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Response of Monocyte Iron Regulatory Protein Activity to Inflammation:
Abnormal Behavior in Genetic Hemochromatosis

By Stefania Recalcati, Roberta Pometta, Sonia Levi, Dario Conte, and Gaetano Cairo

In genetic hemochromatosis (GH), iron overload affects
mainly parenchymal cells, whereas little iron is found in
reticuloendothelial (RE) cells. We previously found that RE
cells from GH patients had an inappropriately high activity of
iron regulatory protein (IRP), the key regulator of intracellu-
lar iron homeostasis. Elevated IRP should reflect a reduction
of the iron pool, possibly because of a failure to retain iron. A
defect in iron handling by RE cells that results in a lack of
feedback regulation of intestinal absorption might be the
basic abnormality in GH. To further investigate the capacity
of iron retention in RE cells of GH patients, we used inflamma-
tion as a model system as it is characterized by a block of
iron release from macrophages. We analyzed the iron status
of RE cells by assaying IRP activity and ferritin content after

that in monocytes and macrophages from 16 control sub-
jects, IRP activity was transiently elevated 4 hours after
treatment with LPS and IFN-y but remarkably downregu-
lated thereafter. Treatment with NO donors produced the
same effects whereas an inducible Nitric Oxide Synthase
(iNOS) inhibitor prevented them, which suggests that the
NO pathway was involved. Decreased IRP activity was also
found in monocytes from eight patients with inflammation.
Interestingly, no late decrease of IRP activity was detected in
cytokine-treated RE cells from 12 GH patients. Ferritin con-
tent was increased 24 hours after treatment in monocytes
from normal subjects but not in monocytes from GH pa-
tients. The lack of downregulation of IRP activity under
inflammatory conditions seems to confirm that the control

of iron release from RE cells is defective in GH.
© 1998 by The American Society of Hematology.

4, 8, and 24 hours of incubation with lipopolysaccharide
(LPS) and interferon-y (IFN-y). RNA-bandshift assays showed

N RECENT years considerable advances have been made iron extrusion from the cell. Indeed, the hypoferremia that
the knowledge of the molecular events regulating ironaccompanies chronic inflammation and anemia of chronic

delivery to cells by transferrin. Most cells acquire iron through disease (ACD) is mainly caused by enhanced iron retention in
receptor-mediated internalization of iron-laden transferrin andRE cells® even though the molecular events responsible for the
then either use iron for metabolic needs or store excess metal iblock in the release of iron from macrophages are not com-
ferritin.? Intracellular iron homeostasis is therefore maintainedpletely understooéf Alterations of RE iron metabolism are also
through regulation of ferritin and transferrin receptor synthesispresent in genetic hemochromatosis (GH), a common inherited
in a coordinated and opposite mana&his is achieved by two  disorder of iron metabolism characterized by unregulated iron
cytoplasmic proteins, iron regulatory proteins 1 and 2 (IRP-1absorptiort” In fact, both in GH patients and {2 microglobu-
and IRP-2), which bind in an iron-dependent way to iron lin knockout mice representing a rodent model of hemochroma-
responsive elements (IRE) in untranslated regions of ferritintosisi® the metal accumulates preferentially in parenchymal
and transferrin receptor mRNA. IRP-1 has two mutually cells, with little iron stored in RE cells until late in the
exclusive functions that are switched by changes in a 4Fe-48liseasé®?° The pathogenetic biochemical defect of GH is
cluster. Under conditions of iron deficiency in the cellular labile unknown, and even the identification of a strong candidate gene
iron pool (LIP), the cluster is disassembled, and IRP-1 binds to{HFE) encoding an HLA-like prote# with a peculiar pattern
IRE and decreases the synthesis of ferritin but enhances that 6f expression in the gastrointestinal tFéttas given no clues to
transferrin receptor, thus providing the cell with readily avail- the underlying metabolic derangement. A defect in iron han-
able iron. Conversely, when iron is abundant, the cluster isdling by RE cells that causes both excess deposition in
reconstituted, IRP-1 dissociates from IRE and thus acquireparenchymal cells and lack of feedback regulation of intestinal
aconitase function, and iron sequestration prevails over irorabsorption might be the basic abnormality in GH. Indeed, our
uptake3S IRP-2 controls the expression of ferritin and transfer- demonstration of an inappropriately high IRP activity in RE
rin receptor mMRNAs with a specificity and efficacy similar to Cells from GH patients suggested a low iron level in the LIP,
those of IRP-1, but it lacks an iron sulfur cluster, is regulated byPossibly caused by enhanced iron reledsghe latter observa-
iron through proteolysis, and is expressed differently in varioustion constituted molecular evidence to support previous results
tissue<.® In addition, IRP-2 is modulated differentially under
some pathophysiological situation&? According to the above From the Cattedra di Gastroenterologia |, Universitgegli Studi,
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showing inappropriately high rates of iron release in patientsbowel disease in 5 and pneumonia in 3. Serum inflammatory indexes
with GH2* and therefore supported the idea that defective ironwere as follows: white blood cell count (11,2872,606/uL), erythro-
handling by the RE compartment is critical for the developmentcyte sedimentation rate (64 22), C-reactive protein concentration

