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Perturbations in iron metabolism have been shown to dramatically impact host response to infection. The
most common inherited iron overload disorder results from defects in the HFE gene product, a major
histocompatibility complex class I-like protein that interacts with transferrin receptors. HFE-associated
hemochromatosis is characterized by abnormally high levels of the iron efflux protein ferroportin. In this study,
J774 murine macrophages overexpressing ferroportin were used to investigate the influence of iron metabolism
on the release of nitric oxide (NO) in response to infection. Overexpression of ferroportin significantly
impaired intracellular Mycobacterium tuberculosis growth during early stages of infection. When challenged
with lipopolysaccharide (LPS) or M. tuberculosis infection, control macrophages increased NO synthesis, but
macrophages overexpressing ferroportin had significantly impaired NO production in response to LPS or M.
tuberculosis. Increased NO synthesis in control cells was accompanied by increased iNOS mRNA and protein,
while upregulation of iNOS protein was markedly reduced when J744 cells overexpressing ferroportin were
challenged with LPS or M. tuberculosis, thus limiting the bactericidal activity of these macrophages. The
proinflammatory cytokine gamma interferon reversed the inhibitory effect of ferroportin overexpression on NO
production. These results suggest a novel role for ferroportin in attenuating macrophage-mediated immune
responses.

Macrophages in the reticuloendothelial system acquire iron
primarily through phagocytosis and degradation of damaged or
senescent red blood cells (26). After uptake, iron can either be
stored in ferritin or released. Macrophages release iron into
the circulation via the export protein, ferroportin (11, 27). To
date, ferroportin (IREG1, SLC40A1, and MTP1) is the only
identified transporter that exports iron from cells to the plasma
(1, 16, 32).

It has been determined that systemic iron efflux via ferro-
portin is regulated posttranslationally through interaction with
the cysteine-rich, 25-amino-acid peptide, hepcidin (37). Orig-
inally identified in urine and plasma during a search for novel
antimicrobial peptides, hepcidin is considered to be the pri-
mary hormone involved in iron regulation (21, 22, 37). Hepci-
din synthesis is upregulated in response to iron loading, lipo-
polysaccharide, and inflammation and is suppressed by anemia
and hypoxia (37, 38, 45). Circulating hepcidin binds to ferro-
portin and leads to internalization and degradation via endo-
cytic trafficking to the lysosome (37). Therefore, conditions
leading to high levels of hepcidin result in the downregulation
of ferroportin and macrophage retention of intracellular iron.
Conversely, reduction of hepcidin results in a diminution of

intracellular macrophage iron through increased ferroportin-
mediated export into the plasma (11).

Diseases of iron overload, collectively known as hemochro-
matosis, most often result from dysregulation of the ferropor-
tin-hepcidin axis. HFE-associated hemochromatosis is the
most common inherited iron overload disorder (44). The HFE
gene encodes a major histocompatibility complex class 1-like
protein that interacts with transferrin receptors (18, 29). Mu-
tations in the HFE gene disrupt the body’s ability to sense
plasma iron. Subsequently, hepcidin expression is abnormally
low and there is excess iron released into circulation due to
overexpression of ferroportin (44).

In contrast to other known genetic causes of diseases of iron
metabolism, mutations in the ferroportin gene are autosomal
dominant. Ferroportin variants can be separated into two dis-
tinct classes. The first demonstrate diminished iron export and
hepcidin resistance due to intracellular rather than plasma
membrane localization (14, 15, 43). Recently, the “flatiron”
mouse model demonstrated that such ferroportin variants act
in a dominant-negative fashion, most likely by forming mul-
timers with the wild-type protein, leading to intracellular fer-
roportin retention and concomitant macrophage iron overload
(56). The second class of ferroportin variants localize to the
cell surface and export iron normally; however, they have im-
paired hepcidin-induced degradation. These mutations confer
a “gain-of-function” due to the loss of hepcidin regulatory
control, resulting in macrophage iron depletion resembling
classic HFE-associated hemochromatosis (14, 15, 43).

