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Abstract 

 
Iron is vital for almost all living organisms by participating in a wide variety of 

metabolic processes, including oxygen transport, DNA synthesis, and electron transport. 

However, iron concentrations in body tissues must be tightly regulated because excessive 

iron leads to tissue damage, as a result of formation of free radicals. In mammals since no 

controlled means of eliminating unwanted iron has evolved, body iron balance is maintained 

by alterations in dietary iron intake. This occurs in the duodenum where most dietary iron is 

absorbed. Absorption involves at least two steps, uptake of iron from the intestinal lumen 

and then its transport into the body, processes that occur at the apical and basal membranes 

of enterocytes, respectively.  In chapter one of this thesis the background information 

relevant to iron absorption is described.  

 

Despite numerous studies, the role of these proteins in iron absorption remains 

unclear, partly because many studies have reported them in non-enterocyte cell lines where 

the expression of the proteins involved in iron absorption is unlikely and therefore the 

physiological significance of the findings uncertain. Therefore, the study of iron absorption 

would value from additional cell lines of intestinal origin being used, preferably derived 

from a species used to comprehensively study this process in vivo, namely the rat. 

Validation of such a model would enable comparisons to be made from a molecular level to 

its relevance in the whole organism. In chapter 3 of this thesis, the rat intestinal cell line 6 

(IEC-6) was examined as a model of intestinal iron transport. IEC-6 cells expressed many of 

the proteins involved in iron absorption, but not the ferrireductase Dcytb, sucrase or αvβ3 

integrin. In addition, in IEC-6 cells the expression of the apical transporter divalent metal 
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transporter 1 (DMT1), the iron storage protein ferritin, the uptake of Fe(II) and Fe(III) were 

regulated by cellular iron stores as is seen in vivo. This suggests that IEC-6 cells are of a 

lower villus enterocyte phenotype.  

 

Presented in chapter 4 is the study of the uptake of iron from Fe(II):ascorbate and 

Fe(III):citrate by IEC-6 cells in the presence of a blocking antibody to the putative 

basolateral transporter ferroportin1 and of colchicine and vinblastine, different pHs, and 

over-expression of DMT1. It was shown that optimal Fe(II) uptake required a low 

extracellular pH and was dependent on DMT1. Uptake of Fe(III) functioned optimally at a 

neutral pH, did not require surface ferrireduction, and was increased during over-expression 

of DMT1.  These observations suggest that intravesicular ferrireduction takes place before 

transport of Fe(II) to the cytoplasm by DMT1. This pathway was not blocked by a 

functional antibody against αvβ3 integrin but was inhibited by competition with unlabeled 

iron citrate or citrate alone. Surprisingly, a functional antibody against ferroportin1 had no 

effect on efflux but significantly reduced (p<0.05) uptake of Fe(II) by 40-50% and Fe(III) 

by 90%, indicating two separate pathways for the uptake of iron from Fe(II)-ascorbate and 

from Fe(III)-citrate in IEC-6 cells.  

 

Presented in chapter 5 is the development and validation of a technique for the 

removal of freshly isolated enterocytes from the rat duodenum and their use to study iron 

transport processes that enabled comparisons to be made between these cells, IEC-6 cells 

and the human enterocyte cell line Caco-2 cells.  

 

In chapter 6 a blocking antibody to ferroportin1 was shown to inhibit uptake of Fe(II) 

but not release of iron in freshly isolated duodenal enterocytes from rats and Caco-2 cells 
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supporting the findings obtained with IEC-6 cells described in chapter 4.  Fe(II) uptake was 

reduced only when the antibody was in contact with the apical membrane indicating its 

expression at the microvillus membrane. Confirming this, ferroportin1 was shown along the 

microvillus membrane of Caco-2 cells, in enriched microvillus membrane preparations and 

in enterocytes of duodenum tissue of rats where it co-localised with lactase.   

 

The significant findings to emerge from this thesis are that the IEC-6 cell is a valid 

model to study iron absorption producing results consistent with those found in freshly 

isolated enterocytes and in human enterocyte-like cells. In particular, ferroportin1 functions 

in the uptake of iron at the apical membrane possibly by modulating surface binding of Fe(II) 

to DMT1 or the activity of DMT1. In addition to this in Fe(II) uptake from Fe(III) 

ferroportin1 may also affect the number of Fe(III): citrate binding sites.  Preliminary studies 

further characterizing the function of ferroportin1 at the apical membrane and at intracellular 

sites of IEC-6 cells along with integration of these data are discussed in chapter 7. 
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Chapter 1 General Introduction 

 

1.1  The Small Intestine 

In the vertebrate body plan, the gastrointestinal tract is a tube highly specialized for 

processing and absorbing nutrients into the body.  The two surfaces of the gastrointestinal 

tract are referred to as the mucosa and the serosa.  The outer surface or the serosa is a thin 

layer of squamous epithelial cells and the inner or mucosal surface consists of three 

components: a single layer of epithelial cells called the epithelium, the lamina propria, and 

the muscularis mucosae (Figure 1.1).  Although the structure of the gastrointestinal tract 

varies considerably from region to region, most of the variation is within the mucosa.  The 

epithelial cells themselves are the primary source of variation and are specifically modified 

to carry out the function of each region of the tract. 

 

The surface of the small intestine is thrown up into longitudinal folds, called folds of 

Kerckring.  Finger-like villi project from these folds 0.5 to 1.5 mm into the lumen (Figure 

1.1).  About 90% of the surface of the villus is covered in a layer of columnar epithelial 

cells, called enterocytes, interspersed with mucus-secreting goblet cells (Cheng and 

Leblond 1974a; Hermiston et al. 1994).  The apical surface of an enterocyte is covered by 

hundreds of tiny processes called microvilli, which is termed the brush border and greatly 

increases the exposure of luminal contents to the enterocyte membrane.  Tube-like crypts 

project down into the surface at the base of each villus and are approximately 0.5 mm deep 

in the duodenum.  The various cell types along the crypt-villus axis have different 

functions.  The crypt cells are the proliferative cells of the intestine with the ability to 

replace the entire epithelium of the small intestine every 3-6 days. This makes it a tissue 
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with one of the highest cell turnovers of the body.  The rates of cell division and turnover 

are influenced by luminal contents, including nutrients, growth factors and by 

gastrointestinal hormones (Johnson and McCormack 1994). 

 

 

 

Figure 1.1 A The pattern of cell turnover and the proliferation of stem cells in the epithelium that 

forms the lining of the small intestine.  B Photograph of a section of part of the lining of the small 

intestine. Note how mucus-secreting goblet cells (visible as pale ovals) are interspersed among the 

absorptive bruch-border cells in the epithelium of the villi (Alberts et al. 1989).  
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The small intestine is responsible for the completion of digestion and the absorption 

of the majority of nutrients, a process that occurs optimally in a slightly alkaline 

environment.  Therefore, before this can be achieved the acidity from stomach secretions 

must be neutralized soon after entering the duodenum, the first part of the small intestine. 

This is achieved by secretions of bicarbonate derived from the pancreas, liver and within 

the intestine. Following neutralization, digestion and absorption can proceed. Both these 

processes require the presence of specialised proteins in the form of enzymes or carrier 

molecules that are present on the surface or within the mature enterocyte.  Enterocytes are 

initially produced deep in the crypt region of the small intestine from undifferentiated stem 

cells and then, during apical migration, undergo limited cell replication, commitment and 

differentiation (Potten and Loeffler 1990; Cheng and Leblond 1974; Hermiston et al. 1994).  

The process of differentiation is gradual, characterised by the accumulation of cell-specific 

products in the crypt region and attaining the mature phenotype in the middle villus region.  

This is manifest in part by lengthening of the brush border and the increased expression of 

membrane-bound enzymes, specific transport processes and membrane carriers within this 

membrane. Due to continued apical migration, these cells have a limited life span as 

specialised cells before they are lost by exfoliation and apoptosis (Quaroni 1985).  Thus, 

due to the presence of the process of cell differentiation, digestion and absorption, the 

intestinal tract represents one of the most diverse tissues in the body, presented as a vertical 

gradient along the crypt-villus axis of different cell types (Potten and Loeffler 1990; Cheng 

and Leblond 1974; Hermiston et al. 1994).    

 

With respect to iron, most absorption takes place in the duodenum.  In addition, the 

duodenum is the major site of iron regulation, controlling the passage of iron across the 

epithelial wall of the small intestine into the bloodstream.  Of the approximately 6-meter 
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length of the human small intestine, only the duodenum (the first 25 centimeters- about 4% 

of the total length) is actively involved in iron absorption and this, in part, is likely to be 

linked to the relatively high intraluminal concentration of acid following gastric emptying 

(See section 1.6 on DMT1 for the likely mechanism).  

 

1.2  Iron 

Iron is an abundant metal, comprising 5% of the earth's crust and a precious metal in 

biological terms being essential to all organisms, except some species of Bacillus. Iron is a 

transition metal which has the ability to readily accept and donate electrons, enabling it to 

function as a strong reducing or oxidising agent and making it important in a large number 

of biochemical reactions (Lieu et al. 2001).  In mammals, multiple physiological processes 

including DNA, RNA and protein synthesis, transport of oxygen and electrons and 

respiration all require iron (Boldt 1999).   

 

The total iron content of the body varies with age, sex, nutrition and state of health.  

The body iron content of healthy adult humans is approximately 40mg/kg in women and 

50mg/kg in men (Bothwell and Charlton 1979).  Iron can exist in a number of oxidation 

states which vary from (-III) to (+VI), but in aqueous solution only the ferrous Fe(II) and 

ferric Fe(III), forms are stable  In acidic solutions these ions are surrounded by 6 water 

molecules.  As the pH is raised, hydrogen ions dissociate from the water molecules and 

hydrated ferrous and ferric hydroxides are formed.  Hence, at pH 7.0 the solubility of Fe(II) 

is 10-1M while that of Fe(III) is much lower, 10-18M (Spiro et al. 1967a).  Thus Fe(II) 

would appear to be reasonably soluble at physiological pH while Fe(III) is almost 

completely insoluble.  However, under aerobic conditions Fe(II) is readily oxidized to 
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Fe(III) and the iron precipitates from solution as ferric hydroxide or forms soluble hydroxy-

iron dimers or polymers which are relatively unreactive and cannot participate in metabolic 

reactions (Spiro et al. 1967a).  Replacement of the water molecules of iron ions by a variety 

of other ligands results in the formation of much more soluble complexes than the simple 

hydrated ions.  Many naturally-occurring organic molecules such as carboxylic acids, 

amino acids, nucleotides, phosphates, citrate and sugars can serve this purpose.  However, 

very little of the iron in the body is chelated by these substances. Instead the majority is 

complexed with proteins, often in a very specific manner, which alters not only the 

solubility of the iron but also its reactivity and redox properties.  Many such iron containing 

proteins thereby acquire the ability to catalyze very specific biochemical reactions with the 

iron present as haem and non-haem complexes. Other proteins serve to transport iron in the 

extracellular fluid (transferrin) or to store it intracellularly in a form that is non-toxic to the 

cells (ferritin and haemosiderin) (Conrad et al. 1999).     

 

Iron deficiency is a major problem worldwide.  It is estimated that 15% of the worlds 

population has anaemia due to iron deficiency (Baynes and Cook 1996).  In addition, iron 

deficiency also causes impaired immune function, poor cognitive development and other 

pathologies (Beard et al. 1996; Dallman 1986; Pollitt 1993).  Ironically, the properties that 

make iron essential to mammalian cells also make it toxic; The one-electron reduction of 

dioxygen by ferrous iron results in superoxide formation, which in turn leads to the well-

known Haber-Weiss-Fenton sequence, generating the hydroxyl radical OH•: 
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Fe2+ + O2 → Fe3+ + O2
-•

2O2
-• + 2H+ → H2O2 + O2

Fe2+ + H2O2 → OH• + OH- + Fe3+

  

The hydroxyl radical is able to promote oxidation of lipids, proteins and other cellular 

components (McCord 1998).  High levels of iron have been associated with increased 

incidence of certain cancers and dysfunction of organs, such as heart, pancreas and liver, 

and high iron levels have been associated with Parkinson's disease, Alzheimer's disease and 

multiple sclerosis (Aisen et al. 1990; Bacon and Britton 1990; Dexter et al. 1991; Halliwell 

1992; Jenner 1991; Sofic et al. 1988; Weinberg 1996; Youdim 1988).   

 

In addition, 1 in 300 Caucasian individuals are genetically predisposed to an iron 

overload disorder known as genetic haemochromatosis (GH) (Merryweather-Clarke et al. 

1998).  GH causes a minor daily increase in intestinal iron absorption, and because there is 

limited ability to excrete iron this results in up to ten times normal levels of iron, causing 

severe iron-induced organ damage (Bothwell 1995). In addition to GH iron overload can be 

due to iron-loading anaemias, such as β-thalassaemia, where erythroid hyperplasia is 

associated with enhanced intestinal iron absorption despite tissue iron overload.  Therefore, 

complex mechanisms for iron acquisition, utilisation and preservation have evolved to 

ensure iron homeostasis in the body is maintained.  

 

1.3 Daily Body Iron turnover 

As stated above, iron needs to be maintained in the body at a defined level for optimal 

health, with appropriate adaptation to match iron needs.  Since the body has no known 
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physiological mechanism to control iron excretion the primary mechanism for controlling 

iron levels is the regulation of iron absorption by the gastrointestinal tract (Andrews 1999).   

A small amount of iron is lost on a daily basis through faeces and desquamation of skin and 

mucosal cells (approximately 1mg/d).  During their reproductive years females lose 

additional iron through menstruation (equivalent to approximately 0.3-0.5mg/d) and in 

childbirth (Andrews 1999; Yip 1998).   

 

The body conserves iron once it has been absorbed (Figure 1.2).  When erythrocytes 

are destroyed, the iron in them is recycled.  Most of the iron used each day for 

haematopoiesis and other essential needs are recycled from heme as erythrocytes are 

broken down within the reticuloendothelial system.   About 95% of the iron used in 

production of new erythrocytes is estimated to come from recycled iron (Yip 1998).  Iron 

circulates bound to transferrin and is stored intracellularly in soluble form as a component 

of ferritin and in insoluble form as component of haemosiderin and under normal 

circumstances most stores are found in the liver, bone marrow, spleen and skeletal muscles.  
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Figure 1.2 (A) The iron cycle is depicted with movement of iron between sites of storage and 

utilization. (B) In the reticuloendothelial system (macrophage) iron derived from heme is returned 

to the plasma via the membrane transporter ferroportin1 (Fp). Ceruloplasmin (Cp) plays an essential 

role in determining the rate of iron efflux via oxidation, which is required for binding to transferrin 

(Tf). (C) Iron absorption in the enterocyte requires the apical membrane ferrireductase (FeR) and 

the divalent metal transporter-1 (DMT1), as well as the basolateral transporter Fp and the 

ceruloplasmin homologue hephaestin (Hp). The role of hephaestin in enterocyte iron efflux is 

analogous to that of ceruloplasmin in the reticuloendothelial system.  (Hellman and Gitlin 2002) 
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1.4  Iron Absorption 

As described above, mammals have a limited capacity to excrete iron; therefore the 

iron content of the body is largely controlled by iron absorption.  The duodenum is 

responsible for iron absorption and it senses changes in body iron demands and then adapts 

to meet them.  It was proposed that duodenal crypt cells sense the iron requirements of the 

body and are programmed by that information as they mature and differentiate into 

specialized absorptive enterocytes (Wheby and Crosby 1963; Conrad and Crosby 1963;).  

The amount of new proteins expressed in the differentiated enterocyte enables it to absorb 

iron that is dependent upon this programming (see below) (Hodin et al. 1995; Pothier and 

Hugon 1980).   A large number of proteins are known to be involved (Table 1.1) and more 

will probably be identified in the future (Morgan and Oates 2002).  Most of these proteins 

will be discussed individually in the following sections. 

  

An alternative hypothesis has recently been proposed which suggests that the liver 

plays a central role in the maintenance of iron homeostasis by regulating the expression of 

hepcidin (a peptide hormone that is synthesized predominantly in the liver and secreted as 

peptides of 20-25 amino acids (See section 1.14 on hepcidin for details) (Kluver et al. 2002; 

Park et al. 2001; Pigeon et al. 2001)  
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Table 1.1: Proteins involved in intestinal iron absorption. 

Protein Function Expression     
     
  Crypt Villus Other Cells 

+Effect of iron 
depletion 

DMT1 Fe(II) transproter - + + (many) Increase 
Ferroportin1 Fe(II) transporter - + + Increase 
Dcytb Ferrireductase - + - Increase 
Hephaestin Ferroxidase - + + No change 
Ferritin Iron storage + + + (many) Decrease 
HFE Regulator + - + No Change 
Hepcidin* Regulator - - Liver Decrease ? 
TFR1 Transferrin endocytosis + + + (many) Increase 
TFR2 Transferrin endocytosis ? ? Liver No Change 
Transferrin Iron transport - - Liver Increase 
IREP1 Regulator + + + (many) Increase 
IRP2 Regulator + + + (many) Increase 
* Hepcidin is a 20-25 amino acid peptide. 
+Iron overload usually produces the opposite effect to iron depletion. (Morgan and Oates, 2002) 

 

1.5   Sources of dietary iron 

Haem-iron from animal muscle and non-haem iron from animal and plant tissues are 

the two major sources of iron in the diet.  Haem-iron has a higher bioavailability and is 

absorbed into the body in a different manner from that of the inorganic iron by a 

mechanism that is not well characterized (Hallberg 1981).  Haem-iron is thought to enter 

the intestinal enterocyte via a cell surface haem receptor as an intact metalloporphyrin.  On 

entering the enterocyte the iron is released by the action of haem oxygenase 1; the iron is 

then thought to enter a common pool with inorganic iron and then to be processed as 

inorganic iron (Drummond et al. 1992).  Although haem-iron has a higher bioavailability 

than non-haem iron it only accounts for 10-20% of dietary iron.  Non-haem iron accounts 

for 80% of dietary iron and a greater proportion in vegetarians (Hallberg 1983).  The 

mechanism of non-haem iron absorption will be the main focus of this thesis.   

 

Non-haem iron absorption is strongly influenced by other nutrients in the intestinal 

lumen.   Non-haem iron is ingested in its ferric or ferrous form.  Dietary ferric iron is 
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generally insoluble.  Hydrochloric acid in gastric juices helps to convert ferric iron into its 

more soluble ferrous form and it also contributes protons necessary for iron uptake (see 

1.6.1 DMT1 function).  Ferrous iron can form complexes with other dietary constituents, 

either decreasing or increasing iron uptake by ways of affecting its bioavailability.  Animal 

proteins, some sugars, ascorbic acid and citric acid are known to increase iron absorption, 

whereas, phosphoproteins from egg yolk, calcium phosphate, phytates, dietary fibre and 

pectins form insoluble complexes with iron and can inhibit its absorption (Andrews 2000). 

 

The mechanism of iron absorption involves at least two membranes of the intestinal 

enterocyte: the apical and basolateral membranes.  The apical membrane is where uptake of 

dietary iron occurs and the iron is transferred to the plasma at the basolateral membrane.  

At least three separate pathways have been shown to occur at the apical membrane for 

uptake of dietary iron.  The most characterized of these involves a protein termed divalent 

metal transporter (DMT1, previously named Natural resistance-associated macrophage 

protein-2 (Nramp2) and Divalent cation transporter 1 (DCT1)), that transports ferrous iron 

and other divalent metals into the enterocyte.  A haem-iron pathway and a mucin-integrin-

mobiliferrin pathway can also absorb haem iron and ferric iron, respectively (Conrad et al. 

1966; Conrad and Umbreit 1993; Raffin et al. 1974). 

 

1.6  DMT1 

Using different approaches, two separate research groups, Gunshin and coworkers 

and Fleming and coworkers, identified and characterized a ferrous iron transporter that 

appears responsible for iron uptake into the enterocyte (Fleming et al. 1997; Gunshin et al. 

1997).   
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Fleming and coworkers conducted linkage analysis and genetic mapping to identify 

the gene responsible for microcytic anaemia in the mk/mk mouse.  mk/mk mice have an 

autosomal recessive defect in iron metabolism that manifests in a marked decrease in 

intestinal iron transport (Fleming et al. 1997).  Based on a refined genetic map of the mk/mk 

mouse genome that resulted from these studies, Fleming and coworkers identified three 

candidate genes for the defect.  Co-segregation of the anaemic phenotype with the 

candidate genes pointed to the natural resistance-associated macrophage protein 2 

(Nramp2) as the gene for further analysis.  The Nramp2 gene was previously identified in 

humans and was named on the basis of its sequence homology to Nramp1 (Gruenheid et al. 

1995). Nramp1 is involved in host defence; it is known to play some role in attenuating the 

proliferation of intracellular pathogens, but its mechanism of action was unknown (Vidal et 

al. 1993).  However, analysis of the primary amino acid sequence for both Nramp1 and 

Nramp2 shows features that are characteristic of transport proteins (ie, multiple 

transmembrane domains).  To determine whether mutations in Nramp2 were responsible 

for the mk/mk phenotype, cDNA clones were isolated from kidney mRNA using RT-PCR.  

Sequencing of these clones showed that there is a missense mutation that results in the 

substitution of a charged amino acid, arginine for glycine, a non polar amino acid.  These 

findings suggested that Nramp2 is an iron transporter and that the mk/mk mutation disrupts 

the ability of this protein to transport iron.  

 

Fleming and co-worker’s suggested Nramp2 was an iron transporter and this was 

proved by the work of Gunshin et al., 1997.  Gunshin and coworkers used expression 

cloning to identify the non-haem iron transporter in rat intestine.   Gunshin micro-injected 

intestinal RNA from iron deficient and iron replete rats into Xenopus oocytes and studied 
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iron uptake by Xenopus oocytes.  Compared with RNA from iron replete rat intestine, the 

iron deficient RNA resulted in a fourfold increase in ferrous iron uptake.  The total RNA 

from the iron deficient rat was size fractionated, and a 4.5kb fraction of RNA was found to 

contain the RNA that conferred the ability to transport ferrous iron into the Xenopus 

oocyte.  The clone was sequenced and named divalent cation transporter (DCT1).  After 

comparing the DCT1 sequence with sequences in the GenBank database, it was concluded 

that DCT1 was the rat version of the Nramp2 gene and was subsequently termed DMT1 to 

most appropriately describe its function (see below for other divalent metals transported by 

DMT1). The DMT1 gene encodes a protein consisting of 561 amino acids with 12 putative 

membrane spanning domains (Lee et al. 1998).  Based on the cDNA sequence DMT1 is 

expected to be about 66kDa in mass but in tissue from the intestine it is larger migrating 

under denaturing conditions at 90kDa. This suggests that about 30% of the mass of DMT1 

is glycoslyated as was predicted from modeling programs. Studies outlined in this thesis 

were performed to test this hypothesis. 

