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ABSTRACT The Belgrade (b) rat has an autosomal re-
cessively inherited, microcytic, hypochromic anemia associ-
ated with abnormal reticulocyte iron uptake and gastrointes-
tinal iron absorption. The b reticulocyte defect appears to be
failure of iron transport out of endosomes within the trans-
ferrin cycle. Aspects of this phenotype are similar to those
reported for the microcytic anemia (mk) mutation in the
mouse. Recently, mk has been attributed to a missense mu-
tation in the gene encoding the putative iron transporter
protein Nramp2. To investigate the possibility that Nramp2
was also mutated in the b rat, we established linkage of the
phenotype to the centromeric portion of rat chromosome 7.
This region exhibits synteny to the chromosomal location of
Nramp2 in the mouse. A polymorphism within the rat Nramp2
gene cosegregated with the b phenotype. A glycine-to-arginine
missense mutation (G185R) was present in the b Nramp2 gene,
but not in the normal allele. Strikingly, this amino acid
alteration is the same as that seen in the mk mouse. Functional
studies of the protein encoded by the b allele of rat Nramp2
demonstrated that the mutation disrupted iron transport.
These results confirm the hypothesis that Nramp2 is the
protein defective in the Belgrade rat and raise the possibility
that the phenotype shared by mk and b animals is unique to
the G185R mutation. Furthermore, the phenotypic character-
istics of these animals indicate that Nramp2 is essential both
for normal intestinal iron absorption and for transport of iron
out of the transferrin cycle endosome.

Most, if not all, mammalian cells are capable of taking up iron
by receptor-mediated endocytosis of diferric transferrin (Tf)
bound to the transferrin receptor (TfR). Following internal-
ization and acidification of the endosome, Tf and the TfR are
recycled to the extracellular space and cell surface, respec-
tively. Although the fates of these proteins are well understood,
the path that iron takes to other intracellular sites is not. In
particular, it is not known how iron is transported across the
endosomal membrane.

Several inbred strains of rodents have functional defects in
iron uptake and transport that define obligate intracellular
steps in the iron metabolic pathway (1). Among these animals,
the Belgrade (b) laboratory rat has an autosomal recessively
inherited, hypochromic, microcytic anemia associated with
defective cellular iron uptake (2–6). Dual-labeling studies have
shown that although diferric Tf is taken up into b reticulocytes,
the iron is poorly retained, and much is inappropriately
recycled to the extracellular space along with Tf (6). Further-
more, this reticulocyte transport defect is also apparent when
iron is presented in a non-Tf bound form, indicating that the

functional deficit is not simply due to a failure to dissociate iron
from Tf (7, 8). In addition to the erythroid abnormality, in vivo
and in vitro studies have shown that b rats also have impaired
intestinal absorption of iron as well as diminished acquisition
of iron by other cell types (refs. 9 and 10; M.D.G., unpublished
data). Overall, the functional abnormalities suggest that there
is a defect in a membrane carrier of iron that is common to
many tissues, including the erythron and the intestine.

Similar to the Belgrade rat, microcytic anemia (mk) mice
have a severe, hypochromic, microcytic anemia that is associ-
ated with defects in erythroid iron utilization and intestinal
iron uptake (11–14). Using a positional cloning approach to
identify the gene defective in these mice, we identified a
missense mutation in the transmembrane protein Nramp2
(15). Recent studies have shown that Nramp2 stimulates iron
uptake in transient transfection assays and in Xenopus oocyte
injection studies (M.A.S., unpublished data, and ref. 17). The
activity of the mk allele is severely diminished, confirming both
the function of Nramp2 and the identity of the mk mutation
(M.A.S., unpublished data). Given the phenotypic similarities
between the b rat and the mk mouse, we considered the
possibility that Nramp2 might also be mutated in the b rat. We
report the localization of the b gene to the proximal portion of
rat chromosome 7, in a region having syntenic homology to the
telomeric portion of mouse chromosome 15 where mouse
Nramp2 and the mk phenotype were previously mapped.
Characterization of the b allele of Nramp2 revealed a missense
mutation that results in a glycine-to-arginine substitution at
amino acid codon 185 (G185R). Surprisingly, this change is
identical to the mutation identified in mk mice. The b allele
encodes a protein with little or no activity in iron uptake assays.
These findings further support a role for Nramp2 in cellular
iron metabolism, particularly within the transferrin cycle en-
dosome.

