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Abstract

Divalent metal-ion transporter-1 (DMT1) is a widely-expressed, iron-preferring membrane 

transport protein. Animal models establish that DMT1 plays indispensable roles in intestinal 

nonheme iron absorption and iron acquisition by erythroid precursor cells. Rare mutations in 

human DMT1 result in severe microcytic–hypochromic anemia. When we express DMT1 in RNA-

injected Xenopus oocytes, we observe rheogenic Fe2+ transport that is driven by the proton 

electrochemical potential gradient. In that same preparation, DMT1 also transports cadmium and 

manganese but not copper. Whether manganese metabolism relies upon DMT1 remains unclear 

but DMT1 contributes to the effects of overexposure to cadmium and manganese in some tissues. 

There exist at least four DMT1 isoforms that arise from variant transcription of the SLC11A2 
gene. Whereas these isoforms display identical functional properties, N- and C-terminal variations 

contain cues that direct the cell-specific targeting of DMT1 isoforms to discrete subcellular 

compartments (plasma membrane, endosomes, and lysosomes). An iron-responsive element in the 

mRNA 3′-untranslated region permits the regulation of some isoforms by iron status, and 

additional mechanisms by which DMT1 is regulated are emerging. Natural resistance-associated 

macrophage protein-1 (NRAMP1)—the only other member of the mammalian SLC11 gene family

—contributes to antimicrobial function by extruding from the phagolysosome divalent metal ions 

(e.g. Mn2+) that may be essential cofactors for bacteria-derived enzymes or required for bacterial 

growth. The principal or only intestinal nonheme-iron transporter, DMT1 is a validated therapeutic 

target in hereditary hemochromatosis and other iron-overload disorders.
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I. Introduction and History

DMT1 (NRAMP2, DCT1) was cloned by Hediger’s group in 1997 by the functional 

screening of a complementary DNA library prepared with duodenal mRNA isolated from 

rats fed a low-iron diet (Gunshin et al., 1997). We found that expression of the rat DMT1 in 

RNA-injected Xenopus oocytes stimulated 55Fe2+ uptake and Fe2+-evoked currents. We also 
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found that this widely expressed transporter was reactive with several other divalent metals 

ions. Andrews’ group around the same time had used a positional cloning strategy to 

identify the defective gene responsible for the microcytic anemia phenotype of the mk 
inbred mouse strain (Fleming et al., 1997). These two findings established DMT1 as a 

divalent metal-ion transporter with a central role in iron metabolism.

During the intervening 15 years, DMT1 has been the focus of intense research effort—

among the reasons for which, DMT1 plays nonredundant roles in iron homeostasis. Its 

widespread expression—present in at least some cell types in every organ tested (Gunshin et 

al., 1997; Hubert & Hentze, 2002; Wang et al., 2012a)—places DMT1 at the nexus of 

multiple pathways of epithelial iron transport and cellular iron acquisition in health and 

disease, and the transport of other metals (e.g. cadmium, manganese) particularly in chronic 

exposure. DMT1 is a mechanistically complex transporter with multiple isoforms that 

function in varied environments. This article is an attempt to review just some of this breadth 

and complexity. We will review lessons learned from animal models and human mutants, 

studies of the functional properties, structure–function, regulation, and tissue-specific roles 

of DMT1, and the development of new therapeutic strategies.

II. Animal Models

The Belgrade (b) rat and microcytic (mk) mouse inbred strains have long been studied by 

investigators interested in iron metabolism (Bannerman, 1976; Wang et al., 2012a). Both 

strains harbor a mutation that causes a Gly185→Arg substitution in the putative fourth 

transmembrane region (TM4) of DMT1 (Fig. 1) and exhibit a severe hypochromic–

microcytic anemia (Fleming et al., 1997; Fleming et al., 1998). Tissue or vesicle 

preparations from the b rat and mk mouse exhibited deficiencies in intestinal iron transport 

(Edwards & Hoke, 1972; Knöpfel et al., 2005b). Bypassing the intestine by giving parenteral 

iron results in some improvement but does not cure the anemia, revealing some other role in 

red blood cell production. A similar phenotype was observed in the ‘chardonnay’ zebrafish 

mutant in which ethylnitrosourea mutagenesis introduced an early stop codon in place of 

Lys-264 of DMT1 (Donovan et al., 2002).

The chardonnay mutant, when expressed in HEK293T cells, exhibited around 10% the iron-

transport activity observed for wildtype zebrafish DMT1 (Donovan et al., 2002). Meanwhile, 

expression of the mouse G185R in several transfected cell lines (HEK293T, LLC-PK1, and 

CHO) has revealed that the mutant protein is correctly targeted to the plasma membrane and 

endosomes; however, G185R-DMT1 protein levels at the plasma membrane are lower than 

those of wildtype (Su et al., 1998; Touret et al., 2004). In one of the studies just cited, metal-

ion transport activity for the G185R mutant was only modestly reduced (Touret et al., 2004) 

whereas, in the other study, it was substantially reduced (Su et al., 1998). Mn2+ transport 

activity in brush-border membrane vesicles (BBMV) isolated from homozygous Belgrade 

rats (b/b) was <10% that of the heterozygote (+/b) despite the much higher DMT1 protein 

levels detected in b/b intestine (Knöpfel et al., 2005b). Expression of the G185R mutant 

protein in mk/mk mouse duodenum is also dramatically increased compared with the 

heterozygote (+/mk) but is not correctly targeted to the brush-border membrane (Canonne-

Hergaux et al., 2000).
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Although the species and preparations used appear to differ with regard to the activity of the 

G185R-DMT1 protein, it is apparent that this mutant retains a fraction of wildtype metal-ion 

transport activity. Coupled with the expected upregulation of the protein due to iron 

deficiency, this residual activity may help to explain why the b and mk animals survive. 

Whereas homozygous mk mice generally survived to adulthood, mice in which the 

SLC11A2 gene coding for DMT1 was globally inactivated (SLC11A2−/−) did not survive 

more than 7 days (Gunshin et al., 2005a). The SLC11A2−/− neonates exhibited a severe 

hypochromic–microcytic anemia. Total body iron was normal, indicating that maternofetal 

iron transfer was sufficient; however, liver iron stores were elevated, consistent with 

impaired erythroid iron utilization. Strengthening the conclusion of a critical defect in 

erythroid iron utilization, transfusion of red blood cells but not parenteral iron injections 

improved survival of these animals. In that same study, investigators also transplanted 

hematopoietic stem cells from SLC11A2−/− mice into lethal-dose-irradiated wildtype mice 

and found that the recipients exhibited defective erythropoiesis, consistent with iron 

deficiency (Gunshin et al., 2005a).

To assess the role of DMT1 in the intestine, the same investigators generated a conditional 

intestine-specific knockout (SLC11A2int/int) by crossing floxed DMT1 and villin-Cre 

transgenic lines (Gunshin et al., 2005a). Although born healthy, the SLC11A2int/int mice 

soon developed progressive anemia and exhibited lower tissue-iron levels than did wildtype 

mice (Gunshin et al., 2005a; Shawki et al., 2012). Parenteral iron injections rescued the 

SLC11A2int/int anemia phenotype, confirming a primary defect in intestinal iron absorption 

(Gunshin et al., 2005a; Shawki et al., 2012).

These studies in animal models collectively demonstrate the importance of DMT1 in 

intestinal iron absorption and erythroid iron utilization. Whereas ablation of the SLC11A2 
gene may provide superior models in which to test the essential roles of DMT1, the b and 

mk rodent models are likely to be of continued utility in studies for which a less severe 

phenotype is desirable. Meanwhile, novel transgenic mouse models in which intestinal 

DMT1 is overexpressed may prove especially useful in expanding our understanding of how 

DMT1 is regulated (Barrientos De Renshaw et al., 2011).

III. Mutations in Human DMT1

Mutations in human DMT1 have been reported now in five unrelated cases of hypochromic–

microcytic anemia, characterized by lowered values for hematocrit, blood hemoglobin 

concentration, mean corpuscular volume, and mean corpuscular hemoglobin content (Table 

1). The first identified was a Czech proband homozygous for a G→C substitution in the last 

nucleotide of exon 12, with the following two consequences: (1) expression of a full-length 

DMT1 protein containing a conservative E399D substitution, and (2) increased frequency of 

skipping exon 12 from the normal 10% to 90% in the proband (Mims et al., 2005; 

Priwitzerova et al., 2004). Exon-12 deletion is predicted to result in a protein lacking 

putative TM8 and the cytosolic loop between TM8 and TM9 (Fig. 1). In experiments in 

which these constructs were expressed in mammalian cell lines or Xenopus oocytes, E399D-

DMT1 functioned normally, whereas the exon-12 deletion product showed defects in 
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expression, trafficking and transport activity (Gunshin et al., 2005b; Lam-Yuk-Tseung et al., 

2005; Priwitzerova et al., 2005; Shawki et al., 2006).

Three other probands are compound heterozygotes. Among them, there are five discrete 

mutations—one of these, a missense mutation leading to a Gly212→Val substitution in 

putative TM5 (Fig. 1), appears in two of the probands (Table 1) (Bardou-Jacquet et al., 2011; 

Beaumont et al., 2006; Iolascon et al., 2006). The parents (and siblings) of each of the 

compound heterozygous probands are healthy, indicating that mutations at both alleles 

contribute to the anemia phenotype. The mutant proteins are deficient in their transport 

activity or targeting to the endosomal or plasma membranes (summarized in Table 1).

