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Abstract

Iron and copper homeostasis have been studied in various tissues after iron-loading with the polynuclear ferric
hydroxide carbohydrate complexes, iron dextran, iron polymaltose, iron sucrose and iron gluconate for four weeks.
There were significant increases in the iron content of the different rat tissues compared to controls, with the
exception of the brain, which showed no change in its iron content following iron loading. However, the level
of iron loading in the different tissues varied according to the preparation administered and only iron dextran
was able to significantly increase the iron content of both broncho-alveolar macrophages and heart. The hepatic
copper content decreased with iron loading, although this did not reach significance. However the copper content
did not alter in the iron loaded broncho-alveolar macrophages. Despite such increases in hepatic iron content,
there was little evidence of changes in oxidative stress, the activities of cytosolic (apart from iron dextran) or
mitochondrial hepatic superoxide dismutase, SOD, were similar to that of the control rats, confirming the fact that
the low reduction potential of these compounds prevents the reduction of the ferric moiety. It was not necessary
for macrophages to significantly increase their iron content to initiate changes in NO- release. Iron gluconate and
iron sucrose increased NO' release, while iron polymaltose and iron dextran decreased NO- release although only
the latter iron preparation significantly increased their iron content. It may be that the speciation of iron within
the macrophage is an important determinant in changes in NO- release after ex vivo stimulation. We conclude that
tissues loaded with iron by such polynuclear iron complexes have variable loading despite the comparable iron
dose. However, there was little evidence for participation of the accumulated iron in free radical reactions although
there was some evidence for alteration in immune function of broncho-alveolar macrophages.

Introduction such that the ferric iron can be reduced by superox-

ide anion to participate in Fenton chemistry (Geisser

The polynuclear ferric hydroxide complexes constitute
a new class of therapeutic agents, mostly injectable,
for treatment of iron deficiency anemia, thereby re-
placing therapy by ferrous salts. Ferrous salts (e.g.,
ferrous sulphate) have been used as pharmaceutical
agent to correct anaemia for many years, however,
they have the disadvantage of not being well toler-
ated and causing serious gastro-intestinal side effects.
On the other hand, early studies of parenteral iron
compounds such as the ferric iron complex Fe(NTA),
showed excessive toxicity, particularly to the kidney
when administered over a 4-week period. This is, in
part, attributable to its reduction potential, +100mV,

1998; Pierre et al. 2002). By contrast, polynuclear
ferric hydroxide complexes are relatively inert with
a structure relatively similar to that of physiological
iron storage protein ferritin. Therefore they have a low
reduction potential, less than —324 mV, which would
preclude their participation in Fenton reaction (Geisser
1998), even when administered at high doses. Ferric
hydroxide polymaltose complexes have different ab-
sorption mechanism from ferrous salts when parenter-
ally administered. Initially they are initially taken up
by the reticulo-endothelial system probably by phago-
cytosis and are processed to release iron which will
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be either stored in ferritin or released to the circulation
ready for transport by transferrin to supply mainly ery-
throid cell precursors in bone marrow. It was clearly
shown that these complexes do not undergo any in-
teraction with food components, such as phytic acid
and oxalic acid, that are known to react and to in-
terfere with the iron (IT) and (III) salts at both acidic
and physiological pH. In addition, they can be admin-
istered simultaneously with many drugs like vitamins
(A, D3 and E), without impairing their absorption as is
often seen with iron II and III salts. These various iron
complexes are classified into four groups according to
their physico-chemical properties, including molecu-
lar mass, kinetics and thermodynamic stability, giving
them a variable efficacy in iron store replenishment
and thereby in iron deficiency anaemia therapy.