 

 Subsequent to these reports, Fleming and coworkers also documented an identical 

mutation in the Belgrade (b/b) rat to that of mk/mk mice (Fleming et al. 1998).  The 

Belgrade rat has an autosomal recessively inherited, hypochromic, microcytic anaemia 

associated with a well-characterised defect in the transferrin cycle in erythroid cells (Bowen 

and Morgan. 1987) as well as a defective intestinal iron transport that is manifest at the site 

of uptake (Oates and Morgan 1996a). The G185R mutation to DMT1 in b/b rats was 

confirmed by Oates and coworkers (Oates et al., 2000). 
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1.6.1 Function 

The mk and b phenotypes result in a severe iron deficiency anaemia, suggesting that 

DMT1 function is essential for normal intestinal iron transport and erythrocyte 

development.  With respect to the intestine, DMT1 is the major protein facilitating the 

uptake of ferrous iron.  DMT1 transfers ferrous iron across the apical membrane of the 

enterocyte and into the cell through a proton-coupled process with a stoichiometry of 1 

Fe2+:1 H+ as defined by patch clamping studies (Gunshin et al. 1997)  This finding is 

consistent with the observation that DMT1 functions most efficiently in the acidic 

environment of the proximal duodenum following gastric emptying and before 

neutralization of gastric secretions has occurred.  DMT1 is not specific for ferrous iron and 

can mediate the import of a wide variety of divalent metal ions, including zinc, manganese, 

copper, cobalt, cadmium, nickel and lead, supporting the observation that iron uptake can 

be inhibited by manganese, zinc, copper and cadmium (Gunshin et al. 1997; Picard et al. 

2000).    

 

DMT1 mRNA expression has been found in most tissues and cell types analysed and 

its expression is particularly high in the duodenum with a distinct proximal-to-distal 

gradient along the crypt-villus axis, supporting its role in dietary iron absorption  

(Canonne-Hergaux et al. 2000).  The expression of DMT1 mRNA in other tissues suggests 

that it may be broadly involved in cellular iron metabolism throughout the body.   Indeed, 

DMT1 has been shown to co-localise with transferrin both at the plasma membrane and in 

cycling endosomes (Gruenheid et al. 1999; Su et al. 1998).  In addition to defective 

intestinal iron absorption, the homozygous Belgrade rat has a well-characterised defect in 

the transferrin cycle in erythroid cells.   Here the G185R mutation of DMT1 prevents iron 
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being released into the cytoplasm from endosomes containing transferring-bound iron (see 

section 1.15 for further details on TFR1). This results in impaired iron delivery into haem 

and gives rise to the anaemic phenotype of these animals. This impaired ferrous iron 

transport and the pH dependence of DMT1 suggests that it is responsible for transporting 

Fe2+ to the cytoplasm after acidification of the transferrin endosomes by a v-H+ATPase in 

reticulocytes (Morgan and Baker 1986; Lee et al. 1998). In the case of intestinal iron 

transport it is thought that microvillus- localized DMT1 utilizes the acid from gastric 

secretions to transport ferrous iron into the enterocyte once the ferric iron has been reduced 

by Dcytb (See section 1.7). This may explain in part why individuals with achlorhydria fail 

to absorb iron efficiently since these individuals are more prone to anaemia because of their 

poor conversion of ferric to ferrous iron (Hallberg 1983). Two isoforms of DMT1 have 

been cloned, the original 4.5 kb transcript which has a putative iron responsive element 

(IRE) within its 3’ prime untranslated region (Gunshin et al. 1997), while the other does not 

contain an IRE (non-IRE) (Lee et al. 1998). Interestingly, the DMT1-non-IRE transcript is 

not regulated by iron status while the DMT1-IRE transcript is (Wardrop and Richardson, 

1999; Lee et al. 1998) although a slight increase in DMT1 non-IRE mRNA has been 

observed by one laboratory (Frazer et al., 2001).  Both isoforms are found in the intestine 

and are widely expressed in other tissues, with the brain having the highest ratio of IRE to 

non-IRE and the spleen, thymus and pancreas having the highest ratios of non-IRE to IRE 

forms (Lee et al. 1998).  Iron deficiency has been shown to increase levels of DMT1-IRE 

mRNA (Trinder et al. 2000).  Although the mechanism regulating DMT-non-IRE 

transcription is unknown at present, regulation of DMT-IRE is in part controlled by a post-

transcriptional mechanism. This mechanism along with other gene transcripts encoding 

proteins involved in iron metabolism will be discussed in Section 1.13.1, (Regulation of 

iron absorption by intracellular iron sensing). 
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1.7  Duodenal cytochrome b (Dcytb) 

The majority of dietary non-haem iron is in the form of ferric iron complexes; most of 

these are reduced by H+ from stomach secretion to yield ferrous iron before they can be 

transported by DMT1.  In addition, brush-border ferric reductase enzymic activity has been 

demonstrated in duodenal mucosa and in cultured intestinal cells (Raja et al. 1992).  The 

enzyme was partially purified and shown to have homology with the heme containing b-

type cytochrome (Pountney et al. 1999).  Recently, a gene thought to be involved in iron 

absorption encoding a cytochrome b-like molecule was isolated and named Dcytb (for 

duodenal cytochrome b) (McKie et al. 2001).   Dcytb is highly expressed in the brush-

border membrane of duodenal enterocytes and has been shown to be capable of reducing 

ferric iron complexes as evidenced by its overexpression in Xenopus oocytes and cultured 

intestinal cells Caco-2 and HuTu-80.  Dcytb mRNA and protein levels are up regulated by 

several independent stimulators of iron absorption such as, chronic anemia, iron deficiency 

and hypoxia (McKie et al. 2001).  These observations identify an iron-regulated mechanism 

whereby following its reduction ferric iron can be absorbed into the body as ferrous iron by 

DMT1.    

 

1.8  Paraferritin-mediated iron uptake  

Although Dcytb has been shown to function at the brush border to reduce ferric iron 

to ferrous iron and therefore facilitate the uptake of iron via DMT1, there is evidence 

derived from non-polarized cells and intestinal mucosa of an additional mechanism that 

transports ferric iron but whether this functions in the enterocyte is unclear (Conrad et al. 

1999).  
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 It is proposed that this alternative pathway functions through a 520-kDa-membrane 

complex termed paraferritin, which consists of β-integrin, mobilferrin (a calreticulin 

homologue) and flavin mono-oxygenase.  This pathway is not well characterized but it is 

thought that ferric iron is chelated to lumenal mucin to maintain the solubility of the iron at 

neutral pH and is then transported across the apical membrane of the enterocyte in 

association with a cell surface integrin and subsequently transferred to a cytosolic protein 

named mobilferrin.  Once inside the cell flavin mono-oxygenase associates with the iron 

complex to reduce the ferric iron to ferrous iron with the utilization of NADPH (Umbriet et 

al. 1996).  The severe iron deficiency seen in the Belgrade rat and mk mouse suggests that 

if this pathway does function in the enterocyte it would only play a minor role compared to 

DMT1 (Umbreit et al. 1998) or that it too is dependent on DMT1.  

 

1.9 Ferritin 

Once inside the enterocyte iron has three possible fates: i) it is used for the synthesis 

of iron-containing proteins; ii) it is stored; or iii) it is exported from the cell. These are not 

mutually exclusive and the fate of the iron is probably determined by the iron status of the 

body and of the enterocyte.  If intracellular iron levels exceed cellular requirements then the 

excess iron is stored in the form of ferritin, this prevents oxidative damage caused by free 

iron.  Ferritin is a mixture of 24 heavy (H) and light chain (L) subunits that form a protein 

shell around a core that can store up to 4500 atoms of iron (Mann et al. 1986).  The relative 

proportions of the H and L subunits which are present in ferritin molecules vary from tissue 

to tissue, and in any one tissue also vary during development and with changes in the 

amount of iron stored in the tissue (Boyd et al. 1985; Harrison et al. 1998; Theil 1987), 

with ferritins from tissues involved in long-term storage of iron being richer in L-subunits, 
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whereas those from tissues with more active iron metabolism having more H-subunits.  H-

chains are important for Fe(II) oxidation and L-chains assist in core formation (Harrison 

and Arosio 1996).  The expression of ferritin is in part regulated at the post-transcriptional 

level as will be described below (See Section 1.13.1, Regulation of iron absorption by 

intracellular iron sensing).  IREs have been found in the 5’ UTR of mRNA’s encoding 

ferritin heavy and light chains and ferritin.     

 

1.10 Stimulator of Fe Transport 

Using an expression cloning strategy similar to that used for DMT1 a novel protein 

involved in cellular iron absorption was identified and called SFT or Stimulator of Fe 

Transport by screening for Fe(III) uptake (Gutierrez et al. 1997). SFT is a 338 amino acid 

protein with six membrane-spanning domains that enhances uptake of both transferrin and 

non-transferrin bound iron in cultured cells (Gutierrez et al. 1997).   Mechanistically, SFT-

stimulated uptake is different from the iron uptake mechanisms seen for DMT1.  SFT 

requires copper for its full activity and SFT stimulates uptake of both ferric and ferrous iron 

at neutral pH, whereas DMT1 requires ferrous iron and prefers low pH (<6).  SFT has been 

shown to be inversely regulated by cellular iron levels and in vitro experiments using 

human HeLa cells showed that SFT mRNA is up-regulated by iron depletion and down-

regulated by iron supplementation.  In addition it has been shown that SFT is up-regulated 

in the liver of persons with GH (Yu and Wessling-Resnick 1998).   

 

SFT is localized to endosomes and its expression stimulates iron uptake from 

transferrin (Gutierrez et al. 1997; Yu and Wessling-Resnick 1998). Whether SFT and 

DMT1 cooperate in endosomal transport is unkown; however, some iron uptake occurs in 
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Belgrade reticulocytes, suggesting that multiple and redundant mechanisms of iron uptake 

occur (Morgan 1988).  Though SFT is most likely an integral component of the cellular 

iron-transport pathway, its exact role in iron metabolism, including intestinal iron 

absorption and its function in relation to DMT1, Transferrin receptors (TFRs) (see 1.15),  

HFE (see 1.16), ferroportin1 (see 1.11) and other iron-regulated proteins remains unknown.  

 

1.11 Basolateral Membrane Transport - Ferroportin1 /IREG1/MTP1 

The mechanisms of basolateral transport of iron are poorly understood.  The recent 

cloning and characterisation of the protein IREG1/MTP1/Ferroportin1/SLC40A1 was 

independently achieved by several research groups. These collective studies suggest that it 

is the carrier responsible for exporting iron out of the enterocyte and into the plasma.  

Abboud and Haile (2000) isolated and characterized a novel iron-regulated gene termed 

metal transporter protein (MTP1).  They found the gene to be expressed in tissues involved 

in body iron homoeostasis including the developing and mature reticuloendothelial system, 

the duodenum and the placenta.  They showed that the over-expression of MTP1 in 

HEK293T cells resulted in the depletion of intracellular iron levels suggesting that MTP1 is 

involved in iron efflux from cells (Abboud and Haile 2000).  Using positional gene cloning, 

a novel iron transporter gene termed ferroportin1 was identified as the gene responsible for 

the hypochromic anaemia seen in the Zebrafish mutant weissherbst (Donovan et al. 2000). 

Zebrafish ferroportin1 was shown to be required for the transport of iron from maternally 

derived yolk stores to the circulation and when expressed in Xenopus oocytes along with 

DMT1 iron was transported out of these cells providing ceruloplasmin was also present 

(Donovan et al. 2000; McKie et al. 2000).   Mammalian ferroportin1 has been demonstrated 
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at the basolateral surface of the enterocyte suggesting that it could be the protein that 

exports cellular iron into the circulation  (McKie et al. 2000).   

 

Donovan and coworkers reported that ferroportin1 is also expressed in the placenta, 

liver, spleen, macrophages and kidneys where it is thought to function as an exporter of 

iron in these cells (Donovan et al. 2002).  This is consistent with other reports from 

independent laboratories (Abboud and Haile 2000; McKie et al. 2000). 

Immunohistochemical staining and Western blot analysis of the duodenal epithelium 

showed expression to be stronger in iron deficient mice and weaker in iron-loaded mice 

(Abboud and Haile 2000).  It is thought that ferroportin1 might be regulated at the level of 

protein trafficking.  Abboud and Haile observed that ferroportin1 has significantly more 

intracellular staining with iron loaded mice, whereas iron deficient mice have more 

ferroportin1 on the basolateral membrane.   In addition, an autosomal-dominant form of 

genetic hemochromatosis (GH) not linked to HFE but with a mutation of ferroportin1 has 

been described.  A missense mutation, resulting in the replacement of an alanine by an 

aspartic acid at residue 77 (A77D) in the ferroportin1 gene has been identified as causing 

the iron-loading phenotype. This suggests that a mutation in the ferroportin1 gene can lead 

to iron overload and ferroportin1 is functionally important for iron transport (Devalia et al. 

2002; Fleming and Sly 2001; Press 2001; Roetto et al. 2002; Zoller et al. 2001). 

 

Although the evidence for ferroportin1 as an iron transporter is persuasive since 

mutations in ferroportin1 lead to disturbances in iron metabolism in humans and zebrafish 

(Donovan et al., 2001; Pietrangelo, 2004), it has not been convincingly demonstrated that it 

transports iron. The two studies that demonstrate efflux of iron from cells involved the co-

expression of ferroportin1 and DMT1 in Xenopus oocytes (Donovan et al., 2000; McKie et 
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al. 2000). The experimental design involved decreasing the pH of the medium and allowing 

radiolabelled iron transport into the cell presumably by activity of DMT1. The medium was 

then changed to one free of radiolabelled iron and the pH raised to pH7.5. Radiolabelled 

iron was released from the cell into the medium leading both research groups to conclude 

that ferroportin1 effluxes iron. However, it cannot be excluded that ferroportin1 was 

modulating the activity of DMT1 (see below).  Unlike DMT1, in which patch clamping 

studies revealed considerable insight into its transport characteristics and over-expression 

of DMT1 alone demonstrated ferrous iron transport, similar studies are missing for 

ferroportin1 (Gunshin et al. 1997). This thesis is in part concerned with studies looking at 

the function of ferroportin1 in the intestine (see section 1.17). 

 

It is thought that iron transport across the basolateral membrane requires ferroxidase 

activity as well as a transporter.  It is possible that iron transport across the basolateral 

membrane by ferroportin1 is coupled to oxidation of the iron by hephaestin before binding 

to transferrin.  

 

1.12  Hephaestin 

Hephaestin is a multi-copper oxidase with ferrioxidase activity (Li et al. 2003).   It 

shows high homology to ceruloplasmin in its copper binding sites.  As stated above, 

ceruloplasmin is a serum multi-copper ferrioxidase that is required for the release of iron 

mainly from the liver and the reticuloendothelial system  into the blood and its binding to 

transferrin (Harris 1995; Yoshida et al. 1995).  Hephaestin, but not ceruloplasmin, has been 

shown to be involved in the export of iron by the enterocyte.  A mutation in hephaestin 

causes sex-linked anaemia (sla) in mice.  Sla mice develop moderate to severe microcytic 
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hypochromic anaemia due to a block in intestinal iron transport.  Mice with the sla 

phenotype are able to take up iron into the mature enterocyte from the intestinal lumen but 

the export of this iron into the circulation is impaired.  The accumulated iron which is 

bound to ferritin in the enterocyte is then lost with the exfoliation of these cells (Manis 

1971; Vulpe et al. 1999).  

 

Hephaestin is predicted to be glycosylphosphatidylinositol anchored and therefore is 

probably membrane- bound. Based on its function in the efflux of iron this would position 

it on an extracellular domain on the basal cell surface or within the lumen of vesicles where 

it could function in concert with an iron exporter.  Gene expression by Northern blot 

analysis has shown high expression of hephaestin in the small intestine and colon and low 

expression in other tissues. In situ hybridisation studies have shown hephaestin expression 

to be limited to the enterocytes of the villus and not in crypt cells, which supports its role in 

the transfer of iron from enterocytes (Vulpe et al. 1999).  Immunostaining has localised 

hephaestin to perinuclear compartments, indicating that it may be part of a biosynthetic 

compartment like the trans-Golgi network, or that it cycles, likes transferrin receptor, 

between the basolateral membrane and endocytic compartments (Lee et al., 1998). 

Expression of hephaestin is also upregulated by iron deficiency (Sakakibara and Aoyama 

2002). 

  

Studies on hephaestin have shown a link between iron and copper metabolism and 

help explain how copper deficiency results in the decreased absorption of dietary iron and 

its consequence, anaemia (Vulpe et al., 1999).  In copper deficiency dietary iron is able to 

enter the absorptive enterocyte as normal but cannot exit into the circulation because 

copper is required for the ferroxidase activity of hephaestin.  The addition of copper and not 
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iron to copper deficient pigs alleviates this condition and facilitates the release of iron from 

the intestine cells (Lee et al. 1968).  If hephaestin, like ceruloplasmin, requires copper to 

function, then this explains the copper-dependant release of iron from the intestine and 

provides evidence that hephaestin has a role in the export of iron into the plasma 

circulation. 

 

1.13  Regulation of Dietary Iron Absorption 

The absorption of dietary iron is regulated in several ways.  It is unclear whether this 

regulation manifests itself by modulating activity at the apical or basolateral membrane of 

the enterocyte or both.  Iron absorption is regulated mainly by three types of regulators the 

i) dietary, ii) stores and iii) erythropoietic.   

 

Iron absorption can be changed by the amount of iron recently consumed in the diet 

by the “dietary regulator” (Andrews 1999).  The consumption of a large intake of dietary 

iron prevents the enterocyte from acquiring additional iron for several days, a phenomenon 

termed mucosal block (Hahn 1943).  This block on iron absorption is probably due to the 

accumulation of intracellular iron by the enterocyte. It appears to be controlled by the level 

of intracellular iron which activates iron responsive proteins (IRP’s) when enterocyte iron 

levels fall. In turn, IRP’s interact with IRE’s on specific mRNAs encoding genes associated 

with iron absorption. 

 

1.13.1 Regulation of iron absorption by intracellular iron sensing 

As stated above, an iron responsive element (IRE), which is a stem loop structure 

found in the untranslated region (UTR) of the mRNA of many iron-regulated genes (Figure 
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1.3) (Hentze et al. 1988; Theil et al. 1994) has been found in one of two alternative splice 

forms of DMT1 mRNA.   

 

 

 

 

Figure 1.3 Predicted structures of identified IREs. Conserved regions of the IRE hairpin-loop 

(CAGUG) are shown in bold. The boxed region of the ferritin IRE indicates the specific internal 

loop/bulge which has an increased affinity for IRP2 than the bulge structure of the other IREs. 

(Thomson et al. 1999) 

 

This suggests that the DMT1-IRE mRNA levels may be regulated in a similar fashion 

to transferrin receptor, where, under low iron conditions, iron regulatory proteins (IRPs) 

bind to the IRE in the 3' UTR of TFR mRNA and protect the mRNA from degradation, 

resulting in increased TFR synthesis and correspondingly increased uptake of tranferrin-

bound iron by the cell. Under high cellular iron conditions the IRP's do not bind to the 
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IRE's and the TFR mRNA is degraded (Figure. 1.4)  (Casey et al. 1988; Owen and Kuhn 

1987).  

 

In the case of ferritin, during iron deficiency IRP’s bind to the IRE in the 5’UTR of 

mRNA and prevent its translation thereby reducing the amount of iron that is stored as 

ferritin.  With high iron stores, ferritin synthesis is increased to sequester iron and prevent 

oxidative damage to the cell.  This is facilitated by reduced IRP activity, which no longer 

bind to IRE's and as a result ferritin synthesis increases and iron is stored within the cell 

(Ponka and Lok, 1999). 

 

 

Figure 1.4 Post transcriptional regulation of ferritin and TFR mRNAs by IRP1 interactions with 

IRE. IRP1, when bound to the 5'UTR IRE of ferritin mRNA block the binding of the ribosomal 

initiation complex and inhibit translation.  When IRP1 is bound to the 5×IREs in the TfR mRNA 

3'UTR, they block endonuclease attack which results in an increase in TfR mRNA stability. (Ponka 

and Lok 1999). 
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 Two IRP's have been identified (Casey et al. 1988) (Figure 1.5) (Eisenstein 2000).  

IRP1 resembles mitochondrial aconitase in sequence and like mitochondrial aconitase it can 

assemble an iron sulfur cluster and is then enzymatically active (Kaptain et al. 1991).  With 

high intracellular iron levels, the iron-sulfur cluster in IRP1 prevents IRP1 from interacting 

with the IRE's.  In contrast, IRP2 is regulated inversely with intracellular iron levels (Guo 

et al. 1994).  Under high iron conditions IRP2 is oxidised, ubiquitinated and rapidly 

degraded by the proteasome (Guo et al. 1995; Iwai et al. 1998).   Therefore, in iron-

depleted cells, both IRP1 and IRP2 bind to IRE's and in iron loaded cells IRP1 and IRP2 do 

not bind to IRE's.   
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Figure 1.5 Schematic homolog of IRP1 and IRP2 sequences. Sequence comparison is high, and the 

position of the 73-amino acid (aa) IRP2 specific region is shown. The cysteine (C) residues 

important for IRE and iron-sulphur cluster binding are indicated. Percentages represent the level of 

identity of each domain of IRP2 compared to IRP1. (C) Postulated model of IRP1 apoprotein and 

holoprotein structure. High iron levels induce formation of the iron–sulphur cluster (4Fe–4S) which 

closes the putative cleft site and blocks IRE binding but allows citrate/iso-citrate to bind. Low iron 

levels causes iron–sulphur cluster disassembly which allows IRE entry and which facilitates IRP 

binding. The cysteine residues considered important in IRE and iron-sulphur cluster formation are 

indicated. IRP1 is synthesised in its apoprotein form. Under certain high iron conditions the 3Fe–4S 

form of IRP1 is degraded (Thomson et al. 1999). 

