (ferric citrate medium) on mRNA
levels of DMT1, Dcytb, ferroportin, and hephaestin in K562 cells.
The effect of 24-h preincubation of the cells in defined iron-free
medium (—Fe) as well as in defined ferric citrate medium (FeC),
containing 500 pM ferric citrate as a source of iron, and in control
transferrin medium (Control), containing 5 pg/ml of transferrin as a
source of iron, on mRNA level was determined by quantitative real-
time PCR. Relative quantity of mRNA in the cells preincubated in
iron-free medium or in ferric citrate medium is compared with
relative quantity of mRNA in the control cells as a calibrator. The
mean £+ SEM of four or three independent experiments is shown.
*Statistically significant difference (P < 0.05), **statistically signif-
icant difference (P < 0.01) when compared with the control.
**Statistically significant difference (P < 0.01) when (a) the effect
of iron deficiency and (b) the effect of high level of non-transferrin
iron is compared

Effect of iron deficiency and excess on hepcidin mRNA
level

In the case of liver HEP-G2 cells, we also tested the effect
of iron deficiency (the preincubation in iron-free medium)
and the effect of high level of non-transferrin iron (the
preincubation in ferric citrate medium) on hepcidin mRNA
level.

After 24-h preincubation of HEP-G2 cells in iron-free
medium we detected dramatic statistically significant
decrease (approximately 100-fold) of hepcidin mRNA
level when compared with control medium. We detected
even more pronounced decrease (approximately 300-fold)
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Fig. 3 (a) Effect of iron deficiency (iron-free medium) and (b) effect
of high level of non-transferrin iron (ferric citrate medium) on mRNA
levels of DMTI, Deytb, ferroportin, and ceruloplasmin in HEP-G2
cells, The effect of 24-h preincubation of the cells in defined iron-free
medium (—Fe) as well as in defined ferric citrate medium (FeC),
containing 500 pM ferric citrate as a source of iron, and in control
FBS medium (Control), containing 10% fetal bovine serum as a
source of iron, on mRNA level was determined by quantitative real-
time PCR. Relative quantity of mRNA in the cells preincubated in
iron-free medium or in ferric citrate medium is compared with
relative quantity of mRNA in the control cells as a calibrator. The
mean = SEM of four or three independent experiments is shown.
*#Statistically significant difference (P < 0.01) when compared with
the control. TStatistically significant difference (P < 0.05) when (a)
the effect of iron deficiency and (b) the effect of high level of non-
transferrin iron is compared

of hepcidin mRNA level after the preincubation in ferric
citrate medium (Fig. 6).

Discussion

We compared the expression of proteins potentially
involved in non-transferrin iron transport across cell
membranes (DMT1, Dcytb, ferroportin, hephaestin, and
ceruloplasmin) in various types of human cells (Caco-2,
K562, and HEP-G2) under extracellular iron deficiency and
excess of extracellular non-transferrin iron employing
quantitative real-time PCR (mRNA level) and western blot
analysis (protein level). The absorption of dietary
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Fig. 4 Effect of iron deficiency (iron-free medium) and effect of
high level of non-transferrin iron (ferric citrate medium) on the level
of DMT1 in Caco-2 cells, the level of DMT1 and ferroportin in K562
cells, and the level of ferroportin in HEP-G2 cells. The effect of 24-h
preincubation of the cells in defined iron-free medium (—Fe) as well
as in defined ferric citrate medium (FeC), containing 500 uM ferric
citrate as a source of iron, and in control FBS medium (Control)
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Fig. 5 Effect of high level of non-transferrin iron (ferric citrate
medium) on the level of Dcytb, ferroportin, and hephaestin in Caco-2
cells and the level of ceruloplasmin in HEP-G2 cells. The effect of
24-h preincubation of the cells in defined ferric citrate medium (FeC),
containing 500 uM ferric citrate as a source of iron, and in control
FBS medium (Control), containing 10% fetal bovine serum as a

(Caco-2, HEP-G2) or in control transferrin medium (Control) (K562),
containing 10% fetal bovine serum or 5 pg/ml of transferrin as a
source of iron, on protein level was determined by western blot
analysis employing relevant antibodies (see Materials and methods).
Monoclonal antibody against human actin was used to confirm equal
protein loading. The data shown were obtained in one representative
experiment of at least three independent experiments

Caco-2
Control FeC
Ferroportin — - !
-—
Actin — | — —
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source of iron, on protein level was determined by western blot
analysis employing relevant antibodies (see Materials and methods).
Monoclonal antibody against human actin was used to confirm equal
protein loading. The data shown were obtained in one representative
experiment of at least three independent experiments
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Fig. 6 Effect of iron deficiency (iron-free medium) and effect of high
level of non-transferrin iron (ferric citrate medium) on mRNA level of
hepcidin in HEP-G2 cells. The effect of 24-h preincubation of the
cells in defined iron-free medium (—Fe) as well as in defined ferric
citrate medium (FeC), containing 500 uM ferric citrate as a source of
iron, and in control FBS medium (Control), containing 10% fetal
bovine serum as a source of iron, on mRNA level was determined by
quantitative real-time PCR. Relative quantity of mRNA in the cells
preincubated in iron-free medium or in ferric citrate medium is
compared with relative quantity of mRNA in the control cells as a
calibrator. The mean + SEM of four independent experiments is
shown. **Statistically significant difference (P < 0.01) when com-
pared with the control. *Statistically significant difference (P < 0.05)
when the effect of iron deficiency (—Fe) and the effect of high level
of non-transferrin iron (FeC) is compared

non-heme iron is carried out by duodenal enterocytes
which represent the major regulatory site controlling iron
homeostasis in mammals. The absorbed iron is released
into the circulation. A significant portion of the iron in the
circulation is taken up by developing erythrocytes and
incorporated into hemoglobin. Certain amount of the
absorbed iron is stored in other types of cells, predomi-
nantly in hepatocytes. Thus, Caco-2 cells represent type of
cells responsible for iron absorption. K562 cells represent
the major iron-utilizing cells and HEP-G2 cells represent
the major iron storage cells.

There are plentiful publications concerning the effect of
iron availability on the expression of proteins involved in
iron transport across plasma membrane in various types of
cells. Studies presenting these data were carried out
employing both models involving cell lines in vitro as well
as in vivo models. Most of mentioned data just represent
the expression on mRNA level and only significantly
smaller portion of the results represents the expression on
protein level or both mRNA and protein level. However,
the data are often differing or contradictory, even in the
case of cells of the same tissue origin, probably due to
various experimental models and conditions used.
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Therefore, we decided to compare response of all mole-
cules potentially involved in iron transport on mRNA and
protein level in cell lines representing main tissue types
involved in iron exchange under the same experimental
conditions. Furthermore, we demonstrated in this study that
changes in the expression on mRNA level do not often
correlate with changes on protein level (see Results).
Therefore, we would like to stress that it can be highly
speculative to make physiological interpretations just on
the basis of mRNA data.

Concerning Caco-2 cells, one would expect increased
expression of the iron transport molecules under iron
deprivation and decreased expression under iron excess as a
general pattern. Our findings are in agreement with this
pattern only in the case of DMT1 when regarding the
expression on both mRNA and protein level (see Figs. 1, 4).
These findings are consistent with results of previous
studies [4, 35, 36]. It has been proposed that DMTI1
expression in enterocyles is regulated via the control of
mRNA stability by the iron-dependent binding of IRPI1 to
the IRE of DMT1 mRNA, analogous to the iron-responsive
upregulation of transferrin receptor under iron deprivation
[1]. We showed that iron excess unexpectedly led to a
significant increase of the mRNA level but not the protein
level of Dcytb. A statistically significant change on Dcytb
mRNA level under iron deficiency was not found (see
Figs. 1, 5). It could correspond to the previous finding that
Cybrdl (murine Deytb homolog) is not perhaps an essential
component of the intestinal iron absorption mechanism [8].
However, significant increase of duodenal expression of
Dcytb mRNA and protein was detected under factors
stimulating iron absorption such as iron deficiency, chronic
anemia, and hypoxia [5]. Changes of ferroportin and he-
phaestin expression in Caco-2 cells appear to be in opposite
direction under iron excess than expected. We demonstrated
that the levels of ferroportin and hephaestin mRNAs as well
as proteins were significantly increased in response to iron
excess (see Figs. 1, 5). In contrast to this, it was shown
previously that iron excess decreases ferroportin levels in
the small intestine and Caco-2 cells [9, 11, 37]. Within the
organism, ferroportin is negatively post-translationally
regulated by hepcidin and this regulation is mediated by
iron-saturated transferrin as a sensor of iron status. High
iron level corresponds with high hepcidin level [16, 38, 39].
In our experimental system we use defined media without
any serum, i.e., without any hepcidin and transferrin. It
means that in spite of the fact that there is an excess of non-
transferrin iron, Caco-2 cells can interpret the situation,
concerning hepcidin regulation of ferroportin expression, as
an iron deficiency. Membrane-bound ferroxidase hephaes-
tin is mainly involved in iron transfer from intestinal
enterocytes into the circulation. Iron release from non-
intestinal cells was shown to require ceruloplasmin
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ferroxidase activity [12, 17]. There are some differing data
concerning hephaestin expression in duodenum under iron
overload [33, 40, 41], thus it is hard to interpret our data
concerning slight upregulation of hephaestin in response to
iron excess now. The fact that we detected ceruloplasmin
mRNA in Caco-2 cells (see Fig. 1) was rather surprising
because the absence of ceruloplasmin mRNA in the duo-
denum was previously demonstrated [42-45].

Erythroid K562 cells represent functionally different
type of cells than Caco-2 where a high rate of iron uptake is
required for optimal heme synthesis. Unfortunately, there
are not too many studies in the literature concerning the
effect of iron availability on the expression of discussed
proteins in erythroid cells. We showed that iron excess led
to a significant increase of the mRNA level of DMT]1 and
ferroportin in comparison with iron deficiency that resulted
in a decrease of the DMT1 and ferroportin mRNA levels.
However, these findings do not correspond to unchanged
protein levels (see Figs. 2, 4). We observed entirely
opposite pattern of the expression of DMT1 mRNA in
K562 cells when compared with Caco-2 cells. In K562
cells, low mRNA level of DMT1 correlates with low iron
level in medium and vice versa. It was shown that the
DMT1 IRE form is expressed predominantly by epithelial
cell lines, whereas the non-IRE form is expressed by blood
cell lines [46]. However, the expression of DMT1 IRE
form by erythroid cells was also shown [47]. In contrast to
our findings, it was reported that ferroportin expression is
not modulated by iron availability in K562 cells [19]. We
did not detect any significant effect of iron availability on
Dcytb expression here (see Fig. 2). It could indicate that
Dcytb does not play a substantial role in iron transport of
non-intestinal cells.

In HEP-G2 cells representing iron storage cells,
increased uptake and decreased export of iron under iron
excess as well as decreased uptake and increased export of
iron under iron deficiency could be expected. However, we
did not obtain any supportive data for this presumption,
maybe with the exception of ceruloplasmin. We showed
that the level of ceruloplasmin mRNA and also the level of
ceruloplasmin protein were decreased in response to iron
excess (see Figs. 3, 5). It was reported that iron overload
results in decreased expression of ceruloplasmin protein in
the liver [48] and that the treatment of cultured HEP-G2
cells with iron chelators markedly increases ceruloplasmin
mRNA level and protein synthesis [49]. DMT1 mRNA
level and also Dcytb mRNA level were not affected by
changed iron availability (see Fig. 3). It was demonstrated
previously that the expression of the IRE-containing
mRNA of DMTT1 is upregulated in the small intestine under
iron deficiency. On the other hand, its expression in hep-
atoma cells was shown to be mostly independent of iron
status [50, 51]. The pattern of ferroportin expression was

rather against the presumption. Iron excess led to a sig-
nificant increase of the mRNA level, but not protein level,
of ferroportin in comparison to iron deficiency (see Figs. 3,
4). However, ferroportin expression could be, at least
partly, deregulated in liver cells due to the absence of
working hepcidin  regulatory mechanism. Hepcidin
expression is regulated by several mechanisms on tran-
scriptional level [2, 16]. Therefore, we also assessed the
expression of hepcidin in HEP-G2 cells on mRNA level
under our experimental conditions. Surprisingly, we found
a dramatic decrease of hepcidin mRNA level not only
under iron deficiency but also under iron excess (see
Fig. 6). It is in agreement with experimental data of several
other studies [52-54]. The regulation of hepcidin expres-
sion is mediated by iron-saturated transferrin as mentioned
above. In our experiment we used defined media without
any transferrin and thus the liver cells can interpret the
conditions as a severe iron deficiency with the dramatic
decrease of hepcidin mRNA expression even there is an
excess of non-transferrin iron in reality. The fact that we
did not detect any hephaestin mRNA in HEP-G2 cells (see
Fig. 3) was not too surprising because low levels of he-
phaestin mRNA were found in liver [12].

Taken together, as to our knowledge this is the first
study where the expression (on mRNA as well as on pro-
tein level) of the most relevant proteins of non-transferrin
iron transport across cell membranes (DMT]1, Dcytb, fer-
roportin, hephaestin, and ceruloplasmin) is compared under
identical experimental conditions of iron deficiency and
excess of non-transferrin iron in cell lines which represent
the main functional cell types involved in iron handling.
Our data show that changes in iron availability, i.e., iron
deficiency and iron excess, affect the expression of DMT],
Dcytb, ferroportin, hephaestin, and ceruloplasmin in a cell
type-specific manner. However, demonstrated responses of
tested cells to changed availability of non-transferrin iron
do not often correspond to expected behavior of cells with
particular physiological role. The reason for that discrep-
ancy, when studies with cell lines in vitro are performed,
could be the absence of systemic iron homeostasis regu-
lation in organism. It is also important to notice that not
every alteration of the expression found on mRNA level
correlates with a relevant alteration of the expression on the
protein level.
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Abstract

Disturbances of iron metabolism are observed in chronic liver diseases. In the present study, we examined gene expression of duode-
nal iron transport molecules and hepcidin in patients with hereditary hemochromatosis (HHC) (treated and untreated), involving various
genotypes (genotypes which represent risk for HHC were examined), and in patients with iron deficiency anaemia (IDA). Gene expres-
sions of DMT1, ferroportin, Deyth, hephaestin, HFE and TFR1 were measured in duodenal biopsies using real-time PCR and Western
blot. Serum hepcidin levels were measured using ELISA. DMT1, ferroportin and TFR1 mRNA levels were significantly increased in post-
phlebotomized hemochromatics relative to controls. mRNAs of all tested molecules were significantly increased in patients with IDA
compared to controls. The protein expression of ferroportin was increased in both groups of patients but not significantly. Spearman
rank correlations showed that DMT1 versus ferroportin, Deytb versus hephaestin and DMT1 versus TFR1 mRNAs were positively cor-
related regardless of the underlying cause, similarly to protein levels of ferroportin versus Dcytb and ferroportin versus hephaestin.
Serum ferritin was negatively correlated with DMT1 mRNA in investigated groups of patients, except for HHC group. A decrease of serum
hepcidin was observed in IDA patients, but this was not statistically significant. Our data showed that although untreated HHC patients
do not have increased mRNA levels of iron transport molecules when compared to normal subjects, the expression is relatively increased
in relation to body iron stores. On the other hand, post-phlebotomized HHC patients had increased DMT1 and ferroportin mRNA levels
possibly due to stimulated erythropoiesis after phlebotomy.

Keywords: DMT1 e ferroportin ® Dcyth e hephaestin @ TFR1 @ HFE @ hepcidin ® hemochromatosis e iron deficiency ® gene expression

Introduction

HFE-linked hereditary hemochromatosis (HHC) is one of the most
common autosomal recessive diseases among Caucasians. It occurs
with a frequency of 1 in 300-400 individuals and a heterozygote car-

*Correspondence to: Prof. Jan KOVAR,

Department of Cell and Molecular Biology & Genter for Research of
Diabetes, Metabolism and Nutrition, Third Faculty of Medicine,
Charles University, Ruska 87, 100 00 Prague 10, Czech Republic.
Tel.: +420 2 67102 658

Fax: +420 2 67102 650

E-mail: jan.kovar@If3.cuni.cz

doi:10.1111/.1582-4934.2011.01458.x

rier rate of 8-10% in populations with a northern European origin
[1]. The HFE protein is one of the regulatory molecules associated
with iron metabolism. Inadequate function of this protein leads to
excessive absorption of iron in the duodenum resulting in serious
damage to organs, e.g. liver cirrhosis, diabetes mellitus and/or car-
diomyopathy. Homozygosity for the C282Y mutation (c.845G=>A) in
the HFE gene is present in more than 80% of hemochromatosis
patients with a northern European origin [1-3]. H63D (c.187 C>G),
another mutation in HFE gene, is not associated with the same level
of iron loading as C282Y and is found in hemochromatosis patients
especially when combined with C282Y (compound heterozygotes).

© 2012 The Authors
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However, a small number of H63D homozygote patients have been
reported [1, 2, 4]. S65C (c.193 A>=T), a third mutation of the HFE
gene, is also occasionally found in hemochromatosis patients,
although the role of this mutation is not clear.

Iron homeostasis is regulated primarily by iron absorption. The
process of dietary iron absorption in the duodenum starts with
reduction of ferric iron Fe® ™ to the ferrous Fe?™ form, on the api-
cal surface of enterocytes, by duodenal cytochrome b reductase
(Deytb). Ferrous iron is then transported across the membrane
into the cell by an apical iron transporter — divalent metal ion
transporter (DMT1). Once in the cell, iron is stored in ferritin or
transferred across the basolateral membrane via ferroportin
(FPN1). Ferrous iron is then oxidized to the ferric form by hep-
haestin (Hp), a multi-copper oxidase, before entering the circula-
tion by binding to the transferrin [5].

HFE affects the interaction of transferrin-bound iron with trans-
ferrin receptor (TFR1) thereby modulating iron uptake. HFE inter-
acts with TFR1 in such a way that binding of HFE to TFR1 lowers
its affinity for iron-transferrin, resulting in a reduction of cellular
iron uptake [6, 7]. Except of TFR1, HFE also forms complexes with
TFR2 [8], which is mainly expressed in hepatocytes. The
HFE/TFR2 complex is thought to serve as a body iron sensor,
which regulates hepcidin expression [9].

Regulation of iron homeostasis in organisms is mainly medi-
ated by a small 25 amino acid peptide hepcidin [10, 11], which is,
mostly, synthesized in the liver. Hepcidin appears to act by bind-
ing to and internalization of ferroportin and its subsequent degra-
dation [12, 13] which results in reduced iron efflux from entero-
cytes. It has also been shown that, in intestinal cells, hepcidin
mediates a transcriptional response resulting in decreased duode-
nal DMT1 expression and decreased apical iron uptake [14, 15].

