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Solute carrier family 11, member 2 (SLC11A2) is the only transmembrane iron transporter known to be 
involved in cellular iron uptake. It is widely expressed and has been postulated to play important roles in 
intestinal iron absorption, erythroid iron utilization, hepatic iron accumulation, placental iron transfer, and 
other processes. Previous studies have suggested that other transporters might exist, but their physiological 
significance remained uncertain. To define the activities of Slc11a2 in vivo, we inactivated the murine gene that 
encodes it globally and selectively. We found that fetal Slc11a2 is not needed for materno-fetal iron transfer but 
that Slc11a2 activity is essential for intestinal non-heme iron absorption after birth. Slc11a2 is also required 
for normal hemoglobin production during the development of erythroid precursors. However, hepatocytes 
and most other cells must have an alternative, as-yet-unknown, iron uptake mechanism. We previously showed 
that Slc11a2 serves as the primary portal for intestinal iron entry in hemochromatosis. However, inactivation 
of murine Hfe ameliorates the phenotype of animals lacking Slc11a2.

Introduction
Iron is an essential nutrient that is toxic in excess. Intricate regula-
tory systems have evolved to preserve balance in an iron-rich envi-
ronment. Homeostatic mechanisms ensure that tissue iron needs are 
met but not exceeded. Iron insufficiency can impair the function of 
iron-requiring enzymes in all tissues. However, anemia is the most 
apparent manifestation of iron deficiency because of the enormous 
amount of iron required for hemoglobin production in developing 
erythroid cells. There is no regulated excretion of iron through the 
liver or kidneys, and iron is lost from the body only through bleeding 
and sloughing of skin and mucosal cells. Surplus iron is generally 
stored in hepatocytes and macrophages. When tissue storage capac-
ity is exceeded, unsequestered iron catalyzes the formation of damag-
ing oxygen radicals, which leads to tissue fibrosis and clinical conse-
quences of liver failure, cardiomyopathy, and endocrinopathies.

Initial iron stores are established through iron transfer from 
the mother to the developing fetus. After birth, iron is absorbed 
from food by epithelial cells (enterocytes) in the duodenum. It cir-
culates in the bloodstream bound to transferrin and is delivered 
to sites of utilization and storage. Erythroid precursors, the pri-
mary consumers, are strictly dependent upon receptor-mediated 
endocytosis of transferrin through the transferrin cycle (1). Later, 
iron is recovered from old and damaged erythrocytes by tissue 
macrophages that phagocytose red blood cells and degrade hemo-
globin to return the metal to the circulation.

Iron cannot pass through cellular membranes unassisted. To 
date, only 1 transmembrane transporter protein, solute carrier 

family 11, member 2 (SLC11A2; also known as divalent metal ion 
transporter 1 [DMT1], Nramp2, and DCT1), is known to have 
physiological importance in bringing iron into cells. SLC11A2 
acts as a proton-dependent iron importer of Fe2+ (2). It can also 
transport a variety of other divalent metal cations, including 
Mn2+, Co2+, Cu2+, and Zn2+ (2), though iron appears to be its most 
important physiological substrate. SLC11A2 is found on the api-
cal membrane of duodenal enterocytes, consistent with its role 
in transepithelial iron transport (3). SLC11A2 is also found in 
transferrin cycle endosomes in erythroid precursors (4), where 
it may participate in transfer of iron to the cytoplasm. It is pres-
ent in hepatocytes, where it has been postulated to be involved 
in non–transferrin-bound iron uptake (5). It is also expressed in 
the placenta, where it has been implicated in materno-fetal iron 
transfer (6, 7). Other iron uptake activities have been described in 
cultured cells, but their physiological significance and molecular 
identities are unknown (8–12).

Studies of animals carrying missense mutations in Slc11a2 previ-
ously suggested a major role for this transporter in intestinal non-
heme iron transport and erythroid iron uptake. Microcytic anemia 
(mk) mice and Belgrade (b) rats have systemic iron deficiency and 
anemia attributable to the same spontaneous missense mutation 
(G185R) in Slc11a2 (13, 14). The mutation impairs both subcel-
lular localization (15) and transport activity (16, 17). We discov-
ered that it also confers a novel calcium channel–like activity of 
uncertain importance (18). While studies on mk mice and b rats 
have provided insight into possible roles of Slc11a2 in vivo, the 
complexity of the partial loss-of-function mutation has made it 
difficult to draw firm conclusions.

A different missense mutation in SLC11A2 was described in 
a human patient who presented with anemia and hepatic iron 
overload (19). The mutation alters a splice junction, leading to 
substitution of aspartic acid for glutamic acid at residue 399 
and preferential (but incomplete) skipping of exon 12. The 
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improperly spliced mRNA retains the correct reading frame but 
codes for a protein lacking one of its transmembrane segments. 
The correctly spliced mRNA encodes a variant of SLC11A2 that 
retains iron transport capability, but the incorrectly spliced 
mRNA does not (H. Gunshin, J. Jin, Y. Fujiwara, and N.C. 
Andrews, unpublished observations). The patient’s phenotype 
suggests that SLC11A2 function is impaired in erythroid cells 
but that intestinal absorption and hepatic iron uptake remain 
intact. Incomplete information on the tissue expression of the 2 
spliced forms makes it difficult to draw conclusions about the 
normal roles of SLC11A2 in human subjects.