Mycobacterium tuberculosis, the causative agent of tubercu-
losis, is an obligate intracellular pathogen that primarily re-
sides in host macrophages (17). Both in vitro and in vivo studies
have demonstrated a link between tuberculosis and iron. In cell
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culture models, excess iron markedly increases mycobacterial
growth (46, 50). Similarly, in both mice and humans, iron
overload increases susceptibility to and morbidity of the dis-
ease (20, 24, 30). Recently, Paradkar et al. (41) demonstrated
that iron-replete macrophages derived from flatiron mice show
increased intracellular growth of Chlamydia and Legionella
that could be reversed with iron chelation. In a similar study,
Olakanmi et al. (40) utilized iron-deficient macrophages from
humans with HFE-associated hemochromatosis to infer a link
between this phenotype and resistance to M. tuberculosis in-
fection. We have also demonstrated that overexpression of
ferroportin results in iron deprivation and a subsequent reduc-
tion of intracellular Salmonella growth in J774 murine macro-
phages (6). Therefore, it is evident that modulation of host iron
status impacts intracellular growth of pathogens and that fer-
roportin plays a central role in this process.

The aforementioned studies clearly demonstrate the rela-
tionship between bacterial growth and the nutritional iron sta-
tus of the host. There is also experimental evidence demon-
strating that iron status affects macrophage innate immune
responses, including the production of nitric oxide (NO) by
inducible nitric oxide synthase (iNOS). Infection with virulent
M. tuberculosis is known to elicit upregulation of iNOS and
concomitant production of microbicidal NO in murine macro-
phages (5, 39, 47). By manipulating cellular iron levels through
the use of chelators and exogenously added iron, Weiss et al.
(54) demonstrated an inverse relationship between host cell
iron status and iNOS expression. In their model, increased
cellular iron resulted in decreased iNOS activity, while iron
depletion resulted in enhanced iNOS activity (54). This inverse
effect of iron on iNOS activity was determined to be the result
of alterations in iNOS mRNA levels (54).

Since there is clearly a role for host iron status in modulation
of macrophage antimicrobial function, we used a retrovirally
transduced J774 murine macrophage cell line overexpressing
ferroportin to investigate how this iron efflux protein may alter
host NO production in response to bacterial challenges. We
have previously shown that these cells export significantly more
iron and have lower iron content than a matched cell line
transduced with a control vector (27). A marked diminution of
NO production in response to M. tuberculosis infection and
lipopolysaccharide (LPS) was observed in the ferroportin over-
expressing cells. Although iNOS mRNA was upregulated in
these cells, protein expression was greatly reduced compared
to controls. Treatment with gamma interferon (IFN-�) re-
versed this effect, allowing for the production of iNOS protein
in ferroportin overexpressing cells. These findings suggest a
novel role for the iron export protein ferroportin in modula-
tion of the innate immune response through posttranscrip-
tional control of iNOS expression.

MATERIALS AND METHODS

Cell culture. J774 murine macrophages stably overexpressing ferroportin
(J774-FPN.RV2) and a matched vector control (J774-GFP.RV) were generated
via retroviral transduction and have been previously characterized (6, 27, 28). All
cell lines were maintained in Dulbecco modified Eagle medium (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum, 100 U of penicillin/ml,
and 100 �g of streptomycin/ml at 37°C and 5% CO2. Cells were cultured in
antibiotic-free DMEM for all infection experiments. LPS (Sigma) and IFN-�
(Sigma) were added directly to the culture medium at the indicated concentra-
tions and times.

Measurement of nitrite production. Total nitrite concentration was obtained
by using the Griess reaction. Experiments were carried out in phenol red-free
DMEM for spectrophotometric determination of nitrite. Briefly, culture medium
was collected and centrifuged at 1,000 � g to remove cellular debris. Equal
volume (50 �l) of cell-free supernatant was mixed with Griess reagent (Sigma).
The absorbance at 550 nm was measured and compared to standards to deter-
mine the micromolar concentration of nitrite in the supernatant.