METHODS

Animals. Anemic Belgrade rats were descendants of the
original Belgrade colony, obtained from K. Kellar (Centers for
Disease Control and Prevention, Atlanta, GA), who back-
crossed them (10 generations) onto a Harlan Sprague–Dawley
Wistar background. The animals were subsequently main-
tained as a closed colony in Buffalo, NY, by breeding homozy-
gous affected (byb) males to obligate heterozygous (1yb)
females. Homozygous wild-type (1y1) animals were obtained
by breeding heterozygotes and testing their progeny with
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homozygous affected animals for passage of the b allele. For
linkage experiments, male byb rats were crossed to Harlan
Sprague–Dawley Fischer 344 (F344) females to generate het-
erozygous F1 females, which were backcrossed to their byb
male parent. Phenotypes of backcross animals were deter-
mined at 7–10 weeks of age by the evaluation of peripheral
blood smears for hypochromia, microcytosis, and polychro-
matophilia. Interpretations of the smears were confirmed by
microhematocrit and hemoglobin determinations and a red
cell count on a Coulter Zf counter. Tail DNA samples were
prepared with a QIAmp Tissue Kit (Qiagen).

Genotyping and Linkage Analysis. DNA samples of parental
and F1 animals were used to select a set of markers mapping to
the centromeric portion of rat chromosome 7 that were poly-
morphic between F344 and the b strain. Existing markers for rat
genes that defined a region of synteny between mouse chromo-
some 15 and rat chromosome 7, including peripheral benzodia-
zopine receptor (Bzrp, D7Mit12), preproacrosin (Acr, D7Mgh2),
and peripherin (Per, D7Mit9), were non-polymorphic in this
strain set and consequently could not be used in the backcross
analysis. Ninety-two backcross animals were genotyped with the
markers D7Mit1, D7Mit16 (Cypiid4), and D7Mit3, which were
obtained from Research Genetics and assayed by using standard
PCR conditions, polyacrylamideyurea gel electrophoresis, and
[32P]radioactive detection. To develop a marker for rat Nramp2,
primer pairs spanning the entire mouse Nramp2 cDNA coding
sequence at approximately 240 bp intervals were used to amplify
F344 and byb rat genomic DNA. The mouse and rat Nramp2
genes are highly homologous on a nucleotide level, and most
mouse primers amplified the cloned rat cDNA. Of eight primer
pairs tested on genomic DNA, one (59-TATCCCAAGGTCCC-
ACGGAT-39; 59-GAGGGCCATGATAGTGATGA-39) ampli-
fied Nramp2 transmembrane domain 4 (TM4) and was poly-
morphic, yielding products of approximately 890 and 940 bp in
F344 and byb samples, respectively, when fractionated on 1%
agarose gels. Evaluation of linkage between the marker set and
the b phenotype was performed with MAPMANAGER (16).

Mutation Analysis. Multiple overlapping partial cDNA
clones of Nramp2 from the b and 1 alleles segregating in the
Belgrade colony were obtained by subcloning reverse tran-
scription (RT)-PCR products. Five micrograms of total RNA
extracted from kidney with RNA STAT-60 (Leedo Medical
Laboratories, Houston) was used in first-strand synthesis
reactions primed with either random hexamers or oligo(dT).
Oligonucleotide primers homologous to the mouse Nramp2
cDNA and either Taq (Boehringer Mannheim) or Pfu (Strat-
agene) thermostable DNA polymerase were used to amplify
Nramp2 products that were subcloned into pCR2.1 (Invitro-
gen). Genomic TM4 PCR products from 1y1 and byb rats
were also subcloned into pCR2.1. DNA sequencing reactions
were performed with Sequenase (United States Biochemicaly
Amersham) by using standard dideoxy chain termination
conditions according to the manufacturer’s instructions. All
potential coding sequence polymorphisms were confirmed by
sequencing both DNA strands and additional clones derived
from separate PCRs.

