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Divalent metal-ion transporter-1 (DMT1) is a transmembrane protein that is known 

to be essential for iron uptake by enterocytes and erythroid precursors. DMT1 is also 

present in the liver, where it is believed to play a role in hepatic iron uptake, either 

through transferrin-bound iron (TBI) or non-transferrin-bound iron (NTBI), which appears 

in the plasma during iron overload. I investigated the role of DMT1 in hepatic iron 

uptake by using DMT1 hepatocyte-specific knockout (Dmt1liv/liv) mice and by crossing 

them with two mouse models of genetic iron overload. To directly access the role of 

DMT1 in NTBI and TBI uptake, I injected 59Fe-labeled ferric citrate or 59Fe-transferrin 

intravenously into Dmt1liv/liv and Dmt1flox/flox mice and measured hepatic 59Fe uptake. I 

found that DMT1 is dispensable for hepatic iron accumulation or for NTBI uptake. 

Although TBI uptake was 40% lower in Dmt1liv/liv mice, the contribution to the overall iron 

economy of the liver is minor because hepatic iron levels were unaffected. Given that 

DMT1 is dispensable for hepatic iron homeostasis, other iron transport mechanisms 

must exist.  One possibility is ZIP8 (ZRT/IRT-like Protein 8), a close homologue of 

ZIP14, a transmembrane protein that has recently been shown to transport iron. ZIP8 
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has been shown to transport zinc, cadmium, and manganese, but the capability of ZIP8 

to mediate iron transport has not been reported. I tested the hypothesis that ZIP8 

transports iron and investigated its regulation by iron and tissue distribution. I found that 

overexpression of ZIP8 in HEK 293T cells increased NTBI uptake by 200%. I also found 

that cell-surface ZIP8 is upregulated by iron loading in H4IIE cells, a rat hepatoma cell 

line, and that ZIP8 mediates NTBI uptake at both pH 7.5 and 6.5. By screening ZIP8 

mRNA levels from 20 different human tissues, I found that ZIP8 was most abundantly 

expressed in the lung and placenta. Moreover, siRNA-mediated suppression of ZIP8 

expression in BeWo cells, a placental cell line, decreased NTBI uptake by 37%. These 

data reveal ZIP8 as a novel iron transporter that may play a role in iron metabolism, 

possibly in hepatic iron uptake and/or in placental iron transport.   
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CHAPTER 1 
LITERATURE REVIEW 

In the first section of this chapter, I will provide a general overview of iron 

biological functions, body distribution, homeostasis, and overload disorders. In the 

second section, I will review DMT1, focusing on its function, regulation, and mutations 

that affect its function. In the last section, I will introduce ZIP8 and its possible relation to 

iron metabolism.  

Biological Functions of Iron and Body Iron Distribution 

Proteins containing iron can be divided into three groups: heme proteins, iron-

sulfur proteins, and other iron-containing proteins. The most commonly recognized 

biological function of iron is as a constituent of the heme moiety in heme proteins. Heme 

proteins play diverse roles in the body, such as hemoglobin and myoglobin in oxygen 

transport (1-4), catalase and peroxidases in catalysis (5) and cytochromes in electron 

transfer (6). Iron-sulfur (Fe-S) cluster proteins usually contain equal numbers of iron and 

sulfide ions, 2Fe-2S or 4Fe-4S. These proteins function in electron transfer reactions, 

such as NADH dehydrogenase, succinate dehydrogenase and cytochrome c reductase 

in complex I, II and III of the mitochondrial electron transport chain, respectively (7). 

There are also non-redox enzymes containing Fe-S clusters, such as aconitase. 

Mitochondrial aconitase catalyzes the conversion of citrate to iso-citrate whereas 

cytosolic aconitase functions as an iron regulatory protein (IRP) when iron is scarce (8). 

Other iron-containing proteins do not have a heme moiety or an Fe-S cluster, such as 

hydroxylases. For example, prolyl hydroxylase catalyzes the synthesis of hydroxyproline 

in the production of collagen and tyrosine hydroxylase catalyzes the conversion of 
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tyrosine to 3,4-dihydroxyphenylalanine (L-DOPA), the rate-limiting step in the 

biosynthesis of catecholamines (9, 10).  

An adult man contains approximately 3-5 gram of iron with 65% of total body iron 

in hemoglobin (11, 12) and 10-15% in myoglobin and other iron-containing enzymes 

(13). The remainder, approximately 20-25%, is stored in the liver, macrophages and 

bone marrow in the form of ferritin and/or hemosiderin (11, 14).  Less than 1% of total 

body iron is in the circulation bound with transferrin (13). An adult female usually has 2-

3 g of iron, but with low iron stores. 

Iron Homeostasis 

The ability of iron to donate and accept electrons contributes in large part to its 

involvement in enzymatic reactions and biological functions; however, too much iron 

can be toxic due to free radical generation through the Fenton reaction (15). Dietary iron 

absorption contributes 1-2 mg of iron daily on average and is needed to replace the 

same amount of iron lost through occult blood loss, desquamation of mucosal and skin 

cells, and menstruation in females (13, 14). Because there is no effective way of 

excreting excess iron (12), the regulation of iron absorption becomes critical in 

maintaining iron homeostasis in the body.  

Intestinal Iron Absorption 

Dietary sources of iron can be divided into two types, heme iron and nonheme 

iron. Heme iron only comes from animal sources, in which iron is locked within the 

porphyrin ring (16). Nonheme iron refers to all other forms of iron. For non-vegetarians, 

heme iron is only ~10% of total iron intake; however, it is more bioavailable and can 

contribute up to two thirds of absorbed iron (17). 
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Heme iron absorption 

Dietary heme is absorbed intact by enterocytes and the iron is released from the 

heme moiety by heme oxygenase (18-20). The liberated iron enters a low-molecular-

weight pool containing absorbed dietary nonheme iron before being transported out of 

the enterocyte through ferroportin, a transmembrane protein situated on the basolateral 

membrane (21, 22). Recently, the protein SLC46A1 (solute carrier family 46, member 1) 

was identified as a heme iron transporter at the apical membrane of enterocytes by 

using subtractive hybridization screening in hypotransferrinemic mice (23). However,  it 

was later shown to be a folate transporter by using a database mining approach based 

on homology to a facilitative reduced folate carrier (24). Indeed, compared to heme with 

a transport affinity Km of 125 μM at neutral pH, SLC46A1 has a much higher affinity for 

5-methyltetrahydrofolate (Km = 0.8 μM at pH 6.5). Moreover, a mutation in this gene 

results in syndromes of hereditary folate malabsorption (23, 24). Therefore, the 

mechanistic details of heme iron absorption remain to be elucidated. 

Nonheme iron absorption 

The molecular mechanisms of nonheme iron absorption have been intensively 

studied since 1997, when the transporter DMT1 was identified (25). The official gene 

symbol of DMT1 is Slc11a2, solute carrier family 11, member 2 (26). DMT1 is 

abundantly expressed in the proximal duodenum, where it serves as the major iron 

importer at the apical membrane of epithelial cells (25, 26). As the majority of dietary 

nonheme iron is in ferric (Fe3+) state (17), a cell-surface ferrireductase (27, 28) or 

reducing agent such as ascorbic acid (29) is required to reduce dietary ferric iron to its 

ferrous (Fe2+) form before it can be transported across the intestinal epithelium. 

Duodenal cytochrome b (Dcytb; Cybrd1) was recognized as the ferrireductase at the 
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apical membrane of enterocyte; however, the lack of an iron-deficient phenotype in 

Cybrd1 knockout mice raises the question of its essentiality (30). It is possible that, 

unlike humans which depend on exogenous sources of vitamin C, mice can synthesize 

ascorbic acid (31) and the concentration of ascorbic acid in small intestine is high (~2 

μmol /g tissue) (32, 33) and therefore, a ferrireductase is not required. After iron 

traverses the apical membrane of enterocytes through DMT1, it can be either stored as 

ferritin or exported across the basolateral membrane via ferroportin. Ferroportin 

(Slc40a1) is the sole known iron exporter and it is required for transporting iron from 

enterocytes to the circulation (22). After export from the enterocyte, the ferrous ion is 

oxidized to the ferric (Fe3+) form by hephaestin, a copper-dependent ferroxidase, before 

it binds to transferrin (34).  

Circulation and Storage of Iron 

The majority of iron in plasma is bound to transferrin. Under normal conditions, 

about one-third of total transferrin is loaded with iron whereas NTBI is nearly 

undetectable. NTBI refers to iron that is not in heme, ferritin or bound with transferrin, 

but in a low-molecular-mass form and bound with small ligands, such as citrate and 

albumin (35, 36). In iron overload conditions, the amount of circulating iron can exceed 

the binding capacity of transferrin and plasma NTBI concentrations may increase up to 

10 μM (37). Iron is stored inside the cell as ferritin or hemosiderin. Ferritin has two 

distinct subunits, H and L. Different proportions of H and L subunits assemble to form 

apoferritin, a 24-subunit hollow structure that can accommodate up to 4500 iron atoms 

(38).  Ferritin is also present in the serum and is commonly used as an indicator of body 

iron stores. Serum ferritin is secreted by macrophages (39) and can increase to over 

2500 ng/mL in β-thalassemia patients (40). Hemosiderin, a water-insoluble protein with 
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a high iron-to-protein ratio, is thought to be product of lysosomal degradation of ferritin 

and observed primarily in iron-loaded tissues (41, 42).  

Hepcidin Regulates Iron Homeostasis 

Hepcidin is a 25-amino acid peptide hormone secreted by hepatocytes. Hepcidin 

circulates in blood plasma and prevents iron efflux from enterocytes, hepatocytes, and 

macrophages, and therefore, lowers plasma iron concentrations (43, 44). Hepcidin 

regulates cellular iron efflux by binding to the iron exporter ferroportin and inducing its 

internalization and degradation (45). Hepcidin is regulated by a number of conditions 

including anemia, hypoxia, inflammation, and iron overload (46, 47).  

Iron Overload Disorders 

Iron overload is a serious consequence in patients with hereditary 

hemochromatosis and in patients with bone marrow defects who undergo blood 

transfusions. Early signs of iron overload are increased transferrin saturation and 

elevated concentrations of plasma iron and ferritin (48). Accumulation of iron can lead to 

irreversible tissue damage, fibrosis and organ failure due to the formation of damaging 

oxygen radicals catalyzed by free iron (13, 49). The main tissues affected are the liver, 

heart, and pancreas, resulting in increased risks of hepatocellular carcinoma, cirrhosis, 

cardiomyopathy, and diabetes (13, 50). 

Primary Iron Overload 

Primary iron overload or hereditary hemochromatosis (HH) is a genetic disorder 

that results from increased absorption of dietary iron. In HH, a homozygous substitution 

of tyrosine for cysteine at position 282 (C282Y) in the HFE protein is the most common 

mutation with a prevalence of about 1 in 200 to 400 individuals of Northern European 

descent (51-53). Another missense mutation found in HFE results in the substitution of 
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histidine with aspartate at position 63 (H63D). Although the most common HFE 

mutation in HH is C282Y, H63D substitution is the most common HFE mutation overall. 

The prevalence of H63D homozygotes or compound heterozygotes (C282Y/H63D) is 

about 1:50 (52, 54); however, this mutation has a much lower penetrance than C282Y 

mutation (55-57). Individuals with HFE-associated hemochromatosis usually present 

with clinical symptoms in the fourth or fifth decade of life.  

