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BACKGROUND AND PURPOSE
Systemic iron deficiency concomitant with macrophage iron retention is characteristic of iron-refractory anaemias associated
with chronic disease. The systemic misdistribution of iron, which is further exacerbated by parenteral iron supplementation,
is mainly attributable to iron retention exerted on resident macrophages by hepcidin-mediated down-regulation of the
iron exporter ferroportin. We aimed at developing an experimental macrophage-based cell model that recapitulates
pathophysiological features of iron misdistribution found in chronic disorders and use it as a screening platform for identifying
agents with the potential for relocating the accumulated metal and restoring affected functions.

EXPERIMENTAL APPROACH
A RAW macrophage subline was selected as cell model of iron retention based on their capacity to take up polymeric iron or
aged erythrocytes excessively, resulting in a demonstrable increase of cell labile iron pools and oxidative damage that are
aggravated by hepcidin.

KEY RESULTS
This model provided a three-stage high throughput screening platform for identifying agents with the combined ability to: (i)
scavenge cell iron and thereby rescue macrophage cells damaged by iron-overload; (ii) bypass the ferroportin blockade by
conveying the scavenged iron to other iron-starved cells in co-culture via transferrin but (iii) without promoting utilization of
the scavenged iron by intracellular pathogens. As test agents we used chelators in clinical practice and found the oral chelator
deferiprone fulfilled essentially all of the three criteria.

CONCLUSIONS AND IMPLICATIONS
We provide a proof of principle for conservative iron relocation as complementary therapeutic approach for correcting the
misdistribution of iron associated with chronic disease and exacerbated by parenteral iron supplementation.

Abbreviations
AB, Alamar Blue; ACD, anaemia of chronic disease; Apo-Tf, apo-transferrin; CALB, calcein blue
(methylumbelliferone-8-methyleneiminodiacetic acid); CALG, calcein green {3,3’-bis[N,N-bis(carboxymethyl)
aminomethyl] fluorescein}; CDCHF, 6-carboxy-2’,7’-dichlorofluorescein diacetate-acetoxymethyl ester; CO, carbonyl;
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DFO, deferrioxamine; DFP, deferiprone; DFR, deferasirox; DHR, dihydrorhodamine 123; FAC, ferric ammonium citrate;
IRIDA, iron-refractory iron deficient anaemia; IS, iron sensitive; LCI, labile cell iron; PI, propidium iodide; RBC, red
blood cell; ROI, reactive oxygen intermediates; ROS, reactive oxygen species; SIH, salicyl isonicotinoyl hydrazone; V,
venofer

Introduction

The phagocytosis of aged erythrocytes involved in the recy-
cling of iron by the monocyte/macrophage system is a criti-
cal component of systemic iron metabolism (Recalcati et al.,
2010). While it satisfies an estimated 90% of the body’s
daily iron management, its disruption may lead to impaired
iron supply for de novo erythropoiesis and ultimately to
anaemia of chronic disease (ACD): some linked to particular
gene mutations (Finberg, 2009) and others associated with
chronic conditions, mostly with inflammatory components,
infections or malignancies (Weiss and Goodnough, 2005).
ACDs are characterized by inadequate erythrocyte produc-
tion in the setting of low plasma iron despite normal
plasma iron-binding capacity and preserved or even
increased macrophage iron stores in the bone marrow, liver
and spleen (Agarwal and Prchal, 2009; Beaumont and
Delaby, 2009; Theurl et al., 2009). Recent advances in
understanding of the function of the circulating peptide
hepcidin have elucidated the sequence of events responsible
for this imbalance or misdistribution of iron (Kemma et al.,
2009; Babitt and Lin, 2010). Summarized briefly, cytokine
release due to inflammation/infection induces the hepatic
production of hepcidin and its release into plasma. The pro-
posed cell-surface receptor for hepcidin is the iron exporting
protein ferroportin (found in macrophages, hepatocytes and
duodenal enterocytes), which, upon hepcidin binding,
undergoes internalization and degradation (Nemeth et al.,
2004; Recalcati et al., 2010). Cytokines can also affect cell
iron accumulation by affecting the transcriptional expres-
sion of transporters (Ludwiczek et al., 2003; Yang et al.,
2002). At the systemic level, shutdown of ferroportin
expression leads to obstruction of enteral iron absorption
and impaired iron release from spleen macrophages. This
also provides an explanation for the refractoriness to oral
iron supplementation found in ACD and also in iron-
refractory iron deficient anaemia (IRIDA) (Theurl et al.,
2009). At the cellular level, ferroportin inactivation leads to
intracellular entrapment of iron and its ensuing retention
(Nemeth et al., 2004), which in turn increases the risk of
infection by intracellular pathogens (Nairz et al., 2007;
Paradkar et al., 2008). A point in case is asymptomatic
malaria where impaired iron recycling caused by elevated
hepcidin leads to macrophage iron retention (Nairz et al.,
2007; Paradkar et al., 2008) and ensuing anaemia, but
also to a higher predisposition to infection by bacteria
(Schaible and Kaufman, 2004). A potentially exacerbating
factor in the treatment of ACD is i.v. supplementation of
polymeric iron forms that are primarily ingested and pro-
cessed by macrophages. Although i.v. iron bypasses the
block in enteral iron absorption, it can further increase the
regional accumulation of stored or unprocessed iron,
leading to potentially toxic macrophage iron accumul-

ation and ensuing oxidative damage (Weiss and Good-
nough, 2005; Agarwal and Prchal, 2009; Babitt and Lin,
2010).

A major therapeutic challenge in disorders associated
with intracellular iron entrapment at the expense of the
organism is how to circumvent the block in the iron egress
pathway and render iron metabolically available for eryth-
ropoiesis, while avoiding its utilization by microorganisms.
That might be theoretically achieved by hepcidin antago-
nists (Nemeth, 2010) or possibly by anti-hepcidin antibod-
ies (Sasu et al., 2010) and by upstream factors that can
down-modulate hepcidin production by the liver (Babitt
et al., 2007; Kawabata et al., 2007; Yu et al., 2008; Babitt and
Lin, 2010). An alternative/complementary approach for cor-
recting disorders of iron misdistribution entails the use of
pharmacological agents that can mobilize iron from sites of
accumulation and convey it to physiological acceptors for
reutilization (Breuer and Cabantchik, 2009; Kakhlon et al.,
2010). Such a conservative mode of action can be expected
from agents that can act as siderophores at pharmacologi-
cally attainable concentrations (Kakhlon et al., 2010).
Siderophore-like agents chelate labile cell iron (LCI) and
thereby reduce metal-evoked oxidative damage (Glickstein
et al., 2006) but can also donate the complexed metal to
extracellular acceptors (Evans et al., 1992; Sohn et al., 2008)
and/or to cell metabolic machinery, such as that involved in
iron-sulphur cluster biosynthesis (Kakhlon et al., 2008).
Taking advantage of the fact that moderate doses of defer-
iprone (DFP) are not toxic to cells (Glickstein et al., 2006;
Lescoat et al., 2007) and will cause no short-term systemic
iron deficiency in patients with no iron overload (Vreugden-
hil et al., 1990; Boddaert et al., 2007), we assessed here the
concept of conservative relocation of iron in disease-
simulating settings (i.e. inflammation/infection) and its fea-
sibility for identifying agents with therapeutic potential. For
that purpose we designed an analytical platform based on a
mouse macrophage RAW264.7 subline (IS) that displays sen-
sitivity to iron accumulated by erythrophagocytosis or
exposure to polymeric sources of iron and becomes hyper-
sensitive to iron when supplemented with the hormone
hepcidin. This experimental model enabled us to assess the
possibility of restoring iron-affected cell functions with
chelating agents that are not detrimental to normal cells
and might even differentially support growth of iron-
deficient cells but not of cell-invading bacteria.