of this disease.

(8 = 5 mg/dL), mucoprotein concentration (181 31 mg/dL), and

In the present study, we used inflammation, which is characfibrinogen level (561 130 mg/dL).

terized by a block of iron release from macrophatfé8as a
model system to further investigate the capacity of iron

retention in RE cells of GH patients. We analyzed the iron status

of RE cells from both control subjects and GH patients by
assaying IRP activity and ferritin content in monocytes and

monocyte-derived macrophages after treatment with inflamma,

tory agents.

MATERIALS AND METHODS

Reagents. RPMI 1640, minimum essential medium (MEM), and
fetal calf serum (FCS) were purchased from ICN Biomedicals (Opera
Milano, Italy); Ficoll-Pague and Percoll from Pharmacia Biotech
(Cologno Monzese, Milano, Italy); Dynabeads M-450 and anti-human
CD14 antibody from Unipath (Garbagnate, Milano, Italy); Enzymun-
test for serum ferritin immunoassay from Boehringer Mannheim
(Milano, Italy); Magic-Fer radioimmunoassay kit for ferritin from Ciba
Corning (Cassina de’ Pecchi, Milano, Italy); human recombinant4FN-
(Imukin) from Boehringer Ingelheim (Firenze, Italy); Desferrioxamine,
NE-Monomethyl-L-arginine monoacetate (NMMA), S-nitroso-N-acetyl-
D,L-penicillamine (SNAP), N-acetyl-D,L-penicillamine (NAP) and
lipopolysaccharide fronkscherichia colserotype 0111:B4 (LPS) from
Sigma Chemical Co (Milano, ltaly); and antiserum to mouse macro-
phage inducible Nitric Oxide Synthase (INOS) from Alexis Corp
(Inalco SpA, Milano, Italy). The kit for tumor necrosis facter-
(TNF-o) determination was supplied by Genzyme srl. (Cinisello B,
Italy) and Hybond membranes, ECL Plus, ané?P UTP by Amersham
Co (Milano, Italy).

Subjects. Thirty-nine subjects were studied, and their iron indexes
are reported in Table 1. Informed consent was obtained from them all

All the subjects except 3 GH patients were unrelated.

Biochemical evaluation. Serum iron, total iron binding capacity,
and transferrin saturation index were determined by standard techniques
as previously reportet?. Serum ferritin was measured by an enzyme
immunoassay. Hepatic iron stores were evaluated and graded microscopi-
cally (0 to 4) by two independent observers and chemically by atomic
absorption spectrophotometry as described previdasly.

Serum inflammatory indexes were measured by standard techniques.

Isolation, culture, and treatment of monocyteddonocytes were
purified as already describ@8Buffy coats were prepared from venous
heparinized blood, and mononuclear cells were separated on Ficoll-

Paqgue solution. Monocytes were then separated from lymphocytes by

density gradient centrifugation on a solution composed of RPMI 1640
medium (54%) and 285 mosm Percoll (46%). Yield, purity, viability,
and recovery of monocytes were as previously repditekhe cells
were either pelletted and stored-aB0°C in aliquots or cultured (see
below). Monocytes from patients with inflammation were separated
from 50 mL of blood using magnetic beads coated with anti-human
CD14 antibody® Purity and viability of monocytes were similar as
above? For culturing, monocytes were resuspended in RPMI 1640
medium containing 2 mmol/L glutamine, antibiotics, and 20% heat-
inactivated human serum and kept in 5% £ 37°C23 Medium and

all reagents were endotoxin-free.