Other mutations that contribute to hemochromatosis include those in genes 

encoding hemojuvelin (HJV), hepcidin (HAMP), transferrin receptor 2 (TFR2) and 

ferroportin (SlC40A1). Mutations in HFE, TFR2, HJV, and HAMP, result in dysregulation 

of hepcidin that leads to systemic iron overload (50).  With these mutations, hepcidin 

levels are low due to a defect in HAMP itself or a regulator of hepcidin. HJV and HAMP 

mutations cause accelerated iron loading and early onset organ disease, usually before 

the age of 30 (58-60); therefore, it is also called juvenile hemochromatosis. Mutations in 

ferroprotin are inherited in an autosomal-dominant fashion. Some mutations, such as 

A77D and W158C, are either loss-of-function or result in impaired trafficking to the 

plasma membrane, and therefore, iron accumulates predominantly in reticuloendothelial 

cells (61, 62). With other mutations, such as N144H and H507R, ferroportin appears to 

lose its ability to interact with hepcidin, thereby mimicking hepcidin deficiency, and 

leading to hemochromatosis (62-64). 

Secondary Iron Overload 

Secondary iron overload results from blood transfusions, such as in the treatment 

β-thalassemia (65). Patients with β-thalassemia have a defect in β-globin synthesis, 

resulting in deficient hemoglobin synthesis and anemia (66). Severe forms usually arise 

from homozygosity or compound heterozygosity and affected patients require blood 
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transfusions to survive (66, 67).  Blood transfusions increase body iron burden, leading 

to increased iron loading in tissues (68).  As these patients are also anemic, they have 

increased iron absorption, which further contributes to iron loading (69, 70). Phlebotomy 

and chelation therapies have been used in patients with hereditary hemochromatosis 

(71). Patients with secondary iron overload are treated with chelation therapy to relieve 

iron overload caused by blood transfusions (72). However, both phlebotomy and 

chelation treatments have adverse side effects. Once the molecular mechanisms of iron 

uptake in tissues are further clarified, researchers will be able to target the responsible 

molecule(s) to develop new treatments that can help these patients.  

Divalent Metal-ion Transporter-1 

DMT1 was cloned from iron-deficient rat duodenum in 1997 and is the first 

mammalian iron transporter identified (25). Functional studies using Xenopus oocytes 

revealed that it transports not only iron, but also other divalent metals including Cd2+, 

Co2+, Mn2+ and Ni 2+ (25, 73). Dmt1 mRNA has four different isoforms differing in their 3’ 

and 5’ ends that are derived from alternative splicing and alternative promoters. 

Alternative splicing at the 3’ end yields two variants – the IRE and non-IRE forms. The 

IRE form of Dmt1 mRNA harbors an iron-responsive element (IRE) in its 3’ untranslated 

region (UTR) whereas the non-IRE form does not (74). At the 5’ end, the two variants 

(Dmt1-1A and Dmt1-1B) derive from alternative promoter usage resulting in different 5’ 

exons (75). Regulation and expression of these four isoforms appears to be tissue 

specific (75).  
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DMT1 Mutations in Rodents and Humans 

Rodents 

Mutations in Dmt1 have been identified in the microcytic anemia (mk) mouse and 

the Belgrade (b) rat. Both mutant animal models have severe hypochromic microcytic 

anemia due to a single nucleotide, glycine-to-arginine, substitution at amino acid codon 

185 (G185R) of DMT1 that leads to impaired iron absorption and erythroid iron 

utilization (76, 77). Functional analyses in HEK293T (Human Embryonic Kidney) cells 

transfected with mutant constructs have established that the G185R mutation 

diminishes transport activity by altering the function of DMT1, rather than affecting 

levels of protein expression (78). Studies in mk mice further demonstrated that, 

although intestinal DMT1 expression was greatly induced, the mutation impaired its 

targeting to brush-border membrane thus affecting iron absorption (79). 

Humans 

Mutations in human DMT1 have been reported in five unrelated cases. Most of 

DMT1 mutations have been associated with hypochromic microcytic anemia and 

hepatic iron overload (80-83). The first case reported was a missense mutation, a G to 

C transition in exon 12 of the DMT1 gene (1285 G>C), that resulted in two 

consequences: (i) 90% of the transcripts have exon 12 deleted due to impaired splicing 

and (ii) the remaining 10% contained exon 12, but had E399D substitution in the protein 

(84).  Immunofluorescence analysis and functional analysis revealed that the E339D 

mutant did not affect its targeting, expression or transport activities (85, 86), although 

one study suggested it may partially decrease transport ability (87). On the other hand, 

the deletion of exon 12 impaired protein targeting to endosomes, decreased the 
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expression of mature, complex-glycosylated form of DMT1, and abolished its transport 

activities (86, 87). 

Three cases of compound heterozygous mutations have been identified. The first 

case is a 3-bp deletion in intron 4 resulting in abnormal splicing and a C>T transition in 

exon 13 (1246 C>T) resulting in R416C substitution (81). The 3-bp deletion caused 30- 

35% of the transcripts to have exon 5 deleted. Immunoblotting demonstrated that DMT1 

protein levels in peripheral blood mononuclear cells (PBMCs) were decreased by 40% 

(81). Functional analysis of the stably expressed mutant protein revealed that the 

R416C substitution impaired DMT1 protein processing and transport activity (88). 

Immunofluorescence analysis suggested that the R416C mutant was retained in the 

endoplasmic reticulum and barely localized in the recycling endosome, consistent with 

its low cell-surface expression (88). The second heterozygous compound mutation was 

a GTG deletion in exon 5 (c.428-30) resulting in the deletion of V114 and a G>T 

substitution in exon 8 resulting in Gly 212 to Val (G212V) substitution (82). The last 

case of compound heterozygous mutation was the previously described G212V 

substitution and a novel N491S mutation (83). These mutants have not been 

functionally characterized except for the N491S substitution. Sequencing of mRNA 

isolated from peripheral blood revealed that the N491S mutation resulted in different 

mRNA splicing that may contribute to aberrant cell trafficking and impaired transport 

activity (83).  

The only homozygous case of human DMT1 mutation was in exon 4 (311G>A) 

resulting in a G75R substitution. Similar to others, this patient had microcytic anemia, 
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moderate serum iron levels and elevated transferrin saturation; however, no sign of liver 

iron overload was observed at the age of 7 (89).  

Function of DMT1 in Intestine and Erythroid Cells 

Studies using mk mice and the Belgrade rat have amply documented that 

erythroid precursors acquire iron through the transferrin-transferrin receptor (Tf-TfR) 

pathway, in which TBI enters developing red blood cells through receptor-mediated 

endocytosis of transferrin (90-93) and DMT1 transports iron out of the endosome and 

into the cytoplasm (77, 94) (Figure 1-1). Prior to transport by DMT1 in the endosome, 

Fe3+ is reduced to Fe2+  by six-transmembrane epithelial antigen of the prostate 3 

(Steap3) (95). It was also shown that intestinal iron absorption in mk mice and b rat was 

impaired (96, 97). Studies in Dmt1 knockout (Dmt1-/-) mice have confirmed that DMT1 

plays an essential role in iron acquisition by erythroid precursors and in intestinal iron 

absorption by the enterocyte (26). 

Regulation of DMT1 

Intestine 

Anemia and erythropoiesis. DMT1 expression in the small intestine is 

responsive to both systemic and local signals of iron status. Iron deficiency anemia (25, 

98, 99), and other conditions driving erythropoiesis, such as erythropoietin injected into 

rats (100) and phlebotomy in the treatment of HH patients (101), result in increased 

DMT1 expression at the mRNA and protein levels. Anemia caused by genetic mutations 

in mice, such as in mk and Trfhpx/hpx mice, also results in elevated DMT1 protein levels in 

the intestine. In mk mice, the G185R mutation causes improper targeting of the protein 

in the apical membrane (79, 102). Mice with a mutation in hephaestin (Heph) are 

anemic due to impaired iron transport out of enterocyte, but DMT1 protein expression is 
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not upregulated because of iron retention in enterocyte, suggesting local signals can 

modulate DMT1 expression despite the need for erythropoiesis (103). 

Hepcidin and its modulators. Hepcidin, the hormone that plays an important role 

in regulating iron homeostasis (43) may also modulate DMT1 expression.  In hepcidin-

deficient (Usf2-/-) mice, in spite of systemic iron overload (104), DMT1 protein 

expression was induced in the intestine, probably because upregulation of ferroportin 

resulted in low iron levels in the enterocyte (105). Similarly, in human intestinal Caco-2 

cells (epithelial colorectal adenocarcinoma), hepcidin treatment significantly decreased 

DMT1 protein expression (106), supporting the concept that DMT1 expression is 

regulated by local signals of iron status. 

Modulators that control hepcidin expression (i.e. HFE, TfR2, SMAD4), also 

regulate DMT1 expression. Studies in Hfe, Tfr2 knockout as well as Smad4 liver-

specific knockout mice showed increase DMT1 expression in the intestine (107-109), 

possibly through downregulation of hepcidin expression (108-112). Consistent with this 

finding, duodenal DMT1 expression is upregulated in patients with both HFE-associated 

and non-HFE-associated hemochromatosis (113, 114). However, a study in HH patients 

with the HFE mutation showed increased intestinal Dmt1 mRNA expression as well as 

stronger DMT1 staining in the apical membrane of duodenal tissue, but only when 

patients were treated by phlebotomy (101). 

Iron Regulatory Proteins (IRPs). It is well established that when iron is scarce, 

IRPs bind to the IRE in the 3’UTR of transferrin receptor 1 (TfR1) to stabilize the mRNA 

transcript resulting in increased TfR1 protein translation and cellular iron acquisition 

(115-117). Dmt1 mRNA isoforms also contain an IRE in the 3’UTR and intestinal DMT1 
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is responsive to iron deficiency (25, 74, 75, 118). A recent study by Galy et al.(119), 

investigated the role of IRPs in vivo by deleting IRPs specifically in the intestine. They 

found that inactivation of intestinal IRPs reduced DMT1 protein levels and resulted in 

abnormal duodenum development, nutrient malabsorption, growth defects, and lethality 

by 4 weeks of age (119). 

Hypoxia Inducible Factors (HIFs). HIFs are transcription factors that are 

stabilized by hypoxia. They induce the expression of several genes involved in cell 

survival during low oxygen conditions (120). Studies of intestine-specific Hif1α and Hif2α 

knockout mice suggest that HIF2α induces DMT1 expression by directly interacting with 

the Dmt1 1A promoter (121). 

Ferritin H. Ferritin H (Fth) is a subunit of ferritin that has ferroxidase activity. It is 

required for ferritin formation and was recently shown to regulate iron efflux from the 

enterocyte (122). Studies of intestine-specific Fth knockout mice showed increased 

hepcidin levels in response to systemic iron overload, and therefore Dmt1 expression 

was decreased.  Unexpectedly, intestinal ferroprotin levels were greatly induced and the 

mice displayed increased iron absorption, resulting in greater hepatic iron loading (122).  

Liver 

The literature regarding hepatic DMT1 and its regulation is very limited and 

inconclusive. DMT1 staining in rat liver was reported stronger in iron-loaded animals but 

diminished in the iron-deficient group, suggesting that hepatic DMT1 is regulated by iron 

(123). However, Dmt1 mRNA expression was reported increased in iron-deficient liver 

in mice (124). Other conflicting observations have been reported in studies of the Hfe 

knockout (Hfe-/-) mice, a mouse model of hereditary hemochromatosis. A microarray 

study examining changes in duodenal and hepatic gene expression in Hfe-/- as well as 
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wild-type (WT) mice that were challenged with iron dextran injections reported that 

hepatic Dmt1 expression was unaffected by primary and secondary iron overload 

conditions (125). However, studies of primary hepatocytes isolated from Hfe-/- mice 

found higher Dmt1 expression at the mRNA and protein levels (126). 

