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Copper is known to play a role in iron recycling from macrophages.
To examine whether cellular copper status affects expression of
the iron exporter ferroportin-1 (FPN1), J774 macrophage cells were
exposed to 10–100 �M CuSO4 for up to 20 h. Copper treatment
significantly increased FPN1 mRNA in a dose- and time-dependent
manner. After 20 h, 100 �M CuSO4 up-regulated FPN1 transcript
levels �13-fold compared to untreated controls. Induction was
detected 8 h after copper treatment was initiated and markedly
increased thereafter. A corresponding increase in FPN1 protein
levels was observed upon copper treatment. Induction of J774 cell
FPN1 expression by copper was also associated with a dose-
dependent increase in 59Fe release after erythrophagocytosis of
labeled red blood cells. Thus, a previously uncharacterized role for
copper in the regulation of macrophage iron recycling is suggested
by the induction of FPN1 gene expression and iron efflux by this
metal.

Copper and iron metabolism are closely interrelated (1). For
example, some of the pathophysiological consequences of

copper deficiency, which manifest as microcytic and hypochro-
mic anemia, support a critical role for this metal in the release
of iron into circulation (2–7). It is widely accepted that the
requirement for copper as a cofactor for ceruloplasmin is
necessary for this plasma protein’s ferroxidase activity and that
oxidation of Fe2� to Fe3� by ceruloplasmin enables iron-binding
by transferrin, thereby facilitating iron release (8, 9). Consistent
with this model, ceruloplasmin knockout mice store excess iron
in liver and the reticuloendothelial system (10). However, the
absence of ceruloplasmin activity does not fully explain the
function of copper in iron release because these animals display
only very mild iron deficiency anemia (11). Moreover, acerulo-
plasminemic patients who inherit loss-of-function mutations in
the ceruloplasmin gene are also only slightly anemic (12).

Recently, a mammalian iron export protein ferroportin-1
(FPN1) was identified (13). FPN1 [also called MTP1 (14) or
Ireg1 (15)] is abundantly expressed in the macrophages of liver,
spleen, and bone marrow. The function of FPN1 as an iron
exporter has been demonstrated in Xenopus oocytes wherein
exogenous expression induces significant eff lux of iron (13, 15).
Overexpression of FPN1 in tissue culture cells also results in the
depletion of cytosolic iron as shown by decreased levels of the
iron storage protein ferritin (14). Interestingly, several different
mutations of the human FPN1 gene have been unequivocally
associated with excess iron deposits in macrophages (reviewed by
Pietrangelo; ref. 16), implicating an essential role for FPN1 in
iron recycling from erythrophagocytosed red cells. It has been
found that iron loading increases FPN1 expression in macro-
phages of liver and lung (14, 17), as well as J774 macrophage cells
(18). Studies in human intestinal CaCo-2 cells suggest that FPN1
expression may also be regulated by other metals (19, 20).
However, a possible role for copper in the regulation of this iron
exporter in macrophages has not been fully examined. The
results presented here demonstrate that, upon copper-loading,
murine J774 cells display a dose- and time-dependent increase in
FPN1 mRNA levels. Furthermore, these effects correlate with
increased FPN1 protein levels and are associated with increased

iron efflux by J774 cells after erythrophagocytosis. The impli-
cation of these findings is that copper status can modulate
macrophage iron release by means of the regulation of FPN1
expression.

