THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 30, pp. 20674 -20686, July 25, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Role of HIF-1 and NF-kB Transcription Factors in the
Modulation of Transferrin Receptor by Inflammatory

and Anti-inflammatory Signals™

Received for publication, January 15, 2008, and in revised form, May 12,2008 Published, JBC Papers in Press, June 2, 2008, DOI 10.1074/jbc.M800365200

Lorenza Tacchini, Elena Gammella, Cristina De Ponti, Stefania Recalcati, and Gaetano Cairo'
From the Institute of General Pathology, University of Milan, 20133 Milano, Italy

Inflammation generates various changes in body iron home-
ostasis, including iron sequestration in the reticuloendothelial
system with ensuing hypoferremia and anemia of chronic dis-
ease. Increased iron accumulation is caused by hepcidin-medi-
ated down-regulation of the iron export protein ferroportin and
higher iron uptake. However, enhanced iron acquisition by mac-
rophages cannot be accounted for by the previously reported
transferrin receptor (TfR1) down-regulation in macrophages
exposed to lipopolysaccharide (LPS)/interferon <y (IFNvy)
because it impairs a major iron uptake mechanism. Because
TfR1 is up-regulated by the hypoxia-inducible factor (HIF-1),
we investigated the effect of inflammatory and anti-inflamma-
tory signals on HIF-1-mediated TfR1 gene expression. Exposure
of mouse macrophages (RAW 264.7 and J774A.1 cells or perito-
neal macrophages) to LPS/IFN+y up-regulated NF-«B, which in
turn rapidly and transiently activated HIF-1-dependent TfR1
expression and iron uptake. Activation of an anti-inflammatory
pathway by pre-exposure to the adenosine A, , receptor agonist
CGS21680 prevented the inducing effect of LPS/IFNy on HIF-1
and TfR1 expression by inhibiting NF-«kB activity, whereas
treatment with CGS21680 alone increased HIF-1-mediated
TfR1 expression by means of an NF-kB-independent signaling
pathway. In conclusion, an interplay of the HIF-1 and NF-«B
pathways controls TfR1 transcription in inflammation. The
consequent changes in TfR1 expression may be involved in
modulating iron retention in inflammatory macrophages, thus
possibly contributing to the development of hypoferremia in the
early phases preceding the down-regulation of macrophage fer-
roportin by hepcidin.

Inflammatory states are associated with changes in body iron
homeostasis (1). The main systemic response is a rapid fall in
plasma iron concentration accompanied by iron sequestration
in the reticuloendothelial system. By restricting iron availability
for erythroid progenitor cells, prolonged hypoferremia may
limit hemoglobin synthesis and cause inflammation-related
anemia (2, 3). Increased iron retention within inflammatory
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macrophages, which is favored by the induction of the iron
storage protein ferritin (4 —8) and regarded as a host attempt to
withhold iron from the invading pathogens (1, 9, 10), may be
due to increased iron uptake and decreased iron export (9).
Characterization of the interaction between the acute phase
protein hepcidin and the iron exporter ferroportin has shed
light on the molecular mechanisms underlying the blockade of
macrophage iron release (2, 3, 11). The cytokine-triggered
increase in circulating hepcidin causes the internalization and
degradation of ferroportin (12), the major iron exporter, thus
blocking iron release from macrophages (13). However,
although it has been shown that direct exposure to a bolus of
hepcidin rapidly lowers serum iron (14) and that peak urinary
hepcidin levels in LPS-treated subjects precede the develop-
ment of hypoferremia (15), the rapid onset of hypoferremia in
LPS-treated mice (16-19) suggests that factors other than
hepcidin-dependent ferroportin down-regulation (e.g. iron
uptake) may be important for iron sequestration within reticu-
loendothelial cells during the very early phase of the inflamma-
tory response.

The pathways of iron acquisition by macrophages are less
clear, as are the changes induced by inflammatory stimuli. This
is particularly true in the case of the role of changes in the
internalization of transferrin-bound iron through the trans-
ferrin receptor (TfR1)* during the development of reticuloen-
dothelial iron sequestration under inflammatory conditions. A
number of studies have shown that exposure to inflammatory
stimuli for 10-24 h down-regulates TfR1 expression (5, 6,
20-23) and, because this impairs a major iron uptake mecha-
nism (21, 23), it cannot account for the increased accumulation
of iron in macrophages. This inhibition of TfR1 expression is
post-transcriptionally controlled by means of the well charac-
terized interaction between iron regulatory proteins (IRPs) and
the iron-responsive elements in the untranslated regions of
iron-related mRNAs (24 —27), as nitric oxide (NO)-dependent
IRP2 down-regulation decreases TfR1 mRNA levels and
increases ferritin synthesis (5-7, 22).

However, TfR1 expression is also regulated at the transcrip-
tional level. We and others have previously shown that TfR1
expression is up-regulated by the hypoxia-inducible factor
(HIF1) (28 —30), which is typically activated under hypoxic con-
ditions but can also be turned on by a number of non-hypoxic

2 The abbreviations used are: TfR, transferrin (Tf) receptor; IRP, iron regulatory
protein; LPS, lipopolysaccharide; IFN, interferon; HIF, hypoxia-inducible
factor; HRE, hypoxia-responsive element; shRNA, short hairpin RNA; DFO,
desferrioxamine; RLA, relative luciferase activity.
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stimuli, including inflammatory signals such as NO and LPS
(for review, see Dery et al. (31)).

On the basis of these considerations, we investigated the
effect of LPS/IFNy on the HIF-1-mediated activation of TfR1
gene expression in macrophages. In an attempt to clarify the
effect of the interplay between inflammatory and anti-inflam-
matory modulators on HIF-1-mediated TfR1 expression, we
also considered the effect of the anti-inflammatory molecule
adenosine, as we have recently shown that adenosine A, ,
receptor-mediated signaling induces HIF-1 and activates HIF-1
target genes in macrophages (32). The results of the present
study show that, by inducing NF-«B, inflammatory signals acti-
vate HIF-1-dependent and IRP-independent TfR1 expression
and the uptake of transferrin-bound iron. They also show that
exposure to the adenosine A,, receptor agonist CGS21680
alone increases HIF-1-mediated TfR1 expression, whereas pre-
treatment with CGS21680 prevents the inducing effect of LPS/
IENy on HIF-1 and TfR1 expression by inhibiting NF-«B
activity.