There have been relatively few human’s studies with regard to
the expression of duodenal iron transport molecules associated
with iron overload (hemochromatosis) or iron deficiency, and the
studies that have been done, produced conflicting results [16-22].
Moreover, these studies usually focused on mRNA levels only,
with hepcidin not being measured.

The aim of the present study was to examine the expression
profile of duodenal iron transport molecules on both mRNA and
protein levels and to investigate how expression is influenced by
hepcidin. Furthermore, we analysed the relationship among
expressions of these iron transport molecules and indices of iron
metabolism. This study was conducted in patients with HHC
(treated and untreated) with different genotypes (only genotypes
which represent a risk for hemochromatosis were examined), in
patients with iron deficiency anaemia, and control subjects.

Materials and methods

Patients

The study included 60 individuals (31 male, 29 female), mean age of 54.3
years, ranging from 25 to 82 vyears. Patients were recruited at our out-

© 2012 The Authors
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patient department between 2005 and 2009. Hemochromatosis (HHC)
patients (N = 14) were diagnosed on the basis of risk genotype (C282Y
homozygosity, GC282Y/H63D compound heterozygosity and H63D homozy-
gosity) and persistently raised iron indices, defined as serum ferritin >
250 pg I " for male patients and serum ferritin > 200 g 1" for female
patients or transferrin saturation > 45%. The untreated HHC group (N = 5)
had duodenal biopsies taken prior to phlebotomy treatment. Porphyria
cutanea tarda was diagnosed in one HHC patient. Patients with iron defi-
ciency anaemia (IDA) (N = 16) were defined as those with a serum ferritin
<20 ugl ™", low haemoglobin (men < 13 g di” ' and women < 115gdl )
and transferrin saturation (<16%). The control group (N = 30) had upper
Gl endoscopy, as part of the evaluation of their dyspeptic symptoms,
and presented with iron parameters that were within normal range (serum
iron 11-26 wmol I™', serum ferritin male 30-250 pg I~', female 30~
200 pg I, transferrin saturation 20-45%). DNA for HFE genotyping was
available in 10 controls, 16 IDA and 13 HHC patients. G282Y, H63D and S65C
mutations of the HFE gene were analysed using the PCR-RFLP method, as
described previously [23]. Informed consent was obtained from all patients
and the study was approved by the Ethics Gommittee of the Third Faculty of
Medicine and conducted in accordance with the Helsinki Convention.

Sample collection

Duodenal biopsy samples were obtained from 60 individuals during gas-
trointestinal endoscopy. For mRNA analysis, samples were stored in
RNAlater (Sigma-Aldrich, St. Louis, MO, USA) at —20°C and for protein
analysis, samples were stored at —80°C.

Quantitative (real-time) polymerase
chain reaction

Total RNA was extracted from RNAlater stored duodenal biopsy samples
using a RNAeasy MiniKit with DNase treatment (Qiagen, Hilden, Germany)
following the manufacturer's instructions. After estimation of RNA
integrity, using gel electrophoresis, and determination of concentration of
each sample, two samples were found to be insufficient for further analy-
sis. Next, total RNA was reverse transcribed in an 80 pl reaction using a
reverse transcription kit TagMan Reverse Transcription Reagents (Applied
Biosystems, Foster Gity, CA, USA) with random primers; the procedure fol-
lowed the manufacturer’s instructions. Transcribed cDNA was subjected to
real-time quantitative PCR in an ABI Prism 7000 Sequence Detection
System (Applied Biosystems) using commercially available kit Tag Man
Universal PCR Master Mix (Applied Biosystems) for DMT1 (IRE variants),
FPN1, TFR1, HFE and GAPDH. Sybr green PCR Master Mix (Applied
Biosystems) was used for detection of Dcytb and Hp. Primers and probes
were designed intron spanning to avoid co-amplification of genomic DNA.
Amplification of DMT1, Dcytb and Hp cDNA was completed following the
previously described techniques [21, 24]. For the amplification of FPN1,
TFR1, HFE and GAPDH, Applied Biosystems pre-designed gene expression
assays were used. The part numbers for the assays were as follows:
FPN1—Hs00205888_m1, TFR1—Hs00174609_m1, HFE — Hs00373474_m1,
GAPDH —Hs99999905_m1. Amplification conditions were identical for all
analysed molecules. Initial denaturation at 50°C for 2 min. and then 95°C
for 10 min. was followed by 40 amplification cycles at 95°C for 15 sec. and
60°C for 1 min. Each sample was examined in triplicate. All data were nor-
malized to the amount of GAPDH cDNA in the sample. The 23467 method
was used to calculate relative changes in gene expression.
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Western blot analysis

Due to a limited amount of biological material, Western blot analyses were
performed only on duodenal iron transporters and coupled oxido-
reductases (DMT1, FPN1, Dcytb, Hp). After protein extraction from duode-
nal biopsy samples using RIPA buffer (Sigma-Aldrich) and determination
of concentration (Thermo Scientific Pierce BCA Protein Assay Kit; Thermo
Fisher Scientific Inc., Rockford, IL, USA), six samples were found to be
insufficient for further analysis by Western blot. Due to the small amount
of tissue obtained from three of the biopsies, only Hp and DMT1 could be
evaluated in these samples.

Western blot analysis of DMT1 (IRE variants), Dcytb, FPN1, Hp and
actin (loading control) levels was carried out with some modifications as
described, in defail, previously [25]. Proteins separated by SDS-PAGE
were blotted onto a 0.2 wm nitrocellulose membrane for 2 hrs at 0.25 A
using a MiniProtean Il blotting apparatus (Bio-Rad, Hercules, CA, USA).
The membrane was blocked in 5% BSA in TBS (100 mM Tris-HCI,
150 mM NacCl, pH 7.5) for 25 min. (DMT1), 40 min. (ferroportin), 60 min.
(Deytb), 45 min. (Hp) or in 5% non-fat milk in TBS for 20 min. (actin). A
solution of 0.1% Tween-20/TBS was used for washing. Washed mem-
branes were incubated with the relevant primary antibody. Goat poly-
clonal antibodies NRAMP 2 (N-20) and Hephaestin (N-20) against human
DMT1 and Hp from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
goat polyclonal anti-Cytochrome b reductase 1 antibody (EB06633)
against human Dcytb (Everest Biotech, Upper Heyford, UK), rabbit poly-
clonal antibody MTP11-A against human ferroportin from Alpha
Diagnostic International (San Antonio, TX, USA) and mouse monoclonal
antibody (A3853) against human actin (Sigma-Aldrich) were used. After
incubation {overnight, 4°C), the washed membrane was incubated for 1
hr with corresponding horseradish peroxidase-conjugated secondary
antibody. Antibodies were diluted in 5% BSA (non-fat milk)/0.1% Tween-
20/TBS. The horseradish peroxidase-conjugated secondary antibody was
detected by enhanced chemiluminescence using Supersignal reagent
from Pierce (Rockford, IL, USA) and a LAS 1000 GCD (Fuji). Band inten-
sities were quantified by densitometry and the data were analysed with
the use of ImageJ software (version 1.42q; NIH, USA, available on
http://rsb.info.nih.gov/ij/).

ELISA

Serum for hepcidin measurement was available in 30 patients. Bioactive
hepcidin was measured in serum samples of 8 controls, 13 IDA and 9 HHC
patients using a newly developed commercial kit enzyme-linked
immunosorbent assay (ELISA) specific for the mature peptide (EIA-4705)
(DRG International Inc., NJ, USA) according the manufacturer's instruc-
tions. In both patients and controls, blood samples were drawn between
7.30 and 8.30 a.m. after overnight fasting.

Statistical analysis

Data are expressed as mean + S.E.M. Comparison of the data between
groups was performed using the anova and LSD test. When the variables
were not normally distributed, the Mann-Whitney test or the Kruskal-Wallis
test followed by multiple comparison tests, were used as appropriate.
Correlation was assessed using the Spearman rank method. Statistical
analysis was done using the Statistica program (version 9; StatSoft, Tulsa,

1818

0K, USA) and the GraphPad Prism program (version 5.00; GraphPad
Software, Inc., San Diego, CA, USA). The significance level was set at 0.05.

Results

Clinical and laboratory characteristics of patients

Clinical characteristics and laboratory parameters of each patient
group (HHC treated and untreated, IDA, controls) are shown in
Table 1. As for the HFE gene analysis, in the HHG group, eight
patients were C282Y homozygotes, four patients were compound
heterozygotes C282Y/H63D and one patient was an HG63D
homozygote. In the IDA group, two patients were H63D heterozy-
gotes and one was an H63D homozygote. Analysed control sub-
jects were wild type for all three tested mutations.

RNA expression

The gene expression at the mRNA level was measured in DMTT,
FPN1, Deytb, Hp, TFR1 and HFE. DMT1 gPCR was performed on
the DMT1(IRE) transcripts, because these splice variants are the
isoforms that respond to variations in cell iron content [26].
Because the IRE and non-IRE sequences are localized in last
exons, we could not further distinguish between 1A and 1B
variants, which vary in first exons. The 1A isoform of DMT1 mRNA
is most actively expressed in duodenal and kidney cells and also
participates in iron regulation, whereas the 1B isoform has broad
distribution, which correlates with the role of DMTT in the release
of iron from endosome. Anyway, both of these mRNA variants are
expressed in the proximal duodenum, where systemic iron
absorption is regulated [26].

There was a significant difference in the expression of all
analysed molecules across groups at the mRNA level (Kruskal-
Wallis test). Further examination of the data using multiple com-
parison tests found a significant increase in the expression of all
analysed molecules in IDA patients when compared to controls:
DMT1 (5.36-fold, P = 0.0003), FPN1 (2.58-fold, P < 0.0001),
Dcytb (1.39-fold, P = 0.0019), Hp (1.34-fold, P = 0.0175), TFR1
(2.41-fold, P = 0.0002), HFE (1.28-fold, P = 0.0052). When the
HHC group and controls were analysed, no significant difference
in the expression of any molecules was detected, although DMT1,
FPN1 and TFR1 mRNA were increased in HHC group (3.30-fold,
P = 05514, 1.48-fold, P = 0.4815, 1.62-fold, P = 0.5740,
respectively) (Fig. 1A).

To evaluate the situation in the HHC group, we divided the HHC
group into untreated (N = 5) and treated (N = 8) patients. A
significant increase of DMT1 and TFR1 mRNA expression was
observed in the treated HHC patients compared to untreated
patients (5.14 versus 0.36, P = 0.0451, 2.23 versus 0.65,
P = 0.0451, respectively). Although FPN1 gene expression had
the same pattern as DMT1, the increase did not reach statistical
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Table 1 Clinical characteristics and iron phenotype in patient groups

J. Cell. Mol. Med. Vol 16, No 8, 2012

HHC HHC HHC

Variable Control IDA Total Treated Untreated

N=30 N =16 N=14 N=29 N=5
Age [yrs] 57.40 51.69 50.71 54.22 44.40

+2.85 +4.32 +3.69 +4.97 +4.43
Gender [M/F] 18/12 115*** 12/2 4N 81
Serum iron 17.55 3.18 28.77 23.73 28.77
[wmol "] =0.67 =0.34*** +3.82* *4.59 +3.82**
Serum ferritin 151.00 16.43 1075.00 923.10 1349.00
(g |“] +13.83 +£4.52%** +433.90* +638.20 +467.00***
Transferrin 31.22 6.24 57.46 44.81 95.40
Saturation [%] +0.96 +1.28*** +10.32 +10.69 +3.14**
ALT 0.54 0.36 0.91 0.93 0.87
[pkat I7"] +0.05 +0.05* +0.15** +0.20* +0.25
AST 0.47 0.36 0.69 0.73 0.62
[wkat |‘1] +0.03 +0.04* +0.10* +0.15 +0.08*
Hb 14.00 8.38 14.63 14.41 15.02
la dl’1] +0.31 +0.31*** +0.40 +0.47 +0.77
Ht 41.48 27.06 42.78 42.01 4416
[%] +0.93 +0.93*** +1.15 +1.33 +2.21

Data are presented as arithmetic mean = S.E.M. ALT: alanine aminotransferase (EC 2.6.1.2); AST: aspartate aminotransferase (EC 2.6.1.1);
Hb: haemoglobin; Ht: hematocrit. Normal ranges: serum iron (11-26 wmol I'1), serum ferritin (male 30-250 g I=!, female 30-200 o I"), trans-
ferrin saturation 20-45%, ALT (0.1-0.75 p.kat I"); AST (0.1-0.75 pkat I’1)= Hb (male 13.0-18.0 g d', female 11.5-16.0 g d\"),
Ht (male 38-54%, female 35-47%). Statistical significant differences as compared with the control group are indicated by *P < 0.05, **P < 0.01,

***P < 0.001.

significance. However, when treated patients were compared to
controls, higher levels of DMT1, TFR1 and also FPN1 mRNA
were observed (5.14-fold, P = 0.0115, 2.23-fold, P = 0.0115,
1.90-fold, P = 0.0484, respectively) (Fig. 2A). To investigate the
effect of different HFE genotypes, representing the risk for
hemochromatosis, the HHC group was divided according to geno-
type, ie. C282Y/C282Y, C282Y/H63D and H63D/H63D. However,
no significant changes in the expression levels were found among
(282Y/C282Y, C282Y/H63D and H63D/HB3D individuals.

Protein expression

To investigate whether the changes in mRNA expression trans-
lated into changes in protein content, we examined DMT1, FPN1,
Deytb and Hp protein levels using Western blotting. No statistically
significant differences in expression of any molecule were found
across the studied groups of patients. Even though the FPN1 pro-
tein level was increased in both groups of patients, this increase

© 2012 The Authors

did not reach statistical significance when compared to controls:
IDA (1.37-fold, P = 1.000), HHC (1.45-fold, P = 1.000) (Fig. 1B).

When the situation in the HHC group was analysed, no
differences between treated and untreated patients were found
(Fig. 2B). Further analysis of hemochromatosis patients, studying
the role of different genotypes, detected no changes in gene
expression in C282Y or H63D homozygotes, or C282Y/H63D
compound heterozygotes.

Relationship among gene expressions of tested
molecules

The association among Dcytb, Hp, DMT1, FPN1, TFR1 and HFE
gene expressions was investigated using the Spearman rank
correlation. When all individuals were analysed together, there was
a positive relationship among mRNA expressions of all tested
molecules except between HFE versus DMT1, and HFE versus Hp.
The strongest correlations were found between DMT1 versus FPN1
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Fig. 1 Gene expression of the analysed
molecules in controls, iron deficiency
anaemia and hemochromatosis patients.
(A) mRNA expression of DMT1, FPN1,

[ Centrols Deytb, Hp, TFR1, HFE. (B) Protein expres-
IDA sion of DMT1, FPN1, Dcyth, Hp. (C)
£33 HHC Western blot analysis of DMT1, FPNA1,

Deytb, Hp and actin (loading control).
Results are depicted as means = S.EM.
Statistical significant differences as com-
pared with the control group are indicated
by *P << 0.05, **P < 0.01, ***P < 0.001.
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(r = 0.849, P < 0.0001), between Dcytb versus Hp (r = 0.733,
P < 0.0001) and between DMT1 versus TFR1 (r = 0.746, P <
0.0001) (Table 2). When gene expression on the protein level was
studied, a positive relationship between the following genes was
found: Deytb versus Hp (r = 0.434, P = 0.0015), Dcytb versus
FPN1 (r = 0.681, P < 0.0001), DMT1 versus Hp (r = 0.378, P =
0.0053) and FPN1 versus Hp (r = 0.457, P = 0.0007) (Table 3).

mRNA level and protein level correlated with each other in
DMT1 (r = 0.334, P = 0.0167) and Hp (r = 0.302, P = 0.0299)
when all groups were analysed together.
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When correlations in HHC, IDA and controls were investi-
gated separately, positive relationships were found, as summa-
rized in Tables 2 and 3. The strongest correlations at the mRNA
level were found between DMT1 versus FPN1, Dcytb versus Hp
and DMT1 versus TFR1 in all groups. With respect to protein
expression, the strongest correlations were detected between
Dcytb versus FPN1 (Tables 2 and 3). To evaluate the effect of the
phlebotomy treatment the data were analysed separately for HHC
subgroups (treated and untreated patients). However, the corre-
lations found in HHC group were lost in HHC subgroups very
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probably because of the small sample size in these subgroups
(treated HHC patients N = 9, untreated HHC patients N = 5)
(Tables 2 and 3).

Relationship among gene expressions of tested
molecules and iron parameters

We also investigated the relationship between gene expression of
analysed molecules and serum iron parameters. When all
patients, regardless of the underlying disease, were examined,
negative correlations were found between serum ferritin and
mRNA of Hp (r = —0.646, P < 0.0001), FPN1 (r = —0.636, P <
0.0001), DMT1 (r = —0.609, P < 0.0001), TFR1 (r = —0.530,
P = 0.0005) and Dcytb (r = —0.466, P = 0.0028). Serum iron
correlated at the mRNA level with FPN1 (r = —0.405, P =
0.0105) and Hp (r = —0.402, P = 0.0112). The same applies to
correlations between transferrin saturation and the mRNA of
FPN1 (r = —0.534, P = 0.0008), Hp (r = —0.429, P = 0.0091),
TFR1 (r = —0.420, P = 0.0106), Dcytb (r = —0.380, P =
0.0221), and DMT1 (r = —0.369, P = 0.0267). There was no
correlation between HFE mRNA and any of the tested iron param-
eters. When protein expression was examined in the cohort of all

© 2012 The Authors
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patients, no correlation was found between any protein and any
iron parameter.

With respect to HHC, no inverse relationship between any of
the tested molecules at the mRNA or protein level and serum fer-
ritin or serum iron or transferrin saturation was detectable except
for a positive correlation between HFE mRNA and transferrin sat-
uration (r = 0.690, P = 0.0186). When the IDA group was stud-
ied separately serum ferritin correlated with Dcytb mRNA (r =
—0.533, P = 0.0405), DMT1 mRNA (r = —0.587, P = 0.0213)
and DMT1 protein (r = —0.586, P = 0.0276). Transferrin satura-
tion correlated with Dcytb protein (r = —0.785, P = 0.0005) and
FPN1 protein (r = —0.745, P = 0.0014) in the IDA group. Among
controls, we found an inverse relationship between serum ferritin
and DMT1 mRNA expression (r = —0.772, P= 0.0053) and FPN1
and Dcytb protein expression (r = —0.766, P = 0.0159, r =
—0.700, P = 0.0358, respectively). Serum iron correlated with
DMT1 protein expression (r = —0.641, P = 0.0182), and trans-
ferrin saturation with DMT1 protein expression (r = —0.910, P =
0.0017) in controls.