Experimental Procedures
Northern Analysis of J774 Cell mRNA. J774 mouse macrophage cells
were cultured in �-minimum essential medium (�-MEM) sup-
plemented with 10% FBS and antibiotics as described (18).
Briefly, to investigate the effects of various metals, cells were
grown to �80% confluency in six-well plates and incubated in
serum-containing �-MEM with CuSO4 or CuCl2, Fe-nitrilotri-
acetic acid (NTA) in a molar ratio of 1:4, or ZnCl2 added
as detailed in Figs. 1–5. To verify the specificity of FPN1 mRNA
induction by copper, cells were also incubated with or without
CuSO4 in the presence or absence of triethylenetetramine
(TRIEN, Sigma) for 20 h. After these treatments, total RNA was
isolated by using RNA-Bee (Tel-Test, Freindswood, TX) ac-
cording to the manufacturer’s instructions. Twenty-five-
microgram aliquots were fractionated on 0.9% denaturing form-
aldehyde–agarose gels, transferred to Nytran-N membranes by
using the Turboblotter transfer system (Schleicher & Schuell),
and cross-linked to the membrane by UV irradiation. The blots
were prehybridized at 42°C in a buffer (750 mM NaCl�150 mM
Tris�114 mM Na2HPO4�45 mM NaH2PO4�4 mM Na4P2O7, pH
7.4), containing 50% deionized formamide, 10� Denhardt’s
solution, 10 mM EDTA, 0.1% SDS, and 100 �g�ml heat-
denatured salmon sperm DNA for 4 h. Hybridization was
performed for 16 h in the same buffer containing 10% dextran
sulfate and the appropriate probe labeled with [�-32P]dCTP by
random priming (1 � 106 cpm�ml). cDNA probes were prepared
by using the following plasmids as templates: pCMV-SPORT6-
mouse FPN1 (GenBank accession no. BE554084, American
Type Culture Collection, Manassas, VA), pBluescriptSK(�)-
human �-actin (GenBank accession no. AA173248, American
Type Culture Collection), pBluescriptSK(�)-mouse metal-
lothionein-I (GeneBank accession no. BG099916, American
Type Culture Collection), and pT7T3D-Pac-rat transferrin re-
ceptor (TfR) (GenBank accession no. AI454017, Resgen, Hunts-
ville, AL). After hybridization, membranes were washed four
times at room temperature for 15 min each in 0.1� standard
sodium chloride-sodium citrate (SSC, 1� SSC is 0.15 M NaCl,
0.015 M sodium citrate) and 0.15% SDS. Radioactivity was
detected by PhosphorImaging (Personal Molecular Imager FX,
Bio-Rad) and quantified by using QUANTITY ONE software
(version 4.1.0, Bio-Rad).

Western Blot Analysis. To determine the effect of copper on FPN1
protein levels, cells were grown to �25% confluency and
incubated with 200 �M CuSO4 for 48 h. Cells were then washed

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: FPN1, ferroportin-1; TRIEN, triethylenetetramine; TfR, transferrin receptor;
NTA, nitrilotriacetic acid; MRE, metal response elements.

‡To whom correspondence should be addressed. E-mail: wessling@hsph.harvard.edu.

© 2004 by The National Academy of Sciences of the USA

2700–2705 � PNAS � March 2, 2004 � vol. 101 � no. 9 www.pnas.org�cgi�doi�10.1073�pnas.0306622101



with ice-cold PBS and scraped with lysis buffer [170 mM
Tris�HCl, pH 6.8�2% SDS�5% glycerol�10% 2-mercaptoetha-
nol, and protease inhibitors (Complete Mini protease inhibitor
mixture, Roche Diagnostics, Mannheim, Germany)] before
shearing DNA by sonication for 10 s. The addition of protease
inhibitors was necessary to detect FPN1 immunoreactivity. Care
was also taken not to heat samples before electrophoresis. As a
control, HeLa cells were transiently transfected with a pSPORT2
CMV vector containing full-length mouse FPN1 cDNA (14) with
Lipofectamine reagent (Invitrogen), and cell extracts were pro-
cessed in the same fashion. Protein content of cellular extracts
was determined by using the RC DC Protein Assay (Bio-Rad),
and samples of cell extract protein (100 �g) were separated by
electrophoresis on a 10% SDS�polyacrylamide gel, then trans-
ferred to an Optitran nitrocellulose membrane (Schleicher &
Schuell). Equal loading and the integrity of transfer were
confirmed by Ponceau-S staining. The membrane was blocked
with 5% nonfat dry milk in Tris-buffered saline solution con-
taining 0.01% Tween-20, pH 7.4 (TBS-T) for at least 2 h, and
incubated with affinity-purified anti-FPN1 antibody (diluted to
1:2,500 in 5% nonfat dry milk�TBS-T) overnight at 4°C. Blots
were then washed for 30 min with TBS-T, incubated with
horseradish peroxidase-linked donkey anti-rabbit IgG antibody
(1:2,000 dilution, Amersham Pharmacia) in 5% milk�TBS-T for
1 h, washed with TBS-T for 30 min, and visualized by using
enhanced chemiluminescence (SuperSignal WestPico, Pierce).