Not only were these four probands anemic, all showed signs of hepatic iron overload—a 

finding which, at first, did not appear consistent with DMT1’s perceived role in iron 

absorption. The first possible explanation offered was that intestinal heme-iron absorption 

could be upregulated, independently of DMT1 (Priwitzerova et al., 2004). In the study just 

cited, the authors suggested that iron overload was not apparent in the b and mk rodent 

models because rodents have poorly developed heme-absorptive pathways and heme iron is 

not typically a part of rodent chow. However, the b rat—in which a defect in intestinal metal-

ion uptake has been established directly (Knöpfel et al., 2005b)—also displays hepatic iron 

loading (Thompson et al., 2006).

It is plausible that the mutations affect the function of various DMT1 isoforms (section V.D.) 

differently, or that the severity of the mutation is more pronounced in the environment of the 

erythroid precursor cell endosome than it is at the intestinal brush border. A more 

straightforward explanation may be that the human mutations—like the rodent G185R 

mutation—possess some residual activity which, coupled with upregulation of the intestinal 

DMT1 isoform 1A/IRE(+) (section V.D.) by an erythropoietic factor, permits some iron 

absorption to proceed in these probands. Because the absorbed iron is poorly utilized by 

erythroid precursors, much is diverted to the liver stores. Supporting this notion, urinary 

levels of the iron-regulatory hormone hepcidin, whose actions lead to a downregulation of 

iron absorption (Ganz & Nemeth, 2006), are low or markedly suppressed in these probands 

(Table 1).

In contrast, a fifth anemic proband, homozygous for a missense mutation leading to a G75R 

substitution in putative TM1 (Fig. 1), displayed no hepatic iron loading (Blanco et al., 2009). 

Not discounting the possibility that iron loading may progress later in life, the authors in the 

study just cited postulated that the G75R mutant should be completely deficient in DMT1 

functional activity and would more fully ablate iron absorption. To begin to test this 

hypothesis, we expressed wildtype DMT1 and the G75R mutant in RNA-injected Xenopus 
oocytes and measured 55Fe2+ transport and currents.

In oocytes expressing DMT1–enhanced green fluorescent protein (EGFP), we observed 

strong EGFP fluorescence over the entire cell perimeter, whereas we detected only very faint 

fluorescence in oocytes expressing G75R–EGFP (Fig. 2A). We found no detectable iron-

transport activity in the mutant (Fig. 2B). In oocytes expressing wildtype DMT1 superfused 

first with pH-7.5 medium, then pH 5.5, we observed a small inward current (Fig. 2C) that we 
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have previously demonstrated to be a H+ ‘leak’ pathway (Gunshin et al., 1997; Mackenzie et 

al., 2006), and a large inward current upon the addition of 50 μM Fe2+. In contrast, G75R 

mediated a very large inward H+ leak current that was inhibited partly by the addition of 

Fe2+. Therefore, although the G75R mutant was not processed to the oocyte plasma 

membrane to the same extent as was wildtype DMT1, G75R exhibited a partial reaction (H+ 

transport) and was completely deficient in iron-transport activity.

For many years, investigators have known of human pedigrees containing multiple members 

displaying a severe microcytic-anemia phenotype, characterized by a deficiency in intestinal 

iron absorption that was only partially corrected with parenteral iron administration 

(Buchanan & Sheehan, 1981; Hartman & Barker, 1996). Whether or not such pedigrees 

harbor mutations in DMT1 is not known, but their phenotypes are strikingly similar to those 

described for the DMT1 mutants just described. In any event, mutations in human DMT1 are 

extremely rare—presumably a reflection of both its critical, nonredundant functional roles 

and its long phylogenetic ancestry (Chaloupka et al., 2005), such that mutations in DMT1 

are not generally tolerated.

IV. Functional Properties of DMT1

A. Molecular Mechanisms of DMT1-Mediated Iron Transport

The proton electrochemical potential gradient provides the thermodynamic driving force for 

concentrative iron transport from the cell exterior or endosome into the cytoplasm, placing 

DMT1 among an important class of proteins we call cotransporters (symporters). When we 

expressed rat or human DMT1 in RNA-injected oocytes under voltage-clamp conditions, we 

found that Fe2+ evoked large inward currents (Gunshin et al., 1997; Illing et al., 2012; 

Mackenzie et al., 2006; Mackenzie et al., 2007; Shawki & Mackenzie, 2010). Such 

rheogenicity could conceivably arise from influx of Fe2+ alone; however, the observation of 

presteady-state currents in the absence of metal-ion substrates pointed to the involvement of 

a second ligand. Presteady-state currents, which decayed with time constants of 15–40 ms, 

were observed following step-changes in membrane potential (Cohen et al., 2003; Gunshin 

et al., 1997; Mackenzie et al., 2006; Mackenzie et al., 2007). That these currents were pH-

dependent was our first indication that DMT1 might be H+-coupled. Presteady-state currents 

have been observed for other ion-coupled transporters, e.g. the H+/peptide cotransporter 

PEPT1 (Mackenzie et al., 1996a), the Na+/glucose cotransporters SGLT1 and SGLT3 (Loo 

et al., 1993; Mackenzie et al., 1996b), and the Na+/ascorbic acid cotransporter SVCT1 

(Mackenzie et al., 2008). In the studies just cited, computer simulation of transport models 

have allowed us to attribute presteady-state currents in cotransporters to two steps in the 

catalytic cycle, namely (1) reorientation of the empty, charged carrier within the membrane 

electric field, and (2) binding/dissociation of the driving ion partway within the membrane 

electric field (i.e., an “ion-well” effect). The magnitude of the presteady-state currents 

correlates with plasma-membrane expression of the transporter and provides an estimate of 

the number of functional units (Mackenzie et al., 2007; Zampighi et al., 1995). When we 

expressed in oocytes a human DMT1 mutation (R416C) associated with disease, we 

observed altered kinetics of the presteady-state currents (compared with wildtype) consistent 
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with the mutation having slowed the return of the empty carrier to the outward-facing state 

(Shawki et al., 2006).

55Fe2+ uptake and Fe2+-evoked currents in oocytes expressing DMT1 were stimulated at low 

pH (at least to lower limits tested, pH 5.2–5.5) compared with pH 7.2–7.5 (Gunshin et al., 

1997; Illing et al., 2012; Mackenzie et al., 2006; Mackenzie et al., 2007). Such pH 

dependence of metal-ion transport was observed also in other preparations expressing 

DMT1 (Elisma & Jumarie, 2001; Forbes & Gros, 2003; Garrick et al., 2006; Lam-Yuk-

Tseung et al., 2003; Linder et al., 2006; Picard et al., 2000; Tandy et al., 2000; Xu et al., 

2004; Zhang et al., 2008) with one exception (Worthington et al., 2000), which we have 

discussed elsewhere (Mackenzie et al., 2006). Kinetic analyses in DMT1-expressing oocytes 

indicated that low extracellular pH exerted the following two effects: (1) to increase the 

apparent affinity for Fe2+, and (2) to provide the thermodynamic driving force for Fe2+ 

transport (Mackenzie et al., 2006). Conversely, we also found that Fe2+ transport was 

associated with a substantial H+ influx (Gunshin et al., 1997; Mackenzie et al., 2006). 

Collectively, these experimental observations indicate that DMT1-mediated Fe2+ and H+ 

fluxes are functionally coupled, i.e. DMT1 is a H+/Fe2+ cotransporter (symporter). Whereas 

H+ can substitute for Na+ as the driving ion in the Na+/glucose cotransporter SGLT1 

(Hirayama et al., 1994), Na+ cannot substitute for H+ as the driving ion in DMT1 

(Mackenzie et al., 2007).

Conventional cotransporter models are deterministic—they comprise a series of ligand-

induced conformational changes that result in alternating access to a substrate-binding 

region, and ion-coupling ratios are fixed. Experimental data for DMT1, however, are 

difficult to reconcile with such a model. We and others have expressed wildtype mammalian 

DMT1 or mutant proteins in Xenopus oocytes and observed significant uncoupled fluxes 

(‘slippage’) both of H+ and Fe2+, and variable H+: Fe2+ coupling ratio (Mackenzie et al., 

2006; Nevo & Nelson, 2004; Shawki et al., 2008). Development of models that can account 

for such slippage should direct experimental investigation into the molecular mechanisms of 

DMT1.

B. Metal-Ion Substrate Profile and Selectivity of DMT1

Which metal ions are transported by DMT1? That the question has been addressed in nearly 

as many reviews as there have been original research articles on the topic, we suspect, 

reflects both the high level of interest in the answer and the lack of complete consensus. A 

broad range of metal ions evoked currents in voltage-clamped Xenopus oocytes expressing 

rat or human DMT1 (Gunshin et al., 1997; Mackenzie et al., 2007). Many of these metal 

ions have been shown to inhibit radiotracer iron uptake in mammalian cell preparations in 

which DMT1 is constitutively or heterologously expressed (Bannon et al., 2003; Conrad et 

al., 2000; Garrick & Dolan, 2002; Linder et al., 2006; Picard et al., 2000; Zhang et al., 

2008). Nevertheless, currents and inhibition only demonstrate reactivity with the transporter, 

but do not demonstrate per se that the metal ion is transported by DMT1.