Regarding the selectivity of such iron complexes,
they are targeted mainly to the reticulo-endothelial
system, such that released iron transits and accumu-
lates in the parenchymal cells (Legssyer et al. 2002).
Therefore they may represent a useful model for the
study of secondary iron overload syndromes, by mim-
icking the iron loading profile of the RES often seen
in such disorders. Indeed, in secondary iron overload
syndromes, e.g. thalassemia, repeated blood transfu-
sions results in an iron loading of RES cells due to
their role in the processing of effete red blood cells.
The RES cells can then release this iron in part as fer-
ritin to parenchymal cells (Kondo et al. 1988; Sibille
et al. 1988). Although such iron accumulation, partic-
ularly during the initial stages of iron loading may not
be toxic, its rapid reflux to the parenchymal cells might
be an important factor in causing tissue iron toxicity.
Therefore, the choice of the ideal iron complex for
parenteral iron supplementation, by comparing the dif-
ferent iron preparations in their ability to load different
tissues principally the RES, in addition to their ability
to modulate RES cellular function by modifying their
oxidative tone, was the main aim for the current study.

In previous studies Ward et al. (1998) have shown
an inverse relationship between iron and copper home-
ostasis in iron deficient rat liver. Therefore, we have
investigated the ability of these iron complexes to
induce a change in copper homeostasis in the differ-
ent rat tissues, in response to their increasing iron
concentration.

Material and methods

Four iron preparations were selected for investigation:
iron dextran (Dexferrum), iron polymaltose (Ferrum
Hausmann) both of which have degradation kinetics
between 15 and 50 (Geisser et al. 1992); iron su-
crose (Venofer) and iron gluconate (Ferrlecit), with
degradation kinetics of between 50 and 100. The four
iron complexes have molecular weights of 360 kD,
422 kD, 44 kD and 54 kD, respectively (Geisser et al.
1992). Intraperitoneal injections were given to male
Wistar rats, 70-80 g, n = 6 in each group 3x per
week, for a period of 4 weeks (total dose=110 mg
iron). At the end of the loading period, the rats
were anesthesised with Nembutal, soduim pentabar-
bitone, 0.6 mg/kg. Alveolar macrophages (AM) were
then recovered by pulmonary lavage with 50 ml ster-
ile phosphate buffered saline (PBS). The liver, heart
and spleen were excised and homogenised in sucrose,
250 mM (10% w/v). The cerebellum was dissected
from the brain and the cortex dissected from one half.

Liver fractionation

Crude fractions, (supernatant and enriched mitochon-
drial) were isolated from the liver homogenates after
an initial centrifugation, 600 g x 10 min, to re-
move the nuclear pellet and another centrifugation,
8000 g x 10 min, to precipitate the crude enriched
mitochondrial fractions (peroxisomes, mitochondria
and lysosomes) and recover the supernatant fraction
(cytosol + microsomes).

Primary culture preparation

Primary cultures of alveolar macrophages, at a den-
sity of 100,000 cells/ml, were maintained in Dul-
becco’s medium without red phenol, supplemented
with foetal calf serum 10%, together with antibi-
otics ampicillin/streptomycin. The macrophages were
stimulated with lipopolysaccharide, 0.5 pg/ml, and in-
cubated for 40 h at 37 °C, 5% CO2. Nitrite (NO ™) was
assayed in the cell-free supernatant of the macrophage
primary culture by a spectrophotometric method based
on the Griess reaction. The nitrite concentration was
deduced from a standard curve in the range 0-50 uM.

The remaining cells were suspended in PBS and
were frozen at —20 °C prior to analysis of iron and
copper content.
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Table 1. Tron content of the different rat tissues after i.p. administration of
various polynuclear ferric hydroxide complexes (ug/g tissue).

Liver Spleen Heart
Controls 187.7 £ 15.8 466.4 £ 125 26.8 3.8
Iron gluconate 995.2 +416.6% 1399 +179* 29.7+2.8
Iron sucrose 1489.6 + 165** 1403 +226* 359+7.6
Iron polymaltose 3684 =+ 896** 3550 =+ 1928* 53.2+16.9*
Iron dextran 4490 +416** 5333 +1117** 547+ 7.6*

Statistical analyses by ANOVA with Fisher protected 7-test.
*P < 0.05, P < 0.01 by comparison to control values

Iron and copper analysis

Suitable dilutions of the different samples were pre-
pared in 0.1 M nitric acid and their iron and copper
content assayed by electrothermal atomic absorption.
Standards in the range 0-50 ng/ml were prepared for
iron and copper determination.