Methods

Materials
Calcein green (CALG; 3,3′-bis[N,N-bis(carboxymethyl)
aminomethyl] fluorescein), calcein blue (CALB;
methylumbelliferone-8-methyleneiminodiacetic acid) and
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their respective acetomethoxy (AM) precursors CALG-AM
and CALB-AM and 5-(&6)-carboxy-2′,7′-dichlorofluorescein
diacetate-acetoxymethyl ester (CDCHF-DA-AM) were from
Molecular Probes (Invitrogen Corp., Carlsbad, CA, USA);
salicyl isonicotinoyl hydrazone (SIH) was a gift from Dr. P.
Ponka (Montreal) dihydrorhodamine 123 (DHR) from
Biotium Inc. (Hayward, CA, USA). Ferric ammonium citrate
(FAC), deoxycholate, sulphorhodamine B, propidium iodide
(PI), Hoechst 33342, anti-protease mix, protein bicinchoninic
acid (BCA) reagent, Hoechst 33342, bathophenanthroline
sulphonate, caspase 3 = Ac-DEVD-AMC (read at Exc
355 nm:Em 460 nm/Exc/Em maxima are 380:460 nm) were
from Sigma Chem. Co. (St. Louis, MO, USA). DFP (DFP =
ferriproxTM = 1,2-dimethyl-3-hydroxypyridin-4-one) was from
Apo Pharma Inc. (Toronto, Canada); deferrioxamine (DFO)
and deferasirox (DFR; Exjade) from Novartis-Pharma (Basel,
Switzerland). Hepcidin from Peptides International (Louis-
ville, KY, USA) and the iron-saccharate polymer VenoferTM

from Vifor International, St Gallen, Switzerland.

Cell culture
RAW264.7 mouse macrophages and human erythroleukaemia
K562 cells were grown in 5% CO2 Dulbecco’s modified Eagle’s
(DMEM) medium supplemented with 10% fetal calf serum,
4.5g·L-1 D-glucose, glutamine and antibiotics (Biological
Industries, Kibbutz Bet Haemek, Israel). Cells were plated a day
before experimentation onto 96 well plates, or onto micro-
scopic slides glued onto to perforated 3 cm diameter tissue
culture plates. The iron-sensitive (IS) subline was obtained by
continual growth of the wild-type (WT) RAW264.7 cells at
high density for >8 passages. The WT cell spontaneously
transformed to a stable IS phenotype that is characterized by
high susceptibility to polymeric iron sources.

Cell iron load
Cell iron loading comprised incubating cells for 6–18 h in the
presence of FAC (100 mM) or the iron-saccharate i.v. formu-
lation venofer (V; 500 mM Fe) followed by alternate incuba-
tions with 10 mM DFO in phosphate-buffered saline (PBS) for
10 min at room temperature (to remove traces of extracellular
iron) and washings in PBS.

Erythrophagocytosis
Human erythrocytes [red blood cells (RBCs)] washed in PBS
and opsonized by incubating 1 ¥ 108 RBCs with rabbit anti-
human RBC IgG (1:50) (Abcam, Cambridge, UK) for 20 min
at 37°C, then washed twice in PBS and suspended in DMEM
medium. The erythrocytes (1–5 ¥ 107) were laid over to 1 ¥ 106

a RAW264.7 cells in 6 well plates and incubated for 1 h at
37°C. Cell surface adsorbed RBCs were lysed by incubation for
5 min at 37°C with lysing solution (140 mM NH4Cl, 17 mM
Tris, pH 7.6) followed by two washes with PBS.

Western blots
Ferritin Cells harvested by scraping and washing with PBS,
were lysed in 0.15 mL of ice-cold PBS containing 0.5%
Triton X-100 (Fluka, Buchs, Switzerland) and protease
inhibitor mix and lysates clarified by centrifugation and
analysed for protein (BCA assay) of which 50 mg were elec-
trophoretically separated on 12% SDS-polyacrylamide gels.

After transfer to nitrocellulose membrane and blocking with
nonfat dry milk the blot was incubated overnight with
rabbit anti-human ferritin (1:1000) (Sigma Chem. Co.), fol-
lowed by washing, 1 h incubation with horseradish
peroxidase-linked goat anti-rabbit antibody and chemilumi-
nescence analysis.

Ferroportin Membrane fractions were prepared as
described elsewhere (Germann, 1997) and protein concentra-
tions determined by the Bradford assay (Bio-Rad, Hercules,
CA, USA). Proteins mixed with sample buffer at room tem-
perature for 30 min were separated on a 10% SDS-
polyacrylamide gel, transfered to nitrocellulose membrane,
blocked, blotted overnight at 4°C with affinity-purified rabbit
anti-ferroportin (3 mg·mL-1, Alpha Diagnostics, San Antonio,
TX, USA), washed, incubated for 1 h with horseradish
peroxidase-linked goat anti-rabbit followed by chemilumi-
nescence analysis.

Protein carbonyls (COs)
Protein COs (Reznick and Packer, 1994) were determined by
incubating cell lysates (1 mL) for 1 h with dinitrophenylhy-
drazine (DNPH; from Sigma Chem. Co.) (2.5 mM in 4 mL 2N
HCl), proteins precipitation with an equal volume of 20%
(w·v-1) trichloroacetic acid, centrifugation (6500¥ g for
5 min), dispersion of the precipitate and washing with 4 mL
of 10% (w·v-1) trichloroacetic acid and thrice with 4 mL of
ethanol : ethyl acetate (1:1) and finally dissolution in 6 M
guanidine–HCl. DNP-protein adducts were quantified by
absorbance at 365 nm. Protein contents were estimated from
control, unreacted cell lysates prepared in parallel, using as
standard bovine serum albumin in guanidine–HCl and
reading the absorbance at 280 nm.