EXPERIMENTAL PROCEDURES

Cell Cultures and Treatments—The J774A.1 and RAW 264.7
murine macrophage cell lines were obtained from the European
Collection of Cell Cultures and cultured in endotoxin-free
E-MEM or RPMI 1640 medium, respectively (Sigma), contain-
ing 10% fetal bovine serum, 2 mm glutamine, 100 units/ml pen-
icillin, and 0.1 ng/ml streptomycin at 37 °C in 5% CO,. Proteose
peptone-elicited peritoneal macrophages were harvested from
8-week-old pathogen-free female CD1 mice (Charles River Ita-
lia, Calco, Italy) housed, fed, and handled in compliance with
the prescriptions for the care and use of laboratory animals. The
macrophages were purified by means of adherence to plastic
tissue culture clusters (Corning-Costar Italia, Milan, Italy) for
2hat 37 °Cin 5% CO, as previously described (33). Near-con-
fluent J774A.1 or RAW 264.7 cells and peritoneal macrophages
were exposed to 1 ug/ml LPS and 100 units/ml IFNy or various
concentrations (5-50 um) of the A, , adenosine receptor ago-
nist CGS21680 (Sigma) or 100 uM adenosine (Sigma) for differ-
ent times. When appropriate, the cells were treated with 10 um
Bay 11-7082 (Sigma) or 100 nm chetomin (Alexis, Italy) or 100
uM desferrioxamine (DFO, Sigma).

Immunoblot Analyses—To detect TfR1 and B-actin, cytoso-
lic extracts were prepared as described (34). HIF-1«, NF-kB
p65, and TFIID were determined in nuclear extracts prepared
according to Tacchini et al. (35). Aliquots of cytosolic or
nuclear extracts containing equal amounts of proteins (as
assessed using the Bio-Rad protein assay kit) were electro-
phoresed and electroblotted onto Hybond ECL membranes
(Amersham Biosciences). After assessing transfer by means of
Ponceau S staining, the membranes were incubated with TfR1
antibody (Zymed Laboratories Inc., San Francisco, CA) diluted
1:1000, HIF-1a antibody (H1a67, Novus Biologicals, Littleton,
CO) diluted 1:1000, TFIID antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) diluted 1:500, NF-kB p65 antibody (Santa
Cruz Biotechnology) diluted 1:500, and B-actin antibody
(Sigma) diluted 1:20,000. After incubation with the appropriate
secondary antibody, the antigens were detected using an immu-
nodetection kit (ECL Plus, Amersham Biosciences) and quan-
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titated by means of densitometry with the values being calcu-
lated after normalization to the amount of TFIID or B-actin.

Uptake of >°Fe-labeled Transferrin—To evaluate the incor-
poration of >*Fe-labeled transferrin (Tf), the cells were exposed
to 1 um *°Fe-labeled Tf during the last 2 h of the various treat-
ments. Human apoTf (Sigma) was incubated with **Fe-iron cit-
rate, prepared by mixing >°FeCl, (PerkinElmer Life Sciences)
with citric acid in a 1:2 molar ratio under previously described
conditions (36). At the end of the incubation, the medium was
removed, and the cells were washed and homogenized in the
lysis buffer used for the immunoblot analysis. Aliquots of the
lysates were taken to measure the amount of cellular >°Fe by
means of liquid scintillation counting using Ultima Gold (Pack-
ard Instrument Co.) and determine protein content.

Electrophoretic Mobility Shift Assay—Aliquots of the nuclear
extracts were incubated with [y->*P]JATP (Amersham Bio-
science)-labeled oligonucleotides (Primm, Milan, Italy) corre-
sponding to the sequence from nucleotide position —93 to
nucleotide position —75 relative to the transcription start site
in the human TfR1 gene encompassing the binding sites for
HIF-1 (5'-AGCGTACGTGCCTCAGGA-3’) and oct-1 (5'-
TGCGAATGCAAATCACTAGAA-3'), electrophoresed, and
autoradiographed (35). The specificity of the assay was demon-
strated by the fact that the signals disappeared after the addition
of a 50-fold excess of specific (but not nonspecific) oligonucleo-
tides. The quantitative determinations were made by means of
direct nuclear counting using an Instantlmager (Packard
Instrument Co.), with the values being calculated after normal-
ization to the activity of oct-1.

Plasmid Constructs—The pGL3PGK6TKp vector (a kind gift
of P. J. Ratcliffe, Oxford, UK) contains a hypoxia-responsive
element (HRE) multimer (37). The wild-type (—455 TfR1) con-
struct containing the TfR1 promoter was generated from vec-
tors kindly provided by Dr. L. Kuhn, as previously described
(28). For the mutated (-455 mTfR1) plasmid, a site-directed
mutation of the HRE sequence 5'-TACGTGC-3' in the —455
TfR1, was introduced by designing one pair of complementary
oligonucleotides including the desired mutation site to replace
the bases TACGT with AATTC. The pNF-kB-Luc reporter
vector designed for monitoring the activation of NF-«B was
purchased from BD Biosciences. The expression vector
pcDNA3ARNTdelta_b (AARNT) (obtained from M. Schwarz,
Tubingen, Germany) codes for the dominant negative mutant
form of the HIF-1 ARNT subunit (35). The RSVIKBaMMS
supersuppressor of NF-kB (38) (ssNF-«B) was kindly provided
by N. D. Perkins.

Transient Transfection Assay—Subconfluent RAW 264.7
cells maintained in complete medium were transiently trans-
fected (using TransIT™ LT1, Mirus, Bologna, Italy) in 24-well
multiwell plates with a 50:1 mixture of the various constructs
and the pRL-TK reporter vector containing Renilla luciferase,
which was used to normalize transfection efficiency. When
appropriate, the cells were co-transfected with dominant neg-
ative expression vectors (see above). After 24 h, the cells were
collected, washed, and lysed using the reporter lysis buffer (Pro-
mega, Milan, Italy), and luciferase activities were measured in a
Promega luminometer using the Dual Luciferase Reporter
Assay System (Promega) (37). The empty vectors showed prac-
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tically undetectable luciferase activity. All of the transfection
experiments were carried out on duplicate plates and were
repeated at least three times (1 = 6).

Short Hairpin RNA Knockdown—Short hairpin RNA
(shRNA) constructs against Mus musculus HIF-1a (catalog
number TR517255) were purchased from Origene, Technolo-
gies, Inc. (Rockville, MD). The targeted sequences were:
CTGTTCACCAAAGTTGAATCAGAGGATA (#1), CTTCT-
GTTATGAGGCTCACCATCAGTTA (#2), TCAAGAAAC-
GACCACTGCTAAGGCATCA (#3), TTACCTTCATCG-
GAAACTCCAAAGCCACT (#4). RAW 264.7 macrophages
maintained in complete medium were plated onto 6-well cul-
ture dishes (400.000 cells/well) or onto T75 flasks (2.5 X 10°
cells/flask) for TfR1 and HIF-1a immunoblot analysis, respec-
tively. After 24 h the medium was changed, and cells were trans-
fected with a mixture of the four plasmids (250 ng each) con-
taining the shRNA or with the empty pRS vector using the
transfection method described above. 48 h later the medium
was changed, and the cells were treated for 4 h with LPS/IFNv.
The cytosolic and nuclear extracts were then prepared as
described above.