Transferrin saturation and serum ferritin, serum iron and serum
ferritin, and serum iron and transferrin saturation were positively
correlated with each other in all subjects (r = 0.827, r = 0.799,
r = 0.938, respectively, P < 0.0001 for all comparisons listed).
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Table 2 Associations among gene expression of analysed molecules on mRNA level

mRNA HFE TFR1 FPN1 DMT1 Hp
Deyth HHC total 0.071 0.495 0.648* 0.374 0.631*
HHC treated —-0.333 0.476 0.619 0.286 0.619
HHC untreated 0.400 0.600 0.700 0.000 0.800
IDA 0.341 0.209 0.394 0.324 0.670**
Controls 0.319 0.365 0.364** 0.186 0.7907**
All 0375 ¢ 0.574*** 0.650*** 0.458*** 0:733**7
Hp HHC total 0.178 0.587* 0.505 0.335
HHC treated —0.452 0.762* 0.524 0.381
HHC untreated 0.600 0.400 0.700 0.200
IDA —0.147 0.068 0.132 0.153
Controls 0.414* 0.330 0.593*** 0.149
All 0.256 0.462*** 0.564*** 0.343**
DMTH HHC total —0.220 0.637* 0.846***
HHC treated —0.595 0.381 0.810*
HHC untreated 0.600 0.400 0.300
IDA —0.035 0.620* 0.794***
Controls 0.250 0.634*** 0.683***
All 0.218 0.746*** 0.849***
FPN1 HHC total —0.341 0.551
HHC treated —0.595 0.333
HHC untreated 0.100 0.100
IDA 0.003 0.841***
Controls 0.367 0.523**
All 0.270* 0:716%*>
TFR1 HHC total —0.044
HHC treated —0.191
HHC untreated 0.800
IDA —0.147
Controls 0.604***
All 0.408**

Spearman rank correlation, statistical significant differences are indicated by *P < 0.05, **P < 0.01, ***P < 0.001.

Hepcidin analysis

To get more insight into the regulation of iron absorption, the rela-
tionship between serum hepcidin and the expression of the
analysed molecules was studied as well. Sera for hepcidin meas-
urements were available in 30 individuals. A decrease in hepcidin
levels was observed in IDA patients compared to controls, but this
was not statistically significant (30.65 ng ml~" versus 36.93 ng

1822

ml", P = 0.2935). The same applies to comparison of
HHC patients to controls (34.26 ng ml~" versus 36.93 ng mi™,
P = 0.7360). When the situation in the HHC group was analysed,
no differences between treated and untreated patients or patients
with different genotypes were found. The relationship between
serum hepcidin level and the gene expression, at both the mRNA
or protein level, was analysed but with the exception of HFE mRNA
(r = —0.524, P = 0.0036) no correlation was found. In addition,
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Table 3 Associations among gene expression of analysed molecules
on protein level

Proteins FPN1 DMT1 Hp
Deytb HHC total 0.648™ 0.119 0.533
HHC treated 0.262 —0.262 0.024
HHC untreated 0.700 0.800 0.900
IDA 0.814*** —0.521* 0.379
Controls 0.601** 0.213 0.360
All 0.681***  0.003 0.434**
Hp HHC total 0.302 0.593*
HHC treated —0.619 0.583
HHC untreated 0.900 1.000
IDA 0243 —0.043
Controls 0.580** 0.490*
All 0.457*** 0.378**
DMT1 HHC total 0.014
HHC treated —0.691
HHC untreated 0.800
IDA —0.154
Controls 0.176
All 0.018

Spearman rank correlation, statistical significant differences are indicated
by *P < 0.05, **P < 0.01, ***P < 0.001.

hepcidin levels did not correlate with any of measured iron param-
eter regardless of study group. Nevertheless, the small sample size
does not permit to rule out definitely a possibility of serum hepcidin
decrease in hemochromatics and IDA patients or correlations of
serum hepcidin with gene expressions or iron indices. The gender
distribution (see Table 1) may be another confounding factor.

Discussion

In this study, the gene expression of DMT1, FPN1, Dcytb and Hp
at both the mRNA and protein levels were investigated in duode-
nal biopsy samples. In addition, the expression of HFE and TFR1
was examined at the mRNA level. To get a complete view of iron
transport in duodenum, the role of serum hepcidin was studied as
well. The study was conducted on a cohort of treated and
untreated HHC patients with different genotypes, which represent
a risk for hemochromatosis (C282Y/C282Y, C282Y/H63D and
HB63D/H63D), patients with iron deficiency anaemia, and controls.
The current study is, to our knowledge, the first to investigate duo-
denal gene expression of iron transport molecules at both the

© 2012 The Authors
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mRNA and protein level, together with serum hepcidin levels
among the above mentioned groups of patients.

Previously published reports on duodenal expression of iron
transporters in HHC subjects have found mixed results [16-22].
Some authors reported major increases in the gene expression of
DMT1 and FPN1 compared to controls, whereas other authors found
no increase in the expression of these molecules. However, earlier
studies did not distinguish between treated and untreated HHC
patients. In our HHC patients, there were no significant differences in
gene expression at the mRNA and protein levels when compared to
controls. A significant increase of DMT1, FPN1 and TFR1 mRNA was,
however, detected in the subgroup of treated HHC patients. Similar
observations were documented in some previous studies [17, 18,
20] but not others [19, 21, 22]. Although the expression of iron
transport genes was not different from controls in untreated HHC
subjects, it seems to be inappropriately high relative to the degree of
body iron overload. Some authors have suggested that hemochro-
matics initially load iron in similar amounts as seen in iron deficiency
and when the body iron stores increase to some limit, the stores reg-
ulator (now recognized as hepcidin) is stimulated to down-regulate
iron loading [17]. In post-phlebotomized subjects, the increased
level of DMT1 and FPN1 could be explained by the fact that duode-
nal iron uptake is increased in response to increased erythropoiesis
after phlebotomy. Duodenal enterocytes behave as if iron deficient,
which can manifest as increased transferrin receptor mRNA expres-
sion in these patients. As others have found [16, 18, 20], Hp and
Decytb were not up-regulated in HHC patients, regardless of therapy,
and do not seem to play a significant role in the increase of iron
absorption observed in HHC patients.

HHC patients with different genotypes (C282Y/C282Y,
(282Y/H63D and H63D/H63D) express different severities of clini-
cal signs of the disease [27]. Our goal was to examine the effect of
different genotypes on expression levels of iron transport genes.
Variable expression could explain different levels of iron absorption
resulting in different degrees of iron accumulation. However, when
the effect of these genotypes in HHC patients was studied, no sig-
nificant differences in gene expression at the mRNA or protein or
hepcidin levels were observed. Yet, the small size of the HHC geno-
type groups does not permit definite conclusions in this respect.

In agreement with previous studies [17, 20-22, 28] our patients
with iron deficient anaemia showed significantly increased mRNA
gene expression of all tested molecules (DMT1, FPN1, Deytb, Hp,
TFR1). This probably represents a compensatory mechanism to
increase iron absorption in response to the body need for iron.
The minor increase in the HFE expression, seen in these patients,
supports the idea that the major site of HFE action is in the liver. The
crypt cell hypothesis proposed that HFE acts as a regulator
of iron homeostasis by sensing the amount of body iron on the
basolateral membrane of enterocytes in conjunction with TFR1 [29].
However, with the discovery of hepcidin, the liver is now thought to
be a centre for iron regulation and the HFE/TFR2 complex is sup-
posed to transmit the signal to induce hepcidin expression [8, 9].

In our study, only the unchanged expression of mRNA
(in untreated HHC patients) was paralleled by the same pattern at
the protein level, whereas significant increases of DMT1 and
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FPN1 at the mRNA level, seen in IDA and treated HHC patients,
was not followed by significant increase at the protein level,
although some elevation of FPN1 was detected. In contrast to our
findings, some studies have shown, using Western blot and
immunohistochemistry, that differences in DMT1 [17] and FPN1
[21] mRNA expression are reflected by corresponding changes in
the expression of the respective proteins. However, in a later
study by this group on Dcytb and Hp [22], the mRNA did not cor-
respond to the respective proteins. A similar incongruence
between mRNA gene expression of duodenal iron transport genes
and the respective proteins was seen in our previous study, which
used cell lines [30]. Of note, all the above-mentioned molecules
have IRE (iron responsive element) sequences. DMT1 and TFR1
(which was increased as well) bear an IRE within its 3"UTR and
are stabilized upon IRP (iron regulatory protein) binding, whereas
in ferroportin, this sequence is localized in its 5'UTR and IRP
binding inhibits translation. It was shown using animal models
that specific intestinal depletion of IRP1 and IRP2 decreases
DMT1 and increases FPN1, resulting in the death of the duodenal
cells [31]. This demonstrates the important role of the IRP/IRE
system in post-transcriptional regulatory mechanisms of DMT1
and FPN1. Therefore, although hepcidin is considered a major
regulatory molecule of DMT1 and FPN1 gene expression, the
IRE/IRP mechanism probably acts as a fine tuner, which modu-
lates the expression of these proteins. In addition, decreased
protein stability under specific conditions in particular patients
(e.g. degree of iron overload, presence of possible genetic modi-
fiers) must be considered. Recently, Ndfips adaptor proteins, in
association with ubiquitin ligase WWP2, were shown to enhance
ubiquitination and subsequent degradation of DMT1, thus reduc-
ing the amount of DMT1 protein [32]. Nevertheless, to date,
the majority of gene expression human studies of duodenal
iron transporters have focused on the mRNA level only [16,
18-20, 28]. This inconsistency between mRNA and protein
expression emphasizes the importance of complex analyses of
both mBNA and protein, through which post-transcriptional
regulatory mechanisms can be found.

Similar to previous studies, we observed a strong positive corre-
lation between DMT1 and FPN1, Dcytb and Hp, DMT1 and TFR1 at the
mRNA level in all studied groups suggesting coordinated regulation of
these genes. It seems that this integral regulation is also retained in
HHC individuals and is not disturbed by HFE gene mutations.

Results obtained from studies examining the relationship
between duodenal iron transporters and iron metabolism parame-
ters are inconsistent. In the present study there were significant
inverse correlations between mRNA expression of some duodenal
iron transporters and iron indices. The relationship between DMT1
mRNA and serum ferritin in controls and IDA patients suggests that
body iron stores play a role in the regulation of duodenal expres-
sion of this transporter. Nevertheless, this correlation was not
found in HHC patients. This lack of correlation may be due to a dis-
turbance in iron homeostatic signalling in HHC patients, probably
via alteration of HFE function, which normally forms the HFE/TFR2
iron sensing complex involved in the hepcidin regulatory pathway
[9]. Our observations are in agreement with some studies [19, 21,
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22], whereas other studies have demonstrated a significant inverse
relationship between serum ferritin and DMT1 expression in
patients with HHC, iron deficiency and controls [20]. In addition,
some studies did not find any correlation at all [16-18].

To get more insight into the regulation of iron metabolism, we
measured bioactive hepcidin in patients’ sera. Hepcidin is now
recognized as the key regulator of iron metabolism. It was found
to be up-regulated by iron overload and down-regulated by iron
deficiency [11, 33-35]. It has been documented in some reports
that hepcidin is decreased in HHC [36-38] and IDA patients and is
inversely correlated with duodenal FPN1 and DMT1 expression in
animal models [39]. On the other hand, in a study by Gehrke ef al.
[40], liver hepcidin expression was not significantly decreased in
hemochromatosis patients. In our current study, while serum hep-
cidin in IDA patients was decreased in comparison to controls,
this difference did not reach statistical significance. Moreover, no
decrease in hepcidin was detected in HHC patients when com-
pared to controls, even when divided into treated and untreated
groups. Another unexpected observation was that the hepcidin
level did not negatively correlate with FPN1 or DMT1 gene expres-
sion (at the mRNA or protein level) and iron indices. Frazer et al.
[33] made similar observations. In their study there was no corre-
lation between serum hepcidin concentrations and serum ferritin,
soluble transferrin receptors, or haemoglobin concentrations, all
of which are commonly used markers of iron status [33]. The fail-
ure to demonstrate an association between hepcidin levels and
increased FPN1 and DMT1 expression in our HHC and [DA
patients may be due to the small sample of patients and their
diversity (i.e. varying degree of iron overload and genetic back-
ground). Moreover, data regarding hepcidin in relationship to duo-
denal transport molecules usually come from mRNA levels in the
liver; whereas we determined hepcidin protein levels from serum.
It is known that hepcidin can also be regulated at the post-trans-
lational level, during hepcidin maturation, which occurs via furin
convertase [41]. In addition, a2-macroglobulin was recently iden-
tified as a specific hepcidin-binding molecule. A complex of «2-
macroglobulin and hepcidin could influence the determination of
hepcidin during diagnostic testing [42].

In conclusion, the results of the current study indicate that
duodenal mRNA expression of DMT1, FPN1 and TFR1 is
increased in post-phlebotomized HHC patients. This elevation
was not observed in untreated HHG patients, although their
mRNA expression of iron transport molecules was relatively
increased in relation to body iron stores. The different genotypes,
representing risk for HHC, do not seem to influence the expres-
sion of duodenal iron transport molecules. Serum hepcidin was
not decreased in our HHC patients. Our observations show
that mRNA and protein expression of duodenal iron transport
molecules do not always correlate with each other; therefore it
is necessary to assess protein levels in such studies as well.
Observed positive correlations among Dcytb, Hp, DMT1, FPN1
and TFR1 mRNA indicate the presence of coordinated regulation
of these genes. Further studies are needed to elucidate the
complex system of pathogenesis of iron homeostasis in iron
metabolism diseases.
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Abstract

Patients with alcoholic liver disease (ALD) often display disturbed iron indices. Hepcidin, a key regulator of iron metabolism, has been shown to
be down-regulated by alcohol in cell lines and animal models. This down-regulation led to increased duodenal iron transport and absorption in
animals. In this study, we investigated gene expression of duodenal iron transport molecules and hepcidin in three groups of patients with ALD
(with anaemia, with iron overload and without iron overload) and controls. Expression of DMT1, FPN1, DCYTB, HEPH, HFE and TFR1 was mea-
sured in duodenal biopsies by using real-time PCR and Western blot. Serum hepcidin levels were measured by using ELISA. Serum hepcidin
was decreased in patients with ALD. At the mRNA level, expressions of DMT1, FPNT and TFR1 genes were significantly increased in ALD. This
pattern was even more pronounced in the subgroups of patients without iron overload and with anaemia. Protein expression of FPN1 paralleled
the increase at the mRNA level in the group of patients with ALD. Serum ferritin was negatively correlated with DMT1 mRNA. The down-regula-
tion of hepcidin expression leading to up-regulation of iron transporters expression in the duodenum seems to explain iron metabolism distur-
bances in ALD. Alcohol consumption very probably causes suppression of hepcidin expression in patients with ALD.

Keywords: DMT1 @ FPN1 @ DCYTB @ HEPH @ TFR1 @ HFE @ hepcidin e alcoholic liver disease e iron e gene expression

Introduction

Iron metabolism disturbances are common findings in patients with
chronic alcohol consumption. It ranges from anaemia to iron overload
[1-3]. The pathogenesis of anaemia in alcoholic liver disease (ALD) is
complex; it includes hypersplenism with splenic pooling and
increased destruction of erythrocytes, blood loss because of gastroin-
testinal bleeding as a complication of alcoholic cirrhosis, which can
lead to anaemia with iron deficiency [4-8]. Inadequate diet with nutri-
ent deficits, in alcoholic patients, can result in anaemia with megalob-

*Correspondence to: Prof. Jan KOVAR,
Department of Cell and Molecular Biology,
Third Faculty of Medicine,

Charles University Prague, Ruska 87,

100 00 Prague 10, Czech Republic.

Tel.: +420 2 67102 658

Fax: +420 2 67102 650

E-mail: jan kovar@If3.cuni.cz

doi: 10.1111/jemm.12310

lastic and sideroblastic features [9]. Additionally, anaemia of chronic
disease can occur in patients with chronic ALD [10, 11]. Conversely,
some alcoholics develop iron overload [1, 3, 12]. It has been docu-
mented that chronic alcohol consumption in moderate to excess
amounts leads to elevated serum ferritin concentration and transferrin
saturation, and can result in increased hepatic iron stores [13]. Addi-
tionally, increased intestinal iron absorption has been observed in
patients with chronic alcoholic disease [14]. Both iron and ethanol
individually cause oxidative stress and lipid peroxidation and the
cumulative effects of ethanol and iron on liver cell damage, in patients
with ALD, exacerbate liver injury [15-17].

As there is no physiological way of eliminating excess iron, iron
homoeostasis is regulated primarily by iron absorption. The process
of intestinal non-haeme iron uptake starts with the reduction in ferric
iron to the ferrous form by, the brush border enzyme, ferrireductase
DCYTB (CYBRD1, duodenal cytochrome b reductase 1) [18]. Iron is
then transported across the apical membrane of duodenal enterocytes

© 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

78



RESULTS AND COMMENTS

by means of the divalent metal ion transporter 1 (DMT1, SLC11A2,
NRAMP2, DCT1) [19, 20]. From the enterocyte, iron is exported
across the basolateral membrane by ferroportin (FPN1, SLC40A1,
IREG1, MTP1) [21-23]; a ferroxidase hephaestin (HEPH) oxidizes iron
to its soluble and non-reactive ferric state, which is then delivered to
transferrin [24]. HFE, responsible for hereditary haemochromatosis,
is another regulatory protein associated with iron metabolism [25].
HFE affects the interaction of transferrin-bound iron with the transfer-
rin receptor (TFR1, TFRC). Binding of HFE to TFR1 lowers its affinity
for iron-transferrin, resulting in a reduction of cellular iron uptake
[26, 27]. HFE forms complexes also with transferrin receptor 2
(TFR2) [28]. The HFE/TFR2 complex is thought to serve as an iron
sensor that regulates hepcidin expression [28]. Hepcidin, a key hor-
mone in the regulation of iron metabolism [30], is produced mainly in
the liver. Hepcidin appears to act via binding to and internalization of
ferroportin and its subsequent degradation [31, 32]; although, evi-
dence that hepcidin inhibits apical uptake via DMT1 is also available
[33]. Hepcidin was found to be up-regulated by iron overload and
down-regulated by iron deficiency anaemia and hypoxia [30, 34-36].
It has been documented that hepcidin is decreased in patients with
haemochromatosis [37-39]. In addition to its response to iron homo-
eostasis, hepcidin is induced by inflammation [30]. Recently, with the
use of animal models, ethanol was shown to down-regulate the
expression of hepcidin in the liver which resulted in elevated expres-
sion of the iron transporters DMT1 and ferroportin in the duodenum
[40, 41]. Deregulation of hepcidin synthesis may be one of the causes
of iron disturbances during chronic alcohol consumption.