Expression Constructs. A full-length rat Nramp2 cDNA
clone was isolated from a rat cerebellum library (provided by
E. Neufeld, Boston) by using a probe amplified from the
cloned mouse cDNA using the TM4 primers specified above.
The 1,704-bpy568-aa ORF was amplified from this clone with
Pfu polymerase and subcloned into the EcoRI site of pMT2
(primers: 59-CCTCAGAATTCTACCATGGTGTTGGATC-
C-39; 59-GAGAAAGAATTCTTAAAGTCTTCTGGGC-39).
A mutant form, corresponding to the G185R mutation found
in b rats, was constructed by using the QuikChange site-
directed mutagenesis kit (Stratagene) and the allele-specific
oligonucleotides, 59-GGGTTCCCCTGTATGGTAGAGTC-
CTCATCACCATCGC-39 and 59-GCGATGGTGATGAGG-

ACTCTACCATACAGGGGAACCC-39 (mutation under-
lined).

Cell Culture and Transfection. Human embryonic kidney
(HEK293T) cells were grown in high-glucose DMEM
(GIBCOyBRL) supplemented with 10% fetal calf serum
(BioWhittaker), 1% penicillinystreptomycin, and 1% L-
glutamine. For transient transfection assays, cells were seeded
at a concentration of 5 3 106 cells per 90-mm plate. Eighteen
hours after seeding, 5 mg of the pMT2-Nramp2 expression
plasmid was transfected by using calcium phosphate precipi-
tation.

Iron Uptake Assay. Iron uptake was measured 48 hr after
transfection. To make 55Fe-nitrilotriacetic acid (55Fe-NTA),
55FeCl3 (New England Nuclear) was added to 100 mM NTA in
a 1:50 molar ratio. Transfected cells were washed twice with
PBS prewarmed to 37°C, prior to incubating in 10 ml of
prewarmed incubation buffer (25 mM Trisy25 mM Mesy140
mM NaCly5.4 mM KCly5 mM glucosey1.8 mM CaCl2y800 mM
MgSO4y50 mM ascorbic acid, pH 6.0) containing 55Fe-NTA (1
mM 55Fe) at 37°C under 5% CO2 for 20 min. Ascorbic acid was
used to promote the formation and maintenance of ferrous
(Fe21) iron. Using the Fe21-specific indicator ferrozine (Sig-
ma), iron in the incubation medium was determined to be
predominantly in the Fe21 state. To terminate the reaction, 30
ml of ice-cold PBS was added to the plate and aspirated into
a 50-ml tube and placed on ice. The remaining adherent cells
were removed by a 30-sec room temperature digestion with 1
ml of 0.25% trypsin-EDTA (GIBCOyBRL) and pooled with
the aspirated incubation medium in PBS on ice. Cells were
pelleted and washed two more times in 20 ml ice-cold PBS. To
determine 55Fe uptake, the cell pellet was resuspended in 1 ml
distilled water and radioactivity was measured in a Beckman
LS3801 scintillation counter by using a band width of 0 to 350.

RESULTS

The Belgrade Phenotype and Rat Nramp2 Both Map to Rat
Chromosome 7. To evaluate the possibility that the b pheno-
type was due to a mutation in Nramp2, we first sought to
determine whether b mapped to a region exhibiting syntenic
homology to the distal portion of mouse chromosome 15 where
mk had been mapped. Several genes mapping to this region of
the mouse genome, including Bzrp, Acr, and Prph1, were
located on the proximal portion of rat chromosome 7. The
homologous interval appeared to be oriented such that the
telomeric portion of mouse chromosome 15 was located near
the centromere of chromosome 7 in the rat. Using a panel of
92 informative meioses from a Belgrade 3 F344 backcross, we
constructed a map of the proximal portion of rat chromosome
7 and found that the b phenotype was nonrecombinant with the
marker D7Mit1 (lod 5 25.6, Fig. 1). This set of animals was
also typed with a primer pair developed from the mouse
Nramp2 cDNA, which amplified rat sequences and exhibited
an intron-length polymorphism between b and F344 animals.
No recombinations were identified between the Nramp2
marker and b or D7Mit1. The placement of b and rat Nramp2
on the proximal portion of this interval is comparable to the
location of mk and Nramp2 in the mouse (15) and suggested
that Nramp2 was a strong candidate gene for the b mutation.