ROS production
Cell ROS production was determined by incubating cells
at 37°C with 10 mM CDCHF-DA-AM in HEPES-buffered
saline (HBS) supplemented with 10 mM glucose. The
conversion of the non-fluorescent 2-7 carboxy-
dichlorodihydrofluorescein-diacetate (CDDHCF-DA) to the
fluorescent 2-7-carboxy-dichlorofluorescein (CDCF) was
measured on line at 37°C either in a fluorescence plate
reader (Tecan-Safire, Neotec, Männedorf, Austria) (Exc:
488 nm; Em: 517 nm) or under the fluorescence microscope
(Nikon TE 2000 microscope equipped with a thermostated
stage and a Hamamatsu Orca-Era CCD camera) driven by a
Volocity 4 operating system (Improvision, Coventry, UK)
that was used for both image data acquisition and analysis
(Glickstein et al., 1994; Sohn et al., 2008). At the indicated
times, H2O2 (50 mM final) and/or chelator (50–100 mM DFP
or SIH) were added.

Cytosolic/mitochondrial ROS formation was determined
by incubating cells at 37°C with 50 mM DHR, which is oxi-
dized intracellularly to rhodamine 123 and analysed
fluorimetrically/microscopically as described for Method 1
(Exc. 488 nm; Em. 517 nm). At the indicated times, H2O2

(50 mM final), and/or chelator were added.

Cell protein
Cell protein was determined as described previously (Voigt,
2005). Cells (in culture plates) were treated for 1 h at 4°C with
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15% TCA, washed three times in distilled water, reacted with
sulphorhodamine B (0.4% w·v-1 in 1% acetic acid) for 30 min
and washed three times with 1% acetic acid. The rotein-
bound stain was extracted with 10 mM Tris-base and absor-
bance read at 492 nm.

Cell viability/metabolic activity
Cell viability/metabolic activity was determined as described
previously (Nairz et al., 2009). RAW264.7 cells in 96 well
culture plates were supplemented with Alamar Blue (AB)
reagent (10% by volume) and the fluorescence read on a
plate-reader after 1–4 h incubation at 37°C (Exc: 530–560 nm;
Em: 590 nm). The percent dead cells were also determined by
microscopic inspection with Trypan Blue (0.4% for 5 min) or
by fluorescence microscopy following propidium iodide stain-
ing (10 mM for 30 min at room temperature) of dead/damaged
cells and in conjunction with co-staining of viable cells by
CAL-AM loading (0.5 mM for 10 min) and inspection of the
accumulated fluorescence CAL (fluorescein settings).

Nucleic acid
Cells washed with PBS were reacted with 10 mM propidium
iodide (PI) in DMEM-HEPES or HBS buffer, incubated for
30 min at room temperature in the dark, then supplemented
with 10 mM Hoechst 33342 at 37°C for 30 min and visualized
under a fluorescence microscope using a filter set for
rhodamine and DAPI (Exc: 350 nm; Em: 461 nm). Staurospo-
rine (0.5 mM) was used as a positive control to induce
apoptosis.

Co-culture
RAW264.7 cells (preloaded with FAC 100 or by erythroph-
agocytisis) were co-cultured with iron-depleted K562 cells
(by culturing overnight with 10 mM DFO) in medium with
iron-depleted serum [prepared by acidification to pH 5.0,
passage through a Chelex-100 column (BioRad Labs, Her-
cules, CA, USA) and neutralization to pH 7.4 with NaOH].
The K562 cells growing in suspension (unlike the substrate-
attached RAW264.7 cells) were collected and transferred to a
96 well plate for staining with Hoechst 33342.

LCI
The CALB assay was used to determined LCI (Glickstein et al.,
1994). Cells exposed to CALB-AM 5 mM at 37°C for 10 min in
DMEM-HEPES were washed in HBS, pH 7.4 and subsequently
incubated at 37°C in either HBS or DMEM-HEPES containing
0.5 mM probenecid (to minimize probe leakage). The fluores-
cence changes of CALB were monitored by epi-fluorescence
microscopy as described earlier (Exc: 390 nm; Em: 430 nm).
DFP (50 mM) was added to cells for the measurements of
cytosolic LIP.

CALG-Fe loading via endocytosis
RAW264.7 cells were exposed to CALG-Fe (50 mM) in serum-
free DMEM-HEPES medium for 30 min at 37°C and washed
with HBS. The CALG fluorescence intensity was monitored by
confocal microscopy with a FV-1000 confocal microscopy
(Olympus, Tokyo, Japan) equipped with an IX81 inverted

microscope, after attaining maximal recoverable fluorescence
by adding the chelator SIH (50 mM).

Cell non-haeme iron
Iron was extracted from RAW264.7 cells by adding 0.4 mL of
3N HCl, 10% trichloroacetic acid (iron free) and 3% thiogly-
colic acid for 1 h at room temperature. The supernatant was
diluted with one volume of distilled water and mixed with an
equal volume of BPS reagent (bathophenanthroline sulpho-
nate in 2 M Tris-base, 0.2%thioglycolic acid) for 15 min at
room temperature and absorption was read at 535 nm. For
protein determination, the precipitated protein was dissolved
with 1 M NaOH and reacted with the Bradford reagent (Pierce
Chemical Co., Rockford, IL, USA).

Salmonella infection
RAW264.7 (WT) cells were switched to antibiotic free
medium (DMEM + 10% FCS + 2 mM L-glutamate) with/
without 100 mM FAC or 500 mM V (Fe equivalents)18 h prior
to infection, seeded (1 million cells per well) 5 h before infec-
tion with WT Salmonella enterica serovar thyphimurium strain
ATCC 14028 at a multiplicity of infection of 5:1 (Nairz et al.,
2009). After 1 h at 37°C the cells were washed three times in
PBS containing 25 mg·mL-1 gentamycin and cultured with
DMEM containing no other antibiotics but gentamycin. The
infected cells were grown without or with 100 mM FAC or
or 500 mM 100 mM or with DFP for 24 h, lysed with 0.5%
deoxycholic acid and the lysates were plated under sterile
conditions onto LB agar plates for colony assessment [colony-
forming units (CFU)] following incubation at 37°C.

Statistical analysis
Regression and statistical analysis (paired t-test, ANOVA or
Bonferroni-variance test-parametric) were performed with
the aid of Origin 8.1 program (OriginLab Corp., Northamp-
ton, MA, USA) or with the SPSS package (SPSS Inc., Chicago,
IL, USA).