Iron Release Assay. 59Fe-labeled red blood cells were prepared in
vivo by injecting a male Sprague–Dawley rat (�350 g) with 500
�Ci 59Fe (Perkin–Elmer; 1 Ci � 37 GBq). To stimulate eryth-
ropoiesis, the rat was first subjected to repeated phlebotomy (�3
ml) every other day for 5 weeks before injection of radioactive
metal (hematocrit of the animal was �35%). One week after
injection, blood was collected in heparin, and 59Fe-labeled red
blood cells were separated and washed three times in Alsever’s
solution (Sigma). Animal protocols were in accordance with the
National Institute of Health guidelines and approved by the
Harvard Medical Area Standing Committee on Animals.

The erythrocytes were opsonized with rabbit anti-rat red
blood cell IgG fraction (Research Diagnostics) at a dilution of
1:20 at 37°C for 15 min. The opsonized cells (2 � 107) were then
added to control, copper-treated, or iron-treated J774 cells for
1.5 h at 37° with a final ratio of �10 red blood cells per J774 cell.
Care was taken to limit erythrophagocytosis such that between
1 and 3 red blood cells were ingested per macrophage (21, 22).
After uptake, J774 cells were briefly washed with distilled water
(10 s) to lyse any nonphagocytosed 59Fe-labeled red blood cells.
J774 cells were then quickly washed two times with Dulbecco’s
PBS (Sigma), resuspended in fresh � minimal essential medium
supplemented with 10% FBS, and allowed to export iron into the
media for 3 h. Cell viability at the end of the experiment was
confirmed by the fact that �99% of the J774 macrophages
excluded trypan blue, indicating that release of iron was not a
consequence of cell death or damage. Culture media and cell
lysates were collected, and 59Fe content of both fractions was
measured by �-counting. Iron release was calculated as percent-
age of 59Fe in the media versus total 59Fe measured (media plus
cells). To confirm that increased efflux was caused by export of
nonheme iron, in some experiments the amount of heme-bound
iron released was determined by extraction using cyclohexanone
(23). Briefly, samples were acidified by addition of 1 M HCl
(final concentration � 0.13 M), and cyclohexanone was added at
a 1.35:1 ratio (vol�vol). After 2 min of vigorous vortexing,
samples were centrifuged at 1,000 � g for 10 min. Five milliliters
from the organic layer were removed, and the amount of 59Fe
extracted was measured by �-counting.

Results
Copper Loading Increases FPN1 mRNA Levels in J774 Macrophages.
Overnight treatment of J774 cells with CuSO4 resulted in a
dose-dependent increase in cellular copper levels (Fig. 1). There
was no evidence of cytotoxicity with treatment as high as 200 �M
CuSO4 for up to 48 h as determined by exclusion of trypan blue
staining, lack of morphological effects, and continued adherence
of J774 cells to tissue culture plates. Untreated cells contained
0.1 nmol Cu�mg protein, whereas exposure to 200 �M CuSO4
increased the cellular copper content �20-fold (1.9 nmol Cu per
mg of protein). Tissue concentrations of copper in normal
humans and mice range from 0.02 to 0.19 nmol per mg of tissue
(24, 25). However, patients with Wilson’s disease have much
higher copper levels in liver (�4 nmol Cu per mg of tissue) (26).
Similarly, hepatic copper in Long–Evans Cinnamon (LEC) rats,
an animal model of Wilson’s disease, is �5 nmol Cu per mg of
tissue (27).

Northern blot analyses demonstrated that, under our experi-
mental conditions, copper-loading increased steady-state levels
of J774 cell FPN1 mRNA in a dose-dependent manner (Fig. 2A).
The induction of FPN1 mRNA was clearly evident at 10 �M
CuSO4 and increased linearly upon incubation with concentra-
tions up to 100 �M (Fig. 2A). Similar induction was observed by
using CuCl2, indicating that the effect was independent of the
anion. Quantitation of FPN1 mRNA levels normalized to �-ac-
tin mRNA levels revealed a �13-fold increase by 100 �M copper
compared to untreated controls. Induction of FPN1 mRNA
levels was readily detected 8 h after copper exposure, with
significantly increased expression observed by 12–16 h (Fig. 2B).
To further verify that up-regulation of FPN1 mRNA levels was
caused by copper loading, J774 cells were cotreated with the
high-affinity copper chelator TRIEN (Fig. 2C). Consistent with
previous experiments (Fig. 2 A and B), 20 �M CuSO4 alone
markedly enhanced FPN1 mRNA levels compared to controls
(P � 0.01, n � 6). This induction was completely blocked by the
presence of 80 �M TRIEN (Fig. 2C), indicating that increased
intracellular copper results in induction of FPN1 mRNA. Treat-
ment with 80 �M TRIEN alone failed to decrease the level of
FPN1 transcripts.