To induce differentiation to macrophages, monocytes (approximately
1.5 10P cells) were maintained in culture for 6 days. Both monocytes
and macrophages were stimulated for different time periods (4, 8, and
24 hours) with 1 pg/mL LPS plus 100 U/mL IFilin the presence and
absence of 250 umol/L NMMA and 50 pumol/L DFO. Cells were also
gxposed to 0.5 mmol/L SNAP or NAP for various time periods as

and the study protocol was approved by the Ethics Committee of thd€Ported above. At the end of the treatments cells were obtained,

University of Milano.

pelletted, and stored at80°C. J774 mouse macrophage cells were

The control group consisted of 16 healthy blood donors (11 men and@rown in MEM supplemented with 10% heat-inactivated FCS, 2

5 women, age range 26 to 64 years) without a clinical history of
disorders of iron metabolism and with normal serum iron indexes.

mmol/L glutamine, 100 U/mL penicillin, and 0.1 ng/mL streptomycin at
37°Cin 5% CQ and treated with cytokines as described above.

The GH group consisted of 12 patients (10 men and 2 women, age Tumor necrosis factos (TNF-a) concentration was measured in cell
range 32 to 63 years), 8 untreated and 4 on a phlebotomy program. Thgupernatants using a specific enzyme-linked immunoassay according to

diagnosis of GH was established according to standard criteria a
previously reported® Nine subjects were homozygous for the major

the manufacturer’s instructions.
In vitro RNA transcription. The pSPT-fer plasmid containing the

C282Y mutation in the HFE gene, and 3 were negative. Removal ofiRE of the human ferritin H cha#i was linearized withBanH! and

excess body iron was defined as normalization of serum iron indéxes.

transcribed in vitro with T7 RNA polymerase in the presence of 100 uCi

The secondary hemochromatosis (SH) group consisted of 3 patientsf («-32P) UTP (800 Ci/mmol).

(all men, age range 28 to 53 years), 2 with thalassemia intermedia and

1 RNA-protein bandshift assayCells were lysed in the buffer de-

with alcoholic liver disease. None of them were undergoing phlebotomyscribed by Leibold and Munré the lysate was centrifuged at 16,800

therapy at the time of the study.
The inflammation group consisted of 8 patients (6 men and 2 women,

for 5 minutes, and the supernatant was used for RNA-protein bandshift
assays. Equal amounts of protein (2 ug as determined using the Bio-Rad

age range 23 to 57 years) with inflammation secondary to i”ﬂammator)[Segrate, Milano, Italy] protein assay kit) were incubated with a molar

Table 1. Iron Indexes of Study Groups

Serum lron Transferrin Serum
No. Hb (g/dL) (ng/dL) Saturation (%) Ferritin (ug/L)

Control 16 14 =*1 90 + 26 196 19+6
GH 12 14 +1 166 47t 67 =25% 1478 = 972*
SH 3 12+2 154 = 5% 56 = 2* 1046 = 795*
Inflammation 8 12+1 37 = 6* 12+ 6 287 *= 279*

Values are mean = SD.
*P < .001 versus controls.
TP < .05 versus controls.

excess of IRE probe in the absence and presence of 2%
2-mercaptoethanol and treated sequentially with RNase T1 and heparin
as already describedhfter separation on 6% nondenaturing polyacryl-
amide gels, RNA-protein complexes were visualized by autoradiogra-
phy. For quantitation of IRP activity, radioactivity of bands excised
from dried gels was determined by liquid scintillation count?fg.

Determination of ferritin content. Ferritin intracellular concentra-
tion was determined in aliquots of the cytoplasmic extracts used for
bandshift assays using a radioimmunoassay kit (Magic-Fer, Ciba
Corning) based on an anti-human liver ferritin antibody.

Western blot analysis. Aliquots of the cytosolic extracts used for
the determination of IRP activity containing equal amounts of proteins
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were electrophoresed in 10% acrylamide-sodium dodecyl sulfate (SDS)RP-1 in extracts of human cells and which is not sensitive to
gels, electroblotted to Hybond membranes, and incubated with amireducing agent®® The production of TNF, an indicator of

serum to mouse iNOS. INOS was detected by chemiluminescence USi%flammatory respons¥,was consistently enhanced after cyto-
an immunodetection kit (ECL Plus, Amersham Co) according to kine stimulation

instructions.
Statistical analysis. Values are expressed as meansSD. The
significance of differences was evaluated with thest using the Stat

Involvement of the iINOS pathway in the modulation of IRP
activity in immunostimulated monocytes from control subjects.