Superoxide dismutase assay

The activity of superoxide dismutase was assayed
by the method of Beauchamp and Fridovich (1971),
in which xanthine and xanthine oxidase are used to
generate superoxide anion, which reduces nitroblue
tetrazolium (NBT) to form a purple formazon dye. The
SOD in the sample competes with the NBT for super-
oxide radicals so that the color intensity produced is
inversely related to the activity of SOD in the sample.
The mitochondrial SOD activity was assayed by sub-
straction from total SOD activity, the SOD activity in
the presence of potassium cyanide in the homogenate
fraction while cytosolic SOD was assayed in the su-
pernatant fraction. One unit of enzyme activity was
equivalent to 50% inhibition of the reaction rate of
NBT.

Statistics

All results are presented as mean =+ standard devia-
tion for 6 rats. Statistical significances were calculated
by ANOVA with Fisher protected ‘t’test. Significance
denoted as * = P < 0.05 and *™* = P < 0.01, by
comparison to control values.

Results

Comparison of the iron loading efficacy of the
different polynuclear ferric hydroxide complexes in
vivo

Parenteral administration of the different ferric com-
plexes during 4 weeks had no effect on the growth
and the weight of the rats, which reached 270 g at
the end of the experiment. After one month of iron
loading with the different iron polynuclear complexes,
different rat tissues showed a significant increase in
their iron content compared to control rats. However,
these different iron preparations gave different iron
loading levels which were dependent on the type of the
preparation, type I (iron dextran and iron polymaltose)
were more efficient in loading different rat tissues than
type II (iron sucrose) and III (iron gluconate).

In the livers (Table 1), loading with iron glu-
conate and iron sucrose increased the iron content
by 5- to 7-fold compared to controls, whereas the
use of iron dextran and iron polymaltose preparations
at the same dose and for the same period increased
their hepatic content by approximately 20-fold. Sub-
cellular fractionation of livers by differential centrifu-
gation showed that iron distribution is mainly cytosolic
in control homogenates (80%) as well as in those
of groups treated with iron sucrose (79%) and iron
gluconate (80%).

In parallel, an important increase in iron content
in the enriched mitochondrial fraction, presumedly
within lysosmes, was evident after administration of
both iron dextran (39%) and iron polymaltose (37%)
compared to control (28%), iron sucrose (21%) and
iron gluconate (25%) (Table 2). Both iron dextran and
iron polymaltose increased splenic iron content up to
10-fold compared to controls, while, this content was
increased only by 3-fold after iron loading with either
iron gluconate or iron sucrose (Table 1).
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Table 2. Hepatic iron content (ug/mg protein) and its distribution between
cytosolic fraction and mitochondrial pellet (mitochondria, peroxisomes,

lysosomes).

Supernatant fraction

Mitochondrial pellet

Controls

Iron gluconate
Iron sucrose
Iron polymaltose
Iron dextran

1.52 £0.3 (74.5%)
9.34 £ 3.0™* (76.9%)
11.2 £ 1.6™ (79.3%)
15.3 +£4.5% (53.5%)
19.4 £ 1.8% (55.6%)

0.52 4 0.03 (25.5%)
2.8 +0.55% (23.1%)
2.92 & 0.4*% (20.7%)
133 +£2.2% (46.7%)
15.5 &+ 3.4 (44.4%)

Statistical analyses by ANOVA with Fisher protected z-test.
*P < 0.05, P < 0.01 by comparison to control values.

Table 3. Hepatic copper content (ug/g
tissue) in controls and after administra-
tion of the different iron preparations.

Copper content

Controls 84.7 £42.6
Iron gluconate 51.7+5.8
Iron sucrose 76.2 £2.3
Iron polymaltose ~ 52.4 £3.8
Tron dextran 24.5 £4.2*

Statistical analyses by ANOVA with
Fisher protected -test.

*P < 0.05 by comparison to control
values.

By contrast to these two iron sequestering tissues,
the heart showed a low iron loading level and the four
iron preparations had only a slight effect in loading
this tissue. Only iron dextran and polymaltose in-
creased significantly the iron content in heart muscle
up to 2-fold compared to controls (Table 1).

The analysis of the total hepatic copper content
show clearly a decrease in the different groups where
iron content increased, although there was no sig-
nificant inverse relationship between iron and copper
accumulation in the liver because of the wide variation
of results, P = 0.08 (Table 3).