Belgrade Rats Have a Glycine-to-Arginine Missense Muta-
tion at Codon 185 of Nramp2. Primers homologous to the
mouse and rat Nramp2 genes were used to obtain multiple
overlapping partial RT-PCR cDNA clones of the b and
wild-type alleles of Nramp2 segregating in the Belgrade colony.
For comparison, a full-length cDNA clone was also obtained
from a rat cerebellum cDNA library. This clone contains an
alternatively spliced C-terminal exon, yielding a protein 568 aa
long, similar to the previously reported mouse sequence
(GenBank accession no. L33415), but different from the
published rat and human sequences (GenBank accession nos.
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AF008439 and L37347), as shown in Fig. 2. Several mouse
expressed sequence tags (e.g., GenBank accession nos.
AA463173 and W13403) and a splice isoform we isolated from
a mouse erythroleukemia (MEL) cell line have C termini
similar to the rat and human clones. Full-length mouse and rat
clones having this alternative splice site have predicted ORFs
of 561 aa. Mouse versions of each of these splice isoforms are
capable of stimulating iron uptake in transient transfection
assays (M.A.S., unpublished data), but the physiological sig-
nificance of these alternative exons is unknown. Consequently,
we analyzed coding sequences for both forms from b RNA.
Overall, the only consistent predicted amino acid difference
observed between wild type and b mutant RT-PCR clones,
including both alternative C-terminal exons, was a glycine-to-
arginine mutation resulting from a G-to-A transition at codon
185 (G185R, Fig. 3). The presence of this mutation in the germ
line was confirmed by sequencing genomic PCR products
spanning TM4. The G185R amino acid change also differs
from a rat cDNA clone isolated from the cerebellum library,
the previously reported rat Nramp2 cDNA sequence, the
wild-type rat genomic sequence, and the wild-type mouse and
human sequences. Strikingly, the identical amino acid alter-
ation occurs in Nramp2 in two independent alleles of the
mouse mutation microcytic anemia (mk1J and mk2J, ref. 15).
Amino acid and silent third-position differences between the
rat and mouse cDNAs exclude the possibility that mk mouse

Nramp2 sequences contaminated our rat RT-PCR analyses.
The presence of this mutation in mice with a similar phenotype
strongly supports the hypothesis that a defect in Nramp2 is also
responsible for the Belgrade phenotype.

The G185R Mutation Abrogates Iron Uptake Mediated by
Nramp2. To assess the functional consequences of the G185R
mutation, we examined the ability of the wild-type and G185R
mutant alleles to stimulate iron uptake in transient transfec-
tion assays. HEK293T cells were transfected with expression
plasmids containing the 568-aa form of the wild-type and b
mutant Nramp2 proteins. At 48 hr after transfection, cells were
assayed for iron uptake at pH 6.0 in the presence of the
reducing agent, ascorbic acid. The assay is linear over the
20-min incubation period (M.A.S., unpublished data). The
wild-type protein stimulated iron uptake approximately 20-
fold compared with the antisense control construct (Fig. 4).
Activity of the G185R mutant allele, however, did not exceed
that of the antisense control plasmid in this assay. The loss of
iron transport function observed in the G185R mutant allele
supports a role for the normal allele in iron metabolism,
indicates that the mutation is functionally significant, and
supports the hypothesis that the mutation accounts for the b
phenotype.

DISCUSSION

Although the roles of Tf and TfR in the transferrin cycle have
been well characterized, many other fundamental aspects of
iron metabolism are not well understood. Among them, the
molecular mechanisms of two processes, transport of iron into
the intestinal epithelial cell and out of the transferrin cycle
endosome, have been particularly elusive. To understand the
first of these transport steps, we sought to determine the
molecular basis of the iron metabolic defect in mk mice. These
animals have a defect in initial iron uptake into the duodenal

FIG. 1. Nramp2 and the b phenotype map to proximal rat chro-
mosome 7. Ninety-two [Belgrade 3 Fischer 344] F1 3 Belgrade
backcross animals were genotyped with microsatellite markers map-
ping to the centromeric portion of rat chromosome 7, and with a
marker of rat Nramp2. The b phenotype was recombinationally
inseparable from D7Mit1 and Nramp2 (lod 5 25.6). Genetic distances
and standard deviations, expressed in centiMorgans, are indicated on
the left side of the figure, and markers are identified on the right.