We performed a comprehensive substrate-profile analysis of DMT1 by using two methods 

that would directly test for metal-ion transport in the oocyte system—radiotracer assay and a 

fluorescence-based assay using the metal-sensitive fluorophore PhenGreen SK (Illing et al., 
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2012). We found that Cd2+, Co2+, Fe2+, Mn2+, Ni2+, VO2+, and Zn2+ are transported 

substrates of DMT1; however, we found no evidence of DMT1-mediated transport of Ca2+, 

Cr2+, Cr3+, Cu1+, Cu2+, Fe3+, Ga3+, Hg2+, or VO1+ (Illing et al., 2012; Shawki & 

Mackenzie, 2010). Our findings extended the catalogue of DMT1 substrates and 

nonsubstrates and, to the extent that a few of these metals had been tested previously (see 

(Illing et al., 2012) for references), were consistent with previous studies with the notable 

exception of copper. Other investigators have measured copper transport in the human 

intestinal cell model Caco-2 cells and concluded that DMT1 can transport cuprous ion 

(Cu1+) (Arredondo et al., 2003; Espinoza et al., 2012), or have measured copper uptake in 

intestinal BBMV and concluded that DMT1 can transport cupric ion (Cu2+) (Knöpfel et al., 

2005a). We found instead that DMT1 did not transport Cu1+ or Cu2+ in the oocyte 

preparation. One advantage of the oocyte system is its superior sensitivity—expression of 

DMT1 stimulated iron transport more than 700-fold over control (Illing et al., 2012)—

whereas assigning transport activity to DMT1 is less clear in the mammalian systems. Still, 

it is possible that a subunit normally expressed in mammalian cells and required for copper 

transport is not expressed in the Xenopus oocyte, or that an isoform other than the 1A/

IRE(+) expressed in the study just cited is capable of transporting copper. Clearly, further 

studies are needed if we are to conclude that copper is a transported substrate of DMT1 and, 

if so, to determine the valence of the transported species.

Assessing whether DMT1 plays important roles in the absorption or cellular transport of 

each of its substrates requires that we first take into account the relative selectivity with 

which DMT1 reacts with and transports each of its substrates. We found that DMT1 

exhibited a strong preference (selectivity) for Fe2+ (K0.5
Fe  ≈ 1 μM) over any of its other 

physiological substrates (Illing et al., 2012). We ranked DMT1 substrates by using the 

“specificity constant” as follows: Cd2+ > Fe2+ > Co2+, Mn2+ >> Zn2+, Ni2+, VO2+ (Fig. 3). 

With some knowledge of prevailing metal-ion concentrations in vivo, these data help us 

predict DMT1’s roles in transport of metals aside from iron, and such predictions can be 

tested in tissue preparations or animal models. Intestinal absorption of manganese and its 

uptake into reticulocytes is disrupted in the b rat indicating that DMT1 plays some role in 

manganese transport in those tissues (Chua & Morgan, 1997). Nevertheless, the involvement 

of DMT1 in the transport of manganese (moderate selectivity, K0.5
Mn ≈ 4 μM; (Illing et al., 

2012)) may be of greater pathophysiological significance than physiological, e.g., 

nasopulmonary absorption of manganese and its uptake into the brain in chronic manganese 

exposure (section VII.D.) We found zinc to be a very poor substrate (K0.5
Zn  ≈ 19 μM)—and 

weak competitive inhibitor—of DMT1 (Illing et al., 2012). Because also the prevailing iron 

concentrations generally exceed those of zinc, we would expect iron to outcompete zinc 

under most conditions and DMT1 contribute little if at all to the absorption or cellular 

uptake of zinc. If DMT1 participates at all in zinc absorption, then it is not sufficient to 

compensate for the loss of the Zrt-/Irt-like transporter-4 (ZIP4), because hereditary defects 

in ZIP4 result in acrodermatitis enteropathica (Wang et al., 2002a). We found that human 

DMT1 transports the toxic heavy metal Cd2+ more efficiently than it does Fe2+ (Illing et al., 

2012), suggesting that DMT1 is a likely route of intestinal cadmium absorption and its 

cellular uptake (section VII.B.).
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C. Structure–Function Analysis of DMT1 and its Homolog NRAMP1

Human DMT1 shares 61% identity at the amino-acid sequence level with NRAMP1, the 

only other member of the SLC11 gene family in mammals. DMT1 and NRAMP1 belong to 

an NRAMP superfamily in animals, plants and fungi, and extending to prokaryotes (Cellier 

et al., 2001; Chaloupka et al., 2005). Since there exists no crystal structure of mammalian 

DMT1, NRAMP1, or their orthologues, investigators have relied on the following 

approaches to study the structure–function relationships of SLC11 proteins: (1) predicting 

and testing membrane topology models, (2) site-directed mutagenesis and functional 

analysis, (3) structural analysis of short synthetic model peptides, and (4) modeling on 

known crystal structures of homologous proteins.

Predicting and testing membrane topology models——DMT1 is an integral 

membrane protein that is observed in vitro to undergo glycosylation (Gruenheid et al., 1999; 

Mackenzie et al., 2007). Kyte–Doolittle hydrophobicity analysis predicted 12 

transmembrane (TM) regions for rat (Gunshin et al., 1997), mouse (Czachorowski et al., 

2009; Lam-Yuk-Tseung et al., 2003) and human DMT1 (Fig. 1). Two consensus sites of N-

linked glycosylation (at residues Asn-336, Asn-349 according to numbering for the human 

1B isoforms) reside in the fourth extracellular loop between TM7–8 (Mackenzie et al., 

2007). To test the predicted membrane topology, hemagglutinin (HA) epitope tags were 

inserted into nonconserved regions of the protein, and the constructs expressed in Chinese 

hamster ovary (CHO) or pig kidney epithelial (LLC-PK1) cells (Czachorowski et al., 2009; 

Picard et al., 2000). Tags inserted in the loops between TM5–6, TM7–8, and TM11–12 were 

accessible to an anti-HA antibody in nonpermeabilized cells, confirming that these loops are 

exofacial (cell exterior or endosomal lumen). Tags inserted into the N- or C-terminal 

regions, or between TM4–5, TM6–7, and TM10–11, were accessible only in permeabilized 

cells, confirming their intracytoplasmic location. Introduction of the HA epitope tag in other 

regions disrupted DMT1 transport activity in whole or in part, so the orientation of the loops 

between TM1–2, 2–3, 3–4, 8–9, and 9–10 could not be definitively assigned. The DMT1 

homologue NRAMP1 is a phosphoglycoprotein (Vidal et al., 1996) whose predicted 

membrane topology is very similar to that of DMT1. Consistent with that prediction, 

detection of HA epitope tags—used to drive the plasma-membrane expression of NRAMP1

—in intact or permeabilized cells indicated that the loop between TM7–8 was extracellular 

and the N-terminus cytoplasmic (Forbes & Gros, 2003). Other investigators have proposed, 

however, that NRAMP1 be oriented oppositely (the C-terminus directed into the phagosomal 

lumen and the TM7–8 loop cytoplasmic) (Kuhn et al., 2001) and that NRAMP1 transport 

metal ions into the phagosome (or out of the cell if NRAMP1 was expressed on the plasma 

membrane) (Goswami et al., 2001; Kuhn et al., 2001; Techau et al., 2007).

Site-directed mutagenesis and functional analysis——We and other investigators 

have used site-directed mutagenesis in an effort to probe the structure–function of DMT1 

and identify critical elements in the structure of DMT1. Strategies for targeting amino-acid 

residues have included (1) identifying conserved residues, (2) predicting critical residues 

based on functional homology or structural modeling, and (3) identifying mutations 

associated with disease phenotypes in human patients or animal models. Around 30 amino 

acid residues are highly conserved among 145 NRAMP homologues and include a highly-
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conserved DPGN motif (Chaloupka et al., 2005). Disruption of the DPGN motif in a distant 

NRAMP homologue, the Escherichia coli manganese transporter MntH, ablated metal-

dependent H+ transport in transfected E. coli cells (Chaloupka et al., 2005; Courville et al., 

2008). In human DMT1, the corresponding D86PGN motif is predicted to reside in putative 

TM1 (Fig. 1); however, in one study this motif was assigned to the first external loop 

between TM1−2 (Cohen et al., 2003). Mutations at Asp-86 or Gly-88 of mouse or rat DMT1 

(numbered according to the 1B isoforms) abolished metal-ion uptake in RNA-injected 

Xenopus oocytes or transfected CHO cells (Cohen et al., 2003; Lam-Yuk-Tseung et al., 

2003). Additional residues in that region have been proposed to participate in metal binding; 

however, metal-ion coordination by DMT1 may be a function of several discrete elements in 

the protein.

We targeted a pair of histidine residues in putative TM6 of rat DMT1 because histidine 

residues are known to participate in metal binding in other proteins, and contribute to 

regulating transport activity in other transporters. Whereas the His267→Ala substitution had 

little impact on DMT1 transport activity, a His272→Ala substitution uncoupled the H+ and 

Fe2+ fluxes—a conclusion based on the observations that H272A supported a large H+ leak 

that was inhibited by Fe2+ and conversely mediated 55Fe2+ transport that was independent of 

pH (Mackenzie et al., 2006). Mutation of either His-267 or His-272 in mouse DMT1 

affected the pH sensitivity of metal-ion transport in transfected CHO cells (Lam-Yuk-Tseung 

et al., 2003), leading these investigators to speculate that these two residues may form 

elements of the H+-conductive pathway through DMT1. Other residues can also participate 

in H+ transport or H+-coupling; for example, a Phe194→Ile substitution in rat DMT1 and 

the a Gly212→Val human DMT1 mutation associated with a disease phenotype appear to 

reduce the proton slippage observed for wildtype DMT1 (Nevo & Nelson, 2004; Shawki et 

al., 2008). Most other human mutations (section IV) and the G185R mutation found in the b 
rat and mk mouse appear to result in defects in protein processing or trafficking but, like 

G212V, some may also retain partial reactions. The mouse G185R mutant, however, resulted 

in an unexpected gain of function, involving a Ca2+ conductance not present in wildtype 

DMT1 (Xu et al., 2004).