Moreover, the copper content in the mitochondr-
ial pellet did not change by comparison to the control
while in supernatant, it decreased approximately three
fold in the different groups, compared to an increase
of 10- to 15-fold in iron content in these fractions
compared to controls (Table 4).

To test the ability of such iron preparations to cross
the blood brain barrier, we analysed the iron con-
centration in the whole brain and in both cortex or
cerebellum. Table 5 shows no significant change in
the iron concentration after the administration of the

four iron complexes, which remain similar to controls
value. Total brain iron content in the different groups
was in the range of 0.30 pg/mg protein. Furthermore,
the iron concentration in both cortex and cerebellum
are quite similar ranging from 0.21 to 0.36 pug/mg of
protein.

As model cells for the reticulo-endothelial sys-
tem, we have investigated the iron loading effect
of the four iron preparations in rat broncho-alveolar
macrophages. Both iron gluconate and iron sucrose
did not alter iron level in these cells compared to the
control values (9+1 and 9.5+£2.8 vs 8+2.5 ng/uug pro-
tein, respectively), whereas, iron polymaltose and iron
dextran cause a significant increase in the iron con-
tent in comparison to controls (23.5 = 8.9 and 18 £ 1
vs. 8 £ 2.5 ng/ug protein respectively, P < 0.05).
(Table 6).

Compared to spleen, the increase in the iron con-
centration is low, probably due to the fact that these
cells do not play an important role in iron sequestra-
tion contrary to the splenic macrophages, which are
known to be a important mediators of iron homeosta-
sis on account of their ability to phagocyte effete red
cells and to release iron in order to supply erythropoi-
etic cells. The copper content of alveolar macrophages
after administration of each of these complexes were
comparable to controls.

Ability of polynuclear ferric hydroxide complexes to
induce oxidative stress

Despite the increase in the total and mitochondrial iron
content by these polynuclear iron complexes, there
was little alteration in the activity of superoxide dis-
mutase activity (Table 7). No significant change in
SOD activity after treatment with the 4 iron prepa-
rations was observed compared to controls in the
different rat tissues. In iron loaded liver, the mitochon-



Table 4. Sub-cellular content of iron and copper in mitochondrial pellet and supernatant

fraction (p/mg protein).

Mitochondrial pellet Supernatant
Iron Copper Iron Copper
Controls 0.52 +0.03 1.01 £0.61 1.52+0.3 3.26+0.32
Iron gluconate 2.8 £0.55% 087+0.17 153 +£4.5%* 0.93+0.51*
Iron sucrose 2.92 +£0.4* 1.51+094 112 +£1.6* 0.71 £0.28*
Iron polymaltose  13.3 £2.2**  0.99 +0.5 9.34 £3.0%  0.69 £+ 0.35*
Iron dextran 15.5 £3.4*  1.07+£0.67 194 +1.8* 0.85+0.06*

Statistical analyses by ANOVA with Fisher protected z-test.
*P < 0.05, *P < 0.01 by comparison to control values.

Table 5. Iron content (ug/mg protein) of whole brain, cortex and

cerebellum after i.p administration of various iron preparations.

Brain Cortex Cerebellum
Controls 0.33+£0.07 0.27+£0.023  0.33 £0.08
Iron gluconate 0.21 £0.04 0.21 £0.05 0.27 £0.03
Iron sucrose 0.35+0.103 0.36+£0.091 0.36+0.09
Iron polymaltose ~ 0.26 £ 0.02 0.22 +£0.04 0.24 +£0.03
Iron dextran 0.33 £0.05 0.31+£0.062 0.32+0.07

Values are means £ SD.