RNA-protein Gel Retardation Assay—The cell lysates were
prepared as described (34), and equal amounts of the superna-
tant proteins were incubated with a probe transcribed from the
pSPT-fer plasmid containing the iron-responsive elements of
the human ferritin H chain (39) using T7 RNA polymerase in
the presence of [a-**PJUTP (Amersham Biosciences) and then
treated with RNase T1 and heparin (34). After separation on
non-denaturing polyacrylamide gels, the RNA-protein com-
plexes were visualized by means of autoradiography and quan-
titated by means of direct nuclear counting using an Instant-
Imager (Packard Instrument Co.).

Northern Blot Analysis—Total cell RNA was isolated, and
equal amounts were electrophoresed under denaturing condi-
tions (35). To confirm that each lane contained equal amounts
of RNA, the rRNA content in each lane was estimated in the
ethidium bromide-stained gels by means of laser densitometry.
The RNA was transferred to Hybond-N filters (Amersham Bio-
sciences) and hybridized with **P-labeled mouse TfR1 cDNA.
The quantitative determinations were made by means of direct
nuclear counting using an InstantImager (Packard Instrument
Co.), with the values calculated after normalization to the
amount of ribosomal RNA.

Statistical Analysis—The data are expressed as the mean val-
ues = S.D. and were compared using analysis of variance; p
values of <0.05 were considered significant.

RESULTS

LPS-IFNvy Up-regulates TfR1 Expression and Transferrin-
bound Iron Uptake—To study the effect of inflammatory stim-
uli on TfR1, mouse RAW 264.7 macrophages were treated with
the concentrations of LPS-IFN7y normally used to stimulate
macrophages (which have been previously demonstrated to
affect iron metabolism) (5, 6,21), and TfR1 expression was eval-
uated at protein and mRNA levels. Cell viability and prolifera-
tion rates were not affected by any of the treatments (results not
shown). Immunoblot analysis showed that TfR1 protein levels
increased in a time-dependent manner up to 68 h and then
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decreased to below those of untreated cells at 24 h (Fig. 14).
Northern blot analysis (Fig. 1B) showed that the increase in
TfR1 protein levels observed in RAW 264.7 cells exposed to
LPS-IFNy for 4 — 6 h was accompanied by an increase in steady-
state TfR1 mRNA levels. Similar results were found in another
macrophage cell line (J774A.1) (results not shown). To deter-
mine whether the higher TfR1 expression also enhanced iron
uptake, RAW 264.7 cells were exposed to *°Fe-labeled trans-
ferrin and the total cell content of radioactive iron was deter-
mined by means of liquid scintillation counting. The **Fe con-
tent was more than three times higher in the LPS-IFNy-treated
RAW 264.7 cells, thus indicating that the higher TfR1 levels are
functionally involved in favoring greater iron availability (Fig.
1C). Competition by a 100-fold excess of unlabeled transferrin
effectively blocked iron incorporation. To investigate whether
the TfR1 induction observed in the macrophage cell lines was
also detectable in primary mononuclear cells, we analyzed
extracts from mouse peritoneal macrophages treated with LPS-
IENYy for 4 h; exposure to LPS-IFNvy strongly increased TfR1
content with an effect similar to that obtained with the iron
chelator DFO (Fig. 1D).

Increased TfR1 Expression Is Mediated by HIF-1—Given the
previous demonstration that TfR1 is an HIF-1-inducible gene
(28-30) and that HIF-1 is also activated by typical inflamma-
tory stimuli such as LPS (40, 41), we investigated whether HIF-1
was involved in the TfR1 induction response to LPS-IFNY.
RAW 264.7 cells were exposed to LPS-IFNvy, and the DNA
binding activity of HIF-1 was evaluated by electrophoretic
mobility shift assay using a probe spanning the HRE present in
the TfR1 promoter (28, 30). The treatment increased HIF-1
activity in a time-dependent manner, and activation was
already detectable at 1-2 h; binding peaked after 4 h and then
declined (Fig. 2A). Similar binding activity was found in extracts
of cells exposed to the iron chelator DFO, a well known inducer
of HIF-1 (42). Competition experiments using both specific and
unspecific unlabeled oligonucleotides demonstrated the speci-
ficity of the interaction between the DNA probe and the
induced nuclear factors. The complex that migrates faster is a
so-called constitutive factor that is closely related or identical to
the transcription factors ATF-1 and CREB-1 and has been
shown to be induced by hypoxia, iron chelation, and adenosine
(32, 43-45). Immunoblot analysis of the nuclear extracts
showed that HIF-1 protein levels were also greatly increased in
the cells exposed to LPS-IFN'y, with a time response reflecting
that shown by DNA binding activity (Fig. 2B). Similar HIF-1
activation was found in LPS-IFNy-treated J774A.1 macro-
phages (results not shown). We then used transactivation
capacity experiments to verify whether the HIF-1 induced by
LPS-IFNy was transcriptionally active. In RAW 264.7 cells
transiently transfected with a luciferase reporter gene con-
trolled by a DNA fragment containing multiple consensus
HREs, which has previously been shown to drive HIF-1-de-
pendent transcription in response to hypoxia and hypoxia-
mimics (32, 37), the expression of the reporter gene increased
more than 3-fold in response to LPS-IFNvy (Fig. 2C). Further
indications of the involvement of HIF-1 in the LPS-IFN+y-de-
pendent activation of luciferase activity were obtained by
means of experiments in which the transactivating capacity
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FIGURE 1. LPS-IFNvy activates TfR1 expression and transferrin-bound iron uptake. A, immunoblot analysis of cytosolic extracts from RAW 264.7 cells
untreated (C) or treated with LPS-IFNy for different times using the antibody against TfR1. The blots were reprobed with the antibody against p-actin as a
loading control. B, Northern blot analysis of total RNA extracted from RAW 264.7 cells untreated (C) or treated with LPS-IFN+y for different times and hybridized
with 32P-labeled TfR1 cDNA. 28 S RNA was used as a control for RNA loading. C, °° Fe-labeled transferrin uptake (expressed as cpm of radioactive iron/ug of
protein) in RAW 264.7 cells untreated (C) or treated with LPS-IFN+y for 4 h in the absence or presence of a 100-fold excess of unlabeled transferrin (comp). The
values are mean = S.D.*, p < 0.001 versus untreated controls; **, p < 0.001 versus cells without competition. D, immunoblot analysis of cytosolic extracts from
mouse peritoneal macrophages untreated or treated with LPS-IFNvy for 4 h or DFO for 20 h using the antibody against TfR1; B-actin was used as a loading
control. All of the results are representative of at least three independent experiments. The values indicate the -fold difference =S.D. in relation to the untreated

controls.

of HIF-1 was almost completely abolished by the co-trans-
fection of a plasmid expressing a dominant negative of the 3
subunit of the HIF-1 heterodimer (AARNT), which retains
the capacity to form a heterodimer but cannot bind DNA
(35) (Fig. 2C).