Post-transcriptional regulation 

More recently, DMT1 was reported to interact with the Nedd4 family interacting 

proteins (Ndfips), which recruits E3 ligases to promote ubiquitination and degradation of 

target proteins (127, 128).  Overexpression of Ndfip1 and Ndfip2 in CHO (Chinese 

hamster ovary) cells inhibited DMT1 transport activity by ~35% (127). Studies of Ndfip1 

knockout (Ndfip-/-) mice fed with iron-deficient diet showed stronger duodenal DMT1 

staining and increased transport activities (129). When Ndfip-/- mice were fed a standard 

diet, hepatic DMT1 protein levels were upregulated and primary hepatocytes isolated 

from Ndfip-/-  mice showed a ~70% increase in transport activity (127). Perl’s staining 

showed iron deposition in the periportal region of Ndfip-/- livers, when compared with WT 

littermates (127).  

ZIP8, ZIP14 and the Possible Relation to Iron Homeostasis 

A second research direction that I pursued involved studying the metal-ion 

transporter ZIP8. The name of the ZIP superfamily stands for Zrt- (zinc regulated 

transporter-), Irt-like (iron regulated transporter-like) proteins. The ZIP superfamily is an 

important group of metal-ion transporters that import substrates across cellular 

membranes into the cytoplasm (131). Of the fourteen ZIP proteins encoded by human 

and mouse genomes, ZIP8 and ZIP14 are the most closely related: they are similar in 

                                                 
Reprinted with permission from 130. Jenkitkasemwong S, Wang CY, Mackenzie B, Knutson MD. 
Physiologic implications of metal-ion transport by ZIP14 and ZIP8. Biometals 2012. 
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length (462 vs. 489 amino acids); have ~50% amino acids identical; and each contains 

N-linked glycosylation sites in the N-terminal region (Figure 1-2). The similarity between 

the two proteins is notably evident in the putative transmembrane domains. The highly 

conserved transmembrane domains IV and V, with their metal-binding histidine and 

glutamic residues, have been proposed to comprise part of an ion channel (132).  

ZIP14 and Iron Homeostasis 

The ability of ZIP14 to transport zinc was established by transfection of ZIP14 

cDNA in CHO and K562 (human erythroleukemia) cells, which resulted in accumulation 

of intracellular zinc (133, 134). Subsequently, it was found that overexpression of ZIP14 

in HEK293H and Sf9 insect cells not only increased intracellular accumulation of zinc, 

but also NTBI, suggesting a role for ZIP14 in iron uptake (135). Moreover, the NTBI 

uptake activities decreased when Zip14 mRNA was suppressed by siRNA in AML12 

mouse hepatocyte cells (135), suggesting that ZIP14 plays a role in mediating hepatic 

iron uptake. This finding was of particular importance because only one other 

mammalian iron import protein, DMT1, was known. Similar to DMT1 being a broad-

scope metal-ion transporter, ZIP14 transports not only zinc and iron, but also other 

divalent metals such as  Cd2+ and Mn2+ in the Xenopus laevis oocyte heterologous 

expression system (136). Functional studies in both Zip14 RNA-injected oocytes and 

HEK 293T cells expressing ZIP14 suggested that ZIP14-mediated iron transport is at 

both pH 7.5 and 6.5, but not at pH 5.5 (136, 137), in contrast to DMT1 with optimal 

function at pH 5.5 (25). Consistent with the finding that ZIP14 functions at pH 6.5, 

transfection of ZIP14 cDNA into HEK 293T cells promoted iron assimilation from 

transferrin (137), further supporting the role of ZIP14 in hepatic iron uptake. 
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Studies examining the tissue distribution of ZIP14 showed that it is most abundant 

in the liver, pancreas and heart (130), whereas DMT1 is abundantly expressed in 

kidney, brain and thymus (25). Comparing the transcript abundance of DMT1 and ZIP14 

by measuring copy number in HepG2 (human hepatocellular carcinoma) cells, it was 

shown that ZIP14 abundance is 10 times higher than that of DMT1 (137). The difference 

in pH dependence and tissue distribution of DMT1 and ZIP14 suggest they may function 

in different tissues and/or different subcellular compartments.  

Metal Transport Capability of ZIP8 

ZIP8 was first identified from monocytes that were induced during innate immune 

activation and overexpression of ZIP8 in CHO cells increased intracellular zinc 

accumulation (138). Subsequently, overexpression of ZIP8 in mouse fetal fibroblasts 

stimulated the accumulation of cadmium and manganese (139, 140) suggesting ZIP8 

may be also a broad-scope metal-ion transporter.  

Regulation of ZIP8 

A previous study examined the expression of all ZIP proteins in rat liver and found 

that Zip8 mRNA expression was unaffected by iron deficiency or iron overload (141). 

Interestingly, in a microarray analysis of iron-deficient rat duodenum, Zip8 was found to 

be down-regulated by iron deficiency (142). Inflammation is known to affect iron and 

zinc metabolism. Studies showed that ZIP8 mRNA expression was down-regulated in 

the liver of mice given lipopolysaccharide (LPS) (143) but unaffected in pulmonary 

artery endothelial cells (144). Other studies reported that Zip8 mRNA was upregulated 

by LPS and TNFα in human monocytes (138) and by the activation of human T cells 

(145). 
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Tissue and Subcellular Distribution of ZIP8 

The majority of studies examining tissue distribution of ZIP8 reported that Zip8 is 

most abundantly expressed in lung, followed by testis, kidney and liver (139, 146, 147), 

however; there were only 6 tissues examined in these studies. In a study where 16 

tissues were compared, ZIP8 is most abundantly expressed in pancreas followed by 

placenta, lung, and liver (138). A number of studies investigated cellular localization of 

ZIP8 by overexpressing epitope-tagged ZIP8 in cell lines and detected it localized to the 

plasma membrane, consistent with its proposed role of transporting metals from the 

extracellular space into cytoplasm (139, 140, 148, 149). In addition to the plasma 

membrane, ZIP8 has also been detected in the cytosol (148), lysosomes (145), and 

mitochondria (148), although the significance remains unclear. 

ZIP8 and Diseases 

A single nucleotide polymorphism (SNP) in the ZIP8 gene was reported to be 

associated with body mass index/obesity (150), the risk of coronary artery disease 

(151), and schizophrenia (152). The SNP rs13107325 at the ZIP8 locus locates in exon 

8 and results in A391T substitution that is associated with lower circulating levels of 

HDL cholesterol (151). The authors concluded that ZIP8 may be associated with HDL 

cholesterol through inflammation. With respect to schizophrenia, the SNP at ZIP8 is 

thought to affect Zn/Mg homeostasis in the brain, possibly by disrupting the blood-brain 

barrier which results in high metal concentrations loading to neurotoxicity (152). 

Consistent with ZIP8 being regulated by inflammation, it has been associated with 

human immunodeficiency virus (HIV) infection (153) and sepsis (154). ZIP8 mRNA 

expression as well as intracellular zinc levels were found to be increased in monocytes 

from HIV-infected subjects (153) . Studies of zinc chelator TPEN-treated monocytes 
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revealed that high zinc level retained the resistance of apoptosis, suggesting that ZIP8 

contributes to the survival of monocytes from HIV-infected subjects therefore affecting 

disease activity (153). With respect to sepsis, ZIP8 mRNA was also found to increase in 

monocytes from septic subjects while the levels of plasma zinc were decreased, which 

correlated with increased severity of the disease (154).  

In summary, the research described herein tested the hypothesis that DMT1 plays 

a role in hepatic iron uptake and accumulation. Studies were also undertaken to 

characterize another mammalian iron import protein, ZIP8, as a first step to investigate 

novel iron transport mechanisms. 
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Figure 1-1. Model of DMT1 function in iron acquisition by erythroid precursors. The 

binding of holo-transferrin (Holo-Tf) and TfR1 induces endocytosis of the Tf-
TfR1 complex. In the early endosome, acidification causes Tf to release ferric 
ion (Fe3+), which is reduced to Fe2+ by Steap3 prior to transport into cytosol 
via DMT1. The Tf-TfR1complex recycles to the plasma membrane where 
apo-Tf dissociates from TfR1.   
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Figure 1-2. Similarity of ZIP14 and ZIP8 proteins. A) Simplified dendrogram showing 

relationships of the ZIP family proteins. B) Amino acid sequences for mZIP14 
(NP_001128623.1) and mZIP8 (NP_001128621.1) were obtained from 
GenBank and aligned by using Vector NTI. Yellow shading indicates identical 
amino acids and green shading indicates conservative substitutions. Putative 
transmembrane (TM) domains, indicated by Roman numerals, were predicted 
by using MEMSAT-SVM. The histidine-rich repeat region (HXHXHXHX) 
between TM domains III and IV, the metalloprotease motif (HEXXH) in TM 
domains V, and the N-linked glycosylation sites are also indicated.  

A 
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CHAPTER 2 
MATERIALS AND METHODS 

Animal Care and Genotyping 

All animal protocols were approved by the Institutional Animal Care and Use 

Committee at the University of Florida. Hfe-/- (155), Dmt1flox/flox and Dmt1liv/liv (26) mice 

were on the 129S6/SvEvTac background. Hypotransferrinemic (Trfhpx/hpx) mice were on 

BALB/cJ background (156). All mice were weaned at three weeks of age, maintained on 

a standard diet containing 240 ppm iron (Teklad 7912, Harlan Laboratories) and housed 

in a 12-h light-dark cycle. Mice were genotyped at weaning by extracting genomic DNA 

from snipped tail samples (DNeasy Blood & Tissue kit; Qiagen) and subjecting it to PCR 

analysis. To identify Dmt1flox/flox mice, I used primers F1: 5’-

ATGGGCGAGTTAGAGGCTTT-3’ and R1: 5’-CCTGCATGTCAGAACCAATG-3’ (26). 

Cre-specific primers (F: 5’-TTACCGGTCGATGCAACGAGT-3’; R: 5’-

TTCCATGAGTGAACGAACCTGG-3’) were used to detect integration of the Cre gene 

into the mouse genome, and to identify Dmt1liv/liv mice. Primers F1 and R2: 5’-

TTCTCTTGGGACAATCTGGG-3’ (26) were used to confirm Cre-mediated excision in 

the liver. Trfhpx/hpx mice were identified at birth by their pallor and small size, and for 

survival, were injected intraperitoneally with human apo-transferrin (EMD Chemicals), 

0.1 mL of a 6 mg/mL solution at 4 days of age, 0.2 mL in the second week and 0.3 mL 

weekly until 14 weeks of age. Dmt1flox/flox and Dmt1liv/liv mice were crossed with Hfe-/- 

and Trfhpx/hpx mice to produce double-mutant strains along with single-mutant strains on 

the same genetic background. 
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Measurement of mRNA Levels  

Total RNA was extracted from flash-frozen tissue by using RNAzol® RT solution 

(Molecular Research Center, Inc.). Transcript abundance of Dmt1 (all isoforms) was 

determined by using quantitative RT-PCR with forward primer 5’- 

TCCTCATCACCATCGCAGACACTT -3’, located within exon 7, and reverse primer 5’- 

TCCAAACGTGAGGGCCATGATAGT -3’, located within exon 8 of the murine Dmt1 

gene (75). Ribosomal protein L13a (Rpl13a) was quantified as an internal control by 

using forward primer 5’- GCAAGTTCACAGAGGTCCTCAA -3’ and reverse primer 5’- 

GGCATGAGGCAAACAGTCTTTA -3’. 