Table 6. Comparison between iron loading in retic-
ulo-endothelial cells, i.e., spleen (ug/g tissue) and alveo-
lar macrophage (ng/ug protein)

Spleen Macrophage
Controls 466 £ 125 8.0x£25
Iron gluconate 1399 + 179* 9.0+ 1.0
Iron sucrose 1403 £ 226* 95+£28
Iron polymaltose 3550 & 192.8* 23.5 +8.9*
Iron dextran 5333 £111.7%*  18.0 £ 1.0*

Statistical analyses by ANOVA with Fisher protected #-
test.
*P < 0.05,** P < 0.01 by comparison to control values.

drial Mn-SOD activity remained similar to the control
values, about 12 U/mg of protein, however the cytoso-
lic Cu-Zn SOD showed a small increase in its activity
in iron loaded liver by the different iron preparations
which correlated with the iron loading profile: Max-
imal activity was found in the group treated with the
iron dextran preparation (25.1 4.8 vs 14+ 1.2 U/mg,
P < 0.05).

In spleen as well as in heart, SOD activity
remained constant in the different groups (about
37 U/mg protein in spleen and 4U/mg protein in heart)
(Table 7). In brain, SOD activity was invariable after
the administration of the different iron complexes, and

comparable in both cortex and cerebellum (< 1U/mg
protein).

Interestingly, the comparison of SOD activity be-
tween the different rat tissues, showed clearly a rela-
tionship between the capacity of the tissue to accumu-
late high amounts of iron and their SOD activity. SOD
activity paralleled the iron level in these tissues, such
that it is maximal in iron storing organs, e.g., spleen
(> 36 U/mg proteins) and liver (> 14 U/mg protein
for Cu-Zn SOD and > 11 U/mg protein for Mn SOD)
and has a lower activity in the other tissues, e.g., brain
(< 1 U/mg protein) and heart (< 4 U/mg protein).

Modulation of nitric oxide release by stimulated AM
after iron complexes administration in vivo

Nitric oxide release by AM, showed a significant
variation between the different groups (Figure 1). It
increased significantly in cells which had been isolated
from rats administered either iron sucrose (Venofer) or
iron gluconate (Ferrlecit) when compared to control
cells (P < 0.05). However both iron dextran (Dex-
ferrum) and iron polymaltose (Ferrum-Hausmann) de-
creased significantly NO- release by more than 2-fold
(P < 0.05).
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Table 7. Superoxide dismutase activity (U/mg protein) in different rat tissues after i.p administration

of different iron preparations.

Controls 1G IS IP ID
Liver
CuZn SOD 14+1.2 17.5£5.1 223+2.1* 212 +£3.7* 25.1 £4.8*
Mn SOD 13£1.1 11.1£0.3 11.5+£0.85 11.1+£0.7 114+1.1
Spleen 36.1+9.7 36.2+3.9 385+82 39.8+12 40.1£2.1
Heart 35+1.2 32405 39405 38+1.5 3.7+0.5
Brain 0.63 £0.1 0.42£0.1 0.48 £0.015 0.4+£0.03 0.5+0.03
Cortex 0.63+0.3 0.65£0.2 0.62£0.11 0.5+£0.12 0.5+0.06
Cerebellum 0.97 £0.18 0.22 £0.02 0.8 £0.02 0.22 £0.08 0.41£0.02
Key: IG—iron gluconate; IS—iron sucrose; IP—iron polymaltose; ID—iron dextran.
Values are means & SD. *P < 0.05.
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Fig. 1. NO,- release from alveolar macrophages isolated from control and iron loaded rats with different iron preparations in vivo, after ex vivo
stimulation with LPS (0.5 pg/ml). Cells (100.000) were incubated 40 h at 37 °C, 5% CO,.

Discussion

The four therapeutic iron complexes increased the
iron content of the different rat tissues investigated,
although the degree of iron loading achieved was de-
pendent on the type of iron preparation. Iron dextran
and iron polymaltose, which are the most widely used
supplements for parenteral iron therapy, gave the high-
est iron loading level in comparison to iron sucrose
and iron gluconate. The explanation for the different
iron loading profiles may relate to a variety of factors
which include the molecular size as well as the type of
the carbohydrate complexing the ferric iron. Both iron
dextran and iron polymaltose, which induced compa-
rable iron loading, are type I compounds with a high
molecular weight, while iron sucrose and iron glu-
conate have much lower molecular weight which may
favor their renal elimination and thereby may explain

their lower efficacy in loading the different tissues
(Geisser 1998).