View 4.0 program (Abacus Concept Inc, Berkeley, CA). Afunctional interaction between iron and NO has been shé&wn
with modulation of IRP activity by NG:1°11 Moreover, LPS
RESULTS and IFN+<y synergize to induce NO syntheSisTherefore, as

Time course of IRP activity in monocytes and monocyteNO production by human RE cells is virtually undetectable by
derived macrophages from control subjects stimulated withchemical determination of NO metabolites in the medium,
LPS/IFN+. To investigate the response of iron metabolism to Whereas induction of iNOS expression has been documéted,
inflammatory stimuli in human cells of the macrophage lineage Wwe evaluated iNOS induction by Western blot analysis to assess
we assessed IRP activity in extracts of cytokine-stimulated Rethe role of the iINOS pathway in the changes of IRP activity
cells. Arepresentative RNA-bandshift assay is shown in Fig 1A reported above. Immunoblot assay of human monocyte proteins
and Table 2 summarizes the results of all experiments; despit&ith anti-iINOS antibody (Fig 2) revealed induction of a band of
some variability from patient to patient, the trend was similar in approximately 130 kD molecular mass in cytokine treated cells.
all individuals. In monocytes from control subjects stimulated This band comigrated with immunoreactive material in extracts
with LPS/IFN+y, IRP activity rose transiently (1.5-fold) at 4 of activated mouse J774 macrophages, although in much
hours, returned to control levels at 8 hours, and was clearlysmaller amount. To further investigate the role of the iNOS
downregulated at 24 hours. Incubation for the same periods opathway, we treated RE cells with LPS/IFNn the presence of
time in the absence of cytokines did not significantly alter IRPNMMA, an iNOS inhibitor. In this condition, the changes of
activity (Fig 1B). Macrophages derived from monocytes after 6|IRE-binding activity triggered by cytokine treatment were
days of culture had higher IRP binding activitput showed the  largely prevented in both monocytes (Fig 3A and Table 2) and
same pattern of response to cytokine stimulation (Fig 1C).monocyte-derived macrophages (data not shown) from control
Treatment of extracts with 2% 2-mercaptoethanol fully acti- subjects. IRP activity was not appreciably modified by incuba-
vated IRE binding activity, indicating that the effect of cyto- tion in the presence of NMMA alone (Fig 3B). Continuing our
kines was mediated by a post-translational switch (Fig 1, lowerassessment of the involvement of NO in the modulation of IRP
panels). As previously reportééthe small remaining differ-  activity, we treated monocytes with the NO donor SNAP. The
ences in total IRP activity are possibly caused by the presence iaddition of SNAP, but not of its inactive non-nitrosylated
the IRE-IRP complex of IRP-2, which cannot be separated fromcounterpart NAP (data not shown), profoundly affected IRP

A B C

Fig 1. Time course of IRP ac-
tivity in monocytes and mono-
cyte-derived macrophages from
control subjects treated with LPs/
IFN-y. Monocytes from healthy
blood donors were cultured in  LPS/YIFN - + + + - - - - -+ + +
RPMI 1640 medium containing
20% autologous serum for 4 8, TNF.q pg/ml 156 7415 8150 8201 140 137 151 134 162 7797 8110 8135
and 24 hours in the presence (A)
and absence (B) of cytokines (100
U/mL IFN-y + 1 pg/mL LPS). Cells
were also maintained in culture
for 6 days to allow differentia-
tion to macrophages and were
then treated with cytokines for IRE/IRP- - .- - ' ' _ “
the same time periods (C). Cyto-
plasmic extracts (2 pg protein)
were analyzed for IRE-binding
activity by RNA-bandshift assay
with excess 32P-labeled IRE probe
in the absence (upper panels)
and presence (lower panels) of
2% 2-mercaptoethanol. TNF-a

production was assayed in the

culture medium by enzyme-linked

immunoassay. After a transient + IORE/IRP- m.’ “
increase, IRP activity returned to (+2% 2-ME)

that of untreated cells and was
eventually downregulated at 24
hours after stimulation with LPS/
IFN-y in both monocytes and

monocyte-derived macrophages. 24h 4h 8h 24h 0 4h 8h 24h 24h 4h 8h 24h
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Table 2. IRP Activity and Ferritin Content in Monocytes From Controls and GH Patients Treated With Cytokines

