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Natural resistance-associated macrophage protein 1 (Nramp1) is a
divalent metal transporter expressed exclusively in phagocytic
cells. We hypothesized that macrophage Nramp1 may participate
in the recycling of iron acquired from phagocytosed senescent
erythrocytes. To evaluate the role of Nramp1 in vivo, the iron
parameters of WT and KO mice were analyzed after acute and
chronic induction of hemolytic anemia. We found that untreated
KO mice exhibited greater serum transferrin saturation and splenic
iron content with higher duodenal ferroportin (Fpn) and divalent
metal transporter 1 (DMT1) expression. Furthermore, hepatocyte
iron content and hepcidin mRNA levels were dramatically lower in
KO mice, indicating that hepcidin levels can be regulated by
low-hepatocyte iron stores despite increased transferrin satura-
tion. After acute treatment with the hemolytic agent phenylhydr-
azine (Phz), KO mice experienced a significant decrease in trans-
ferrin saturation and hematocrit, whereas WT mice were relatively
unaffected. After a month-long Phz regimen, KO mice retained
markedly increased quantities of iron within the liver and spleen
and exhibited more pronounced splenomegaly and reticulocytosis
than WT mice. After injection of 59Fe-labeled heat-damaged re-
ticulocytes, KO animals accumulated erythrophagocytosed 59Fe
within their liver and spleen, whereas WT animals efficiently
recycled phagocytosed 59Fe to the marrow and erythrocytes. These
data imply that without Nramp1, iron accumulates within the liver
and spleen during erythrophagocytosis and hemolytic anemia, sup-
porting our hypothesis that Nramp1 promotes efficient hemoglobin
iron recycling in macrophages. Our observations suggest that muta-
tions in Nramp1 could result in a novel form of human hereditary iron
overload.

hemolytic anemia � iron overload � iron homeostasis � hepcidin �
ferroportin

Reticuloendothelial macrophages are critical in the maintenance
of iron homeostasis (1). Nearly 80% of bodily iron is found in

hemoglobin within erythrocytes, which when senescent are phago-
cytosed at the rate of �2 million/sec by macrophages of the
reticuloendothelial system (2). Each day, these macrophages
quickly and efficiently recycle 25 mg of erythrocyte-derived iron
and ensure its export to the plasma. Subsequently, iron binds to
transferrin and is shuttled to the bone marrow for use in erythro-
poiesis (3–5). Any disturbances in this normally efficient and tightly
regulated process can result in anemia of chronic disease (6–9), iron
overload (10), or other pathologies (11, 12).

Hepcidin is an antimicrobial peptide that regulates organismal
iron homeostasis. By binding to and inducing the degradation of
ferroportin (13), the only known cellular iron exporter (14–16),
hepcidin inhibits dietary iron absorption and prevents the release of
iron from reticuloendothelial macrophages (17). A loss of hepcidin
gene expression in both mice and humans results in iron overload
(18, 19), whereas an excess of hepcidin gene expression in mice
results in severe iron-deficiency anemia (20, 21). Hepcidin synthesis
is stimulated by iron and inflammatory stimuli (22–25), but de-

creased by factors including anemia and hypoxia (23). Increased
hepcidin expression caused by inflammation is believed to be the
primary pathogenic mechanism in anemia of chronic disease (9,
26–28). Lastly, GDF15, a humoral factor produced by red-blood-
cell precursors, has been shown to decrease the production of
hepcidin, but only under the pathological setting of �-thalassemia (29).

The pathways by which a decrease in hepcidin occurs are yet to
be fully elucidated; however, there is substantial evidence to suggest
the existence of a ‘‘stores regulator’’ that decreases hepcidin pro-
duction in response to low iron and a separate ‘‘erythroid regulator’’
(30) that decreases hepcidin production via an unknown, yet distinct
mechanism during conditions which require a high rate of eryth-
ropoiesis (31, 32). Thus, hepcidin has the ability to decrease
intestinal iron absorption and macrophage iron release when the
demand for iron has been met, while augmenting iron availability
for erythropoiesis when the need for iron is increased.