Induction of FPN1 mRNA by Copper in J774 Cells Is Not Mediated by
Changes in Cellular Iron Status and Is Actinomycin D-Sensitive. Pre-
vious studies have shown that iron availability can affect FPN1
gene expression (14, 15, 17, 18). To determine whether FPN1
induction by copper was mediated through changes in intracel-
lular iron concentration, TfR mRNA levels were measured. TfR
expression is inversely correlated with cellular iron status (28).
As shown in Fig. 3A, iron depletion by desferrioxamine up-
regulates TfR mRNA levels in J774 cells, whereas iron-loading

Fig. 1. Dose-dependent copper loading of J774 cells. J774 macrophages
were incubated with the indicated concentrations of CuSO4 for 20 h. Cells
were extensively washed and digested with concentrated nitric acid over-
night before copper analysis by inductively coupled plasma mass spectrom-
etry (ICP-MS). Values were normalized to the cell protein content of the
samples and shown are the means � SD (n � 5) obtained from two individual
experiments.
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by Fe-NTA down-regulates the transcript pool. However, treat-
ment of J774 cells with up to 100 �M CuSO4 for 20 h did not alter
TfR mRNA levels, indicating that the copper-mediated effect
does not involve changes in cellular free iron. Furthermore,
nonheme iron levels did not increase in these cells (data not
shown). Collectively, these results show that copper increases
FPN1 mRNA levels independent of changes in cellular iron
status.

To further delineate the molecular basis for increased expres-
sion of FPN1 in response to copper, cells were treated for 4 h
with 200 �M CuSO4 in the presence or absence of 0.5 �g�ml
actinomycin D, an inhibitor of RNA synthesis. Actinomycin D
blocked increased FPN1 expression in copper-treated cells (Fig.
3B), suggesting that this metal up-regulates FPN1 expression in
a transcription-dependent manner. Copper is known to regulate
transcription of other mammalian genes, e.g., metallothionein,
via metal response elements (MREs) (29, 30), which provide
binding sites for the MRE-binding transcription factor-1
(MTF-1) (31). Because sequence analysis indicated that the
promoter region of FPN1 harbors several potential MREs (GENE
INSPECTOR software), the influence of zinc, a potent MTF-1
activator, was also examined by Northern analysis. However,

although both copper and zinc up-regulated J774 cell metal-
lothionein mRNA, treatment with up to 100 �M ZnCl2 did not
affect FPN1 gene expression (Fig. 3C).

FPN1 Protein Levels Increase After Copper Treatment. Western blot
analyses were performed to determine whether the enhanced
FPN1 mRNA levels observed after copper treatment correlated
with increased FPN1 protein expression (Fig. 4). J774 cell FPN1
is detected as two immunoreactive species with molecular masses
of �65 kDa and �40 kDa (18). As reported (18), both 65- and
40-kDa bands were induced by high iron treatment of J774 cells
(see Fig. 4 lane 3). Copper treatment increased both FPN1
species in similar fashion, albeit to a lesser extent (see Fig. 4 lane
2). The relationship between the two FPN1 bands is unknown,
but addition of either copper or iron to control samples (HeLa
cells transfected to express FPN1) did not increase the ratio of
the 40-kDa species relative to the 65-kDa band (data not shown).
The predicted mass of FPN1 (62 kDa) is close to the size of the
larger species, therefore we speculate that the smaller 40-kDa
band is a proteolytic fragment that is prominent in J774 cells