Medium LPS/IFN-y LPS/IFN-y/NMMA SNAP LPS/IFN-y/DFO
Control subjects (n = 16)
IRP (%) 100 47 = 12* 94 + 16 43 = 9* 146 = 21*
Ft content (ng/mg prot.) 620 * 257 798 + 2321 667 = 321 803 = 221t 482 + 52t
GH patients (n = 12)
IRP (%) 100 93 + 16 97 + 14 91 + 11 153 + 19*
Ft content (ng/mg prot.) 1023 *= 627 1124 = 735 1107 *= 642 1078 *= 756 651 + 32*

Monocytes from control subjects and GH patients were left untreated (medium) or treated for 24 hours with 100 U/mL IFN-y plus 1 pg/mL LPS, in
the presence and absence of 0.1 mmol/L NMMA and 0.05 mmol/L Desferrioxamine (DFO). Cells were also incubated with 0.5 mmol/L SNAP for 24
hours. IRP activity was quantitated by liquid scintillation counting. Ferritin content was measured by a radioimmunoassay based on antihuman
liver ferritin antibody. Values are given as mean =+ SD.

*P < .001 versus controls.

1P < .05 versus controls.

activity with a time course similar to that obtained during some variability among subjects, was significantly enhanced by
treatment with LPS/IFNy (Fig 3C and Table 2). Comparable cytokine treatment at 24 hours, concomitantly with the down-
results were obtained with monocyte-derived macrophagesegulation of IRP activity (Table 2). This indicated that the
(data not shown). Treating RE cells with cytokines for 24 hourseffect of in vitro treatment of monocytes and monocyte-derived
in the presence of the iron chelator DFO prevented the decreasaacrophages with LPS/IFN-mirrors the retention of iron in
of IRP activity, suggesting that cytokines and NO may actRE cells, which has been reported to occur under inflammatory
indirectly by increasing iron availability (Table 2). conditions in vivo!®
Effect of cytokine stimulation on ferritin content of monocytes  IRP activity in monocytes from patients with inflammation.
from control subjects. To investigate whether ferritin content To confirm that observations made in vitro after treating cells
inversely reflects variations of IRP activity, as predicted by thewith LPS/IFN-y correctly mimicked an in vivo inflammatory
model of IRP-regulated cellular iron metabolism, we measuredstatus, we analyzed IRP activity in monocytes purified from
intracellular ferritin concentration in monocytes at various patients with various diseases causing acute and chronic
times after treatment with LPS/IFM- At 4 hours no appre- inflammation (Table 1). Figure 4 shows a representative band-
ciable effects on ferritin content were evident (data not shown)shift assay demonstrating that in subjects with inflammation,
On the contrary, the amount of ferritin in RE cells, in spite of with serum iron indexes compatible with enhanced iron reten-
tion in RE cells, IRP activity was consistently lower than in
LPS/yIFN + - + control subjects and only slightly higher than in patients with
SH, a condition associated with RE iron overload.
250 - IRP activity and ferritin content in immunostimulated mono-
cytes from GH patients. Having established the effect of
148 - cytokine stimulation on IRP activity in RE cells from control
subjects, we investigated the response in GH patients. As shown
H . by a typical bandshift reported in Fig 5A, IRP activity in
monocytes from GH patients stimulated with LPS/IFNese
transiently at 4 hours but was not downregulated at 24 hours
when it returned only to the level of unstimulated samples (Fig
5A). As previously shown for monocytes from control subjects
(Fig 1B), incubation of GH monocytes without cytokines for up
to 24 hours did not affect IRP activity (Fig 5B). Quantitation of
J774 monocytes the results obtained in all the patients showed that, in contrast
with the findings in controls, IRE binding activity was not
Fig2. Induction ofiNOS accumulation in LPS/IFN-y-treatedmono-  gjgnjficantly altered by incubation with cytokines for 24 hours
cytes. Cytosolic extracts were prepared from untreated monocytes  rapy10 2y Similar results were observed when cells were treated
and from monocytes and murine J774 macrophages treated with . .
cytokines for 24 hours as described in Fig 1. Proteins (100 pg) of with SNAP (Table 2). On the contrary, IRP downregulation at
treated and untreated monocytes and 25 pg of J774 cells were 24 hours was detected in cells from SH patients with a tissue
analyzed on SDS 10% polyacrylamide gels and blotted to filters that iron burden equivalent to that of GH patients (Fig 5C). TMF-
were in_cubated with p_rimar_y (anti—iNOS, 1:500 dilution) and second- production stimulated by LPS/IFN-was similar in all the
ary antibody as described in Materials and Methods. Bands were . . L . .
visualized by chemiluminescence. Migration of molecular mass mark- groups of subjects studied, thus indicating that other indexes of
ers (myosin, phosphorylase B, and glutamic dehydrogenase, 250, 148, inflammatory response were not impaired in GH subjects. A
and 60 kD, respectively) loaded on the same gel is shown on the left. similar pattern was also obtained when monocyte-derived
Similar .results were obtained in all the experirpents on cytokine macrophages from GH patients were examined (data not
SAt'm“'at'm? ofboth monocytes and monocyte-derived macrophages. ¢y N significant differences were detected either between
ccumulation of iINOS was detected in human monocytes after A R
LPS/IFN-y stimulation, although to a lower extent than in mouse untreated and phlebotomy-treated patients or between patients
J774 macrophages. positive and negative for the C282Y mutation in the HFE gene