The purpose of our study was to clarify which cell types are 
dependent upon Slc11a2 function and to determine whether 
other transmembrane iron import pathways are physiologically 
significant. We anticipate that our findings will be relevant to 

human physiology because there are strong similarities between 
murine and human iron metabolism (20). We inactivated the 
murine Slc11a2 gene globally and in selected tissues through 
gene targeting and homologous recombination in pluripoten-
tial embryonic stem cells.

Global inactivation of Slc11a2 resulted in a phenotype that is more 
severe than that seen in animals homozygous for the G185R muta-
tion. We found that fetal Slc11a2 is not needed for materno-fetal 
iron transfer but is necessary for normal iron uptake by erythroid 
precursor cells and the intestine. We establish that at least 1 efficient, 
alternative iron uptake pathway must be active in the placenta, in 
hepatocytes, and possibly in other somatic cell types. Surprisingly, we 
found that mice with genetic hemochromatosis can better tolerate 
loss of Slc11a2, in spite of the fact that most iron loading in hemo-
chromatosis appears to involve Slc11a2-mediated iron transport.

Figure 1
Targeted disruption of Slc11a2. Slc11a2 wild-type locus (A) and targeted locus (B). The targeting construct contained herpes simplex virus 
thymidine kinase gene (HSV-TK) and neomycin-resistance (Neo) and cytidine deaminase (CD) cassettes. Homologous recombination removed 
exons 6–8, replacing them with neomycin-resistance and cytidine deaminase cassettes flanked by loxP sites (triangles). The 5′ and 3′ probes 
used for Southern blot analysis are shown as red bars labeled A and B, respectively. F, forward; R, reverse. Southern blot analysis of clones 
using the 3′ probe (C) and the 5′ probe (D). Clones 1, 4, and 5 were correct at both ends. La, ladder. (E) Analysis of tissue iron content in female 
Slc11a2+/– and wild-type mice. (F) Wild-type and Slc11a2–/– (arrow) neonates on day 1 of life. Slc11a2–/– mice were pale and runted. (G) PCR 
analysis of DNA prepared from duodenum (D), kidney (K), and liver (L) from Slc11a2–/– and wild-type mice using primer set F and R shown in 
A and B. Morphology of peripheral blood smears from wild-type (H) and Slc11a2–/– (I) mice. Original magnification, ×40. The mutant mice had 
hypochromic, microcytic cells with marked anisocytosis and poikilocytosis. Perls Prussian blue iron staining of wild-type neonatal liver (J) and 
Slc11a2–/– neonatal liver (K). Original magnification, ×100. There was little iron deposition in hepatocytes and Kupffer cells (arrows) of wild-type 
mice but marked iron deposition in those of Slc11a2–/– mice following a single intraperitoneal injection of iron dextran (5 mg iron).
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Results
Targeted disruption of Slc11a2. The murine Slc11a2 gene consists 
of 18 exons spread over more than 30 kb on distal chromosome 
15. The G185R mutation lies in the fourth of 12 predicted trans-
membrane segments. We designed a targeting construct to delete 
exons 6–8, corresponding to predicted transmembrane segments 
3–5 (Figure 1, A and B). This construct was introduced into 
mouse ES cells by electroporation. Correct homologous recombi-
nation was confirmed by Southern blot analysis of both ends of 
the recombined segment (Figure 1, C and D). The targeted allele 
was introduced into the germline and maintained on a homoge-
neous 129S6/SvEvTac inbred background.

Slc11a2+/– mice appeared normal, and there were no signifi-
cant abnormalities in their hematological parameters (data not 
shown). However, by 8 weeks of age, their liver iron content was 
lower than that of wild-type mice (Figure 1E), which indicates 
a mild effect of haploinsufficiency. This could result from a 
mild impairment of intestinal iron absorption, a mild defect in 
hepatocyte iron assimilation, or both.

Slc11a2–/– mice were born alive. Although there were no appar-
ent anatomical abnormalities, they were noticeably pale at birth 
(Figure 1F). Inactivation of Slc11a2 was confirmed by PCR analy-
sis (Figure 1G). Slc11a2–/– mice showed progressive postnatal 
growth retardation. By postnatal day 3 (P3), their body weights 
were 30% less than those of wild-type (Table 1) and Slc11a2+/– 
littermates (data not shown). None survived more than 7 days. 
Peripheral blood smears from Slc11a2–/– pups showed hypochro-
mic and microcytic erythrocytes with marked anisocytosis and 
poikilocytosis, characteristic of severe iron-deficiency anemia 
(Figure 1I). Accordingly, analysis of blood at P3 showed decreased 
hemoglobin concentration, hematocrit, red blood cell number, 
and mean erythrocyte cell volume (Table 1). All differences were 
highly significant. We confirmed that the phenotype was not 
attributable to residual vector sequences in the Slc11a2 locus by 
analyzing animals in which the targeting cassette was deleted by 
Cre recombinase (data not shown).