Nramp1 is a divalent metal transporter expressed within the late
endosomal and phagolysosomal membranes of iron-recycling mac-
rophages and other professional phagocytes (33, 34). G169D mu-
tations in Nramp1 result in increased susceptibility to intracellular
pathogens (35, 36). Nramp1 is thought to confer protection against
microbes by depleting the phagolysosome of iron needed by the
pathogen for growth (37) and by decreasing intracellular iron
availability, thereby stimulating the production of nitric oxide (38),
a potent antimicrobial effector. In addition to promoting host
resistance, we (39) and others (40) have observed that Nramp1
increases the recycling efficiency of erythrocyte-derived iron in
macrophages.

Unlike mutations in divalent metal transporter 1 (DMT1,
Nramp2), which cause severe microcytic anemia (41–45), muta-
tions in Nramp1 have not been found to cause severe anemia in
mice (Philippe Gros, personal communication). Nevertheless, we
hypothesize that the effects of Nramp1 deficiency may become
more apparent during conditions of accelerated erythrophagocy-
tosis. In this study, iron parameters were measured in WT 129Sv
(Nramp1�/�) and congenic 129Sv KO mice (Nramp1�/�) after
hemolytic anemia induced by acute or chronic phenylhydrazine
treatment. A deficiency in Nramp1 resulted in impaired recovery
from anemia in all KO groups. Moreover, the untreated KO
animals were found to have dramatically decreased hepcidin
mRNA levels and proceeded to develop progressive reticuloendo-
thelial iron overload with age. This finding is consistent with the
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hypothesis that Nramp1 plays an active role in macrophage recy-
cling of iron derived from the phagocytosis of senescent erythrocytes.

Results
Iron Homeostasis and Hepcidin Expression in WT and KO Animals. To
investigate the role of Nramp1, we evaluated several parameters of
iron homeostasis in untreated 5-week-old WT (Nramp1�/�) and
congenic KO (Nramp1�/�) 129Sv mice (Table 1). We found that
the nonheme iron content of freshly isolated hepatocytes and
hepcidin mRNA levels were strikingly lower in untreated KO mice
than WT controls. Although the spleen indices (defined as the
spleen/body weight ratio) and hematocrits were nearly identical in
both groups, the splenic iron content was significantly higher in the
KO animals. The nonheme iron content of the liver [comprised of
both hepatocytes and macrophages (4, 46)] was also elevated in KO
animals, although not to a statistically significant degree. The
129Sv/J strain is a ‘‘high-iron’’ strain; our measurements of non-
heme iron in the spleen and liver are consistent with other published
reports by using this background (18, 47). In addition to markedly
lower hepcidin mRNA levels, the KO animals exhibited elevated
transferrin saturation as compared with WT controls (84% vs. 64%,
respectively). Although the splenic index and hematocrits were
virtually identical in untreated 5-week- and 36-week-old WT ani-
mals, the nonheme iron contents of both the spleen and liver were
significantly increased in the 36-week-old KO animals as compared
with 36-week-old controls.

These results are consistent with a defect in Nramp1 leading to
inefficient recycling of erythrophagocytosed iron and retention of
iron within reticuloendothelial cells. We hypothesize that hepato-
cytes’ iron stores are released to compensate for the lack of iron
released from macrophages, resulting in a lower production of
hepcidin mRNA. Sustained under-production of hepcidin, com-
bined with an impaired ability of macrophages to release iron,
would lead to the progressive iron retention we observed in older
Nramp1�/� mice.

Iron Homeostasis After Acute Hemolytic Anemia. Although Nramp1
deficiency results in only mild pathology under normal conditions
(Table 1), we hypothesize that when erythropoietic demand for
recycled iron is increased, the effects of Nramp1 deficiency may
become more pronounced. Accordingly, hemolytic anemia was
induced in WT and KO animals with phenylhydrazine, a well-
characterized model of erythropoietic stress (48, 49). After the
acute induction of hemolytic anemia, KO animals exhibited im-
paired erythropoietic recovery (Table 2). Both WT and KO mice
treated with phenylhydrazine developed anemia with increased
reticulocyte counts (22.5% in WT and 31.3% in KO; P � 0.05) and
decreased mean cell volume; however, the hematocrit and trans-
ferrin saturation were significantly decreased in the KO cohort.
Furthermore, nonheme iron in the liver and spleen was also
elevated to a greater degree in the KO animals. This effect was

likely because of greater retention of iron within hepatic and splenic
macrophages.