60 -
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A B C
LPSHIFN - + + + + - - ..
N-MMA - - -+ 4+ - -+ o+ SNAP - + + +
e [ wihe
- '
24h 4h 24h 4h 24h 4h 24h 4h 24h 24h 4h 8h 24h

Fig 3. Effect of NO on IRP activity in monocytes from control subjects. (A) Monocytes of control subjects were treated with 100 U/mL IFN-y
plus 1 pg/mL LPS for 4 and 24 hours, in the presence and absence of 0.1 mmol/L NMMA. IRP activity and TNF-a were determined as described in
Fig 1. (B) Monocytes of control subjects were incubated for 4 and 24 hours in the presence and absence of 0.1 mmol/L NMMA. (C) Monocytes of
control subjects were treated with 0.5 mmol/L SNAP for 4, 8, and 24 hours. Lysates were assayed for IRP activity as described in Fig 1. The results
of treatment with the iINOS inhibitor NMMA and with the NO donor SNAP indicated a role for NO in the modulation of monocyte IRP activity by
cytokines.

(data not shown). In agreement with the lack of changes of IRRvhich could represent the basic defect of this disorder. In the
activity, ferritin concentration in monocytes from GH patients present study we assessed the effects of inflammatory stimuli on
did not vary appreciably after treatment with cytokines orthe regulatory mechanisms of iron metabolism in human
SNAP (Table 2). monocytes and macrophages by assaying the activity of IRP, the
key regulator of cellular iron homeostasis. We found that the
DISCUSSION main effect of inflammation was downregulation of IRP accom-
The role of cells of the macrophage lineage in the systemiganied by increased iron retention, as shown by greater ferritin
changes of iron metabolism that accompany inflammatorycontent. We also obtained evidence for a lack of response in GH
states is pivotal. Indeed, low serum iron levels in chronic patients.
inflammation are in part caused by decreased iron absorption in A link between NO and iron metabolism exitsand, in
the gut but are mainly caused by enhanced iron retention in REparticular, stimulation of IRP binding activity by NO has been
cells®However, the molecular events responsible for the blockobserved in various cellular systeA?d1:3536 including RE
in the release of iron from macrophages are not completelytells37-3° but how NO-mediated activation of IRP in murine
understood. Moreover, the effects of inflammatory agents suclnacrophagic cell lines and mouse primary macrophages corre-
as cytokines and NO on iron metabolism have primarily beenates with alterations of systemic iron traffic occurring in human
studied in murine cell lines, and data on human RE cells arehronic inflammatory disease is not clear. In fact, one would
lacking® Analysis of the regulation of macrophage iron traffic expect enhanced IRP binding activity to result in reduced
could also give insights into the mechanisms underlying theferritin expression and, in turn, in decreased iron storage
defective control of iron retention by RE cells in GR£**33%  capacity, a picture that is not consistent with the recognized
enhancement of iron retention in RE cells under inflammatory
conditions!31516 This study showed that in human RE cells
from a large number of control subjects, stimulation with
inflammatory cytokines caused only a transient early increase in
IRP activity, whereas a marked downregulation was observed at
IRE/IRP- later times of treatment. Experiments with an iNOS inhibitor
u w T ¥ Wy and a NO donor seem to suggest that modulation of IRP activity
is NO dependent. The decrease of IRP activity reported here,
which was accompanied by increased ferritin content, fits better
with the enhanced iron retention that is the physiologic effect of
cytokine action on iron metabolism in RE celfs>16 The
conclusion that IRP downregulation by in vitro treatment with
1 2 3 4 5 6 o ) AR
cytokines is truly representative of an in vivo inflammatory
Fig4. IRP activity in monocytes from control subjects and patients condition is strongly supported by the finding that IRP activity
with SH or inflammation. Lysates of monocytes from control subjects is severely depressed in monocytes from patients with inflamma-
(Ianeslthrgugh 3),_patientswithinflammation disorders (Iane_s_4and tion. Chronic inflammation may lead to ACD in which iron
zﬁsi:i‘;e‘;aitr:e;;s N l'g; i;l\(ﬁ;iv?s‘féi\iﬁ?;ﬁi r:gv'ﬁfh Tﬁ:l';"r;ym? availability to erythroid precursors for hemoglobin synthesis is
tion than in control subjects and was comparable with that of restricted despite normal total body iron conténEvidence
patients with SH. that NO has a role in the overall alterations of iron metabolism
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LPSHIFN - + -  + -+ -4 s