 

Thus the dietary iron regulator can reduce iron absorption when a large dose of iron is 

given even in the presence of systemic iron deficiency, a finding that is hypothesized to be 

due to reduced IRP activity described above.  Frazer and co-workers recently studied 

several key molecules involved in intestinal iron absorption (Frazer et al. 2003).  They 

demonstrated that the brush border transport proteins DMT1 and Dcytb are regulated to 

some extent by enteroctye iron levels, whereas the basolateral transfer protein ferroportin1 
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is not.  However, ferroportin1 has been shown to be regulated by the body’s iron 

requirements, being increased in iron deficiency and decreased in iron loading (Abboud and 

Haile 2000; Frazer et al. 2001; McKie et al. 2000) suggesting that ferroportin1 is regulated 

by systemic factors.  The nature of these signals is unclear but the recently identified 

hepcidin molecule may provide some insight to this process (see below).  Although the 

ferroportin1 mRNA has been shown to contain a stem loop structure, typical of an IRE in 

the 5' UTR it should function similar to ferritin mRNA’s (Abboud and Haile 2000; McKie 

et al. 2000).  It would be predicted therefore that if the IRE is functional the expression of 

ferroportin1 would to be down regulated under conditions of low iron and up regulated in 

conditions of excess iron.  However, since the opposite is seen it indicates that 

transcriptional control is more likely to function during iron deficiency and that this 

regulation may be sensitive to systemic regulators since ferroportin1 does not respond like 

DMT1 and Dcytb to an oral iron dose. Importantly it must be pointed out that the mRNA 

encoding Dcytb does not contain a recognized IRE. Also the putative IRE of DMT1 has not 

been unequivocally demonstrated to be IRP sensitive. Therefore, there is still much debate 

about the factors that regulate the “dietary regulator” but the IRP proteins modulating 

DMT1 mRNA activity is supported by three studies (Ma et al. 2002; Oates et al. 2000; 

Frazer et al. 2002) 

 

1.14  Hepcidin 

A second regulatory mechanism also functions by sensing total body iron rather than 

the status of dietary iron.  This mechanism of iron regulation has been termed the “stores 

regulator” (Bothwell 1995).  The stores regulator is capable of changing the amount of 

dietary iron absorbed by enterocytes.  Iron uptake can be increased two- to three- fold in 
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conditions of iron deficiency.  The molecular mechanisms of the stores regulator are 

unknown, although it is thought to act at the level of crypt-cell programming and is 

indirectly influenced by the saturation of plasma transferrin with iron, which in turn is able 

to alter the expression of the apical transporter DMT1 (Lee et al. 1998).   Alternatively, it 

has been proposed that the stores regulator exerts its effect directly on the mature 

enterocyte rather than influencing the intestinal crypt cells, by influencing basolateral 

transport molecules as described in part in the preceding section (Frazer et al. 2003; Frazer 

and Anderson 2003).   A clue to the identity of the stores regulator was recently uncovered 

in the unexpected discovery of the hepatic iron overloaded phenotype of USF2 knockout 

mice.  The nature of this iron overload resembled that of GH where the hepatic iron 

distribution was predominantly parenchymal and periportal and the reticuloendothelial 

system was relatively spared from iron loading (Lieu et al. 2001).  Nicolas et al showed that 

the iron overload in USF2 knockout mice is due to the absence of the duplicated hepcidin 

gene in the liver of these mice (Nicolas et al. 2001).   Hepcidin (also designated liver-

expressed antimicrobial peptide LEAP-1) was recently purified from human blood 

ultrafiltrate and from urine and was shown to be a disulphide-bonded peptide exhibiting 

antimicrobial activity (Nicolas et al. 2001; Park et al. 2001).  Hepcidin is synthesised in the 

liver in the form of a propeptide that contains 83 amino acids, including a putative 24 

amino acid leader peptide and is converted into the mature circulating peptide of 25 amino 

acids during cellular processing (Nicolas et al. 2002b; Park et al. 2001).  A link between 

hepcidin and iron homeostasis has been suggested by Pigeon et al., who demonstrated that 

the accumulation of iron in the liver up-regulates hepcidin expression and by Nicolas et al 

(2002a) who showed that a lack of hepcidin expression results in progressive liver iron 

overload.  Further evidence for the role of hepcidin in iron metabolism came with the 

development of transgenic mice which over-express hepcidin under the control of a liver 
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specific promoter.  These mice were found to have severe iron deficiency anaemia and died 

within a few hours of birth (Nicolas et al. 2002a). Recently mutations in the hepcidin gene 

have been implicated in a new form of juvenile GH which maps to chromosome 19 (Roetto 

et al. 2003).  On the basis of these investigations, Frazer and co-workers, suggested a new 

model of iron absorption that is regulated by body iron requirements (Figure 1.6).   In 

particular they propose that signals to alter iron absorption exert a direct effect on the 

mature enterocyte rather than influencing the intestinal crypt cell.  They proposed that the 

liver plays a central role in the regulation of iron absorption by regulating the expression of 

hepatic hepcidin in response to changes in the amount of diferric transferrin in the 

circulation with variations in iron loading and the acquisition of this iron by the hepatocyte 

via TFR activity.  Circulating hepcidin then directly influences the expression of 

ferroportin1 in the mature villus enterocytes of the duodenum.  It is proposed that the body 

would rapidly and appropriately respond to changes in iron demand by adjusting the release 

of iron from the duodenal enterocyte (Frazer and Anderson 2003). It is hypothesized that 

this response takes place within hours rather than days because it directly affects the 

enterocyte and not the the crypt cell. However until direct measurements of biologically 

active hepcidin are performed or a specific blocking antibody is found to inhibit iron 

absorption within hours of administration these explanations remain speculative.  
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Figure 1.6 A model for the regulation of intestinal iron absorption.  Alterations in the amount of 

dietary iron entering the body (1) or the uptake of iron by the erythroid marrow (2) affect the iron 

content of circulating Tf.  The liver detects any change in diferric Tf levels via TFR2 and 

HFE/TFR1 (3).  This modulates the expression of hepcidin such that a reduction in the diferric Tf to 

TFR ratio decreases hepatic decidin production.  The opposite occurs when the ratio favors diferric 

Tf.  Circulating hepcidin levels adjust the amount of iron absorbed by the duodenum by directly 

influencing the mature villus enterocytes and regulating ferrportin expression (4) (Frazer and 

Anderson 2003). 

 

The third regulatory mechanism is known as the “erythropoietic regulator”.  The 

erythropoietic regulator regulates iron absorption independently of body iron stores, but 

rather iron absorption is controlled by the body requirements for erythropoiesis.  The 

erythropoietic regulator has a greater capacity to increase iron absorption than the stores 

regulator (Bothwell and Charlton 1979).  Increased iron absorption occurs when 

erythropoiesis is ineffective.  Ineffective erythropoiesis refers to the condition in which 

developing erythrocytes are destroyed before they leave the bone marrow, as seen in 

conditions such as thalassaemia and red cell adenylate kinase deficiency (Olivieri and 

Brittenham 1997; Weatherall et al. 1981; Finch et al., 1994).  Both of these conditions lead 

to increased iron uptake that results in tissue iron overload (Solomon et al. 1981).  The 
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nature of the erythropoietic regulator is unknown, but it is predicted that a signal is required 

that can be carried by plasma from the bone marrow to the intestine.  Erythropoietin is a 

logical candidate to have some influence on the rate of intestinal iron absorption.  However, 

it has been shown that erythropoietin levels do not correlate with intestinal iron absorption 

(Schiffer et al. 1966).  It has been suggested that soluble transferrin receptor (sTFR) may be 

the soluble signal involved.  In support of this it was shown that transfusion of 

reticulocytes, which are shedding sTFR, results in the rapid stimulation of the uptake of 

transferrin-bound iron in rats (Finch et al. 1982).  In addition, levels of sTFR correlate 

strongly with iron absorption, with higher levels of sTFR occurring in iron deficient 

conditions and decreased levels in iron loaded conditions.  However, with the discovery of 

hepcidin research has been devoted mainly on this area instead of sTFR.  Recently, it was 

hypothesized that hepcidin could play a role as an erythroid regulator, contributing to the 

modulation of iron absorption by the intestine and iron release by the macrophages in the 

situation of anaemia with normal or increased iron stores (Nicolas et al. 2002b).  Nicolas et 

al (2002b) demonstrated that hepcidin is regulated by anaemia, hypoxia and inflammation 

in mice and that the reduction of hepcidin induced by tissue hypoxia may be an important 

cause of increased iron absorption that occurs even when iron stores are replenished.    

 

1.15  Transferrin Receptor  

The TFR is a homodimeric transmembrane glycoprotein composed of two identical 

90Kda proteins linked by one or two disulphide bridges that binds diferric transferrin (Tf) 

with high affinity (Jing and Trowbridge 1987) (Figure 1.7).  Tf is one of the major plasma 

proteins and plays a critical role in binding and transporting iron.  It is a glycoprotein of a 

molecular weight of 80Kda that binds up to two atoms of iron.  TFR binds circulating iron-
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loaded transferrin at the pH of blood (~pH 7.4), and then undergoes receptor-mediated 

endocytosis. The resultant endosomes fuse with a v-H-ATPase causing acidification of the 

endosomes (Morgan and Baker 1988) and the iron is released from transferrin inside acidic 

endosomes and transported to the cytoplasm by DMT1 to meet the iron requirements of the 

cell (Andrews 1999).  Apotransferrin retains a high affinity for transferrin receptor at acidic 

pH and is recycled together with TFR to the cell surface, where at the slightly basic pH of 

the blood apotransferrin dissociates from TFR allowing the cycle to be repeated (Dautry-

Varsat et al. 1983).   

  

Receptor-mediated endocytosis is a process used by all eukaryotic cells to obtain 

essential nutrients such as iron and to remove potentially harmful molecules (such as excess 

hormones) from the extracellular environment.  The process involves plasma membrane 

receptors that concentrate ligands from the extracellular environment onto the cell surface.  

This occurs at specialized patches on the plasma membrane, called coated pits which 

contain clathrin triskelions and adaptor molecules.  These small patches of cell membrane 

pinch off, forming clathrin coated vesicles that carry their cargo into the cell.  Soon after 

entry the clathrin dissociates and the endosomes become tethered. The complex of vesicles 

move further into the cell via kinesin motor proteins operating on microtubular complexes. 

This process is coordinated along the pathway by a variety of RabGTPase that regulate 

endocytosis and cellular trafficking (Pereira-Leal and Seabra 2001). Endosomes are the 

major sorting compartments along the endocytic pathway.  Four classes of endosomes are 

known, based on the kinetics with which they accumulate endocytic tracers, their 

morphology, localization within the cell and the presence of biochemical markers.  Newly 

internalized proteins are first delivered to so-called early or sorting endosomes, which are 

near to the plasma membrane and appear as an anastomosing network of tubules and 
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vacuoles.  Receptors returning to the cell surface accumulate in recycling endosomes, 

which are tubular structures located in the perinuclear Golgi region of the cell.  Vacuolar 

structures or endosome carrier vesicles detach from the early endosome and gradually 

acquire internal membrane vesicles.  These so-called multivesicular bodies mature into late 

endosomes and fuse with lysosomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Transferrin Receptor, a transferrin-binding protein that is embedded in the plasma 

membrane of a cell.    The receptor has two identical polypeptide chains linked by a disulphide 

bond (S-S), the bulk of the chain is expressed outside the cell, the receptor binds two molecules of 

Tf, presumably one molecule per chain and each Tf molecule can carry two ferric ions. 

  

In the small intestine the TFR is found predominantly in the crypt cells on the 

basolateral membrane but not on the brush border membrane.  As stated above, as the crypt 

cell differentiate TFR redistribute and in the villus enterocyte are found mainly at 
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intracellular sites particularly in the supranuclear region (Banerjee et al. 1986; Oates et al. 

2000).  This suggests that TFR is unlikely to be responsible for the transfer of dietary iron 

across the basolateral membrane although its function at this site is unknown.  It is thought 

that the major role of TFR is to supply transferrin-bound iron to the rapidly developing 

enterocyte precursors in the crypts.  In vivo studies have shown that TFR can take up 

transferrin-bound iron in proportion to the plasma transferrin saturation (Oates and Morgan 

1997).  In conditions in which the saturation of serum transferrin with iron is raised greater 

amounts of transferrin-bound iron are internalized by the cell.  According to one hypothesis 

it is thought that this increase in iron uptake by crypt epithelia leads to a regulatory 

response that down-regulates further absorption of dietary iron when these cells 

differentiate into enterocytes.  TFR, therefore, receives a signal from the body stores 

regulator (hepcidin?) and possibly the erythropoietic regulator through the plasma to the 

undifferentiated enterocyte in the crypt region on the iron status of the body.  The crypt cell 

then differentiates into an absorptive enterocyte with the iron absorbing capacity 

determined in the undifferentiated enterocyte by the iron status of the body.   

 

In 1999 a second TFR termed TFR2 was identified.  TFR2 exists in two forms, 

TFR2-α which has 45% identity with TFR, while TFR2-β, lacks the N-terminal portion, 

including the cytoplasmic and transmembrane regions.  TFR2 is expressed predominantly 

in the liver, spleen, lung, muscle, prostate and peripheral blood mononuclear cells and in 

low levels in the small intestine (Trinder and Baker 2003). TFR2 mRNA lacks an IRE and 

its expression is not regulated by the iron status of the cell. (Kawabata et al. 1999). 
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1.16  HFE          

The majority of patients with GH carry a missense mutation of a major-

histocompatibility-complex class I-like protein termed HFE (Figure 1.8).  Eighty-three 

percent of GH patients in Australia are homozygous for a single missense mutation which 

consists of a transition of G to A and results in a change of Cys-282 → Tyr (C282Y).  A 

second missense mutation, His-63 → Asp (H63D) has been reported in some patients who 

are heterozygous for the C282Y mutation (Feder et al. 1996; Feder et al. 1997).   

 

 

Figure 1.8 Proposed structure of the HFE protein.  This transmembrane protein is similar to other 

major histocompatibility complex type-1 like proteins and is localized to the basolateral membrane.  

The β2-microglobulin binding site is shown. (Alberts et al. 1989).  
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GH is an inherited disorder that causes iron overload due to an abnormality in the 

regulation of intestinal iron absorption.  GH individuals absorb two-to three-fold more iron 

than is normal from their diet.  This iron accumulates in many organs including the liver, 

pancreas and heart muscle, which provokes liver cirrhosis, diabetes and/or heart failure.  If 

left untreated it may lead to death (Andrews and Levy 1998; Bacon 1999).  It is estimated 

that 10% of the Caucasian population are heterozygous for the defect in HFE, with 1 in 400 

having the homozygous condition (Edwards et al. 1998).  GH is more prevalent than other 

inherited diseases such as cystic fibrosis, sickle cell anaemia, phenylketonuria and Tay-

Sachs disease (Fodinger and Sunder-Plassmann 1999; Olynyk et al. 1999).  

 

The HFE protein predicted from the cDNA sequence is composed of 343 amino acids 

and belongs to the non-classical major histocompatibility complex class I family (Salter-

Cid et al. 2000).  Major histocompatibility complex (MHC) class I molecules are integral 

membrane proteins with three extra cellular loops (α1, α2 and α3), a transmembrane region 

and a short cytoplasmic tail (Bjorkman and Parham 1990) (Figure 1.8). MHC class I 

molecules are known to bind short antigenic peptides and function in antigen presentation 

to T-cells (Fourie and Yang 1998; Garcia et al. 1999).  HFE, like most MHC class I 

molecules is a heterodimer, consisting of a heavy chain encoded by the HFE gene and a 

non-convalently bound light chain encoded by the β2 microglobulin gene (β2m) (Figure 

1.8) (Salter-Cid et al. 2000).   Crystallographic studies have shown that the HFE molecule 

resembles major histocompatability complex class I molecules (Feder et al. 1997; Lebron et 

al. 1998).  However, HFE does not possess a functional peptide-binding groove because the 

position of the HFE extracellular domain forms a narrow groove that prevents peptide 
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binding (Feder et al. 1997; Lebron et al. 1998).  Therefore, HFE is unlikely to play a role in 

antigenic peptide presentation to T-cells.  The fact that HFE has the characteristics of a 

MHC class I-like molecule presents no clues to how HFE evolved to influence body iron 

homeostasis.  A possible role of HFE in iron absorption was first suggested by studies 

showing that HFE binds to TFR1 but not TFR2. However, there is now  

immunohistochemical evidence that TfR2 and HFE do co-localize (See below). As stated 

above, TFR1 is responsible for receptor mediated endocytosis of iron bound to transferrin 

(Feder et al. 1998) (Figure 1.7) (Parkkila et al. 1997; Salter-Cid et al. 1999; Salter-Cid et al. 

2000).  In this section the discussion that follows the term TFR will refer to TFR1.  

 

Turnover of non-TFR bound HFE is more rapid than turnover of TFR bound HFE, 

suggesting that the binding of HFE to TFR is required for the intracellular transport, 

stabilization and surface expression of HFE (Gross et al. 1998; Salter-Cid et al. 1999; 

Salter-Cid et al. 2000).  One molecule of HFE with its associated β2m binds per TFR 

dimer.  HFE binding to TFR results in a five- to ten-fold reduction in the affinity between 

TFR and transferrin (Feder et al. 1998; Gross et al. 1998).  The binding of HFE to TFR 

appears to be pH dependent (Feder et al. 1997; Lebron et al. 1998).  At pH 7.5, HFE binds 

TFR with high affinity, whereas at pH 6.0 very weak or no binding at all is observed.  This 

observation suggests that HFE is most likely not associated with TFR in the acidic 

endosomal compartments and that the primary site of action for HFE on TFR function is on 

the plasma membrane where the pH is nearer 7.5.   

 

Biochemical and structural analyses of HFE predicted that the C282Y mutation 

disrupts a critical disulfide bond in the α3 loop of the HFE protein and the resultant mutant 
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protein is unable to associate with β2m and that this inhibits its transport to and 

presentation on the cell surface (Bjorkman and Parham 1990; Feder et al. 1996; Waheed et 

al. 1997).  In addition, the C282Y mutation of HFE prevents it associating with TFR (Feder 

et al. 1997).  Waheed et al. (1997) demonstrated that HFE bearing the C282Y mutation 

does not associate with β2m in human embryonic kidney cells (HEK293 cells) and COS-7 

cells transfected with the mutant cDNA.  Waheed et al. (1997) also demonstrated that much 

of the C282Y mutant protein remains in the form of high molecular weight aggregates that 

fail to undergo late Golgi processing, resulting in its accelerated degradation.  

 

The second mutation (H63D) has no effect on binding of β2m or on the cell surface 

expression of HFE.  The functional consequences of this mutation remain unclear (Feder et 

al. 1996; Feder et al. 1997).  Although the above studies confirmed the effects of the 

C282Y mutation on HFE association with β2m and its transport to the cell surface they did 

not clarify the link between the HFE protein and iron absorption. 

 

HFE mRNA has been found in nearly all tissues, with high levels of expression in the 

liver, a major site of iron metabolism.  HFE is found in the epithelial cells along the 

alimentary canal from the esophagus to the rectum (Feder et al. 1996).  Similar to the 

observation in cultured cells, HFE immunohistochemical staining can be found on the 

entire plasma membrane of non-polarised epithelial cells and on the basolateral surfaces of 

the polarized epithelial cells of the stomach and colon.  However, in the area of the crypts 

of the small intestine, HFE staining is found intracellularly and is perinuclear (Parkkila et 

al. 1997; Waheed et al. 1999).  It is thought that this pattern of intracellular distribution is 

indicative of HFE being present in recycling endosomes such as those containing TFR.  

Since the crypt cells are thought to be a site of regulation of iron absorption and HFE is not 
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on the cell surface in this region of the gastrointestinal tract the role of HFE in the 

regulation of iron absorption may occur within the cell.   

 

The observation that the livers of GH patients contain 5-fold higher SFT mRNA 

levels than in normal subjects (Yu and Wessling-Resnick 1998) suggests that enhanced 

SFT expression contributes to the etiology of the disease.  However, a study in HFE 

knockout mice (Knutson et al. 2001) demonstrated that SFT is widely expressed in mouse 

tissues and that its expression levels in duodenum, brain and liver do not differ between 

HFE-/- and HFE +/+  mice, suggesting that SFT is not responsible for the hepatic iron loading 

that is observed in these mice.  Nevertheless, the results do not exclude the possibility that 

SFT may be a modifier gene of the hemochromatosis phenotype (Knutson et al. 2001), as 

has been reported for β2m, DMT1, hephaestin and TFR (Barisnai et al. 2001). 

                                                                                                                                   

1.16.1 HFE-TFR complex 

Iron saturated Tf and HFE can bind simultaneously to TFR to form a ternary 

complex.  HFE and iron-Tf are, therefore, not competing for the same site on TFR (Gross et 

al. 1998; Lebron et al. 1998; Lebron et al. 1999; Lebron and Bjorkman 1999; Salter-Cid et 

al. 2000).  Association of HFE with TFR negatively regulates iron uptake into most cell 

lines.  The mechanism by which this is accomplished is not fully understood.  The 

dissociation constant of TFR to iron-saturated Tf is approximately 5nM in the absence of 

HFE and 12-75nM in the presence of HFE (Feder et al. 1998; Gross et al. 1998; Lebron et 

al. 1998).  However, the concentration of Tf in the plasma is approximately 5µM (Salter-

Cid et al. 1999), therefore, the binding of diferric Tf to TFR is saturated even in the 

presence of HFE, suggesting that a decrease in TFR affinity for Tf produced by HFE is not 
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an efficient means for inhibiting iron uptake, especially since Tf-TFR complexes undergo 

rapid recycling (Salter-Cid et al. 1999). 

 

Roy et al., (1999) reported that the association of HFE with TFR does not appear to 

affect the cycling or distribution of TFRs.  However this observation is controversial since 

other groups reported that TFR internalization is impaired by HFE (Salter-Cid et al. 1999; 

Salter-Cid et al. 2000) and the rate of exocytosis decreases (Ikuta et al. 2000).  However, all 

studies show that the accumulation of intracellular iron is reduced when HFE expression is 

increased resulting in a low ferritin phenotype, or in other words reduced iron uptake (Corsi 

et al. 1999; Riedel et al. 1999).  

 

As stated, above TFR2 expression has been detected in the small intestine (Griffiths 

and Cox 2003; Yamamoto et al. 2002). Both studies found TFR2 in epithelial cells 

throughout the length of the crypt-villus axis. TFR2 co-localised with HFE in the crypt 

region. In GH patients in whom HFE is mutated co-localisation did not take place 

suggesting some derangement in this interaction may be responsible for increased iron 

absorption. Supporting this, Trinder and co-workers showed that the uptake of transferrin-

bound iron by intestinal epithelial cells was reduced in HFE knockout mice compared with 

wild type animals. Although some of the iron acquired can be explained by TFR1 activity 

this saturates with only nanomolar levels of transferrin. Since transferrin circulates in the 

micromolar range, the reduced iron uptake may reflect impaired TfR2 activity.  This 

finding supports the idea that HFE and TfR2 interact to modulate iron uptake as suggested 

by the immunofluorescence study although crystallographic studies suggest no interaction. 

The reduced uptake of transferrin-bound iron by crypt cells also fits the programming 

hypothesis outlined earlier because HFE knockout crypt cells would receive relatively low 
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level of plasma transferrin-bound iron. Thus the level of iron acquired by the intestinal cells 

is akin to an individual with low iron stores, not high as is seen in GH. As suggested by the 

programming hypothesis this reduced iron uptake by crypt cells is integrated into a program 

that increases iron absorption in villus cells. Interestingly, these alterations in iron 

acquisition are not seen in the liver of HFE knockout mice, suggesting an intestinal specific 

interaction between HFE and TFR’s. Finally mutations to TfR2 have been associated with 

hereditary hemochromatosis type 3 (Casmaschella et al. 2000; Roetto et al. 2001). 

 

The physiological significance of the in vitro work which predicts that HFE knockout 

would result in increased iron acquisition from transferrin bound iron is not supported by 

the in vivo data and therefore the significance of the in vitro work is unclear. It may point to 

a more complex environment within the intestine than can be recapitulated in vitro or the 

nature of the cell lines used are not appropriate.  Thus the major question of how the HFE 

and the TFR’s interact to regulate iron absorption by the enterocyte remains to be 

answered.  