Results

Properties of a macrophage cell line
susceptible to iron loading
The parental RAW264.7 mouse macrophage cell line (WT) has
served as model for assessing numerous biological properties,
especially those related to erythrophagocytosis (Aderem and
Underhill, 1999). In typical culture conditions the WT cells
can withstand exposure to large concentrations of iron
supplemented in various chemical forms, showing no detect-
able impairments in growth rates or metabolic activities
(Figure 1). However, when continuously grown in high
density media (>8 passages), WT RAW cells apparently adapt
to these growth restrictive conditions by spontaneously
transforming into a subline that showed normal rate of
growth under standard culture conditions, but underwent
growth arrest when exposed to particular iron sources, as
shown in Figure 1. Exposure to various FAC concentrations
for 18 h caused an incremental impairment in the metabolic
activity of the IS cells, as measured by their capacity to reduce
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the reagent AB. When hepcidin (1 mM) was added to the
suspension of IS RAW cells, the FAC inhibitory effect was
more pronounced, whereas in the same experimental condi-
tions hepcidin had no effect on WT cells (Figure 1A). A
similar pattern of results was obtained following an overnight
exposure to polymeric iron-saccharose (V = VenoferTM), an i.v.
formula of iron supplementation (Figure 1B) or to erythroph-
agocytosis (Figure 1C). In both cases, IS cell growth was
reduced following exposure to the macromolecular/ particu-
late iron source and this effect was further aggravated
in the presence of supplemented hepcidin. We found
that the rapidly-permeating, soluble complex iron : 8-
hydroxyquinoline (1:1 stoichiometry) was equally toxic to
WT and IS cells at concentrations > 5 mM (1 h exposure time),
while iron-saturated holotransferrin at 4 mg·mL-1 (approxi-
mately 100 mM iron) had no effect on IS cell viability (data
not shown). We tentatively attribute the enhanced cytotox-
icity of the various ferric sources to an apparently impaired
ability of IS cell to cope with iron taken up by endocytic
routes and exacerbated by hepcidin down-modulation of the
iron exporter ferroportin.

Uptake of iron salts and of red blood
cells by WT and IS macrophages
The susceptibility of IS macrophages to polymeric iron com-
plexes or aged RBCs implies that cell damage is incurred by
acquisition of iron via endocytic routes. In preliminary
studies with the fluid endocytosis marker sulphorhodamine,
we observed that the two RAW variants showed similar pat-
terns of fluorescent endosomes when exposed to growth
medium but different ones when exposed to medium supple-
mented with iron complexes. The latter, which tend to
adsorb onto membrane surfaces and trigger local endocytosis,
can be visualized when incubating cells with complexes of
calcein green-Fe(III) (CALG-Fe; 1:1 stoichiometry) as a fluo-
rescent surrogate of polycarboxylic: Fe(III) salt uptake by cells
or with calcein-V (CALG-V) as an example of polymeric iron
that is used clinically in the supportive treatment of iron
refractory anaemias. Whereas uptake of CALG alone by RAW
cells is hardly detectable even after hours of incubation (not
shown), the quenched CALG-Fe or CALG-V complexes or
opsonized RBCs are taken up into the endosomal compart-
ment (Figure 2). The appearance of fluorescent endosomes
indicates that Fe is released from CALG-Fe complexes follow-
ing their endocytosis. The Fe-quenched CALG is revealed
with the permeant SIH, a chelator that scavenges CALG-
bound Fe and thereby restores endosomal-associated fluores-
cence. We tentatively interpret the distinctive properties of IS
cells in terms of significantly increased endocytic/phagocytic
activity leading to excessive iron accumulation. It is not
known whether the latter is also accompanied by ineffective
handling of particulate iron forms and/or the ensuing cellular
processing of the metal.

Iron and oxidative stress parameters following
endocytosis of iron salts and of
red blood cells
The basal non-haeme iron content of WT and IS cells
increased significantly (by 3- to 5-fold) following 18 h

Figure 1
Iron loading and erythrophagocytosis by RAW 264.7 macrophages:
effects on wild-type (WT) and iron-sensitive (IS) cells. (A) Cells were
incubated with ferric ammonium citrate (FAC) at the indicated con-
centrations in the absence or presence of 1 mM hepcidin and cell
viability was determined after 24 h with the fluorescent redox probe
Alamar Blue. Results are shown as means � standard deviation (SD)
(n = 5) of Alamar Blue’s fluorescence for the indicated treatment
relative to the respective untreated controls. (B) Cells were incubated
for 6–8 h with Venofer (V; 500 mM Fe) in the absence or presence of
1 mM hepcidin (+Hep), and subsequently washed and cultured for 18
additional h and analysed as described in (A). Results shown are
relative to the respective untreated controls. (C) Cells were incubated
for 1 h with or without opsonized erythrocytes (+RBC) as described
in the Methods section, and then cultured overnight with or without
1 mM hepcidin (+Hep). Cell viability was measured with Alamar
Blue and is shown relative to respective untreated controls � SD
(*P < 0.05).
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exposure to 100 mM Fe given as FAC or to 500 mM Fe given as
V (a concentration attained during i.v. iron supplementation)
and to even higher levels in the presence of hepcidin
(Table 1).

The increases in non-haeme iron induced by erythroph-
agocytosis and followed by overnight incubation, were also
significantly higher in IS as compared with WT cells (P < 0.05,
n = 3) (Table 1), but apparently less pronounced when com-
pared with the increases induced by overnight exposure to
iron complexes. A factor that contributed to this apparent
difference is the substantial increase in protein mass per cell
following erythrophagocytosis.

Since by measuring total cell-associated iron one cannot
distinguish between internalized and surface adsorbed metal
(despite extensive cell washing with strong and impermeant
iron chelators such as DFO), we opted for examining micro-
scopically the iron loading properties of WT and IS cells in
terms of LCI levels by tracing labile iron with the fluorescent
iron probe calcein blue (Figure 3A). Under unchallenged (or
basal) growth conditions, LCI was barely detectable in both
WT and IS cells, but following incubation with FAC (100 mM
for 4 h) the levels rose significantly to 12 � 4 for WT and 70
� 6 U for IS. Both types of cells showed a similar capacity to

respond to prolonged (24 h) iron loads by induction of
H-ferritin protein levels and parallel repression of TfR levels
(Figure 3B). Increased ferroportin levels, were observed in
IS, but not in WT cells (Figure 3B). Furthermore, IS cells
responded robustly to hepcidin exposure, as shown by
decreased ferroportin and a further increase in H-ferritin
protein levels (Figure 3B). In contrast, ferroportin protein
levels in FAC-loaded WT cells were below Western blot detec-
tion levels and H-ferritin expression did not increase further
in response to hepcidin (data not shown). Possibly, lower iron
accumulation in WT cells compared with IS cells leads to a
diminished requirement for ferroportin and hence lower fer-
roportin protein levels.