Transcript copy numbers of ZIP8, ZIP14 and DMT1 mRNA in human RNA (Human 

Total RNA Master Panel II, Clontech) were determined by using quantitative RT-PCR 

and standard curves generated from plasmids pCMV-Sport6-human ZIP8 (BC012125; 

Open Biosystems), pCMV-XL4-human ZIP14 (BC015770; Open Biosystems) and 

pBluescriptR-human DMT1 (BC100014; Open Biosystems). 

 Crude Membrane and Tissue Homogenate Preparation  

Liver crude membrane fraction was used to measure DMT1, TfR1 and TfR2. To 

isolate membranes, liver samples were homogenized by a Dounce homogenizer in ice-

cold HEM buffer (20 mM HEPES, 1 mM EDTA, 200 mM mannitol, pH 7.4) containing 1X 

complete mini protease inhibitor cocktail (Roche). The homogenate was centrifuged at 

10,000 x g for 10 min at 4 ºC to pellet insoluble cell debris. The supernatant was 

centrifuged at 100,000 x g for 30 min at 4 ºC and the membrane pellet was then 

resuspended in HEM buffer. To measure ZIP14, tissues were homogenized in ice-cold 

RIPA lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% IGEPAL CA-630 (Sigma-

Aldrich), 0.5% Na deoxycholate, 0.1% SDS) containing protease inhibitors. 
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Homogenates were centrifuged at 10,000 x g for 10 min at 4 ºC to pellet and remove 

insoluble cell debris. Total protein concentration was determined colorimetrically by 

using the RC DC protein assay (Bio-Rad). 

Western Blot Analysis  

Proteins were mixed with Laemmli buffer and eletrophoretically separated on a 

7.5% SDS-polyacrylamide gel. Before loading into the gel, samples analyzed for TfR1 

and TfR2 were heated at 95 ºC for 5 min. For DMT1 and ZIP8, samples were incubated 

at 37 ºC for 30 min. For ZIP14, samples were not heated prior to electrophoresis. The 

separated proteins were transferred to nitrocellulose membranes (Schleicher and 

Schuell) and incubated for 1 h in blocking buffer (5% nonfat dry milk in Tris-buffered 

saline with 0.1 % Tween 20, TBST). Blots were then incubated overnight at 4 ºC in 

blocking buffer containing anti-DMT1 antiserum (1:2000; courtesy of Dr. Philippe Gros, 

McGill University, Montreal, Canada), mouse anti-TfR1 (1:4000, Invitrogen), rabbit anti-

TfR2 (1:2500, Santa Cruz), 1 µg/mL affinity-purified rabbit anti-ZIP14, or 2 µg/mL 

affinity-purified rabbit anti-ZIP8. After washing blots in TBST, blots were incubated 40 

min with species-specific horseradish peroxidase-conjugated secondary antibodies. 

Immunoreactivity was visualized by using enhanced chemiluminescence (SuperSignal 

West Pico, Pierce) and X-ray film or the FluorChem E digital darkroom (ProteinSimple). 

For loading control, blots were stripped and reprobed with mouse anti- Na+/K+ ATPase 

(1:10,000, Santa Cruz), rabbit anti-scavenger receptor class B type I, SR-B1, (1:5000; 

Novus Biologicals), rabbit anti-copper chaperone for superoxide dismutase, CCS 

(1:5000; Santa Cruz Biotechnology) or mouse anti-tubulin (1:10,000; Sigma-Aldrich) 

and processed as described above. 
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Iron Status Parameters, Liver Mineral Concentrations and Histological Analysis  

Hemoglobin was measured in heparinized blood by using a HemoCue 201+ 

hemoglobin analyzer (HemoCue). Plasma was obtained by centrifugation of heparinized 

blood at 2,000 x g at 4 ºC for 10 min. Plasma iron and total iron binding capacity (TIBC) 

were determined as described previously (157). Transferrin saturation was calculated 

as plasma iron/TIBC x100. Tissue nonheme iron concentrations were determined by 

using the method of Torrance and Bothwell (1968). Briefly, 0.05 g of tissue was 

incubated in 1 mL acid solution (3M HCl and 10% trichloroacetic acid) at 65˚C for at 

least 20 h. Chromogen reagent (0.1% bathophenanthroline sulfphonate and 1% 

thioglycolic acid) was added and tissue nonheme iron was determined colorimetrically 

at absorbance 535 nm. Hepatic concentrations of total iron (nonheme and heme), zinc, 

copper, manganese, and cobalt were measured by using inductively coupled plasma 

mass spectrometry (ICP-MS). For histological analysis, livers fixed in 10% neutral 

buffered formalin for 20 h were subjected to routine histologic processing. Sections 

were deparaffinized and stained for ferric iron deposits by using Perls’ Prussian blue 

stain.    

Measurement of TBI and NTBI Uptake   

For TBI uptake, Dmt1liv/liv and Dmt1flox/flox mice were injected with 150 µg of 59Fe-

transferrin (2 µCi) intravenously. For NTBI uptake, mice were injected with 70 μg ferric 

citrate to transiently saturate plasma transferrin. After 10 min, 59Fe-labeled ferric citrate 

(2 µCi) was administered intravenously. Mice were sacrificed 2 h after 59Fe was 

administered and whole-body counts per minute (cpm) were measured by using Perkin 

Elmer Wizard gamma counter. Tissues were harvested and cpm was determined for 

each organ to calculate percentage TBI or NTBI uptake. 
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Cell Culture  

HEK 293T (human embryonic kidney) and H4IIE (rat hepatoma) cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM; Mediatech) and BeWo 

(human choriocarcinoma) cells were maintained in F-12K medium with L-glutamine 

(ATCC). All media were supplemented with 10% (v/v) fetal bovine serum (FBS; Atlanta 

Biologicals), 100 units/mL penicillin and 100 µg/mL streptomycin. Cells were maintained 

at 37 ºC in 5% CO2.  

Immunoprecipitation 

H4IIE total cell lysates were pre-cleared with 50 μL EZview Red Protein A Affinity 

Gel (Sigma-Aldrich) for 1 h at 4 ºC to minimize non-specific binding. ZIP8 or non-

relevant antibody (CCS) was gently mixed with the affinity gel for 3 h at 4 ºC. Lysates 

were then added into bead-antibody mixtures and incubated at 4 ºC overnight. To elute 

samples, 2X Laemmli buffer and 5% 2-mercaptoethanol were added and samples were 

boiled for 10 min.  

Measurement of Iron and Zinc Uptake 

HEK 293T cells were transiently transfected with rZIP8 (GenBank accession 

number BC089844) or empty vector pExpress-1(Open Biosystems) for 48 h (Fugene 

HD, Roche). Prior to uptake, cells were washed twice with serum-free medium (SFM) 

and incubated for 1 h in SFM containing 2% BSA to deplete cells of transferrin and to 

block nonspecific binding at 37 ºC in 5% CO2. For uptake, cells were incubated with 2 

µM 59Fe-ferric citrate in SFM in the presence of 1 mM ascorbate for 2 h at 37 ºC with or 

without a 10-fold molar excess of zinc, followed by three washes with an iron chelator 

solution (1 mM bathophenanthroline sulfonate and 1 mM diethylenetriaminepentaacetic 

acid) to remove surface-bound iron. Cells were lysed in buffer containing 0.2 N NaOH 
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and 0.2% SDS. Radioactivity was determined by gamma counting and protein 

concentration was determined colorimetrically by using the RC DC protein assay (Bio-

Rad). 

Measurement of pH-Dependence of ZIP8-mediated Iron Transport Activity 

The pH-dependent iron transport activity was determined as previously described 

(137). Briefly, the uptake buffer (130 mM NaCl, 10 mM KCl, 1 mM CaCl2 and 1 mM 

MgSO4) was adjusted to pH 7.5, 6.5, and 5.5 by using 20 mM Hepes or MES buffers 

(158). Cells transiently transfected for 48 h with mZIP8 (GenBank accession number 

BC006731) or empty vector pCMVSport6 were washed twice with SFM and incubated 

for 1 h in SFM containing 2% BSA at 37 ºC in 5% CO2. For uptake, cells were incubated 

with 2 µM 59Fe-ferric citrate in uptake buffer in the presence of 1 mM ascorbic acid at 37 

ºC for 60 min. 

Iron Loading and Cell-Surface Biotinylation 

To load cells with iron, H4IIE cells were treated with 100 or 250 µM ferric 

nitrilotriacetic acid (NTA) for 72 h. Cell-surface proteins were isolated by using the 

Pierce Cell Surface Protein Isolation kit according to the manufacturer’s instructions 

(Thermo Scientific). Briefly, H4IIE cells were exposed to EZ-Link Sulfo-NHS-SS-Biotin 

to biotinylate cell-surface proteins, which were subsequently affinity purified by using 

NeutrAvidin Agarose resin. Bound proteins were released by incubating with SDS-

PAGE buffer containing 50 mM DTT. 

Assessment of N-linked Glycosylation 

To inhibit N-glycosylation of endogenous ZIP8, H4IIE cells were incubated with 2 

μg/mL tunicamycin for 48 h. To remove N-linked glycans, samples were incubated with 

denaturing buffer containing 1% 2-mercaptoethanol and 0.5% SDS for 30 min at 37 ºC 
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and then digested with Peptide: N-Glycosidase F (PNGase F) (50,000 unit/mL of 

sample volume or 50 units/ μg protein; New England Biolabs) for 2 h at 37 ºC.  

Suppression of ZIP8 Expression in BeWo Cells 

BeWo cells were reverse transfected with 50 nM siRNA targeting ZIP8 mRNA 

(FlexiTube siRNA, Qiagen) or AllStars Negative Control siRNA (Qiagen) by using 

Lipofectamine RNAiMax (Invitrogen). After 72 h, cells were lysed in RIPA buffer and 

analyzed by Western blotting. For primary antibody, rabbit anti-human SLC39A8, 

Prestige antibody (Sigma-Aldrich) was used at 1:5000. 

Statistical Analysis 

Data are presented as means ± standard error (SE). Group means were 

compared by Student’s unpaired t test. When more than two group means were 

compared, data were analyzed by one-way ANOVA with Tukey’s post-hoc test. A P-

value < 0.05 was considered statistically significant. Analyses were performed by using 

Prism (version 5; GraphPad) software.  
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CHAPTER 3 
EFFECT OF HEPATOCYTE-SPECIFIC INACTIVATION OF DIVALENT METAL-ION 

TRANSPORTER-1 (DMT1) ON IRON HOMEOSTASIS  

Introduction 

Iron overload is a serious consequence in patients with hereditary 

hemochromatosis and in patients with bone marrow defects who undergo blood 

transfusions. Accumulation of iron can lead to irreversible tissue damage, fibrosis and 

organ failure due to the formation of damaging oxygen radicals catalyzed by free iron 

(13, 49). As the main tissues affected are the liver, heart, and pancreas, tissue iron 

overload is associated with various disorders, including liver cirrhosis, cardiomyopathy, 

and diabetes (13, 50). There are two forms of iron in blood plasma: TBI and NTBI. 