In general, these polymeric iron complexes are
presumed to be taken up initially by the reticulo-
endothelial system, such that it might have been pre-
dicted that there would be a pronounced iron loading
in both the spleen as well as in the broncho-alveolar
macrophages. While splenic iron increased after ad-
ministration of each of the preparations, only iron
dextran and iron polymaltose were able to significantly
overload macrophages. Iron dextran and polymaltose
have a structural uniformity, and present a slow deliv-
ery of iron to endogenous iron-binding proteins such
as transferrin by which it is transported to the bone
marrow for hemoglobin synthesis. The slow clearance
rate of iron derived from the processing of these two
iron complexes from the RES may explain their capac-
ity to overload macrophages. Furthermore, since the



iron is released via transferrin, a homeostatic control
would be induced in an attempt to reduce the flux of
iron across intestinal mucosa. These iron compounds
did not increase brain iron content which means that
these iron complexes, like iron-loaded transferrin, are
unable to permeate the blood brain barrier. This is in
contrast to the iron compound ferrocene, which due to
its structure is able to permeate the blood brain barrier
and increase iron in many brain regions (Ward et al.
1995).

The ability of the four iron complexes to induce an
oxidative stress in the different tissues was evaluated
by measuring the activity of the cytoprotective en-
zyme, superoxide dismutase. In general, no significant
change was seen when compared to control values,
with the exception of hepatic Cu-Zn SOD which was
slightly induced by the different preparations. The low
reduction potential of these compounds ensures that
ferric iron cannot be reduced by biological reductants
to ferrous iron and thereby to participate in Fenton
chemistry. The high levels of iron loading achieved by
the different preparations in liver may explain the in-
crease in SOD activity in this tissue which is known to
contain high basal levels of antioxidants, such as glu-
tathione. When other iron preparations have been used
to iron overload experimental models, e.g., ferrocene,
(Ward et al. 1991), carbonyl iron and particularly Fe
(NTA), (Bacon et al. 1983), evidence for increased
free radical reactions has been found.

The effect of such iron complexes on the functions
of immune cells, i.e., macrophages, was investigated
specifically by the assay of nitric oxide (NO-) release
after ex vivo stimulation with bacterial lipopolysac-
charide. Previous studies have shown that iron load-
ing of these cells with iron dextran significantly de-
creases their NO' production after stimulation with
both LPS/INF-y, (Zhang et al. 1998). Our results
confirm this inhibitory effect; and like iron dextran,
iron polymaltose was also able to inhibit NO- release,
which correlate with its ability to increase the iron
content of these cells. The important increase in NO-
production by alveolar macrophages that were treated
with iron sucrose and iron gluconate remain unex-
plained. It would appear that iron accumulation in
alveolar macrophages is not the only factor involved
in altering NO- release, the speciation of iron in the
macrophages may influences iNOS expression and
thereby NO' release by macrophages.

Ward er al. (1998) showed an inverse inter-
relationship between hepatic copper and iron in iron
deficient rat liver: therefore, in these experiments, we
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have investigated the copper content in livers with dif-
ferent levels of iron loading. Our results did not show
a reciprocal relationship between hepatic copper and
iron status over a range of hepatic iron concentra-
tions, although there was a clear trend of decreasing
copper concentrations in both the liver and hepatic su-
pernatant fractions which contained microsomes and
cytosol. Schonewille ez al. (1995) reported that high
iron intake by goats reduced the mean plasma copper
by 18%, caeruloplasmin activity by 13%, and signifi-
cantly decreased hepatic copper by 27%; in the present
studies much higher decreases in hepatic copper were
found, between 39% and 72%. Neither the spleen
or alveolar macrophages showed any relationship be-
tween these two transition metals which indicates that
the uptake of iron and possibly copper into these cells
i.e. principally by phagocytosis, differs significantly
from that of liver.

It has been suggested from studies in yeast that
the metabolism of iron and copper are inter-related.
In yeast, iron and copper uptake and transfer across
the plasma membrane have been elucidated; both iron
and copper are reduced prior to uptake by Frelp and
Fre2p, respectively, both of which are membrane as-
sociated ferrireductase and have NADPH as co-factor.
It is postulated that Fet3p mediates iron transport by
acting as a ferroxidase converting ferrous to ferric
iron which is then transported by Ftrlp, (Dancis et al.
1994; Askwith et al. 1984). Fet3p is an integral mem-
brane protein which is a member of the family of blue
multicopper oxido-reductase (Stearman et al. 1996).