The different LCI levels in WT and IS cells before and after
iron loading could be predicted to result in a commensurate
propensity to generate intracellular ROS, which we measured
with dihydro-CDCF (Figure 4A), which oxidizes to fluores-
cent CDCF in a labile-iron dependent manner. The time-
dependence conversion is highlighted for selected systems in
the inset of the figure and the calculated mean rates of con-
version obtained in 3 independent experiments are shown in
the histogram of Figure 4A. The rate of fluorescence increase
of CDCF elicited by 50 mM H2O2 was significantly (75%)

Figure 2
Endocytic properties of wild-type (WT) and iron-sensitive (IS) lines of RAW 264.7 macrophages. WT and IS cells were incubated in culture
conditions with growth medium supplemented with 50 mM of calcein green (CALG) given as either CALG-Fe (1:1 complexes) for 30 min or
CALG-V (1:2 complexes) for 4 h or with opsonized erythrocytes for 1 h, washed and analysed by phase contrast, differential interference contrast
(DIC) and fluorescence microscopy, as described in the Methods section. Following CALG-V, a subset of washed cell samples was treated with the
permeant chelator salicyl isonicotinoyl hydrazone (SIH) (50 mM) for 10 min (in order to reveal all Fe quenched complexes). Image analysis was
carried out on confocal fluorescence images obtained after loading with CALG-Fe (fluorescence superimposed on phase contrast) or CALG-V
(fluorescence) and on DIC images obtained after erythrophagocytosis. Results of cell image analysis of n = 3 independent experiments yielded
statistically different (P < 0.05) parameters (mean values � standard deviation determined in three areas of interest (one area per single cell)
between WT and IS cells incubated with CALG-Fe: # of endosomes/cell: 22 � 7 versus 56 � 5; endosomes mean fluorescence (rel units): 36 �

3 versus 28 � 5; cell mean fluorescence (rel units): 11 � 2 versus 19 � 1; cell total fluorescence (rel units): 277 � 143 versus 1096 � 50. The
mean numbers of erythrophagocytosed red blood cells (RBCs) per macrophage (WT vs. IS) were 1.2 � 0.6 and 3.6 � 1.8.
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higher in IS than in WT cells. Following overnight exposure
to FAC there was a 2.0 � 0.6-fold increase in cytosolic reactive
oxygen intermediates (ROI) production in WT cells as com-
pared with 2.9 � 0.5-fold increase in IS cells. Thus, IS cells
generate significantly higher levels of ROI than WT cells,
which is further magnified after iron loading. The fact that
the rapidly-penetrating, iron chelator DFP produced a swift
and major inhibition of dihydro-CDCF oxidation, implicates
iron in the measured cell ROI formation. Similar results were
obtained with the probe DHR, which is converted by ROI into
fluorescent rhodamine 123 (R) accumulating in mitochon-
dria potentiometrically (Figure 4B). Again ROI production
was significantly higher in IS cells (time dependence of for-
mation shown illustratively in Figure 4B inset and calculated
rates from three independent experiments in the main
figure). Oxidative challenge evoked by H2O2 further increased
ROI production whereas DFP partially inhibited it, possibly
because of lower accessibility of the chelator to mitochon-
drial compartments.

The extent to which IS cells are affected by oxidation
reactions due to exposure to iron sources was also assessed
in terms of cell protein CO group formation (Table 2).
When grown in standard culture conditions, the CO group
content of IS cells was not significantly different (P < 0.05)
from that of WT cells. However, following exposure to FAC
or V, the protein CO levels rose differentially and signifi-

cantly in IS cells and attained even higher levels in the pres-
ence of hepcidin. Thus, IS cells are endowed with an
intrinsic ability to respond to iron overload by triggering
the formation of ferritin and of ferroportin while remaining
susceptible to hepcidin. These features recapitulate proper-
ties of RES cells in inflammation whereby cell iron retention
follows erythrophagocytosis and/or endocytosis of poly-
meric i.v. iron supplements in the background of high
hepcidin.

Table 1
Non-haeme iron content in RAW 264.7 WT and IS cells following iron
loading

Treatment
Haeme content
WT IS

Basal (-FAC) 0.49 � 0.09 0.67 � 0.05

FAC 1.61 � 0.09* 3.24 � 0.11*,**

FAC + Hep 1.84 � 0.05 4.27 � 0.7

Basal (-V) 0.43 � 0.06 0.43 � 0.04

V 3.82 � 0.20* 2.91 � 0.49**

V + hep 4.87 � 0.10 3.66 � 0.27

Basal (-RBC) 0.55 � 0.04* 0.66 � 0.05

RBC 0.83 � 0.02* 1.22 � 0.34*,**

RBC + hep 0.96 � 0.12 1.20 � 0.23

WT and IS cells were incubated: (a) for 1 h with opsonized
erythrocytes [red blood cells (RBCs)] and then cultured over-
night without or with 1 mM hepcidin (+Hep) or (b) for overnight
in regular culture medium, or in medium supplemented with
either 100 mM ferric ammonium citrate (FAC) � 1 mM hepcidin
(FAC + Hep) or with Venofer (V; 500 mM Fe) � 1 mM hepcidin
(hep).
The total non-haeme iron content (nmol·mg-1 protein) in
untreated cells (basal levels) and iron loaded cells was deter-
mined after extensive washing of the cells as described in the
Methods section and is given as mean values � standard devia-
tion with *denoting significant difference at P < 0.05 from the
respective control (indicated as basal) and **significant differ-
ence between iron sensitive (IS) and wild type (WT) for the
equivalent treatment.

Figure 3
Iron loading and erythrophagocytosis by RAW 264.7 [wild type (WT)
and iron-sensitive (IS)] macrophages: effects on labile iron pools,
ferroportin, ferritin and transferrin receptor levels. WT and IS cells
were incubated 4–18 h in regular culture medium supplemented
with 100 mM ferric ammonium citrate (FAC). (A) The cytosolic labile
cell iron (LCI) levels in 4 h iron-loaded WT and IS cells were assessed
by fluorescence microscope imaging with the fluorescent intracellular
iron probe Calcein blue as described in the Methods section. LCI is
shown for one experiment in relative fluorescence units determined
in five different fields of cells (mean � standard error of the mean) as
determined from the increase in fluorescence 15 min after addition of
100 mM deferiprone (DFP) (D DFP). The range of LCI in iron loaded
cells (in relative fluorescence units r.u. obtained with the same micro-
scope settings in three independent experiments) was 4–20 for WT
cells and 62–95 for IS cells. (B) Ferroportin (FPN), transferrin receptor
(TfR) and ferritin (Ft) levels in WT (top panel) and IS (bottom panel)
cells were assessed by Western blotting after overnight incubation of
cells without or with 100 mM of FAC (+FAC) or after 1 h with or
without opsonized erythrocytes (+RBC), followed by overnight incu-
bation with or without 1 mM Hepcidin (+Hep). The data displayed are
representative of one of five experiments performed in two different
laboratories, showing similar Western blot patterns.
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Effect of chelators on RAW
264.7 macrophages
The capacity of iron chelators to either prevent or correct iron
toxicity in IS cells was assessed by various methods. Cell
metabolic activity or viability (Figure 5A) and % cell death
(Figure 5B) were assessed following iron loading with 100 mM
FAC for 4 h or 500 mM V (�1 mM hepcidin) for 24 h, or
erythrophagocytosis (RBC) for 1 h, followed by washing and
incubation for a further 24 h period in growth medium. In
the experimental conditions used, iron loading resulting
from exposure to either FAC or V (�hepcidin) or by eryth-
rophagocytosis markedly reduced IS cell metabolism/viability
as assessed with the redox indicator AB. Chelators assessed for
potential reversal of metabolic inhibition were used either at
pharmacological concentrations attained clinically (DFP at
100 mM and DFR at 50 mM) or for the poorly permeant DFO
at 10-fold above clinical concentrations (100 mM). The cell
metabolic activity/viability affected by either method of iron
loading was largely (80–90%) restored by treatment with DFP,
whereas with DFR or DFO the recovery was markedly lower.
We obtained essentially similar results when cell proliferation
was measured as total cell protein with the protein stain
sulphorhodamine B (data not shown). The ability of DFP or
DFR to reverse the toxic effects of iron loading of IS cell was
also assessed in terms of preventing cell death. Cell death,
manifested as a loss in plasma membrane integrity, was mea-
sured by the penetration of the otherwise impermeant DNA-
binding dye propidium iodide vis a vis Hoechst 33342
(Figure 5B). Unlike WT cultures, which remained unaffected
by iron loading (1% mean cell death index), cell death in IS
cultures significantly increased following 4 h exposure to FAC
or 24 h to V and was further increased by hepcidin. Impor-
tantly, DFP at 100 mM and DFR at 50 mM significantly reduced
the iron-evoked cell death, the first by >75% (P < 0.01) and
the second by <40% (P < 0.05).