Infection of J774 murine macrophages. M. tuberculosis H37Rv expressing
green fluorescent protein (GFP) (55) was cultured in 7H9 medium containing 50
�g of kanamycin (Sigma)/ml until the mid-growth phase, as determined using the
optical density at 600 nm (OD600). Mycobacteria were pelleted, resuspended in
complete DMEM, sonicated, and passed through a 5-�m-pore-size filter. The
OD600 of the infectious inoculum was read in order to obtain the appropriate
multiplicity of infection (MOI). To reduce CFU artifact associated with myco-
bacterial clumping, cells were infected at a low MOI of 1 for 6 h. Where
indicated, 5 ng of IFN-� (Sigma)/ml or 200 �g of aminoguanidine (AG; Cayman
Chemical)/ml was added at the time of infection and maintained throughout the
time course. Infected cells were washed four times with serum-free DMEM and
placed in complete DMEM. The medium was replaced daily after infection. At
the indicated time points, infected cells were washed once with sterile phosphate-
buffered saline (PBS), lysed with 1% Triton X-100 in PBS, serial diluted in
10-fold increments in 7H9 medium, and plated on 7H11 agar. Colonies were
counted �21 days after plating. For iNOS expression and NO production, in-
fection conditions were the same, except the cells were infected at an MOI of 5
for 4 and 24 h in phenol red-free DMEM.

Immunofluorescent detection of ferroportin, iNOS, and NF-�B. For immuno-
fluorescent studies, cells were seeded on poly-L-lysine (Sigma)-coated glass cov-
erslips. After a wash with PBS, cells were fixed with 3.7% paraformaldehyde,
blocked for 30 min with 10% goat serum in PBS, and then incubated either for
2 h at room temperature with anti-iNOS (Transduction Labs) or anti-NF-�B
(Santa Cruz) or overnight at 4°C with anti-ferroportin (Alpha Diagnostics, Inc.)
antibodies. After three washes with 10% goat serum in PBS, secondary Alexa
Fluor 568-conjugated goat anti-mouse/rabbit (Molecular Probes) was added in
PBS with 10% goat serum. After three washes with PBS and three washes with
water, the cells were mounted with Dako fluorescent mounting medium, and
images were acquired with a Zeiss Axiotome fluorescence microscope equipped
with Axiovision software. For comparative expression analysis, all images were
acquired at the exact same exposure time.

RNA isolation, cDNA synthesis, and quantitative PCR. Cellular RNA was
prepared by using TRIzol reagent, followed by DNase I treatment and purifica-
tion using RNeasy column (Qiagen) according to the manufacturer’s recommen-
dations. Concentrations were determined by using a NanoDrop ND-1000 (Nano-
Drop Technologies). RNA was reverse transcribed by using the RETROscript kit
(Ambion) and random decamer priming. Gene expression was analyzed by
quantitative real-time PCR using the SYBR GreenER qPCR SuperMix for ABI
Prism (Invitrogen). The cDNA was diluted 1:10 with reverse transcription-PCR
(RT-PCR)-grade water (Ambion), and 10.5 �l was used as a template in a 25-�l
reaction, with duplicate samples. Acidic ribosomal phosphoprotein P0 (Arbp,
also known as 36B4) was used as a reference gene. All forward and reverse
primers were added to a final concentration of 200 nM. The primer sequences
were the following: Arbp, fwd (5�-AGA TGC AGC AGA TCC GCA T-3�) and
rev (5�-GTT CTT GCC CAT CAG CAC C-3�); and iNOS, fwd (5�-CTT CAA
TGG TTG GTA CAT GGG CAC 3�) and rev (5�-TCA ACA TCT CCT GGT
GGA ACA CAG-3�). The reactions were run on an ABI-7900HT (Applied
Biosystems) under the following conditions: 2 min at 50°C; 10 min at 95°C; 45
cycles of 95°C for 15 s and 60°C for 64 s; followed by 95°C for 15 s and 60°C for
15 s; with a 2% ramp rate up to 95°C for 15 s for a dissociation curve analysis that
was performed on all samples to detect nonspecific products. All calculations for
relative quantification were done by using the comparative CT method (2��CT)
as described previously (49).