In yeast, a high affinity uptake of Cu™, (after re-
duction of Cu®* by Frelp) across the yeast membrane
is mediated by Ctrlp and Ctr3p (Dancis et al. 1994;
Knight et al. 1996) in addition to a low affinity system
that involves Ctr2p protein (Kampfenkel et al. 1995).
After copper has entered the cell it is transported to
specific sites by copper chaperones (Harrison et al.
1999). The 74 residue cytoplasmic protein Atx1p (Lin
et al. 1997) delivers copper to Ccc2p, the post Golgi
vesicular copper transporter which is responsible for
copper loading into the apo- Fet3p protein, which
therefore, acquires its oxidase activity. In man, loading
of isolated hepatocytes with holo-transferrin, results
in a decrease in the rate of copper uptake although
the levels of copper associated with the cell surface
increased (Whitaker & McArdle 1997). The authors
speculated that this was due to a lack of reduction
of Cu?t to Cut by the plasma membrane associ-
ated ferrireductase activity. Furthermore the authors
showed that iron loading of the cells dramatically de-
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creases the ferrireductase activity. In man a multitude
of genes involved in iron uptake and transport across
membranes have been identified, particularly in the
intestinal mucosa (Crichton 2002). At the apical mem-
brane of the enterocyte DcytB, a ferrireductase and
Nramp2, a proton-coupled divalent cation transporter,
which also transport ferrous iron out of the endosomal
compartement, seem to represent the major pathway
for the uptake of non-haem iron from the gastrointesti-
nal tract. Nramp 2 was suggested to play an important
role in the transfer of both iron and copper across the
apical and endosomal membranes, this may indicate
that in conditions of high iron loading, as reported in
this present communication, Nramp2 would be down-
regulated thereby diminishing both iron and copper
transport. In contrast, in situations of iron deficiency,
an up-regulation of this gene in the gut could increase
copper transfer resulting in increased copper content
in some tissues. One of the two isoforms of Nramp2
mRNA has an IRE in the 3’ position indicating that it
could be regulated by IRPs in a similar way to that
of transferrin receptor mRNA rather than to that of
ferritin (i.e., In the presence of iron the mRNA would
be degraded and its translation downregulated). The
possible involvement of Nramp2 in copper transport
remains to be elucidated. At the basolateral surface
of enterocyte, Iregl together with hephaestin facili-
tate the exit of iron and its incorporation into plasma
transferrin. Hephaestin is a multicopper ferroxidase,
homologous to ceruloplasmin and other multicopper
oxidases, which seems to be necessary for iron trans-
port from the intestinal mucosa into the circulation.
Vulpe et al. (1999), suggested that it was this protein
which might be the important link between copper and
iron metabolism in mammals.

In conclusion, these results confirm the safety of
iron sucrose, which remains the treatment of choice
in clinic for iron deficiency anemia, since this com-
pound give a moderate and selective iron loading of
the two sequestering iron tissues (liver and spleen),
without increasing neither heart nor brain iron con-
tent, in addition to its inability to inhibit NO- release
by macrophages and thereby to impair their immune
response. On the other hand, we may suggest the iron
dextran loaded rats as a suitable model for studying
secondary iron overload syndromes and the mecha-
nism of iron toxicity related to these disorders, since it
was the only compound to significantly load the RES
cells with iron.

Acknowledgements

This work was supported by the European Union
(QLK1-300-1999) COST D8 and COST D13.

References

Askwith C, Eide D, Van Ho A. et al. 1984 The FET3 gene of S. cere-
visiae encodes a multicopper oxidase required for ferrous iron
uptake. Cell 76, 403-410.

Bacon BR, Tavill AS, Brittenham GM. et al. 1983 Hepatic lipid
peroxidation in vivo in rats with chronic iron overload. J Clin
Invest 71, 429-439.