However, Slc11a2–/– mice were not iron deficient in all tissues. 
Total body iron content, normalized for body weight, was simi-
lar in Slc11a2–/– mice and controls, which indicates that placen-
tal iron transfer was efficient (data not shown). Liver iron stores 
were elevated at birth in Slc11a2–/– mice compared with wild-
type littermates (Table 1), which suggests redistribution of iron 
from the erythron to the liver. To ensure that abundant iron 

was available for erythropoiesis, we administered iron dextran 
by injection. This markedly increased liver iron stores in both 
hepatocytes and macrophages (Figure 1K). However, it did not 
prolong survival of any Slc11a2–/– pups (data not shown). In con-
trast, rbc transfusions allowed approximately 5% of the Slc11a2–/–  
mice to survive until weaning, which suggests that anemia was 
the likely cause of death.

A role for Slc11a2 in hematopoietic cells. Based on these findings 
and those of earlier studies (14), we suspected that Slc11a2 plays 
an important role in iron acquisition by erythroid precursors. To 
address this directly, we isolated fetal liver HSCs from Slc11a2–/– 
and control animals and transplanted them into lethally irradi-
ated wild-type mice.

We examined hematopoietic reconstitution by analysis of 
hemoglobin variants and flow cytometry. The recipient mice 
had a mixed C57BL/6 and 129S6/SvEvTac background. The 
donor mice had a homogeneous 129S6/SvEvTac background. 
We observed that the hemoglobin from transplant recipients 
was predominantly of 129S6/SvEvTac origin (Figure 2A). Little, 
if any, C57BL/6 hemoglobin was detectable. Accordingly, flow 
cytometry analysis confirmed that nearly 100% of the circulat-
ing blood cells carried only the CD45.2 surface marker, which 
indicates that they were of 129S6/SvEvTac origin (Figure 2B). 
These results demonstrate that the recipients had been success-
fully reconstituted with the transplanted cells.

As expected, peripheral blood smears from animals transplanted 
with wild-type HSCs were normal (Figure 2C). In contrast, blood 
smears from Slc11a2–/– HSC recipients showed abnormal eryth-
rocyte morphology consistent with iron-deficient erythropoiesis 
(Figure 2D). Eight weeks after transplantation, hemoglobin levels 
were substantially lower in mice that had received Slc11a2–/– HSCs. 
This anemia persisted, while normal hemoglobin levels were main-
tained in control recipients (Figure 2E).

We expected nonhematopoietic tissues in recipients of Slc11a2–/–  
HSCs to express Slc11a2 normally, because they were of wild-
type origin. However, we found that Slc11a2–/– HSC recipients 
progressively accumulated excess iron in the liver (Figure 2F). 
This suggests either a compensatory increase in intestinal iron 
absorption or a redistribution of iron that was not effectively 
utilized by erythroid cells.

Slc11a2 is important for normal intestinal iron absorption. To avoid 
early lethality due to total loss of Slc11a2, we developed mice 
carrying an Slc11a2 allele that had loxP recombination sites 
flanking exons 6–8 of the Slc11a2 gene but no other residual 
vector sequences (Figure 3, A–F). Insertion of loxP sites into 
the floxed allele left the Slc11a2 gene intact, allowing for nor-
mal expression. We confirmed that mice homozygous for this 
allele, referred to as Slc11a2flox/flox, were phenotypically normal 
(data not shown). When these mice were bred with mice express-
ing Cre recombinase, the Slc11a2 gene was selectively inactivated 
wherever Cre was present.

To inactivate Slc11a2 in the intestinal epithelium, we bred 
Slc11a2flox/flox mice with mice carrying a Villin-Cre transgene, which 
allowed for Cre expression under the control of the intestine-
specific villin promoter. Previous studies have shown that in 
Villin-Cre mice, Cre/loxP recombination is mediated exclusively 
and homogeneously in the extraembryonic visceral endoderm 
in utero and in intestinal epithelial cells before and after birth 
(21). Viable mice were born from this cross, which indicates that 
loss of Slc11a2 in the extraembryonic visceral endoderm was not 

Table 1
Phenotype of Slc11a2–/– mice

 WT (n = 8)  Slc11a2–/– (n = 16)  P values 
 (± SEM) (± SEM)
Body wt (g) 2.02 ± 0.25 1.34 ± 0.05 P < 0.0001
Liver Fe (μg/g) 87.30 ± 4.66 269.69 ± 12.85 P < 0.0001
Spleen Fe (μg/g) 102.74 ± 5.80 90.82 ± 8.63 NS
Hemoglobin (g/dl) 10.83 ± 0.65 4.33 ± 0.45 P < 0.0001
Hematocrit (%) 33.83 ± 1.23 15.08 ± 0.86 P < 0.0001
rbcs (1012 cells/l) 3.49 ± 0.14 2.40 ± 0.13 P < 0.0001
Mean erythrocyte  95.06 ± 1.64 62.68 ± 1.00 P < 0.0001 
 cell volume (fl)

Measurements are given for 3-day-old wild-type and Slc11a2–/– mice. 
Tissue iron content measurements were performed with wet tissue.
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deleterious. They will be referred to as Slc11a2int/int mice. We evalu-
ated Slc11a2 expression on immunoblots prepared from isolated 
enterocytes. We had previously observed that hypotransferrin-
emic (transferrinhpx/hpx [Trfhpx/hpx]) mice expressed high levels of 
intestinal Slc11a2 (22), and we used Trfhpx/hpx as a positive control 
in the present study. We were unable to detect Slc11a2 in samples 
from either Slc11a2–/– mice or Slc11a2int/int mice (Figure 3G), which 
supports the conclusion that the floxed allele had been efficient-
ly excised in enterocytes. Southern blot analysis confirmed that 
the allele was excised in the intestine but not in other postnatal 
tissues (Figure 3H). The unexcised, floxed allele was also present 
in DNA prepared from whole intestinal segments, likely due to 
contamination by other cell types that do not express villin (e.g., 
connective tissue, muscle, blood).