 

1.16.2 In vivo studies suggest that HFE and hepcidin operate together 

The increased expression of hepcidin mRNA that is seen in control mice fed an iron 

loaded diet was not observed in HFE knockout mice despite marked hepatic iron loading 

(Ahmad et al. 2002).  Similar results have been observed in HFE-related GH where reduced 

amounts of liver hepcidin mRNA compared to controls despite increased body iron stores 

(Bridle et al. 2003).  In addition, it was found that when HFE knockout mice were crossed 

with transgenic mice over-expressing hepcidin, hepcidin inhibited the iron accumulation 

normally observed in the HFE-knockout mice (Nicolas et al. 2003). 
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As suggested above these studies suggest that hepcidin could be the signal involved 

in one of the pathways regulating iron absorption.  The similarities between hepcidin 

knockout mice and HFE knockout mice suggest that hepcidin and HFE may act through the 

same regulatory pathway.  It is suggested that the interaction of HFE and hepcidin alters the 

iron status of crypt cells, which in turn, controls the expression of iron regulated proteins in 

the villus enterocyte (Bridle et al. 2003; Lieu et al. 2001; Nicolas et al. 2003).   

Alternatively, hepcidin may modulate the function of the basolateral transporter 

ferroportin1 that in turn regulates the export if iron out of the enterocyte into the plasma 

(Frazer et al. 2003; Frazer and Anderson 2003). These questions are still to be resolved and 

the availability of antibodies against hepcidin will help to elucidate its function. 

 

1.17  Overview of this thesis 

As reviewed above, the mechanisms controlling enterocyte iron transport and its 

regulation are poorly understood.  The recent advances in the identification of the iron 

transporters at the brush-border and basolateral membranes has helped contribute to our 

understanding of the mechanism of iron absorption.  Furthermore, the identification of the 

mutation to HFE in GH and the discovery of  hepcidin and of the effects of changes in IRP 

activity have assisted in defining the participants regulating this process. However, the 

above review clearly demonstrates that much work still needs to be done on the proteins 

involved in iron absorption and how they interact in order to gain a better understanding of 

iron absorption.  The overall control of enterocyte iron transport will probably involve 

regulation of iron uptake across the brush-border, iron binding to cytosolic proteins and/or 

transfer of iron across the basolateral membrane.  At the present time how the iron 

transporters function and interact at these sites and with each other is still unclear.  
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Understanding how these proteins coordinate iron absorption is assisted by studies 

using cell lines of human origin such as Caco-2 and Ht-29.  Caco-2 and Ht-29 cells are 

human colon carcinoma cell lines (Fogh et al. 1977).  These cells differentiate in culture as 

polarized enterocytes and show morphological and functional features typical of normal 

absorptive cells.  Some of the reported characterisitics are polarization, differentiation after 

arresting growth, brush border membrane and tight junctions, basal localization of the 

nucleus and expression of TFR and secretion of brush border associated enzymes (Hauri et 

al. 1985; Hidalgo et al. 1989; Rousset et al. 1985; Vachon and Beaulieu 1992).   

 

Animal models have also been used extensively in the study of iron physiology.  

Animals carrying inborn errors of iron metabolism have been used in positional cloning 

experiments to discover the genes responsible for the iron defects such as DMT1, 

hephaestin and ferroportin1. Also, the use of knockouts/knockins and animals that over-

express the proteins involved in iron absorption have provided valuable insights into this 

process and will be important when used in combination. 

 

In addition to the human cells lines and animal models it would be advantageous to 

have a cell line derived from the same species used in studies of whole animals, for 

example the rat, so that additional mechanistic questions can be studied in conjunction with 

those obtained in vivo and in turn compared with those found in humans.  These cells must 

be of intestinal origin, express the above genes, have functional uptake and efflux 

transporters and be able to be transfected for the further study of genes of interest.  In view 

of this the first aim of this thesis was the evaluation of the non-transformed rat small 

intestinal epithelial cell line IEC-6 as a model for the study of non-haem iron absorption. 

This is presented in Chapter 3 of this thesis 
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Having validated the IEC-6 cell model of intestinal iron absorption the next aim of 

this thesis was to understand the cell biology of the iron uptake of ferrous and ferric iron. 

Thus, presented in Chapter 4 are data supporting the existence of a ferric uptake process in 

IEC-6 cells. The uptake characteristics of the ferric transport process was then compared 

and contrasted to the uptake of ferrous iron which is performed by DMT1.   

  

Most in vivo studies of iron absorption involve samples of total intestine. The 

isolation and study of iron binding proteins relevant to the mechanism or regulation of how 

this process is made difficult because, as discussed above, these are carried out by 

enterocytes and crypt epithelium, respectively. Therefore, the next aim of this thesis was to 

develop a technique of sampling different regions along the crypt-villus axis so that 

isolation and study of cells of either crypt and villus phenotypes would be possible. This 

would be a major advancement compared with previous studies since it would enable study 

of the iron metabolic pathways with much greater resolution.  In Chapter 5 a cell isolation 

procedure was developed.  This allowed the isolation of viable epithelial cells along a 

crypt-villus axis that gave an enrichment in different fractions of the crypt and villus cells 

by at least 10-fold.   

 

In Chapter 6 the results obtained with this cell isolation technique are used in 

combination with data from cells grown in culture to study intestinal iron absorption and in 

particular the iron transporters DMT1 and ferroportin1.  The results obtained were used in 

conjunction with the results obtained with the IEC-6 cells to achieve the main aim of this 

thesis which is to gain a better understanding of intestinal iron absorption from the level of 

cell to whole animal.  



Chapter 1 
46 

Thus, in summary, this thesis concentrates on using in vitro and in vivo techniques to gain a 

better understanding of how DMT1 and ferroportin1 function at the brush-border and 

basolateral membrane of the enterocyte respectively in relation to the mechanism and 

regulation of iron absorption and regulation, and how these proteins function at intracellular 

sites in relation to other iron-binding proteins. The use of cultured cells coupled with 

animal experiments was considered important in gaining mechanistic answers at the 

cellular level and testing the relevance of these findings by assessing these in whole 

animals, respectively. 

 

1.17.1 Specific Aims  

 

1. To evaluate the non-transformed rat small intestinal epithelial cell line 

IEC-6 as a model for the study of non-haem iron absorption  

 

2. To gain a clearer understanding of the cell biology of the transport of 

ferrous and ferric iron by enterocytes. 

 

3. To develop a technique of sampling different regions along the crypt-

villus axis so that the and study of cells of either crypt and villus phenotypes 

would be possible  

 

4. To obtain a better  understanding of how the iron transporters 

DMT1and ferroportin1 function at the membranes of the enterocytes and how 

these transporters interact with other iron proteins such as TFR1 and Dcytb at 

intra- and extracellular sites 
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Chapter 2 General Materials and Methods 

 

2.1  Materials 

All reagents and chemicals used in this investigation are listed with their supplier 

below.  All chemicals are of analytical grade unless specified. 

 

Reagent Supplier 
Acrylamide Byroad 

NSW, Australia 
 

Agar BD Diagnostics Systems 
MD, USA 
 

2-amino-2(hydroxyl methyl) 
 propane-1,3-diol (Tris) 

BDH,  
Kilsyth., Victoria, Australia 
 

Ammonium persulphate Sigma Chemical Co.,  
Missouri, USA 
 

Ampicillin Sigma Chemical Co.,  
Missouri, USA 
 

AMV Reverse Transcriptase Finnichem Geneworks 
Australia 

Apotransferrin (human; > 98% 
purity) 

Sigma Chemical Co.,  
Missouri, USA 
 

bathophenanthroline disulphonic 
acid (BPS) 

Sigma Chemical Co.,  
Missouri, USA 
 

BCA Protein Assay Kit Pierce,  
Illinois,USA 
 

Belgrade rats  originally obtained form Dr. John   A. 
Edwards 

 (Dept of Medicine,  
State University of New York, Buffalo, 
NY) and maintained at the  

 Biological Sciences Animal Unit  
 at the University of Western Australia. 
 

Bovine Serum Albumin Sigma Chemical Co., 
Missouri, USA 
 

BRESApure Plasmid Kit Geneworks 
Adelaide, Australia 

Gel extraction kit Geneworks 
Adelaide, Australia 
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Bromophenyl Blue BDH,  
Kilsyth., Victoria, Australia 
 

Caco-2  ATCC ,  
Rockville, MD, USA 
 

Carbonyl Iron Sigma Chemical Co.,  
Missouri, USA 
 

Casein Sigma Chemical Co.,  
Missouri, USA 
 

Ceruloplasmin Boehringer Mannheim 
Germany 
 

Chloroform Sigma Chemical Co.,  
Missouri, USA 
 

Colchicine Sigma Chemical Co.,  
Missouri, USA 
 

Cos-7 Cells ATCC ,  
Rockville, MD, USA 
 

Desferrioxamine mesylate (DFO) Sigma Chemical Co.,  
Missouri, USA 
 

Dialysis Tubing Selby Scientific 
Victoria, Australia 
 

diethyl pyrocarbonate (DEPC) Sigma Chemical Co.,  
Missouri, USA 
 

Diferric transferrin (human, > 98% 
purity) 

Sigma Chemical Co.,  
Missouri, USA 
 

4,5-dihydroxy-1,3 benzene 
disulfonic acid (Tiron) 

Sigma Chemical Co.,  
Missouri, USA 
 

Dimethyl sulphoxide (DMSO) Sigma Chemical Co.,  
Missouri, USA 
 

Dithiothreitol (DTT) Sigma Chemical Co.,  
Missouri, USA 
 

Dulbeccos Modified Eagle Medium 
(DMEM) 

Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

DYNAzyme EXT DNA polymerase Finnochem 
Geneworks, Australia 
 

Eagle’s Basal Amino Acids Gibco, Initrogen Life Technologies 
Victoria, Australia 

ECL Western Blotting Kit Amersham 
England, UK 

Essential Vitamin Mixture Gibco, Initrogen Life Technologies 
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Victoria, Australia 
 

Ethanol BDH Lab Supplies 
England 
 

Ethidium Bromide Sigma Chemical Co.,  
Missouri, USA 
 

Ethylenediamine-tetracetic acid 
(EDTA) 

Sigma Chemical Co.,  
Missouri, USA 
 

Ferric Ammonium Chloride Sigma Chemical Co.,  
Missouri, USA 
 

Ferric Chloride Sigma Chemical Co.,  
Missouri, USA 
 

ferrous ammonium sulphate Sigma Chemical Co.,  
Missouri, USA 
 

Ferrous Sulphate Univac 
WA, USA 
 

Foetal Calf Serum (FCS) Gibco, Initrogen Life Technologies 
Victoria, Australia 

Formaldehyde Univac 
WA, USA 
 

Fungizone (Amphotericin B)    Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

G148 Sigma Chemical Co.,  
Missouri, USA 
 

Glucose Sigma Chemical Co.,  
Missouri, USA 
 

Glutamine Disco Lab. 
 

Glycerol Univac 
WA, USA 
 

N-Glycosidase F Hoffman-LaRouche 
Switzerland 
 

3H-Thymidine Amersham 
England, UK 
 

HCl BDH Lab Supplies 
England 
 

Heparin (Porcine mucous) Fisons Pharmaceutical 
Sydney, NSW, Australia 
 

IGEPAL CA630 Sigma Chemical Co.,  
Missouri, USA 
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Immobilin-P Transfer Membrane Millipore 
Bedford, USA 
 

Intestinal epithelial cell line 6 (IEC-
6) 

ATCC ,  
Rockville, MD, USA 
 

Insulin Sigma Chemical Co.,  
Missouri, USA 
 

Isopentane Sigma Chemical Co.,  
Missouri, USA 
 

Isoproponal Sigma Chemical Co.,  
Missouri, USA 
 

Keyhole limpet haemocynanin Proteomics International, 
Perth, Australia 
 

Leuptin Sigma Chemical Co.,  
Missouri, USA 
 

Lipofectamine Reagent Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Lipofectamine Plus Reagent Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Millipore Filters Millipore Corp 
USA 
 

Minimum Essential Medium 
(MEM) 

Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

N-(2-hydroxyethyl) piperazine-N’- 
(2-ethanesulphonic acid) (HEPES) 
 

Sigma Chemical Co.,  
Missouri, USA 

Nembutal Boehringer Ingelheim 
Artamor, NSW Australia 
 

Nitric Acid BDH Lab Supplies 
England 
 

Non-essential Amino Acids Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

OPTI-MEM Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

pcDNA3.1/V5/His-TOPO 
 cloning expression vector 

Initrogen Life Technologies 
Victoria, Australia 
 

PD-10 Columns (Sephadex G-25M) Pharmacia Biotech 
Sweden 

Penicillin G Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Perchloric Acid Univac 
WA, USA 
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p-phenylenediamine BDH Lab Supplies 
England 
 

phenylmethylsulfonyl fluoride 
(PMSF)  

Sigma Chemical Co.,  
Missouri, USA 
 

Ponceau Red BDH Lab Supplies 
England 
 

Potassium Chloride Sigma Chemical Co.,  
Missouri, USA 
 

Potassium Hydrogen Phosphate Sigma Chemical Co.,  
Missouri, USA 
 

Pronase (from Streptomyces 
griseus) 

Boehringer Mannheim 
Germany 
 

ProteinA-Sepharose Pierce,  
Illinois,USA 
 

3-(2-pyridyl)-5,6-bis(4-
phenylsulfonic acid) 
1,2,4-Triazine (ferrozine) 
 

Sigma Chemical Co.,  
Missouri, USA 

Radioactive Iron (59FeCl3) Peker & Elmar 
 

RNAwiz Ambion 
Texas, USA 
 

Rhodamine phalloidin Molecular Probes 
Leiden, The Netherlands 
 

Salmon Sperm DNA Boehringer Mannheim 
Germany 
 

Sodium Acetate Sigma Chemical Co.,  
Missouri, USA 
 

Sodium Ascorbate Sigma Chemical Co.,  
Missouri, USA 
 

Sodium Azide BDH Lab Supplies 
England 
 

Sodium Chloride Univac 
WA, USA 
 

Sodium Dodecyl Sulphate Byroad 
NSW, Australia 
 

Sodium Fumarate Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Sodium Hydrogen Phosphate BDH Lab Supplies 
England 
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Sodium Hydroxide BDH Lab Supplies 
England 
 

Sodium Pyruvate Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Soybean Trypsin Inhibitor Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Streptomycin Sulphate Calbiochem 
California, USA 
 

N,N,N’,N’-
Tetramethylethylenediamine 
(TEMED) 
 

Sigma Chemical Co.,  
Missouri, USA 

Tissue Culture Ware Falcon 
And Nunc Medos  
Western Australia 
 

trasylol Bayer 
Leverkusen, Germany 
 

Trichloroacetic acid (TCA) Merck Chemicals 
Australia 
 

Trisodium Citrate Ajax Chemicals 
Sydney, Australia 
 

Triton X-100 Ajax Chemicals  
Australia 
 

Trypan Blue Sigma Chemical Co.,  
Missouri, USA 

Trypsin Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Trypsin/EDTA  Gibco, Initrogen Life Technologies 
Victoria, Australia 
 

Tryptone BD Diagnostics Systems 
MD, USA 
 

Tween-20 Labchem 
PA, USA 
 

Vinblastine Sulphate Sigma Chemical Co.,  
Missouri, USA 
 

Wistar Rats Animal Resource Centre 
Murdoch, WA, Australia 
 

Yeast Extract BD Diagnostics Systems 
MD, USA 
 

Zn chloride BDH Chemicals 
Australia 
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2.2 Antibodies 

2.2.1 Primary Antibodies 

Rabbit polyclonal anti-DMT1 (Trinder et al. 2000), rabbit polyclonal anti-ferritin, 

rabbit polyclonal anti-transferrin receptor and rabbit polyclonal anti-ferroportin1 were all 

produced in the laboratory.  Rabbit polyclonal anti-human DMT1-IRE antibody 

(NRAMP22-S, Alpha diagnostics international).  Mouse monoclonal  anti-proliferating cell 

nuclear antigen  (Santa Cruz, CA, USA).  Mouse monoclonal transferrin receptor (serotech, 

Oxford, UK).  Mouse monoclonal early endosomal antigen l (BD Life Sciences). Mouse 

monoclonal anti-Lamp1 donated by Ira Mellman (Lewis et al., 1985). Rabbit polyclonal 

anti-Dcytb, donated by Andy McKie (McKie et al. 2001).  Rabbit polyclonal anti-Ma33, 

donated by Joan Heath (Johnstone et al. 2000).  Mouse monoclonal anti-lactase and mouse 

monoclonal anti-sucrase donated by Quaroni and Isslebacher (Quaroni and Isselbacher 

1985b).  Mouse anti-human αvβ3 integrin (Centocor, PA USA). 

 

2.2.2 Secondary Antibodies  

Goat anti-rabbit IgG - HRP conjugated (Silenus, Australia).  Sheep anti-mouse IgG - 

HRP conjugated (Silenus, Australia).  Goat anti-rabbit IgG – Texas red conjugated 

(molecular Probes, Eugene, US).  Goat anti-mouse IgG - Fluorescein conjugated 

 

2.3 Solutions and Buffers  

All solutions were prepared with double deionised water (ddH2O) adjusted to 

appropriate pH and stored at 4oC.  Where appropriate all solutions were sterilised by 

passing through a 0.22µm filter.  Equipment was sterilised by autoclaving for 20min at 

120oC at 15 pounds per square inch. 
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2.3.1 Saline 

Isotonic saline (0.15M; 300mOsm/L) was prepared by dissolving 0.914g NaCl into 

100mL ddH2O. 

 

2.3.2 Isotonic sodium phosphate buffer 

Isotonic sodium phosphate buffer pH 7.4 was prepared by mixing 0.155M 

NaH2PO4.2H2O (24.2g/L) with 0.103M Na2HPO4.12H2O (37g/L) until a pH of 7.4 was 

obtained. 

 

2.3.3  Phosphate Buffered Saline (PBS) 

PBS was prepared by diluting 1 part isotonic sodium phosphate buffer in 20 parts 

isotonic saline. 

 

2.3.4 Balanced Salt Solution (BSS) 

 

BSS was prepared according to the method of Hanks and Wallace (1949).  Briefly, 50ml of 

salt solution (160g/L NaCl, 4g/L KCl, 2.22g/L CaCl2, 4.1g/L MgCl2.6H2O) was added to 

an equal volume of a stock buffer solution (0.42g/L NaH2PO4.H2O, 9.6g/L 

Na2HPO4.12H2O, 10g/L NaHCO3, 20g/L D-glucose) and made unto 1L with ddH2O 

(300mOsm/L). 

 

2.3.5 Luri-Bertani (LB) medium and plates 

LB was prepared with 10g/L Tryptone, 5g/L yeast extract and 10g/L NaCl in ddH2O 

and adjusted to pH 7.0 with NaOH.  The solution was autoclaved and allowed to cool to 
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55oC before the addition of 100µg/ml ampicillin.   For the LB plates the medium was 

prepared as above, but 15g/L of agar was added before autoclaving.  Once cooled the 

solution was poured into 10cm plates. 

 

2.3.6  SOC medium 

For 100ml of SOC medium LB medium was prepared as above with the following 

added: 1ml 1M MgCl2, 1ml 1M MgSO4 and 2ml of 20% glucose. 

 

2.3.7 Laemmli Buffer 

Laemmli buffer was prepared with 15g/L Tris (0.125M), 4% SDS, 20% glycerol and 

10% β-mercaptoethanol (added just before use), 0.25% Bromophenol blue. 

 

2.3.8  Lysis Buffer 

The lysis buffer was a classical RIPA buffer consisting of 3.15g/L Tris-HCL 

(20mM), pH 8.0, 8g/L NaCl (137mM), 1.86g/L EDTA (5mM), glycerol 10%, IGEPAL CA 

630 1%, Triton X-100 1% and the proteinase inhibitors 174mg/L phenylmethylsulfonyl 

(PMSF) (1mM), 10µg/ml Leupeptin and Trasyol 1%. 

 

2.3.9  Ponceau Red 

The ponceau red stain was prepared as follows. PonceauS dye 0.1W/V was dissolved 

in 15% acetic acid and 10% methanol in ddH2O. 

 

 

 



Chapter 2 
56 

2.4  Methods 

2.4.1 Cell lines 

Intestinal epithelial cell line 6 (IEC-6) cells were obtained from the American Type 

Culture Collection (ATCC, Rockville, MD) and routinely maintained in the presence of 

Dulbecco’s modified Eagle’s medium (DMEM) containing 5% foetal calf serum (FCS), 

100units insulin, 50µg/ml penicillin, streptomycin and 2.5µg/ml fungizone.  Cells were 

grown and maintained in 75cm2 culture flasks at 37oC in a humidified atmosphere of 

5%CO2/95% air and viability was monitored using phase contrast microscopy and trypan 

blue exclusion.  Three or 7 days before an experiment for cells in exponential or stationary 

growth phases, respectively, cells were seeded at 3.5x105 cells/well in a 12-well tissue 

culture plate (Figure 2.1) 
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Figure 2.1 Growth curve for IEC-6 cells. Cells were in the exponential growth phase from days 2 to 

6.  Cells were seeded at 6.9 x 103 per well of a 24 well culture plate.  

 

Caco-2 cells were obtained from the American Type Culture Collection and routinely 

maintained in the presence of DMEM containing 20% FCS, 0.1mM non-essential amino 

acids, 1mM sodium pyruvate 50µg/ml penicillin, and streptomycin.  Cells were grown and 
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maintained in 75cm2 culture flasks at 37oC in a humidified atmosphere of 5%CO2/95% air 

and viability was monitored using phase contrast microscopy and trypan blue exclusion.   

Twenty-one days before an experiment Caco-2 cells were seeded at a density of 1x104 

cells/cm2 on 12-well membrane inserts with a 0.4 micron pore size (Falcon).  After 21 days 

in culture the cells form a monolayer and are a fully differentiated phenotype characteristic 

of a villus enterocyte. The monolayer integrity was tested by using transepithelial electrical 

resistance (TEER) (Pinto et al. 1983).    TEER was measured before and after an 

experiment using an epithelial volt ohm-meter (millipore).  The TEER values obtained in 

the absence of cells were used as background and resistance was expressed as ohms/cm2.  A 

resistance value above 260ohms/cm2 was used to represent a monolayer (Pinto et al., 

(1983). 

 

2.4.2  Altering the iron content of IEC-6 cells 

Twenty-four hours before an experiment IEC-6 cells were made iron deficient or 

loaded, by adding 0.5mM Deferoximine (DFO) or 5µg/ml of Fe in the form of ferric 

ammonium chloride to the cells respectively.  Total cellular iron concentration was 

measured by atomic absorption spectrometry.  This involved washing the cells with PBS 

and removing them from the culture flask.  The cells were centrifuged and resuspended in 

2.8M nitric acid and left at 90oC for 60min.  The solution was centrifuged to remove 

denatured protein and the iron concentration of the supernatant was measured using an 

atomic absorption spectrometer (Varian, Australia). 
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The results presented in this study have been normalised against the protein content 

of the cells. The protein content of cells was determined using the BCA protein assay kit 

(Pierce, Illinois U.S.A). 

 

2.4.3  Animals and dietary manipulation 

Six-week-old outbred male Wistar rats were obtained from the Animal Resources 

Centre (Murdoch, Western Australia). Belgrade rats were originally obtained form Dr. John 

A. Edwards (Dept of Medicine, State University of New York, Buffalo, NY) and 

maintained at the Biological Sciences Animal Unit at the University of Western Australia.  