So far, the effect of ethanol on iron uptake via duodenal iron trans-
porters and its relation to hepcidin have only been analysed using cell
lines and animal models [40-43]. Therefore, the aim of this study
was to evaluate the expression of duodenal iron transporters both on
mRNA and protein levels and their relation to hepcidin in alcoholic
patients either with anaemia, iron overload or normal iron stores.

Materials and methods

Patients

A total of 54 individuals (35 male, 19 female), mean age of 57.4 years,
ranging from 25 to 82 years were enrolled in the study. The diagnosis
of ALD (N =24) was based on patients’ history of consumption of
more than 30 g alcohol per day, presence of elevated serum AST
(aspartate aminotransferase, EC 2.6.1.1) or ALT (alanine aminotransfer-
ase, EC 2.6.1.2) and GGT (gamma-glutamyltransferase, EC 2.3.2.2)
activity and sonographically observed fatty changes in the liver (liver
steatosis). According to laboratory parameters, ALD patients were cate-
gorized into three subgroups: ALD with anaemia (N = 8), ALD with iron
overload (V= 6) and ALD without overload (N = 10). First, patients
were divided according to the presence of anaemia (haemoglobin levels
<11 g/dl). These patients had minor decreases in serum iron parame-
ters, however, they did not meet criteria for iron deficiency anaemia
(serum ferritin <20 pg/l, haemoglobin <11.0 g/dl and transferrin satura-
tion <16%). Patients without anaemia were then divided according to
the presence of iron overload, defined as elevated ferritin levels (cut-off:

© 2014 The Authors.
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200 pg/l for women and 250 pg/I for men) or increased transferrin satu-
ration (cut-off = 45%). The control group (N = 30) had an upper GI
(gastrointestinal) endoscopy to evaluate their dyspeptic symptoms and
their iron parameters were in normal ranges (serum iron 11-26 umol/l,
serum ferritin male 30-250 pg/l, female 30-200 pg/l, transferrin satura-
tion 20-45%). Controls were participants of another study by our group
concerning the gene expression in haemochromatosis [44]. To analyse
the effect of HFE gene mutations, the genotyping for C282Y, H63D and
S65C mutations of HFE gene was performed using the PCR-RFLP
method, as described previously [45]. DNA for HFE genotyping was
available from 23 ALD patients and from 10 controls. Patients were
recruited at our outpatient department between 2005 and 2009. Informed
consent was obtained from all patients and the study was approved by
the Ethics Committee of the Third Faculty of Medicine, Charles University
and conducted in accordance with the Helsinki Convention.

Sample collection

Duodenal biopsy samples were obtained from 54 individuals during Gl
endoscopy. For RNA analysis, samples were stored at —20°C in RNAlat-
er solution (Sigma-Aldrich, St. Louis, MO, USA) prior to RNA isolation
and for protein analysis at —80°C prior to protein isolation.

RNA isolation and real-time guantitative
polymerase chain reaction

Total RNA was isolated from RNAlater-stored duodenal biopsies by
using an RNAeasy MiniKit (Qiagen, Hilden, Germany), and included
DNAse digestion according to manufacturer’s instructions. After estima-
tion of RNA integrity by using gel electrophoresis and determination of
each sample concentration, one sample was found to be inadequate for
further analysis. The following analyses were carried out as previously
described in detail [44]. Briefly, cDNA synthesis was performed using a
reverse transcription kit TagMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA, USA) with random primers
according to the manufacturer's instructions. Real-time quantitative PCR
was performed using an ABI Prism 7000 Sequence Detection System
(Applied Biosystems) and commercially available kits: Taqg Man Universal
PCR Master Mix and Sybr green PCR Master Mix (Applied Biosystems).
For the amplification of FPNT, TFR1, HFE and GAPDH cDNA, Applied
Biosystems pre-designed gene expression assays were used: FPNT —
Hs00205888_m1, TFR1 — Hs00174609_m1, HFE — Hs00373474_m1 and
GAPDH — Hs99399905_m1. For amplification of OMT?, DCYTB and
HEPH cDNA, previously described analyses were used [46]. DMTT7 analy-
sis was performed on the DMT1(IRE) variants because these are the iso-
forms that are regulated by iron status in cell [47]. All data were
normalized to the amount of GAPDH cDNA in the sample. The 2-24CT
method was used to calculate relative changes in gene expression.

Western blot analysis

Because of the limited amount of biological material, Western blot
analyses were performed only on duodenal iron transporters and cou-
pled oxido-reductases (DMT1, ferroportin, DCYTB and hephaestin). After
protein extraction from duodenal biopsy by using the RIPA huffer
(Sigma-Aldrich) and determination of concentration, seven samples
were found to be inadequate for further analysis with Western blot. A
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small amount of tissue, obtained by biopsy, was detected in two sam-
ples; therefore, the Western blot analysis could only be performed for
hephaestin and DMT1 detection in these samples.

Western blot analyses of DMT1 (IRE variants), DCYTB, ferroportin,
hephaestin and actin (loading control) levels were performed using goat
polyclonal antibodies NRAMP 2 and Hephaestin against human DMT1
and hephaestin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), goat
polyclonal anti-Cytochrome b reductase 1 antibody against human
DCYTB (Everest Biotech, Upper Heyford, UK), rabbit polyclonal antibody
MTP11-A against human ferroportin (Alpha Diagnostic International,
San Antonio, TX, USA) and mouse monoclonal antibody against human
actin (Sigma-Aldrich). Analysis was carried out as previously described
[44]. Briefly, proteins separated using SDS-PAGE were blotted onto a
0.2 um nitrocellulose membrane for 2 hrs at 0.25 A, by using a Mini-
Protean Il blotting apparatus (Bio-Rad, Hercules, CA, USA). The mem-
brane for DMT1, ferroportin, DCYTB and hephaestin was blocked with
5% BSA in TBS (100 mM Tris-HCI, 150 mM NaCl, pH = 7.5), whereas,
for actin, 5% non-fat milk in TBS was used. The washed membrane
was incubated with the relevant primary antibody. After incubation
(overnight, 4°C), the washed membrane was incubated for 2 hrs with
the corresponding horseradish peroxidase-conjugated secondary anti-
body, which was then detected by using enhanced chemiluminescence
with Supersignal reagent (Pierce, Rockford, IL, USA) and a LAS 1000
CCD device (Fuji; Fujitsu Limited, Tokyo, Japan). Band intensities were
quantified by densitometry and the data were analysed by using ImageJ
software (version 1.42q; NIH, USA, available on http://rsb.info.nih.gov/ij/).

ELISA

To evaluate the role of hepcidin, a subgroup of 24 individuals, whose
serum was available for hepcidin analysis, was created. It represented
samples from eight controls and 16 ALD patients, which were further
divided into the following subgroups: ALD with anaemia (N = 8), without
overload ALD (N = 6), and ALD with iron overload (N = 2). Mature bioac-
tive hepcidin was measured in serum samples by using a commercial
ELISA (EIA-4705) kit (DRG International Inc., Springfield, NJ, USA) accord-
ing to the manufacturer's instructions. In both patients and controls, blood
sample was drawn between 7.30 and 8.30 a.m. after overnight fasting.

Statistical analysis

Data are expressed as mean + SEM. Because of non-normality of the
measured variables, the non-parametric Mann—Whitney test or the Krus-
kal-Wallis anova with multiple comparison tests were used as needed.
Correlations were assessed using the Spearman rank method. P value
less than 0.05 was considered significant. Statistical analyses were per-
formed using the Statistica program (Version 9; StatSoft, Tulsa, 0K,
USA) and the GraphPad Prism program (Version 5.00; GraphPad Soft-
ware, Inc., San Diego, CA, USA).

Results

Clinical and lahoratory characteristics of patients

Laboratory parameters of controls and ALD group are shown in
Table 1. DNA genotyping showed that among ALD patients, one was
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found to be a C282Y/H63D compound heterozygote, one was a H63D
homozygote, three were H63D heterozygotes and one was a S65C
heterozygote. Tested controls were wild-type for all three tested
mutations. In further analyses, gene expression values of individuals
with HFE gene mutations were not outliers or extremes and were
within the non-outlier range of values measured in their respective
subgroups.

RNA expression

Gene expression at the mRNA level was measured for DMT1, FPN1,
DCYTB, HEPH, HFE and TFR1. A significant increase in the ALD group
was found when DMT1, FPNT and TFRT were examined (2.51-fold,
P=0.0147, 1.54-fold, P=0.0342, and 2.02-fold, P = 0.0011,
respectively). Gene expression of the other tested molecules (DCYTB,
HEPH and HFE) was not significantly different in ALD patients com-
pared to controls (Fig. 1A).

To study the ALD group in more detail, we divided the group
into three subgroups: (i) patients with the signs of iron overload,
(i) patients without iron overload and (i) patients with anaemia
according to parameters defined in Materials and Methods. A sig-
nificant increase in DMT1 and FPNT mRNA was found in the ALD
subgroup without iron overload compared to ALD with iron

Table 1 Clinical characteristics and iron metabolism phenotype in
patients and controls

. ALD Controls
Variable (N = 24) (N = 30) P-value
Age (years) 57.38 + 1.57 57.40 £ 2.85  0.4431
Gender 17M/7F 18M/12F 0.5673
Serum iron 18.03 + 1.94 17.55 + 0.67  0.6240
(umol/1)
Serum ferritin 296.22 + 96.11 151.0 +£ 13.83  0.9640
(nofl)
Transferrin 32.22 + 4.88 31.22 £ 096  0.4455
saturation (%)
Hb (g/dl) 12.66 + 0.44 14.00 + 0.31  0.0138
Ht (%) 37.16 + 1.16 41.48 £ 093  0.0058
ALT (ukat/) 0.62 + 0.05 054 + 0.05 0.0478
AST (ukat/l) 0.81 + 0.09 0.47 £ 0.03 0.0003

Data are presented as arithmetic mean £ SEM. Hb: haemoglobin;
Ht: haematocrit; ALT: alanine aminotransferase; AST: aspartate
aminotransferase. Normal ranges: serum iron (11-26 pmol/l), serum
ferritin (male 30-250 pg/l, female 30-200 pg/l), transferrin saturation
20-45%, Hb (male 13.0-18.0 g/dl, female 11.5-16.0 g/dl), Ht
(male 38-54%, female 35-47%), ALT (0.1-0.75 pkat/l) and AST (0.1
-0.75 pkat/l).
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overload (3.02 versus 0.34, P=0.0312 and 1.72 versus 0.70,
P =0.0420, respectively). Moreover, a significant elevation in
DMTT and TFR7 mRNA expression was observed in ALD patients
without iron overload compared to controls (3.02-fold,
P=10.0479, and 1.91-fold, P = 0.0066, respectively). Although
FPNT gene expression was also increased compared to controls,
the increase did not reach statistical significance (1.72-fold,
P =0.0599). When the ALD subgroup with anaemia was exam-
ined, a significant increase in DMT1, FPNT and TFR1 mRNA levels
was observed compared with controls (3.50-fold, P = 0.0018,
1.93-fold, P=0.0115 and 2.84-fold, P = 0.0075, respectively).
The same applies to comparison of the ALD anaemia subgroup to
the ALD iron overload patients when DMT7 and FPNT mRNA were
analysed (3.50 versus 0.34, P=0.0007 and 1.93 versus 0.70,
P =0.0080, respectively). Additionally, the HFE mRNA level was
elevated in ALD patients with iron overload compared with con-
trols (1.40-fold, P = 0.0376) (Fig. 2A-F).

© 2014 The Authors.
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To investigate whether the changes in mRNA expression
correlated with changes in protein expression, we examined
DMTH1, ferroportin, DCYTB and hephaestin levels by using Western
blotting.

There was a significant increase in ferroportin protein expres-
sion in ALD patients compared with controls (1.76-fold,
P =0.0495). Unchanged DCYTB and HEPH mRNA expression was
paralleled by unchanged respective protein expression (1.20-fold,
P=10.8292 and 0.96-fold, P=0.8898, respectively). DMT1 protein
expression was not different in the ALD group compared with
controls (1.03-fold, P = 0.3879) (Fig. 1B). Further analysis of the
ALD group, divided based on iron overload or anaemia, revealed
no significant differences in protein expression. The ferroportin
protein expression had the same pattern as seen at the mRNA
level; however, the significance found in the ALD group was lost
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and the increase in ferroportin protein in ALD patients without
iron overload and anaemia did not reach statistical significance
compared with controls (1.90-fold, P=0.0746 and 2.08-fold,
P =0.1685, respectively; Fig. 2G-J).

Relationships among gene expression of tested
molecules

Relationships among DMT1, FPN1, DCYTB, HEPH, TFR1 and HFE
expression were analysed by using the Spearman rank correlation.
When all individuals regardless of underlying disease were evaluated,
there was a positive association among mRNA expression of the
tested molecules. The strongest correlation was found between
DMT1 and FPNT (r= 0.778, P < 0.0001), between DCYTB and HEPH

Table 2 Associations among analysed molecules—mRNA level

J. Gell. Mol. Med. Vol 18, No 9, 2014

(r=10.687, P<0.0001) and between DMT? and TFR1 (r = 0.660,
P < 0.0001; Table 2).

When the gene expression, at the protein level, in the cohort of all
individuals was investigated, a positive relationship between the fol-
lowing proteins was found: DCYTB and ferroportin (r= 0.632,
P <0.0001), DMT1 and hephaestin (r= 0.580, P < 0.0001), ferro-
portin and hephaestin (r = 0.482, P = 0.0008), DCYTB and hephaes-
tin (r=0.391, P=0.0080) and DMT1 and DCYTB (r=0.314,
P = 0.0358; Table 3).

When all individuals were analysed together, a correlation
between gene expression at the mRNA level and the protein level was
found only for hephaestin (r = 0.338, P = 0.0215).

When correlations in ALD and controls were investigated sepa-
rately, positive relationships were found, and are summarized in
Tables 2 and 3.

mRNA
HFE TFR1 HEPH DCcYTB FPN1

omT1

ALD ns 0.613** ns ns 0.863**+*
Controls ns 0.634 % ns ns 0.683%*x*
All ns 0.660%** ns ns 0.7784x*
FPN1

ALD ns 0.593#** ns ns

Controls ns 0.523** 0.593#** 0.364**

All ns 0.591 #*x* 0.447*** 0.322*
DCYTB

ALD 0.600** ns 0.570**

Controls ns ns 0.790%**

Al 0.468%%* ns 0.687***
HEPH

ALD ns ns

Controls 0.414* ns

Al 0.399%* 0.315*

TFR1

ALD ns

Controls 0.604**

All 0.452%%*

Spearman rank correlation, only statistically significant data are shown, statistically significant differences are indicated by * P < 0.05,

#k P <001 and *** P < 0.001, ns - not significant.

© 2014 The Authors.
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Table 3 Associations among analysed molecules—protein level

Proteins
HEPH DCYTB FPN1 Hepceidin
omMT1
ALD ¥925ss 0.471* ns ns
Controls 0.490* ns ns ns
Al 0.580%** 0.314* ns ns
Hepcidin
ALD ns ns ns
Controls ns ns ns
All ns ns ns
FPN1
ALD 0.428* 0.719%+**
Controls 0.580%* 0.6071**
Al 0482+ 0.632%***
DCYTB
ALD 0.485*
Controls ns
All 0.391%x*

Spearman rank correlation, only statistically significant data are
shown, statistically significant differences are indicated by
* P<0.05 ** P<0.01 and *** P < 0.001, ns - not significant.

Relationships among gene expression of tested
molecules and iron parameters

The association between gene expression of the analysed molecules
and serum iron parameters was also tested. When all participants
were examined together, a correlation was found between serum
ferritin and the mRNA of DMTT (r = —0.484, P = 0.0038) and FPN1
(r=—0.447, P=0.0080). Serum iron correlated at the mRNA
level with FPNT (r= —0.344, P = 0.0373). The same applies to the
correlation between ftransferrin  saturation and mRNA: DMT1
(r=-0451, P=10.0108), FPNT (r= -0.432, P=10.0153) and
TFRT (r= —0.384, P = 0.0328). There were no correlations between
DCYTB, HEPH and HFE and any of tested iron parameters. When
protein expression was examined in the cohort of all participants, no
correlation was found between any protein or iron parameter.

With respect to ALD patients analysed separately, there were rela-
tionships between serum ferritin and DMT7 mRNA (r= —0.465,
P =10.0252) and FPNT mRNA (r = —0.448, P = 0.0318). Transferrin
saturation correlated with DMTT mRNA (r = —0.465, P = 0.0289)
and serum iron with TFR7 mRNA (r= —0.414, P = 0.0495) in ALD
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patients. Among controls, we found inverse relationship of serum fer-
ritin and DMT7 mRNA expression (r= —0.772, P = 0.0053) and fer-
roportin and DCYTB protein expression (r= —0.700, P = 0.0358,
r=—0.766, P=0.0159, respectively). Serum iron correlated with
DMT1 protein expression (r= —0.641, P = 0.0182), and transferrin
saturation correlated with DMT1 protein expression (r= —0.910,
P=10.0017).

Transferrin saturation versus serum ferritin and transferrin satura-
tion versus serum iron were correlated with each other in all individu-
als (r=10.747, r = 0.863, P < 0.0001 for both comparisons listed).
The same also applies to correlations between serum iron versus
serum ferritin (r = 0.500, P = 0.0031).

Hepcidin analysis

To evaluate the regulation of iron metabolism in more detail, the rela-
tionship of serum hepcidin and expression of analysed molecules
was studied as well. The sera for hepcidin measurements were avail-
able from 24 individuals (ALD N = 16, controls N/ = 8). A significant
decrease in serum hepcidin was observed in ALD patients compared
with controls (23.16 ng/ml versus 36.93 ng/ml, P = 0.0010)
(Fig. 3A). When the ALD group was divided based on iron overload or
anaemia, significant changes in serum hepcidin levels were found in
all ALD subgroups compared with controls: ALD patients without iran
overload (22.67 ng/ml versus 36.93 ng/ml, P=0.0081) and ALD
patients with anaemia (24.30 ng/ml versus 36.93 ng/ml, P = 0.0027;
Fig. 3B). Because of small number of samples in the ALD subgroup
with iron overload (N=2), this subgroup was not evaluated,
although decreased hepcidin levels were also detected in this group
(20.10 ng/ml). Interestingly, when these subgroups were compared
to each other, no differences were detected (Fig. 3B). The relationship
between serum hepcidin level and gene expression both at the RNA
and protein levels was analysed, but no correlation was found. In
addition, hepcidin levels did not correlate with any of the measured
iron parameters regardless of data analysis techniques or grouping
methods, ie. ALD and controls separately or all participants taken
together.