No abnormalities were observed in neonatal hematological 
parameters or tissue iron content (data not shown). However, after 
birth, when they became dependent upon intestinal nutrition, 
the Slc11a2int/int mice developed progressive anemia (Figure 4A).  
While this anemia was profound, it was never as severe as that 
seen in Slc11a2–/– mice.

Significant growth retardation was apparent in Slc11a2int/int mice 
by 12 weeks of age (Figure 4B). Non-heme tissue iron content was 
diminished in the liver (Figure 4C), spleen (Figure 4D), kidney, 
brain, and heart (Figure 4E) of both Slc11a2–/– and Slc11a2int/int 
mutants. Both mutants displayed marked splenomegaly and car-
diomegaly (data not shown). Histological analysis (data not shown) 
revealed markedly expanded red pulp with dysplastic erythropoi-
esis and greatly increased rate of apoptosis in the mutant spleens. 
There was prominent extramedullary erythropoiesis in the liver, 
particularly in sinusoidal regions. These abnormalities are likely 
attributable to severe anemia. When iron dextran was adminis-
tered to bypass the apparent intestinal iron absorption defect in 
Slc11a2int/int mice, their anemia resolved (data not shown), which 
confirms that iron delivery to other tissues was not impaired.

We compared the survival of singly transfused Slc11a2–/– mice 
and untreated Slc11a2int/int mice. Both strains had poor overall 
survival, but Slc11a2–/– mice died significantly earlier (Figure 4F).  
The less severe phenotype and longer survival of Slc11a2int/int 
mice could be explained by normal Slc11a2 activity in other cell 
types, particularly in erythroid precursors.

Figure 2
Hematopoietic Slc11a2 is required for normal erythropoiesis. (A) Hemoglobin isoform analysis demonstrating the presence of HSC-derived 
hemoglobin in the peripheral blood 8 weeks after fetal liver transfer. The blood samples were as follows: lanes 1 and 2, Slc11a2–/– HSC recipi-
ents; lanes 3 and 4, wild-type HSC recipients; lane 5, C57BL/6 mice; lane 6, 129S6/SvEvTac mice; lanes 7 and 8, recipients before transfer. 
After fetal liver transfer, recipients produced diffuse alleles of hemoglobin β chain (Hbbd) characteristic of the 129S6/SvEvTac background but 
not single alleles of Hbb (Hbbs) characteristic of the C57BL/6 background. (B) Flow cytometry of peripheral blood before (left) and 8 weeks 
after (right) fetal liver transfer. Before HSC transfer, 100% of recipient cells had both CD45.1 and CD45.2 markers characteristic of their mixed 
C57BL/6 and 129S6/SvEvTac background (left). After fetal liver transfer, hematopoietic cells primarily expressed only the CD45.2 marker asso-
ciated with the 129S6/SvEvTac background, which was consistent with the hemoglobin analysis. Approximately 5.2–8.6% of cells were double 
stained for CD45.1 and CD45.2 markers, which indicates a low level of residual chimerism. Wild-type blood morphology was normal (C) and 
distinctly different from that of recipients of Slc11a2–/– HSCs (D). Original magnification, ×60. The recipients of Slc11a2–/– HSCs had hypochromic, 
microcytic cells with anisocytosis and poikilocytosis. (E) Hemoglobin (HGB) levels were persistently lower in Slc11a2–/– HSC recipients compared 
with animals that received Slc11a2+/– HSCs. (F) Non-heme liver iron content (adjusted taking into account whole liver and body weight) was 
increased in animals that received Slc11a2–/– HSCs. Values are shown as a percent of the values determined for Slc11a2+/– HSC recipients.



research article

1262 The Journal of Clinical Investigation   http://www.jci.org   Volume 115   Number 5   May 2005

Mice homozygous for the mk mutation have residual iron transport 
activity. Mice homozygous for a G185R missense mutation in 
Slc11a2 (13) were originally propagated on a novel inbred strain, 
MK/ReJ (23). On that background, fewer than 10% of Slc11a2mk/mk 
homozygous mice survived to weaning (24). To directly compare 
Slc11a2mk/mk and Slc11a2–/– mice, we backcrossed (>10 generations) 
the G185R mutation onto the same 129S6/SvEvTac background 
present in our Slc11a2–/– animals.

In this context, nearly 100% of the Slc11a2mk/mk mice survived to 
adulthood. This survival was substantially better than that seen 
in Slc11a2–/– mice. Liver non-heme iron content was significantly 
greater in Slc11a2mk/mk mice (48.2 ± 1.8 μg/g) than in Slc11a2–/– 
mice (26.5 ± 1.0 μg/g; P < 0.0001). These results confirm that the 
G185R Slc11a2 protein retains significant iron transport activ-
ity in vivo. Furthermore, they indicate that other genetic factors, 
differing between the MK/ReJ and 129S6/SvEvTac strains, act as 
modifiers of iron homeostasis.