The phenotype of homozygous-anaemic Belgrade rats was demonstrated by a low 

hematocrit, reticulocytosis, high plasma iron and splenomegaly. As pointed out in the 

introduction this colony of rats has the G185R mutation in DMT1 (Oates and Morgan, 

1996a).  

 

Rats were fed a semi-purified diet the composition of which has been reported previously 

(Bieri et al. 1977).  The diet contained three levels of iron: the control diet contained 70mg 

iron as ferrous ammonium sulphate per kg of diet; an iron deficient diet contained no added 

iron (iron content 8mg iron per kg of diet); an iron loaded diet contained 30g carbonyl iron 

per kg of diet. The diets were made available for 1-6 weeks and food was available at all 

times. At the time of killing, the animals were injected intraperitoneally with 0.5ml of 

Nembutal® at a concentration of 60g/L. After deep anaesthesia was achieved a midline 

incision was made to expose the thorax and the heart was incised. The duodenum was 

removed and either used for protein expression (see Western blot analysis below) or frozen 
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in liquid nitrogen cooled isopentane and stored at –80°C (see confocal microscopy below). 

The liver was removed for the estimation of iron stores. 

 

2.4.4 RNA Analysis 

2.4.4.1  Treatment of plastic-ware and glassware to remove RNase 

Glassware for all RNA work was baked at 250oC for 4h to remove RNase.  To 

remove RNase from plasticware it was soaked for 24h in a 0.1% solution of diethyl 

pyrocarbonate (DEPC) before being autoclaved.  Solutions for RNA work were made with 

double distilled water (ddH2O) that had been treated overnight with 0.1% (W:V) DEPC and 

autoclaved.    

2.4.4.2 RNA isolation 

RNA was isolated using RNAwiz from confluent IEC-6 cells grown in 75cm2 culture 

flasks.  IEC-6 growth media was discarded and the cells were washed with PBS. Two ml of 

RNAwiz was directly added to the cell monolayer and cells were homogenised by pipetting 

them vigorously several times before transferring the solution into an Eppendorf tube.  The 

homogenate was then incubated at room temperature for 5 min to dissociate the 

nucleoproteins from the nucleic acids.  400µl of chloroform was added to the homogenate, 

which was then shaken vigorously and incubated at room temperature for 10 min.  The 

mixture was centrifuged at 12 000 x g for 15 min at 4oC.  The mixture separated into 3 

phases, the colourless upper aqueous phase that contains the RNA, the semi-solid 

interphase that contains the DNA and the lower organic phase.   Only the aqueous phase 

was transferred into a clean Eppendorf tube, 1ml of RNase-free water was added and mixed 

well.  Two ml of isopropanol was added and mixed then incubated at room temperature for 

10 min.  The RNA was pelleted by centrifugation of the solution at 12 000 x g for 15 min at 
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4oC.  The supernatant was removed and the RNA pellet washed with at least 2ml of 70% 

ethanol by vortexing.  A final centrifugation at 12 000 x g for 5 min at 4oC, was performed 

to remove the supernatant and the RNA was air dried for about 10 min at room temp.  The 

RNA was then resuspended in 50µl of DEPC-treated water.    

2.4.4.3 RNA quantitation and purity 

After the RNA has been isolated the yield and purity was determined.  A 1:500 

dilution of the RNA was analysed on a spectrophotometer at wavelengths of 260 and 

280nm.  An absorbance of 1 corresponds to 40µg of RNA/ml and the ratio of A260 to 

A280 should be greater than 1.8.  To check the integrity of the RNA 1µg was analysed 

using agarose gel electrophoresis and visualised by UV-induced fluorescence emitted after 

ethidium bromide staining.  RNA was only used if both the 28s and 18s bands could be 

clearly visualised. 

2.4.4.4 Reverse transcription-polymerase chain reaction (RTPCR) 

The RNA was amplified by a one step reverse transcription polymerase chain reaction 

(RTPCR) with enzyme AMV reverse transcriptase, for the RT step and DYNAzyme EXT 

DNA polymerase for the PCR (Finnichem).  All reaction components and samples were 

kept on ice.  The RTPCR reaction was performed according to the following: a 50µl 

reaction of 1µg of total RNA was reverse transcribed and amplified in 1 x RobusT reaction 

buffer, 1.5mM MgCl2, 200µM of each deoxynucleotide triphosphate, 10pmol of both 

downstream and upstream primers (See Appendix A), 5units of AMV reverse transcriptase, 

2 units of DyNAzyme EXT DNA polymerase and sterile distilled water.  

  

The RT steps for each gene amplified are shown in Appendix A.  Following the PCR 

20µl aliquots of the products were analysed using agarose gel electrophoresis and 
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visualised by UV-induced fluorescence emitted after ethidium bromide staining.  The PCR 

product was excised from the gel with a clean sharp scalpel blade and purified from the 

agarose using a gel extraction kit (Geneworks).  The extracted PCR product was quantified 

by mixing 1µl of cDNA with ethidium bromide and comparing with DNA of known 

concentration under UV light.  

 

2.4.5  TOPO cloning reaction 

The entire open reading frame encoding cDNA's of specific genes (See Appendix A 

for details of primers and maps) was subcloned into a pcDNA3.1/V5/His-TOPO cloning 

expression vector (Invitrogen) containing a Neomycin resistance gene using a TOPO 

cloning reaction.  The TOPO cloning reaction was set up using: 4µl of fresh PCR product 

and 1µl of TOPO® vector.  The reaction was mixed gently and incubated for 5min at room 

temperature.  Following the incubation the reaction was placed on ice for transformation. 

 

2.4.6  Transformation 

Two µl of the TOPO cloning reaction from the above was placed into a 1.5 ml 

Eppendorf tube containing one shot® TOP10 chemically Competent E. coli and mixed 

gently.  The solution was placed on ice for 30min followed by heat shocking the cells for 

30secs at 42oC without shaking.  Immediately following this the tubes were transferred to 

ice and 250µl of room temperature SOC medium was added.  The tube was shaken 

horizontally (200rpm) at 37oC for 1h and 200µl from each transformation reaction was 

spread on a pre-warmed ampicillin selective plate and incubated overnight at 37oC.   
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2.4.6.1 Analysis of Positive Clones 

Ten colonies were picked and incubated at 37oC overnight with vigorous shaking in 

3ml of LB medium containing 50µg/ml ampicillin for analysis of positive clones.  1.5ml of 

the overnight culture was centrifuged at 12 000 g for 2min and the remainder of the 

overnight culture stored at 4oC until needed (see below).  The supernatant was removed by 

aspiration and the pellet resuspend by vortexing in 100µl of ice-cold lysis buffer and 

incubated for 5 min at room temperature.  Two hundred microliters of a freshly prepared 

solution containing 0.2M NaOH and 1% SDS was added the solution was mixed by 

inversion and incubated for 5min on ice.  One hundred and fifty microliters of ice-cold 

potassium acetate pH 4.8 was added, the solution was mixed by immersion for 10 secs and 

incubated for 5min on ice.  The solution was centrifuged at 12 000g for 5min and the 

supernatant transferred to a fresh tube.  DNase-free RNase was added to the supernatant to 

a final concentration of 20µg/ml and incubated at 37oC for 20min.  One volume of TE-

saturated phenol/chloroform was added, and vortexed for 1min and centrifuged at 12 000g 

for 5min.  The upper aqueous phase was transferred to a fresh tube and 1 volume of 

chloroform:isoamyl alcohol (24:1) was added, the solution was vortexed and centrifuged as 

above.  The upper aqueous phase was transferred to a fresh tube and 2.5 volumes of ethanol 

added. The solutions were mixed and the DNA was allowed to precipitate for 5min at -

80oC.  The tube was centrifuged at 12 000g for 5min, the pellet rinsed with ice-cold 70% 

ethanol and dried under vacuum.  The pellet was dissolved in 10µl of sterile ddH2O and the 

plasmids analysed by restriction analysis to determine insertion and orientation of the PCR 

product into the vector.   
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2.4.7  Plasmid Isolation 

Once the suspected correct clone has been identified following minipreparations and 

restriction enzyme digestion the overnight culture containing the suspected clone was used 

to inoculate 25ml of pre-warmed LB medium containing 100µg/ml of ampicillin and 

incubated at 37oC with vigorous shaking overnight.  Plasmids were isolated using a 

BRESApure plasmid kit as follows.  Overnight cultures were centrifuged at 5000 g for 10 

min at room temperature and the pellets resuspended in buffer BPR containing RNaseA.  

Four millilitres of Buffer BPL was added and the solution mixed immediately by gentle 

inversion to lyse the cells before the addition of 4ml of Buffer BPN.  The resultant solution 

was centrifuged at ≥15 000 g for 10min and the plasmid DNA was obtained by applying the 

supernatant to an equilibrated BRESapure column.  The column was washed twice with 

20ml of buffer BPW before the elution of the DNA with 5ml of buffer BPE, 0.7 volumes of 

isoproponal was added to the DNA solution and the DNA pelleted by centrifugation at 13 

000 g for 20min.  The DNA pellet was washed with 2ml of 70% ethanol and re-centrifuged 

for 10min at 4oC.  The orientation and sequence of the cDNA clones were confirmed by 

sequencing. 

 

2.4.8 Over-expression of proteins in IEC-6 cells 

In a 35mm culture dish IEC-6 cells were seeded at 1 x 105 cells/dish one day prior to 

transfection, so that on the day of transfection the culture was 70% confluent.  During the 

whole of the transfection period no antibiotics were used.  IEC-6 cells were transfected 

with either pcDNA3.1-cDNA or pcDNA3.1 plasmids. Solution A, consisting of 1µg of 

constructed plasmid in 200µl OptiMEM and 6µl of plus reagent were mixed for 15min at 

room temperature. Solution B, consisting of 4µl of Lipofectamine and 200µl OptiMEM, 
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was mixed with solution A and incubated at room temperature for 30min, and 1600µl of 

OptiMEM was added.  Two milliliters of this solution was added to the cells and 

incubated at 37oC and 5%CO2/95% air for 5h.  For transient transfections, IEC-6 growth 

medium with 2x FCS was added to the cells which were incubated for 24h and either lysed 

in lysis buffer as described above or subjected to membrane binding and uptake of Fe(II) 

and Fe(III) measured. 

 

For stable transfections the cells were split 1:10 72h post transfection before the 

addition of 200µg/ml G148 (empirically determined, Table 2.2) for 10 days to select for 

transfected cells.   

 

2.4.9 Uptake and release of ferric and ferrous iron by IEC-6 cells, Caco-2 cells 

and freshly isolated enterocytes 

IEC-6 cells were seeded in 12-well plates at 7.5 x 104 cells/well 3 days before the 

experiment resulting in the cells being in the exponential growth phase at the time of 

study.  Caco-2 cells were seeded at a density of 1 x 104 cells/cm2 onto cell culture inserts 

pore size 0.4µm (Falcon) and used 21 days later when confluent cultures of differentiated 

cells of a villus phenotype were obtained.  Villus enterocytes were isolated immediately 

before the uptake studies and resuspended in MEM to give 1 x 106 cells/ml, and 500µl of 

suspended cells was used for each time point.   

 

To study the uptake of Fe(II), a solution containing 1µM iron as 59FeCl3 and 56FeSO4 

in a 1:10 molar ratio, with a 100-fold molar excess of fresh sodium ascorbate and for 

Fe(III) uptake a solution containing 1µM iron as 59FeCl3 and FeCl3 in a 1:10 molar ratio, 
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with a 100-fold molar excess of fresh sodium citrate were added to an isotonic solution of 

MEM containing 20mM Hepes-Tris (pH 5, 5.5, 6.5 or 7.5) and 1%BSA. The solutions 

were made up immediately and used within 1 hr to avoid the possibility of iron hydroxide 

polymerisation (Spiro et al. 1967; Yip 1998).  Validation of the solubility of the Fe(III) in 

solution and its uptake by IEC-6 cells is provided in the results section. 

 

IEC-6 and Caco-2 cells were washed 3 times in buffered salt solution (BSS) to 

remove culture medium and then incubated for up to 1h in the 1µM Fe solution at 37oC in 

an atmosphere of 5%CO2/95% air.  Enterocytes were incubated in a shaking 37oC water 

bath for up to 1h in the Fe(II) or Fe(III) solution.  Cells were washed 5 times in BSS and 

lysed in Triton X-100/0.1M NaOH and counted for radioactivity in a γ-scintillation 

counter (Packard, CT USA).   

 

To study the release of iron, the IEC-6 cells and the enterocytes were incubated with 

1µM radiolabelled Fe(II) or Fe(III) as above for 1h and then washed with BSS. After this 

they were incubated at 37oC with a MEM solution deficient in the tracer iron solution with 

or without 500nmol/L ceruloplasmin or 200µmol/L apotransferrin. The cells were 

incubated for 0, 5, 10, 15, 30 and 60min at 37oC in an atmosphere of 5%CO2/95% air.  

The efflux medium was removed and counted for radioactivity.   The cells were washed 

then incubated with 1g/L pronase to remove-membrane bound proteins. Following 

centrifugation the cells were washed and lysed in 0.1mol/L NaOH, 1% Triton-X100. Cells 

were counted for radioactivity in the gamma counter. 
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2.4.10  Western Blot analysis 

Tissue and cultured cells were lysed in lysis buffer to obtain protein for Western blot 

analysis.  Protein concentration was determined and 50µg of each preparation was heated at 

100oC for 5min in standard Laemmli buffer and separated on a 12% SDS-polyacrylamide 

gel.  Gels were electroblotted onto Immobilon-P transfer membrane (Millipore, Bedford 

USA) for 40min at 0.8mAmps/cm2 of membrane.  Similar loading and transfer of proteins 

to the membranes was verified by staining the blots with Ponceau red.  The blots were 

washed, dried and then subjected to antigen detection.  Primary antibodies were used as 

follows: mouse monoclonal PCNA (1:1000), affinity purified rabbit polyclonal anti-rat 

DMT1 antibody (1:2000) (Trinder et al. 2000). This antibody recognises both the IRE and 

non-IRE forms of DMT1 (Fleming et al. 1997; Fleming et al. 1998; Gunshin et al. 1997).  

A rabbit polyclonal anti-human DMT1-IRE antibody (1:7000) (NRAMP22-S, Alpha 

diagnostics international).  A rabbit polyclonal anti-rat ferritin antibody that recognises both 

heavy and light ferritin chains (Oates and Morgan 1997).  A rabbit polyclonal anti-rat 

ferroportin1 antibody (1:1500) (see chapter 5 for verification).  A mouse monoclonal anti-

rat TFR1 antibody (1:2000) (Serotec, Oxford, UK).  All polyclonal antibodies were 

produced in the laboratory.  An anti-rabbit secondary antibody conjugated to horseradish 

peroxidase was used at 1:2000 for the polyclonal antibodies (Serotec, England UK) and an 

anti-mouse secondary antibody conjugated to horseradish peroxidase was used at 1:2000 

for the monoclonal antibodies (Serotec, England UK). Blots were incubated in primary 

antibody for 1h in PBS containing 1% caesin and 0.03% Tween-20, washed three times for 

5min each before the addition of the secondary antibody  and then incubated in secondary 

antibody for 30min in PBS containing 0.5% caesin and 0.015% Tween-20 before being 
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washed as before.  The immune complexes were detected using the ECL chemiluminescent 

assay as per instructions (Amersham, England UK). 

 

2.4.11  Immunofluorescence Microscopy 

IEC-6 cells were grown on glass coverslips in 35mm dishes.  Cells were seeded at 

1.5 x 105 cells/dish two days before the experiment and were in exponential phase of cell 

growth for the experiment (Fig 2.1).  Cells were either prepared for immunofluorescence 

microsocopy while viable or following fixation in 4% formalin buffered saline (FBS). 

Primary antibodies were used as follows: monoclonal anti-sucrase-isomaltase (SI) (1:100), 

monoclonal anti-lactase (1:100) (Quaroni and Isselbacher 1985a), affinity purified rabbit 

polyclonal anti-rat DMT1 (1:300), rabbit polyclonal anti-rat IREG1 (1:100), monoclonal 

anti-rat TFR1 (1:100), monclonal anti-rat lamp1 (1:1000).  Rabbit pre-immune serum was 

used as a control.  Secondary antibodies were anti-rabbit Texas-red conjugated (Molecular 

probes, Eugene, USA) or anti-mouse FITC conjugated (Serotech, England UK) diluted 

1:200 with BSS.  Viable and fixed cells were incubated with primary and secondary 

antibodies for 1h at 37oC or 4oC and then washed 5 times with PBS. The viable cells were 

then fixed with buffered formalin saline. Co-incubation of both primary and secondary 

antibodies with viable cells enabled the detection of these proteins following movement 

from the cell surface if this was temperature dependent.  

 

The proximal 0.5cm segment of the duodenum from an iron deficient and a normal 

rat were frozen in liquid nitrogen-cooled isopentane. This tissue was then stored at -80oC 

until sectioned. At the time of sectioning the tissue was glued to a chuck with Tissue Tek 

O.C.T. compound (Miles Inc., USA). Seven µm sections were then cut at -13oC and 

adhered to a 0.5% gelatine coated microscope slides.  The sections were dried for 10min at 
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room temperature then fixed in 12% formalin.  The tissue was then used immediately for 

immunofluorescent microscopy as described above.  To examine antibody staining the 

tissue was covered with a coverslip using a fluorescence anti-fade mounting media.  Images 

were captured on an Olympus microscope equipped with a Biorad MRC-1000 confocal 

system, using a 10x or 60x objective (Biorad, Hercules, Calif., USA).  All images were 

obtained using the same laser intensity, so that staining patterns could be compared. Images 

were processed using Adobe Photoshop 5.5 (Adobe Systems, San Jose, Calif., USA).
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Chapter 3 Characterization of IEC-6 cells as a 

model of intestinal iron absorption in the rat 

 
3.1  Introduction  

Regulation of iron absorption is the primary mechanism for maintaining body iron 

stores and occurs in the proximal small intestine. Recent identification of proteins that are 

involved in iron absorption such as the uptake transporter, divalent metal transporter 

(DMT1), the basolateral transporter, ferroportin1 and the ferroxidase, hephaestin provide 

new opportunities to study this process. Understanding of how these proteins coordinate 

iron absorption is assisted by studies using cell lines of human origin (Han et al. 1999; 

Tallkvist et al. 2000).  However, it would be advantageous to have a cell line derived from 

the same species which is used in studies of whole animals, such as the rat, so that 

additional mechanistic questions can be studied in conjunction with those studied in vivo 

and in turn compared to results found in humans. These cells need to be of intestinal origin, 

express the above genes, have functional uptake and efflux transporters, and be able to be 

transfected for the further study of genes of interest.  In view of this we evaluated the non-

transformed rat small intestinal epithelial cell line IEC-6 as a model for the study of non-

heme iron absorption.  This involved comparing the expression and cellular localization of 

DMT1 and ferroportin1 in IEC-6 cells and rat duodenal enterocytes. Also, the existence of 

uptake and efflux iron transport processes along with changes in the expression of the 

above genes with variations in iron loading were investigated in IEC-6 cells. 
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3.2  Materials and Methods   

3.2.1 Cell culture 

See Chapter 2.4.1 

 

3.2.2  Animals and dietary manipulation 

See Chapter 2.4.3 for Wistar rats used in this study.  

 

3.2.3 Isolation of duodenal villus mucosa 

Duodenal mucosa representing the mid-villus region was obtained by applying a light 

scrape with a glass slide to remove superficial cells followed by a deeper scrape to remove 

the villus region from the proximal 3 cm of the duodenum from rats fed the iron deficient 

and control diets. An even deeper scrape was also performed on the duodenum of a control 

animal to obtain crypt cells. The tissue was immediately lysed in lysis buffer (see Chapter 

2.3.8). 

 

3.2.4  Glycosylation of DMT1 in vivo 

To determine whether DMT1 was glycosylated in vivo, 150µg of the total duodenal 

mucosal protein was precipitated with trichloroacetic acid, washed, solubized in buffer 

containing 5 units of N-glycosidase F (Hoffman-La Roche, Switzerland.) and incubated 

overnight. Digested and undigested proteins were then subject to Western blot analysis.  

 

3.2.5  Uptake of ferrous iron by IEC-6 cells 

Uptake of ferrous iron was performed as stated in Chapter 2.4.9.  
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3.2.6  Uptake of ferrous iron under different iron loading and pH conditions 

Cells were treated as described in Chapter 2.4.2. The uptake of Fe(II) was measured 

as described above. 

  

3.2.7  Ferrous iron release studies  

Iron release studies were performed as described in Chapter 2.4.9 

 

3.2.8  Copper-dependent oxidase activity 

The intracellular and extracellular copper oxidase activity of IEC-6 cells was 

measured by the rate of oxidation of p-phenylenediamine (Sunderman, Jr. and Nomoto 

1970).  200mM sodium acetate solution containing 1.5g/L p-phenylenediamine was 

incubated with viable cells in a 6-well plate, and with fresh and freshly boiled homogenates 

for 15-60min at 37°C.  The reaction was stopped by the addition of 50µl of 1.5M sodium 

azide.  Parallel reactions with sodium azide present throughout the incubation were carried 

out to account for spontaneous oxidation of p-phenylenediamine. The colour change was 

quantified by measuring its absorbance at 530nm.  Activity is expressed in units where 

1unit is 1 absorbance unit change/30 min.  

 

3.2.9 Western Blot analysis 

Western Blot analysis was carried out as shown in Chapter 2.4.10 using primary 

antibodies: mouse monoclonal PCNA (1:1000), affinity purified rabbit polyclonal anti-rat 

DMT1 (1:3000), a rabbit polyclonal anti-rat ferritin, and a rabbit polyclonal anti-rat 

ferroportin1 antibody (1:2500).  All polyclonal antibodies were produced in the laboratory.   
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3.2.10  Production and validation of ferroportin1 antibody 

A synthetic peptide corresponding to amino acids 247-264 of rat ferroportin1 was 

synthesized and conjugated to keyhole limpet haemocynanin (Proteomics, Austraila) and 

then used to immunize a rabbit for production of anti-ferroportin1 antiserum as described 

previously (Trinder et al. 2000).  Several weeks after sensitisation antiserum was obtained 

and subjected to an enzyme linked immunoabsorbent assay (ELISA) using immobilized 

immunising peptide as antigen to determine antibody titre.   

 

3.2.11  ELISA for ferroportin1 

Fifty ng of the synthetic peptide described above in 100µl of PBS was added per well 

of a 96-well plate and left overnight at 37oC.  The plate was washed 3 times with 200µl of 

PBS before each following step.  The plate was incubated in 100µl of PBS containing 1% 

casein for 1h at room temperature.  100µl of sensitized antiserum or pre-immune serum was 

then added to the plate in serial dilutions ranging from 1:50 to 1:25600 and the plate was 

incubated for 2h at 37oC.  100µl of an anti-rabbit IgG-HRP conjugated antibody diluted 

1:200 with PBS was added to the plate and incubated for 1h at 37oC.  For detection of the 

antibodies a horseradish peroxidase substrate kit (Biorad, CA USA) was used according to 

manufacturer’s directions. 