Fig. 2. (A) Copper loading increases FPN1 mRNA levels in J774 cells in a
dose-dependent manner. J774 cells were incubated with the indicated con-
centrations of CuSO4 for 20 h. Total RNA was isolated, electrophoresed,
transferred to a Nytran N membrane, and hybridized with a 32P-labeled mouse
FPN1 cDNA probe as described in Experimental Procedures. To control for
sample loading, the membrane was stripped and reprobed for �-actin. Rela-
tive FPN1 mRNA levels after copper treatment were quantified by using
QUANTITY ONE software (Bio-Rad) and normalized to values for �-actin mRNA
levels obtained in the same blot to determine fold induction compared to
control (untreated cells). (Right) The relative FPN1 mRNA levels as a function
of copper concentration (�M) after treatment with CuSO4 in two independent
experiments (filled circles) and after treatment with CuCl2 in a separate
experiment (open circles). (B) Copper loading increases in J774 cell FPN1 mRNA
in a time-dependent manner. After incubation with 100 �M CuSO4 for the
indicated times, total RNA was isolated and Northern analysis was performed.
The fold induction of FPN1 mRNA was quantified as described for A, and Right
shows mean values (�SE) determined as a function of time (h) in three
separate experiments. (C) TRIEN blocks copper-mediated induction of FPN1
mRNA. J774 cells were treated with 20 �M CuSO4, 80 �M TRIEN, or both
together for 20 h. After RNA isolation, Northern analysis was performed to
detect FPN1 and �-actin mRNA. These results are representative of three
independent experiments.

Fig. 3. (A) Copper loading does not alter TfR expression in J774 macro-
phages. Cells were incubated with 100 �M Fe-NTA, 100 �M desferrioxamine,
or the indicated concentrations of CuSO4 for 20 h. Total RNA was isolated,
electrophoresed, transferred to a Nytran N membrane, and hybridized with a
32P-labeled mouse TfR cDNA probe. The membrane was stripped and re-
probed with a mouse �-actin cDNA probe to control for loading and transfer.
Data shown are representative of three independent experiments. (B) Acti-
nomycin D blocks induction of FPN1 mRNA by copper. J774 cells were treated
with 200 �M CuSO4, 0.5 �g�ml actinomycin D, or both agents together for 4 h.
Total RNA was isolated for Northern analysis as described for A. Representa-
tive blot from one of four independent experiments is shown. (C) Zinc does not
alter FPN1 mRNA levels. J774 cells were incubated with 50 and 100 �M ZnCl2
or 100 �M CuSO4 for 20 h. Northern analysis was performed to determine
FPN1, metallothionein (MT-1), and �-actin mRNA levels as described for A.
Levels of FPN1 and MT-1 mRNA were normalized to �-actin mRNA levels, and
Lower shows the means (�SE) determined in three individual experiments.
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because macrophages contain abundant protease activity. It is
difficult to assess the fold increase in FPN1 protein upon copper
treatment not only because the relationship between these two
immunoreactive bands is unclear, but also because basal levels of
FPN1 are not readily detected in J774 cells (see Fig. 4 lane 1 and
ref. 21). Furthermore, FPN1 protein synthesis is known to be
regulated by iron-responsive proteins because of the presence of
a 5	 iron-responsive element present in its transcript (15, 32).
Thus, copper-induced increases in FPN1 mRNA will not nec-
essarily reflect the same magnitude of protein induction. None-
theless, the results of Western blot analysis do confirm that FPN1
protein levels are enhanced in copper-treated cells.

Copper Loading Increases Iron Release from J774 Macrophages After
Erythrophagocytosis. To investigate whether up-regulation of
FPN1 expression by copper alters the release of iron from
macrophages, eff lux of 59Fe after erythrophagocytosis of 59Fe-
labeled red blood cells by J774 cells was measured. Because
ingestion of excess red blood cells can damage macrophages (21,
22), assay conditions were adjusted such that between one and
three erythrocytes were phagocytosed per J774 cell. Cell viability
was not affected under these conditions, and was confirmed after
erythrophagocytosis as well as at the end of iron release exper-
iments by trypan blue exclusion. In these experiments, the total
59Fe cpm measured in each well was within the range of control
values, indicating that copper-loading did affect phagocytic
uptake of the labeled red blood cells. Previous studies in our
laboratory have shown that erythrophagocytosis up-regulates
FPN1 due to erythrocyte-derived iron (18); therefore, export
studies were limited to the first 3 h after phagocytosis to avoid
any iron-induced effects (increased FPN1 protein levels are
detectable 4 h after erythrophagocytosis). Iron efflux was mea-
sured in culture medium containing 10% FBS. Preliminary
experiments showed that the amount of iron released was not
influenced by the addition of up to 500 �g�ml apotransferrin in
the presence or absence of 125 �g�ml ceruloplasmin, indicating
that sufficient levels of serum factors necessary to support iron
efflux were present in the assay. Basal eff lux of radioisotope