Hfe deficiency ameliorates the Slc11a2–/– phenotype. We previously 
showed that Slc11a2mk/mk mice fail to develop iron overload when 
the disease-related gene hemochromatosis (Hfe) is inactivated (25). 
That result suggested that iron overload in HFE hemochromato-
sis involves increased iron transport through a pathway involv-

ing Slc11a2. In an attempt to confirm that result, we crossed 
Slc11a2–/– mice with Hfe–/– mice to obtain Slc11a2–/–Hfe–/– mice 
carrying mutations in both genes.

We were surprised to find that survival of Slc11a2–/– mice was 
significantly improved when only 1 Hfe allele was inactivated 
(data not shown). This effect was more pronounced in Slc11a2–/–

Hfe–/– animals. At 12 weeks of age, body weight and liver iron con-
tent tended to be greater in untransfused Slc11a2–/–Hfe–/– mice 
than in Slc11a2–/– mice that had received a single rbc transfusion. 
The hematocrits of compound mutant mice were also signifi-
cantly higher than those of singly transfused Slc11a2–/– mice lack-
ing Hfe mutations (Slc11a2–/–Hfe–/–, 12.29% ± 1.25%; Slc11a2–/–,  
6.10% ± 1.60%, P = 0.0186). A similar effect was observed in 
Slc11a2mk/mkHfe–/– mice (data not shown).

Discussion
Previous studies of animals carrying a G185R missense muta-
tion in Slc11a2 suggested that the protein was important for both 
intestinal iron absorption and erythroid iron utilization (13, 14).  
However, those studies were limited for 2 reasons. First, the mis-
sense mutation did not result in total loss of protein function. 
Second, we discovered that the mutation conferred a new calcium 

Figure 3
Conditional inactivation of Slc11a2 in the intestine. Slc11a2 wild-type locus (A) and targeted locus (B) after introduction of an intronic floxed 
neomycin resistance and cytosine deaminase cassettes and an additional loxP site between exons 5 and 6. Positions of 5′ and 3′ probes used for 
Southern blot analysis are shown as red bars labeled A and B, respectively. (C) Partial Cre recombinase–mediated excision in which the Neo and 
cytosine deaminase cassettes were removed but the coding sequence was left intact. (D) Slc11a2 locus after complete excision to inactivate the 
gene. (E) Southern blot analysis of the 5′ end of the locus in ES cells after Cre transfection. (F) Southern blot analysis of the 3′ end of the locus 
in ES cells after Cre transfection. Clone 3 retained the floxed allele and was used to generate Slc11a2flox/flox mice; clones 2, 5, and 6 underwent 
complete deletion and were used to generate Slc11a2–/– mice without residual Neo and cytosine deaminase cassettes. (G) Immunoblot analysis 
of duodenum from Slc11a2–/– (lane 1), Slc11a2int/int (lane 2), wild-type (lane 3) and Trfhpx/hpx (lane 4) mice. Protein amounts loaded per gel were 4 
μg of Slc11a2–/–, 2 μg of Slc11a2int/int, 50 μg of wild-type, and 2 μg of Trfhpx/hpx duodenal lysates. Slc11a2 migrates as a diffuse band between the 
60-kDa and 85-kDa markers (arrow). (H) Southern blot analysis of Slc11a2int/int mice resulting from an intercross of Slc11a2flox/flox and Villin-Cre 
mice using probe A, demonstrating that the deletion of the floxed region occurred only in intestinal tissues.
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channel activity of uncertain significance (18). To more defini-
tively assess the role of Slc11a2 in normal iron homeostasis, we 
have developed mouse models in which Slc11a2 is inactivated 
both globally and in selected tissues.

Slc11a2–/– mice are born anemic but without developmental abnor-
malities. We can conclude that fetal Slc11a2 is not essential before 
birth and is not necessary for the proliferation or differentiation of 
most cell types. Indeed, the neonatal iron endowment was normal, 
and liver iron stores were increased at birth, which indicates that 
materno-fetal iron transfer was efficient in the absence of Slc11a2. 
Although Slc11a2 is normally found in placenta, its role must not be 
essential. Another transporter must be responsible for iron uptake 
by the fetal-derived cells that effect materno-fetal iron transfer.

Our results further indicated that Slc11a2 was unnecessary for 
fetal hepatocyte iron accumulation. When we administered iron 
dextran to newborn animals, we observed dramatic accumulation 
of iron in both macrophages and hepatocytes of the liver. This 
observation does not, in itself, rule out a role for Slc11a2 in normal 
macrophage iron uptake. Macrophages internalize iron dextran by 
phagocytosis. Iron accumulates at high levels, but its intracellular 
metabolism has not been characterized in detail. Hepatocytes are 
not known to phagocytose iron dextran; it is likely, but unprov-
en, that they acquire iron that has already been processed by and 
released from macrophages. Selective inactivation of a floxed 
Slc11a2 allele by liver-specific expression of Cre recombinase par-
tially, but incompletely, interrupted hepatocyte iron accumulation 
(H. Gunshin and N.C. Andrews, unpublished observations).

Despite adequate stores, Slc11a2–/– animals were unable to use 
iron efficiently for erythropoiesis. They were severely anemic from 

birth, and anemia persisted even after administration of iron dex-
tran. The anemia was the likely cause of postnatal death in the 
first week of life. However, the defect was not absolute — partially 
hemoglobinized erythrocytes were present, though iron deficient.