Under normal conditions, >95% of plasma iron is bound to transferrin. However, during 

iron overload, the amount of iron in plasma can exceed the carrying capacity of 

transferrin, giving rise to NTBI, which is bound to small ligands, mainly by citrate (126, 

159, 160). In iron overload, both transferrin saturation and NTBI levels are high. After 

iron is absorbed in the intestine, it is transported to the liver, the main excess iron 

storage organ. However, the mechanisms involved in hepatic iron uptake and 

accumulation are not fully understood.  

DMT1 is the first mammalian iron transporter identified. It is a proton-coupled 

metal-ion transporter that transports not only iron, but also other cation metals, such as 

Cd2+, Co2+, Mn2+ and Ni 2+ (25, 73). Studies have conclusively demonstrated that DMT1 

is the major iron transporter in the apical membrane of epithelial cells and is essential 

                                                 
Reprinted with permission from Wang CY, Knutson MD. Hepatocyte divalent metal-ion transporter-1 is 
dispensable for hepatic iron accumulation and non-transferrin-bound iron uptake in mice. Submitted to 
Hepatology. 
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for iron utilization in erythroid precursors, where TBI enters the cell through receptor-

mediated endocytosis of transferrin and DMT1 transports iron out of the endosome and 

into the cytoplasm (26, 77). As DMT1 is present in the liver (25), it is possible that 

hepatocyte DMT1 releases iron from endosomes in the transferrin cycle. Hepatocytes 

can also acquire iron from NTBI (126). A previous study showed that overexpression of 

DMT1-GFP in human hepatoma (HLF) cells increased ferrous iron uptake, indicating 

that DMT1 in hepatocytes may play a role in NTBI uptake (161). The role of DMT1 in 

hepatocytes has also been implicated in vivo. Studies have shown that DMT1 staining 

in rat liver was stronger in iron-loaded animals and diminished in an iron-deficient group 

(123) and that NTBI uptake, along with DMT1 protein levels, was increased in primary 

hepatocytes from Hfe-/- mice (126). These data suggest that DMT1 may play a role in 

hepatic iron uptake. In contrast, elevated hepatic iron levels was observed in Dmt1-/- 

neonates and in Belgrade rats consuming a high-iron diet, suggesting that DMT1 is 

dispensable for iron uptake by the liver (30, 162). However, this observation was 

confounded by the fact that Dmt1-/- mice had severe anemia and prominent 

extramedullary erythropoiesis (26). Belgrade rats were also anemic and had elevated 

levels of serum iron and transferrin saturation when fed a high-iron diet (162). When 

iron dextran was injected into Dmt1-/- neonates, iron accumulated in hepatocytes as well 

as macrophages (26). Although these data indicate that at least one non-DMT1 involved 

pathway exists in hepatocytes, it is unclear how relevant these data are to usual 

pathways of hepatic iron uptake and accumulation. Nonetheless, it has been widely 

accepted that DMT1 plays a role in NTBI uptake in the liver (83, 129, 163-170). In this 

chapter, I used a conditional knockout mouse model in which DMT1 was inactivated 
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specifically in hepatocytes (Dmt1liv/liv). I also crossed Dmt1liv/liv with two genetically 

modified iron overload mouse models, Hfe-/- and Trfhpx/hpx mice, to evaluate if DMT1 

plays a role in liver iron accumulation during iron overload conditions. Hfe-/- mice are an 

animal model of hereditary hemochromatosis (171). In Hfe-/- mice, iron absorption is 

increased due to abnormally low levels of hepcidin, the iron-regulatory hormone that 

blocks iron export from cells to the circulation (45, 110). As a result, levels of plasma 

iron and transferrin saturation are high and iron progressively deposits in the liver (155, 

171). Trfhpx/hpx mice have virtually no transferrin (less than 1% of normal) (172).  Without 

transferrin, iron cannot be delivered to bone marrow.  Therefore, Trfhpx/hpx mice are 

severely anemic, have increased iron absorption, and iron is massively loaded into 

tissues, including liver, heart, kidney, pancreas and adrenal gland (156). Lastly, 59Fe-

labeled ferric citrate, or 59Fe-labeled transferrin were injected into mice through the tail 

vein and the uptake of hepatic 59Fe was compared between Dmt1liv/liv and Dmt1flox/flox 

controls. 

Results 

Inactivation of DMT1 Specifically in the Liver 

To investigate the role of DMT1 in hepatic iron uptake, mice harboring loxP 

recombination sites flanking exon 6 to 8 of the Dmt1 gene (DMT1flox/flox) (26) were 

crossed with mice carrying an Alb-cre transgene, which allows for Cre expression under 

the control of the liver-specific albumin promoter and inactivates DMT1 specifically in 

the hepatocyte (173). I confirmed the excision by PCR using F1, R1, and R2 primers, 

assuring the specificity of recombination in liver (Figure 3-1A,B). Quantitative RT-PCR 

analysis demonstrated that Dmt1 mRNA levels were lower in the liver by > 90% in 

Dmt1liv/liv than in Dmt1flox/flox mice. Dmt1 mRNA levels in heart and kidney were also 
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measured to ensure that expression in extrahepatic tissue was not affected (Figure 3-

1C). Western blot analysis of liver lysates detected a DMT1-immunoreactive band at 

~70 kDa in Dmt1flox/flox, but not in Dmt1liv/liv mice, confirming DMT1 inactivation in the 

liver (Figure 3-1D). Iron status parameters were compared between Dmt1flox/flox and 

Dmt1liv/liv mice. Hemoglobin, plasma iron level, transferrin saturation and levels of 

hepatic total iron and nonheme iron were similar in Dmt1flox/flox and Dmt1liv/liv mice (Table 

3-1). Body weight, liver weight or ratio of liver/body weight also did not differ between 

groups. To ensure the age groups selected in this study had efficient Cre-Lox 

recombination, hepatic Dmt1 mRNA levels of Dmt1liv/liv mice were analyzed by qRT-

PCR up to 16 weeks old and this confirmed a > 80% inactivation at all age groups 

(Figure 3-2). 

Liver-specific Inactivation of Dmt1 in Hfe-/- or Trfhpx/hpx Mice does not affect 
Hepatic Iron Loading or Body Iron Status 

To determine if DMT1 plays a role in hepatic iron accumulation, Dmt1liv/liv mice 

were crossed with Hfe-/- and Trfhpx/hpx mice to generate Hfe-/-;Dmt1liv/liv and 

Trfhpx/hpx;Dmt1liv/liv mice, along with their respective controls (Hfe-/-;Dmt1flox/flox and 

Trfhpx/hpx;Dmt1flox/flox) mice. Hepatic Dmt1 mRNA levels in double-mutant Dmt1liv/liv mice 

were >90% lower than in the Dmt1flox/flox controls (data not shown), thus confirming 

inactivation of Dmt1 in these strains. 

Hfe-/-;Dmt1flox/flox mice had increased plasma iron level, higher transferrin 

saturation (Figure 3-3A,B) and the hepatic nonheme iron level was 3-fold higher than 

that of Dmt1flox/flox mice (Figure 3-3C). Inactivation of Dmt1 specifically in hepatocytes, 

however, did not affect these parameters in Hfe-/- mice. Similarly, Trfhpx/hpx mice had 

lower levels of hemoglobin and plasma iron (Figure 3-4A,B), and hepatic nonheme iron 
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level of Trfhpx/hpx;Dmt1flox/flox mice was 11 times higher than that of Dmt1flox/flox mice. 

However, none of these parameters were different between Trfhpx/hpx;Dmt1liv/liv and 

Trfhpx/hpx;Dmt1flox/flox mice. To exclude the possibility that iron is not loaded in 

hepatocytes but in Kupffer cells in the liver, I performed histological analysis to stain 

ferric iron by using Perls’ Prussian blue stain. I found that under normal conditions, 

hepatic iron is only detectable in Kupffer cells and that in iron overload conditions (with 

Hfe or Trf mutation), inactivation of DMT1 did not prevent iron loading into hepatocytes 

(Figure 3-3D; Figure 3-4D).  

Hepatic concentrations of total iron (nonheme and heme), zinc, copper, 

manganese, and cobalt were also compared between Dmt1flox/flox and Dmt1liv/liv mice as 

single or double mutants by using ICP-MS (Table 3-2). I found only copper showed 

~37% lower levels in Hfe-/-;Dmt1liv/liv compared to Hfe-/-;Dmt1flox/flox controls. The 

concentrations of other metals measured were unaffected in Dmt1liv/liv as single-mutants 

or as double-mutants intercrossed with Hfe-/- or Trfhpx/hpx mice, compared with their 

respective controls. 

Effect of Liver-specific Inactivation of Dmt1 on NTBI and TBI Uptake by the Liver  

To determine if DMT1 is required for NTBI and TBI uptake by the liver, 59Fe-

labeled NTBI or TBI was injected into Dmt1liv/liv mice intravenously and 59Fe uptake by 

the liver was measured. The liver took up the most NTBI among tissues measured 

(~60%), followed by kidney (10%), pancreas (5%) and heart (1%). There was no 

difference in hepatic NTBI uptake in Dmt1liv/liv mice compared with Dmt1flox/flox animals 

(Figure 3-5A). Similarly, when 59Fe-labeled transferrin was injected into mice, the liver 

took up ~25% of whole-body counts, followed by ~4% kidney, < 1% in heart and 

pancreas. TBI uptake in Dmt1liv/liv mice was reduced by 40% in the liver (Figure 3-5B). 
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TfR1, TfR2 and ZIP14 (receptors or transporters that may participate in hepatic iron 

uptake) were analyzed by Western blotting. The levels of these proteins did not differ 

between Dmt1flox/flox and Dmt1liv/liv mice (Figure 3-6). 

Discussion 

The liver is the main organ that stores excess iron; however, the molecular 

mechanisms of how liver takes up iron, under physiologic or pathologic conditions, is 

not fully elucidated. DMT1 is the first mammalian iron transporter identified (25). The 

importance of DMT1 has been well-characterized in enterocytes and developing red 

blood cells (26, 77, 94). Studies have suggested that DMT1 may play a role in hepatic 

iron uptake (123, 126, 161), although it may not be the sole iron transporter/pathway by  

which the liver acquires iron (26, 163). I used a mouse model that had Dmt1 inactivated 

specifically in hepatocytes, the major cell type in the liver, to investigate the role of 

DMT1 in hepatic iron uptake. My results show that total and non-heme iron levels do not 

differ between Dmt1liv/liv and Dmt1flox/flox controls, indicating that DMT1 is dispensable for 

the overall iron economy of the liver. Moreover, hepatic nonheme iron levels did not 

differ between Hfe-/-;Dmt1liv/liv and Hfe-/-;Dmt1flox/flox mice or between Trfhpx/hpx;Dmt1liv/liv 

and Trfhpx/hpx;Dmt1flox/flox mice, indicating that DMT1 is not required for hepatic iron 

overload characteristic of hemochromatosis or hypotransferrinemia. Plasma iron, total 

iron-binding capacity, transferrin saturation, and hemoglobin levels also did not differ 

between single- or double-mutant Dmt1liv/liv mice, suggesting that systemic iron 

metabolism was not affected.  

Similar to HFE-related hemochromatosis patients, Hfe-/- mice deposit the excess 

iron starting with periportal hepatocytes (171) and have elevated NTBI in the plasma 

(126). I found a similar pattern of iron deposition in the livers of Hfe-/-;Dmt1liv/liv mice, 
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indicating DMT1 is not required for hepatocyte iron accumulation in this animal model. 