Structural analysis of short synthetic model peptides——To gain clues about 

DMT1 tertiary and quaternary structure, investigators have generated short synthetic model 

peptides, incorporated these into membrane-mimetic environments (solvents or micelles), 

and studied their structure by using circular dichroism spectropolarimetry and NMR 

spectroscopy. A peptide corresponding to TM4 of rat DMT1 assumed a central α-helical 

structure, randomly coiled N-terminal region, and (in SDS micelles at physiological pH 6.0–

7.4) a disordered C-terminus (Li et al., 2003; Li et al., 2004). Despite their being embedded 

in the SDS interior, the side chains of some hydrophilic residues were water-accessible and 

may therefore form part of a water-filled channel. The observation that the TM4 peptide 

self-assembled into trimers suggested to these investigators that TM4 of DMT1 may 

assemble with other TM regions or several DMT1 monomers to form part of a translocation 

pore that is lined by hydrophilic residues in TM4 (Thr-189, Asp-192, Thr-193, and Asp-200) 

(Li et al., 2008). An identical peptide, except for the introduction of the G185R mutation, 

assumed the same structure as the wildtype TM4 peptide but self-assembled differently from 
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the wildtype peptide, largely forming hexamers instead of trimers (Li et al., 2005). This 

observation led investigators to speculate that the introduction of the bulky, charged Arg 

residue in place of Gly at residue 185 should disrupt the quaternary structure of DMT1 or its 

multimeric assembly.

Synthetic peptides corresponding to TM1 and TM6 of rat DMT1 each formed discontinuous 

helical structures (i.e., α-helix–extended peptide–α-helix) (Wang et al., 2011b; Xiao et al., 

2010; Xiao et al., 2011). Amino-acid substitutions in TM1 disrupted metal binding in TM1. 

The DPGN motif in TM1 is thought to comprise a flexible linker region (extended peptide) 

between the two α-helices, and pH-dependent effects upon this region could regulate the 

relative orientation of the α-helices and thus affect metal binding. The flexible linker in 

TM6, like that in TM1, is predicted to undergo rapid, subtle H+-induced conformational 

changes. Substitution of His-272 with Ala—which uncoupled the H+ and Fe2+ fluxes 

through rat DMT1 expressed in Xenopus oocytes (Mackenzie et al., 2006)—resulted in an 

unfolding of the N-terminal α-helix in TM6 and decreased intermolecular interactions (Xiao 

et al., 2010; Xiao et al., 2011). These observations confirm a critical role for His-272 in 

DMT1, and are consistent with the notion that this residue forms part of the mechanism by 

which Fe2+ transport is coupled to H+ translocation.

Modeling on known crystal structures of homologous proteins——While no 

crystal structure is available for DMT1, investigators have used a threading approach to 

predict structural features of DMT1 by using the primary sequences of DMT1 or SLC11 

homologues to query known crystal structures of homologous proteins (Courville et al., 

2008; Czachorowski et al., 2009). Despite very little similarity at the amino acid level, 

SLC11 transporters could be superimposed on the structures of the bacterial Na+/Cl−-

dependent leucine transporter (LeuT) of the SLC6 family (Yamashita et al., 2005) and the 

Na+-coupled galactose transporter (vSGLT) of the SLC5 family (Faham et al., 2008). 

Modeling SLC11 homologs on the LeuT structure suggested an internal symmetry in which 

TM1–5 and TM6–10 fold similarly but are oriented oppositely (Courville et al., 2008). The 

LeuT fold also predicts (Courville et al., 2008) the discontinuous helical structures of TM1 

and TM6 observed for the short synthetic model peptides (Wang et al., 2011b; Xiao et al., 

2010; Xiao et al., 2011) and places the D86PG and (inverted) H267PM motifs in the extended 

peptide regions of TM1 and TM6 respectively (Courville et al., 2008).

Thus, experimental results and model predictions provide evidence that TM1, TM4 and 

TM6 in particular contain structural elements that are critical for the catalytic activity of 

DMT1-mediated H+-coupled metal-ion transport. That mutations or the introduction of HA 

epitope tags elsewhere in DMT1 disrupt DMT1 catalytic activity or the correct processing of 

the protein would suggest that additional critical elements await their discovery.

D. Multiple Isoforms of DMT1: Tissue Distribution, Subcellular Targeting, and Regulation

There exist at least four isoforms of the human DMT1 protein. The bulk of the protein (531 

or more amino acid residues) is conserved among all isoforms; however, they differ in both 

their N- and C-termini as a result of variant transcription of the human SLC11A2 gene 

(Table 2) at locus 12q13. Transcript variants arise from use of at least two, possibly three, 
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discrete transcription initiation sites. Initiation from exon 1A, upstream of a second initiation 

site in exon 1B, adds 29 N-terminal amino acids not present in the 1B isoform (Hubert & 

Hentze, 2002). Both variants are spliced to exon 2 and, because exon 1B contains no start 

codon, translation of the 1B isoform begins with a start codon in exon 2. Orthologous 

transcript variants were also found in rat and mouse (Hubert & Hentze, 2002). Whereas the 

1A isoform is found predominantly in intestine and kidney, 1B isoforms are widely 

expressed (Hubert & Hentze, 2002). In the NCBI Reference Sequence record for the human 

SLC11A2 gene (NG_021139.1, version 27 June 2012), these exons—originally described as 

1A, 1B, and 2—are annotated exons 1, 2A, and 4, respectively. Initiation of transcription 

from exon 5 codes a putative, shorter isoform with a distinct N-terminus (MSTVDYL). All 

three 5′ variants are spliced to exon 6A, and transcription proceeds in common for most of 

the remainder of the coding region.

Alternative splicing at the 3′ end of the SLC11A2 gene results in mRNA transcripts that 

differ in both their 3′-translated and 3′-untranslated regions (Canonne-Hergaux et al., 1999; 

Lee et al., 1998). One variant, IRE(+), contains in its 3′-untranslated region (3′-UTR) a 

stem-loop structure featuring a consensus iron-responsive element (IRE) that is important 

for post-transcriptional mRNA stabilization according to cellular iron status (section VI). 

Thus, the IRE(+) and IRE(−) isoforms are expected to differ mainly in their regulation by 

iron (Hubert & Hentze, 2002). The IRE(+) and IRE(−) transcripts also give rise to variability 

in the C-terminal amino acid sequences (Table 2). Investigators have found a total of 7 

‘coding’ transcript variants for human DMT1, and these code for four isoforms (Table 2). A 

fifth isoform, 1A/IRE(−), is presumptive because a corresponding human mRNA that would 

code for it has not been reported in the database. No mouse tissue tested expressed 

exclusively 1A and IRE(−) transcripts (Hubert & Hentze, 2002), although a 1A-IRE(−) 

cDNA has been generated from rat kidney cortex RNA (Abouhamed et al., 2006). An 

engineered 1A/IRE(−) human construct has been expressed in RNA-injected Xenopus 
oocytes, and the expressed protein was functional (Mackenzie et al., 2007).

The DMT1 isoforms differ also in their tissue distribution and subcellular targeting (Table 

2). Epithelial cell lines predominantly express the IRE(+) isoforms whereas blood cell lines, 

the IRE(−) isoforms (Tabuchi et al., 2002). The N- and C-termini of the DMT1 isoforms 

may contain signal sequences that direct the subcellular targeting of the protein. Mutational 

analyses in transfected epithelial cell lines (HEp-2 and MDCK) have revealed that disruption 

of the N-terminal region H13CELKS (critically, Leu-16) prevents the insertion of the 1A 

isoform into the plasma membrane (Yanatori et al., 2010), and that the Y555XLXX region in 

the C-terminal cytoplasmic tail of the IRE(−) isoform is required for its targeting to early 

endosomes (Tabuchi et al., 2002). In contrast, IRE(+) was localized to the apical plasma 

membrane, late endosomes, and lysosomes of polarized cells, and its apical-membrane 

insertion was dependent upon N-glycosylation of DMT1 (Tabuchi et al., 2002).

The N- and C-terminal sequence variations between the isoforms do not however alter the 

functional properties of the isoforms. We have expressed 1A/IRE(+), 1A/IRE(−), 1B/IRE(+), 

and 1B/IRE(−) isoforms of human DMT1 in Xenopus oocytes and found (1) that the cellular 

uptake of 55Fe2+ correlated with the levels of expression at the plasma membrane, and (2) 

that the transport cycle turnover rate did not differ among the four isoforms, i.e., all four 

Shawki et al. Page 11

Curr Top Membr. Author manuscript; available in PMC 2020 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isoforms transport Fe2+ with equal efficiency (Mackenzie et al., 2007). We also found, after 

normalization for expression levels, that the 1A/IRE(+) and 1B/IRE(+) isoforms did not 

differ in their apparent affinity for Fe2+, pH dependence, or relative ability to transport a 

range of metal ions (Mackenzie et al., 2007; Mackenzie et al., 2010). Likewise, doxycycline-

induced expression of the rodent 1A/IRE(+) and 1B/IRE(+) isoforms in stably transfected 

human embryonic kidney HEK293 cells revealed no differences in their ability to transport 

Fe2+ or Mn2+ (Garrick et al., 2006; Mackenzie et al., 2010).