 

3.2.12 Ferroportin1 cDNA construction 

A PCR fragment representing nucleotides 269 to 2012 of the published rat 

ferroportin1 sequence (Accession #U76714) and encompassing the open reading frame of 

the gene was generated by a one step reverse transcriptase polymerase chain reaction (RT-

PCR) (Invitrogen) using purified total RNA from rat duodenum.  The primer used for the 
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RT step was also the 3’ primer being cagatctattaggctgactt and the 5’ primer was 

ctagcatccgaacaaacaag (Appendix A). The ferroportin1 cDNA was unidirectionally cloned 

in the sense direction into the Not1 and BamH1 sites of pcDNA3.1/V5/His-TOPO 

eucaryotic expression vector (Invitrogen).  The orientation and sequence of the cDNA 

clone was confirmed by sequencing (Royal Perth Hospital, Australia).  

 

3.2.13 Over-expression and detection of ferroportin1 in Cos-7 cells and 

duodenal tissue 

Cos-7 cells were transfected by Lipofectamine treatment (Invitrogen). One day prior 

to transfection 3 x 105 cells were seeded per 25cm2 culture flask, so that on the day of 

transfection the culture was 70% confluent.  During the whole of the transfection period 

no antibiotics were used.  Cos-7 cells were transfected with either pcDNA3.1-ferroportin1 

or pcDNA3.1 plasmids. Solution A, consisting of 1µg of constructed plasmid in 200µl 

OptiMEM, was gently mixed with solution B, consisting of 4µl of Lipofectamine and 

200µl OptiMEM. The mixture was incubated at room temperature for 30min, and 1600µl 

of OptiMEM was added.  Two millilitres was added to the cells and incubated at 37oC and 

5%CO2/95% air for 5h.  Cells were washed with normal IEC-6 media and incubated for 

24h in DMEM with 5% FCS before they were lysed in lysis buffer as described above.  

The lysate was incubated with 5µl of anti-ferroportin1 antibody for 1 hour at 4oC.  

Immunoprecipitates were collected by incubation with 100µl of protein A-sepharose for 

2h at 4oC, washed 3 times with PBS, heated at 100oC for 5min in standard Laemmli buffer 

and separated on a 12% SDS-polyacrylamide gel.  Western blot analysis was carried out as 

above. As an additional control the tissue sections were incubated with the ferroportin1 

antibody in the presence or absence of immunizing peptide (see below). 
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3.2.14 Validation of the isolation of villus mucosa from crypt mucosa. 

Fifty micrograms of protein isolated from mid-villus, crypt and IEC-6 cells in log-

phase of growth were subjected to Western blot analysis using PCNA to detect cells in 

proliferation. 

  

3.2.15  Immunofluorescence microscopy 

Immunofluorescence microscopy was carried out as described in Chapter 2.6.  

Primary antibodies were used as follows: monoclonal anti-sucrase-isomaltase (SI) 1:400, 

affinity purified rabbit polyclonal anti-rat DMT1 1:300 and rabbit polyclonal anti-rat 

ferroportin1 1:100.  Rabbit pre-immune serum was used as a control.  Secondary antibodies 

were used at 1:200 and were either anti-rabbit Texas-red conjugated or anti-mouse 

fluorescein conjugated (Molecular probes, Eugene, USA). 

 

In addition, tissue was reacted with the ferroportin1 antibody that had been 

incubated overnight with 250ng of the ferroportin1 immunizing peptide.  

 

3.2.16 Statistical Methods 

The results are expressed as the mean ± standard error of the mean (SEM). 

Comparisons between groups were tested by analysis of variance and partitioning by the 

Tukey test using the Instat program (Graphpad Software, Calif., USA). Significance is 

considered to be P < 0.05 
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3.3  Results 

3.3.1  Total iron concentration in IEC-6 cells with iron loading 

Cellular iron levels measured by atomic absorption spectrophotometry showed that 

iron deficient cells contained 789fmol iron/µg protein, while iron loaded cells contained 

5587fmol iron/µg protein and control cells contained 1636fmol iron/µg protein.  All 

conditions were significantly different from each other (p<.005). 

 

3.3.2  Fe(II) uptake by IEC-6 cells  

Since the uptake of 1µmol/L Fe(II) by IEC-6 cells with normal iron levels was 

80fmol iron/µg protein at a pH of 5.5 and 51fmol iron/µg protein at pH 7.5, we choose to 

measure uptake under different cellular iron concentrations at pH 5.5 (Figure 3.1).  No 

significant difference was seen in uptake of Fe(II) by IEC-6 cells in stationary or 

exponential growth phase. 

 

Exponential growth phase cells were studied with variations in iron loading and a 

similar uptake pattern was seen for all conditions. When iron uptake was measured over the 

first 15 min it was found to be 20.1 ± 3, 11.2 ± 2, 7.7 ± 2 µmol/g protein/min in iron 

deficient, control and iron loaded cells, respectively. Each group was significantly different 

from the others (Figure 3.1).  
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3.3.5  Validation of the isolation of villus mucosa from crypt mucosa. 

Protein obtained from crypt mucosa and IEC-6 cells reacted positively for PCNA. 

Mid-villus cells were negative for PCNA (Figure 3.5). 

 

 

Figure 3.5. Western blot analysis of rat PCNA expression in duodenal mucosa representing villus 

cells (lane 1), crypt cells (lane 2) and IEC-6 cells (lane 3). 

 

3.3.6  Protein expression in IEC-6 cells and duodenal mucosa 

DMT1 isolated form IEC-6 cells migrated predominantly as a band of ~66kDa 

although there were an additional two or one smaller sized bands in iron deficient and 

control cells, respectively (Figure 3.6A). When isolated from villous mucosa DMT1 

migrated as a band at ~90kDa (Figure 3.6A). In addition DMT1 expression in IEC-6 cells 

was inversely related to cellular iron loading (Figure 3.6A). 

 

Ferritin was demonstrated as a ~20kDa protein in both IEC-6 cells and rat intestinal 

scrapings (Figure 3.6B). Ferritin levels were directly related to cellular iron loading 

(Figure 3.6B). 

 

Ferroportin1 migrated as a ~60kDa protein preparations from IEC-6 cells and 

duodenal mucosa scrapings (Figure 3.6C). In IEC-6 cells ferroportin1 expression remained 

unchanged with cellular iron loading (Figure 3.6C). 
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Figure 6
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3.3.7  Glycosylation of DMT1 in vivo 

Digestion of duodenal mucosal glycoproteins with glycosidase F resulted in the 

a band being reduced to ~66kDa (Figure 3.7) suggesting that the heavier 90kDa band 

rved in vivo is due to glycosylation of the DMT1. 
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e 3.7. Western blot analysis of DMT1 from duodenal villus scaping (lane 1) and Glycosidase-

ated duodenal villus scraping (lane 2).  Digestion with glycosidase-F reduces DMT1 from 

a to 66kDa. 

 



Chapter 3 
81 

3.3.8  Copper Oxidase Activity of IEC-6 cells 

Copper oxidase activity of 0.16units was detected in the homogenate of IEC-6 cells, 

but no activity could be detected extracellularly.  In addition the activity was lost if the 

IEC-6 homogenate was boiled (data not shown). 

 

3.3.9  Localisation of sucrase isomaltase (SI), DMT1 and ferroportin1. 

In IEC-6 cells SI was not detected.  In whole mounts of duodenum SI was not 

detected in the crypt region but its expression commenced at the crypt-villus junction 

where it localised strongly along the brush border throughout the length of the villus, but 

attained highest concentrations in the mid-villus region (Figure 3.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Confocal immunoflurorescence microscopy of duodenum from a rat fed a diet with 

normal levels of iron. Tissue immunoreacted with an antibody directed against sucrase-isomaltase. 

No staining is seen in the crypts (below arrow) but starts above arrows (in the villus region). Note 

that fluorescence reaches maximal fluorescence in the mid-villus region. 
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In IEC-6 cells, DMT1 was detected only on the cell membrane when the antibody 

incubations were carried out at 4oC (Figure 3.9A). However, when the reaction was carried 

out at 37oC, DMT1 was also seen at intracellular locations, were it localised to vesicles 

resembling endosomes (Figure 3.9B).  IEC-6 cells fixed before immunofluorescence 

preparation showed the same pattern as that at 37°C (Figure 3.9C).  

 

DMT1 expression was studied in whole mounts of duodenum from iron deficient rats 

(Figure 3.9D). Here DMT1 was seen predominantly above the crypt-villus junction, 

reaching highest levels in the mid-villus region, but in cells more distally it fell although it 

was still present in enterocytes of the villus-tip (Figure 3.9E). In these cells it was detected 

along the brush border as well as in the apical third of the cytoplasm (Figure 9E). It was 

absent from the basal third of the cytoplasm.  No fluorescence was seen when pre-immune 

serum was substituted for the primary antibody (Figure 3.9E). 
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FIgure 3.9. Confocal immunofluoroscence microscopy of IEC-6 cells (A-C) and rat duodenum 

(D&E) detecting the expression of rat DMT1. In IEC-6 cells expression was only seen at the cell 

membrane at 4°C (A) as well as intracellularly at 37°C (B). In cells fixed before preparation 

expression was identical to that when the cells were studied viable at 37°C (C).  Low (D) and high 

(E) power photomicrographs detecting the expression of DMT1 in a frozen section of duodenum 

from a rat fed the iron deficient diet.  Expression was predominantly found along the apical 

membrane in villus enterocyes. Arrows in D demonstrates crypt-villus junction.  Arrows in E 

demonstrate apical (right arrow) and basolateral (left arrow) membranes. Pre-immune serum was 

substituted for the primary antibodies to test the specificity of the reaction and showed no reaction 

(F).   
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In IEC-6 cells, ferroportin1 was detected only on the cell membrane when 

immunofluroscence preparation was carried out on viable cells at 4oC (Figure 3.10A). 

However, when the reaction was carried out at 37oC the protein was also seen at 

intracellular locations, where it localised to vesicles resembling endosomes (Figure 3.10B). 

When cells were fixed before processing for immunofluorescence the pattern of staining 

was similar to that at 37°C (Figure 3.10C).  

 

 

Figure 3.10. Confocal immunofluoroscence microscopy of IEC-6 cells (A-C) prepared for the 

expression of rat ferroportin1. Expression was only seen at the cell membrane at 4°C (A) but at 

37oC (B) and in fixed cells (C) staining was also observed intracellularly. 

 
 
In duodenum, ferroportin1 expression was seen predominantly above the crypt-villus 

junction and occurred in enterocytes throughout the length of the villus. In these cells it was 

seen along the lateral and basal membranes as well as in the basal cytoplasm (Figure 

3.4A&B).  
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Unfortunately, because the DMT1 and ferroportin1 antibodies were both produced in 

rabbits it was not possible to do co-localization studies to show whether these proteins co-

localized to the same organelles in IEC-6 cells and from tissue. 

 

3.4  Discussion      

We have evaluated the use of IEC-6 cells as a model to study the mechanism of 

intestinal iron transport. These cells are derived from the rat small intestine and were 

produced from a single clone. Therefore, they are homogenous, contain the normal rat 

somatic karyotype, and because they are non-transformed, have a limited lifespan in culture 

(up to 50 passages).  Based on a lack of staining for the villus enterocyte marker, SI that 

was confirmed in this study, these cells are described as having an immature, crypt-like 

phenotype (Quaroni et al. 1979).  Nonetheless, by Western blot analysis we found that 

DMT1, ferroportin1 and ferritin are expressed by IEC-6 cells.  Since these proteins are 

reported to be expressed in villus enterocytes and not crypt epithelium as assessed 

morphologically here and elsewhere, it suggests that IEC-6 cells have a phenotype of a 

maturing enteroctye at least as far as iron absorption is concerned (Daniele and D'Agostino 

1994; Hodin et al. 1995; Pothier and Hugon 1980).  This would situate the cells at the lower 

villus region. 

 

Because of the recognised role of DMT1 in the uptake of divalent metals and 

ferroportin1 in iron release, we next examined whether these transport processes are present 

in IEC-6 cells. From preliminary studies, the addition of Fe(II) at a concentration 

recognised to saturate the transporter resulted in the uptake of Fe(II). Furthermore, our 

results are consistent with the requirement of a proton gradient for DMT1 to transport 
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Fe(II) in the uptake step by showing this was highest at pH 5.5 and least effective at 7.5 

(Tandy et al. 2000).  Analysis of the data for the uptake of iron over time showed that this 

was linear before starting to plateau off, suggesting the coexistence of an efflux transporter.  

Indeed we found that cells pre-loaded with radiolabelled iron released 50% of this within 

60min, revealing a significant efflux transporter.  Interestingly the release of iron from 

these cells does not require the presence of Cp or apotransferrin, nor was iron efflux 

increased when these were added to the medium.  This differs from hepatocytes and 

macrophages that require the ferroxidase activity of Cp for most efficient release of iron, as 

evidenced by its retention in the absence of Cp (Harris 1999).  These results therefore 

appear consistent with the functioning of the Cp homologue hephaestin in the release of 

iron from the enterocyte (Vulpe et al. 1999).  Hephaestin is predicted to contain a carboxy 

terminal transmembrane domain, suggesting that it operates extracellularly or within 

vesicles inside the cell (Vulpe et al. 1999).  We tested this possibility by determining 

protein-dependent copper oxidase activity both within and outside the cell and found it 

present only within IEC-6 cells. This suggests that hephaestin functions intracellularly and 

supports the observation that it occupies a perinuclear location in villus enterocytes (Frazer 

et al. 2001).   

 

The expression of DMT1, ferroportin1 and the likely presence of hephaestin in IEC-6 

cells is consistent with these proteins functioning in the uptake and efflux transport 

pathways.  These findings differ from the only other study assessing Fe(II) uptake in IEC-6 

cells performed 10 years earlier (Nichols et al. 1992). They showed in confluent cells an 

uptake transport process but there was no evidence of an efflux transport process. Here we 

show these cells have both uptake and efflux transport processes and have similar 

efficiencies in proliferating and stationary cells. As far as Fe(II) iron is concerned apart 
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from the use of these cells in different states of proliferation there appears to be no other 

major differences in the methodology of the two studies. 

 

An important property of iron absorption is that it is regulated. In vivo iron absorption 

is increased by anaemia, hypoxia, increased erythropoiesis and feeding diets low in iron; 

conversely it is inhibited by high iron stores (Charlton and Bothwell 1983; Conrad 1968; 

Weintraub et al. 1965; Wheby 1966).  Variations in uptake of Fe(II) are mediated by 

alterations in the expression of DMT1, whereas ferroportin1 appears to only respond to 

severe iron deficiency (Abboud and Haile 2000; Andrews 1999; McKie et al. 2000). In 

view of this we tested whether expression and function of these transport proteins in IEC-6 

cells changed with variation in iron loading as is seen in vivo. We saw DMT1 increase in 

proportion to uptake and that this in turn was inversely related to cellular iron stores, a 

finding that supports studies using a human cell line (Han et al. 1999; Tallkvist et al. 2000).  

In addition to the ~66kDa product that can be predicted from the cDNA of DMT1, we also 

found two smaller products in iron deficient cells and only one in control cells.  Previously 

it was suggested that DMT1 is produced de novo and is subject to rapid degradation if iron 

stores rise (Oates et al. 2000). It is therefore possible that these smaller bands represent 

degradation products of DMT1 as a result of activity associated with the uptake of iron that 

would be greatest with iron deficiency. Interestingly, the larger mass of DMT1 obtained 

from in vivo preparations compared with IEC-6 cells can be explained by glycosylation of 

DMT1 in mucosal enterocytes. This conclusion is based on the reduction in size of DMT1 

to that of IEC-6 cells following glycosidase F treatment.  

 

Ferritin expression increased with cellular iron levels and is consistent with its role in 

iron sequestration to prevent oxidative damage. The expression of DMT1 and ferritin 
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conform to the known molecular mechanisms regulating their expression. In the case of 

DMT1 and ferritin there is an iron responsive element (IRE) within the 3’ and 5’ 

untranslated regions (UTR) of the mRNA’s encoding these genes, respectively. With a 

decrease in cytoplasmic iron levels there is increased activity of iron responsive proteins 

(IRP) I and II which leads to increased binding to IRE’s.  This stabilises the DMT1 

transcript enhancing the translation of DMT1 but reducing that of ferritin.  Thus with 

cellular iron deficiency, increased expression of DMT1 leads to greater uptake of Fe(II) and 

because there is less Ferritin to sequester the iron it is exported from the cell.  Conversely, 

increased iron stores results in the degradation of DMT1 mRNA and inhibition of 

translation. The lack of detection of DMT1 in iron loaded IEC-6 cells by Western blot in 

this study supports this interpretation. Furthermore because the DMT1 antibody used here 

recognises both IRE and non-IRE forms of the protein, the non-IRE form would be 

expressed under iron loaded conditions.  Since no DMT1 was detected under these 

conditions it suggests that DMT1 non-IRE is expressed at levels below detection or is 

absent in IEC-6 cells. In contrast to DMT1, ferroportin1 has a putative IRE in its 5’ UTR, 

its expression did not respond to alterations in iron loading suggests that under these 

circumstances it is not regulated by an IRE/IRP mechanism.  This is further supported by 

the similar rates of iron release, seen with IEC-6 cells with different iron loadings.  

 

It is clear from confocal microscopy of intact tissue of villus enterocytes that DMT1 

is localized to the cell membrane but can also be seen in the apical cytoplasm, suggesting 

that it can cycle between these sites as has previously been suggested (Trinder et al. 2000; 

Yeh et al. 2000). We investigated this hypothesis using viable IEC-6 cells and showed that 

at 4°C DMT1 was localized only to the cell membrane, however when warmed to 37°C 



Chapter 3 
89 

DMT1 was also found inside the cell in structures resembling endosomes, suggesting that it 

can also function within the cell. The finding that the localisation of DMT1 at 37°C and in 

cells fixed before immunofluorescence preparation was similar suggests that surface bound 

DMT1 exchanges with all intracellular located DMT1. 

 

With respect to ferroportin1 we, along with others, have found that in intact tissue it 

is localized to the basal and lateral membranes and lower one-third of the cytoplasm 

(Abboud and Haile 2000; Donovan et al. 2000; McKie et al. 2000). This suggests that it 

may also cycle between cell membranes and intracellular sites. This was tested in viable 

IEC-6 cells, and at 4°C ferroportin1 was localised to the cell membrane but when warmed 

to 37°C the protein was internalised, revealing ferroportin1 in the cytoplasm similarly to 

that in intact tissue. Collectively, the findings taken from intact tissue and IEC-6 cells show 

for the first time that ferroportin1 functions by moving from the membrane to the 

cytoplasm of the enterocyte as part of the uptake of iron, whereas DMT1 operates between 

the microvillus cell membrane and apical cytoplasm. Clearly it will be of interest to define 

the signalling and structures involved in this cycling process and to determine whether 

DMT1 and ferroportin1 directly interact.  Importantly it must be pointed out that, because 

IEC-6 cells are not polarized certain limitations on the interpretation of this data must be 

made and this is discussed in Chapter 7.1.  

 

In this chapter we have validated the use of the IEC-6 cell as a model of intestinal 

iron transport by demonstrating the expression of iron transport proteins that function in the 

uptake and efflux of iron and that as far as uptake is concerned this process is regulated by 

variation in cellular iron. Thus this cell model is appropriate to use in conjunction with in 
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vivo studies on rats, mice and other intestinal cell lines such as caco-2 cells (Han et al. 

1999) to study the mechanism of iron transport which will be looked at in the following 

chapters.  In the next chapter the IEC-6 cell model will be used to further characterise the 

absorption of non-heme iron.  Studies such as the trafficking of DMT1 and ferroportin1 

from cell membrane to intracellular sites as shown in this study and further studies will 

provide new insights into this mechanism. Clearly, understanding the molecular 

mechanisms of ferroportin1 will be important because this is reported to be up-regulated in 

genetic haemochromatosis and therefore is likely to contribute to the inappropriately high 

level of iron absorption seen in these individuals. 
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Chapter 4 Differences in the uptake of iron from Fe (II) and 

Fe (III) by IEC-6 cells and the involvement of ferroportin1/ 

IREG-1/ MTP-1/ SLC40A1. 

 
4.1    Introduction 

Iron is an essential micronutrient required for cellular function.  Body iron stores are 

maintained by absorbing iron from the diet, a process that is most efficient in the duodenum 

(Andrews 2000). Recently the study of iron absorption has been revitalised because of the 

discovery of new proteins (Morgan and Oates 2002), that either function in the mechanism 

of iron absorption that takes place in villus enterocytes or in its regulation that occurs in 

dividing crypt epithelia (Conrad and Crosby 1963). Two proteins that are involved in the 

vectorial transport of iron across the apical and basolateral membranes are divalent metal 

transporter 1 (DMT1) and ferroportin1 (IREG-1/MTP-1/SLC40A1), respectively (Andrews 

2000). 

 

Dietary non-heme iron exists as ferrous Fe(II) and ferric Fe(III) forms, but it is 

thought that only Fe(II) is taken up by the enterocyte via DMT1 (Andrews 1999).  

Supporting this, in the presence of the powerful Fe(II) chelator, ferrozine, the absorption of 

Fe(III) is inhibited, suggesting it is first reduced by a surface localised ferrireductase before 

uptake (Raja et al. 1992). Indeed, a microvillus membrane ferrireductase, Dcytb, was 

recently cloned and is expressed with increasing amounts during hypoxia and iron 

deficiency, circumstances that are known to stimulate iron absorption (McKie et al. 2001a). 

In addition, another intestinal Fe(III) transport process involving binding of Fe(III) to β3 



Chapter 4 
92 

integrin on microvilli has been described (Conrad et al. 1993).   Its relative importance in 

iron absorption in unknown. 

  

 Ferroportin is expressed in tissues that are involved in the export of cellular iron 

such as the placenta, liver, spleen and intestine. Evidence supporting a role for ferroportin 

in iron efflux is obtained from the various mutations to the protein that result in iron 

overload of macrophages and later the liver, indicating a failure to release iron (6). In 

addition, functional assays indicate that iron is exported from oocytes during co-expression 

of ferroportin and DMT1 (14), and over-expression of ferroportin in the human embryonic 

kidney cells 293T resulted in an iron-deficiency phenotype. Collectively these data provide 

evidence that ferroportin functions in the export of iron. Besides basolateral expression we 

recently reported the expression of ferroportin on the microvillus membrane of enterocytes 

(30). In addition, the antibody used to determine ferroportin expression was also able to 

inhibit the uptake of Fe(II) in the non-polarised rat intestinal cell line (IEC-6 cells), the 

polarised human colonic cancer cell line (Caco-2 cells) and in freshly isolated enterocytes 

(30). This argues that ferroportin may modulate DMT1, but whether Fe(III) uptake is 

subject to the same inhibition is unknown. In this study, this hypothesis was tested using 

IEC-6 cells. 