Western blotting. Cells were lysed in radioimmunoprecipitation assay buffer
(50 mM Tris [pH 8.0], 150 mM NaCl, 1.0% NP-40, 0.5% deoxycholate (DOC),
0.1% sodium dodecyl sulfate [SDS], 2 mM EDTA). Protein determination was
carried out by using the Bradford assay. Concentrated Laemmli buffer (4�) was
added. For ferritin cells were treated with 50 �M iron-nitrilotriacetic acid (Fe-
NTA; 1:4) for 24 h prior to lysis. Then, 100 �g of protein was electrophoresed on
a 12.5% SDS-polyacrylamide gel. After the proteins were transferred to Immo-
bilon-FL polyvinylidene difluoride (Millipore), the immunoreactivity was de-
tected by using a polyclonal anti-ferritin antibody (Roche) and a monoclonal
anti-actin antibody (MP Biomedicals), followed by Alexa Fluor 680-labeled goat
anti-rabbit and Alexa Fluor 800-labeled goat anti-mouse antibodies (Li-Cor).
The Li-Cor Odyssey infrared imaging system was used for image capture, fol-
lowed by signal quantification using Li-Cor Odyssey 2.1 software for Windows.
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For ferroportin, 100 �g of protein was electrophoresed on a 10% SDS-polyac-
rylamide gel. After transfer to nitrocellulose, the immunoreactivity was detected
by using polyclonal anti-ferroportin antibody (kindly provided by David Haile),
followed by horseradish peroxidase-conjugated goat anti-rabbit IgG (Amer-
sham) and enhanced chemiluminescent detection reagent (Pierce). The mem-
brane was then stripped and reprobed with an anti-actin antibody (MP Biomedi-
cals) as a loading control. iNOS detection was carried out as described for
ferroportin, except 50 �g of protein was loaded onto each gel, and the immu-
noreactivity was detected by using monoclonal anti-iNOS antibody (Transduc-
tion Labs).

Statistical analysis. For all statistical analyses, the means 	 the standard
errors of the mean (SEM) are shown. For mycobacterial growth, statistical
analysis was performed by using two-way analysis of variance (ANOVA). All
other analysis was performed by using a Student t test. All statistical functions
were carried out using GraphPad Prism version 4.0 for Windows (GraphPad
Software).

RESULTS

Ferroportin overexpression limits early intracellular M. tu-
berculosis growth. J774 cells overexpressing ferroportin were
used as a model for iron-depleted macrophages found in “gain-
of-function” ferroportin disease, as well as HFE-associated
hemochromatosis (14, 15, 43, 44). As characterized previously
(27) and shown in Fig. 1A, J774-FPN.RV2 cells express 2- to
3-fold-greater levels of ferroportin protein compared to the
vector-transduced control J774-GFP.RV cell line. The iron
storage protein ferritin serves as a biomarker for iron stores,
since its expression is increased when iron is replete (7, 25).
Ferritin expression is significantly reduced in J774-FPN.RV2
cells after treatment with soluble iron in the form of Fe-NTA,
confirming the ability of these cells to export more iron than
controls (Fig. 1B). Both cell lines were infected with virulent
H37Rv M. tuberculosis, and the intracellular mycobacterial
growth was compared (Fig. 1C). M. tuberculosis growth in
J774-FPN.RV2 cells was significantly reduced at the 1- and
3-day time points, but after 5 days the number of intracellular
M. tuberculosis in J774-FPN.RV2 and control cells was similar
(Fig. 1C).