V. Regulation of the Cellular Expression of DMT1

The dominant mechanism by which DMT1 is regulated at the cellular level is thought to be 

via post-transcriptional mRNA stabilization of the IRE(+) isoform in response to cellular 

iron levels. Binding of the 3′-UTR mRNA iron-responsive element (IRE) by iron-responsive 

binding protein-1 (IRP1) confers RNA stability under conditions of low iron (Gunshin et al., 

2001). In contrast, the IRE(−) form is not subject to iron-dependent regulation (Rolfs et al., 

2002; Zoller et al., 2001). Less is known about IRE/IRP interactions in DMT1 than for other 

IRE-containing transcripts, but control of expression of the DMT1 IRE(+) isoforms appears 

analogous to that of the transferrin receptor (TfR) (Pantopoulos, 2004; Wallander et al., 

2006). Other metals, such as Mn2+, are also bound by iron-responsive binding proteins 

(Kwik-Uribe et al., 2003) and may exert some control over DMT1 expression.

The liver hormone hepcidin regulates iron metabolism predominantly via its interaction with 

the iron-export protein ferroportin (Ganz & Nemeth, 2006). Ferroportin binds hepcidin, 

triggering the internalization and degradation of this transporter. The resulting transient 

increase in intracellular iron is thought to act via the IRE/IRP system to downregulate 

expression of DMT1 in enterocytes. Nevertheless, novel mechanisms are emerging by which 

intestinal DMT1 may be regulated independently of ferroportin or independently of 

hepcidin. Two studies have proposed that hepcidin directly controls DMT1 expression. 

Hepcidin inhibited apical 55Fe uptake in both Caco-2 cells and rat duodenal segments 

apparently by decreasing DMT1 transcription with no change in ferroportin mRNA or 

protein (Mena et al., 2008). Other investigators using similar preparations also observed 

decreased DMT1 mRNA but attributed the loss of DMT1 transport activity mainly to its 

ubiquitin-dependent proteasomal degradation (Brasse-Lagnel et al., 2011). Such degradation 

may be facilitated by the adapter proteins Ndfip1 and Ndfip2 (Foot et al., 2008). Indeed, 

DMT1 levels in enterocytes were elevated in Ndfip1-null mice fed a low-iron diet more 

strongly than in wildtype mice (Foot et al., 2011). Ubiquitination and proteasomal 

degradation of DMT1 is reviewed elsewhere (Garrick et al., 2012), and data provided there 

indicate that ubiquitination by Parkin is specific to the 1B/IRE(−) isoform and not 1A/

IRE(+).

Mutations in the hemochromatosis gene HFE are responsible for the majority of clinical 

cases of iron overload. Much emphasis has been placed on its controlling iron absorption by 

modulating the expression of hepcidin in the liver, but there is evidence also of a role for 

HFE in the enterocyte (reviewed, (Fleming & Britton, 2006)). Some colocalization of HFE 

with DMT1 is observed in rat enterocytes (West et al., 2006). Ectopic expression of HFE in 

Caco-2 cells increased the apical distribution of an HFE–β2 microglobulin complex that 
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coprecipitated with DMT1, and direct interaction of DMT1 with HFE–β2 microglobulin was 

proposed to explain the decreased apical iron-uptake activity (Arredondo et al., 2006).

Transcript variants lacking the IRE are not subject to regulation by interactions of IRP at the 

translational level; however, a microRNA, miR-Let-7d, appears capable of inhibiting 

translation of the DMT1 IRE(−) isoform in erythroid cell lines CD34(+), K562, and HEL 

(Andolfo et al., 2010), suggesting that miR-Let-7d could regulate iron acquisition as 

erythroid cells differentiate. Endocytosis of DMT1 protein (corresponding to the IRE(+) 

isoform) from the brush-border membrane of enterocytes has been observed following iron 

feeding, a response that appears to be directed by peripheral benzodiazepine receptor-

associated protein 7 (PAP7) based on the observation that DMT1 and PAP7 could be 

copurified from BBMV and were internalized together (Okazaki et al., 2012). In addition, 

siRNA inhibition of PAP7 in K562 cells caused a reduction in the plasma-membrane 

expression of DMT1 protein with no change in DMT1 mRNA (Okazaki et al., 2012). PAP7 

expression is widespread (Okazaki et al., 2012) and appears to interact with DMT1 also in 

neurons (Cheah et al., 2006).

DMT1 is also regulated at the transcriptional level by hypoxia and stress-related signaling. 

Exposure of P19 embryonic carcinoma cells to nitric oxide decreased expression of the 1B 

but not 1A isoform (representing both IRE(+) and IRE(−) isoforms). This effect appears to 

have resulted from decreased binding of the nuclear factor NF-κB (p65 subunit) to the 1B 

promoter region of DMT1 (Paradkar & Roth, 2006). In the intestine, hypoxia regulates the 

expression of DMT1 via stabilization of the hypoxia-inducible transcription factor HIF2α, 

which can bind the 1A promoter region of DMT1, and intestine-specific ablation of HIF2α 
blunted the increased expression of DMT1 in response to iron deficiency (Mastrogiannaki et 

al., 2009; Shah et al., 2009).

VI. Tissue-Specific Roles of DMT1 in Physiology and Pathophysiology

A. Erythroid Precursor Cells

Lethal-dose-irradiated wildtype mice into which hematopoietic stem cells were transplanted 

from SLC11A2−/− mice exhibited defective erythropoiesis, whereas those injected with 

hematopoietic stem cells of wildtype origin were normal (Gunshin et al., 2005a), revealing a 

critical role for DMT1 in erythroid cells. The predominant DMT1 isoform in erythroid 

precursor cells, 1B/IRE(−), is localized to early (recycling) endosomes in which it 

participates in transferrin (Tf)-dependent iron acquisition (Canonne-Hergaux et al., 2001; 

Gruenheid et al., 1999; Touret et al., 2003). The transferrin cycle and role of DMT1 is 

illustrated in Fig. 4. DMT1 transports free Fe2+ from the endosome to the cytoplasm, a step 

that is thought to be energized by the H+ electrochemical potential gradient established by 

the vacuolar H+-ATPase (V-ATPase).

Some DMT1 is also detected on the plasma membrane of erythroid cells. Following 

endocytosis, the retromer cargo-recognition complex in maturing endosomes directs DMT1 

to the recycling pathway (Tabuchi et al., 2010) and, subsequently, the return of DMT1 to the 

plasmalemma is dependent on phosphatidylinositol 3-kinase activity, but not lipid rafts or 

caveolae (Touret et al., 2003). Although DMT1 retains some activity at pH 7.4 (Garrick et 
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al., 2006; Mackenzie et al., 2006), plasmalemmal DMT1 is not expected to contribute 

significantly to iron acquisition in erythroid precursors because (1) most blood iron is 

associated with transferrin under normal conditions and (2) the endosomal pH (≈ 6.0) is 

more optimal for DMT1-mediated Fe2+ transport than is plasma pH (≈ 7.4) (Mackenzie et 

al., 2006).

Expression of DMT1 is detected in at least some cell types in every organ tested (Gunshin et 

al., 1997; Hubert & Hentze, 2002; Wang et al., 2012b). We will see that, in most other cell 

types, DMT1 participates in Tf-dependent iron acquisition akin to that in the erythroid 

precursor except that, in many nonerythroid cells, this function may be served by the 1B/

IRE(+) isoform predominantly observed in late endosomes and lysosomes (Table 2).

B. Epithelia

Intestinal DMT1 is critical for iron homeostasis in the mouse (Gunshin et al., 2005a; Shawki 

et al., 2012), although defective intestinal iron transport has not yet been demonstrated in the 

DMT1int/int model as it has for the mk mouse (Edwards & Hoke, 1972) and b rat (Knöpfel et 

al., 2005b). Haploinsufficiency of intestinal absorption is suggested by the lower iron stores 

in the SLC11A2+/− heterozygote (Gunshin et al., 2005a), but this possibility will be better 

tested in heterozygotes (DMT1+/int) of the conditional intestinal knockout model. The 1A/

IRE(+) isoform predominates in the intestine, and its expression is exquisitely upregulated 

by low iron status (Canonne-Hergaux et al., 1999; Gunshin et al., 1997; Hubert & Hentze, 

2002; Tabuchi et al., 2002) (see Table 2). Intestinal DMT1 is also, inappropriately, 

upregulated in hereditary hemochromatosis and is expected to contribute to the 

hyperabsorption of iron observed in this and other iron-overload disorders (section VIII.B.). 

DMT1 is expressed at the brush-border membrane of human and mouse duodenal 

enterocytes, and Caco-2 cells (Canonne-Hergaux et al., 1999; Griffiths et al., 2000; Tandy et 

al., 2000). DMT1 mediates the apical uptake of iron (reviewed, (Mackenzie & Garrick, 

2005)) after its reduction by luminal ascorbic acid or surface ferrireductases, which may 

include DcytB (Cybrd1) and Steap2 (reviewed, (Knutson, 2007; McKie, 2008)).

The acidic microclimate at the intestinal brush border, generated by the intestinal Na+/H+ 

exchangers, is expected to provide the H+ to drive DMT1-mediated iron uptake (Mackenzie 

et al., 2011). Na+/H+ exchanger expression and activity is switched on towards weaning in 

the rat (Collins et al., 1997) and iron absorption is not impaired in suckling Belgrade rat 

pups (Thompson et al., 2007a), suggesting that a transporter other than DMT1 serves iron 

absorption prior to weaning. DMT1 immunoreactivity (possibly the 1B/IRE(+) isoform) has 

also been identified on the basolateral membrane of enterocytes, and iron-transport activity 

in intestinal basolateral membrane vesicles or basolateral membranes of Caco-2 cells has 

been ascribed to DMT1 (Knöpfel et al., 2005b; Núñez et al., 2010). What roles DMT1 may 

serve on enterocyte basolateral membranes are not yet clear, but may include supplying iron 

to enterocytes during dietary iron deficiency or participating in the regulation of iron 

absorption.