We transplanted Slc11a2–/– HSCs into irradiated wild-type 
recipients. Nearly all circulating blood cells were derived from the 
Slc11a2–/– HSCs. Although Slc11a2 was expressed normally in non-
hematopoietic tissues, the transplanted animals developed frank 
iron-deficiency anemia. This confirms the importance of Slc11a2 
in erythroid iron uptake. Formally, our HSC transfer experiments 
indicate only that expression of Slc11a2 in some hematopoi-
etic cell type is necessary for normal erythropoiesis. However, we 
believe that it is unlikely that Slc11a2 carries out its erythropoietic 
function in macrophages or other nonerythroid cells.

An alternative erythroid iron uptake system could involve 
direct transfer of iron across the plasma membrane, function of 
a different iron transporter in transferrin cycle endosomes, or 
both. We previously found that mice lacking a functional trans-
ferrin receptor gene (Trfr–/– mice) died during intrauterine devel-
opment (1). As was the case with Slc11a2–/– animals, most tissues 
developed normally, and erythroid cells were present. However, 
prenatal anemia appeared to be the cause of fetal death. If that 
is correct, then the anemia was more severe in Trfr–/– than in 
Slc11a2–/– mice, which suggests that loss of the transferrin cycle 
has more deleterious consequences for erythropoiesis than 
does loss of Slc11a2. Furthermore, Trfr–/– embryos showed an 
increased rate of apoptosis of primitive neuroepithelial cells (1), 
and Trfr–/– ES cells showed defects in lymphopoietic differentia-
tion (26). Although we did not investigate the nervous system 

Figure 4
Liver and spleen iron loading in mice with Slc11a2 mutations. (A) Hemoglobin levels. (B) Body weights. (C and D) Tissue non-heme iron content 
at ages 3 days (P3) to 24 weeks (E) Tissue non-heme iron content at age 12–14 weeks. Results in micrograms/gram wet weight are expressed 
as mean ± SEM (n = 4–16). Statistical analysis was performed using the unpaired Student’s t test, comparing mutant and wild-type mice:  
*P < 0.05; **P < 0.005; ***P < 0.0001. (F) Survival of mutant mice. Slc11a2–/– neonates were transfused once with rbcs on the first day of life. 
Slc11a2int/int mice were not transfused.
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or lymphoid system of Slc11a2–/– mice in detail, there were no 
overt abnormalities. Taken together, these results suggest that 
Slc11a2 may not be the sole iron transporter functioning in 
transferrin cycle endosomes.

Slc11a2 was originally identified as a candidate for the apical 
enterocyte iron transporter in the intestine (2, 13). We wanted 
to formally test this hypothesis in Slc11a2–/– mice, particularly 
in light of a description of a human patient with a mutation 
in SLC11A2 who had adequate intestinal iron absorption (19). 
However, it was difficult to ascertain the role of Slc11a2 in iron 
absorption in Slc11a2–/– mice due to the severity of the anemia 
and the fact that it was manifest before birth. To circumvent this 
problem, we developed a floxed Slc11a2 allele and selectively dis-
rupted the gene in the intestine. While we cannot be certain that 
all enterocytes lacked Slc11a2, we could not detect the protein 
on immunoblots prepared from duodenal epithelial cells. The 
phenotype of the Slc11a2int/int animals was severe. As expected, 
they were normal at birth, but their prenatal iron stores rapid-
ly depleted, and they developed iron-deficiency anemia. These 
results confirm that Slc11a2 is the major intestinal iron trans-
porter acting to take up non-heme iron from the diet.

We have not addressed whether Slc11a2 is important for heme 
iron absorption. Heme iron is thought to bind to a cell surface 
heme receptor on enterocytes (27), but it remains unclear how it 
enters the cytoplasm. We speculate that the heme–heme receptor 
complex may be internalized in a manner analogous to the trans-
ferrin cycle, to allow for enzymatic liberation of iron from heme 
within an intracellular compartment. There is no direct evidence 
supporting or refuting this model at present, but it is intrigu-
ing that others have observed Slc11a2 in the apical cytoplasm of 
enterocytes (3). We should be able to use our Slc11a2int/int mice to 
evaluate this possibility in future experiments.

A variety of mouse strains are now available to achieve tissue-spe-
cific expression of Cre recombinase in selected cell types. By cross-
ing additional Cre lines with Slc11a2flox/flox mice, we will be able to 
assess the role of Slc11a2 in other tissues. While we did not find 
any other obvious abnormalities in Slc11a2–/– mice, we cannot yet 
exclude other roles postulated for Slc11a2 in, for example, transfer 
of iron across the blood brain barrier (2) or resorption of filtered 
iron in the kidney (28, 29).

Mice heterozygous for the null Slc11a2 allele are not anemic, but 
they do have decreased iron stores, which suggests a mild impair-
ment in intestinal iron transport. We are now certain that the 
G185R mutation found in Slc11a2mk/mk mice confers partial loss 
of Slc11a2 function. Together, these animals represent an allelic 
series, intermediate between total absence of Slc11a2 and wild-
type expression and function. It remains possible that a gain of 
calcium channel function combines with partial residual metal 
transporter function to ameliorate the Slc11a2mk/mk phenotype, but 
our results do not point to any new, independent role for altered 
cellular calcium homeostasis.