Having demonstrated that HIF-1 activity is induced by LPS-
IENy in RAW 264.7 cells, we investigated the role of HIF-1-
mediated transcriptional regulation in the induction of TfR1
expression. To this end, RAW 264.7 cells were transfected with
a luciferase reporter gene under the control of a 455-bp frag-
ment of the human TfR1 promoter (wild type or mutated in the
HRE) (Fig. 3A); it has been previously demonstrated that this
fragment is sufficient for the efficient transcriptional induction
of areporter gene in response to hypoxia and that the mutation
is effective in suppressing the responsiveness to hypoxia and
iron chelation (28, 30). We found that the wild-type construct
was transcribed 3-fold more efficiently in RAW 264.7 cells
treated with LPS-IFNvy than in control cells. Importantly,
both the HRE mutation and co-transfection of the dominant
negative AARNT significantly reduced the differences in tran-
scription, thus indicating that HIF-1-mediated transcriptional
activation is involved in TfR1 expression in LPS-IFNy-treated
RAW 264.7 cells (Fig. 3A). A further indication of the role of
HIF-1 was provided by experiments showing that the LPS-
IFNy-mediated increase in TfR1 protein levels was abolished in
RAW 264.7 cells transfected with the dominant negative
AARNT (Fig. 3B). Similarly, the presence of chetomin, which
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prevents the formation of the transcriptionally competent
HIF-1 complex (46), completely inhibited the increase in TfR1
protein levels triggered by exposure to LPS-IFNvy (Fig. 3C). To
further verify the role of HIF-1 in the activation of TfR1 in
response to LPS-IFNy, we used shRNA technology to specifi-
cally knock down HIF-1« (Fig. 3D). Transfection of RAW 264.7
cells with a set of four expression vectors coding shRNAs
against HIF-1a resulted in a 70% reduction in the inducible
levels of HIF-1 as compared with cells transfected with a nega-
tive control plasmid. The down-regulation of HIF-1 prevented
almost completely the increase in TfR1 triggered by exposure to
LPS-IENvy. The lack of effect on the expression of TFIID and
B-actin indicates that silencing was specific.

To investigate the possibility that LPS-IFN+y leads to TfR1
and HIF-1 activation by reducing the intracellular iron pool,
we used an RNA band shift assay to measure the activity of
the iron regulatory proteins IRP1 and IRP2, key regulators of
iron homeostasis that are activated by decreased intracellu-
lar iron availability and in turn up-regulate TfR1 expression
(24, 25). In line with previous findings (5), Fig. 3D shows that
the RNA binding activity of IRP1 slightly and not signifi-
cantly increased, and that of IRP2 decreased in RAW 264.7
cells treated with LPS-IFENYy for 4 h but, as expected, IRP2
was remarkably activated in cells deprived of iron by expo-
sure to the iron chelator DFO (24, 25). IRP binding to the
3'-untranslated region of TfR1 mRNA protects the tran-
script from degradation, thus increasing TfR1 expression
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FIGURE 2. LPS-IFNy induces HIF-1 expression and transactivation
capacity. A, electrophoretic mobility shift assay analysis of the HIF-1 DNA
binding activity of nuclear extracts from RAW 264.7 cells untreated (C) or
treated with LPS-IFNy for different times or DFO for 20 h; s.c. and u.c. are
the specific and unspecific competition, respectively, of the LPS-IFNvy/4-h
sample. The arrow indicates the inducible HIF-1 complex, whereas the
arrowhead indicates the constitutive (const) complex. The binding activity
of the constitutively expressed transcription factor oct-1 was used to
assess equal loading. B, immunoblot analysis of the nuclear extracts from
RAW 264.7 cells untreated (C) or treated with LPS-IFNy for different times
using anti-HIF-1« antibody. The blots were reprobed using the antibody
against TFIID as a loading control. C, relative luciferase activity (RLA) in
RAW 264.7 cells untreated (C) or exposed to LPS/IFN+y. The cells were tran-
siently transfected with the empty pGL3 vector (ev) or a construct in which
luciferase was controlled by an HRE multimer; when appropriate, the cells
were also co-transfected with an expression vector coding for a dominant
negative mutant of the constitutive HIF-1 B subunit (AARNT). The cells
were co-transfected using a control vector containing the Renilla lucifer-
ase gene. Luciferase activity was determined after 24 h, corrected for
transfection efficiency on the basis of Renilla luciferase activity, and nor-
malized to the activity recorded in untreated cells (arbitrarily defined as 1).
* p < 0.001 versus untreated controls; **, p < 0.001 versus cells treated
with LPS/IFNy. All of the results are representative of at least three inde-
pendent experiments. The values indicate the -fold difference =S.D. in
relation to the untreated controls.

(25); therefore, diminished levels of IRP2 are not expected to
contribute to the up-regulation of TfR1 observed at early
times of exposure to inflammatory stimuli. This finding indi-
cates that the iron-dependent post-transcriptional control
exerted by the iron-responsive element/IRPs pathway is not
involved in the up-regulation of TfR1 expression observed
soon after LPS-IFNvy stimulation.
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Adenosine A,, Receptor Activation Increases HIF-1-medi-
ated TfRI Expression and Transferrin-bound Iron Uptake—
Under normoxic conditions, the HIF-1 pathway can be sti-
mulated by both inflammatory mediators (40, 41, 47) and
anti-inflammatory effectors, as we have recently found that by
activating the A, , receptor, the tissue-protecting and anti-in-
flammatory molecule adenosine can induce HIF-1 and activate
some HIF-1 target genes in J774A.1 and peritoneal macro-
phages (32). We, therefore, next investigated the role of aden-
osine pathway signaling in HIF-1-mediated TfR1 expression.
RAW 264.7 cells, which express adenosine receptors (48) and
are a widely used model for investigating the anti-inflammatory
effects of adenosine, were incubated in the presence of 50 um
CGS21680, a selective receptor agonist of the A, , receptor that
has been shown to activate HIF-1 (32). Time-course experi-
ments showed that TfR1 protein (Fig. 44) and mRNA (Fig. 4B)
levels increased after 4— 6 h of treatment and then decreased to
control levels (data not shown). Exposure to adenosine also
increased TfR1 protein levels (Fig. 44). We also found that
the uptake of transferrin-bound iron was stimulated because
*Fe content was about three times higher in CGS21680-
treated RAW 264.7 cells (Fig. 4C). These results are in line
with the findings of several studies in which high micromolar
concentrations of adenosine analogues were used to elicit
functional responses in the RAW 264.7 line (45, 49 -51), but
asimilar increase in TfR1 protein levels was found in J774A.1
cells treated with a 10-fold lower concentration of
C@GS21680 (Fig. 4D).