Beauchamp C, Fridovich 1. 1971 A mechanism for the production of
ethylene from the generation of the hydroxyl radical by xanthine
oxidase. J Biol Chem 245, 4641-4646.

Crichton RR. 2002 Inorganic Biochemistry of Iron Metabolism 2:
Jfrom Molecular Mechanisms to Clinical Consequences, Wiley,
New York and Chichester pp. 326.

Dancis A, Yuan DS, Halle D. er al. 1994 Molecular characterization
of a copper transport protein in S. cerevisiae: an unexpected role
for copper in iron transport. Cell 76, 393—402.

Geisser, P. 1998 Iron Therapy with special emphasis on oxidative
stress. Vifor Int., St. Gallen pp. 142.

Geisser P, Baer M, Schaub E. 1992 Structure/histotoxicity rela-
tionship of parenteral iron preparations. Arzneim-Forsch 42,
1439-1452.

Harrison MD, Jones CE, Dameron CT. 1999 Copper chaperones:
Function, structure and copper-binding properties. J Biol Inorg
Chem 4, 145-153.

Kampfenkel K, Kushnir S, Baviychuk E. ef al. 1995 Molecular char-
acterization of a putative Arabidopsis thaliana copper transporter
and its yeast homologue. J Biol Chem 270, 28479-28486.

Knight SA, Labbe S, Kwon LF. e al. 1996 A widespread transpos-
able element masks expression of a yeast copper transport gene.
Genes Dev 10, 1917-1929.

Kondo H, Saito K, Grasso JP, Aisen P. 1988 Iron metabolism in the
erythrophagocytosing Kupffer. cell. Hepatology 8, 32-38.

Legssyer R, Henry C, Josse C. et al.2002 Chloroquine induces
significant changes in iron trafficking between hepatocytes and
Kupffer cells as well as in the function of alveolar macrophages
in an iron-loaded animal model. J Inorg Biochem in press.

Lin SJ, Pufahl RA, O’Halloran TV. ef al. 1997 A role for the Sac-
charomyces cerevisiae ATX1 gene in copper trafficking and iron
transport. J Biol Chem 272, 9215-9220.

Pierre JL, Fontecave M, Crichton RR. 2002 Chemistry for an essen-
tial biological process: The reduction of ferric iron. BioMetals in
press.

Schonewille JT, Yo S, Beynen AC. 1995 High iron intake depresses
hepatic copper content in goats. Vet Quart 17, 14-17.

Sibille JC, Kondo H, Aisen P. 1988 Interaction between hepatocytes
and Kupffer cells in iron metabolism: a possible role of ferritin
as an iron carrier protein. Hepatology 8, 296-301.

Stearman R, Yuan DS, Yamaguchi-Iwai Y. er al. 1996 A permease-
oxidase complex involved in high-affinity iron uptake in yeast
Science 271, 1552-1557.

Vulpe CD, Kuo YM, Murphy TL. et al. 1999 Hephaestin, a ceru-
loplasmin homologue implicated in intestinal iron transport, is
defective in the sla mouse. Nat Genet 21, 195-199.

Ward RJ, Florence AL, Baldwin D. et al. 1991 Biochemical and
biophysical investigations of the ferrocene-loaded rat: an ani-



mal model of primary haemochromatosis. Eur J Biochem 202,
405-410.

Ward RJ, Dexter D, Florence A. et al. 1995 Brain iron content of the
ferrocene-loaded rat— its chelation and influence on dopamine
metabolism. Biochem Pharmacol 49, 1821-1826.

Ward RJ, Scarino ML, Leone A. et al.1998 Copper and iron home-
ostasis in mammalian cells and cell line. Biochem Soc Trans 26,
S191.

433

Whitaker P, McArdle HJ. 1997 Iron inhibits copper uptake by rat
hepatocytes by down-regulating the plasma memebrane NADH
oxidase In Fischer PWF L’Abbé MR Cockell KA. et al. Trace
Elements in Man and Animals. NRC research press, Ottawa,
Canada: 273-239.

Zhang Y, Crichton RR, Jorens PJ. et al. 1998 Decreased release of
nitric oxide by alveolar macrophages after in vivo loading with
iron or ethanol. Biochem Pharmacol 55, 21-25.