Previous studies indicate a minimum 4-day delay between phe-
nylhydrazine-induced hemolysis and a corresponding increase in
iron absorption (50). During this lag period, iron for erythropoiesis
must come exclusively from iron stores. To separate the effects of
Nramp1 deficiency from a possible compensatory up-regulation in
dietary iron absorption, WT and KO animals were injected with
phenylhydrazine on 2 consecutive days (as in the acute experiment)
and maintained on an iron-deficient diet immediately after the first
injection. KO mice experienced a significant decrease in transferrin
saturation, whereas WT animals were relatively unaffected (Table
2). These observations indicate that KO animals were at a consid-
erable disadvantage when forced to depend exclusively on stored
iron for their erythropoietic needs.

Iron Homeostasis After Chronic Hemolytic Anemia. To further exam-
ine the long-term effects of Nramp1 deficit on iron homeostasis, the
iron parameters of WT and KO mice after chronic, low-dose
phenylhydrazine administration were examined (Table 3). As in the
acute experiments, chronic administration of phenylhydrazine re-
sulted in mild anemia in both cohorts, with a statistically significant
decrease in hematocrit in KO mice (please compare Table 3 with
untreated values from Table 1). Transferrin saturation in KO mice
was also significantly lower after chronic phenylhydrazine treat-
ment. This depletion of transferrin iron in both KO and WT mice
likely results from the increased erythropoietic demand for iron.
Hepatic hepcidin mRNA levels were dramatically decreased in
phenylhydrazine-treated WT and KO mice (Table 3) in comparison
with untreated mice (Table 1). Additionally, significantly elevated

Table 1. Iron parameters of mice not treated with phenylhydrazine

Nramp1�/�, 5 wks Nramp1�/�, 5 wks
Nramp1�/�, 9

months
Nramp1�/�, 9

months

Hepcidin mRNA, arbitrary units normalized to control 1 � 0.09 0.063*** � 0.002 0.94 � 0.04 0.057*** � 0.003
Transferrin saturation, % 64 � 7.6 84* � 5.4 59 � 3.6 80* � 1.0
Spleen index 0.0029 � 1.4 � 10�5 0.0029 � 1.3 � 10�5 0.0026 � 0.0003 0.0046* � 0.001
Splenic iron content, �g/g wet weight 953.8 � 65.81 1102.3* � 58.93 1035.8 � 38.4 1265.8* � 25.2
Liver iron content, �g/g wet weight 138.6 � 1.9 147.8 � 5.3 154.2 � 3.9 192.4** � 4.4
Hematocrit, % 45.3 � 1.2 44.2 � 3.9 44.1 � 1.4 43 � 1.1
Plasma erythropoietin, mU/ml 1.48 � 0.15 2.64* � 0.27 NA NA
Hepatocyte nonheme iron content, �g per 106 cells 0.026 � 0.0014 0.017* � 0.0035 NA NA

*, P � 0.05; **, P � 0.01; ***, P � 0.0001; n � 6–8. NA, not available.

Table 2. Iron parameters following acute phenylhydrazine-
treated mice

Nramp1�/� Nramp1�/�

Transferrin saturation, normal
iron diet, %

59 � 5.2 38* � 3.6

Transferrin saturation, low
iron diet, %

56.2 � 4.6 31.4* � 2.3

Spleen index 0.015 � 0.0027 0.021* � 0.0035
Splenic iron content, �g/g wet

weight
1236.4 � 46.2 1487.4* � 65.1

Liver iron content, �g/g wet
weight

290.3 � 14.2 310.4 � 32.5

Hematocrit, % 27.4 � 4.9 22.2* � 3.1
Plasma erythropoietin, mU/ml 43.3 � 6.7 207.9** � 41.4

Acute hemolytic anemia was induced in 5-week-old Nramp1�/� and
Nramp1�/� mice with 2 consecutive daily 50 mg/kg injections of phenylhydr-
azine (Phz). The mice were killed 48 h after the last injection, and their iron
parameters were evaluated. Unless otherwise specified, animals were main-
tained on an iron-replete diet (*, P � 0.05; **, P � 0.01; n � 6–8).
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levels of nonheme iron retained within the livers and spleens were
observed, as well as a marked degree of splenomegaly in KO mice
as compared with their WT counterparts. These results imply a
significant impairment of iron recycling in macrophages lacking
functional Nramp1.