TNF-a U/ml 159 9218 9714 9817 143 155 136 148 139 7513 141 8458 195 9763

e ey wwmee o W -

24h 4h 8h 24h 0 4h 8h 24h C GH SH

Fig 5. Effect of LPS/IFN-y on IRP activity in monocytes from GH patients. Monocytes of GH patients were incubated for 4, 8, and 24 hours in
the presence (A) and in absence (B) of cytokines (100 U/mL IFN-y + 1 png/mL LPS). Monocytes of control subjects (C), patients with GH, and
secondary hemochromatosis (SH) were treated with LPS/IFN-y for 24 hours (C). IRP activity and TNF-a were determined as described in Fig 1. IRP
activity in monocytes from patients with GH rose transiently 4 hours after stimulation with LPS/IFN-y but was not downregulated at 24 hours.
On the contrary, in cells from SH patients IRP downregulation was observed at 24 hours.

presentin ACD has recently been suggested by studies on K56@urine macrophagé®and in patients with inflammatiott.The
cells3640.41 However, it is still not fully understood how finding that both NMMA and SNAP can, in opposite ways,
derangements triggered by NO might lead to reduced irorinteract with this process seems to indicate that the poorly
utilization by the bone marrow. The finding of reduced IRP characterized mechanisms of iron release from the cell are
activity in monocytes from patients with inflammation provides under the control of the NO pathway.
a novel insight into the molecular mechanisms underlying The present results also show that RE cells of GH patients do
enhanced iron sequestration in the RE system and hence threot downregulate IRP activity after cytokine treatment. The lack
reduced iron availability for hematopoiesis in ACD. of response does not seem to be caused by an impaired general
As to the mechanistic aspects of the action of cytokines orresponse to inflammation, as shown by the observation that
IRP, cytokine-mediated transcriptional inducttdoould trigger ~ TNF-a levels in supernatants of mononuclear-phagocytes from
ferritin synthesis which, in turn, could cause sequestration ofGH subjects increased after stimulation with LPS/IfFNFig
iron from the labile pool into ferritin and thus increase IRP 5A). Moreover, in contrast to the previously reported low
activity at 4 hours. However, as we did not detect increasedcconcentration of TNFe in LPS-treated monocytes from GH
ferritin accumulation at 4 hours of treatment, this interpretationpatients?®> we did not find significant differences in TNk-
seems unlikely. Alternatively, the early activation of IRP may production between GH subjects and healthy controls after
depend on direct interaction of NO with the 4Fe-4S clu§ter. LPS/IFN+«y stimulation. If, as discussed above, inflammatory
On the other hand, the slow, iron dependent-like kinetics ofstimuli cause the fall of IRP activity by increasing iron levels in
inactivation at later times suggests that NO may act indirectlythe LIP, the lack of downregulation in GH patients could be
by increasing iron availability in the LIP. IRP downregulation is caused by a reduced or no expansion of the pool. Only these
likely to be the expression of an expansion of the iron pool;iron-dependent mechanisms of control of IRP seem altered in
indeed, we showed that the fall of IRP activity is prevented byGH; in fact, the NO-mediated enhancement of IRP activity at 4
treatment with an iron chelator and that ferritin accumulation ishours, which may depend on direct interaction of NO with the
enhanced by cytokine treatment. cluster, is maintained also in GH patients. A further indication of
A complex and sequential interplay between NO and ironthe impaired capacity of RE cells of GH patients to retainiron in