The cytoprotective effect of chelators from iron-driven
oxidative damage is thought to be achieved by the neutral-
ization of LCI. However, most of the accumulated cell iron is
stored within ferritin, which undergoes degradation in
response to continuous iron depletion, particularly after pro-
longed chelator treatment. (Konijn et al., 1999; De Domenico
et al., 2009). We therefore assessed the relative efficacies of
the chelators in extracting iron from cell iron stores by fol-
lowing the ferritin levels in IS cells preloaded with iron via
FAC or erythrophagocytosis (Figure 6). In the experimental
period of 24 h, DFR at 50 mM was relatively more efficacious
than 100 mM DFP or DFO in triggering ferritin degradation in
iron loaded IS cells. Thus the ability of chelators to protect
cells from the toxic effect of accumulated iron is not directly
related to their ability to reduce cellular ferritin levels.

Chelator-mediated transfer of iron from
iron-loaded to iron-depleted cells but not
to intracellular bacteria
While all three chelators prevented to various extents the
iron-mediated damage to iron-loaded cells, it was of interest
to assess whether the chelated iron could be rendered avail-
able to other cells and yet withheld from engulfed bacteria.
To this end, macrophage cells that had been iron-loaded
via erythrophagocytosis (Figure 7A) or via exposure to V

Figure 4
Iron loading and erythrophagocytosis by RAW 264.7 [wild type (WT)
and iron-sensitive (IS)] macrophages: formation of reactive oxygen
intermediates (ROI). WT and IS cells were preincubated overnight
with/without 50 mM ferric ammonium citrate (FAC) (F) and sub-
sequently loaded with dihydro-2-7-carboxy-dichlorofluorescein
(dihydro-CDCF) [via the cell permeant precursor acetoxymethyl ester
CDCF-acetomethoxy (CDCF-AM) (A) or with dihydrorhodamine 123
(B)]. The time-dependent changes in fluorescence intensity [(mean
of triplicate values given in arbitrary fluorescence units (a.u.)] are
shown in the insets of (A) and (B) illustratively for only the indicated
treatments. The fluorescence traces shown in each graph were
obtained concurrently at 37°C in a thermostated fluorescence plate
reader. After a stable baseline cell fluorescence signal was detected,
50 mM H2O2 and 50 mM deferiprone (DFP) (= D) were added sequen-
tially 20 min apart (indicated by arrows; the sets not exposed to H2O2

are denoted as -). Histograms in the main figure (A, B) show the rates
of fluorescence increase (DF a.u.·min-1) calculated from the linear
segments of the fluorescence profiles shown in the insets (shown
illustratively for the indicated conditions).
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(Figure 7B) were co-cultured with iron-starved, growth-
arrested K562 human erythroleukaemia cells for 18 h. K562
cells were brought to growth arrest by previous iron depriva-
tion via DFO chelation and the co-culture with macrophages
was performed in media supplemented with iron-depleted
serum containing iron-free apo-transferrin in order to mini-
mize iron supply from any sources other than the macroph-
ages. The result of chelator-mediated transfer of iron was
assessed by determination of the growth of both RAW mac-

rophages and K562 cells (Figure 7). As shown, erythrophago-
cytosis blocked IS cell growth, but only DFP restored it to
control levels (value of 1) whereas all others remained signifi-
cantly different (P < 0.01) from 1. Conversely, in K562 cells
that were deprived of iron, resumption of DNA synthesis s
was observed only when the cells were co-cultured with iron
preloaded RAW cells [either via erythrophagocytosis (A) or via
V (B)] and only in the presence of 50 or 100 mM DFP. In
contrast, incubation in the presence of 50 mM DFR or DFO led

Table 2
Protein carbonyl (CO) groups in RAW 264.7 wild type (WT) and iron sensitive (IS) cells following iron loading

RAW264.7 cell type
Cell CO groups (nmol·mg-1 protein � SD)
Basal FAC FAC + Hep V V + Hep

WT 0.57 � 0.09 0.68 � 0.2 0.71 � 0.3 0.75 � 0.11 0.84 � 0.13**

IS 0.62 � 0.21 1.97 � 0.31*,** 2.57 � 0.30*,** 1.97 � 0.33*,** 2.86 � 0.47*,**

The CO group levels in basal growth conditions and following 48 exposure to 100 mM FAC or Venofer (V) (500 mM Fe) � hepcidin (Hep)
(1 mg·mL-1) were determined with the 2,4-dinitrophenyl-hydrazine assay as described in the Methods section.
The indicated values represent means of three equivalent experiments � SD and significant differences (at P < 0.05) between IS and WT cells
for a given treatment are indicated as * and between treatment and basal conditions for a given cell type as **.

Figure 5
Reversal of iron toxicity in iron sensitive (IS) RAW 264.7 macrophages by chelators. IS cells were preincubated overnight with 100 mM ferric
ammonium citrate (FAC), or for 1 h with opsonized erythrocytes [red blood cells (RBCs)] or 24 h with Venofer (500 mM), washed and cultured
without or with added iron chelators deferiprone (DFP; 50 and 100 mM), deferasirox (DFR; 100 mM) or deferrioxamine (DFO; 100 mM). Following
overnight incubation, they were assessed for cell viability with Alamar Blue (AB) (shown in A) and for maintenance of plasma membrane integrity
(cell death) by the propidium iodide-Hoechst 33342 double stain described in the Methods section (shown in B). After exposure to Venofer, cells
were cultured without and with hepcidin (‘V’ and ‘V + HEP’). Data are given as % of control cells (no FAC or RBC treatment) and shown as means
� standard deviation of three independent experiments. Staurosporin (0.5 mM) served as positive control and caused >90% cell death (not
shown). The higher level of iron toxicity compared with that described in Figure 1 is associated with the use of lower initial cell seeding density
in the cultures, necessitated by the 48 h duration of the experiment.
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to K562 cell growth arrest and early cell death manifested as
decreased DNA content, in line with previous observations
(Sohn et al., 2008).