DMT1 efficiently transports cadmium (Fig. 3) (Illing et al., 2012). Iron deficiency is a risk 

factor for cadmium intoxication (see the work just cited for references), suggesting that 

cadmium and iron share a common absorptive pathway. Indeed, investigators have ascribed 
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to DMT1 the Cd2+ transport observed in Caco-2 cells (Bannon et al., 2003). Iron restriction 

increased both intestinal DMT1 mRNA and cadmium accumulation in rats and mice (Park et 

al., 2002; Suzuki et al., 2008), implicating DMT1 in cadmium absorption. Clouding that 

conclusion, in one of the studies just cited (Suzuki et al., 2008), mk mice accumulated 

cadmium to the same levels as did wildtype mice; however, direct measurement of rates of 

absorption may be needed to test the role of DMT1 in cadmium absorption and intoxication.

DMT1 is abundantly expressed in the kidney (Hubert & Hentze, 2002; Wang et al., 2012b). 

One group has found that DMT1-IRE(+) immunoreactivity in rat kidney was strongest at the 

apical membranes of the collecting duct and the thick ascending limb of Henle’s loop 

(Ferguson et al., 2001), roughly consistent with the major sites of absorption of a 55FeCl3 

dose delivered by intratubular microinjection (Wareing et al., 2000). Strong DMT1 

immunoreactivity was also observed in the proximal tubule but confined to an intracellular 

location (Ferguson et al., 2001; Ferguson et al., 2003). Because no uptake of a 55FeCl3 dose 

was observed in proximal tubule, we might surmise that an endosomal DMT1 isoform serve 

instead Tf-dependent iron uptake in the proximal tubule. Evidence for the presence of Tf in 

the glomerular filtrate is reviewed elsewhere (Smith & Thévenod, 2009), and internalization 

of Tf by megalin-dependent, cubilin-mediated endocytosis has been described for 

mammalian kidney proximal tubules (Kozyraki et al., 2001). A second group studying 

DMT1 localization—this time in mouse kidney—has observed strong DMT1-IRE(+) 

immunoreactivity in the proximal tubule and concluded that DMT1 is expressed at the apical 

membrane (Canonne-Hergaux & Gros, 2002). It is possible that the discrepancy in the 

subcellular localization of mouse and rat DMT1 in these studies is explained by a species 

difference, detection of different isoforms (the antibodies used were against the same region 

of the protein but not identical), or technical difficulties; however, Smith & Thévenod (2009) 

observed sub-apical DMT1 immunoreactivity also in the mouse and attributed this to 

expression of DMT1 in late endosomes and lysosomes. Immunogold electron microscopy of 

rat kidney cortex also places DMT1 in late endosomes and lysosomes, and DMT1 

colocalized with the late endosomal/lysosomal markers LAMP1 in the WKPT-0293 Cl.2 cell 

line derived from rat proximal tubule (Abouhamed et al., 2006). Nevertheless, given the 

functional homology between the small intestine and renal proximal tubule, and the 

observation (Hubert & Hentze, 2002) that expression of the 1A/IRE(+) isoform is essentially 

limited to those tissues, the possibility should not be discounted that DMT1 appear on the 

apical membrane of proximal tubular cells at least in response to certain stimuli or 

regulators.

The relative importance of DMT1 in the renal reabsorption of iron (a topic that, historically, 

has not received much attention) is yet to be fully explored. Meanwhile, the literature 

supports an involvement of DMT1 in renal pathophysiology. Nephrotic syndromes may be 

associated with iron-induced damage resulting from increased glomerular permeability, 

increased transferrin uptake in the proximal tubule, and increased DMT1-mediated iron 

transport into the cytosol (reviewed, Smith & Thévenod 2009). DMT1 is thought also to 

contribute to cadmium-induced nephrotoxicity (reviewed, (Vesey, 2010)) by transporting 

cadmium from the late endosome/lysosome to the cytosol following its liberation from 

metallothionein. Cadmium–metallothionein-1 internalization by WKPT-0293 Cl.2 proximal 

tubular cells, via the same megalin-dependent receptor-mediated endocytic pathway used by 
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Tf, leads to cytotoxicity (Wolff et al., 2006) that can be prevented by RNAi knockdown of 

late endosomal/lysosomal DMT1 (Abouhamed et al., 2007).

DMT1 is expressed in human term placenta (Georgieff et al., 2000; Li et al., 2012) and 

mouse placenta at gestational day 18 (Balesaria et al., 2012). Those studies differ with 

regard to the precise localization of DMT1 in placenta, but endosomal DMT1 would appear 

to participate in transferrin-dependent uptake from the maternal side. Transcript levels of an 

IRE(+) isoform are responsive to iron (Gambling et al., 2001; Li et al., 2012). Total body 

iron was normal in SLC11A2 global knockout mouse neonates, suggesting that fetal DMT1 

is not critical for sufficient maternofetal iron transfer (Gunshin et al., 2005a); however, a 

placenta-specific DMT1 knockout may be needed to assess precisely the contribution of 

DMT1 to placental iron transfer. Clearly, there is some redundancy among placental iron-

transfer pathways, which may include Zrt-/Irt-like transporter-8 (ZIP8, SLC39A8) 

(Jenkitkasemwong et al., 2012; Wang et al., 2011a).

Nasal and pulmonary epithelia express DMT1 that may provide additional routes of 

absorption of excess iron and of toxic heavy metals (e.g., cadmium, manganese) following 

occupational exposure (Ghio et al., 2005; Heilig et al., 2005; Heilig et al., 2006; Ruvin 

Kumara & Wessling-Resnick, 2012; Thompson et al., 2007b), although DMT1-mediated 

clearance of metals from the lung may serve to minimize metal-related injury in that tissue 

(Ghio et al., 2005; Wang et al., 2002b).

C. Phagocytes—DMT1 and NRAMP1 in Iron Recycling and Host Defense

DMT1 has been observed to colocalize with Tf in early endosomes in RAW264.7 murine 

macrophages transfected with a c-Myc-tagged DMT1 construct (Gruenheid et al., 1999); 

however, following phagocytosis of opsonized red blood cells, the tag was also observed in 

erythrocyte-containing phagosomes (Jabado et al., 2002). In the latter study, investigators 

also observed that endogenous DMT1 in TM4 and 15P-1 Sertoli cell lines was recruited to 

phagosomes containing latex beads or spermatozoids. It was therefore proposed that DMT1 

participate in the recovery of iron from effete red blood cells in macrophages, and serve an 

analogous role in the recovery of iron (or other metals) from senescent sperm in Sertoli cells. 

If DMT1 plays a role in iron recycling, then it would appear to be shared with NRAMP1 

because deficiencies in either protein reduced the efficiency of iron recycling in RAW264.7 

macrophages (Soe-Lin et al., 2010). Supporting such a role for NRAMP1, investigators have 

observed (1) that iron recycling was accelerated in macrophages overexpressing NRAMP1 

(Soe-Lin et al., 2008), and (2) that, in mice deficient in NRAMP1, iron accumulated in the 

liver and spleen during erythrophagocytosis and hemolytic anemia, whereas this iron was 

recycled to the marrow and erythrocytes in wildtype mice (Soe-Lin et al., 2009).

A more recent study has relied on endogenous expression of SLC11 proteins in bone 

marrow-derived macrophages (BMDM) presented with artificially aged erythrocytes. This 

model may be superior to transfection of DMT1 and NRAMP1 in RAW264.7 macrophages, 

and more physiological than the use of opsonized red blood cells for phagocytosis. Whereas 

DMT1 protein was detected in both quiescent and activated BMDMs, it largely colocalized 

with TfR1 in recycling endosomes and was not recruited to the erythrophagosome (Delaby 

et al., 2012). NRAMP1 on the other hand was recruited to the erythrophagosome in 
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BMDMs. Importantly, the observation that the putative heme transporter (heme-responsive 

gene-1, HRG1)—but neither heme oxygenase protein HO-1 or HO-2—is recruited to the 

erythrophagosome (Delaby et al., 2012) prompts us to consider that heme may exit the 

erythrophagosome intact, and to question whether either NRAMP1 or DMT1 plays any role 

in iron exit from the phagosome. Whether they could serve that role in macrophages at other 

loci or participate in iron recycling at some other step, and whether NRAMP1 could 

transport metals other than Fe2+ out of the erythrophagosome, remain to be tested.

NRAMP1 was discovered in 1993 by positional cloning of a mouse gene affecting the 

capacity with which macrophages can fight bacterial pathogens (Vidal et al., 1993). 

Polymorphisms in the SLC11A1 gene coding for human NRAMP1 have been strongly 

associated with susceptibility to mycobacterial infections (tuberculosis, leprosy), and also 

associated with certain other infections, immune disorders and autoimmune disease 

(reviewed, (Cellier et al., 2007; Mackenzie & Hediger, 2004)). NRAMP1 expression is 

confined to phagocytes (neutrophils and macrophages) (Canonne-Hergaux et al., 2002; 

Govoni et al., 1997). A conserved N-terminal tyrosine-based motif (YGSI) directs NRAMP1 

protein to the lysosomal membrane (Lam-Yuk-Tseung et al., 2006b). Upregulated in 

professional phagocytes, NRAMP1 contributes to antimicrobial function by extruding from 

the phagolysosome divalent metal ions (e.g. Mn2+, Fe2+) that may be essential cofactors for 

bacteria-derived enzymes or required for bacterial growth (Atkinson & Barton, 1999; Cellier 

et al., 2007; Cellier, 2012; Forbes & Gros, 2003; Jabado et al., 2000).