To investigate the molecular mechanisms underlying
these effects, we first assessed IRPs activity (Fig. 4E) and
found that the RNA binding activity of both IRP1 and IRP2
remained unaltered in RAW 264.7 cells treated with
CGS21680 for 2—6 h, i.e. when TfR1 up-regulation occurs.
Further evidence that CGS21680 activates TfR1 at the tran-
scriptional level in an IRP-independent manner was pro-
vided by transfection experiments showing that it doubled
the luciferase activity driven by the TfR1 promoter (Fig. 4F);
furthermore, the effect of CGS21680 was almost completely
prevented when the cells were co-transfected with the dom-
inant negative AARNT (Fig. 4F).

A,, Receptor Activation Inhibits LPS-IFNy-induced TfRI
Expression and HIF-1 Activity—Given the observation that
both LPS-IEN+y and the A,, receptor agonist (i.e. immuno-
modulators with inflammatory or anti-inflammatory proper-
ties) activate TfR1 expression through the HIF-1 pathway,
additional experiments were performed to investigate TfR1
expression in cells treated with CGS21680 before the addition
of LPS-IFNy (Fig. 54), an experimental model that is usually
used to demonstrate the anti-inflammatory action of adenosine
and adenosine analogues (52—54). The LPS-IFNy-stimulated
increase in the levels of TfR1 protein (Fig. 58) and mRNA (Fig.
5C) was attenuated when the cultures were pretreated with
CGS21680, which when present alone was nevertheless capable
of inducing TfR1 expression. A similar effect on TfR1 protein
levels was exerted by pretreatment with adenosine (Fig. 5B).
Comparable results were obtained in J774A.1 cells pretreated
with 5 um CGS21680 (results not shown). Similarly, the uptake
of transferrin-bound iron was reduced when the cells were pre-
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FIGURE 3. Increased TfR1 transcription in LPS-IFN+y-treated cells is mediated by HIF-1. A, RLA in RAW 264.7 cells untreated (C) or exposed to LPS/IFN+y. The
cells were transiently transfected with the empty pGL2 basic vector (ev) or a construct in which luciferase was controlled by a 455-bp fragment of the wild-type
(wtTfR1) or mutated (mTfR1) TfR1 promoter. The cells were co-transfected with the Renilla luciferase and, when appropriate, dominant negative AARNT vectors
as described in Fig. 2C. Luciferase activity was determined after 24 h and calculated as described in Fig. 2C. *, p < 0.001 versus untreated controls; **, p < 0.001
versus cells treated with LPS/IFN+y. B,immunoblot analysis of cytosolic extracts from RAW 264.7 cells untreated or treated with LPS-IFN-y for 4 h in the presence
or absence of the dominant negative AARNT using the antibody against TfR1. The blots were reprobed with the antibody against B-actin as a loading control.
C, immunoblot analysis of cytosolic extracts from RAW 264.7 cells untreated or treated with LPS-IFNvy for 4 h in the presence or absence of the HIF-1 inhibitor
chetomin (added 2 h before treatment) using the antibody against TfR1. The blots were reprobed with the antibody against B-actin as a loading control.
D, immunoblot analysis of nuclear or cytosolic extracts from RAW 264.7 cells untreated or treated with LPS-IFN-y for 4 h in the presence of either the negative
control shRNA (NC) or shRNA targeting HIF-1a. Nuclear extracts were probed using the antibody against HIF-1a and TFIID as a loading control; cytosolic extracts
were incubated with the antibody against TfR1 and reprobed with the antibody against B-actin as a loading control. £, RNA band-shift analysis of IRP activity
in RAW 264.7 cells untreated or treated with LPS/IFN+y for 4 h or DFO for 20 h. The cytosolic extracts were incubated with an excess of a *?P-labeled
iron-responsive element probe and separated on non-denaturing polyacrylamide gels. All of the results are representative of at least three independent
experiments. The values indicate the -fold difference =S.D. in relation to the untreated controls.
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FIGURE 4. The adenosine A,, receptor agonist CGS21680 induces HIF-1-mediated TfR1 expression and
transferrin-bound iron uptake. A, immunoblot analysis of cytosolic extracts from RAW 264.7 cells untreated
(C) and treated with 50 um CGS21680 (CGS) or 100 um adenosine (Ado) for different times using the antibody
against TfR1. The blots were reprobed with the antibody against B-actin as a loading control. B, Northern blot
analysis of total RNA extracted from RAW 264.7 cells untreated (C) or treated with 50 um CGS21680 for different
times and hybridized with 3?P-labeled TfR1 cDNA. 28 S RNA was used as a control for RNA loading. C, *°
Fe-labeled transferrin uptake (expressed as cpm of radioactive iron/ug of protein) in RAW 264.7 cells untreated
(C) or treated with 50 um CGS21680 for 4 h in the presence or absence of a 100-fold excess of unlabeled
transferrin (comp). The values are the mean = S.D. *, p < 0.001 versus untreated controls; **, p < 0.001 versus
cells without competition. D, immunoblot analysis of cytosolic extracts from J774A.1 cells untreated (C) or
treated with 5 um CGS21680 for different times using the antibody against TfR1. The blots were reprobed with
the antibody against B-actin as a loading control. E, RNA band-shift analysis of IRP activity in RAW 264.7 cells
untreated or treated with 50 um CGS21680 for different times. The experimental procedures were as described
for Fig. 3D. F, RLA in RAW 264.7 cells untreated (C) or exposed to 50 um CGS21680. The cells were transiently
transfected with the empty pGL2 basic vector (ev) or a construct in which luciferase was controlled by a 455-bp
fragment of the TfR1 promoter. The cells were co-transfected with the Renilla luciferase and, when appropriate,
dominant negative AARNT vectors as described in Fig. 2C. Luciferase activity was determined after 24 h and
calculated as described in Fig. 2C. *, p < 0.001 versus untreated controls; **, p < 0.001 versus cells treated with
50 um CGS21680. All of the results are representative of at least three independent experiments. The values
indicate the -fold difference =S.D. in relation to the untreated controls.

incubated with CGS21680 before the addition of LPS-IFNy
(Fig. 5D). The transfection experiments shown in Fig. 5E indi-
cated that the effect of A, , receptor stimulation is mediated at
the transcriptional level because the LPS-IFNvy-triggered
increase in luciferase activity under the control of the TfR1
promoter was reduced by pre-exposure to CGS21680. The pre-
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ventive effects of CGS21680
detected in RAW 264.7 cells were
also found in freshly isolated pri-
mary macrophages, as TfR1 protein
induction by LPS-IFNy was
impaired in peritoneal macro-
phages pretreated with CGS21680
(Fig. 5F).