Retention of Erythrophagocytosed Iron by Splenic Macrophages in KO
Mice. To visualize the location of iron deposits, Perls’ staining was
performed on liver [supporting information (SI) Fig. S1] and spleen
(Fig. 1) sections. Although there was a minor increase of blue iron
deposits within the liver Kupffer cells of the KO animals, the
distinction did not reach significance (Fig. S1); however, striking
differences in stainable iron were noted among the splenic samples
(Fig. 1). Morphologic analysis showed that the KO mice contained
significant iron deposits within their splenic macrophages from as
early as 5 weeks of age. Conversely, virtually no iron deposits were
detectable in WT animals of the same age (Fig. 1A). Iron-positive
blue deposits were extensively distributed throughout the splenic
macrophages of 36-week-old KO animals, whereas iron levels were
minimally increased in WT controls (Fig. 1B). Although iron
deposits were apparent in splenic macrophages from both types of
mice after chronic phenylhydrazine treatment, they were found to
a much greater degree in KO animals (Fig. 1C). Fig. 1D shows the
percentage of area staining positive for iron relative to the whole field.

DMT1 and Ferroportin Protein Expression Is Greatly Increased in both
Untreated and Chronic Phenylhydrazine-Treated KO Mice. To assess
the potential of KO and WT mice to absorb iron from the diet,
duodenal DMT1 and ferroportin protein levels were examined.
DMT1 and ferroportin protein levels were dramatically increased in
untreated and treated KO animal duodenums when compared with
their counterpart WT mice (Fig. 2). The increased intestinal DMT1
and ferroportin levels observed in KO mice, both under untreated
and chronic phenylhydrazine treatment conditions, indicate that
dietary iron absorption is greatly increased in KO mice. This
observation strongly suggests an increase in dietary iron absorption
in KO mice to compensate for the impaired release of iron from
erythrophagocytosing macrophages and accounts for the increased
transferrin saturation level observed in the KO animals. Further-
more, we observed that splenic macrophage ferroportin was also
greatly elevated in untreated KO animals as compared with WT
(Fig. 2D). Despite this fact, iron was still retained within spleens of
KO mice, indicating that the absence of Nramp1 limits the amount
of iron available for export by ferroportin in macrophages.

Nramp1 KO Mice Experience Increased Retention of 59Fe Within Their
Liver and Spleen After Injection of Heat-Damaged 59Fe-Labeled Re-
ticulocytes. To directly assess the effect of Nramp1 on the recycling
of hemoglobin iron, WT and KO mice were injected i.p. with

59Fe-labeled heat-damaged reticulocytes, which are detected and
preferentially phagocytosed by reticuloendothelial macrophages
(3). Initial pilot experiments were consistent with previous reports
(51–53), which indicated that undamaged erythrocytes injected i.p.
travel intact into the circulation within 24 h (Fig. 3A). Furthermore,
there was no difference in the ability of KO and WT animals to
absorb i.p. injected 59Fe-transferrin and incorporate it into devel-
oping blood cells (Fig. S2). The passage of phagocytosed 59Fe from
reticuloendothelial macrophages of the liver and spleen to the
plasma, and eventually to the bone marrow, was monitored over
time. Over all time points (Fig. 3B), more 59Fe was consistently
found in the red blood cells, plasma, and marrow compartments of
WT animals, whereas KO animals retained more 59Fe in their liver
and spleen. The amount of phagocytosed 59Fe retained within the
liver and spleen decreased in WT animals with time, whereas KO

Table 3. Iron parameters of chronic phenylhydrazine-treated
mice

Nramp1�/� Nramp1�/�

Hepcidin mRNA, arbitrary units
normalized to control

0.04 � 0.001 0.008* � 0.0002

Transferrin saturation, % 37 � 5.3 28* � 5.8
Spleen index 0.017 � 0.0021 0.021* � 0.0009
Splenic iron content, �g/g wet

weight
1167.9 � 42.2 1408.1* � 31.9

Liver iron content, �g/g wet weight 228.3 � 18.4 260.4 � 26.9
Hematocrit, % 35.4 � 1.7 30.7* � 2.1
Plasma erythropoietin, mU/ml 103.8 � 12.5 203.48** � 9.7