We considered the possibility that the ferroportin-depen-
dent inhibition of M. tuberculosis growth might be abrogated at
the later time point because of autocrine effects of hepcidin.
Hepcidin is known to be produced by macrophages in response
to infection and would downregulate ferroportin expression
(42, 51, 52). However, analysis of ferroportin expression using
immunofluorescent detection revealed that ferroportin protein
levels are not reduced in infected cells throughout the 5-day
time course (data not shown). Moreover, the cellular localiza-
tion of ferroportin did not change in M. tuberculosis-infected
cells, excluding the possibility that the iron transporter was
redistributed in response to mycobacterial infection (data not
shown).

Ferroportin overexpression inhibits nitric oxide (NO) pro-
duction and iNOS protein expression after M. tuberculosis in-
fection. In addition to causing bacterial iron deprivation, we
speculated that ferroportin might influence macrophage anti-
microbial functions, specifically, the generation of nitric oxide
(NO) by inducible nitric oxide synthase (iNOS). This antimi-
crobial agent is known to play an important attenuating role in
murine M. tuberculosis infection (5). NO synthesis was signif-
icantly reduced in the J774-FPN.RV2 cells compared to con-
trols (Fig. 2A). It is known that M. tuberculosis infection stim-
ulates the production of NO via an increase in expression of

iNOS (5, 39, 47). Therefore, we examined iNOS protein levels
in J774-GFP.RV and J774-FPN.RV2 cells following M. tuber-
culosis infection. iNOS protein levels were significantly lower
in J774-FPN.RV2 cells compared to controls, as determined by
immunofluorescence (Fig. 2B).

To exclude the possibility that the reduction in iNOS expres-
sion was due to differences in infection efficiency, infected cells
were subjected to optical sectioning and three-dimensional
rendering. Using this technique, we determined that most of
the visible bacilli are intracellular and clearly distinguishable
from those on the cell surface or in the extracellular space.
Furthermore, infection efficiency was greater than 90% in both
cell lines (data not shown).

Ferroportin overexpression inhibits nitric oxide (NO) pro-
duction and iNOS protein expression after LPS treatment. To

FIG. 1. Ferroportin overexpression limits early intracellular M. tu-
berculosis growth. (A) Ferroportin protein expression in J774-GFP.RV
or J774-FPN.RV2 cells was determined using immunofluorescent de-
tection with a polyclonal anti-ferroportin (FPN) antibody. Bar, 10 �m.
(B) Intracellular iron retention was determined through ferritin detec-
tion via Western blot following treatment with 50 �M Fe-NTA. Fer-
ritin levels were quantified and normalized to actin using a Li-Cor
infrared imaging system. The means 	 the SEM from a single exper-
iment (n 
 3) are shown. *, P � 0.05 (Student t test). (C) J774-
GFP.RV (f) and J774-FPN.RV2 (�) cells were infected with M.
tuberculosis at an MOI of 1. The number of intracellular bacteria
surviving in each cell line at the indicated time points was determined
using CFU. The mean 	 the SEM from a single experiment (n 
 3)
are shown. Statistical analysis using two-way ANOVA determined that
the curves were significantly different (P 
 0.0008).
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further study the relationship between ferroportin and the
innate immune response, we examined the effect of LPS on
J774-GFP.RV and J774-FPN.RV2 cells. Both cell lines were
treated with 1 �g of LPS/ml for 24 h, and medium was col-
lected and analyzed by the Griess reaction. LPS induced NO
production in J774-GFP.RV cells, whereas NO synthesis was
significantly reduced in ferroportin overexpressing cells (Fig.
3A). NO synthesis remained attenuated in J774.FPN.RV2 cells
treated with up to 10 �g of LPS/ml, while NO synthesis in-
creased in a dose-dependent manner in controls (data not
shown). iNOS protein was dramatically induced in the J774-
GFP.RV cells compared to a relatively modest induction in the
ferroportin-overexpressing cells when visualized by Western
blot analysis (Fig. 3B) and immunofluorescence microscopy
(Fig. 3C).