Discussion

In this study, iron metabolism in alcoholic patients with normal iron
indices, iron overload and anaemia was examined. Gene expression
of molecules participating in iron absorption in duodenum (DMTH,
ferroportin, DCYTB and hephaestin) was analysed both at mRNA and
protein levels. Additionally, TFR7 and HFE mRNA expression was
investigated. Serum hepcidin, a key regulator of iron metabolism, was
evaluated as well. This study is, to our knowledge, the first to investi-
gate duodenal gene expression of iron transport molecules both at
the mRNA and protein level, together with the serum hepcidin level in
ALD patients.

The effect of alcohol consumption on hepcidin expression has
been previously demonstrated [40, 41]. It has been shown, by using
animal models, that alcohol down-regulates hepcidin expression,
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Fig. 3 Serum hepcidin levels (A) in controls and patients with alcoholic
liver disease (ALD) (B) in controls, patients with alcoholic liver disease
without iron overload (ALD without overload) and anaemia (ALD anae-
mia). Results are depicted as means + SEM. Statistically significant dif-
ferences as compared with the control group are indicated by
* P<0.05 ** P<0.01 and *** P < 0.001.

which affects ferroportin and DMT1 and leads to increased iron
absorption in the duodenum. It has been documented that ethanol
down-regulates hepcidin promoter activity and DNA binding activity
of transcription factor C/EBP= [40, 41]. In the present study, hepcidin
levels were decreased in ALD patients compared with controls, sup-
porting the abovementioned mechanism of alcohol on hepcidin
expression in humans. We found a significant elevation of FPN1 at
both the mRNA and protein level and an increase in DMT7 and TFR1
mRNA in ALD patients. However, the elevation of DMT7 mRNA was
not paralleled by the elevation of DMT1 protein. It could be speculated
that some post-transcriptional mechanisms are involved e.g. IRE/IRP
system [48], Ndfips/WWP2 system responsible for ubiquitination and
degradation of DMT1 [49], or PAP7 which inhibition was shown to
cause a reduction in the expression of DMT1 (IRE) protein but not
mRNA [50]. The regulation by miRNA can also be considered but the
only miRNA documented to affect DMT1 acts on the non-IRE variant
[51]. Also, the heterogeneity of patients’ genetic background or the
small sample size can be the reason of this discrepancy. Further
analysis of the ALD subgroups showed that at the mRNA level, there
was a significant increase in OMT1 and FPNT in ALD patients without
iron overload compared with ALD with iron overload and a significant
increase in OMT1 and TFRT mRNA when compared with controls.

© 2014 The Authors.
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Additionally, hepcidin levels in these subgroups were significantly
lower compared with controls. Thus, it can be hypothesized that in
ALD patients, chronic alcohol consumption decreases hepcidin levels,
which results in up-regulation of OMTT and FPN1 mRNA in patients
with yet normal iron indices. It could be expected that when iron
stores become increased, the iron burden is sensed to be inappropri-
ately high by the ‘iron status’ hepcidin regulatory pathway (probably
HJV/BMP and/or HFE/TFR2 pathway) and decreased hepcidin levels
tend to normalize to compensate iron absorption. This would lead to
suppression of increased DMT? and FPNT mRNA levels in ALD
patients with iron overload as seen in our study. However, we did not
detect this normalization of hepeidin levels in the ALD iron overload
subgroup, probably because of limited number of serum samples;
thus we can only speculate at this point. It can be argued that these
two factors—alcohol, which tends to decrease hepcidin expression
and physiological regulation, which tends to compensate for high iron
stores by increasing hepcidin expression, act on various regulatory
pathways and this interaction finally establishes some sort of balance;
an analogous situation has been documented in treated and untreated
haemochromatosis patients [52-54]. This is in agreement with
another study where the effect of alcohol together with iron was
investigated [42]. In the study, animal models were used and the
results showed that iron elevated and alcohol decreased liver hepcidin
expression. Alcohol was shown to suppress up-regulation of hepcidin
mRNA in iron-overloaded rats to levels similar to those in control ani-
mals. The duodenal ferroportin expression was elevated in alcohol-
treated mice. When both factors were investigated together duodenal
ferroportin expression was increased and reached levels between
alcohol-treated and iron-treated mice. In addition, the iron-induced
increases in the DNA hinding activity of C/EBPa« were diminished by
alcohol to levels found in controls. Similar observations using HFE
knockout mice were documented in another study [43], which also
suggested that alcohol decreases hepcidin expression independently
of the HFE pathway, possibly by alcohol-induced hypoxia.

We also investigated ALD patients with anaemia. The pathogene-
sis of anaemia in ALD is complex: it may include splenic pooling and
haemolytic anaemia caused by hypersplenism; chronic bleeding into
the gastrointestinal tract resulting in iron deficiency; secondary mal-
nutrition, leading to anaemia with folic acid deficiency; anaemia as a
consequence of the direct toxic effect of alcohol on erythrocyte pre-
cursors in bone marrow [10]. These symptoms lead to hypoxia, anae-
mia and iron deficiency, which all inhibit hepcidin synthesis via
several pathways and corresponding mediators: hypoxia inducible
factor o, erythropoietin (EPO), growth differentiation factor 15 and
twisted gastrulation protein homologue 1. Iniron deficiency, the regu-
lation pathway for iron status includes activity of the BMP/HJV and
HFE/TFR2 complex [55, 56]. On the other hand, anaemia of chronic
disease can occur in patients with chronic ALD [10], when hepcidin
expression is induced by inflammatory stimuli (e.g. IL-6) [55, 56].
Finally, with chronic alcohol consumption, the effect of ethanol on
hepcidin promoter activity and the DNA binding activity of transcrip-
tion factor C/EBPx, must also be considered [41]. All these factors
may have played a role in our ALD patients with anaemia and the final
level of hepcidin represented the combined effect of all these various
pathways. We also found decreased hepcidin level in our ALD patients
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with anaemia, which was consistent with the abovementioned facts.
The effect of increased hepcidin synthesis because of anaemia of
chronic disease seems to be minor, especially when the erythroid
demand for iron is thought to be a more powerful regulator of hepci-
din expression than inflammation [57]. Consequently, these patients
displayed increased mRNA expression of DMT1 and FPNT in the duo-
denum, demonstrating the efforts of the organism to increase iron
absorption in response to iron needs associated with enhanced eryth-
ropoiesis. However, these elevations were not detected at the protein
level of DMT1 and FPN1. Although the expression of FPN1 protein
was increased, it did not reach statistical significance. Surprisingly,
serum hepcidin levels were similar in ALD patients with anaemia
(when the effect of anaemia plus ethanol affects hepcidin synthesis)
and without anaemia (when only ethanol is implicated). We were not
able to distinguish between the effect of erythropoietic stimulation,
iron deficiency and ethanol when analysing the combined effect of all
factors playing a role in the pathogenesis of anaemia in our ALD
patients. It seems that the effect of various mediators on hepcidin
expression pathway is not simply additive, and crosstalk among the
different pathways, can be hypothesized, to influence different signal
transduction intensities. On the other hand, EPO has been proposed
to act directly to repress hepcidin through EPOR-mediated regulation
of C/EBPx [58], which is also affected by ethanol. It could be possible
that this pathway can suppress hepcidin synthesis, but only to some
limit; and once the C/EBPx is influenced by a mediator, others are
unable to exert their full influence. However, the small sample size of
our associated ALD subgroup did not permit definite conclusions in
this respect.

TFR1 mRNA was increased in ALD patients with anaemia and
without iron overload. The increase of TFR1 in ALD patients without
overload cannot be explained by iron deficiency and anaemia as in the
ALD anaemia subgroup [59], thus the effect of ethanol needs to be
considered. It has been shown that ethanol exposure can increase the
expression of TFR1 in hepatocytes [60, 61]. The increase in TFR1
expression is partially because of the increased activity of iron regula-
tory proteins (IRPs) linked to the oxidative stress of ethanol metabo-
lism [60]. It can be speculated that a similar mechanism is implicated
in duodenal cells; however, this mechanism has yet to be elucidated.
In addition, if ethanol can affect TFR7 mRNA expression in duodenal
cells it may also play a role in the expression of other iron transport
molecules.

We detected a strong positive correlation between DMTT and
FPN1; DCYTB and HEPH, and DMTT and TFR1 at the mRNA level,
which suggests a coordinated regulation of these genes. We also
investigated the association between serum iron parameters and duo-
denal iron transporters. Significant inverse correlations between
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4. UNPUBLISHED DATA AND FURTHER RESEARCH

Besides the data included in our papers, we have some additional unpublished data
concerning the iron transport and metabolism. Our planned further studies represent a

natural continuation of previous studies presented in this thesis.

4.1. STUDIES IN VITRO

4.1.1. IRON OVERLOAD EFFECT ON CELL DAMAGE AND DEATH

High iron levels in cells and iron accumulation in organism may arise from various
causes (Cox and Peters, 1980). Surplus iron is stored particularly in cells of
parenchymatic organs such as the pancreas, heart, and liver and can lead to the reduction
of cellular functions, cell damage or even cell death and serious organ injury (Britton et
al., 1994; Hower et al., 2009). Various cell types have a similar basic mechanism of iron-
caused cell damage due to iron’s ability to produce ROS followed by oxidative stress and
probably reduced antioxidant enzymes levels in cells (Cooksey et al., 2004; McClain et
al., 2006; Bresgen et al., 2010). However, the current knowledge suggests that iron-
induced endoplasmic reticulum (ER) stress could play a role in apoptosis induction in
hepatocytes and cardiomyocytes (Lou et al., 2009).

Although the mechanism of cell death induction resulting from iron accumulation is
not fully elucidated yet, only a limited number of studies are currently dealing with this
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topic. In our recent project, employing experiments with mammalian cell lines, we are
testing the activation of pathways of cell death induction due to iron overload in cell
models of the above mentioned tissue types, i.e. NES2Y cells (pancreatic B-cells), H9c2
cells (cardiomyocytes), and HEP-G2 cells (hepatic cell line). Iron overload is simulated
by increased ferric citrate levels in the culture media of tested cells.

Our pilot data confirmed that high levels of iron in culture medium results in
increased iron intake into cells and leads to the formation of reactive oxygen species and
oxidative stress. Additionally, persistent oxidative stress can subsequently result in ER
stress and autophagy activation. Unless the high iron levels are sufficiently compensated,
cellular damage becomes more severe and the cell undergoes cell death. Some

preliminary data concerning NES2Y cells are shown in Fig. 4.1.
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Fig. 4.1. Protein levels of ER stress markers (Calnexin, BIP, p-elF2a, p-IREla, p-JNK) and autophagy
marker (LC3) in NES2Y cells. Protein levels in control cells (C) and cells after 12 h and 24 h incubation
with 20 uM ferric citrate (Fe) were determined using western blot analysis. Actin levels were used as a
loading control. One representative western blot analysis is shown.
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In relation to a previous study, we wanted to focus on the mechanism of secondary
iron overload and the cell damage due to the ethanol abuse. It seems that ethanol
exposure affects iron homeostasis predominantly via changed expression of iron-related
proteins regulated by the redox status of the cell (Suzuki et al., 2002; Harrison-Findik,
2007). Prolonged effect of ethanol-induced oxidative stress together with increased iron
levels, however, can lead to other consequences such as ER stress (Chen et al., 2008). ER
stress is induced via disruption of ER homeostasis and accumulation of misfolded
proteins in the ER lumen. Increased amount of defective proteins with subsequent
increased expression of molecular chaperons and the activation of signaling pathways
can cause cell death induction. On the other hand, cells can adapt to the presence of mild
ER stress via permanently induced expression of chaperones. Recent studies suggest that
cellular iron homeostasis can be affected by ER stress through the regulation of hepcidin
(Vecchi et al., 2009) (summarized in Fig. 4.2.).

ethanol
l \ deregulation .
oxidative stress ———> of iron iron

accumulation

—_—
l homeostasis
/ (hepcidin, HRE) l

ER siress

oxidative stress
severe/

long-term l

adaptation organ damage <€ ER stress
(cell death)

mild/
short-term

Fig. 4.2. Scheme of ethanol effect on iron homeostasis and cell injury.
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Since ethanol absorption into the blood takes place mainly in the stomach, small
intestines, and colon, and since the main metabolism site of ethanol is the liver, we
focused on enterocytes and hepatocytes in our experiments. For this purposes, HEP-G2
and Caco-2 cell lines cultivated under log-term ethanol exposure were established in our

laboratory (Balusikova and Kovar, 2013). Some preliminary data are shown in Fig. 4.3.
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Fig. 4.3. Protein levels of HIF-2a, ER stress markers (BIP, p-IREla, PERK) and autophagy marker
(LC3B) in Caco-2 and HEP-G2 cells. Protein levels of control cells (Ctrl) and cells after long-term
incubation with ethanol (EtOH) (Balusikova and Kovar, 2013) were determined using western blot
analysis. Actin levels were used as a loading control. One representative western blot analysis is shown.
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4.2. STUDIES IN VIVO

4.2.1. HEME-IRON UPTAKE BY DUODENAL ENTEROCYTES IN IDA, HHC AND
ALD PATIENTS

As with our former studies, we decided to test the expression of heme transport and
metabolism related molecules in duodenal biopsies of the previously discussed group of
patients (see paper 3 and 4). Therefore, the expression of heme carrier protein 1 (HCP1)
and heme oxygenase molecules (HO-1 and HO-2) was analyzed in patients with iron
deficiency anemia (IDA), hereditary hemochromatosis (HHC), alcoholic liver disease
(ALD), and controls. Only mRNA levels of target molecules were tested until now and
no significant changes in HCP1 expression was found in any of the groups of patients
compared to controls (Fig. 4.4.a). The expression of HO-1 was decreased in HHC
patients (Fig. 4.4.b) whereas HO-2 mRNA levels were increased in patients with ALD
(Fig. 4.4.c). Analysis of protein levels are in progress.

4.2.2. CELLULAR REGULATION OF IRON UPTAKE BY DUODENAL ENTEROCYTES
IN IDA, HHC AND ALD PATIENTS

In relation to a planned analysis as described in earlier chapter and previously
discussed results, we planned to analyze expression of molecules involved in cellular
regulation of iron homeostasis in enterocytes of patients with iron-related disorders (see
paper 3 and 4). In order to complete our insight into the complex mechanisms of iron
absorption into the body by the intestine, we are testing in ongoing analysis the
expression of molecules involved in iron uptake regulation such as transferrin receptor 2
(TfR2), iron regulatory protein 1 and 2 (IRP1 and IRP2), hypoxia-inducible factor 1a, 2a,
and 1B (HIF-1a, HIF-2a, HIF-1B), von Hippel-Lindau tumor supressor (VHL), prolyl
hydroxylase domain (PHD), and others.

93



UNPUBLISHED DATA AND FURTHER RESEARCH

a
HCP1

< 157

z

@

£

5 10 L

z

z 1T

©

B

T 0.54

o

2

©

)

© 0.0

controls ALD IDA HHC
b c
HO-1 HO-2
1.57 1519 *
104 — - 1od T T

0.5

Relative quantity of mRNA

Relative quantity of mRNA

) -
0.0

controls ALD IDA HHC controls ALD IDA HHC

Fig. 4.4. Relative mRNA level of heme carrier protein (HCP1) (a), hemoxygenase-1 (HO-1) (b) and
hemoxygenase-2 (HO-2) (c) in patients with alcoholic liver disease (ALD), iron deficiency anemia (IDA)
and hereditary hemochromatosis (HHC) compared to controls. The relative quantity of mRNA was
assessed using real-time PCR with control group of patients as calibrator. The mean + standard error of the
mean (SEM) of each group of patients is shown. Statistical significance when compared to controls using
Mann-Whitney nonparametric test: * P < 0.05, ** P < 0.01.

4.2.3. EXPRESSION OF IRON TRANSPORT-RELATED MOLECULES IN DIFFERENT
LEVELS OF DUODENUM

Until recently, a detailed analyzes of the localization of iron uptake into the
organism in intestine were performed on animal samples only (Conrad et al., 1966;
Raffin et al., 1974; Muir and Hopfer, 1985; Chowrimootoo et al., 1992). Therefore, we
wanted to determine whether the expression of molecules involved in the absorption of
iron into the body differs at individual levels of duodenum in humans. That is, whether
there is a predilection site of iron absorption or whether there exists a gradient of that

absorption in duodenum.
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Analysis was performed with samples of duodenal mucosa obtained using duodenal
biopsies from healthy controls (patients with normal iron metabolism parameters).
Samples were collected from 10 patients at the following levels: closely post-bulbar, 1-2
cm below the papilla of Vater and at the distal duodenum. We analyzed the gene
expression of molecules involved in iron transport to and from the enterocyte (DMT1,
Dcytb, ferroportin, hephaestin, HCP1, HO-1 and -2) at the mRNA level using real-time
PCR and at the protein level by western blot analysis.

At the mRNA level, significantly different expression of DMT1, ferroportin and
HCP1 at individual positions of duodenum was found (Fig. 4.5.a-c). The DMT1
expression at post-bulbar position gradually decreased up to 73% at papilla of Vater and
then fell to 62% at the distal duodenum. The expression of ferroportin decreased to 78%
from post-bulbar position to the distal duodenum. On the other hand, the expression of
HCP1 was increased to 125% at Vater papilla and to 181% at the distal duodenum when
compared with post-bulbar position. For the other tested molecules, statistically
significant differences were not detected. At the protein level, decreasing expression of
transporters DMTL1 and ferroportin at advancing positions along the duodenum were also
observed (Fig. 4.5.d-g). In both cases, the changes were statistically significant but in
comparison with the level of mMRNA less pronounced. DMT1 as well as ferroportin
protein levels decreased up to 74% and to 77% at the distal duodenum, respectively,
compared to post-bulbar position. Protein levels of HCP1, HO-1 and HO-2 molecules
were not tested yet. It seems there is a gradient of iron uptake into the body both at the
level of iron absorption into the enterocytes as well as at the level of iron release from the
enterocytes. Surprisingly, our results suggest that this gradient is the opposite comparing

heme and non-heme iron absorption.