D. Brain

Iron transport and metabolism in the brain (reviewed, (Burdo & Connor, 2002; Moos & 

Morgan, 2004a; Núñez et al., 2012; Rouault & Cooperman, 2006; Snyder & Connor, 2009)) 

warrant special attention because of the association of neurodegenerative disease and iron 

accumulation. The chief pathway by which iron enters the brain is via the brain capillary 

endothelial cells of the blood–brain barrier (BBB); the choroid plexus of the blood–

cerebrospinal fluid barrier (BCB) presents a second pathway. At both sites, iron is taken up 

primarily via Tf-dependent endocytosis (Bradbury, 1997), and the identification of DMT1 in 

BBB and BCB (Burdo et al., 2001; Burdo et al., 2004; Gunshin et al., 1997; Moos & 

Morgan, 2004b; Rouault et al., 2009; Siddappa et al., 2003) implicates DMT1 in that 

pathway. Colocalization of DMT1 with early endosomal markers in neuronal and astrocyte 

cell lines (Lis et al., 2004; Lis et al., 2005) suggests that DMT1 also participates in Tf-

dependent uptake in these cells; although, in one study, DMT1 colocalized with late 

endosomal markers in neurons (Pelizzoni et al., 2012). DMT1 is expressed in neurons 

throughout the brain, including cortex, cerebellum, and thalamus, anterior olfactory nucleus, 

substantia nigra, striatum, and hippocampal pyramidal and granule cells (Burdo et al., 2001; 

Gunshin et al., 1997; Knutson et al., 2004; Moos et al., 2000; Williams et al., 2000).

DMT1 protein is also observed on the plasma membrane of neurons (Lis et al., 2005; Roth 

et al., 2000) and astrocytes (Wang et al., 2002c), thereby prompting us to consider a role for 

DMT1 in uptake of nontransferrin-bound iron (NTBI). Although maximally stimulated at 

lower pH, DMT1 is still active at pH 7.4 (Garrick et al., 2006; Mackenzie et al., 2006). Brain 

interstitial fluid and cerebrospinal fluid contain substantial levels of nontransferrin-bound 
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iron (NTBI) (Moos & Morgan, 1998), much of it as Fe2+ because of the high levels of 

ascorbate in the brain; thus, DMT1 expressed at the plasma membrane could take up NTBI 

without the need for surface ferrireductases. Such a role has recently been ascribed to 

voltage-operated Ca2+ channels largely from the observation that iron uptake was inhibited 

by Ca2+ (Pelizzoni et al., 2011); however, because Ca2+ also inhibits DMT1 (Shawki & 

Mackenzie, 2010), this transporter should not be discounted. Hypoxia increased the 

expression of DMT1 on neuronal plasma membranes, and we should also consider a role for 

DMT1 in the transport of manganese at that location (Lis et al., 2005).

Neuronal iron accumulation is at least associated with prevalent neurodegenerative diseases 

including Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and 

Huntington’s disease. DMT1 is abundantly expressed in the substantia nigra pars compacta 

(SNpc) (Gunshin et al., 1997; Moos et al., 2000), a site of iron enrichment in healthy 

subjects. In Parkinson’s disease, substantial iron accumulation is observed in the SNpc, and 

this may be associated with the oxidative stress and neuronal damage characteristic of the 

disease (Snyder & Connor, 2009). Parkin, loss of which is characteristic of a familial form of 

Parkinson’s disease, directs the ubiquitination of DMT1 1B/IRE(−) and its proteasomal 

degradation (Garrick et al., 2012). There is no strong evidence with which to associate 

DMT1 mutations or single-nucleotide polymorphisms with the initiation of 

neurodegenerative diseases (Blasco et al., 2011; Jamieson et al., 2005); however, 

upregulation of DMT1 is implicated in their neuropathogenesis (Aguirre et al., 2012; Blasco 

et al., 2011; Huang et al., 2006; Núñez et al., 2012; Salazar et al., 2008; Song et al., 2007; 

Zheng et al., 2009) and, conversely, loss of DMT1 function in the b rat and mk mouse 

provides some protection against iron-mediated toxicity (Moos & Morgan, 2004b; Salazar et 

al., 2008).

Manganism—a syndrome resembling Parkinson’s disease—results from chronic exposure to 

manganese (e.g., via occupational exposure in miners and welders) (Rivera-Mancía et al., 

2011; Roth, 2006). In addition to the typical routes by which iron may enter the brain, 

atmospheric manganese may gain access to the CNS via olfactory or trigeminal presynaptic 

nerve endings and retrograde axonal transport to the brain (Roth, 2006; Tjälve & 

Henriksson, 1999). Absorption of a nasally instilled manganese dose in olfactory epithelium 

required DMT1 and was increased by anemia (Thompson et al., 2007b). Within the brain, 

neuronal manganese uptake also appears to rely on DMT1, and this pathway may contribute 

to manganese-induced neurotoxicity (Au et al., 2008; Rivera-Mancía et al., 2011; Roth, 

2006; Roth & Garrick, 2003).

E. Other Tissues

DMT1 is widely expressed in other tissues (Gunshin et al., 1997; Hubert & Hentze, 2002; 

Wang et al., 2012b) in which DMT1 is thought to participate in Tf-dependent uptake in a 

manner similar to that in erythroid cells (Fig. 4). Such a role for DMT1 in liver (reviewed, 

(Graham et al., 2007)) would appear redundant with that of Zrt-/Irt-like transporter-14 

(ZIP14). ZIP14 is associated with TfR-containing endosomes in the hepatocellular 

carcinoma cell line HepG2, and knockdown of ZIP14 in those cells by siRNA reduced the 

assimilation of iron from 55Fe–Tf by nearly 50% (Zhao et al., 2010); however, the pH-
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dependence of ZIP14-mediated iron transport activity is much less suited to the acidic 

environment of the endosome than is DMT1 (Mackenzie et al., 2006; Pinilla-Tenas et al., 

2011). DMT1 is considered nonessential in liver because the DMT1-null (SLC11A2−/−) 

mouse and Belgrade rat exhibit hepatic iron loading (Gunshin et al., 2005a; Thompson et al., 

2006); however, we should bear in mind that this conclusion derives from animal models in 

which hepatic iron uptake may be primarily of NTBI (Thompson et al., 2006), and plasma 

NTBI is absent or very low under normal conditions. In contrast, Tf-dependent iron uptake 

in hepatocytes is tightly regulated by iron status (Trinder et al., 1990).

Nevertheless, DMT1 may also contribute to the cellular uptake of NTBI characteristic of 

iron-overload conditions (section VIII.B.) because (1) DMT1 was observed to relocate to the 

plasma membrane of hepatocytes in iron overload (Trinder et al., 2000), (2) hepatocytes and 

hepatoma (HLF) cells overexpressing DMT1 exhibit cell-membrane expression of DMT1 

and increased NTBI uptake (Shindo et al., 2006), and (3) DMT1 retains iron-transport 

activity at plasma pH (Garrick et al., 2006; Mackenzie et al., 2006) so it is capable of 

functioning as an NTBI transporter at the cell membrane. The extent to which DMT1 

contributes to NTBI uptake in those organs most affected by iron overload (e.g., heart, liver, 

pancreas) requires further investigation, although clearly there is overlap with other 

pathways that may include ZIP8, ZIP14, and calcium channels (Jenkitkasemwong et al., 

2012; Kumfu et al., 2011; Liuzzi et al., 2006; Oudit et al., 2003; Pinilla-Tenas et al., 2011; 

Wang et al., 2012b).

VII. Therapeutics and Nutrition

A. Iron Deficiency

Iron deficiency remains the most prevalent micronutrient deficiency worldwide and results 

in iron-deficiency anemia, as well as neurological and developmental defects in children. 

Iron fortification of infant milk formulas and cereals, and better diet, has decreased the 

incidence of iron deficiency over recent decades; nevertheless, a more precise understanding 

of the iron-absorptive machinery will lead to new strategies for improved iron nutrition.

Dietary calcium is known to reduce iron bioavailability, but the molecular basis of this 

interaction has been poorly understood. Although Ca2+ is not a transported substrate of 

DMT1, we have found that Ca2+ inhibited 55Fe2+ transport activity and currents associated 

with DMT1 expression in Xenopus oocytes with inhibition constants (Ki) of 1–20 mM 

(Shawki & Mackenzie, 2010). Because intestinal luminal calcium concentrations 

periodically reach the millimolar range, dietary calcium (from sources such as milk) could 

substantially inhibit DMT1-mediated Fe2+ absorption. Calcium may also decrease intestinal 

brush-border iron uptake by stimulating the derecruitment of DMT1 from the apical 

membrane. Treatment of Caco-2 cells with 2.5 mM CaCl2 for 4 h was sufficient to cause an 

80% reduction in DMT1 immunoreactivity of the membrane fraction (Thompson et al., 

2010). Interactions of calcium with DMT1 therefore should be taken into consideration 

when developing strategies for improved iron nutrition, milk formulation, and iron 

fortification.
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B. Iron-Overload Disorders

Since there exists no regulated mechanism for the excretion of iron, its homeostasis requires 

that absorption of the metal be tightly regulated. Excess iron (unless it is lost by cell 

desquamation or bleeding) is retained in the body. Accumulation in the liver, heart, and other 

vital organs can result in cirrhosis, hepatocellular carcinoma, cardiomyopathy, endocrine 

disorders, and arthritis. Hereditary hemochromatosis (HHC) is a disorder characterized by 

tissue iron overload secondary to excessive dietary-iron absorption, and generally results 

from a disruption of the hepcidin–ferroportin axis regulating iron metabolism (Darshan et 

al., 2010; Fleming & Ponka, 2012). The most common form, HHC type 1, is an autosomal 

recessive disorder resulting from mutations in HFE (Harrison & Bacon, 2003). Intestinal 

expression of DMT1 is elevated in human patients and animal models of HHC type 1 in 

spite of increased serum iron or ferritin levels (Byrnes et al., 2002; Fleming et al., 1999). 