The ferroportin-mediated inhibition of iNOS expression oc-
curs posttranscriptionally. Since iron has been implicated in
the transcriptional regulation of iNOS in J774 cells (54), we
examined the effects of ferroportin overexpression on the pro-
duction of iNOS mRNA in response to M. tuberculosis and
LPS. Both M. tuberculosis and LPS can stimulate iNOS tran-
scription through activation of NF-�B (2, 33). Localization of
NF-�B was determined 4 h after M. tuberculosis infection and
LPS treatment in control and ferroportin-overexpressing cells
using immunofluorescence. Under basal conditions, NF-�B is
clearly localized to the cytoplasm of both cell lines (Fig. 4A).

Upon stimulation with M. tuberculosis or LPS, NF-�B is acti-
vated and translocates to the nucleus (Fig. 4A), indicating that
ferroportin overexpression does not interfere with the cellular
redistribution of NF-�B required for iNOS expression. qRT-
PCR analysis was used to determine the amount of iNOS
mRNA after stimulation with M. tuberculosis and LPS. Infec-
tion with M. tuberculosis and LPS treatment resulted in a
marked induction of mRNA in both control and J774-
FPN.RV2 cells (Fig. 4B). The mRNA levels increased over
time and did not correlate with the diminished iNOS protein
production in the ferroportin-overexpressing cells (Fig. 2B, 3B,
and 3C).

Inhibition of iNOS activity enhances intracellular M. tuber-
culosis growth in control cells but not ferroportin-overexpress-
ing cells. The iNOS-specific inhibitor AG (8) was used to

FIG. 2. Ferroportin overexpression inhibits NO production and
iNOS protein expression after M. tuberculosis infection. J774-GFP.RV
(f) or J774-FPN.RV2 (�) cells were infected with M. tuberculosis at
an MOI of 5. (A) Cell medium was recovered to measure NO levels by
using the Griess reaction. (B) iNOS protein expression was also de-
termined 24 h postinfection using immunofluorescent detection with a
monoclonal anti-iNOS antibody. Infected cells were visualized using
GFP-M. tuberculosis. Bar, 10 �m. For statistical analyses, the means 	
the SEM from a single experiment (n 
 3) are shown. **, P � 0.01
(Student t test). For all experiments, similar results were obtained on
separate occasions. FIG. 3. Ferroportin overexpression inhibits NO production and

iNOS protein expression after LPS treatment. (A) J774-GFP.RV (f)
or J774-FPN.RV2 (�) cells were treated with 1 �g of LPS/ml for 24 h.
Medium was recovered, and NO levels were determined by using the
Griess reaction. (B) iNOS protein expression was determined at 0, 4,
and 24 h posttreatment with 1 �g of LPS/ml by Western blotting with
a monoclonal anti-iNOS antibody. Membranes were stripped and re-
probed with an anti-actin antibody as a loading control (C) iNOS
protein expression was also determined 24 h posttreatment using im-
munofluorescent detection with a monoclonal anti-iNOS antibody.
Cells were visualized using GFP. For statistical analyses, the means 	
the SEM from a single experiment (n 
 3) are shown. ***, P � 0.001
(Student t test). For all experiments, similar results were obtained on
separate occasions.
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further explore the impact of ferroportin on the bactericidal
response to M. tuberculosis infection. Efficacy of AG inhibition
of iNOS activity was initially demonstrated by treating control
cells with LPS in the presence or absence of the inhibitor. AG
effectively inhibits NO production by iNOS in J774 cells (Fig.
5A). AG has been shown to enhance mycobacterial growth in
murine macrophages (4). AG treatment did not alter M. tu-
berculosis growth in J774-FPN.RV2 cells (Fig. 5B). However,
mycobacterial growth significantly increased in the GFP.RV
control cells (Fig. 5B) treated with AG, suggesting that iNOS
plays a role in attenuating M. tuberculosis growth in the control
cells but not in the ferroportin-overexpressing cells. The more
pronounced difference in M. tuberculosis growth between AG-
treated J774-FPN.RV2 and control GFP.RV cells most likely
reflects the true contribution in growth restriction due to cel-
lular iron content.