In order to test whether iron redistribution by DFP also
increased iron availability to macrophage-ingested bacteria,
we assessed its effect on Salmonella multiplication in RAW
macrophages exposed to FAC or V (Table 3). Preloading of
WT cells with FAC or V before bacterial ingestion caused a
slight but significant increase in bacterial multiplication rela-
tive to control. Furthermore, in accordance with previous
results (Nairz et al., 2009), the continued presence of iron, in
the form of FAC or V during the post-ingestion period led to
a further increase in bacterial multiplication within cells,
being indicative of the requirement for iron for optimal intra-
macrophage growth of these bacteria. However, incubation
with DFP after bacterial ingestion did not increase bacterial
multiplication in both control and FAC-or V-preloaded mac-
rophages, indicating that in this experimental system the
agent does not enhance iron availability to ingested bacteria.

Discussion

Iron dyshomeostasis resulting in tissue iron retention, such as
IRIDA (Finberg, 2009) or ACD (Weiss and Goodnough, 2005;
Finberg, 2009; Babitt and Lin, 2010) are linked to the activity
of the iron transporter ferroportin, a key player in the release
of iron from erythrocyte-recycling macrophages and iron
absorption in the gut (Theurl et al., 2009; Recalcati et al.,
2010). This has led to experimental approaches aimed at
targeting ferroportin (Nemeth, 2010), its principal regulator
hepcidin (Sasu et al., 2010) and its associated signal-response
machineries (Babitt et al., 2007; Yu et al., 2008; Mair and
Weiss, 2009), but a possible interference with physiologically
essential functions might limit their clinical use (Mair and
Weiss, 2009).

We assessed an alternative or complementary therapeutic
strategy for coping with disease-related macrophage iron
accumulation in the setting of systemic iron deficiency, by
applying agents with a potential for cell iron detoxification in
concert with conservative redistribution of the scavenged
metal (Breuer and Cabantchik, 2009; Kakhlon et al., 2010).
We reasoned that a potential candidate should, at the
minimum, be devoid of side effects that exacerbate the iron
deficiency per se and, optimally, even reduce it. Agents with

Figure 6
Effect of chelation on ferritin levels in iron-loaded RAW 264.7 (IS)
macrophages. Cells were (A) incubated overnight with 100 mM FAC,
or (B) for 1 h with opsonized erythrocytes [red blood cells (RBCs)],
then washed and grown for 24 h in the presence of deferiprone
(DFP), deferasirox (DFR) or deferrioxamine (DFO), given in micro-
molar. Ferritin levels in whole cell lysates were determined by
Western blotting with antibodies against H-ferritin and blots were
re-probed for actin. Relative values of ferritin levels (given as % of
control) determined by densitometry are shown. Data are represen-
tative of one out of four independent experiments.

Figure 7
Chelator-mediated iron relocation from iron-loaded RAW 264.7 mac-
rophages to iron-depleted K562 cells in co-culture. Iron-sensitive (IS)
cells were iron-loaded either (A) by incubation for 1 h with opsonized
erythrocytes to allow erythrophagocytosis, followed by washing of
erythropcytes and incubation overnight in culture conditions fol-
lowed by removal of non-internalized RBC by hypotonic lysis and
washing, or (B) by overnight exposure to 500 mM Venofer (V) and
washing. Iron-deprived K562 cells were added on top of the RAW
264.7 cells and the mixed cell culture was grown for 24 h in iron-
free, apo-transferrin containing medium supplemented with the iron
chelators deferiprone (DFP), deferasirox (DFR) or deferrioxamine
(DFO) at the indicated concentrations (mM). The K562 cells, which
grow in suspension, were carefully separated from the substrate-
attached RAW 264.7 IS cells by aspiration and the relative numbers of
K562 cells and of RAW cells were quantified in a fluorescence plate
reader following staining with the DNA fluorescent stain Hoechst
33342. Data are expressed as mean growth (in fluorescence units)
relative to the control � standard deviation (n = 3). The asterisks
denote statistically significant differences between treatment and the
respective control (* for RAW cells and ** for K562 cells).

BJPRedistribution of iron as therapeutic strategy

British Journal of Pharmacology (2011) 164 406–418 415



the requisite therapeutic properties are expected to attain a
conservative redistribution of the metal by scavenging excess
iron from overloaded cells and conveying the chelated metal
to circulating apo-Tf (Sohn et al., 2008) and/or to other cells
for reutilization (Breuer and Cabantchik, 2009; Kakhlon et al.,
2010). Such an approach might be of therapeutic value in
patients with iron restrictive anaemia as well as in those
frequently treated with combinations of haematopoietic
stimulating agents and iron supplements (Macdougall, 2010).
As i.v. iron formulations are composed of polymeric micro-
particulate iron forms, they are ingested and processed
mainly within resident macrophages in liver and spleen (Mair
and Weiss, 2009).

In search of models for exploring iron redistribution we
isolated a subline of murine macrophage RAW 264.7 cells (IS)
with an increased iron sensitivity. The IS cells appear to spon-
taneously over-accumulate iron under normal culture condi-
tions, as indicated by elevated total cell iron, increased basal
reactive O- intermediate levels in the cytosol and mitochon-
dria, induction of ferritin and ferroportin synthesis. Further-
more, a preliminary gene expression microarray screen
showed that the most significant difference in basal mRNA
levels between IS and WT cells is a fourfold decrease in trans-
ferrin receptor 1 expression (Y-S. Sohn et al., unpubl. obs.).
More striking is IS cells’ inability to tolerate iron loads, as they
undergo growth arrest by exposure to FAC or V under condi-
tions that do not affect the WT cells. Similarly, endocytosis of
macromolecular iron or phagocytosis of aged RBC produces
marked oxidative-toxicity in IS, but not in WT cells. These
deleterious effects may be explained in part by an enhanced
rate of internalization of particulate iron complexes and
erythrocytes (Figure 2), which may also explain the markedly
elevated total iron content of IS cells after iron loading
(Figure 3).