Less commonly, HHC can result also from mutations in the genes coding for hemojuvelin 

(type 2A), hepcidin (type 2B), transferrin receptor-2 (type 3) or ferroportin (type 4); the last 

of these being autosomal dominant. The mainstay of treatment for HHC is phlebotomy; 

however, the effectiveness of this approach is limited by poor patient compliance and the 

fact that phlebotomy itself can lead to upregulation of DMT1 mRNA in HHC patients 

(Dostalikova-Cimburova et al., 2011; Kelleher et al., 2004), presumably as a result of 

signaling from increased erythropoiesis post-phlebotomy.

Targeting DMT1 in the intestine may lead to superior therapies for the prevention of iron 

overload in HHC patients. Validation of intestinal DMT1 as a therapeutic target derives from 

at least the following three observations: (1) intestinal expression of DMT1 is upregulated in 

HHC patients; (2) the severity of the anemia phenotype of human probands carrying 

mutations in DMT1, demonstrating the critical role of DMT1 in human iron metabolism; 

and (3) the severe anemia in the intestine-specific DMT1-null mouse, demonstrating that 

DMT1 is the principal or only transporter serving intestinal uptake of nonheme iron, at least 

in the mouse post-weaning.

In thalassemia, an autosomal recessive disorder characterized by defective hemoglobin 

production, iron overload results from blood transfusions given to treat the primary lesion. 

Iron-chelation therapy is the main approach used to treat iron overload in these patients. 

Notably, increased intestinal iron absorption (presumably driven by the ineffective 

erythropoiesis) is also evident in thalassemia (Darshan et al., 2010; Hershko, 2010), so 

blockade of intestinal DMT1 may be of benefit in treating this disorder.

Screening approaches have identified a number of compounds that can inhibit DMT1-

mediated iron uptake in mammalian cells. It is likely that some of these do not act directly 

upon DMT1. For example, two unrelated antioxidants, ebselen and pyrrolidine 

dithiobarbamate, inhibited DMT1-mediated Fe2+ uptake apparently by altering intracellular 

redox status because (1) both agents increased intracellular glutathione, and (2) ebselen did 

not inhibit transport of Mn2+ (the free metal is not redox active in physiological 

environments) (Wetli et al., 2006). A screen identified 10 compounds that could inhibit 

cellular uptake of NTBI in nontransfected HeLa cells (Brown et al., 2004). Of these, six 

were cytotoxic and of low apparent affinity (i.e., the concentration at which inhibition was 

half-maximal, IC50 ≥ 20 μM), and may therefore be of limited utility. Two of the 10 also 
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inhibited Tf-dependent iron uptake, so this group of compounds may serve as useful 

experimental tools with which to discriminate NTBI and Tf-dependent transport pathways. 

When one of these compounds, a polysulfonated dye (NSC306711), was tested in HEK293T 

cells stably transfected with DMT1, it reversibly and competitively inhibited DMT1-

mediated iron uptake with Ki ≈ 7 μM (Buckett & Wessling-Resnick, 2009); however, the 

action of NSC306711 is complex because this same compound also induced the 

internalization and degradation of TfR (Horonchik & Wessling-Resnick, 2008).

High-throughput screening has identified the triazinone pyrazolone as an inhibitor of iron 

transport in CHO cells transfected with DMT1 (IC50 ≈ 3 μM) (Cadieux et al., 2012). 

Optimization efforts generated substituted pyrazoles with lower IC50 values (higher apparent 

affinity) but which did not completely inhibit iron transport. The same group has also 

identified a class of diaryl and tricyclic benzylisothiourea compounds that more potently 

inhibited iron transport with submicromolar IC50 values in CHO cells expressing DMT1 

(Zhang et al., 2012). These compounds also boasted low cytotoxicity and low cell 

permeability—the latter property being significant in that it may be more desirable to block 

intestinal DMT1 using an agent that is not absorbed, thereby minimizing secondary effects. 

The mechanism of action of these blockers and the nature of inhibition has not been 

described; however, inhibition by the substituted pyrazoles did not appear to be mediated via 

redox effects or metal chelation (Cadieux et al., 2012).

The identification of DMT1 blockers offers both novel experimental tools that will help us 

more clearly define the roles of DMT1 in metal metabolism, and the prospect of improved 

therapies in iron-overload disorders.
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FIGURE 1. 
Predicted topology model of human DMT1, 1B/IRE(+) isoform (based on the 

hydrophobicity plot generated by using the Kyte–Doolittle algorithm at http://

web.expasy.org/protscale/ and default values for predicting transmembrane regions) showing 

sites of the human mutations reported so far. Also labeled are amino acid residues 

corresponding to those mutated in rat and mouse DMT1 (including the G185R mutation 

found in the b and mk rodent models).
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FIGURE 2. 
Impact of the G75R mutation on expression and activity of human DMT1 in RNA-injected 

Xenopus oocytes. A, Imaging of control oocytes, and wildtype DMT1 (wtDMT1)–enhanced 

green fluorescent protein (EGFP) or G75R–EGFP expression in RNA-injected Xenopus 
oocytes as described (Pinilla-Tenas et al., 2011) using the Zeiss LSM 7 DUO confocal laser-

scanning microscope (excitation at 488 nm) fitted with the LD C-Apochromat 40×/1.1 W 

Korr objective to measure emission in the band 500–531 nm at a pinhole setting of 36 μm. 

Representative images are presented in which the optical slice (0.6 μm depth) approximately 

bisects the oocyte. Faint fluorescence at the cell perimeter of oocytes expressing G75R is 

marked by the white arrowheads. B, Transport of 2 μM 55Fe2+ was measured in control 

oocytes and oocytes expressing wildtype human DMT1 (wtDMT1) or G75R for 10 min at 
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pH 5.5 in the presence of 1 mM L-ascorbic acid as described (Shawki & Mackenzie, 2010). 

Data are mean and S.D. for 10–11 oocytes per group. Analysis of variance (P < 0.001) 

followed by Holm–Šidák pairwise comparisons revealed that G75R did not differ from 

control (adjusted P = 0.94). C, Continuous currents recordings in a control oocyte and 

oocytes expressing wildtype human DMT1 or G75R and voltage clamped at −70 mV as 

described (Shawki & Mackenzie, 2010). Oocytes were continuously superfused for the 

periods shown by the bars with pH 7.5 medium (empty bars) or pH 5.5 medium (hatched 

bars) and 50 μM Fe2+ (black bars) in the presence of 1 mM L-ascorbic acid.
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FIGURE 3. 

Metal-ion substrate selectivity of DMT1, expressed as the ratio Imax
M / K0.5

M  (i.e., the 

specificity constant), derived from metal-ion evoked currents measured in RNA-injected 

oocytes expressing DMT1 at pH 5.5. Oocytes were voltage-clamped at −70 mV. Data for 

each oocyte were obtained over a range of at least seven concentrations and were fit by a 

modified Michaelis–Menten function for which Imax
M  is the derived maximal current and K0.5

M

is the half-maximal metal-ion (M) concentration (or affinity constant). Fe2+ was superfused 

in the presence of 100 μM L-ascorbic acid. Imax
M  was normalized by the current evoked by 50 

μM Mn2+ in each individual oocyte. Data are mean ± SEM from n independent trials for 

each metal ion (M). Based on one-way ANOVA (P < 0.001) followed by Holm–Šidák all-

pairwise comparisons, all differed from one another (P ≤ 0.004) except among those marked 
aP = 0.64 or bP ≥ 0.61. This research was originally published in Illing et al., 2012; © the 

American Society for Biochemistry and Molecular Biology, used with permission.
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FIGURE 4. 
Model of iron uptake in erythroid precursor cells. Iron acquisition in erythroid precursor 

cells begins with the binding of holotransferrin (FeTf or Fe2Tf) by transferrin receptor-1 

(TfR) and their endocytosis. Acidification of the endosome by the vacuolar H+-ATPase (V-

ATPase) (Saroussi & Nelson, 2009) permits the dissociation of Fe3+ from the Tf–TfR 

complex and provides the proton-motive force to drive DMT1-mediated transport of iron, 

after its reduction by the ferrireductase six-transmembrane epithelial antigen of the 

prostate-3 (Steap3) (Knutson, 2007; Ohgami et al., 2005), from the endosome to the 

cytoplasm. Alternatively, Steap3 may interact directly with the Fe–Tf–TfR complex, and this 

may promote the dissociation of the reduced iron (Dhungana et al., 2004). The 

apotransferrin–TfR complex is returned to the plasma membrane, and cytoplasmic iron 

meanwhile is transported via mitoferrin (Shaw et al., 2006) into the mitochondrion for the 

production of heme. Redrawn and modified from Mackenzie & Hediger, 2004; © Springer 

Science+Business Media B.V., used with permission.
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