IFN-� activation impairs intracellular M. tuberculosis
growth through enhanced iNOS production in ferroportin
overexpressing cells. It has been well established that IFN-�
induces macrophage iNOS activity via transcriptional upregu-
lation (31). Since IFN-� also plays a crucial role in controlling
intracellular mycobacterial infection (19), we examined the
impact of this cytokine on M. tuberculosis growth and iNOS

expression in ferroportin-overexpressing cells. M. tuberculosis
growth was significantly reduced in J774-FPN.RV2 cells acti-
vated with IFN-� compared to controls (Fig. 6A), suggesting
that the cells are capable of mounting a potent bactericidal
response. To further explore this activity, qRT-PCR and West-
ern blotting were used to examine iNOS mRNA and protein
levels in response to IFN-�. qRT-PCR analysis demonstrated
that ferroportin overexpression resulted in a significant in-
crease in iNOS mRNA after 4 and 24 h of treatment with
IFN-� (Fig. 6B). Accordingly, there was also a marked increase
in the amount of iNOS protein and secreted NO in the J774-
FPN.RV2 cells compared to controls (Fig. 6C and 6D).

DISCUSSION

The results of the present study demonstrate that elevated
expression of ferroportin can inhibit the intracellular growth of
M. tuberculosis in macrophages, particularly at early times after
infection, presumably by restricting iron availability to the
pathogen. This finding is consistent with observations made by
other investigators working with M. tuberculosis and several
other intracellular pathogens (6, 40, 41). In addition, our ex-
periments show that ferroportin overexpression can modulate

FIG. 4. iNOS mRNA is induced in ferroportin overexpressing cells. (A) J774-GFP.RV or J774-FPN.RV2 cells were infected with M.
tuberculosis or treated with LPS for 4 h. NF-�B activation was determined using nuclear localization with a polyclonal anti-NF-�B antibody.
(B) Cells were infected with M. tuberculosis at an MOI of 5 or treated with 1 �g of LPS/ml. Cells were lysed in TRIzol reagent at 0, 4, and 24 h
postinfection or treatment. Relative iNOS expression was determined by using qRT-PCR analysis. Gene expression is represented as the 2��CT

between iNOS and a reference gene (36B4). For statistical analysis, the means 	 the SEM from replicate experiments (n 
 5) are shown. Statistical
significance was determined by using the Student t test.
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macrophage antimicrobial defenses. Macrophage expression
of iNOS and the concomitant production of NO in response to
M. tuberculosis infection and LPS treatment are significantly
reduced by ferroportin overexpression. The mechanism of this
effect appears to involve an alteration in iNOS translation
since ferroportin-mediated iron efflux did not impair NF-�B
nuclear translocation or expression of iNOS mRNA. A similar
phenomenon was observed previously in macrophages from
Hfe knockout mice, which have elevated ferroportin levels and
reduced production of the inflammatory cytokines tumor ne-
crosis factor alpha (TNF-�) and interleukin-6 (IL-6) in re-
sponse to Salmonella infection or LPS treatment (53). Inter-
estingly, the effect of ferroportin on inflammatory cytokine
expression in those studies was also at the level of translation
(53).

Similar to ferroportin, the phagosomal divalent metal trans-
porter Nramp-1 also has dual effects on microbial growth and
macrophage innate immune responses such as cytokine pro-
duction and iNOS expression. Using RAW264.7 macrophages
expressing wild-type or a nonfunctional Nramp-1 mutant,
Nairz et al. have demonstrated at the cellular level that
Nramp-1 functions to reduce intraphagosomal iron availability
through export to the cytosol (34–36). Further iron egress out
of the cell employs the plasma membrane-localized ferropor-
tin. This mobilization of iron not only starves intracellular
pathogens, but also suppresses expression of the inhibitory
cytokine IL-10. The Nramp-1-dependent downregulation of

IL-10 leads to enhanced macrophage effector functions, in-
cluding iNOS and TNF-� expression (34–36).