Chronic hemolytic anemia was induced in 5-week-old Nramp1�/� and
Nramp1�/� mice with biweekly injections of 25 mg/kg of phenylhydrazine
(Phz) for 4 weeks. The mice were killed, and their iron parameters were
evaluated (*, P � 0.05; **, P � 0.01; n � 6–8).
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Fig. 1. Impaired recycling of erythrocyte-derived iron by splenic macro-
phages in KO mice. Perls’ Prussian blue staining was performed to visualize the
location of iron deposits within the spleen. Hematoxylin and eosin counter-
stains were used. Arrows point to blue iron-positive deposits and show local-
ization of iron to splenic macrophages (A), 36-week-old mice (B), and chron-
ically phenylhydrazine-treated mice (C). Three representative nonoverlapping
fields were scored for blue iron-positive deposits (indicated by arrows). Areas
staining positive for iron were converted to pixels, quantified with Northern
Eclipse 6.0 software, and expressed as a percentage of the total surface area
of the field (D). *, P � 0.05; ***, P � 0.001.
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animals were less able to release the iron trapped within these
organs. These findings provide direct evidence that the loss of
Nramp1 results in a diminished release of erythrophagocytosed
iron from macrophages, leading to iron retention within hepatic and
splenic macrophages and to a decrease in the availability of
erythrocyte-derived iron for erythropoiesis.

Discussion
Previously, we showed that Nramp1 equips macrophages for effi-
cient recycling of iron in both cell line and primary macrophage
cultures (39). Here, we demonstrate that macrophage Nramp1 also
plays a significant role in the recovery of iron from erythrocytes in
vivo during conditions of increased erythrophagocytosis.

Macrophages are fundamental components of the innate im-
mune system because of their critical role in the surveillance and
removal of harmful pathogens. In a much less heralded, but equally
vital role, macrophages are responsible for recycling hemoglobin
iron acquired from the phagocytosis of senescent erythrocytes.
Importantly, the amount of iron in macrophages available for
erythropoiesis is limited by increased hepcidin levels (17, 26).
Prolonged inflammation and subsequent hepcidin expression can
also lead to iron retention within macrophages and eventually to
anemia of chronic disease (9, 26–28, 54).

To build on our previous in vitro studies of Nramp1 (39), we
sought to characterize Nramp1�/� (KO) and Nramp1�/� (WT)
mice. We found that 5-week-old KO mice had greater iron loading,
as measured chemically, in the liver and spleen than WT mice
(Table 1). These untreated KO mice developed progressive iron
overload as they aged (Table 1), as evidenced by the marked
increase of splenic and liver iron content, quantified chemically by
the ferrozine assay and its location visualized by the Perls’ stain.
Although the stainable iron identified by the Perls’ stain appears to
be much greater than what was measured by ferrozine, it should be
kept in mind that the Perls’ stain is a qualitative assay (55). Whereas
the ferrozine assay measured moderate iron loading of the spleen
in KO mice, the Perls’ staining showed the retained iron to be

localized within splenic macrophages. In contrast to untreated KO
mice, WT mice exhibited relatively little progressive iron loading
with age. The significant amount of splenic rather than hepatic iron
deposits in KO animals suggests that the majority of erythroph-
agocytosis likely occurs within the spleen in mice. Our previous
findings demonstrated that Nramp1-deficient macrophages re-
leased a modest 7% less iron than Nramp1-replete macrophages
after erythrophagocytosis (39). The observations presented in this
report, showing progressive iron loading of the spleen and liver with
increasing age in KO mice, suggest that even a minor decrease in
iron-recycling efficiency in macrophages can lead to significant
cumulative pathology over time.