under our assay conditions was 10.8% in close agreement with
previous assays of iron release (33). As shown in Fig. 5, copper
treatment enhanced release of iron from J774 macrophages in a
dose-dependent manner that correlated with the metal’s induc-
tion of FPN1 mRNA and protein. For comparison, 15.2% of
erythrocyte-derived iron was released in cells pretreated with
200 �M CuSO4. Under these limiting assay conditions (3 h after
phagocytosis), this result represents a 41% increase in the rate
of 59Fe export. Longer times of incubation (up to 24 h after
phagocytosis) result in maximal release of only �21% red cell
iron under basal conditions (33). Because both heme and
nonheme iron is released after erythrophagocytosis (21, 22), the
influence of copper treatment on the distribution of 59Fe be-
tween these fractions was assessed by determining the amount of
released heme iron by cyclohexanone extraction (23). From the
efflux media, an average of 5.7 � 0.6% (n � 4) of total iron was
extracted into the organic phase, but the amount of released iron
partitioning into the cyclohexanone layer was not influenced by
copper treatment. We cannot rule out the possibility that copper
loading enhances the pool of nonheme 59Fe available for export
(e.g., stimulates degradation of hemoglobin from phagocytosed
red cells), but treatment of J774 cells with 200 �M Fe-NTA
consistently increased iron efflux to a greater extent (�18% red
cell iron), in concordance with the greater induction of FPN1
protein by iron (Fig. 4). Combined, these data implicate that
up-regulation of FPN1 by both metals facilitates recycling of iron
from macrophages.

Discussion
Macrophages of the reticuloendothelial system are responsible
for the recycling of iron through erythrophagocytosis of senes-
cent red cells (34). Because very little iron is absorbed from the
diet (�1 mg�day), the demand for iron required for erythro-
poiesis and other physiological processes is mainly fulfilled by
iron recycling (20–30 mg�day). Consequently, abnormal regu-
lation of iron release from macrophages contributes to the
development of common disorders of iron metabolism such as
autosomal recessive hereditary hemochromatosis and the ane-
mia of chronic disease, with unusually low or high cellular iron
concentrations in macrophages, respectively. A central role for
the recently discovered iron export protein FPN1 in iron recy-
cling is confirmed by the excess macrophage iron stores observed

Fig. 4. Copper loading increases FPN1 protein levels in J774 macrophages.
J774 cells were incubated with CuSO4 or Fe-NTA for 48 h. HeLa cells were
transiently transfected with pSPORT2 CMV vector containing full-length
mouse FPN1 cDNA. Total cell lysates were collected, and samples of 100 �g
(J774) or 1 �g (HeLa) of protein were resolved by electrophoresis on a 10%
SDS�polyacrylamide gel, then transferred to nitrocellulose. Western blot anal-
ysis was then carried out as described in Experimental Procedures. Lane 1,
control (untreated) J774 cells; lane 2, J774 cells treated with 200 �M CuSO4;
lane 3, J774 cells treated with 200 �M Fe-NTA; lane 4, control (untreated) HeLa
cells; and lane 5, HeLa cells transfected with full-length mouse FPN1 cDNA
(HeLa-FPN1). A representative blot is shown with similar data obtained in at
least three separate experiments.

Fig. 5. Copper loading increases iron release from J774 macrophages after
erythrophagocytosis. J774 cells were treated with 50, 100, or 200 �M CuSO4 or
200 �M Fe-NTA for 48 h before release assays. Cells were washed free of the
metals, and 59Fe-labeled, opsonized rat erythrocytes were added for 1.5 h at
37°C. After lysis of nonphagocytosed red blood cells, J774 cells were washed,
resuspended in fresh culture media, and allowed to release iron into the media
for 3 h. At the end of experiments, 59Fe activities in the collected media and cell
lysates were measured by �-counting. Iron release was calculated as percent-
age of 59Fe in the media versus total 59Fe measured (media plus cells). Values
shown are the mean percentage iron release � SEM (n � 9). *, Treatments not
sharing the same superscript are significantly different from each other
(ANOVA followed by Tukey’s highly significant difference test, P � 0.05).
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in patients with mutations in the FPN1 gene (35–38). Regulation
of FPN1 expression therefore appears to be critically important
for the maintenance of iron homeostasis.