In both the present study, as well as in the earlier analysis of
Hfe-deficient mice, the inhibitory effect of ferroportin overex-
pression on macrophage NO and inflammatory cytokine pro-
duction outweighed the influence of reduced intracellular iron
concentrations on microbial growth. In the present study, there
was a progressive loss of ferroportin-dependent control of in-
tracellular M. tuberculosis growth (Fig. 1C), and in our earlier
work, the attenuated inflammatory response in Hfe knockout
mice was associated with increased numbers of Salmonella
recovered from the feces and tissues (53). Thus, in evaluating
the consequences of elevated ferroportin levels in conditions
such as hemochromatosis, it is necessary consider the effects of
decreased intracellular iron concentrations on both pathogen
growth and on macrophage responses. It is relevant to note in
this context that our data indicate that the inhibitory effect of
ferroportin on iNOS expression can be overcome or bypassed
by IFN-� (Fig. 6), an observation that is consistent with the
well-established role of this cytokine in protection against a
variety of intracellular pathogens and that may help to explain
how IFN-�-induced upregulation of ferroportin inhibits the
intracellular growth of Salmonella (34).

Previous work using iron or iron chelator treatment of J774
macrophages demonstrated an inverse relationship between
intracellular iron concentrations and NO production (54). This
effect of iron on iNOS activity was determined to be the result

FIG. 5. AG enhances M. tuberculosis growth in J774-GFP.RV control cells. (A) J774-GFP.RV cells were treated with LPS for in the presence
or absence of 200 �g of AG/ml for 24 h. iNOS activity was determined by using the Griess reaction. (B) J774-GFP.RV (closed symbols) or
J774-FPN.RV2 (open symbols) cells were infected with M. tuberculosis at an MOI of 1 in the presence of 200 �g of AG/ml. The number of
intracellular bacteria surviving in each cell line at the indicated time points was determined using CFU. Statistical analysis using two-way ANOVA
determined that the curves from the treated and non-treated control cells were significantly different (P 
 0.0011). AG did not impact the growth
of the J774.FPN.RV2 cells (P 
 0.4483).
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of alterations in iNOS mRNA levels (54). In agreement with
these findings, our experiments show that ferroportin overex-
pressing J774 cells have significantly higher levels of iNOS
mRNA than control cells in the resting state and that they
upregulate these levels further after infection with M. tubercu-
losis (Fig. 4B). However, in contrast to the earlier results,
which showed that desferrioxamine-mediated reduction of cel-
lular iron promoted iNOS activity (54), our findings indicate
that overexpression of ferroportin resulted in significantly de-

creased iNOS protein expression and NO production in re-
sponse to M. tuberculosis or LPS (Fig. 2 and 3). Thus, efflux of
intracellular iron by ferroportin appears to have effects that are
different from those achieved by chelation with desferrioxam-
ine, suggesting that distinct pools of iron may be affected by the
two different mechanisms of cellular depletion. There are pre-
cedents for this idea, since it is known that different classes of
iron chelators selectively access iron present in different sub-
cellular locations and can produce distinct functional outcomes
(13, 23). Furthermore, although both ferroportin overexpres-
sion and desferrioxamine have been shown to induce degrada-
tion of the intracellular iron storage protein ferritin, they do so
by different mechanisms (12). Recent observations showing
that ferroportin interacts with the Jak2 kinase (9, 10) raise the
additional possibility that some of the consequences of ferro-
portin overexpression seen in our studies may not only be
related to changes in intracellular iron but also to modulation
of intracellular signaling.

The observations reported here are relevant to a number of
clinical situations in which macrophage ferroportin levels are
elevated, including iron deficiency anemia and hemolytic dis-
orders, as well as hemochromatosis (3, 44). A number of these
conditions are associated with increased risk of infectious dis-
ease (48). Our results raise the possibility that the inhibitory
effect of ferroportin on antimicrobial mechanisms such as
iNOS may contribute to this susceptibility. This is an idea that
deserves further investigation.
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