Untreated 5-week-old KO animals displayed increased trans-
ferrin saturation. Despite this, hepatocytes were iron depleted, and,
likely as a result of this depletion, hepcidin mRNA levels were
markedly decreased (Table 1). This observation indicates that
hepcidin levels can be regulated by low hepatocyte iron stores
despite increased transferrin saturation, in contrast to the current
belief that transferrin saturation is the major regulator of hepcidin
synthesis (56). We hypothesize that hepatocytes in KO animals
release iron stores to compensate for impaired macrophage iron
release and reduce the production of hepcidin mRNA accordingly.
The observed increases in DMT1 and ferroportin within the
duodenums of the KO animals imply that the seemingly paradoxical
increase in transferrin saturation, despite impaired iron release
from reticuloendothelial macrophages, occurs because of a com-
pensatory increase in dietary iron absorption (Fig. 4). Furthermore,
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the observed impairment in macrophage iron release in KO ani-
mals, despite increased splenic ferroportin expression, indicates
that Nramp1 is important in making iron available for export by
ferroportin in macrophages (Fig. 2D). It needs to be pointed out
that Nramp1 functions proximally to ferroportin.

We found KO animals to be at a significant disadvantage after
enhanced erythrophagocytosis caused by phenylhydrazine-induced
hemolytic anemia. Although the erythroblast population was rel-
atively unchanged (Fig. S3) after acute induction of hemolytic
anemia, transferrin saturation and hematocrit were markedly de-
creased, whereas the splenic index and iron content of both the
spleen and liver were dramatically increased (Table 2). Further-
more, KO mice placed on an iron-restricted diet experienced an
even more precipitous decrease in transferrin saturation than WT
mice after acute hemolytic anemia. These KO mice were forced to
rely entirely on stored iron because of dietary insufficiency, but
could not meet the increased erythropoietic demand because of
Nramp1 deficiency.

As compared with WT animals, radioactive iron was found to
accumulate in the spleen and the liver of KO animals after the
injection of heat-damaged 59Fe-labeled reticulocytes (Fig. 3B). In
contrast, erythrophagocytosed 59Fe was efficiently released from
the spleen and liver of WT animals and subsequently transported
to the bone marrow. These observations are consistent with our
hypothesis that the absence of Nramp1 results in a marked retention
of iron within macrophages and a decrease in the availability of
recycled iron for erythropoiesis.

It is expected that an analogous mutation in human Nramp1, if
found, would result in a pattern of iron overload similar to patients
with decreased iron export from macrophages caused by loss-of-
function mutations in ferroportin (10, 46, 57). In fact, patients with
the phenotype corresponding to loss-of-function mutations in fer-
roportin, but without defects in the ferroportin gene, have been
identified (Antonello Pietrangelo, personal communication). This
finding raises the intriguing possibility that human mutations of

Nramp1 may be responsible for the unique type of reticuloendo-
thelial iron overload observed in these patients.

Iron trafficking through the reticuloendothelial system is very
dynamic. Hence, a small decrease in iron-recycling efficiency can
have profound cumulative effects over time. Whereas the absence
of Nramp1 under conditions of normal iron homeostasis results in
an apparently well-tolerated slight iron loading of the spleen and
liver, phenylhydrazine insult in Nramp1�/� mice results in a signif-
icant deficit in iron available for erythropoiesis when compared
with Nramp1�/� animals. Although Nramp1 plays a significant role
in conferring resistance to intracellular pathogens, it is equally
important in the maintenance of iron homeostasis. The findings in
this study and others (40) provide further evidence that Nramp1
helps to promote the efficient recycling of erythrocyte-derived iron
in macrophages and raises the possibility of the existence of a novel
form of human hereditary iron overload.

Methods
A more detailed description of experimental procedures can be found in SI Results.

Materials. Anti-DMT1 antibody was a kind gift from Philippe Gros (McGill Uni-
versity, Montreal). Anti-ferroportin antibodies were obtained from Alpha Diag-
nostics. All other chemicals and reagents were from Sigma unless otherwise
specified.

Animals and Tissue Collection. Female WT 129Sv mice expressing Nramp1
(Nramp1�/�) were purchased from Charles River Laboratories. Congenic mutant
mice, bearing a null Nramp1 mutation (Nramp1�/�), were a kind gift from
Philippe Gros (35, 36). Two i.p. injections of neutralized phenylhydrazine were
administered on 2 consecutive days for the acute experiments (50 mg/kg) or as
biweekly (25 mg/kg) injections for the chronic experiments, which lasted for 4
weeks. Control animals were injected with an equivalent volume of sterile saline
(0.15 N). At the end of the experimental period, the animals were anesthetized
with avertin (1 ml of 2.5% avertin), and whole blood was collected via cardiac
puncture with heparin as an anticoagulant. Erythropoietin levels were measured
by using a human erythropoietin ELISA kit (R&D Systems), which cross-reacts with
mouse erythropoietin. Mouse erythropoietin was used as a standard. Serum iron
levels and total iron-binding capacity were determined by using a Sigma total
iron-binding capacity (TIBC) kit. Iron-deficient rodent chow TD.80396 was pur-
chased from Harlan Teklad. All animal experiments were approved by the McGill
University animal ethics committee.