Plasma NTBI is believed to be the major contributor to hepatic iron accumulation 

because of its elevated levels during iron overload conditions and rapid clearance by 

hepatocytes (126, 168). Therefore, hepatic nonheme levels did not differ between Hfe-/-

;Dmt1liv/liv and Hfe-/-;Dmt1flox/flox mice also suggests that hepatocyte DMT1 is not required 

for NTBI uptake. This likelihood is strongly supported by the observation that hepatic 

iron deposition was not affected in Trfhpx/hpx;Dmt1liv/liv mice compared to controls 

because Trfhpx/hpx mice have no plasma transferrin (156), therefore most iron in the 

plasma is NTBI. 

I formally examined the role of hepatocyte DMT1 in NTBI clearance by injecting 

59Fe-labeled ferric citrate, the physiological form of NTBI in iron overload patients, into 

Dmt1liv/liv mice. I found that without hepatocyte DMT1, the liver still takes up NTBI 

efficiently. Similarly, previous studies of iron-loaded mice showed ~50% of NTBI uptake 

into the liver and ~3% to pancreas (172) and that the rank order of NTBI uptake in 

Trfhpx/hpx mice was liver > kidney > pancreas > heart (174). In contrast, hepatic 59Fe-

labeled TBI uptake was 40% lower in Dmt1liv/liv mice while other players that have been 

implicated in hepatic iron transport, such as TfR1, TfR2 and ZIP14 were not 

upregulated, indicating that DMT1 is partially required for TBI uptake. 

Conversely, the fact that TBI uptake was only 40% lower in Dmt1liv/liv mice also 

indicated that there are other transporter(s) that can compensate for the loss of DMT1. 

One such possible transporter is ZIP14. A previous study showed that overexpression 

of ZIP14 in HEK 293T cells increased TBI uptake, whereas HepG2 cells treated with 

ZIP14 siRNA showed nearly a 40% decrease in TBI uptake (137). Although ZIP14 
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protein levels were not upregulated in Dmt1liv/liv mice, it is still a good candidate to 

compensate for the loss of DMT1 because its expression is 10 times higher than Dmt1 

in HepG2 cells and it mediates iron transport at pH 6.5 (137). More recently, ZIP8 was 

also shown to be an iron transporter that transports NTBI in HEK 293T cells and in 

Xenopus oocytes (175). Moreover, ZIP8 hypomorphic mice (which express 90% less 

ZIP8 than normal) had 50% lower hepatic iron levels at birth, suggesting that ZIP8 may 

play a role in hepatic iron transport or in maternofetal iron transfer (176).  

In conclusion, these data indicate that hepatocyte DMT1 is not required for hepatic 

iron accumulation during normal and overload conditions or for NTBI uptake, but is 

partially required for efficient iron assimilation from transferrin. Further studies, including 

those using Zip14 and/or Zip8 knockout mice, are thus warranted to examine other 

possible pathways of hepatic iron uptake. 

 

  



 

48 

 

 

 

 

 

 

 

 

   

 

 

 

  

 
 
Figure 3-1. Disruption of Dmt1 in the liver. A) Schematic depictions of the LoxP-flanked 

allele and conditional knockout alleles.  F1, R1, and R2 indicate primers used 
for PCR genotyping. B) PCR analysis of genomic DNA extracted from tissues 
of mice at 8 weeks of age. C) Relative Dmt1 mRNA expression in liver, heart, 
and kidney by using quantitative RT-PCR with Rpl13a as an internal control 
gene. Values represent mean ± SE, n=3-4, ***P<0.001. D) Western blot 
analysis of DMT1 in crude membrane isolated from livers of Dmt1flox/flox and 
Dmt1liv/liv mice. All analyses were performed on samples from 8-week-old 
mice. 
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Figure 3-2. Relative Dmt1 mRNA levels in livers of Dmt1liv/liv mice at various ages by 
using quantitative with Rpl13a as an internal control gene. Transcript levels 
are expressed as a percent of levels in Dmt1flox/flox control livers. Values 
represent mean ± SE, n=3-7.  
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Figure 3-3. Plasma iron levels, transferrin saturation and hepatic iron accumulation are 

not affected by liver-specific inactivation of Dmt1 in Hfe-/- mice. A) Plasma iron 
concentration and B) transferrin saturation were determined by using 
standard methods. C) Liver nonheme iron levels were determined 
colorimetrically after acid digestion of tissues. Values represent mean ± SE, 
n=6. Means without a common superscript differ significantly (P < 0.05). D) 
Histological examination of iron loading in the liver by using Perls’ Prussian 
blue staining. All analyses were performed on samples from 16-week-old 
mice.  
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Figure 3-4. Plasma iron, hemoglobin levels and hepatic iron accumulation are not 

affected by liver-specific inactivation of Dmt1 in hypotransferrinemic (Trfhpx/hpx) 
mice. A) Hemoglobin and B) plasma iron concentration were determined by 
using standard methods. C) Hepatic nonheme iron levels were determined 
colorimetrically after acid digestion of tissues. Values represent mean ± SE, 
n=6, except for hemoglobin levels in Trfhpx/hpx mice (n=3-4). Means without a 
common superscript differ significantly (P < 0.05). D) Histological examination 
of iron loading in the liver by using Perls’ Prussian blue staining. All analyses 
were performed on samples from 16-week-old mice. 
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Figure 3-5. Tissue uptake of 59Fe from NTBI or TBI injected into the plasma of 

Dmt1flox/flox and Dmt1liv/liv mice. A) NTBI uptake by the liver (n=10), kidney 
(n=5), pancreas (n=5) and heart (n=5). Mice were injected with ferric citrate to 
transiently saturate plasma transferrin and 59Fe-labeled ferric citrate was 
injected 10 min later. After 2 h, mice were sacrificed and whole-body and 
tissue 59Fe were determined by gamma counting. Tissue uptake of 59Fe from 
NTBI was calculated as a percentage of whole-body cpm. B) TBI uptake by 
the liver (n=14), kidney (n=6), pancreas (n=6) and heart (n=6). Mice were 
injected with 59Fe-transferrin and sacrificed after 2 h. Whole-body and tissue 
59Fe were determined by gamma counting. Tissue uptake of 59Fe from TBI 
was calculated as a percentage of whole-body cpm. Values represent mean ± 
SE. All measurements were performed on mice at 8-week-old. 
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Figure 3-6. Effect of liver-specific inactivation of Dmt1 on hepatic levels of TfR1, TfR2, 

and ZIP14. A) Western blot analysis of TfR1 and B) the quantification by 
densitometry in livers of Dmt1flox/flox and Dmt1liv/liv mice. C) Western blot 
analysis of TfR2 and D) the quantification by densitometry. E) Western blot 
analysis of ZIP14 and F) the quantification by densitometry. Blots were 
stripped and reprobed for SR-B1. Values represent mean ± SE, n=6. All 
analyses were performed on samples from 8-week-old mice.  
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Table 3-1.  Iron status parameters of Dmt1flox/flox and Dmt1liv/liv mice 
 

Parameter 
 

Units    Dmt1flox/flox     Dmt1liv/liv n P 

Body weight g   19.98 ± 0.56   19.55 ± 0.47 6 0.565 

Liver weight g     0.83 ± 0.07     0.81 ± 0.04 6 0.873 

Hemoglobin g/dL   15.30 ± 0.33   15.18 ± 0.47 6 0.843 

Plasma iron level µg/dL 270.32 ± 17.72 283.56 ± 14.44 6 0.575 

TIBC µg/dL 372.63 ± 15.01 375.00 ± 27.72 4-5 0.938 

Transferrin saturation %   72.36 ± 4.25   73.88 ± 3.69 4-5 0.802 

Hepatic total iron µg Fe/g 796.70 ± 65.08 885.00 ± 12.66 3 0.254 

Hepatic nonheme iron µg Fe/g 132.12 ± 22.24 125.92 ± 26.24 6 0.861 

TIBC, total iron-binding capacity. Hepatic iron (heme and nonheme) levels were 
determined by ICP-MS, and are reported as μg Fe/g of tissue dry weight. Hepatic 
nonheme iron levels were measured colorimetrically and are reported as μg Fe/g of 
tissue wet weight. Values are means ± SE. Measurements were at 8 weeks of age. P 
values were obtained by using Student’s t test. 
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Table 3-2. Liver mineral concentrations in Dmt1liv/liv, Hfe-/-;Dmt1liv/liv, and Trfhpx/hpx;Dmt1liv/liv mice and their 
respective Dmt1flox/flox controls 

 
      

 

WT Hfe-/- Trfhpx/hpx 

 

Dmt1flox/flox Dmt1liv/liv Dmt1flox/flox Dmt1liv/liv Dmt1flox/flox Dmt1liv/liv 

 
      

Fe  507.8 ± 82.7   468.8 ± 100.6    1911 ± 175.6   2503 ± 540.4    4656 ± 690.1    4369 ± 549.0 

 
      

Zn  94.17 ± 5.43 105.0 ± 2.79 102.3 ± 2.50  122.0 ± 12.54 109.7 ± 4.57 96.60 ± 8.18 

 
      

Cu  29.50 ± 6.23 41.17 ± 5.49 40.50 ± 5.01 25.50 ± 1.86* 20.17 ± 1.35 18.20 ± 0.73 

 
      

Mn    3.87 ± 0.41   3.93 ± 0.25   3.90 ± 0.07  3.25 ± 0.29   4.25 ± 0.31   3.22 ± 0.53 

 
      

Co     0.16 ± 0.01   0.19 ± 0.01   0.16 ± 0.01  0.18 ± 0.02   0.17 ± 0.01   0.14 ± 0.01 

              

Liver mineral concentrations (ppm) were determined by ICP-MS. Values are means ± SE of 5-6 mice per group.  

Comparisons between Dmt1flox/flox and Dmt1liv/liv mice as single or double mutants, were performed by using Student’s t 

test, *P < 0.05. Measurements were at 16 weeks of age.
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CHAPTER 4 
CHARACTERIZATION OF ZIP8 AS A NOVEL IRON TRANSPORTER  

Introduction 

Iron is an essential metal to life yet too much is toxic. Iron homeostasis needs to 

be tightly regulated; however, the molecular detail of how iron gets into mammalian 

tissues is not fully understood except for two cell types: enterocytes and developing 

erythroid cells. It is well established that DMT1 is required in both cell types. In 

enterocytes, iron is reduced to the ferrous form before it can be taken up by DMT1 at 

the brush-border membrane (25, 26). In developing erythroid cells, DMT1 is essential 

for releasing iron from endosomes to cytoplasm (77, 79). Studies of Dmt1-/- mice 

revealed that iron accumulated in the liver, suggesting DMT1 is not required in materno-

fetal transfer and that there is at least one DMT1-independent iron transport pathway in 

the liver (26). One such pathway may involve ZIP14, which has been shown to mediate 

the uptake of NTBI and to localize to the plasma membrane of hepatocytes (135). ZIP14 

belongs to the ZIP superfamily of transmembrane proteins that are responsible for zinc 

transport into cells. Functional studies using the Xenopus laevis oocyte heterologous 

expression system showed that ZIP14-mediated iron uptake was optimal at pH 7.5 

(136), consistent with the implication that ZIP14 may play a role in NTBI uptake in the 

liver and in contrast to DMT1, which mediates iron uptake optimally at pH 5.5 (25). In 

the ZIP superfamily, ZIP8 shares high homology with ZIP14 (~50% amino acid 

identical). ZIP8 has been shown to transport zinc, cadmium and manganese (138, 140), 

                                                 
Reprinted with permission from 177. Wang CY, Jenkitkasemwong S, Duarte S, Sparkman B, Shawki 
A, Mackenzie B, Knutson MD. ZIP8 Is an Iron and Zinc Transporter Whose Cell-surface Expression Is 
Upregulated by Cellular Iron Loading. J Biol Chem 2012. 
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but the capability of ZIP8 to transport iron has not been reported. Given that ZIP8 

shares high homology with ZIP14, I investigated the possibility that ZIP8 functions as an 

iron transporter.  