In addition to excessive endocytosis, the propensity of IS
cells to generate elevated LCI (Figure 3) and cytosolic ROI
(Figure 4 and Table 2) following exposure to iron sources,
indicates that these cells also have an impaired capacity to
process the internalized iron, despite robust induction of
ferritin and ferroportin (Figure 3), the two principal proteins
involved in protection from iron toxicity. Importantly, the

fact that ferroportin down-regulation by hepcidin exacer-
bates IS cell iron loading (Figure 3) and ensuing toxicity
(Figure 1) indicates that ferroportin also plays a role in iron
overload management in these cells, as it does in macroph-
ages generally. It also indicates that the IS cells used in this
study provide an extreme but useful experimental model for
situations in which macrophage ferroportin is chronically
down-regulated even after erythrophagocytosis, due to
elevated circulating hepcidin and cytokine levels (Weiss and
Goodnough, 2005; Beaumont and Delaby, 2009). Thus, the IS
cells experimentally reproduce one of the characterisitic fea-
tures of ACD-affected macrophages – a restricted ability to
eliminate excessively accumulated iron. That restricted
ability is accentuated following erythrophagocytosis or expo-
sure to iron polymers used for parenteral iron supplementa-
tion. Together, these features make the IS cells a highly
sensitive model for quantitatively assessing the ability of iron
scavenging agents to prevent cellular iron load in the pres-
ence of a ferroportin blockade and to restore cell activities.

Rescue of cells from the detrimental effects of iron loading
by a variety of chelators has been demonstrated previously
(Hider et al., 1994; Kalinowski and Richardson, 2005; Glick-
stein et al., 2006) and was also observed here for DFP, DFR and
DFO applied to IS cells challenged with FAC, V (�hepcidin)
or RBC (Figure 5). However, for chelators to be useful in
systemic iron deficiency they need to perform as iron redis-
tribution agents. Such agents must be endowed with: (a) the
ability to maintain any chelated iron in a biologically usable
form and thereby (b) permit continued cell growth (Breuer
and Cabantchik, 2009; Kakhlon et al., 2010) of both iron-
loaded cells and be permissive for growth of iron-replete as
well as iron-deprived cells. This requirement has been shown
to be partially fulfilled by DFP in in vitro cell models of
Friedreich’s ataxia (Kakhlon et al., 2010) and cardiomyocyte
iron overload (Glickstein et al., 2006). Here we extended the
notion to an experimental cell model of iron retention by
macrophages and tested the ability of chelating agents to
mediate iron transfer to iron-deprived human erythroleu-
kaemia cells (Figure 7A and B). Other chelators with a rela-
tively high cell iron scavenging ability, but lesser ability to
transfer complexed iron to apo-Tf (Breuer et al., 2001), such

Table 3
Chelator-mediated iron relocation in iron-laden macrophages: effects on multiplication of ingested bacteria

Pretreatment
Colony forming units in treated relative to control cells
None FAC Venofer (V) DFP

Control 100 � 20 156 � 16xx 439 � 19xx 131 � 14

FAC 150 � 17* 236 � 18*,xx 559 � 55**,xx 108 � 24

V 239 � 65** 389 � 65**,xx 862 � 43**,xx 288 � 42

Wild-type cells, either untreated (control) or preloaded with 100 mM FAC or 500 mM V overnight (preincubation, FAC or V, respectively), were
allowed to ingest bacteria (S. thyphimurium) (pretreatment) then washed and treated for 24 h in regular medium with no additions or with
100 mM ferric ammonium sulphate (FAC) or 500 mM Venofer (V) and/or 100 mM deferiprone (DFP) (post-treatment)and bacterial colony-
forming units (CFUs) were quantified as described in the Methods section.
Data are given as % of control cells (no treatment) and values presented as mean � standard deviation (n = 6). The statistical analysis (using
SPSS, Bonferroni variance test-parameters) on sets of data obtained independently indicate significant differences (*P < 0.03; **P < 0.001)
between pretreatment with FAC or V versus the respective control and (xxP < 0.001) between treatment with FAC or V versus none or versus
DFP.
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as DFR, were less efficacious than DFP in both rescuing iron
overloaded macrophages and at the same time supporting
cell growth of iron deprived K562 cells. We attribute the
resumption of K562 cell growth in the presence of iron
loaded IS cells and DFP to DFP-mediated redistribution of
iron between the two cell populations. At present it is not
clear whether DFP conveyed iron to the K562 cells directly by
transmembrane permeation of DFP-iron complexes and
donation to acceptor proteins, or via extracellular transfer to
transferrin followed by receptor mediated uptake. Based on
previous studies (Sohn et al., 2008), both mechanisms are
plausible, although in vivo only the latter is likely to be rel-
evant. The possibility that RAW cells might secrete growth
stimulating factors following addition of DFP but not DFR or
DFO, cannot be ignored, although the fact that the DFP
stimulating effect was observed only when iron loaded RAW
cells were used, renders it unlikely in the context of the
described experiment.

One possible objection to the use of iron-redistributing
reagents in ACD associated with infection by pathogens is the
potential for donation of iron to the invading microorgan-
isms. This question was addressed in the present work
(Table 3) by assessing the effect of DFP on intracellular mul-
tiplication of Salmonella typhimurium in WT macrophages
exposed to FAC and V. Intracellular bacterial growth was not
enhanced but even slightly inhibited by DFP indicating that
iron transfer from DFP-Fe chelates to endobacteria is unlikely.
Experiments carried out with the IS cell line yielded a similar
pattern of results (data not shown); however, bacterial sur-
vival in these cells was considerably lower than in WT, a
finding currently under investigation.

In this work we reinforced the principle of iron redistri-
bution (Breuer and Cabantchik, 2009; Kakhlon et al., 2010)
observed with cell models of Friedreich’s ataxia, whereby DFP
managed to restore most of the cell functions affected by
frataxin deficiency. The effect of DFP was not restricted to
detoxification of mitochondrial labile iron as it also provided
support for de novo iron-sulfur cluster synthesis (Kakhlon
et al., 2008). Clinical studies with DFP in Friedreich’s ataxia
patients showed amelioration of complications associated
with iron accumulation in the heart and in the brain (Bod-
daert et al., 2007; Velasco-Sánchez et al., 2011). Importantly,
the iron status of patients could be largely maintained with
moderate DFP treatments even in the absence of overt RES
iron accumulation. In early studies on rheumatoid arthritis,
an ACD resulting condition, DFP produced slight increases in
haemoglobin levels (Vreugdenhil et al., 1990), consistent
with the notion that DFP can mobilize sizeable amounts of
iron sequestered in the RES and/or that it can induce eryth-
ropoietin formation, as does DFO (Zhu and Bunn, 1999).
Moreover, the increasing use of long-term, high-dose i.v. iron
supplementation to treat anaemia of ACD could become
complicated by eventual systemic iron loading due to ineffi-
cient utilization of the infused iron (Besarab et al., 2009). In
such situations, iron-redistributing agents could prove par-
ticularly useful for reducing iron overload while achieving
higher iron availability for haemoglobinization.

Clearly, the ability of some chelators to conservatively
redistribute iron within and/or between cells can have both
beneficial as well as detrimental effects (Kawabata et al.,
2007). In the case of DFP, its idiosyncratic neutropaenic

effects have limited its therapeutic potential. However, the
novel approach of conservative iron redistribution for treat-
ing ACD and of the experimental platform used in this work,
could serve as a basis for screening novel agents with better
performance as rescuers of iron-affected cells and possibly
also potential reversers of cellular iron deficiency.
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