4.2 4. IRON TRANSPORT AND ITS REGULATION IN VEGAN POPULATION

People consuming food without any meat limitations have higher body iron stores
compared with people which are not consuming animal food (vegans). Since body iron
stores positively correlates with the intake of especially red meat, together with the fact
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Fig. 4.5. Relative amount of divalent metal transporter 1 (DMT1), ferroportin (FPN1) and heme carrier
protein (HCP1) on mRNA (a-c) and/or protein (d and f) levels at individual positions of duodenum of
healthy controls: A — post-bulbal, B — papilla of Vater, C — distal duodenum. The relative quantity of
MRNA and protein was assessed using real-time PCR and western blot analysis, respectively. Position A
values were used as the calibrator. Actin levels were used as a loading control. One representative western
blot analysis for DMT1 (e) and ferroportin (g) is shown. The mean =+ standard error of the mean (SEM) of
each group is shown. Statistical significance when compared to A using the Mann-Whitney nonparametric
test: * P < 0.05, ** P < 0.01, *** P < 0.001.
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that higher iron stores positively correlate with insulin resistance, it can be assumed that
the lower iron uptake in vegans is one of the factors increasing insulin sensitivity (Craig,
2010). A key hormone involved in iron homeostasis is hepcidin, which functions as a
negative regulator of iron absorption by enterocytes and is also responsible for release of
iron from the monocyte-macrophage system into circulation (Nicolas et al., 2002a; Ganz,
2004; Nemeth et al., 2004; Dunn et al., 2007). However, to this time, no studies have
tested the hepcidin levels in a population of vegans.

Our study included 57 vegans and 52 corresponding controls. Exclusion criteria were
under 18 years of age and the presence of any chronic disease with an impact on the
intermediary metabolism. Each subject underwent a collection of peripheral blood under
basal conditions and the following parameters of iron metabolism and glucose
homeostasis were determined in serum: hepcidin, pro-hepcidin, ferritin, iron binding
capacity, transferrin, serum iron level, blood glucose, insulin, and C-peptide.

Concerning our results, a significant difference was found between the groups in the
levels of hepcidin (vegans 5.72 ng/ml vs. control 9.63 ng/ml, p < 0.0001) (Fig. 4.6.a) and
pro-hepcidin (vegans 288.0 ng/ml vs. control 431.5 ng/ml, p < 0.0001) (Fig. 4.6.b).

These results showed that vegans, compared with the controls, have lower serum
hepcidin and pro-hepcidin levels. This corresponds to an effort by the organism to
increase the intake of iron through enterocytes, but also increases the release of iron into
circulation at the level of individual cells. These facts, together with the known negative
association between vegan diet and insulin resistance may indicate that lower dietary

intake of iron assists in preventing development of insulin resistance.
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Fig. 4.6. Serum levels of hepcidin (a) and pro-hepcidin (b) in tested groups of controls and vegan
population. The hepcidin levels were assessed using commercial ELISA kit. The median, interquartile
range, minimum and maximum of each group is shown. Statistical significance when compared to controls
using the Mann-Whitney nonparametric test: **** P < 0.0001.
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5. CONCLUSIONS

In our studies we were focused on mechanisms of non-heme and non-transferrin-
bound iron (NTBI) transport across plasma membranes of human cells and its
regulations. Nevertheless, heme transport and metabolism are as well in our interest in
our ongoing studies.

Although the main importance of transferrin-independent iron transport across
plasma membrane takes place in iron uptake into the body, its participation in cellular
iron trafficking across plasma membranes within the organism should also be considered.
Therefore, we aimed on known molecules involved in NTBI transport in both enterocytes
and non-intestinal cells. The expression of duodenal cytochrome b (Dcytb), divalent
metal transporter 1 (DMT1), ferroportin, hephaestin, and ceruloplasmin molecules were
tested under conditions of iron deficiency or excess in vitro as well as in vivo. Moreover,
some of the regulatory molecules such as hepcidin, hemochromatosis gene (HFE), and
transferrin receptor 1 (TfR1) were also tested.

For in vitro analyzes (paper 1, paper 2), we employed three main types of cells
involved in iron handling. The Caco-2 cell line represented intestinal cells responsible for
iron absorption into the body, the K562 cell line represented erythroid cells as major
iron-utilizing cells, and HEP-G2 cells as a model of hepatocytes represented the major
iron storage cells.

We detected stimulation of NTBI iron uptake in K562 cells under conditions of iron
deficiency. Although we demonstrated that increased iron uptake was dependent on
protein synthesis, none of the tested molecules was probably involved in this cellular
response (paper 1). We also demonstrated that different iron availability affects the
expression of tested molecules in cell-type specific manners. Because of in vitro
conditions in these experiments, the mechanisms of cellular regulation of iron
homeostasis are only involved here. In Caco-2 cells, the protein levels of DMT1 and
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ferroportin were increased under conditions of iron deficiency and excess, respectively. It
could correspond with increased iron absorption or efflux according to the given
conditions. On the other hand, just slight or no changes at all were detected on proteins
levels in HEP-G2 and K562 cells (paper 2). However, due to a significant increase in
iron uptake under iron deprivation in K562 cells, we suspect involvement of some other
transport molecules (paper 1).

In the case of in vivo studies (paper 3, paper 4), expression of NTBI transport
molecules was assessed in duodenal biopsies of a defined group of patients with iron-
related disorders. Iron deprivation was represented by patients with iron deficiency
anemia (IDA), primary iron overload was represented by individuals with hereditary
hemochromatosis (HHC), and secondary iron overload was represented by patients with
alcoholic liver disease (ALD). Subjects with no evidence of disturbed iron homeostasis
were used as healthy controls.

In IDA and HHC patients, a statistically insignificant decrease in serum hepcidin
levels was detected. Increased mMRNA levels of DMTL, ferroportin and TfR1 in IDA and
treated HHC patients suggest IRP/IRE regulation of this genes expression as a result of
iron deprivation. Unfortunately, these changes were not confirmed with regard to protein
level (paper 3). For individuals with ALD, our results demonstrated that serum hepcidin
levels were decreased by alcohol consumption. Since very complex regulation of iron
homeostasis in ALD patients resulting in different iron levels in organism, this group had
to be divided into ALD patients with iron deprivation, iron overload and normal iron
status. After patient classification into ALD subgroups, changes in DMT1, ferroportin,
and TfR1 on mRNA level were observed in ALD patients with anemia and normal iron
status, as a consequence of iron deprivation and probably as a direct effect of ethanol
(paper 4). However, some positive correlations among Dcytb, hephaestin, DMT1,
ferroportin and TFR1 mRNA in all groups of patients indicate coordinated regulation of

expression of these genes (paper 3, paper 4).

99



REFERENCES

6. REFERENCES

Abboud S and Haile DJ: A novel mammalian iron-regulated protein involved in
intracellular iron metabolism. J Biol Chem 275(26): 19906-12, 2000.

Aisen P and Listowsky I: Iron transport and storage proteins. Annu Rev Biochem 49:
357-93, 1980.

Anderson GJ, Frazer DM, McKie AT, Vulpe CD, Smith A: Mechanisms of haem and
non-haem iron absorption: lessons from inherited disorders of iron metabolism.
Biometals 18(4): 339-48, 2005.

Andrews NC: Disorders of iron metabolism. N Engl J Med 341(26): 1986-95, 1999.

Andrews NC: Iron metabolism: iron deficiency and iron overload. Annu Rev Genomics
Hum Genet 1: 75-98, 2000a.

Andrews NC: Iron homeostasis: insights from genetics and animal models. Nat Rev
Genet 1(3): 208-17, 2000b.

Andrews NC: Metal transporters and disease. Curr Opin Chem Biol 6(2): 181-6, 2002.

Andrews NC: Molecular control of iron metabolism. Best Pract Res Clin Haematol
18(2): 159-69, 2005.

Ashby DR, Gale DP, Busbridge M, Murphy KG, Duncan ND, Cairns TD, Taube
DH, Bloom SR, Tam FW, Chapman R, Maxwell PH, Choi P: Erythropoietin
administration in humans causes a marked and prolonged reduction in circulating
hepcidin. Haematologica 95(3): 505-8, 2010.

Baker E, Baker SM, Morgan EH: Characterisation of non-transferrin-bound iron
(ferric citrate) uptake by rat hepatocytes in culture. Biochim Biophys Acta 1380(1): 21-
30, 1998.

Balusikova K, Neubauerova J, Dostalikova-Cimburova M, Horak J, Kovar J:
Differing expression of genes involved in non-transferrin iron transport across plasma

100



REFERENCES

membrane in various cell types under iron deficiency and excess. Mol Cell Biochem
321(1-2): 123-33, 2009.

Balusikova K and Kovar J: Alcohol dehydrogenase and cytochrome P450 2E1 can be
induced by long-term exposure to ethanol in cultured liver HEP-G2 cells. In Vitro Cell
Dev Biol Anim 49(8): 619-25, 2013.

Basset P, Quesneau Y, Zwiller J: Iron-induced L1210 cell growth: evidence of a
transferrin-independent iron transport. Cancer Res 46(4 Pt 1): 1644-7, 1986.

Batey RG, Lai Chung FP, Shamir S, Sherlock S: A non-transferrin-bound serum iron
in idiopathic hemochromatosis. Dig Dis Sci 25(5): 340-6, 1980.

Beutler E, Gelbart T, Lee P, Trevino R, Fernandez MA, Fairbanks VF: Molecular
characterization of a case of atransferrinemia. Blood 96(13): 4071-4, 2000.

Bianchi L, Tacchini L, Cairo G: HIF-1-mediated activation of transferrin receptor gene
transcription by iron chelation. Nucleic Acids Res 27(21): 4223-7, 1999.

Binder R, Horowitz JA, Basilion JP, Koeller DM, Klausner RD, Harford JB:
Evidence that the pathway of transferrin receptor mRNA degradation involves an
endonucleolytic cleavage within the 3' UTR and does not involve poly(A) tail shortening.
EMBO J 13(8): 1969-80, 1994.

Brasse-Lagnel C, Karim Z, Letteron P, Bekri S, Bado A, Beaumont C: Intestinal
DMT1 cotransporter is down-regulated by hepcidin via proteasome internalization and
degradation. Gastroenterology 140(4): 1261-71, 2011.

Bresgen N, Jaksch H, Lacher H, Ohlenschliger I, Uchida K, Eckl PM: Iron-mediated
oxidative stress plays an essential role in ferritin-induced cell death. Free Radic Biol Med
48(10): 1347-57, 2010.

Bridle K, Cheung TK, Murphy T, Walters M, Anderson G, Crawford DG, Fletcher
LM: Hepcidin is down-regulated in alcoholic liver injury: implications for the
pathogenesis of alcoholic liver disease. Alcohol Clin Exp Res 30(1): 106-12, 2006.

Brissot P, Wright TL, Ma WL, Weisiger RA: Efficient clearance of non-transferrin-
bound iron by rat liver. Implications for hepatic iron loading in iron overload states. J
Clin Invest 76(4): 1463-70, 1985.

Britton RS, Ramm GA, Olynyk J, Singh R, O'Neill R, Bacon BR: Pathophysiology of
iron toxicity. Adv Exp Med Biol 356: 239-53, 1994.

Cairo G and Recalcati S: Iron-regulatory proteins: molecular biology and
pathophysiological implications. Expert Rev Mol Med 9(33): 1-13, 2007.

101



REFERENCES

Camaschella C, Roetto A, Cali A, De GM, Garozzo G, Carella M, Majorano N,
Totaro A, Gasparini P: The gene TFR2 is mutated in a new type of haemochromatosis
mapping to 7922. Nat Genet 25(1): 14-5, 2000.

Canonne-Hergaux F and Gros P: Expression of the iron transporter DMT1 in kidney
from normal and anemic mk mice. Kidney Int 62(1): 147-56, 2002.

Canonne-Hergaux F, Gruenheid S, Ponka P, Gros P: Cellular and subcellular
localization of the Nramp2 iron transporter in the intestinal brush border and regulation
by dietary iron. Blood 93(12): 4406-17, 1999.

Canonne-Hergaux F, Zhang AS, Ponka P, Gros P: Characterization of the iron
transporter DMT1 (NRAMP2/DCT1) in red blood cells of normal and anemic mk/mk
mice. Blood 98(13): 3823-30, 2001.

Casanovas G, Vujic SM, Casu C, Rivella S, Strelau J, Unsicker K, Muckenthaler
MU: The murine growth differentiation factor 15 is not essential for systemic iron
homeostasis in phlebotomized mice. Haematologica 98(3): 444-7, 2013.

Caudill JS, Imran H, Porcher JC, Steensma DP: Congenital sideroblastic anemia
associated with germline polymorphisms reducing expression of FECH. Haematologica
93(10): 1582-4, 2008.

Chen G, Ma C, Bower KA, Shi X, Ke Z, Luo J: Ethanol promotes endoplasmic
reticulum stress-induced neuronal death: involvement of oxidative stress. J Neurosci Res
86(4): 937-46, 2008.

Chen TT, Li L, Chung DH, Allen CD, Torti SV, Torti FM, Cyster JG, Chen CY,
Brodsky FM, Niemi EC, Nakamura MC, Seaman WE, Daws MR: TIM-2 is
expressed on B cells and in liver and kidney and is a receptor for H-ferritin endocytosis.
J Exp Med 202(7): 955-65, 2005.

Chowrimootoo G, Gillett M, Debnam ES, Srai SK, Epstein O: Iron-transferrin
binding to isolated guinea pig enterocytes and the regional localisation of intestinal iron
transfer during ontogeny. Biochim Biophys Acta 1116(3): 256-60, 1992.

Christova T and Templeton DM: Effect of hypoxia on the binding and subcellular
distribution of iron regulatory proteins. Mol Cell Biochem 301(1-2): 21-32, 2007.

Clark JF and Sharp FR: Bilirubin oxidation products (BOXes) and their role in
cerebral vasospasm after subarachnoid hemorrhage. J Cereb Blood Flow Metab 26(10):
1223-33, 2006.

Conrad ME, Weintraub LR, Sears DA, Crosby WH: Absorption of hemoglobin iron.
Am J Physiol 211(5): 1123-30, 1966.

102



REFERENCES

Conrad ME and Umbreit JN: A concise review: iron absorption--the mucin-
mobilferrin-integrin pathway. A competitive pathway for metal absorption. Am J
Hematol 42(1): 67-73, 1993.

Cooksey RC, Jouihan HA, Ajioka RS, Hazel MW, Jones DL, Kushner JP, McClain
DA: Oxidative stress, beta-cell apoptosis, and decreased insulin secretory capacity in
mouse models of hemochromatosis. Endocrinology 145(11): 5305-12, 2004.

Cox TM and Peters TJ: In vitro studies of duodenal iron uptake in patients with
primary and secondary iron storage disease. Q J Med 49(195): 249-57, 1980.

Craig WJ: Nutrition concerns and health effects of vegetarian diets. Nutr Clin Pract
25(6): 613-20, 2010.

Crews ST: Control of cell lineage-specific development and transcription by bHLH-PAS
proteins. Genes Dev 12(5): 607-20, 1998.

Cubero FJ, Urtasun R, Nieto N: Alcohol and liver fibrosis. Semin Liver Dis 29(2): 211-
21, 2009.

Dautry-Varsat A, Ciechanover A, Lodish HF: pH and the recycling of transferrin
during receptor-mediated endocytosis. Proc Natl Acad Sci USA 80(8): 2258-62, 1983.

De Domenico I, Ward DM, di Patti MC, Jeong SY, David S, Musci G, Kaplan J:
Ferroxidase activity is required for the stability of cell surface ferroportin in cells
expressing GPI-ceruloplasmin. EMBO J 26(12): 2823-31, 2007a.

De Domenico I, Ward DM, Langelier C, Vaughn MB, Nemeth E, Sundquist WI,
Ganz T, Musci G, Kaplan J: The molecular mechanism of hepcidin-mediated
ferroportin down-regulation. Mol Biol Cell 18(7): 2569-78, 2007b.

De Falco L, Sanchez M, Silvestri L, Kannengiesser C, Muckenthaler MU, lolascon
A, Gouya L, Camaschella C, Beaumont C: Iron refractory iron deficiency anemia.
Haematologica 98(6): 845-53, 2013.

DeLoughery TG: Microcytic anemia. N Engl J Med 371(14): 1324-31, 2014.

Devireddy LR, Gazin C, Zhu X, Green MR: A cell-surface receptor for lipocalin 24p3
selectively mediates apoptosis and iron uptake. Cell 123(7): 1293-305, 2005.

Donovan A, Brownlie A, Zhou Y, Shepard J, Pratt SJ, Moynihan J, Paw BH, Drejer
A, Barut B, Zapata A, Law TC, Brugnara C, Lux SE, Pinkus GS, Pinkus JL,
Kingsley PD, Palis J, Fleming MD, Andrews NC, Zon LI: Positional cloning of
zebrafish ferroportinl identifies a conserved vertebrate iron exporter. Nature 403(6771):
776-81, 2000.

103



REFERENCES

Dostalikova-Cimburova M, Kratka K, Balusikova K, Chmelikova J, Hejda V,
Hnanicek J, Neubauerova J, Vranova J, Kovar J, Horak J: Duodenal expression of
iron transport molecules in patients with hereditary hemochromatosis or iron deficiency.
J Cell Mol Med 16(8): 1816-26, 2012.

Dostalikova-Cimburova M, Balusikova K, Kratka K, Chmelikova J, Hejda V,
Hnanicek J, Neubauerova J, Vranova J, Kovar J, Horak J: Role of duodenal iron
transporters and hepcidin in patients with alcoholic liver disease. J Cell Mol Med 18(9):
1840-50, 2014.

Du F, Qian C, Qian ZM, Wu XM, Xie H, Yung WH, Ke Y: Hepcidin directly inhibits
transferrin receptor 1 expression in astrocytes via a cyclic AMP-protein kinase A
pathway. Glia 59(6): 936-45, 2011.

Du F, Qian ZM, Gong Q, Zhu ZJ, Lu L, Ke Y: The iron regulatory hormone hepcidin
inhibits expression of iron release as well as iron uptake proteins in J774 cells. J Nutr
Biochem 23(12): 1694-700, 2012.

Dunn LL, Suryo RY, Richardson DR: Iron uptake and metabolism in the new
millennium. Trends Cell Biol 17(2): 93-100, 2007.

Eisenstein RS: Iron regulatory proteins and the molecular control of mammalian iron
metabolism. Annu Rev Nutr 20: 627-62, 2000.