Consistent with earlier results (25), inactivation of Slc11a2 pre-
vented iron overload in a mouse model of HFE hemochromato-
sis. Intriguingly, however, Hfe deficiency confers better survival 
on Slc11a2–/– animals. Although still severely anemic, compound 
Slc11a2–/–Hfe–/– animals had a significantly greater red cell mass 
than Slc11a2–/– animals. We do not yet understand how this occurs, 
but we envision 2 possibilities. First, a minor, alternate iron uptake 
pathway may be activated when Hfe is deficient. Alternatively, it 
may be that cellular iron export mechanisms are enhanced in the 

absence of Hfe, so that basolateral transfer of iron from entero-
cytes into the body is augmented and macrophage iron release is 
maximized. Either mechanism might increase the amount of iron 
delivered to erythroid precursors.

We have clear evidence for the existence of at least 1 alter-
nate iron transport pathway functioning in the placenta and in 
hepatocytes. It seems likely that one or more alternative path-
ways also exist in other cell types, which exhaust their initial 
iron endowment as they divide and differentiate. This alternate 
transport pathway may assume greater importance in hemochro-
matosis, when iron overload exceeds the iron binding capacity 
of serum transferrin. It may explain how non–transferrin-bound 
iron is deposited in hepatocytes, cardiomyocytes, pancreatic aci-
nar cells, and other sites.

What might this alternative transporter be? A calcium-depen-
dent, non–transferrin-bound iron uptake mechanism, which 
also transports a variety of transition metal ions, has been 
described in HeLa and HepG2 cell lines (8, 11, 12). This activ-
ity differs from that of SLC11A2, which is inhibited by calcium 
(2). The non–transferrin-bound iron transport system appears 
to require reduction of Fe3+ to Fe2+ by an extracellular ferrire-
ductase (10, 11, 30). Transport is active at neutral pH, which 
further distinguishes it from proton-dependent SLC11A2 activ-
ity. The molecular identity of this non–transferrin-bound iron 
transporter remains unknown.

Recently, 2 plausible candidates for this activity have emerged. 
First, neutrophil gelatinase–associated lipocalin (24p3) has been 
shown to carry metal in the form of a siderophore-iron complex 
(31, 32). This complex binds to a specific cell surface receptor for 
internalization. It is not clear whether internalization is adequate 
for iron transfer into the cytoplasm — it may further require a 
transmembrane transporter, playing a role analogous to that of 
Slc11a2 in the transferrin cycle (33). While information to date has 
implicated lipocalin-mediated iron uptake only in renal develop-
ment (32), it is possible that it functions elsewhere, particularly 
when normal uptake pathways are absent.

The second candidate is the L-type calcium channel. Mammals 
produce 4 nearly identical L-type calcium channels (Cav1.1–1.4) 
with overlapping patterns of tissue expression. An L-type cal-
cium channel has been shown to contribute to cardiac iron 
loading in mice (34). While these channels have typically been 
studied in excitable cells, they are widely expressed and might 
also function in hepatocyte iron uptake. We have found that an 
L-type calcium channel is expressed in the liver (K. Roberts and 
N.C. Andrews, unpublished observations). It should be possible, 
in future experiments, to use specific calcium channel blockers 
to test the possibility that an L-type calcium channel provides 
the alternative iron uptake route.

In summary, we have defined important roles for SLC11A2 in 
intestinal iron absorption and erythroid iron uptake. Our results 
provide direct evidence for the existence of at least 1 additional 
iron uptake mechanism that has physiological importance in 
the liver, the placenta, and possibly other tissues. Our mouse 
models provide new tools for identifying and studying that 
alternative iron transport mechanism.

Methods
Targeted disruption of the murine Slc11a2 gene. We isolated an Slc11a2 
genomic clone from a strain 129 mouse bacterial artificial chromosome 
library (Strategene). The 3′ homologous region (3′-HR) of both the global  
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and the conditional constructs was a 3.5 kb BamHI fragment from 
this clone inserted into the pTKLNC vector (provided by R. Morten-
son, Harvard Medical School). A 3.3 kb BgIII/EcoR1 fragment from the 
genomic clone was used as the 5′ homologous region (5′-HR) after sub-
cloning into pSP73 (modified by insertion of an Xhol restriction site; 
Promega) to provide new restriction sites. An Ncol/EcoRV fragment 
from the genomic clone was used as the 5′-HR of the conditional knock-
out construct after subcloning into pGEM-5zf(–) (Promega) and inserted 
a loxP sequence at an EcoRI site which is in intron 5 and a floxed neomy-
cin-resistance cassette into intron 9. A BgIII/EcoRV fragment from this 
subclone was inserted into pSP73 (Promega) to allow excision of a 4.8 kb  
Xhol/SAII fragment containing the 5′-HR for the conditional knock-
out vector. Each targeting vector was linearized by digestion with NcoI 
and electroporated into 129 J1 ES cells. In the case of the conditional 
targeting construct, the neomycin-resistance cassette was subsequently 
excised by transient expression of Cre recombinase. Correct homologous 
recombination and Cre-mediated excision were confirmed by Southern 
blot analysis. ES cell clones with normal karyotypes were injected into 
C57BL/6 blastocysts. Transmission of the targeted alleles was confirmed 
by Southern blot analysis. Mice carrying the floxed Slc11a2 allele were 
bred with Villin-Cre mice (21) to selectively inactivate the Slc11a2 gene 
in the intestine. Subsequent genotyping was carried out by extracting 
DNA from snipped tail samples (PUREGENE kit; Gentra Systems Inc.) 
and subjecting it to Southern blot and/or PCR analysis. For Southern 
blot analysis, tail DNA was digested by BgII and probed with a PCR 
product generated from the 129 genomic clone using a forward primer 
5′-TTTGGGGGCCCATATGCCAG-3′ and a reverse primer 5′-CCCACT-
GCCCAGATGTAGAG-3′. For PCR analysis of the global knockout 
allele, we used primers TKO F1: 5′-ATGGGCGAGTTAGAGGCTTT-3′ 
and TKO R2: 5′-TTCTCTTGGGACAATCTGGG-3′. For PCR analysis of 
the conditional knockout allele, we used primers TKO F1 (as above) and 
CKO R1: 5′-CCTGCATGTCAGAACCAATG-3′.