 

4.2  Methods  
 
4.2.1  Cell culture 

See Chapter 2.4.1 
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4.2.2    Western blot analysis  

Western Blot analysis was carried out as shown in Chapter 2.4.10 using primary 

antibodies: affinity purified rabbit anti-rat DMT1 (1:3000) (Trinder et al. 2000), rabbit anti-

mouse Dcytb antibody (1:1000) (McKie et al. 2002), rabbit anti-rat ferroportin1 antibody 

(Thomas and Oates 2002) and mouse anti-human αvβ3 integrin (1:1000) (Centocor).  

 

4.2.3  The effect of ferrous chelators on membrane-binding and internalisation 

of iron from Fe(II): ascorbate and from Fe(III): citrate. 

Uptake of ferrous iron was performed as stated in Chapter 2.4.9. Varying 

concentrations of Fe(II) chelators, namely 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid) 

1,2,4-Triazine (ferrozine) (Aldrich), bathophenanthroline disulphonic acid (BPS) (Sigma) 

and 2’2’-bipyridine (Sigma) and the Fe(III) chelator Tiron (Sigma) were pre-incubated 

with Fe(II) or Fe(III) for 10 min. These solutions were added to the IEC-6 cells and uptake 

measured for 30min at 37oC in an atmosphere of 5%CO2/95% air. The cells were treated 

with 1mg/ml pronase and centrifuged to remove surface membrane bound iron from 

intracellular iron.  This procedure has been extensively used in this laboratory to 

distinguish surface bound from internalised iron in a number of cells including 

hepatocytes (Graham et al. 1997; Graham et al. 1998; Trinder and Morgan 1998), 

melanoma cells (Richardson and Baker 1990; Richardson and Baker 1992) and 

reticulocytes (Qian and Morgan 1990; Qian and Morgan 1991). The cells were lysed in 

Triton X-100/0.1M NaOH and along with the surface bound membrane fraction counted 

for radioactivity in a γ-scintillation counter (Packard, CT USA).   
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4.2.4  Uptake and release of iron by IEC-6 cells. 

Uptake was studied as described above, in the absence of chelators. To study the 

release of internalised iron see Chapter 2.4.9.  Release of iron is expressed as the 

percentage of the amount released from the cell compared with that present in the cell 

before re-incubation. 

 

4.2.5  The effect of increasing the concentration of Fe(III) on uptake 

Varying concentrations of Fe(III) ranging from 0.25-10µM with a 100 fold molar 

excess of citrate were incubated with IEC-6 cells for 30 min.  Internalised iron was 

separated from membrane bound iron by pronase treatment as stated above.  

 

4.2.6  The effect of pH on the uptake of Fe(II) and Fe(III). 

The uptake of Fe(II) and Fe(III) were studied over the pH range of  5.0, 5.5, 6.5 or 

7.5 at 37oC.  These cells were not pronase treated. 

 

4.2.7    The effect of blocking antibodies to ferroportin1, Dcytb and αvβ3 

integrin on iron uptake from Fe(II) and Fe(III) by IEC-6 cells. 

Studies were also performed by incubating the cells for 30 min before and during 

uptake in pre-immune serum or with the following antibodies: ferroportin1 antibody 

(Thomas and Oates 2002), a Dcytb antibody that has previously been used to block Dcytb-

ferrireductase activity (McKie et al. 2001b) and a αvβ3 integrin antibody previously used 

to block Fe(III) uptake in the human erythroleukaemic cell line K562 (Conrad et al. 2000) 

(Centocor). To test for specificity of the ferroportin1 antibody in its interaction with 

ferroportin1, the antibody was incubated with either 250ng/ml of immunizing peptide or 
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MEM overnight. The cells were then incubated with these solutions during the uptake of 

Fe(II) or Fe(III). Additional validation of the specificity of this antibody will be described 

in Chapter 6. 

 

4.2.8  Inhibitors of microtubule stabilization  

IEC-6 cells were pre-incubated with 10µM of vinblastine sulphate, a compound that 

results in microtubular depolymerisation, and colchicine an inhibitor of microtubular 

polymerisation, for 30min at 37oC before measurement of the uptake of Fe(II)  or Fe(III) 

according to the procedure described above. The dose used was based on that determined 

in a previous study from this laboratory (Morgan and Iacopetta 1987). 

  

4.2.9  DMT1 cDNA construction 

A PCR fragment representing nucleotides 42 to 2041 of the published rat DMT1 

sequence (Accession #AF008439) and encompassing the open reading frame of the gene 

was generated by a one step reverse transcriptase polymerase chain reaction (RT-PCR) 

(Invitrogen) using purified total RNA from rat duodenum.  The primer used for the RT step 

was also the 3’ primer being ggcagcctaggctacacagagttttaggcc and the 5’ primer was 

agtgctcgtccaaactgtgagctaaaatcc (Appendix A). The DMT1 cDNA was TA cloned into the 

pcDNA3.1/V5/His-TOPO eucaryotic expression vector (Invitrogen).  The orientation and 

sequence of the cDNA clone was confirmed by sequencing (Royal Perth Hospital, 

Australia).  

 

4.2.10  Transient transfection of DMT1 into IEC-6 cells. 

For the transfection of IEC-6 cells see Chapter 2.4.8. 
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4.2.11  Fe(III) uptake in the presence of increasing concentrations of 

iron:citrate, citrate, apotransferrin and diferric transferrin. 

The uptake of Fe(III) was studied as described above with or without varying 

concentrations of  citrate (0.25-10mM), iron:citrate (0.25-10 mM), apotransferrin (0.1-

0.3mM) and diferric transferrin (0.1-3mM). Iron that was internalised or membrane bound 

was determined following pronase treatment. 

 

4.3  Results 
 
4.3.1  Expression of iron-related proteins in IEC-6 cells. 
 
Expression of ferroportin1, but not αvβ3 integrin or Dcytb was detected in IEC-6 cells 

as evidenced by the migration of a protein at molecular weights of ~60kDa (data not 

shown). 

 
 
4.3.2  Validation of the valency and solubility of Fe(II) and Fe(III). 

The ferrous chelators at a concentration of 100µM completely inhibited the 

membrane binding and internalisation of Fe(II), confirming the iron was in the ferrous state 

(Figure 4.1). As expected, over the range of 1-10 µM of the ferric iron chelator, Tiron® , 

there was no change in the amount of Fe(II) bound to the membrane or internalised, 

indicating that no Fe(II) was oxidized (Data not shown). 

  

Over the range of 1-10µM of Tiron, membrane bound and internalised Fe(III) was 

reduced completely, indicating that the Fe(III) was completely soluble (Data not shown).   
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Figure 4.1.  The effect of varying concentration of the ferrous chelators (bathophenanthroline 

disulphonic acid (A,B), ferrozine (C,D) and 2’2’-bipyridine (E,F) on Fe(II) (A,C&E) or Fe(III) 

(B,D&F) uptake by IEC-6 cells. The cells were incubated with 1 µM Fe(II) or Fe(III) alone, or in 

combination with the chelators for 30 min. Uptake of Fe(II) and Fe(III) took place at pH5.5 and 7.5, 

respectively.  Total uptake (squares), intracellular iron (circles) and membrane-bound iron 

(triangles).  Values are means ± sem, n =9.   
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4.3.3  The effect of Fe(II) and Fe(III) concentration on uptake by IEC-6 cells 

 When IEC-6 cells were incubated with varying concentrations of Fe(II) or Fe(III) 

total, membrane-bound and internalised iron initially increased and then saturated at 1.0µM 

and 2.5µM, respectively. This indicates that the Fe(III) is soluble and able to saturate the 

iron:citrate binding sites available on the cell membrane (Figure 4.2A). About 50% of iron 

remained bound to the membrane and 50% was internalised, irrespective of whether it was 

Fe(II) or Fe(III) (Fig. 4.2A&B). 
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4.3.5 The pattern of uptake and efflux of Fe(II) and Fe(III) by IEC-6 cells. 

The pattern of uptake of Fe(II) and Fe(III) were similar. Reported in Figure 4.3A&B 

is the uptake and efflux of iron from Fe(II). Uptake was initially linear but as the 

radiolabelled iron taken up commenced to efflux the net rate of uptake fell (Figure 

4.3A&B). When the cellular rates of uptake and efflux reached equilibrium the curves 

plateau (Figure 4.3A). At 37oC iron was released from IEC-6 cells with time such that 30% 

of that internalised was released after 30 min (Figure 4.3B).  
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4.3.6  The uptake of Fe(II) but not Fe(III) is pH-dependent in IEC-6 cells. 

At 37oC, the uptake of Fe(II) was maximal at pH5.5 and increasing the pH to 6.5-7.5 

reduced uptake by 50% (Figure 4.3C). The uptake of Fe(III) remained constant over the 

range of pH 5.0 to 7.5 (Figure 4.3C). 

 

4.3.7  Uptake of Fe(II) and Fe(III) is modulated by ferroportin1, but not Dcytb 

activity or αvβ3 integrin. 

 The ferroportin1 antibody reduced the uptakes of Fe(II) and Fe(III) by 57% and 90%, 

respectively (Figure 4.4). This effect of the ferroportin1 antibody was lost when the cells 

were studied in the presence of peptide-absorbed antibody (Figure 4.4). Compared to 

control, the antibody against αvβ3 integrin had no effect on the uptake of Fe(II) or Fe(III). 

Consistent with the lack of detectable signal an antibody to Dcytb had no effect on the 

uptake of Fe(II) and Fe(III).  Therefore, the results obtained using these two antibodys were 

combined. 

150 

 

Figure 4.4.  The effect on Fe(II) or Fe(III) uptake alone, or in combination with a ferroportin1 
antibody by IEC-6 cells. The cells were incubated with the ferroportin1 antibody (black bars), pre-
immune serum (control) (open bars), peptide absorbed antibody (chequered bars) or Dcytb antibody 
and αvβ3 integrin antibody (spotted bars) for 30 min prior and then during the 30 min period of 
uptake of 1 µM Fe(II) or Fe(III). Values are means ± sem, n = 9.  * designates significant difference 
from control, P < 0.05. 
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4.3.8  Inhibitors of microtubule function inhibit uptake of iron from Fe(III) but 

not Fe(II). 

The uptake of Fe(II) was not significantly affected by colchicine, nor vinblastine. 

However the uptake of Fe(III) was inhibited by 40% by these compounds (Figure 4.5).  
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Figure 4.5.  Effect of colchicine and vinblastine sulphate on the uptake of iron from 1 µM Fe(II) or 

1 µM Fe(III) by IEC-6 cells. The cells were incubated with 10µM colchicine (black bar) and 

vinblastine (spotted bar) and vehicle (clear bar) for 30 min prior and then during the period of 

uptake. Values are means ± sem, n = 9.  * designates significant difference from control in uptake 

from Fe(III), P < 0.05. 

 

4.3.9  Uptake of Fe(II) and Fe(III) depends on DMT1.  

During transient over-expression of DMT1 the uptake of Fe(II) and Fe(III) were 

studied (Figure 4.6A&B). Since there was no difference between non-transfected cells or 

cells transfected with vector alone the data was pooled to represent the control cells. 

Compared with non-transfected cells over-expression of DMT1 resulted in a doubling of 

the membrane binding and internalised iron from Fe(II) or Fe(III). Confirming increased 

transport capacity in DMT1 transfected cells, western blot analysis revealed 3-4 times more 

protein than in control cells determined using the software scion image (Figure 4.6C).  
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of unlabelled citrate alone, Fe(III) membrane binding exhibited an IC50 of 0.2mM and 

internalisation IC50 of 0.1mM (Figure 4.7B). 

 

 Neither the incubation of apotransferrin or diferric transferrin was able to affect the 

membrane binding or internalisation of Fe(III):citrate by IEC-6 cells (Figure 4.7C&4.7D, 

respectively). 

 

 A B 
400 400 

 

 

 

 

 

 

 

 

 

Figure 4.7.  Effect of increasing citrate (A), iron citrate (B), Apo transferrin (C) and Diferric 

transferrin (D) on ferric iron uptake by IEC-6 cells. The cells were incubated for 30 min with 1µM 

Fe(III). Total uptake (squares), intracellular iron (circles) and membrane-bound (triangles). Values 

are means ± sem, n = 9.   
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4.4  Discussion  
 

In this study we wanted to compare the uptake of Fe(II) and Fe(III) in IEC-6 cells 

since these forms of iron are found in the diet and Fe(III) and possibly Fe(II) are present 

within the plasma.  Ferric iron is bound to citrate in the plasma hence it was used in these 

studies (Grootveld et al. 1989b; Sarkar 1970b). We first validated that IEC-6 cells were 

exposed to Fe(II) and Fe(III). Tiron®, a cell membrane impermeable chelator of Fe(III) 

completely blocked the uptake of Fe(III) while, chelators of Fe(II) namely ferrozine, BPS 

and 2’,2’bipyridine inhibited Fe(II) uptake. Thus, the valency of Fe(II) and Fe(III) in the 

incubation solutions was confirmed.  

 

From this study of iron uptake from Fe(II) three conclusions could be made. Firstly, 

in transiently transfected IEC-6 cells, over-expression of DMT1 increased the production of 

DMT1 which in turn increased the uptake of Fe(II).  Secondly, increasing the H+ 

concentration 100-fold from pH 7.5 to pH 5.5 doubled the rate of uptake of Fe(II). These 

findings are consistent with the recognised requirement by DMT1 for the co-transport of H+ 

with Fe(II) (Gunshin et al. 1997; Tandy et al. 2000).  Thirdly, uptake of Fe(II) was not 

affected at pH 5.5 when inhibitors of microtubule formation were used.  Because Fe(II) 

uptake was unaffected by micotubular inhibitors it suggests that at pH 5.5 DMT1 functions 

on the cell membrane to transport Fe(II) from ascorbate using H+ from the medium. 

 

Before studying the uptake of Fe(III) we acknowledged that at the pH of plasma or 

the intestinal lumen the solubility of ferric iron is extremely low and can lead to the 

formation of Fe(III) hydroxide precipitates (Spiro et al. 1967a). Spiro determined that in 

order to maintain the Fe(III) in low-molecular weight complexes at least a 20-fold molar 



Chapter 4 
105 

excess of citrate was required to avoid formation of large polynuclear hydroxide complexes 

(Spiro et al. 1967b).  In view of this and from previous studies performed by this laboratory 

and others we used a 100-fold molar excess of citrate to Fe(III) (Trinder and Morgan 1998; 

Jordan and Kaplan 1994; White and Jacobs 1978). Since, to our knowledge this is the first 

report looking at Fe(III) binding and uptake in IEC-6 cells, we exposed the cells to 

increasing concentrations of Fe(III) citrate. We observed that membrane binding of Fe(III) 

and the uptake of iron from Fe(III) were both saturable processes, indicating that specific 

binding and transport processes were involved. 

 

We next determined whether there was evidence of ferrireduction at the cell surface 

of IEC-6 cells using the ferrous-iron chelators, ferrozine, BPS and 2’2’ bipyridine. In the 

presence of these chelators we did not observe reduced iron uptake compared with control, 

indicating that in this state Fe(III) can be mobilised from the surface into the cell. The lack 

of cell surface ferrireduction is consistent with the absence of Dcytb expression by Western 

blot analysis or its activity when an antibody that in a previous study has been shown to 

block Dcytb activity was used (McKie et al. 2001b). This finding is in contrast to 

hepatocytes and hepatoma cells in which cell surface ferrireduction precedes entry of 

Fe(III): citrate presumably modulated by DMT1 (Trinder and Morgan 1998). 

 

When the uptake of Fe(II) was compared to that of Fe(III) the following observations 

were made. Similar to Fe(II), uptake of iron from Fe(III) was dependent on DMT1 because 

it increased when IEC-6 cells were transiently over-expressed with DMT1. However in 

contrast to Fe(II) where reducing the pH from 7.5 to 5.5 doubled the uptake of Fe(II), iron 

uptake from Fe(III) remained constant.  The transport of Fe(III) was dependent on vesicular 

transport as evidenced by a reduction in Fe(III) uptake, when inhibitors of microtubule 
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formation were used. This was not the case for the uptake of Fe(II) at pH5.5 where we 

hypothesize that immobilised DMT1 uses the H+ gradient provided by the medium to 

transport Fe(II) into the cell. Finally, a ferroportin1 antibody reduced the uptake of Fe(II) 

by 57%, but completely inhibited uptake of Fe(III). This suggests that ferroportin1 affects 

transport of Fe(II) but in the case of Fe(III) uptake it performs an additional function within 

vesicles. Importantly we have recently shown that uptake of Fe(II) but not release of iron  is 

affected by the ferroportin1 antibody (Thomas and Oates 2004a). It is clear that there was 

no surface ferrireduction and since DMT1 requires Fe(II) an intravesicular ferrireductase is 

needed. The ferrireductase may be paraferritin as suggested by Conrad and coworkers, who 

propose that mucosal uptake of Fe(III) is facilitated by a β3 integrin and a 56 kDa protein 

known as mobilferrin (Umbreit et al. 1996). In the cytosol of the absorptive cell, β3 integrin 

and mobiliferrin associate in a 520-kDa complex known as paraferritin which also contains 

flavin monooxygenase and possibly DMT1 (Umbriet et al. 2002).  This complex solubilizes 

and reduces Fe(III) and transports Fe(II) into the cytoplasm (Umbreit et al. 1996). 

However, when we used an antibody against αvβ3 integrin which has previously been used 

to block this Fe(III) uptake pathway we did not see any effect (Umbreit et al. 2002).  In rat 

enterocytes the antibody detected a protein of the predicted size of β3 indicating that it cross 

reacts with rat tissue but the lack of detection  in IEC-6 cells by Western blot and in 

blocking studies suggests the process is not functional in IEC-6 cells.  This is probably due 

to the relatively immature phenotype of IEC-6 cells which do not express all the genes 

found in mature enterocytes of the mid and upper villus (Thomas and Oates 2002).  

 

It is possible that Fe(III) uptake occurs by endocytosis similar to the transferrin 

receptor cycle (see Ponka and Lok, 1999 fro review). This is thought to involve the 
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following sequence of events: binding of transferrin-Fe(III) to the receptor at the cell 

membrane, endocytosis of the complex, intra-endosomal acidification by a putative v-

H+ATPase that releases Fe(III) from transferrin, ferrireduction of the Fe(III) and then 

transport of Fe(II) to the cytoplasm by DMT1 along with H+ (Ponka and Lok, 1999). 

However, Morgan showed that when reticulocytes were incubated with transferrin-Fe(III) 

and bipyridine iron uptake was impaired (Morgan, 1983). It was concluded that following 

release of Fe(III) from transferrin and its ferrireduction, the Fe(II) was chelated by 

bipyridine into a charged complex that presumably could not be transported by DMT1 

(Ponka et al., 1979). The iron within the endosome then returned to the cell membrane. The 

unimpaired uptake of Fe(III) into IEC-6 cells in the presence of bipyridine, BPS and 

ferrozine therefore argues against endocytosis as a mechanism of Fe(III) uptake.  

 

A β3-integrin-Mobilferrin pathway (IMP) has been identified that is proposed to 

transport Fe(III) but not other metals into enterocytes (Umbreit et al., 2002). The IMP 

pathway represents part of a complex of macromolecules called paraferritin that also has 

ferrireductase activity and includes DMT1 (Conrad and Umbtreit 2002 for review). It has 

been hypothesised that the extracellular and transmembrane component of IMP binds and 

then transports Fe(III) into the cell where it is reduced to Fe(II). The data presented in this 

study are in part consistent with this hypothesis, that is, Fe(III) can be internalised by IEC-6 

cells, where it is reduced. However a blocking antibody against β3-integrin did not affect 

Fe(III) uptake (unpublished observation).  

 

Although IEC-6 cells have the phenotype of a maturing enterocyte in relation to iron 

absorption they are not polarized.  Therefore, in the following chapters the experiments will 
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be repeated using polarised cells to determine if the effect of the ferroportin1 antibody on 

Fe(II) uptake is seen in IEC-6 cells can be extended to polarised rat enterocytes.  If so then 

this would strengthen the observation made in this chapter.  However, in order to use 

isolated enterocytes we needed to develop a procedure for the isolation of viable cells. 

 

Chapter 5 therefore, describes a procedure that allows for the separation of viable 

epithelial cells along a crypt-villus axis enabling us to overcome the problem of  previous 

studies of iron metabolism that involve homogenates or other types of samples of total 

intestine.   

 

In addition, experiments will also be carried out on a polarised human cell line Caco-

2, these cells are grown on filters which allow the apical and basolateral membranes to be 

studied independently of each other.  This strategy will determine if the ferroportin1 

antibody is having its effect on uptake by interacting directly with the apical membrane or 

by interacting with ferroportin1 on the basolateral membrane which in turn signals to the 

apical membrane to alter non-heme iron uptake.   
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Chapter 5 Characterisation of isolated duodenal epithelial 

cells along a crypt - villus axis 
 

5.1 Introduction  

The small intestine is responsible for the completion of digestion and the absorption 

of the majority of nutrients.  Both these processes require the presence of specialised 

proteins in the form of enzymes and carrier transport molecules that are present on the 

surface or within the mature enterocyte.  Enterocytes are initially produced deep in the 

crypt region of the small intestine from undifferentiated stem cells and then, during apical 

migration, undergo limited cell replication, commitment and differentiation (Cheng and 

Leblond 1974; Hermiston et al. 1994; Potten and Loeffler 1990).  The process of 

differentiation is gradual, characterised by the accumulation of cell-specific products in the 

crypt region and attaining the mature phenotype in the middle villus region.  Due to 

continued apical migration, these cells have a limited life span as specialised cells before 

they are lost by exfoliation and apoptosis (Gavrieli et al. 1992; Potten and Allen 1977).  

Thus, due to the presence of the process of cell differentiation, digestion and absorption, the 

intestinal tract represents one of the most diverse tissues in the body, presented as a vertical 

gradient along the crypt-villus axis of different cell types (Cheng and Leblond 1974; 

Hermiston et al. 1994; Potten and Loeffler 1990).   

 

 The study of iron metabolism by the duodenum is made complex by the existence 

of at least two processes.  First the uptake of iron by stem and differentiating cells for the 

synthesis of iron-dependent proteins occurs by the function of TFR's (Bomford and Munro 

1985; Anderson et al. 1990; Oates and Morgan 2000) and second, in mature enterocytes by 

absorbing iron from the diet.  Because most studies of iron metabolism usually involve 
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homogenates or other types of samples of total intestine, the isolation and study of iron-

binding proteins relevant to the process of iron uptake is made difficult.  In order to address 

this problem a modified cell isolation procedure was developed on methods described 

originally by Stern and later by Weiser that allows us to reliably separate mucosal viable 

epithelial cells along a crypt-villus axis and results in enrichment in different fractions of 

the crypt and villus cells by at least 10-fold (Stern 1966; Weiser 1973).  In addition, we 

report additional technical steps not found in the above procedures that appear critical for 

complete sampling of the epithelial cells of the gut wall. 