FIG. 2. Amino acid alignment of alternative Nramp2 C-terminal
exons. Predicted amino acid sequences of alternatively spliced Nramp2
C-terminal exons from mouse and rat are indicated by boxes. Two
forms, 568 aa and 561 aa, have been isolated from rat (M.D.F.,
GenBank accession no. AF029757 and ref. 17) and mouse (M.D.F.,
GenBank accession no. AF029758 and ref. 28). The human C terminus
determined from a cDNA clone lacking N-terminal sequences (Gen-
Bank accession no. L37347) resembles the 561-aa form from rat and
mouse.

FIG. 3. Belgrade rats have a glycine-to-arginine missense mutation
in Nramp2. Multiple overlapping RT-PCR clones spanning the wild-
type and b allele of Nramp2 were isolated and sequenced. A single
polymorphism resulting in a glycine-to-arginine substitution at codon
185 was identified. The presence of the mutation, indicated by the
arrow, was verified by sequencing genomic PCR clones of the region.
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epithelial cell, suggesting that the mk gene product acts at the
apical surface of the enterocyte (12). Using a positional
cloning approach, we recently identified Nramp2 as the de-
fective gene and, on the basis of the structural features of the
protein and the mk phenotype, postulated that Nramp2 was an
iron transporter (15). Using an expression-cloning strategy in
Xenopus oocytes, Gunshin et al. concurrently reported that
Nramp2 promoted uptake of iron as well as other divalent
cations, including manganese, cobalt, and zinc, and was up-
regulated in the duodenum in response to iron deficiency (17).
Taken together, these two studies strongly implicate Nramp2
in intestinal iron and divalent cation uptake.

Previous bone marrow transplantation studies clearly dem-
onstrated that mk mice had a hematopoietic defect in addition
to an intestinal defect in iron metabolism (13). There was
limited evidence to indicate that the functional deficit was in
the red cell precursor (14), but the transferrin cycle had not
been specifically evaluated in mk reticulocytes. Consequently,
we wished to investigate the possibility that Nramp2 might also
be the Tf cycle endosomal iron transporter in addition to the
intestinal apical epithelial transporter.

In contrast to mk, the functional abnormality in Belgrade rat
reticulocytes has been studied extensively (3–7, 18, 19). Inves-
tigation of the Tf cycle in these cells has shown that much of
the endocytosed iron is returned to the extracellular space with
Tf, indicative of a defect in transfer of iron from the endosome
(refs. 5 and 6; M.A.R., unpublished data). Transport alter-
ations are also seen with non-Tf bound iron (refs. 7, 8, 11, and
22; L.M.G., unpublished results), suggesting that the defect is
not in release from Tf, but in an iron transporter or a protein
that regulates a transporter. The phenotypic similarity between
the two animals, functional evidence of a disrupted iron
transporter in the Belgrade rat, and the identification of a
mutation in the iron transporter Nramp2 in mk animals
suggested that Nramp2 was also a candidate gene for the b
mutation. Using genetic mapping techniques, we have dem-
onstrated linkage between the b phenotype and Nramp2 in the
rat and identified a functionally significant mutation in the b
allele that is shared by the mk mouse. Given the strong
documentation of an endosomal iron transport defect in the b

rat, described above, these findings support the hypothesis that
Nramp2 is the Tf cycle endosomal iron transporter in addition
to an intestinal transporter. Inefficient transfer of iron from
the Tf cycle endosome as is seen in the b rat is exactly the
phenotype expected from disruption of the endosomal trans-
porter.

In addition to Tf-dependent iron uptake, iron may also be
transported through a Tf-independent mechanism. A number
of different non-Tf bound iron uptake activities have been
described in hematopoietic, epithelial, and mesenchymal cells,
each having variable requirements for ATP or calcium and
dependence on iron concentration (8, 20–27). Many share a
requirement for iron in the ferrous (Fe12) state and are
thought to be mediated by cell surface proteins. As Nramp2 is
expressed at a low level in many tissues (28), it is possible that
the Tf-dependent and independent pathways share a common
component, namely Nramp2.