involving IRP-mediated modulation of transferrin receptor response to inflammation is provided by the lack of enhanced
expression has been invoked to account for enhanced intracelldierritin accumulation in response to cytokines. High levels of
lar iron levels in the presence of increased IRP actiiti intracellular iron, which could act as an NO scavenger, should
number of studi¢’$ have been performed on the regulation of not be responsible for the lack of response in RE cells of GH
transferrin receptor in activated macrophages, but the resultsubjects, as a remarkable downregulation of IRP activity was
were frequently discordant. However, in our opinion transferrinobserved in monocytes from SH patients with an iron burden
receptor-mediated iron uptake may be of limited importance insimilar to that of GH patients. Moreover, IRP remained
RE cells. In fact, erythrophagocytosis is the most important wayinsensitive to cytokine or SNAP treatment also in RE cells from
for these cells to acquire iron, as also shown by the relativelyiron-depleted GH patients.
low number of receptors present on the surface of macro- Analysis of the activation state of the IRP, the most reliable
phages* Thus, in an alternative model, enhanced iron accumu-indicator of intracellular iron status, showed that the LIP is
lation, and hence IRP downregulation, could instead be causeihappropriately reduced in RE cells from GH patiefitghis
by the block of metal release previously described in stimulateccould be because of abnormally high rates of iron release, as
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shown by radioiron kinetics experimerfsThe present data Brock JH (eds): Iron in Immunity, Cancer and Inflammation. Chichester,
indicate that the capacity of RE cells of GH patients to retainUK, John Wiley & Sons, 1989, p 81

iron is impaired not only under normal conditions but even in 14. Finch CA, Huebers H: Perspectives in iron metabolism. N Engl J
response to a stimulus that induces a block of iron release, suded 306:152, 1982 . . o )

as inflammation. In this regard, the localization of HFE, the 15. Konijn AM: Iron metabolism in inflammation. Baillies Clin
product of the recently identified GH gene, on the basolaterar'aematm 7:829,1994

b . I 2 h hi . 16. Weiss G, Wachter H, Fuchs D: Linkage of cell-mediated
membrane in most cell typessuggests that this protein, immunity to iron metabolism. Immunol Today 16:495, 1995

possibly in cooperation with other members of the Nramp 17. Cox TM, Lord DK: Hereditary haemochromatosis. Eur J Haema-
family of iron-transporting proteins*s4” may play a role in 1o 42:113, 1989

controlling the poorly characterized mechanisms underlying 18. Santos M, Schilman MW, Rademakers LHPM, Marx JJM, de
iron release from the cell. In GH, lack of cell-surface presenta-Sousa M, Clevers H: Defective iron homeostasigimicroglobulin

tion of HFE2148 could thus contribute to the reduced iron knockout mice recapitulates hereditary hemochromatosis in man. J Exp
storage capacity in cells of the RE system. This will eventuallyMed 184:1975, 1996

result in lack of feedback regulation of intestinal iron absorption 19 Valberg LS, Simon JB, Manley PN, Corbett WE, Ludwig J:
and in high levels of circulating nontransferrin-bound iron. The Distribution of storage iron as body stores expand in patients with

: : : hemochromatosis. J Lab Clin Med 86:479, 1975
latter is avidly taken up by parenchymal cells and iron overload '

. y PoyPp y 20. Brink B, Disler P, Lynch S, Jacobs P, Charlton R, Bothwell T:
and tissue damage ensue.

Patterns of iron storage in dietary iron overload and idiopathic
hemochromatosis. J Lab Clin Med 88:725, 1976
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