Results 

Overexpression of ZIP8 Increases Cellular Uptake of Zinc and Iron 

To determine if ZIP8 transports iron in addition to zinc, I transiently overexpressed 

rZIP8 in HEK293T cells and measured the uptake of 59Fe-ferric citrate in the presence 

of 1 mM ascorbate. Overexpression of ZIP8 was confirmed by Western blotting (Figure 

4-1A). The data showed a two-fold increase in iron uptake and a 45% increase in zinc 

uptake in cells overexpressing ZIP8 (Figure 4-1B). When 10-fold molar excess of 

unlabeled zinc was added to the medium, >90% of iron uptake activity was inhibited. 

Likewise, 10-fold molar excess iron inhibited zinc uptake (Figure 4-1C). 

ZIP8-mediated Iron Transport Activity is pH-Dependent 

To determine the pH dependence of ZIP8-mediated iron transport, iron uptake was 

measured in medium at pH 7.5, 6.5, or 5.5 in HEK293T cells overexpressing mZIP8. 

ZIP8-mediated iron transport occurs at both pH 7.5 and 6.5, but not at pH 5.5 in 

HEK293T transfected cells (Figure 4-2). 

ZIP8 is Glycosylated and Detectable at the Cell Surface in H4IIE Cells 

The observation that ZIP8-mediated iron transport activity at pH 7.5 and 6.5 led 

me to characterize ZIP8 in H4IIE rat hepatoma cells because hepatocytes take up NTBI 

(126) and TBI (178), at pH 7.5 and 6.5, respectively. By immunoprecipitation, the major 

ZIP8-immunoreactive band in H4IIE cells is at approximately 140 kDa (Figure 4-3A), 

which is greater than the predicted molecular mass of 50 kDa. To determine if 

endogenous ZIP8 is glycosylated, I blocked endogenous glycosylation by treating H4IIE 
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cells with tunicamycin and further removed existing N-linked glycans by treating lysates 

with PGNase F. ZIP8 shifted down to 100 kDa when treated cells with tunicamycin and 

to 75 kDa when PNGase F was added into lysates (Figure 4-3B). To determine if ZIP8 

is detectable at the cell surface, I isolated the biotinylated fraction of H4IIE cells followed 

by Western blotting. The data suggested that the 140 kDa form of ZIP8 is the 

predominant, glycosylated form present at the cell surface (Figure 4-3C).  

ZIP8 Protein Expression is Induced upon Iron Treatment in H4IIE Cells 

To determine if ZIP8 is regulated by iron, H4IIE cells were treated with 100 or 250 

µM Fe-NTA for 72 h and protein expression was examined by Western blotting. Iron 

treatment increased ZIP8 levels in both total cell lysates and cell-surface fractions 

(Figure 4-4A). It is well established that TfR1 expression decreases during iron-loaded 

conditions (179), and thus it was used as an iron loading indicator. SR-BI was probed to 

demonstrate the enrichment of the cell surface biotinylated fraction and the equivalent 

lane loading. CCS is a cytosolic protein, thus indicating that the isolated cell-surface 

biotinylated fraction was not contaminated with cytosolic proteins and that total cell 

lysates were equally loaded (Figure 4-4A).  I next examined whether ZIP8 expression is 

also regulated by zinc by treating H4IIE cells with 40 μM zinc chloride (ZnCl2) for 3 h or 

48 h. ZIP8 protein expression was induced by 3 h ZnCl2 treatment but not 48 h (Figure 

4-4B). 

Tissue Expression of ZIP8, ZIP14 and DMT1  

To compare tissue expression of ZIP8 with other known mammalian iron 

transporters — ZIP14 and DMT1—I determined the copy number for each gene from 

pooled human total RNA. Among 20 different tissues examined, ZIP8 is most abundant 

in lung, placenta, salivary gland, and thymus and lowest in skeletal muscle, fetal brain, 
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and testis. ZIP14 is most abundant in liver, heart, thyroid gland, and small intestine, 

whereas DMT1 is most abundant in cerebellum, thymus, prostate and kidney (Figure 4-

5). 

Suppression of ZIP8 Expression in BeWo Cells 

 To assess iron transport capability of endogenous ZIP8, I suppressed ZIP8 

expression by using siRNA targeting ZIP8 mRNA and measured iron transport activity in 

BeWo cells, a placental cell line derived human choriocarcinoma. In BeWo cells treated 

with ZIP8 siRNA, ZIP8 protein expression was suppressed by 90% and iron transport 

activity was decreased by 37%, compared to control cells treated with negative control 

siRNA (Figure 4-6). 

Discussion 

 In this chapter, I have demonstrated that ZIP8 can mediate cellular iron transport, 

making it the third mammalian iron import protein to be identified. ZIP8 was first cloned 

from monocytes that were induced during innate immune activation stimulated by 

Mycobacterium bovis BCG cell wall and the induction increased intracellular zinc 

concentrations (138). It was later found to be responsible for cadmium toxicity in testis 

and kidney (139, 146). Here, I showed that ZIP8 can mediate cellular iron transport, in 

addition to zinc, and the presence of excessive unlabeled zinc or iron showed mutual 

inhibition of the uptake activity, suggesting that the transport pathway mediated by ZIP8 

is shared by zinc and iron. Treatment of H4IIE cells with iron increased ZIP8 expression 

at the cell surface, suggesting ZIP8 is regulated by iron. Treatment of H4IIE cells with 

zinc also increased ZIP8 expression; however, the effect was transient. The fact that 

ZIP8 expression is upregulated at the cell surface by iron loading and that ZIP8 is an 
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iron/zinc transporter may explain hepatic zinc accumulation during iron overload 

conditions (141, 180, 181).  

 DMT1 is the best characterized mammalian iron transporter thus far, and it is 

widely cited to be responsible for NTBI uptake in the liver (163, 165, 168, 182). 

However, my studies indicate that hepatocyte DMT1 is dispensable for hepatic NTBI 

uptake. It is established that ZIP14 can mediate NTBI uptake by overexpressing 

mZIP14 in HEK 293H and Sf9 insect cells (135). Considering that DMT1-mediated iron 

uptake was optimal at pH 5.5, but poor at pH 7.5 (25), and that ZIP14-mediated iron 

uptake is optimal at pH 7.5 (136), makes ZIP14 a promising candidate for hepatic NTBI 

uptake. Similar to ZIP14, ZIP8-mediated iron uptake occurs at pH 7.5 and 6.5, but not at 

5.5, indicating that ZIP8 may facilitate NTBI clearance from blood into tissues and/or 

playing a role in iron assimilation from TBI, but unlikely to mobilize iron from lysosomes, 

where it has been detected previously (138, 145).  

 Although ZIP8 mediates iron uptake at pH 7.5 and is detectable at the surface of 

H4IIE cells, according to its expression profile, it is not abundant in the liver or heart, the 

iron-susceptible organs in iron overload, but in lung and placenta. Others reported its 

expression is high in pancreas (138), which was not included in the human total RNA 

master panel I used. Nonetheless, a microarray study using hearts from beta-

thalassemic mice showed a 1.8-fold increase in ZIP8 expression and in contrast, DMT1 

showed a 1.7 fold decrease (183), suggesting ZIP8 may be playing a role in NTBI 

uptake in beta-thalassemic hearts. According to the tissue expression profile, ZIP8 is 

abundant in placenta and iron uptake activity was decreased by 37% in BeWo cells 

treated with ZIP8 siRNA, raising the possibility that ZIP8 plays a role in maternofetal 
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iron transfer in vivo. This seems even more plausible considering that the other two 

known iron-import proteins, DMT1 and ZIP14, are dispensable for iron transfer across 

the placenta (26, 184). Studies of ZIP8 hypomorph mice revealed that homozygotes 

died between gestational day 18.5 and postnatal 48 h (176). Moreover, hemoglobin, 

hematocrit and RBC levels were significantly decreased at gestational day 16.5 and 

hepatic iron and zinc levels were decreased at postnatal day 1 (176), indicating ZIP8 

may play an important role in placental iron transfer and possibly hepatic iron uptake. 

 In conclusion, ZIP8 is the third mammalian iron importer to be identified. Whether 

it plays an important role in placental iron transfer under physiologic conditions and/or 

NTBI uptake during iron overload in iron susceptible organs such us liver, heart, and 

pancreas, needs to be further investigated by using tissue-specific knockout mouse 

models. 

  



 

62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                            

Figure 4-1. Overexpression of ZIP8 increases the cellular uptake of iron and zinc. A) 
Western blot analysis of ZIP8 in total cell lysates of HEK 293T cells 
transiently transfected with empty pExpress vector or pExpress-rat ZIP8. B) 
Cellular uptake of iron and zinc in HEK 293T cells overexpressing ZIP8. 
Forty-eight hours after transfection, cells were incubated for 1 h in uptake 
medium containing 2 µM  59Fe-ferric-citrate or 65Zn-ZnCl2, and cellular uptake 
of 59Fe (left) or 65Zn (right) was measured by gamma counting. C) Mutual 
inhibition of iron and zinc uptake in cells overexpressing ZIP8. 59Fe and 65Zn 
uptake were measured in the presence of a 10-fold molar excess of unlabeled 
zinc (left) or iron (right). The amount of 59Fe or 65Zn taken up by cells is 
expressed as pmol/mg protein. Data represent the mean ± S.E. of three 
independent experiments. Treatment group means were compared by 
unpaired Student's t test. 
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Figure 4-2. pH dependence of ZIP8-mediated iron transport. HEK 293T cells were 
transfected with empty pCMV-Sport6 vector or pCMV-Sport6-mouse ZIP8. 
Forty-eight h after transfection, cells were incubated with 2 µM 59Fe-ferric 
citrate for 1 h in uptake buffer at pH 5.5, 6.5 and 7.5. The amount of 59Fe 
taken up by cells is expressed as pmol/mg of protein. Data represent the 
mean ± S.E. of three independent experiments.  
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Figure 4-3. Immunoprecipitation and glycosylation analysis of endogenous ZIP8 in 

H4IIE rat hepatoma cells. A) Immunoprecipitation of ZIP8 followed by SDS-
PAGE and immunoblotting in H4IIE total cell lysates. B) Western blot analysis 
of endogenous ZIP8 in H4IIE cells/cell lysates treated without (-) or with (+) 
tunicamycin or PNGase F. C) Western blot analysis of cell-surface ZIP8 in 
H4IIE cell lysates treated without (-) or with (+) PNGase F. Cell-surface 
proteins were labeled with Sulfo-NHS-SS-Biotin and affinity purified by using 
streptavidin agarose prior to Western analysis.    
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Figure 4-4. Iron and zinc loading increases ZIP8 levels in H4IIE rat hepatoma cells. A) 