A role for copper in the release of iron stores is well
established (39), and has been thought to primarily involve the
need for this metal cofactor to support ceruloplasmin’s fer-
roxidase activity thus facilitating loading of iron onto serum
transferrin (8, 9). The results of this investigation indicate that,
in addition to this function, copper can also regulate the
release of iron from macrophages by modifying the expression
of the export protein FPN1. Treatment of J774 cells with
copper induces FPN1 mRNA levels in a time- and dose-
dependent manner, with effects observed at concentrations
within the normal range of serum concentrations (�20 �M)
(24). Importantly, the induction of FPN1 mRNA by copper is
associated not only with increased FPN1 protein levels, but
also a dose-dependent increase in the export of iron. All of
these observations are consistent with the model that copper
status can modulate iron release due to the metal’s regulation
of FPN1 gene expression. This model is also consistent with the
observations that copper-deficient rodents, which have iron-
loaded but copper-depleted livers, display profound microcytic
anemia (5, 6), whereas Cp�/� mice and ceruloplasmin-
deficient Long–Evans Cinnamon rats, which have hepatic
iron- and copper-loading, suffer only mild hematological
disturbances (10, 11, 40).

From these positive effects of copper loading, one might infer
that deficiency states would disrupt the normal pattern of FPN1
expression to suppress the release of iron, but it should be noted
that treatment of J774 cells with TRIEN alone did not affect
FPN1 levels. However, under these conditions (20 h incubation
with 80 �M chelator), the activity of copper, zinc-superoxide
dismutase, a marker of copper deficiency (41), was unaffected,
and thus it is probable that treatment with TRIEN did not reduce
cellular copper levels sufficiently enough to alter FPN1 expres-
sion. Future studies are required to more fully examine how
copper deficiency impacts FPN1 levels in macrophages. From
the results of this study, we conclude that copper sufficiency is
necessary to maintain appropriate levels of FPN1 expression and
regulation of macrophage iron export activity.

The copper-induced regulation of FPN1 expression in mac-
rophages is sensitive to actinomycin D, and therefore could
reflect a transcription-dependent process. Transcriptional reg-

ulation of the FPN1 gene in monocytes�macrophages has been
reported in response to iron, IFN-�, and lipopolysaccharide (18,
42). Although the exact mechanism responsible for up-
regulation of FPN1 mRNA levels by copper remains to be
determined, it does not appear to depend on changes in intra-
cellular iron. The presence of an iron-responsive element-like
structure in the FPN1 mRNA predicts posttranscriptional reg-
ulation, an effect that is borne out in reporter gene studies of the
FPN1 5	 region (32). The observation that copper does not alter
macrophage TfR mRNA levels, which are known to be highly
regulated via iron response element interactions, argues against
the possibility that copper may indirectly control FPN1 expres-
sion by affecting cellular iron status. It is also unlikely that
copper directly modulates FPN1 via transcriptional control due
to MRE-binding transcription factor 1 activation, particularly
because zinc, which strongly activates the binding of this MRE-
binding factor to MREs (43), does not affect FPN1 expression.
In contrast to our results, Sharp and colleagues have reported
that both copper (20) and zinc (19) induce FPN1 in intestinal
CaCo-2 cells. However, in our hands, zinc does not affect FPN1
mRNA levels in macrophage J774 cells (Fig. 3), and it is
therefore possible that the copper effects that we report here
reflect the activity of macrophage-specific regulatory factors
present in J774 cells.

Finally, the potent positive effects of copper on FPN1 levels
prompt us to consider whether this metal may also be a transport
substrate for export by FPN1. Promiscuous substrate specificity
of metal transporters has been documented before: for example,
divalent metal transporter-1 appears to transport a broad range
of divalent metals such that, in Xenopus oocytes expressing the
factor, metals like Zn2�, Cd2�, Mn2�, Cu2�, Fe2�, Co2�, Ni2�,
and Pb2� generate positive inward currents accompanying the
cotransport of H� (44). The observation that copper, like iron,
up-regulates FPN1 suggests that further studies are warranted to
examine whether FPN1 acts as an export protein in macrophages
for other metals including copper.
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