To determine the molecular
mechanisms underlying the effects
of CGS21680 pretreatment on TfR1
transcription, we analyzed HIF-1
expression and transactivation
capacity. As shown in Fig. 5G, the
LPS-IFNvy-activated increase in
HIF-1 protein levels was blunted
when RAW 264.7 cells were pre-
treated with CGS21680, and the
same occurred in CGS21680-pre-
treated J774A.1 cells (results not
shown). Furthermore, partial inhi-
bition of the induction of luciferase
activity under the control of the
multiple consensus HREs was
observed in RAW 264.7 cells pre-
treated with CGS21680 before stim-
ulation with LPS-IFNy (Fig. 5H).

Activation of the A,, Receptor
Prevents LPS-IFNvy-induced and
HIF-1-mediated TfR1 Expression by
Inhibiting NF-«kB Activity—Because
previous studies have indicated that
the stimulation of adenosine recep-
tors has anti-inflammatory effects
by suppressing NF-«B activation
(55, 56) and it has also been recently
reported that LPS enhances HIF-1
transcription in human monocytic
cell lines at normoxia by inducing
the binding of NF-«B to the HIF-1
promoter (41), we tested whether
the transactivation capacity of
NEF-«B was induced by LPS-IFNy in
RAW 264.7 macrophages and the
effects of CGS21680 pretreatment.
As expected, LPS-IFNvy greatly
increased luciferase activity in cells
transfected with a construct bearing
multiple NF-kB responsive ele-
ments, whereas treatment with
CGS21680 alone had no significant
effects (Fig. 6A4); on the other hand,

pretreatment with increasing concentrations of the A, , recep-
tor agonist progressively reduced the LPS-IFNvy-dependent
activation of luciferase activity. To test whether NF-«B was
involved in LPS-IFNvy-dependent HIF-1 induction and conse-
quent TfR1 activation, we first determined whether the direct
inhibition of NF-«B activity (independently of the CGS21680-
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FIGURE 5. Activation of the A,, receptor inhibits LPS-IFNy-induced TfR1 expression and HIF-1 activity. A, experimental design. RAW 264.7 cells were
treated with 1) LPS-IFN+y for 4 h and 2) 50 um CGS21680 for 2 h and then washed and incubated in fresh medium for a further 4 h and 3) 50 um CGS21680 for
2 h and then washed and incubated in fresh medium containing LPS-IFN+y for a further 4 h. The untreated cells were incubated in fresh medium for 6 h.
B,immunoblot analysis of cytosolic extracts from RAW 264.7 cells untreated and treated with CGS21680 as described in A or pretreated with 100 um adenosine
(Ado) using the antibody against TfR1. The blots were reprobed with the antibody against B-actin as a loading control. C, Northern blot analysis of total RNA
extracted from RAW 264.7 cells untreated or treated as described in A and hybridized with 3?P-labeled TfR1 cDNA. 28 S RNA was used as a control for RNA
loading. D, > Fe-labeled transferrin uptake (expressed as cpm of radioactive iron/ug of protein) in RAW 264.7 cells untreated (C) or treated as described in A.
*,p < 0.001 versus untreated controls; **, p < 0.001 versus cells treated with LPS/IFNYy. E, RLA in RAW 264.7 cells untreated (C) or treated as described in A. The
cells were transiently transfected with a construct in which luciferase was controlled by a 455-bp fragment of the TfR1 promoter and co-transfected with the
Renilla luciferase vector. Luciferase activity was determined after 24 h and calculated as described in Fig. 2C.*, p < 0.001 versus untreated controls; **, p < 0.001
versus cells treated with LPS/IFN+y. F, immunoblot analysis of cytosolic extracts from mouse peritoneal macrophages untreated or treated as described in A
using the antibody against TfR1. The blots were reprobed with the antibody against -actin as a loading control. G, immunoblot analysis of nuclear extracts
from RAW 264.7 cells untreated or treated as described in A using the antibody against HIF-1ca. The blots were reprobed with the antibody against TFIID as a
loading control. H, RLA in RAW 264.7 cells untreated (C) or treated as described in A. The cells were transiently transfected with a construct in which luciferase
was controlled by an HRE multimer and co-transfected with the Renilla luciferase vector. Luciferase activity was determined after 24 h and calculated as
described in Fig. 2C. *, p < 0.001 versus untreated controls; **, p < 0.001 versus cells treated with LPS/IFN+y. All of the results are representative of at least three
independent experiments. The values indicate the -fold difference *=S.D. in relation to the untreated control.
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FIGURE 6. Activation of the A, , receptor prevents LPS-IFNy-induced and HIF-1-mediated TfR1 expression by inhibiting NF-«B activity. A, RLA in RAW
264.7 cells untreated (C) or treated as described in Fig. 5A. The cells were transiently transfected with the empty pTAL vector (ev) or a construct in which
luciferase was controlled by a NF-«B multimer and co-transfected with the Renilla luciferase vector. Luciferase activity was determined after 24 h and calculated
as described in Fig. 2C.*, p < 0.001 versus untreated controls; **, p < 0.001 versus cells treated with LPS/IFNy. B, RLA in RAW 264.7 cells untreated (C) or treated
with LPS-IFN+y for 4 h in the presence or absence of the NF-«B inhibitor Bay 11-7082 (BAY) (added 2 h before treatment). The cells were transiently transfected
with a construct in which luciferase was controlled by a NF-«B multimer and co-transfected with the Renilla luciferase vector. Luciferase activity was deter-
mined as described above. *, p < 0.001 versus untreated controls; **, p < 0.001 versus cells treated with LPS/IFNy. C,immunoblot analysis of cytosolic extracts
from RAW 264.7 cells untreated or treated with LPS-IFN-yfor 4 hin the presence orabsence of BAY (added 2 h before treatment) using the antibody against TfR1.
The blots were reprobed with the antibody against B-actin as a loading control. D, immunoblot analysis of nuclear extracts from RAW 264.7 cells untreated or
treated as in panel C using the antibody against HIF-1a. The blots were reprobed with the antibody against TFIID as a loading control. £, immunoblot analysis
of nuclear extracts from RAW 264.7 cells untreated or treated with LPS-IFNyfor 4 h in the presence or absence of chetomin (added 2 h before treatment) using
the antibody against p65. The blots were reprobed with the antibody against TFIID as a loading control. F, RLA in RAW 264.7 cells untreated (C) or treated with
LPS-IFNyfor4 hin the presence or absence of chetomin (added 2 h before treatment). The cells were transiently transfected with a construct in which luciferase
was controlled by a NF-«B multimer and co-transfected with the Renilla luciferase vector. Luciferase activity was determined as described above. *, p < 0.001
versus untreated control. All of the results are representative of at least three independent experiments. The values indicate the -fold difference £S.D. in
relation to the untreated control.

mediated pathway) modified the response of TfR1 to LPS-IFNvy
stimulation. When RAW 264.7 cells were stimulated with LPS-
IFNy in the presence of the NF-«kB-specific inhibitor
BAY117082, which suppressed the inducing effect of LPS-IFNvy
on NF-«B transcriptional activity (Fig. 6B), the induction of
TfR1 protein levels was completely prevented (Fig. 6C). Similar
inhibition was observed in cells transfected with the
RSVIKkBaMMS vector, a dominant negative supersuppressor of
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NF-kB (ssNF-kB) (data not shown). The determination of
HIF-1 levels in nuclear extracts demonstrated that the presence
of BAY117082 also prevented LPS-IFN+y-activated HIF-1
induction (Fig. 6D). Exposure to BAY117082 alone at this con-
centration (10 um) did not affect cell viability (results not
shown) or TfR1 or HIF-1 levels (Figs. 6, C and D).