Western blot analysis of ZIP8, TfR1, SR-B1, and CCS in total cell lysate and 
cell-surface proteins isolated from cells treated for 72 h with 0, 100, or 250 µM 
FeNTA. Cell-surface proteins were labeled with Sulfo-NHS-SS-Biotin and 
affinity purified by using streptavidin agarose prior to Western analysis. B) 
Western blot analysis of ZIP8 and SR-B1 in total cell lysates from H4IIE cells 
treated for 3 h and 48 h with 40 µM ZnCl2. 
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Figure 4-5. Tissue expression of ZIP8, ZIP14, and DMT1. Tissue expression profiles 

were determined by using the Human Total RNA Master Panel II derived from 
20 different tissues (Clontech). Transcript copy numbers were determined by 
using quantitative RT-PCR. 
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Figure 4-6. Suppression of ZIP8 expression decreases iron uptake in BeWo cells. A) 

Western blot analysis of lysates from BeWo cells treated with negative control 
(NC) siRNA or siRNA targeting ZIP8 mRNA.  As a positive control for ZIP8, 
BeWo cells were transfected with pCMV-Sport6 human ZIP8 cDNA (ZIP8) or 
empty pCMVSport6 vector (Vector). B) Cellular 59Fe uptake in BeWo cells 
transfected with negative control (NC) siRNA or siRNA targeting ZIP8 mRNA. 
Data represent the mean ± S.E. of three independent experiments.  
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CHAPTER 5 
CONCLUSIONS, LIMITATIONS, AND FUTURE DIRECTIONS  

Conclusions 

The first part of my dissertation was to test the hypothesis that DMT1 plays a role 

in hepatic iron uptake and accumulation. I tested this hypothesis by using DMT1 

hepatocyte-specific knockout mice and by crossing them with two mouse models of 

genetic iron overload. I found that hepatic total iron, nonheme iron concentrations, and 

other iron status parameters including hemoglobin, plasma iron, and TIBC were not 

affected by the inactivation of DMT1 specifically in hepatocytes, indicating that DMT1 is 

not required for hepatic iron accumulation under normal or iron overload conditions.  I 

also injected 59Fe-labeled NTBI and 59Fe-labeled TBI into mice intravenously to 

evaluate iron uptake activities by the liver through these two pathways. Consistent with 

DMT1 not being required for hepatic iron accumulation, NTBI clearance by the liver was 

not affected in Dmt1liv/liv mice. Although I did find that DMT1 was partially required for 

hepatic iron uptake from transferrin (i.e. 40% lower in livers of Dmt1liv/liv mice), the 

contribution of this pathway to the overall iron economy of the liver is minor as hepatic 

iron concentration was unaffected in the knockout animals. 

The second part of my dissertation tested the hypothesis that ZIP8 transports iron 

and investigated its regulation by iron and zinc as well as the tissue distribution. I found 

that overexpression of ZIP8 in HEK293T cells increased both zinc and NTBI uptake and 

that a 10-fold molar excess zinc inhibited iron uptake by 90%. Zinc uptake was likewise 

inhibited by iron, suggesting iron and zinc share a single common pathway. Cell-surface 

ZIP8 is upregulated by iron loading in H4IIE cells and ZIP8 mediates NTBI uptake at pH 

7.5 and pH 6.5, suggesting that ZIP8 may contribute to NTBI clearance from plasma 
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into tissues and/or participate in iron assimilation from transferrin. By screening ZIP8 

mRNA levels from 20 different tissues, I found that ZIP8 was most abundantly 

expressed in the lung and placenta. Moreover, siRNA-mediated suppression of ZIP8 

expression in BeWo cells decreased NTBI uptake by 37%. These data reveal ZIP8 as a 

novel iron transporter that may play a role in iron metabolism, possibly in hepatic iron 

accumulation and/or in placental iron transport.  

Apparent Discrepancies with the Literature 

My finding that DMT1 is dispensable for NTBI uptake directly challenges the 

commonly held assumption that DMT1 plays a role in hepatic iron accumulation. The 

most cited evidence that DMT1 plays a role in hepatic iron accumulation was that DMT1 

staining in rat liver was stronger in iron-loaded animals and diminished in an iron-

deficient group (123) and that NTBI uptake, along with DMT1 protein expression, was 

increased in primary hepatocytes from Hfe-/- mice (126). However, the validation of the 

anti-DMT1 antibody used in these two studies was not shown, raising the question of 

specificity of the antibody. Moreover, in the studies of Hfe-/- mice, the authors concluded 

that DMT1 protein levels in isolated hepatocytes of Hfe-/- mice were two-fold higher than 

that of control animals, but the immunoblots were shown without proper lane loading 

controls and the conclusion was made by normalizing the hepatocyte expression of 

DMT1 from Hfe-/- mice to the levels from control mice. Another often-cited study that 

supports a role for DMT1 in NTBI uptake was in HLF cells, which showed that DMT1 

overexpression led to an increase in ferrous iron uptake (161). However, it was also 

shown that in HLF cells loaded with ferric ammonium citrate, DMT1 localized mainly in 

the cytoplasm but not plasma membrane (161), where it would need to be to function in 

NTBI uptake during iron overload.  Moreover, it is uncertain how relevant 
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overexpression systems are to normal physiology, especially since DMT1 levels in liver 

are usually very low (25, 75).  

Limitations 

There are some limitations in my studies. First, I assessed the role of DMT1 in 

NTBI uptake by using normal mice, which have very little, if any, NTBI. Perhaps it would 

have been better to assess hepatic NTBI uptake in Hfe-/- mice, for they have been 

reported to have elevated DMT1 levels in hepatocytes (although I have not been able to 

verify this using whole liver). So, if I compare NTBI clearance in these iron-loaded 

animals (Hfe-/-;Dmt1flox/flox and Hfe-/-;Dmt1liv/liv), I might see a difference. Second, I only 

evaluated iron concentrations at two time points – 8 weeks and 16 weeks. It is known 

that iron status varies with age (185), and I did find a 100% increase in hepatic TfR1 

levels in Dmt1liv/liv mice at age of 16 weeks, but not 8 weeks (data not shown). Lastly, I 

used both male and female mice for all analysis. Compared to male mice, females tend 

to have higher hepatic iron stores that contributed to higher variation in this study and 

thus would be more difficult to see difference with n=6. The major limitation of the ZIP8 

project was that the study was performed exclusively in cell culture models. Future 

studies using whole animals will be required to define the in vivo role of ZIP8 in iron 

metabolism, especially in the liver and placenta.  

Future Directions 

The conclusion from DMT1 project suggested two directions. First, as DMT1 is 

dispensable for hepatic iron uptake and accumulation, studies using Zip14 and/or Zip8 

knockout mice are thus warranted to examine other possible pathways of hepatic iron 

accumulation. Second, the fact of DMT1 is partially required for TBI uptake but hepatic 

iron levels did not differ suggested that under normal conditions, the major contributor of 
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hepatic iron source is not from TBI. As liver can also acquire iron from other pathways, 

such as heme-hemopexin, hemoglobin-haptoglobin, ferritin, and lactoferrin (163), future 

experiments will be needed to take these pathways into consideration to elucidate 

hepatic iron metabolism.  

With respect to the ZIP8 project, studies using Zip8-/- and Zip8flox/flox;Meox2 Cre, 

which will inactivate ZIP8 in all tissues except extramebryonic visceral endoderm and 

placenta, are needed to examine the role of ZIP8 in placental iron transfer. Whether 

ZIP8 plays an important role during iron overload in iron susceptible organs such us 

liver, heart, and pancreas, also needs to be further investigated by using tissue-specific 

knockout mouse models. 
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APPENDIX A 
REGULATION OF ZIP14 BY IRON OVERLOAD 

ZIP14 has been implicated in NTBI uptake. I measured ZIP14 expression in iron 

susceptible organs, namely liver, pancreas and heart of rats fed with iron deficient (10 

ppm), adequate (50 ppm) and overload (18916 ppm) as well as in liver and pancreas of 

Hpx mice, a genetic mouse model of iron overload. Levels of nonheme iron in rat 

tissues were confirmed elsewhere. Briefly, hepatic nonheme iron levels of iron-loaded 

rat were 60-fold higher than that of adequate group, whereas iron-deficient rats had 

60% lower hepatic nonheme iron concentrations than iron-adequate animals. In iron-

loaded rats, nonheme iron levels in pancreas and heart were 300% and 50% higher, 

respectively, than those in iron-adequate controls. In pancreas or heart, nonheme iron 

concentrations did not differ between iron-deficient and iron-adequate animals. Hepatic 

nonheme concentration of Hpx mice were 11-fold higher than that of WT mice (1658 

±142 μg/g v.s.135 ± 3.0 μg/g) whereas pancreatic nonheme levels of Hpx mice were 5-

fold higher than that of WT mice ( 191 ± 21 μg/g v.s. 29.4 ± 3.0 μg/g).  

To validate the anti-ZIP14 antibody, I used tissues from WT, Zip14-/- mice, and 

rats. The major ZIP14-immunoreactive band in livers from WT mice and rat was 

detected at approximately 130 kDa along with a smear of high-molecular-mass bands 

likely representing glycosylated oligomers, consistent with previous findings (184). The 

band at 130 kDa is not detected in livers from Zip14-/- mice thus confirming that this 

band is ZIP14. ZIP14 in pancreas and heart was also detected at 130 kDa (Figure A-1).  

                                                 
Reprinted with permission from Nam H, Wang CY, Zhang W, Hojyo S, Fukada T, Knutson MD. ZIP14 
and DMT1 in the liver, pancreas, and heart are differentially regulated by iron deficiency and overload: 
implications for tissue iron uptake in iron-related disorders. Haematologica. Under review. 
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By immunoblotting, I demonstrated that ZIP14 in liver and pancreas of iron 

overload rat were 100% and 70% higher than that of adequate controls (Figure A-2) and 

that in Hpx liver, levels of ZIP14 were 50% higher than that of WT livers (Figure A-3). 

The up-regulation of ZIP14 by iron loading in iron-loaded rat liver and pancreas and in 

the livers of Hpx mice suggests it may contribute to NTBI uptake in iron overload 

disorders. 
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Figure A-1. Validation of the immunoreactivity of anti-ZIP14 antibody. Lysates of liver, 

pancreas and heart from wildtype (WT) and ZIP14 knockout (KO) mice and 
rat fed with iron-adequate diet were analyzed by Western blotting. The ZIP14-
specific (arrowhead) and non-specific (NS) immunoreactive bands are 
indicated. To indicate lane loading, the blot was stripped and reprobed with 
the integral membrane protein SR-B1. 
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Figure A-2. Effect of dietary iron deficiency and overload on ZIP14 levels. A) Western 

blot analysis of ZIP14 and the quantification by densitometry in rat liver. B) 
Western blot analysis of ZIP14 and the quantification by densitometry in rat 
pancreas. C) Western blot analysis of ZIP14 and the quantification by 
densitometry in rat heart. To indicate lane loading, the blot was stripped and 
reprobed with the integral membrane protein SR-B1. 
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Figure A-3. Effect of genetic iron overload on ZIP14 levels in mouse liver and pancreas. 

A) Western blot analysis of ZIP14 and the quantification by densitometry in 
mouse liver. B) Western blot analysis of ZIP14 and the quantification by 
densitometry in mouse pancreas. To indicate lane loading, the blot was 
stripped and reprobed with the integral membrane protein SR-B1. 
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