Remarkably, the G185R mutation identified in the b rat is
identical to that present in the two existent mk alleles (15). The
association of this mutation with an anemic phenotype in two
species verifies its identity as the causative gene in mk and b.
In the mouse, the mutation occurs at a CpG dinucleotide,
which could account for the recurrent G-to-A transition seen
in the two alleles of mk. However, in the rat, a TpG is present
at this position, which is not prone to mutation. The identifi-
cation of a unique recurrent mutation raises the possibility that
the phenotypes seen in the mk mouse and the b rat are peculiar
to a glycine-to-arginine mutation at this site. Perhaps this
alteration results in a protein whose transporter activity is
diminished to such an extent that a grossly anemic phenotype
is readily recognizable, but not so severe that it is lethal. In the
assay system used, no discernible residual iron uptake activity
is seen with the G185R rat mutant; however, the alteration in
Nramp2 function may be less severe in vivo. The mutation
could also result in defective posttranslational processing of
the protein leading to an absence of cell surface or endosomal
expression. Alternatively, the G185R mutation could interfere
with interaction of Nramp2 with another component of the
transport apparatus, altering its function.

Divalent cations other than iron can also be transported by
Nramp2 (17). Consequently, the b and mk phenotypes may not
only be due to functional iron deficiency but also to derange-
ments in manganese, cobalt, or zinc metabolism. These cations
have not been studied in the mk mouse, but b rats are reported
to have widespread abnormalities in manganese metabolism,
including impaired duodenal and reticulocyte uptake (29).
Furthermore, the mk mouse suffers from a transient skin
abnormality and hair loss with features resembling zinc defi-
ciency (30). The effect of parenteral or enteral supplementa-
tion of manganese, cobalt, and zinc has not been investigated
in these animals.

On the basis of the b and mk phenotypes, we propose a
model for iron metabolism in mammals that incorporates
Nramp2 (Fig. 5). Ferrous iron within the intestinal lumen is
taken up into epithelial cells by apically expressed Nramp2.
Intraepithelial iron is transferred to the serum by an unknown
transporter and associates with serum apo-Tf. It is possible that
a component of the basolateral transporter is mutated in the
sex-linked anemia (sla) mouse, which has a defect in iron
transfer from the duodenal epithelial cell into the serum (31).
Diferric Tf is then taken up by receptor-mediated endocytosis,
and the iron is mobilized from the acidified endosome by
Nramp2. In the case of red blood cells, which contain the bulk
of the body iron, iron is incorporated primarily into hemoglo-
bin. Senescent red cells are phagocytosed by cells of the
reticuloendothelial system, located primarily in the spleen, and
iron is scavenged from heme. Given the high level of macro-
phage expression and intracellular localization in phagosomes
of the homologous protein Nramp1, which can also transport
iron (17), it is possible that Nramp1 transports iron scavenged

FIG. 4. The G185R mutation disrupts Nramp2-mediated iron
uptake activity. HEK293T cells were transfected with expression
plasmids containing wild-type or G185R mutant Nramp2 cDNA, and
iron uptake activity was measured. Iron uptake is expressed as fold
stimulation compared with cells transfected with plasmids containing
the wild-type cDNA in an antisense orientation. Error bars indicate
the standard deviation based on four independent experiments.
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from red cells out of phagosomes in macrophages. Subsequent
transfer of iron back to the serum might also involve an Nramp
protein.

Nramp2 is the first mammalian iron transporter to be
characterized on a molecular level. We propose that it is the
iron transporter responsible for specific iron absorption in the
intestine as well as mobilization of iron from endosomes during
the Tf cycle. It is interesting to note that spontaneous missense
changes in both Nramp2 and Nramp1 have occurred in rodents
and each is associated with profound phenotypic effects; in
addition to the changes in Nramp2 reported previously (15)
and in this paper, a glycine-to-aspartic acid mutation in mouse
Nramp1 has been shown to be responsible for susceptibility to
infection by intracellular pathogens (32). Strikingly, these
mutations in both Nramp1 and Nramp2 affect adjacent amino
acid residues in predicted transmembrane domain 4 of the
proteins. It is likely that disrupted endosomal cation transport
also underlies the pathophysiology of the Nramp1 pathogen-
sensitive phenotype. Given the phenotypes of rodents with
mutations in Nramp proteins, it is likely that they serve largely
nonredundant functions. Likewise, one might predict that a
subset of human patients with congenital anemia might also
harbor mutations in Nramp2. Indeed, isolated families with an
apparently autosomal recessively inherited iron-deficiency
anemia unresponsive to iron therapy have been described (33,
34). Given their strong phenotypic resemblance to the b rat and
the mk mouse, the possibility exists that Nramp2 is also
mutated in these congenitally anemic individuals.
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