Taken together, these results suggested that HIF-1 is down-
stream of NF-«B in the response pathway to inflammatory
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stimuli leading to increased TfR1 expression, and evidence sup-
porting the idea that NF-«B is upstream of HIF-1 was provided
by experiments in which we measured NF-kB p65 subunit lev-
els and luciferase activity driven by multiple NF-«B responsive
elements in RAW 264.7 cells treated with chetomin. The lack of
HIF-1 transcriptional activity caused by chetomin, which
inhibited the increase in TfR1 protein levels triggered by expo-
sure to LPS-IFNy (see Fig. 3C), did not prevent the increase in
NE-kB p65 subunit nuclear levels (Fig. 6E) or NF-«B transacti-
vation activity (Fig. 6F) in response to LPS-IFNy challenge.

DISCUSSION

Macrophages take up iron by means of three major pathways;
this is, the acquisition of heme iron as a result of erythrophago-
cytosis or CD163-mediated hemoglobin-haptoglobin scaveng-
ing, the transmembrane transport of iron by DMT1, and the
internalization of transferrin-bound iron through TfR1 (1, 9).
The roles played by these three pathways in the increased iron
storage and reduced circulating iron levels associated with
inflammatory conditions are not fully understood. Enhanced
non-transferrin-bound iron acquisition through the up-regula-
tion of DMT1 has been described in cytokine-stimulated
human monocytic cell lines (23). Similarly, the increased phag-
ocytosis of red blood cells reported in tumor necrosis factor-a-
stimulated macrophages could increase the acquisition of heme
iron (57). On the other hand, although the up-regulation of
TfR1 expression has been reported in fibroblasts exposed to
tumor necrosis factor-a and interleukin 1a (58), a number of
studies of murine and human reticuloendothelial cells (5, 6,
20-23) have shown that TfR1 expression is post-transcription-
ally down-modulated by exposure to inflammatory stimuli for
10-24 h, an effect that would impair an important iron uptake
mechanism.

In this study we found reduced TfR1 protein levels in RAW
264.7 cells treated for 24 h with LPS-IFNy, which is in line with
previous findings in murine macrophages (5, 6, 21, 22) but also
showed that a transcriptionally regulated induction of TfR1
expression occurs early after treatment. In addition to a num-
ber of experiments and assays showing that TfR1 expression is
under the transcriptional control of well defined transcription
factors during the inflammatory response (see below), RNA
band-shift analysis demonstrated that the IRPs that post-tran-
scriptionally control TfR1 expression (24, 25) are not up-regu-
lated by LPS-IFNvy (Fig. 3D and Refs. 5 and 6), thus suggesting
that TfR1 mRNA stabilization is not involved.

The molecular mechanisms of TfR1 transcriptional regula-
tion under inflammatory conditions are complex and involve at
least two pathways (Fig. 7). The induction of TfR1 expression in
LPS-IFNvy-treated macrophage cells is regulated by a signaling
pathway that successively involves NF-kB activation, HIF-1
induction, and TfR1 transcription. NF-kB activation, which is
presumably induced through the TLR4-dependent signaling
cascade (59) and possibly involves a transient and early increase
in the low molecular weight iron pool (60), occurs very early (30
min after an LPS-IFNy challenge, results not shown) and leads
to a prompt increase in HIF-1 activity. On the basis of previous
findings in other experimental models, this HIF-1 activity could
be due to the increased transcription (32, 35, 41, 47, 61) and/or
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FIGURE 7. Proposed model of TfR1 transcriptional modulation by inflam-
matory and anti-inflammatory signals in macrophages. The induction of
TfR1 expression in LPS-IFN+y-treated macrophage cells is regulated by a sig-
naling pathway that successively involves NF-«B activation, HIF-1 induction,
and TfR1 transcription. The order of these events is indicated by the fact that
HIF-1 activation is prevented by the NF-«B inhibitor Bay 11-7082, whereas
chetomin, which inhibits HIF-1 transcriptional activity, is unable to block
NF-kB induction. Adenosine plays a dual role; on the one hand, adenosine
receptor activation by the A, , receptor agonist CGS21680 may inhibit NF-«B
activation by LPS/IFN-y and the cascade of events described above, thus pos-
sibly blunting the iron sequestration response typical of the inflammatory
status. On the other hand, it may enhance TfR1 expression by activating HIF-1
directly through an A, , receptor-activated and NF-«B-independent signaling
cascade (32) under situations of hypoxia, etc.

translation of HIF-1 mRNA (32, 35, 62), although we cannot
exclude the possibility that other mechanisms, such as the sta-
bilization of HIF-1 protein or the modulation of HIF-1 tran-
scriptional activity by LPS-generated reactive oxygen species
that has been recently described (63), may be involved.

Higher nuclear levels of HIF-1 enhance TfR1 transcription
by binding to the previously characterized HRE (28 -30), as
indicated by our electrophoretic mobility shift assay and
reporter gene experiments using wild-type and mutated TfR1
promoter regions. The role of HIF-1 in TfR1 up-regulation was
further demonstrated by experiments in which the amount or
activity of HIF-1 was diminished using three different
approaches, including HIF-1 silencing (see Figs. 2 and 3).
Despite the strong evidence for a major role of HIF-1 in TfR1
induction, we cannot presently rule out a possible minor
involvement of other transcription factors, which is suggested
by the incomplete inhibition observed in transfection experi-
ments with the mutated HRE and by the slight increase in
CREB-1 binding (see constitutive complex in Fig. 24).