Feder JN, Gnirke A, Thomas W, Tsuchihashi Z, Ruddy DA, Basava A, Dormishian
F, Domingo R, Jr., Ellis MC, Fullan A, Hinton LM, Jones NL, Kimmel BE,
Kronmal GS, Lauer P, Lee VK, Loeb DB, Mapa FA, McClelland E, Meyer NC,
Mintier GA, Moeller N, Moore T, Morikang E, Prass CE, Quintana L, Starnes SM,
Schatzman RC, Brunke KJ, Drayna DT, Risch NJ, Bacon BR, Wolff RK: A novel
MHC class I-like gene is mutated in patients with hereditary haemochromatosis. Nat
Genet 13(4): 399-408, 1996.

Finberg KE: Iron-refractory iron deficiency anemia. Semin Hematol 46(4): 378-86,
20009.

Fleming MD, Trenor CC, Ill, Su MA, Foernzler D, Beier DR, Dietrich WF,
Andrews NC: Microcytic anaemia mice have a mutation in Nramp2, a candidate iron
transporter gene. Nat Genet 16(4): 383-6, 1997.

Fleming MD, Romano MA, Su MA, Garrick LM, Garrick MD, Andrews NC:
Nramp2 is mutated in the anemic Belgrade (b) rat: evidence of a role for Nramp2 in
endosomal iron transport. Proc Natl Acad Sci USA 95(3): 1148-53, 1998.

Frazer DM and Anderson GJ: The orchestration of body iron intake: how and where
do enterocytes receive their cues? Blood Cells Mol Dis 30(3): 288-97, 2003.

104



REFERENCES

Ganz T: Hepcidin, a key regulator of iron metabolism and mediator of anemia of
inflammation. Blood 102(3): 783-8, 2003.

Ganz T: Hepcidin in iron metabolism. Curr Opin Hematol 11(4): 251-4, 2004.

Gao J, Chen J, Kramer M, Tsukamoto H, Zhang AS, Enns CA: Interaction of the
hereditary hemochromatosis protein HFE with transferrin receptor 2 is required for
transferrin-induced hepcidin expression. Cell Metab 9(3): 217-27, 20009.

Ghio AJ, Nozik-Grayck E, Turi J, Jaspers I, Mercatante DR, Kole R, Piantadosi
CA: Superoxide-dependent iron uptake: a new role for anion exchange protein 2. Am J
Respir Cell Mol Biol 29(6): 653-60, 2003.

Goodnough JB, Ramos E, Nemeth E, Ganz T: Inhibition of hepcidin transcription by
growth factors. Hepatology 56(1): 291-9, 2012.

Goswami T and Andrews NC: Hereditary hemochromatosis protein, HFE, interaction
with transferrin receptor 2 suggests a molecular mechanism for mammalian iron sensing.
J Biol Chem 281(39): 28494-8, 2006.

Graf E, Mahoney JR, Bryant RG, Eaton JW: Iron-catalyzed hydroxyl radical
formation. Stringent requirement for free iron coordination site. J Biol Chem 259(6):
3620-4, 1984.

Gruenheid S, Canonne-Hergaux F, Gauthier S, Hackam DJ, Grinstein S, Gros P:
The iron transport protein NRAMP2 is an integral membrane glycoprotein that
colocalizes with transferrin in recycling endosomes. J Exp Med 189(5): 831-41, 1999.

Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF,
Nussberger S, Gollan JL, Hediger MA: Cloning and characterization of a mammalian
proton-coupled metal-ion transporter. Nature 388(6641): 482-8, 1997.

Gutteridge JM, Beard AP, Quinlan GJ: Superoxide-dependent lipid peroxidation.
Problems with the use of catalase as a specific probe for fenton-derived hydroxyl
radicals. Biochem Biophys Res Commun 117(3): 901-7, 1983.

Guo W, Bachman E, Li M, Roy CN, Blusztajn J, Wong S, Chan SY, Serra C, Jasuja
R, Travison TG, Muckenthaler MU, Nemeth E, Bhasin S: Testosterone
administration inhibits hepcidin transcription and is associated with increased iron
incorporation into red blood cells. Aging Cell 12(2): 280-91, 2013.

Hamill RL, Woods JC, Cook BA: Congenital atransferrinemia. A case report and
review of the literature. Am J Clin Pathol 96(2): 215-8, 1991.

Hanson EH, Imperatore G, Burke W: HFE gene and hereditary hemochromatosis: a
HuUGE review. Human Genome Epidemiology. Am J Epidemiol 154(3): 193-206, 2001.

105



REFERENCES

Harris ZL, Klomp LW, Gitlin JD: Aceruloplasminemia: an inherited
neurodegenerative disease with impairment of iron homeostasis. Am J Clin Nutr 67(5
Suppl): 972S-7S, 1998.

Harrison PM and Arosio P: The ferritins: molecular properties, iron storage function
and cellular regulation. Biochim Biophys Acta 1275(3): 161-203, 1996.

Harrison-Findik DD, Schafer D, Klein E, Timchenko NA, Kulaksiz H, Clemens D,
Fein E, Andriopoulos B, Pantopoulos K, Gollan J: Alcohol metabolism-mediated
oxidative stress down-regulates hepcidin transcription and leads to increased duodenal
iron transporter expression. J Biol Chem 281(32): 22974-82, 2006.

Harrison-Findik DD: Role of alcohol in the regulation of iron metabolism. World J
Gastroenterol 13(37): 4925-30, 2007.

Hellman NE and Gitlin JD: Ceruloplasmin metabolism and function. Annu Rev Nutr
22: 439-58, 2002.

Hentze MW, Rouault TA, Caughman SW, Dancis A, Harford JB, Klausner RD: A
cis-acting element is necessary and sufficient for translational regulation of human
ferritin expression in response to iron. Proc Natl Acad Sci USA 84(19): 6730-4, 1987.

Hentze MW, Muckenthaler MU, Andrews NC: Balancing acts: molecular control of
mammalian iron metabolism. Cell 117(3): 285-97, 2004.

Hershko C: The fate of circulating haemoglobin. Br J Haematol 29(2): 199-204, 1975.

Holmberg CG and Laurell CB: Investigations in serum copper; nature of serum copper
and its relation to the iron-binding protein in human serum. Acta Chem Scand 1(10): 944-
50, 1947.

Hower V, Mendes P, Torti FM, Laubenbacher R, Akman S, Shulaev V, Torti SV: A
general map of iron metabolism and tissue-specific subnetworks. Mol Biosyst 5(5): 422-
43, 2009.

Inman RS and Wessling-Resnick M: Characterization of transferrin-independent iron
transport in K562 cells. Unique properties provide evidence for multiple pathways of
iron uptake. J Biol Chem 268(12): 8521-8, 1993.

Jandl JH, Inman JK, Simmons RL, Allen DW: Transfer of iron from serum iron-
binding protein to human reticulocytes. J Clin Invest 38(1, Part 1): 161-85, 1959.

Jazwinska EC, Cullen LM, Busfield F, Pyper WR, Webb SI, Powell LW, Morris
CP, Walsh TP: Haemochromatosis and HLA-H. Nat Genet 14(3): 249-51, 1996.

Jenkitkasemwong S, Wang CY, Mackenzie B, Knutson MD: Physiologic implications
of metal-ion transport by ZIP14 and ZIP8. Biometals 25(4): 643-55, 2012.

106



REFERENCES

Jouanolle AM, Gandon G, Jezequel P, Blayau M, Campion ML, Yaouanq J, Mosser
J, Fergelot P, Chauvel B, Bouric P, Carn G, Andrieux N, Gicquel I, Le Gall JY,
David V: Haemochromatosis and HLA-H. Nat Genet 14(3): 251-2, 1996.

Kaplan J, Jordan I, Sturrock A: Regulation of the transferrin-independent iron
transport system in cultured cells. J Biol Chem 266(5): 2997-3004, 1991.

Kato J, Fujikawa K, Kanda M, Fukuda N, Sasaki K, Takayama T, Kobune M,
Takada K, Takimoto R, Hamada H, lkeda T, Niitsu Y: A mutation, in the iron-
responsive element of H ferritin mRNA, causing autosomal dominant iron overload. Am
J Hum Genet 69(1): 191-7, 2001.

Kautz L, Jung G, Nemeth E, Ganz T: Erythroferrone contributes to recovery from
anemia of inflammation. Blood 124(16): 2569-74, 2014a.

Kautz L, Jung G, Valore EV, Rivella S, Nemeth E, Ganz T: Identification of
erythroferrone as an erythroid regulator of iron metabolism. Nat Genet 46(7): 678-84,
2014b.

Kawabata H, Germain RS, Vuong PT, Nakamaki T, Said JW, Koeffler HP:
Transferrin receptor 2-alpha supports cell growth both in iron-chelated cultured cells and
in vivo. J Biol Chem 275(22): 16618-25, 2000.

Kawabata H, Yang R, Hirama T, Vuong PT, Kawano S, Gombart AF, Koeffler HP:
Molecular cloning of transferrin receptor 2. A new member of the transferrin receptor-
like family. J Biol Chem 274(30): 20826-32, 1999.

Ke Q and Costa M: Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol 70(5):1469-
80, 2006.

Keel SB, Doty RT, Yang Z, Quigley JG, Chen J, Knoblaugh S, Kingsley PD, De D, I,
Vaughn MB, Kaplan J, Palis J, Abkowitz JL: A heme export protein is required for
red blood cell differentiation and iron homeostasis. Science 319(5864): 825-8, 2008.

Klausner RD, Ashwell G, van RJ, Harford JB, Bridges KR: Binding of apotransferrin
to K562 cells: explanation of the transferrin cycle. Proc Natl Acad Sci USA 80(8): 2263-
6, 1983.

Knutson MD: Steap proteins: implications for iron and copper metabolism. Nutr Rev
65(7): 335-40, 2007.

Koeller DM, Casey JL, Hentze MW, Gerhardt EM, Chan LN, Klausner RD,
Harford JB: A cytosolic protein binds to structural elements within the iron regulatory
region of the transferrin receptor mRNA. Proc Natl Acad Sci USA 86(10): 3574-8, 1989.

107



REFERENCES

Kohgo Y, Ohtake T, lkuta K, Suzuki Y, Hosoki Y, Saito H, Kato J: Iron
accumulation in alcoholic liver diseases. Alcohol Clin Exp Res 29(11 Suppl): 189S-93S,
2005.

Kovar J, Neubauerova J, Cimburova M, Truksa J, Balusikova K, Horak J:
Stimulation of non-transferrin iron uptake by iron deprivation in K562 cells. Blood Cells
Mol Dis 37(2): 95-9, 2006.

Krause A, Neitz S, Magert HJ, Schulz A, Forssmann WG, Schulz-Knappe P,
Adermann K: LEAP-1, a novel highly disulfide-bonded human peptide, exhibits
antimicrobial activity. FEBS Lett 480(2-3): 147-50, 2000.

Krishnamurthy P and Schuetz JD: Role of ABCG2/BCRP in biology and medicine.
Annu Rev Pharmacol Toxicol 46: 381-410, 2006.

Krishnamurthy P, Xie T, Schuetz JD: The role of transporters in cellular heme and
porphyrin homeostasis. Pharmacol Ther 114(3): 345-58. 2007.

Lakhal S, Schodel J, Townsend AR, Pugh CW, Ratcliffe PJ, Mole DR: Regulation of
type Il transmembrane serine proteinase TMPRSS6 by hypoxia-inducible factors: new
link between hypoxia signaling and iron homeostasis. J Biol Chem 286(6): 4090-7, 2011.

Lane DJ and Lawen A: Non-transferrin iron reduction and uptake are regulated by
transmembrane ascorbate cycling in K562 cells. J Biol Chem 283(19): 12701-8, 2008.

Latour C, Kautz L, Besson-Fournier C, Island ML, Canonne-Hergaux F, Loreal O,
Ganz T, Coppin H, Roth MP: Testosterone perturbs systemic iron balance through
activation of epidermal growth factor receptor signaling in the liver and repression of
hepcidin. Hepatology 59(2): 683-94, 2014.

Latunde-Dada GO, Simpson RJ, McKie AT: Recent advances in mammalian haem
transport. Trends Biochem Sci 31(3): 182-8, 2006.

Latunde-Dada GO, Simpson RJ, McKie AT: Duodenal cytochrome B expression
stimulates iron uptake by human intestinal epithelial cells. J Nutr 138(6): 991-5, 2008.

Latunde-Dada GO, Xiang L, Simpson RJ, McKie AT: Duodenal cytochrome b
(Cybrd 1) and HIF-2alpha expression during acute hypoxic exposure in mice. Eur J Nutr
50(8): 699-704, 2011.

Laurell CB and Ingelman B: The iron-binding protein of swine serum. Acta Chem
Scand 1(8): 770-6, 1947.

Le Blanc S, Garrick MD, Arredondo M: Heme carrier protein 1 transports heme and is
involved in heme-Fe metabolism. Am J Physiol Cell Physiol 302(12): C1780-C1785,
2012.

108



REFERENCES

Lee DW and Andersen JK: Role of HIF-1 in iron regulation: potential therapeutic
strategy for neurodegenerative disorders. Curr Mol Med 6(8): 883-93, 2006.

Li JY, Paragas N, Ned RM, Qiu A, Viltard M, Leete T, Drexler IR, Chen X, Sanna-
Cherchi S, Mohammed F, Williams D, Lin CS, Schmidt-Ott KM, Andrews NC,
Barasch J: Scara5 is a ferritin receptor mediating non-transferrin iron delivery. Dev Cell
16(1): 35-46, 20009.

Li L, Fang CJ, Ryan JC, Niemi EC, Lebron JA, Bjorkman PJ, Arase H, Torti FM,
Torti SV, Nakamura MC, Seaman WE: Binding and uptake of H-ferritin are mediated
by human transferrin receptor-1. Proc Natl Acad Sci USA 107(8): 3505-10, 2010.

Lipschitz DA, Cook JD, Finch CA: A clinical evaluation of serum ferritin as an index
of iron stores. N Engl J Med 290(22): 1213-6, 1974.

Liuzzi JP, Aydemir F, Nam H, Knutson MD, Cousins RJ: Zip14 (Slc39al14) mediates
non-transferrin-bound iron uptake into cells. Proc Natl Acad Sci USA 103(37): 13612-7,
2006.

Lok CN and Ponka P: Identification of a hypoxia response element in the transferrin
receptor gene. J Biol Chem 274(34): 24147-52, 1999.

Lombard M, Chua E, O'Toole P: Regulation of intestinal non-haem iron absorption.
Gut 40(4): 435-9, 1997.

Lou LX, Geng B, Chen Y, Yu F, Zhao J, Tang CS: Endoplasmic reticulum stress
involved in heart and liver injury in iron-loaded rats. Clin Exp Pharmacol Physiol 36(7):
612-8, 2009.

Maines MD, Trakshel GM, Kutty RK: Characterization of two constitutive forms of
rat liver microsomal heme oxygenase. Only one molecular species of the enzyme is
inducible. J Biol Chem 261(1): 411-9, 1986.

Maines MD: Heme oxygenase: function, multiplicity, regulatory mechanisms, and
clinical applications. FASEB J 2(10): 2557-68, 1988.

Marques L, Auriac A, Willemetz A, Banha J, Silva B, Canonne-Hergaux F, Costa
L: Immune cells and hepatocytes express glycosylphosphatidylinositol-anchored
ceruloplasmin at their cell surface. Blood Cells Mol Dis 48(2): 110-20, 2012.

Martin A and Thompson AA: Thalassemias. Pediatr Clin North Am 60(6): 1383-91,
2013.

Masson N and Ratcliffe PJ: HIF prolyl and asparaginyl hydroxylases in the biological
response to intracellular O, levels. J Cell Sci 116(Pt 15): 3041-9, 2003.

109



REFERENCES

Masson N, Willam C, Maxwell PH, Pugh CW, Ratcliffe PJ: Independent function of
two destruction domains in hypoxia-inducible factor-alpha chains activated by prolyl
hydroxylation. EMBO J 20(18): 5197-206, 2001.

May JM, Qu ZC, Mendiratta S: Role of ascorbic acid in transferrin-independent
reduction and uptake of iron by U-937 cells. Biochem Pharmacol 57(11): 1275-82, 1999.

McClain DA, Abraham D, Rogers J, Brady R, Gault P, Ajioka R, Kushner JP: High
prevalence of abnormal glucose homeostasis secondary to decreased insulin secretion in
individuals with hereditary haemochromatosis. Diabetologia 49(7): 1661-9, 2006.

McCord JM: Iron, free radicals, and oxidative injury. Semin Hematol 35(1): 5-12, 1998.

McKie AT, Marciani P, Rolfs A, Brennan K, Wehr K, Barrow D, Miret S, Bomford
A, Peters TJ, Farzaneh F, Hediger MA, Hentze MW, Simpson RJ: A novel duodenal
iron-regulated transporter, IREG1, implicated in the basolateral transfer of iron to the
circulation. Mol Cell 5(2): 299-309, 2000.

McKie AT, Barrow D, Latunde-Dada GO, Rolfs A, Sager G, Mudaly E, Mudaly M,
Richardson C, Barlow D, Bomford A, Peters TJ, Raja KB, Shirali S, Hediger MA,
Farzaneh F, Simpson RJ: An iron-regulated ferric reductase associated with the
absorption of dietary iron. Science 291(5509): 1755-9, 2001.

Mleczko-Sanecka K, Roche F, da Silva AR, Call D, d'Alessio F, Ragab A, Lapinski
PE, Ummanni R, Korf U, Oakes C, Damm G, D'Alessandro LA, Klingmuller U,
King PD, Boutros M, Hentze MW, Muckenthaler MU: Unbiased RNAI screen for
hepcidin regulators links hepcidin suppression to proliferative Ras/RAF and nutrient-
dependent mTOR signaling. Blood 123(10): 1574-85, 2014.

Monsen ER: Iron nutrition and absorption: dietary factors which impact iron
bioavailability. J Am Diet Assoc 88(7): 786-90, 1988.

Montosi G, Donovan A, Totaro A, Garuti C, Pignatti E, Cassanelli S, Trenor CC,
Gasparini P, Andrews NC, Pietrangelo A: Autosomal-dominant hemochromatosis is
associated with a mutation in the ferroportin (SLC11A3) gene. J Clin Invest 108(4): 619-
23, 2001.

Morgan EH: Transferrin, biochemistry, physiology and clinical significance. Mol
Aspects Med 4(1): 1-123, 1981.

Morgan EH and Walters MIN: Iron storage in human disease: Fractionation of hepatic
and splenic iron into ferritin and haemosiderin with histochemical correlations. J Clin
Pathol 16(2): 101-7, 1963.

110



REFERENCES

Muckenthaler M, Gray NK, Hentze MW: IRP-1 binding to ferritin mRNA prevents
the recruitment of the small ribosomal subunit by the cap-binding complex elF4F. Mol
Cell 2(3): 383-8, 1998.