Animal care. All mice were born and housed in the barrier facility at 
Children’s Hospital Boston. Female mice were analyzed unless otherwise 
noted. Hfe–/– and Slc11a2mk/mk mice used in this study were described previ-
ously (13, 35). We weaned pups at 28 days and maintained them on Prolab 
RMH 3000 LabDiet (PMI Nutrition International), which has 380 parts 
per million of iron. All mouse procedures were approved by the Institu-
tional Animal Care and Use Committee at Children’s Hospital Boston. 
Transfusions were given to some Slc11a2–/– animals. Blood was collected 
by retro-orbital bleeding of anesthetized wild-type adults using heparin-
ized glass capillary tubes. Erythrocytes were gently pelleted and washed 
twice at 4°C. Prior to transfusion, packed rbcs were suspended in ice-cold 
PBS to a hematocrit of approximately 70%. We injected 100-μl rbc suspen-
sions intraperitoneally into newborn pups.

Iron assays. We assayed serum iron concentrations using a serum iron/
unbound iron binding capacity kit (Thermo DMA) according to the manu-
facturer’s instructions. We determined non-heme liver iron concentrations 
as previously described (36).

Enterocyte preparation and immunoblot analysis. Enterocytes were isolated 
from intestinal specimens as previously described (18). They were lysed in 
buffer containing 0.5% NP-40, 20 mM Tris pH 8.0, 100 mM NaCl, 40 mM  
NaF, 2 mM EDTA, 2 mM Na3VO4, 2 mM PMSF, and 10% glycerol. After 
centrifugation at 10,000 g at 4°C for 10 minutes, the pellet was discard-
ed, and the supernatant fraction was analyzed. Protein concentrations 
were determined using the DC Protein Assay kit (Bio-Rad Laboratories). 
Approximately 50 μg of lysate protein was mixed with sample buffer 
containing 2% SDS and 100 mM DTT, incubated at room temperature 
for 15 minutes, and fractionated by 12% SDS-PAGE. Electrophoresis was 
carried out at 120 V for about 80 minutes. Proteins were transferred 

overnight to a nitrocellulose membrane at 25 mA. The membrane was 
briefly rinsed with PBS, blocked on an orbital shaker for 2 hours at room 
temperature with PBS containing 0.2% Tween-20 (PBS-T) and 5% non-
fat dry milk, and then incubated for 2 more hours in the same solu-
tion containing anti-Slc11a2 antiserum (1:2,500). The membrane was 
washed twice for 5 minutes with PBS-T and then incubated with second-
ary antibody (anti-rabbit IgG-HRP, 1:4,000) in PBS-T with 2.5% milk 
for 2 hours. The membrane was then washed extensively with PBS-T  
(4 times for 15 minutes each) and then rinsed with PBS without Tween-
20. Enhanced chemoluminescence (ECL Plus; Amersham Biosciences) 
was used to develop the membrane.

Hematopoietic stem cell transplantation. We transplanted 1 × 106 unfraction-
ated fetal liver cells from Slc11a2–/– and wild-type neonates (CD45.2+) into 
irradiated (1,300 rad) (B6.SJL × 129)F1 recipients that were heterozygous 
for CD45.2 and CD45.1 alleles. Contributions from the transferred HSCs 
were analyzed at sacrifice after 8, 12, and 24 weeks.

Hemoglobin analysis. Hemoglobin analysis was performed as described (37). 
Five microliters of cystamine solution was added to 5 μl of whole blood. 
After incubation, we performed cellulose acetate electrophoresis using Titan 
III plates (Helena Laboratories). Plates were stained with Ponceau S for 10 
minutes and rinsed repeatedly in 5% acetic acid to clear the background.

Flow cytometry. The contribution of donor CD45.2+CD45.1– hemato-
poietic cells to peripheral blood was verified by staining with biotin-
conjugated antibody against CD45.2 (BD Biosciences — Pharmingen) 
and FITC-conjugated antibody against CD45.1, followed by secondary 
staining with allophycocyanin–streptavidin. Cells were examined in a 
BD FACSCalibur machine.

Statistical analysis. Statistical significance was evaluated using the 
unpaired Student’s t test for comparisons between 2 means and analysis of 
variance between groups (ANOVA). Statview software version 5.0.1 (SAS 
Institute Inc.) was used for statistical evaluation.
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