Determination of Nonheme Iron. Quantification of liver and splenic nonheme
iron was carried out by using the ferrozine assay as previously described (58, 59).

Determination of Hepatocyte Iron Content. Primary hepatocytes were elicited
from mice by using a Krebs–Henseleit solution/collagenase perfusion protocol as
described by Amaxa Biosystems. The isolated hepatocytes were counted in a
hemocytometer,andthenonhemeironintheresultinghepatocytecellpelletwas
analyzed via the ferrozine assay.

Organ Pathology and Tissue Iron. The spleen index was expressed as a ratio of
spleen weight to total body weight. To visualize pathological iron deposits, Perls’
Prussian blue staining was performed on liver and spleen sections as previously
described (59, 60), viewed with a Zeiss Axiophot image analysis microscope, and
quantified with Northern Eclipse 6.0.

RNA Isolation, cDNA Synthesis, and Quantitative Real-Time RT-PCR. Determina-
tion of hepcidin mRNA levels, including primers used, was performed as previ-
ously described (61).

Western Blot Analysis. Duodenal protein collection and lysis was performed as
previously described (16). Spleens were dissociated as previously described
(62), and macrophages were enriched by adherence to plastic. Protein was
quantified with the Bradford Assay by using Bio-Rad Protein assay reagent. A
Western blot was performed by using 75 �g (for ferroportin) and 30 �g (for
DMT1 and actin) of protein and its corresponding primary antibodies. An en-
hanced chemiluminescence Western blotting detection system (GE Lifesciences)

A  

B 

Fig. 4. Scheme of iron-recycling pathway within WT and Nramp1-KO mice.
Schemes show normal-state efficient iron recycling (A) and Nramp1-KO-state
inefficient iron recycling (B).
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was used for visualization. Densitometry analysis was performed by using Image-
Quant 5.0 software.

Preparation of 59Fe-Labeled Heat-Damaged Reticulocytes. 59Fe-labeled reticu-
locytes were generated as previously described (39) and heat-damaged by incu-
bation at 46 °C for 9 min.

59Fe Recycling Studies. Recipient WT and Nramp1 KO 129/Sv mice were fed an
iron-deficient diet for 12 days before receiving a single i.p. injection with 200 �l
(80% hematocrit) of labeled, heat-damaged erythrocytes at the start of the
experiment. After each time point, the mice were anesthetized with avertin as
described above, and their peritoneal cavity washed with 1 ml of PBS; the
radioactivity of the resulting wash fluid was measured to verify that all injected
red blood cells had been absorbed. Blood (200 �l) was collected into heparinized
tubes via cardiac puncture, before perfusion of the whole animal with 30–50 ml
of PBS. The peritoneal wash fluid, erythrocytes, plasma, whole liver, whole
spleen, and femurs were collected into separate glass tubes, and the radioactivity
wasmeasured inaPackardCobragammacounter (GlobalMarket Insite, Inc.). The
radioactivity within each compartment was calculated as a percentage of the

total radioactivity injected. Total blood volume (ml) was estimated as 7% of body
weight; the radioactivity contained within the marrow was based on the radio-
activity of 2 femurs.

Flow Cytometry. Erythroblasts were isolated from untreated and phenylhydr-
azine-treated mice as described in Vyoral et al. (62), and the erythropoietic
populations were determined as described in Socolovsky et al. (63). Flow cytom-
etry was performed on a Becton Dickinson FACScalibur.

Statistical Analysis. All values are expressed as mean � SE. Statistical differences
between means were determined by using the Student’s t test (GraphPad soft-
ware). Data are means � SE of 3 or 4 mice. All experiments were repeated at least
3 times.
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