Muckenthaler MU, Galy B, Hentze MW: Systemic iron homeostasis and the iron-
responsive element/iron-regulatory protein (IRE/IRP) regulatory network. Annu Rev Nutr
28: 197-213, 2008.

Muir A and Hopfer U: Regional specificity of iron uptake by small intestinal brush-
border membranes from normal and iron-deficient mice. Am J Physiol 248(3 Pt 1):
G376-G379, 1985.

Muller-Eberhard U and Morgan WT: Porphyrin-binding proteins in serum. Ann N Y
Acad Sci 244: 624-50, 1975.

Munro HN and Linder MC: Ferritin: structure, biosynthesis, and role in iron
metabolism. Physiol Rev 58(2): 317-96, 1978.

Musilkova J, Kriegerbeckova K, Krusek J, Kovar J: Specific binding to plasma
membrane is the first step in the uptake of non-transferrin iron by cultured cells. Biochim
Biophys Acta 1369(1): 103-8, 1998.

Nam H, Wang CY, Zhang L, Zhang W, Hojyo S, Fukada T, Knutson MD: ZIP14
and DMTL in the liver, pancreas, and heart are differentially regulated by iron deficiency
and overload: implications for tissue iron uptake in iron-related disorders.
Haematologica 98(7): 1049-57, 2013.

Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward DM, Ganz T,
Kaplan J: Hepcidin regulates cellular iron efflux by binding to ferroportin and inducing
its internalization. Science 306(5704): 2090-3, 2004.

Nicolas G, Viatte L, Bennoun M, Beaumont C, Kahn A, Vaulont S: Hepcidin, a new
iron regulatory peptide. Blood Cells Mol Dis 29(3): 327-35, 2002a.

Nicolas G, Chauvet C, Viatte L, Danan JL, Bigard X, Devaux I, Beaumont C, Kahn
A, Vaulont S: The gene encoding the iron regulatory peptide hepcidin is regulated by
anemia, hypoxia, and inflammation. J Clin Invest 110(7): 1037-44, 2002b.

Njajou OT, Vaessen N, Joosse M, Berghuis B, van Dongen JW, Breuning MH,
Snijders PJ, Rutten WP, Sandkuijl LA, Oostra BA, van Duijn CM, Heutink P: A
mutation in SLC11A3 is associated with autosomal dominant hemochromatosis. Nat
Genet 28(3): 213-4, 2001.

Pak M, Lopez MA, Gabayan V, Ganz T, Rivera S: Suppression of hepcidin during
anemia requires erythropoietic activity. Blood 108(12): 3730-5, 2006.

111



REFERENCES

Park CH, Valore EV, Waring AJ, Ganz T: Hepcidin, a urinary antimicrobial peptide
synthesized in the liver. J Biol Chem 276(11): 7806-10, 2001.

Philpott CC: Molecular aspects of iron absorption: Insights into the role of HFE in
hemochromatosis. Hepatology 35(5): 993-1001, 2002.

Poggiali E, De Amicis MM, Motta I: Anemia of chronic disease: a unique defect of
iron recycling for many different chronic diseases. Eur J Intern Med 25(1): 12-7, 2014.

Pollack S, Kaufman R, Crosby WH, Butkiewicz JE: Reducing agents and absorption
of iron. Nature 199(489): 384, 1963.

Qian ZM and Tang PL: Mechanisms of iron uptake by mammalian cells. Biochim
Biophys Acta 1269(3): 205-14, 1995.

Qian ZM, Tang PL, Wang Q: Iron crosses the endosomal membrane by a carrier-
mediated process. Prog Biophys Mol Biol 67(1): 1-15, 1997.

Quigley JG, Yang Z, Worthington MT, Phillips JD, Sabo KM, Sabath DE, Berg CL,
Sassa S, Wood BL, Abkowitz JL: Identification of a human heme exporter that is
essential for erythropoiesis. Cell 118(6): 757-66, 2004.

Raffin SB, Woo CH, Roost KT, Price DC, Schmid R: Intestinal absorption of
hemoglobin iron-heme cleavage by mucosal heme oxygenase. J Clin Invest 54(6): 1344-
52, 1974.

Ramos E, Kautz L, Rodriguez R, Hansen M, Gabayan V, Ginzburg Y, Roth MP,
Nemeth E, Ganz T: Evidence for distinct pathways of hepcidin regulation by acute and
chronic iron loading in mice. Hepatology 53(4): 1333-41, 2011.

Richardson DR: Molecular mechanisms of iron uptake by cells and the use of iron
chelators for the treatment of cancer. Curr Med Chem 12(23): 2711-29, 2005.

Rishi G, Wallace DF, Subramaniam VN: Hepcidin: Regulation of the master iron
regulator. Biosci Rep, 2015.

Rouault TA: Iron metabolism in the CNS: implications for neurodegenerative diseases.
Nat Rev Neurosci 14(8): 551-64, 2013.

Ryter SW, Alam J, Choi AM: Heme oxygenase-1/carbon monoxide: from basic science
to therapeutic applications. Physiol Rev 86(2): 583-650, 2006.

Sakamori R, Takehara T, Tatsumi T, Shigekawa M, Hikita H, Hiramatsu N, Kanto
T, Hayashi N: STAT3 signaling within hepatocytes is required for anemia of
inflammation in vivo. J Gastroenterol 45(2): 244-8, 2010.

112



REFERENCES

Sanchez M, Galy B, Muckenthaler MU, Hentze MW: Iron-regulatory proteins limit
hypoxia-inducible factor-2alpha expression in iron deficiency. Nat Struct Mol Biol 14(5):
420-6, 2007.

Sasaki Y, Noguchi-Sasaki M, Yasuno H, Yorozu K, Shimonaka Y: Erythropoietin
stimulation decreases hepcidin expression through hematopoietic activity on bone
marrow cells in mice. Int J Hematol 96(6): 692-700, 2012.

Sebastiani G and Walker AP: HFE gene in primary and secondary hepatic iron
overload. World J Gastroenterol 13(35): 4673-89, 2007.

Seligman PA, Kovar J, Schleicher RB, Gelfand EW: Transferrin-independent iron
uptake supports B lymphocyte growth. Blood 78(6): 1526-31, 1991.

Semenza GL: Hypoxia-inducible factor 1: master regulator of O2 homeostasis. Curr
Opin Genet Dev 8(5): 588-94, 1998.

Sharp P and Srai SK: Molecular mechanisms involved in intestinal iron absorption.
World J Gastroenterol 13(35): 4716-24, 2007.

Shayeghi M, Latunde-Dada GO, Oakhill JS, Laftah AH, Takeuchi K, Halliday N,
Khan Y, Warley A, McCann FE, Hider RC, Frazer DM, Anderson GJ, Vulpe CD,
Simpson RJ, McKie AT: Identification of an intestinal heme transporter. Cell 122(5):
789-801, 2005.

Shimoda LA, Laurie SS: HIF and pulmonary vascular responses to hypoxia. J Appl
Physiol (1985) 116(7): 867-74, 2014.

Sibille JC, Kondo H, Aisen P: Interactions between isolated hepatocytes and Kupffer
cells in iron metabolism: a possible role for ferritin as an iron carrier protein. Hepatology
8(2): 296-301, 1988.

Siegmund SV and Brenner DA: Molecular pathogenesis of alcohol-induced hepatic
fibrosis. Alcohol Clin Exp Res 29(11 Suppl): 102S-9S, 2005.

Silvestri L, Pagani A, Camaschella C: Furin-mediated release of soluble hemojuvelin:
a new link between hypoxia and iron homeostasis. Blood 111(2): 924-31, 2008a.

Silvestri L, Pagani A, Nai A, De D, I, Kaplan J, Camaschella C: The serine protease
matriptase-2 (TMPRSS6) inhibits hepcidin activation by cleaving membrane
hemojuvelin. Cell Metab 8(6): 502-11, 2008b.

Sonnweber T, Nachbaur D, Schroll A, Nairz M, Seifert M, Demetz E, Haschka D,
Mitterstiller AM, Kleinsasser A, Burtscher M, Trubsbach S, Murphy AT,
Wroblewski V, Witcher DR, Mleczko-Sanecka K, Vecchi C, Muckenthaler MU,
Pietrangelo A, Theurl I, Weiss G: Hypoxia induced downregulation of hepcidin is
mediated by platelet derived growth factor BB. Gut 63(12): 1951-9, 2014.

113



REFERENCES

Srinivas V, Zhang LP, Zhu XH, Caro J: Characterization of an oxygen/redox-
dependent degradation domain of hypoxia-inducible factor alpha (HIF-alpha) proteins.
Biochem Biophys Res Commun 260(2): 557-61, 1999.

Steinbicker AU and Muckenthaler MU: Out of balance-systemic iron homeostasis in
iron-related disorders. Nutrients 5(8): 3034-61, 2013.

Sturrock A, Alexander J, Lamb J, Craven CM, Kaplan J: Characterization of a
transferrin-independent uptake system for iron in HeLa cells. J Biol Chem 265(6): 3139-
45, 1990.

Suzuki Y, Saito H, Suzuki M, Hosoki Y, Sakurai S, Fujimoto Y, Kohgo Y: Up-
regulation of transferrin receptor expression in hepatocytes by habitual alcohol drinking
is implicated in hepatic iron overload in alcoholic liver disease. Alcohol Clin Exp Res
26(8 Suppl): 26S-31S, 2002.

Swinkels DW, Janssen MC, Bergmans J, Marx JJ: Hereditary hemochromatosis:
genetic complexity and new diagnostic approaches. Clin Chem 52(6): 950-68, 2006.

Tabuchi M, Yoshimori T, Yamaguchi K, Yoshida T, Kishi F: Human
NRAMP2/DMT1, which mediates iron transport across endosomal membranes, is
localized to late endosomes and lysosomes in HEp-2 cells. J Biol Chem 275(29): 22220-
8, 2000.

Tacchini L, Bianchi L, Bernelli-Zazzera A, Cairo G: Transferrin receptor induction by
hypoxia. HIF-1-mediated transcriptional activation and cell-specific post-transcriptional
regulation. J Biol Chem 274(34): 24142-6, 1999.

Tandara L and Salamunic I: Iron metabolism: current facts and future directions.
Biochem Med (Zagreb) 22(3): 311-28, 2012.

Tandy S, Williams M, Leggett A, Lopez-Jimenez M, Dedes M, Ramesh B, Srai SK,
Sharp P: Nramp2 expression is associated with pH-dependent iron uptake across the
apical membrane of human intestinal Caco-2 cells. J Biol Chem 275(2): 1023-9, 2000.

Tanno T, Bhanu NV, Oneal PA, Goh SH, Staker P, Lee YT, Moroney JW, Reed
CH, Luban NL, Wang RH, Eling TE, Childs R, Ganz T, Leitman SF, Fucharoen S,
Miller JL: High levels of GDF15 in thalassemia suppress expression of the iron
regulatory protein hepcidin. Nat Med 13(9): 1096-101, 2007.

Tanno T, Porayette P, Sripichai O, Noh SJ, Byrnes C, Bhupatiraju A, Lee YT,
Goodnough JB, Harandi O, Ganz T, Paulson RF, Miller JL: Identification of
TWSGL1 as a second novel erythroid regulator of hepcidin expression in murine and
human cells. Blood 114(1): 181-6, 2009.

114



REFERENCES

Tchernitchko D, Bourgeois M, Martin ME, Beaumont C: Expression of the two
MRNA isoforms of the iron transporter Nramp2/DMT]I in mice and function of the iron
responsive element. Biochem J 363(Pt 3): 449-55, 2002.

Theil EC: Ferritin: at the crossroads of iron and oxygen metabolism. J Nutr 133(5 Suppl
1): 1549S-53S, 2003.

Theurl 1, Mattle V, Seifert M, Mariani M, Marth C, Weiss G: Dysregulated
monocyte iron homeostasis and erythropoietin formation in patients with anemia of
chronic disease. Blood 107(10): 4142-8, 2006.

Tripathi AK, Haldar S, Qian J, Beserra A, Suda S, Singh A, Hopfer U, Chen SG,
Garrick MD, Turner JR, Knutson MD, Singh N: Prion protein functions as a
ferrireductase partner for ZIP14 and DMT1. Free Radic Biol Med 84: 322-30, 2015.

Tuoi Do TH, Gaboriau F, Ropert M, Moirand R, Cannie I, Brissot P, Loreal O,
Lescoat G: Ethanol effect on cell proliferation in the human hepatoma HepaRG cell line:
relationship with iron metabolism. Alcohol Clin Exp Res 35(3): 408-19, 2011.

Ueda F, Raja KB, Simpson RJ, Trowbridge IS, Bradbury MW: Rate of 59Fe uptake
into brain and cerebrospinal fluid and the influence thereon of antibodies against the
transferrin receptor. J Neurochem 60(1): 106-13, 1993.

Valis K, Neubauerova J, Man P, Pompach P, Vohradsky J, Kovar J: VDAC2 and
aldolase A identified as membrane proteins of K562 cells with increased expression
under iron deprivation. Mol Cell Biochem 311(1-2): 225-31, 2008.

van Eijk HG and de JG: The physiology of iron, transferrin, and ferritin. Biol Trace
Elem Res 35(1): 13-24, 1992.

Vecchi C, Montosi G, Zhang K, Lamberti I, Duncan SA, Kaufman RJ, Pietrangelo
A: ER stress controls iron metabolism through induction of hepcidin. Science 325(5942):
877-80, 2009.

Vlaming ML, Lagas JS, Schinkel AH: Physiological and pharmacological roles of
ABCG2 (BCRP): recent findings in Abcg2 knockout mice. Adv Drug Deliv Rev 61(1):
14-25, 20009.

Vulpe CD, Kuo YM, Murphy TL, Cowley L, Askwith C, Libina N, Gitschier J,
Anderson GJ: Hephaestin, a ceruloplasmin homologue implicated in intestinal iron
transport, is defective in the sla mouse. Nat Genet 21(2): 195-9, 1999.

Walling C, Partch RE, Weil T: Kinetics of the decomposition of hydrogen peroxide
catalyzed by ferric ethylenediaminetetraacetate complex. Proc Natl Acad Sci USA 72(1):
140-2, 1975.

115



REFERENCES

Walters GO, Miller FM, Worwood M: Serum ferritin concentration and iron stores in
normal subjects. J Clin Pathol 26(10): 770-2, 1973.

Wang CY, Jenkitkasemwong S, Duarte S, Sparkman BK, Shawki A, Mackenzie B,
Knutson MD: ZIP8 is an iron and zinc transporter whose cell-surface expression is up-
regulated by cellular iron loading. J Biol Chem 287(41): 34032-43, 2012.

Wang GL, Jiang BH, Rue EA, Semenza GL: Hypoxia-inducible factor 1 is a basic-
helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci
USA 92(12): 5510-4, 1995.

Wang GL and Semenza GL: General involvement of hypoxia-inducible factor 1 in
transcriptional response to hypoxia. Proc Natl Acad Sci USA 90(9): 4304-8, 1993.

Weiss G and Goodnough LT: Anemia of chronic disease. N Engl J Med 352(10): 1011-
23, 2005.

Wright TL, Brissot P, Ma WL, Weisiger RA: Characterization of non-transferrin-
bound iron clearance by rat liver. J Biol Chem 261(23): 10909-14, 1986.

Wyman S, Simpson RJ, McKie AT, Sharp PA: Dcytb (Cybrdl) functions as both a
ferric and a cupric reductase in vitro. FEBS Lett 582(13): 1901-6, 2008.

Yanatori I, Tabuchi M, Kawai Y, Yasui Y, Akagi R, Kishi F: Heme and non-heme
iron transporters in non-polarized and polarized cells. BMC Cell Biol 11: 39, 2010.

Yang J, Goetz D, Li JY, Wang W, Mori K, Setlik D, Du T, Erdjument-Bromage H,
Tempst P, Strong R, Barasch J: An iron delivery pathway mediated by a lipocalin. Mol
Cell 10(5): 1045-56, 2002.

Yang Q, Jian J, Katz S, Abramson SB, Huang X: 17beta-Estradiol inhibits iron
hormone hepcidin through an estrogen responsive element half-site. Endocrinology
153(7): 3170-8, 2012.

Zhao N, Gao J, Enns CA, Knutson MD: ZRT/IRT-like protein 14 (ZIP14) promotes
the cellular assimilation of iron from transferrin. J Biol Chem 285(42): 32141-50, 2010.

116



PAPERS UNRELATED WITH TOPIC

/. PAPERS UNRELATED WITH TOPIC

1. Balusikova K., Kovar J.
Alcohol dehydrogenase and cytochrome P450 2E1 can be induced by long-term
exposure to ethanol in cultured liver HEP-G2 cells.
In Vitro Cell Dev Biol Anim. 49(8):619-625, 2013. doi: 10.1007/s11626-013-9636-y.
IF 2013: 1.000

2. Némcova-Fiirstova V., Balu§ikova K., Sramek J., James R.F., Kovar J.
Caspase-2 and JNK activated by saturated fatty acids are not involved in apoptosis
induction but modulate ER stress in human pancreatic -cells.
Cell Physiol Biochem. 31(2-3):277-89, 2013. doi: 10.1159/000343367.
IF 2013: 3.550

3. Jelinek M., Balu$ikova K., Kopperova D., Némcova-Fiirstovd V., Sramek J.,
Fidlerova J., Zanardi I., Ojima I., Kovaf J.
Caspase-2 is involved in cell death induction by taxanes in breast cancer cells.
Cancer Cell Int. 13(1):42, 2013. doi: 10.1186/1475-2867-13-42.
IF 2013: 1.989

4. Pavlikova N., Bartonova 1., BaluSikova K., Kopperova D., Halada P., Kovar J.
Differentially expressed proteins in human MCF-7 breast cancer cells sensitive and
resistant to paclitaxel.

Exp Cell Res. 333(1):1-10, 2015. doi: 10.1016/j.yexcr.2014.12.005.
IF 2014: 3.246

117



PAPERS UNRELATED WITH TOPIC

5. Jelinek M., Balusikova K., Schmiedlova M., Némcova-Fiirstova V., Sramek J.,
Stanc¢ikova J., Zanardi L., Ojima 1., Kovat J.

The role of individual caspases in cell death induction by taxanes in breast cancer

cells.
Cancer Cell Int. 15(1):8, 2015. doi: 10.1186/s12935-015-0155-7.
IF 2014 2.766

118



Ld
"400p T MAVE Jov wiTH v3, FARQUAAR. WE b
Do wI™ comE FRESH Quood N THIS PIALE

119