It has been reported that HIF-1-dependent NF-«B activity is
important for cell survival in hypoxic neutrophils (64), that
NEF-kB activity is induced as a result of the accumulation of
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HIF-1 expression in renal carcinoma cells (65), and that a sig-
naling pathway from HIF-1 to NF-«B is involved in epithelial
inflammation (66), but NF-«B seems to be upstream of HIF-1 in
macrophages challenged with LPS-IFNvy. Evidence that these
transcription factors are activated in the order described in Fig.
7 is provided by (a) the specific lack of TfR1 induction in cells
unable to activate a HIF-1-dependent response (see Fig. 3), (b)
the reduced or absent increase in both HIF-1 and TfR1 when
NE-kB activity is prevented by a chemical inhibitor or the
expression of a dominant negative (see Figs. 6, Cand D), and (c)
the unaffected induction of NF-«kB in the presence of HIF-1
inactivation (see Figs. 6, E and F). Furthermore, a bioinformatic
search for transcription factor binding sites revealed the
absence of NF-kB consensus elements in the TfR1 promoter
region used in our study (data not shown), thus suggesting that
TfR1is not a direct transcriptional target of NF-«B. In line with
our findings, recent studies have shown that reactive oxygen
species up-regulate HIF-1 transcription by activating NF-«B
(61) and that HIF-1 is induced in LPS-treated macrophages in
an NF-kB-dependent manner (47), although NF-«B-independ-
ent activation of HIF-1 was recently described in human THP-1
cells exposed to high concentrations of LPS (67).

Our results, therefore, show that NF-«B, the master regula-
tor of inflammatory pathways, not only induces ferritin synthe-
sis (for review, see Ref. 8) but also the expression of TfR1, the
other major player of cellular iron homeostasis. These two pro-
teins, which are inversely modulated by iron availability
through the IRP regulatory network (24, 25), are therefore uni-
directionally activated at transcriptional level by NF-«B-medi-
ated inflammatory signals. In addition to being relevant to the
regulation of systemic iron homeostasis in inflammation (see
below), this finding offers new insights into the molecular
mechanisms controlling intracellular iron metabolism.

Our findings also show that HIF-1 activation and the conse-
quent TfR1 transcriptional up-regulation may be triggered by
the activation of adenosine A, , receptor-dependent pathways
(see Fig. 4), thus indicating the existence of another independ-
ent pathway of TfR1 induction (Fig. 7). Given that TfR1 is an
HIF-1 target gene (28 —30), this was not unexpected as we have
recently demonstrated that A,, receptor-mediated activation
leads to HIF-1 activation in normoxic macrophages (32). How-
ever, we also found that pretreatment with the same concentra-
tion of CGS21680 can block the activation of the NF-«xB/HIF-1
axis that leads to increased TfR1 expression (Fig. 7), and there-
fore, the activity of HIF-1 (and, hence, TfR1 levels) in cultured
macrophages exposed to inflammatory and anti-inflammatory
stimuli seems to depend on the particular experimental con-
text. HIF-1 induction, which according to previous findings
(32) is mediated by the protein kinase C and phosphatidylino-
sitol 3-kinase pathways and occurs in the absence of NF-«B
activation (see Fig. 6), was observed when the anti-inflamma-
tory signal of the A,, receptor agonist was present alone (Fig.
4), whereas down-modulation occurred when CGS21680 was
administered before the inflammatory stimulus (see Fig. 5)
because ofits capacity for preventing NF-«kB induction (Figs. 6A
and Refs. 54 and 55). Moreover, synergistic up-regulation due
toincreased NF-«kB-dependent HIF-1-transcription by LPS and
the stabilization of HIF-1 mRNA by means of A,, receptor
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binding has been found in macrophages co-stimulated with
adenosine and LPS administered together (47).?

Although the preventive effect of CGS21680 was also evi-
dent in primary macrophages (see Fig. 5F), our study was
mainly done on macrophage cell lines, and thus, the present
results do not allow us to draw any conclusions concerning
the possible role of adenosine in HIF-1-mediated TfR1
expression in vivo, but we can envisage a dual role; 1) aden-
osine receptor activation inhibits NF-kB induction by LPS
and the cascade of events described above and, thus, may
represent a mechanism to keep the iron sequestration
response typical of the inflammatory state under control, in
line with the anti-inflammatory role of adenosine (53) and 2)
in the absence of LPS, extracellular adenosine, which accu-
mulates in areas with impaired blood supply and low oxygen
tension (54, 68), enhances TfR1 expression by activating
HIF-1 directly (32). This may occur under the non-infective
inflammatory conditions associated with hypoxia, ischemia/
reperfusion, trauma, etc. (54), in which HIF-1 is required for
induction of protective genes and activation of salvaging
pathways (32, 53). In these settings TfR1 up-regulation may
represent an “unavoidable” response with presently unde-
fined implications for iron homeostasis. Indeed, whereas the
hypoxia-induced increase in TfR1 expression in erythroid
cells and in rapidly dividing cells may provide iron for hemo-
globin synthesis and for cell multiplication (3, 11), the phys-
iological significance of TfR1 up-regulation in other cell
types is unclear (28, 69).

Importantly, our findings also demonstrate that increased
TfR1 protein expression is functionally involved in modulating
iron accumulation in macrophages under inflammatory condi-
tions because the RAW 264.7 cells showed a greater uptake of
transferrin-bound iron when stimulated with LPS-IFNy (see
Fig. 1). As regards the mechanisms underlying iron sequestra-
tion within inflammatory phagocytes, hepcidin (which down-
regulates iron efflux from macrophages through the internal-
ization and degradation of ferroportin (12) and is responsive to
inflammatory signals and cytokines) (2, 3) certainly plays a key
role, but the sequestration of iron in the reticuloendothelial
system is a dynamic process involving various mechanisms and
pathways. Although an increase in urinary hepcidin levels in
LPS-treated humans precedes the development of hypoferre-
mia (15) and direct hepcidin administration rapidly lowers
serum iron levels (14), this does not preclude the involvement
of other mechanisms as well. A number of reports indicating a
rapid onset of hypoferremia in animals treated with LPS (16—
19) suggest that ferroportin down-regulation in reticuloendo-
thelial cells is not the only factor responsible for initial hypof-
erremia. Our results support the concept that an increase in the
transferrin-mediated uptake of blood iron may represent an
early and transient mechanism that cooperates with reduced
iron efflux from macrophages and diminished intestinal iron
absorption (19) in causing initial hypoferremia. This increase in
transferrin-bound iron uptake is relatively short-lived because
HIF-1 activation is transient (see Fig. 2), and iron accumulation,

3 L. Tacchini, E. Gammella, and G. Cairo, unpublished observations.
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which is also secondary to increased DMT1-mediated iron
entry (23), may cooperate with high NO production (5, 6, 21,
22) to down-modulate IRP2 (and, hence, TfR1) at later times of
exposure to inflammatory stimuli (5, 6, 20-23). However, at
these times, hepcidin-dependent (2, 3, 70, 71) and hepcidin-
independent (72) ferroportin down-modulation is probably
sufficient to maintain iron sequestration in macrophages.

Taken together, our data reveal novel mechanisms underly-
ing the transcriptional control of TfR1 expression that are reg-
ulated by an interplay of inflammatory and anti-inflammatory
mediators. The consequent changes in TfR1 expression, which
are functionally involved in modulating iron retention in mac-
rophages under inflammatory conditions, may be relevant for
the ensuing hypoferremia.
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