 

5.2 Materials and Methods   

5.2.1  Animals  

See Chapter 2.4.3 for wistar rats used in this study 

 

5.2.2  Cell isolation  

The proximal small intestine extending for 15cm from 5mm distal to the pylorus was 

removed and cleared of mesentery and pancreatic tissue, ensuring not to damage the wall of 

the intestine.  The segments of small intestine were rinsed thoroughly with 25ml of 154mM 

NaCl and 1mM dithiothreitol (DTT) and were mounted in an organ bath by fixing segments 

ends to stainless steel tubing with 4.0 silk ligatures.  The serosal surface of the gut wall was 

then incubated in an isotonic medium containing 100mM NaCl, 6mM KCl, 2mM KH2PO4, 

25.5mM HEPES, 5mM Na pyruvate, 5mM Na fumurate, 2mM glutamine, soybean trypsin 

inhibitor 0.0008% (w/v), 1% Eagle's basal amino acid mixture (100x), 1% essential vitamin 

mixture (100x), 11.5mM glucose and 1% albumin (w/v), at pH 7.4 and 37oC.  The stainless 

steel tubing was continuous at each end with a three-way Luer-Loc tap that enabled 

delivery and sampling of various solutions in the lumen of the gut tube.   Following 



Chapter 5 
111 

mounting, the lumen of the intestine was initially incubated with a solution of 1.5mM KCl, 

96mM NaCl, 27mM Na Citrate, 8mM KH2PO4 and 5.6mM Na2HPO4, pH 7.4 for 15min at 

37oC.  This solution was then replaced with a Ca2+ and Mg2+- free solution containing 

1.5mM EDTA and 0.5mM DTT in phosphate-buffered saline (PBS; 137mM NaCl, 2.7mM 

KCl, 10mM Na2HPO4, 1.76mM KH2PO4, pH 7.4) and allowed to incubate for periods of 

4,7,9,7,10,5,5,5,5 and 5 min in succession.  Following each incubation period the gut wall 

was gently massaged lengthwise to facilitate dissociation and mobilisation of the mucosal 

epithelium.  The lumen was then flushed with 10ml of fresh incubation solution at 37oC 

and the cells collected.  Thus, 10 cell fractions were collected, numbered 1-10 from the first 

collected to the last.  Following collection the fractions were placed on ice.  The fractions 

were centrifuged at 700g and the supernatant discarded.  The resultant cell pellets were 

washed 3 times with PBS.   After the final wash the cell pellets were mixed with MEM and 

then warmed to 37oC for 10min.  Cell viability was assessed by trypan blue exclusion. 

 

5.2.3  Estimation of DNA content, DNA synthesis, alkaline phosphatase and 

sucrase activities in isolated cells 

Two hours before killing and while under Penthrane® anaesthesia, a group of rats 

were injected via a tail vein with 100µl of tritiated thymidine (TRK 758 Amersham).  The 

rats were then prepared for isolation of duodenal epithelial cells as described above.  

Following collection of epithelial cells, each fraction and the gut wall were used for 

determinations of DNA content and 3H-thymidine incorporation into DNA (DNA 

synthesis).  Alkaline phosphatase and sucrase activities were also determined in the 10 

fractions obtained from the duodenum.  Each fraction of cells was made up to 2ml with 

PBS and 1ml homogenised and frozen at -20oC for assay of alkaline phosphatase and 
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sucrase activity.  The remainder of each fraction was then centrifuged at 700 x g for 5 min 

and the supernatant discarded.  The pellet and the remaining gut wall were homogenised in 

0.3M perchloric acid (PCA), centrifuged and the supernatant discarded.  The pellets were 

washed a further 3 times with 0.3M PCA to remove unincorporated 3H-thymidine.  The 

DNA was then extracted in 1.7M PCA at 700C and the incorporation of 3H-thmidine into 

DNA measured as previously described (Oates and Morgan 1984).  DNA was estimated 

using the method of Burton, with standards made from salmon sperm DNA (Burton 1956).  

Alkaline phosphatase and sucrase activities were determined by the method of Weiser 

(Weiser 1973) and Messer and Dahlqvist (Messer and Dahlqvist, 1965) respectively.  In 

this study, DNA synthesis was assessed by the relative incorporation of 3H-thymidine into 

the cell fractions as follows: the percentage of  3H-thymidine (disintegrations per min 

[dpm]) in each fraction was divided by the total dpm in the entire first 15cm of the small 

intestine (total of 3H-thymidine in fractions 1-10 plus remaining in gut wall following 

dissociation).  This value was then divided by the DNA content of each fraction. 

 

5.2.4  Morphological and histochemical studies 

The extent of epithelial cell separation and the structure of the intestine following 

various times in the dissociating solution were assessed histologically in three rats.  Based 

on data obtained from the studies above, the intestine was assessed after collection of the 

third, sixth and final fraction, respectively.  The intestines were cut into proximal, middle 

and distal segments, fixed in buffered formalin saline and then processed for paraffin 

embedding, sections (5µm) were cut, dewaxed, rehydrated and then stained with 

haemotoxylin and eosin (HE).  In addition, cells collected from each fraction were viewed 

under phase-contrast microscopy. 
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In cryostat sections of entire transverse sections of duodenum, alkaline phosphatase 

staining was performed by the method of (Hugon and Borgers 1966).  Control sections 

were incubated in standard buffer and also in buffer in which lead nitrate was omitted so 

the specificity of the reaction could be assessed.  The tissue was not counterstained.  

Electron microscopy was performed on fractions 2 and 8 in rats fed the control diet using a 

procedure described previously (Oates and Morgan 1984). 

 

5.2.5  Statistics  

Comparisons between groups were tested by the analysis of variance and 

partitioning by the Tukey test using the INSTAT program (Graphpad software, CA, USA).  

Significance is considered at P<0.05. 

 

 

5.3  Results 

5.3.1  Characteristics of isolated cells: Separation along the crypt-villus axis 

5.3.1.1 DNA content 

The DNA content of each mucosal cell fraction was determined.  There was no 

significant difference between the three dietary treatments groups in the DNA content of 

each of the 10 fractions, so the results were pooled.  DNA content was significantly 

greater in fractions 2-6 compared with the fractions obtained with shorter or longer 

incubation times (Figure 5.1).  The average amount of DNA in the mucosal cells isolated 

from the proximal 15cm of the small intestine was 2600±115µg (SEM, n=24). 
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Figure 5.1 DNA content of each fraction of isolated mucosal epithelial cells obtained from the 

proximal 15cm of the small intestine.  Fraction 1 is significantly different from fractions 2-

6.  Fraction 2 is significantly different from fraction 9.  Fraction 3 is significantly different 

from fractions 7-10.  Fraction 4 is significantly different from fractions 6-10.  Fraction 5 is 

significantly different from fractions 9-10.  Results are expressed as the mean ± SEM of 

24 rats.  Significantly different results are defined at a P < 0.05. 

 

5.3.1.2 Markers of villus epithelial cells: Alkaline phosphatase and sucrase 

activities 

Alkaline phosphatase and sucrase activities expressed as µmol of product produced 

per min per µg DNA were maximal in fractions 1 and 2, but then steadily fell to 10% of 

these values in fraction 10 (Figure 5.2).  Histochemical staining for alkaline phosphatase 

activity in the duodenum showed highest activity in the villus region with low activity in 

the crypt region. (Figure 5.3). 
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Figure 5.2 Alkaline phosphatase (square) and sucrase (circle) activities in isolated duodenum 

epithelial cells corrected for DNA.  Results are expressed as mean value in µmol of product 

produced/min per µg DNA ± SEM of 19 separate experiments.  Alkaline phosphatase activities in 

fractions 1 and 2 are significantly different from fractions 4-10 and fraction 5 is significantly 

different from fraction 10.  Sucrase activity in fraction 1 is significantly different from fractions 6-

10, fraction 2 is significantly different from fractions 3-10 and fractions 3 is significantly different 

from fraction 10. 
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Figure 5.3 Alkaline phosphatase staining in the duodenum, note the black precipitate demarking 

alkaline phosphatase activity predominantly located on the luminal surface of villus enterocytes.  

Only low levels of activity can be seen in cells below the crypt-villus junction (Original 

magnification x330). 

 

5.3.1.3 Marker of crypt epithelial cells: DNA synthesis  

DNA synthesis was assessed by the percentage uptake of 3H-thymidine by each 

fraction (see methods).  It was equally low in fractions 1-3, but then increased linearly to 

reach a maximum in fractions 8-10 (Figure 5.4).  The activity of fractions 8-10 was 10-

fold that seen in fractions 1-3. 
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Fraction 

 

Figure 5.4 Relative DNA synthesis (relative incorporation of 3H-thymidine in each fraction 

compared with the total incorporation into the total gut wall per nanogram DNA).  Fractions 1, 2 

and 3 are significantly different from fractions 6-10.  Fractions 4 and 5 are significantly different 

from fractions 7-10.  Fraction 6 is significantly different from fractions 8-10.  Fraction 7 is 

significantly different fractions 9-10.  Results are expressed as the mean ± SEM of 19 rats.  

Significantly different results are defined as a P<0.05.  

 

5.3.2  The efficiency of cell separation from the gut wall 

Of the total 3H-thymidine incorporated into the entire wall of the intestine, 89±10% 

(mean ± SEM, n=24) was incorporated into the cells recovered in DNA in fractions 1-10. 

 

5.3.3  Viability and structure of the isolated cells and gut wall 

Cell viability was determined by the exclusion of trypan blue following collection of 

the last fraction and then hourly over 8h while the cells were at 37oC in MEM.  

Immediately after collection, >80% of cells excluded trypan blue and this remained 

unchanged for 3h, after which time cell viability fell about 10% per hour.  Transverse 

sections of the gut wall, taken after collection of fraction 3 showed that the progenitor 
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region within the crypts was intact, so too was lower villus epithelium (Figure 5.5A).  

After collection of fraction 6 the tops of the crypts were no longer present (Figure 5.5B).  

After collection of fraction 10, no crypt cells were seen, indicating the removal of the 

progenitor region from the crypt (Figure 5.5C).  The lamina propria core of the villus 

remained intact after the last collection period (Figure 5.5C).  Phase-contrast microscopy 

of the separated cells taken from fraction 3 revealed the presence of columnar cells 

containing microvillus brush borders on the apical membrane (Figure 5.6A).  The nucleus 

occupied the basal third of the cytoplasm.  Separated cells collected in fraction 8 revealed 

low columnar epithelium and the brush border was not as well defined as in earlier 

fractions (Figure 5.6B). 
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Figure 5.5 Transverse section of duodenum after the third (A), sixth (B) and tenth (C) period of 

incubation in a Mg2+, Ca2+ cation-chelating medium.  (A) After the third collection, the mid-villus 

and crypt epithelial cells are still intact and attached to the lamina propria.  The apical third of the 

epithelial cells have been shed. (B) After the sixth collection, the entire villus epithelial cells have 

been removed and the upper crypt cells are loosely attached to the lamina propria of the mucosa or 

free in the intestinal lumen.  The lower crypt cells remain intact.  (C) After the tenth collection, all 

epithelial cells have been removed and the lamina propria core remains intact.  Original 

magnification (A) x107, (B) x214 and (C) x42. 
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Figure 5.6 Phase-contrast microscopy of the cells removed after fraction 3 (A) or fraction 8 (B).  

The cells in fraction 3 are mature enterocytes characterised as columnar epithelial cells containing 

long microvilli on the apical border.  Nuclei are situated in the lower one third of the cells.  (B) 

The cells in fraction 8 are low columnar epithelial cells with the appearance of cells derived from 

the crypt of Lieberkùhn.  They contain a prominent nucleus and have less well developed micovilli 

compared with villus cells.  Original magnifications x 260. 

 

Electron micrographs of mature enterocytes collected in fraction 3 revealed that 

cytoplasmic organelles and cell membranes were intact.  The microvillus membrane 

maintained its in situ appearance although some dilation of the rough endoplasmic 

reticulum was seen (Figure 5.7A).  Immature cells isolated in fraction 8 possessed well-

defined organelles and cell membrane (Figure 5.7B).  These cells were characterised by 

low columnar epithelium with shorter and sparse microvilli on the apical membrane.  The 

cells also contained large quantities of free ribosomes with a basally located nucleus 

(Figure 5.7B).  The mitochondria of the cells isolated from fraction 8 appeared darker with 
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less developed cristae compared with mitochondria in cells isolated in fraction 3 (Figures 

5.7A&B).  Paneth cells were also seen in this fraction shown by the presence of large 

granules in the cytoplasm (Photmicrograph not shown). 

 

 

 

Figure 5.7 Electron micrographs of isolated enterocytes found in fraction 3 (A) or fraction 8 (B).  

Mature enterocytes isolated in fraction 3 contain a well developed apical microvillus surface.  

Organelles appear intact although some dilation of the rough endoplasmic reticulum is seen (A).  

Immature enterocytes isolated in fraction 8 contained a poorly developed apical microvillus 

surface.  The supranuclear cytoplasm was filled with free ribosomes and mitochondria.  The 

mitochondria appeared more dense with less cristae compared with mitochondria isolated from 

cells in fraction 3 (B).  Original magnifications: (A) x 8000, (B) x 10 000. 
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5.4  Discussion      

In this study we modified the procedures of Stern (Stern 1966) and Weiser (Weiser 

1973) to separate intestinal epithelial cells along a crypt-villus axis using a Ca2+-, Mg2+- 

free, cation-chelating solution.  The procedure is based on the differential adhesion by the 

epithelial cells to the basement membrane and adjacent cells during migration to the villus 

tip.  Thus, cells deep in the crypt have strongest adhesion to the basement membrane 

compared with cells at other levels along the crypt-villus axis.  This adhesion becomes 

progressively weaker as the cells ascend from the crypt to the villus tip.  Although we used 

the same incubation solutions describer by Weiser, we introduced a number of 

modifications which in our laboratory greatly improved the reproducibility of separation of 

cells along the crypt-villus axis (see following text).  Weiser recognised that these cell 

preparations could be obtained if there was avoidance of over-manipulation of the gut.  In 

preliminary studies we also recognised that constant handling of the gut tube during the 

process of injecting and sampling resulted in the removal of large clumps of cells 

representative of the entire mucosal thickness.  Thus, initially we were unable to 

reproducibly isolate cells along the crypt-villus axis.  In order to circumvent this problem 

we designed an organ bath which allowed the gut lumen to be perfused and sampled free of 

any undue contact.  In addition, we bathed the serosal surface with an isotonic electrolyte 

solution that was maintained at 37oC.  The introduction of these additional steps and using 

different sampling times resulted in a greatly improved and highly reproducible cell 

isolation technique.  We suggest that in the validation of this technique the DNA content of 

each fraction should be estimated and compared with our results presented in Figure 5.1.  

This comparison should prove a useful indication of the extent of manipulation of the user 

compared with that performed in our laboratory.   
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To confirm that our procedure results in comprehensive sampling of the entire 

epithelial mucosa three different analyses were performed.  First we compared the 3H-

thymidine radioactivity in the 10 fractions with that seen in the entire gut wall, arguing that 

since the progenitor region lies next to Paneth cells, the deepest cell compartment within 

the crypt, a high recovery of 3H-thymidine from the 10 fractions would indicate near 

complete separation and collection of both progenitor and villus epithelial cells.  This 

argument is also based on the finding that under normal circumstances DNA synthesis in 

regions of the intestinal wall apart from the progenitor region is low, a finding confirmed in 

section 3.5.5 in this thesis.  Thus, 90% of the 3H-tymidine that was incorporated into DNA 

by the entire gut was was found in fractions 1-10, suggesting that we effectively separated 

and isolated the mucosal epithelial layer from the entire thickness of the gut wall.  Second, 

morphological observations following collection of fractions 3, 6 and 10 showed 

progressive erosion of the epithelial layer of the mucosa.  This appearance was similar 

along the length of the duodenum as shown by sections taken from the proximal, mid and 

distal segments of the duodenum.  Third, a total of 2mg of DNA could be isolated from the 

epithelial mucosa in the 10 fractions and from a previous publication (Oates and Morgan 

1996), we calculated the total DNA content of the proximal 15cm of the small intestine was 

3.7mg.  Hence 54% of the entire DNA was contributed by the epithelial layer.  This value is 

in agreement with a previous study (Ge and Morgan 1993).  In addition the lamina propria 

core was still intact after the dissociation procedure, suggesting that contamination by 

connective tissue type cells is minimal.  This technique therefore confers an advantage over 

enterocytes isolated by differential scraping of the gut wall, since these preparations will 

contain connective tissue cells and they also have previously been shown to result in poor 

cell viability (Eade et al. 1981).  
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Since the enterocytes of the duodenal mucosa compromise 95% of the columnar 

epithelium present in these parts of the intestine (Cheng and Leblond 1974), this study 

predominantly involved the isolation and characterisation of cells in various stages of 

differentiation towards the enterocyte lineage.  Although this procedure also resulted in the 

release of goblet and endocrine cells, these cells only represented a minor fraction of the 

total epithelium isolated.  Therefore, in this study we selected markers that characterise 

enterocyte activity.  To confirm the existence of isolated cells along a crypt-villus gradient 

we measured the activity of two enzymes known to be maximally expressed in mature 

enterocytes, namely alkaline phosphatase (Hugon and Borgers 1966; Weiser 1973) and 

sucrase (Wright et al. 1994).  Tritiated thymidine incorporation into DNA was used to mark 

the progenitor region (Cheng et al., 1974}.  In addition, alkaline phosphatase was assessed 

by histochemistry to confirm the existence of a crypt-villus gradient for this enzyme by 

morphology.  The results clearly show that with this isolation procedure epithelial cells 

characteristic of the mature enterocyte with highest sucrase and alkaline phosphatase 

activities and deep crypt cells with the highest capacity to synthesis DNA can be 

reproducibly separated.  Cells isolated between these fractions clearly represent cells at 

various stages in the process of cell maturation.  Thus, combining the morphological and 

biochemical data, the results show that fractions 1-2 represent upper-to-mid-villus cells; 

fractions 3-5 lower-villus cells to the crypt-villus junction; 6-7 the upper crypt; and fraction 

8-10 the lower crypt region. 

 

The validation of this procedure enabled the isolation and study of iron uptake in 

enterocytes at various stages of development and in particular the study of mature 

enterocytes so that as seen in the following chapter, these results can be compared with the 

IEC-6 cells described in the previous Chapter. In addition to this the results obtained from 
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rat intestinal epithelial cells will be compared with those seen in the human cell line Caco-

2.  
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Chapter 6 Ferroportin1/IREG-1/MTP-1/SLC40A1 

modulates the uptake of iron at the apical membrane of 

enterocytes 

 

6.1 Introduction 

 Recent studies have described the iron transport proteins divalent metal transporter 1 

(DMT1) (Fleming et al. 1997; Gunshin et al. 1997a) and ferroportin1/ IREG-1/metal 

transporter protein 1 (MTP1)/ SLC40A1 (Abboud and Haile 2000; Donovan et al. 2000; 

McKie et al. 2000) that are proposed to vectorially move iron across the apical and 

basolateral membranes of the enterocyte, respectively.  DMT1 is expressed on the apical 

membrane of the enterocyte and in the presence of a proton gradient provided by gastric 

secretions it co-transports ferrous iron [Fe(II)] from the apical membrane into the cell 

(Gunshin et al. 1997a; Tandy et al. 2000; Trinder et al. 2000). In addition, in microcytic 

anaemic mice and Belgrade rats a G185R mutation in DMT1 greatly impairs the uptake of 

iron from the intestinal lumen indicating the importance of DMT1 in iron uptake (Fleming et 

al. 1997; Fleming et al. 1998; Oates et al. 2000; Oates and Morgan 1996). 

 

In contrast, ferroportin1/IREG-1/metal transporter protein 1 (MTP1)/ SLC40A1 is 

expressed predominately along the basolateral surfaces of duodenal enterocytes suggesting 

a role in iron release (Donovan et al. 2000; Thomas and Oates 2002).  Supporting this, 

expression systems have shown that ferroportin1 is involved in iron export in the presence 

of the ferroxidases ceruloplasmin (McKie et al. 2000) or apotransferrin (Donovan et al.  
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2000), but others showed release in the absence of these compounds (Abboud and Haile 

2000). Also over expression of ferroportin1 in HEK293T cells reduced ferritin synthesis 

and increased iron responsive protein activities, results that are consistent with depletion of 

cellular iron levels by way of increased release (Abboud and Haile 2000). In addition, 

separate studies have reported three mutations involving ferroportin1 that resulted in a 

haemochromatosis-like phenotype. Two of these are missense mutations resulting in 

N144H (Njajou et al. 2001) and A77D (Montosi et al. 2001), while the third is a deletion of 

a valine in a 3 valine repeat at position 160-162 (Roetto et al. 2002). It is unclear whether 

there is loss or gain- of function of ferroportin1 (Fleming and Sly 2001), but affected 

individuals present with iron overload of the reticuloendothelial system and subsequently 

the liver, suggesting that intestinal iron absorption could be increased by these mutations.  

 

 In Chapter 4 it was shown that a ferroportin1 antibody inhibited the uptake of ferrous 

iron in IEC-6 cells.  In this chapter this antibody was used to determine whether the uptake 

and release of ferrous iron was affected in isolated enterocytes and Caco-2 cells.  In 

addition, total and intracellular ferroportin1 expression was studied using isolated duodenal 

enterocytes, microvillus membranes from duodenal mucosa of rats and in Caco-2 cells and 

this result compared with IEC-6 cells. 

 

6.2 Materials and Methods  

6.2.1 Cell culture 

See section 2.4.1 
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 6.2.2  Animals 

Four week old male, Wistar rats were fed for two weeks a semi-purified diet low, 

normal or high in iron to alter iron absorption as described in Chapter 4.2.3. 

 

6.2.3  Isolation of villus enterocytes 

The duodenum from rats fed normal levels of iron was removed and the enterocytes 

separated as described in section 5.2.2 (Oates et al. 1997).   Enterocytes from the mid-villus 

region were pooled, washed three times in PBS and used immediately for the uptake of 

Fe(II).  Viability of cells was assessed using phase contrast microscopy and trypan blue 

exclusion. 

 

6.2.4  Isolation of brush border membranes 

Brush border membranes were isolated from iron deficient, duodenal mucosal 

scrapings (Will and Hopfer 1979).  Microvillus membrane enrichment was determined by 

measurement of alkaline phosphatase activity (Weiser 1973). 

 

6.2.5  Uptake of Fe(II) by IEC-6 cells and villus enterocytes. 

IEC-6 cells in the exponential growth phase were used (see section 2.4.9).  Isolated 

enterocytes were resuspended in MEM to give 1 x 106 cells/ml, and 500µl of suspended 

cells was used at each time point.  Cells were incubated with a 1:50 dilution of the 

ferroportin1 antibody with or without 250ng/ml of immunizing peptide in the uptake 

medium for 30 minutes before and during the uptake of iron from 1µM Fe(II). Cells were 

also incubated with pre-immune serum. See section 2.4.9 for the uptake of 1µM ferrous 

iron. 
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6.2.6  Iron release from IEC-6 cells and villus enterocytes 

See section 2.4.9 

 

6.2.7  Fe(II) uptake and release by Caco-2 cells. 

See section 2.4.9 

 

6.2.8  Immunofluorescent detection of ferroportin1 in whole duodenum and 

Caco-2 cells 

Frozen sections of duodenum from an iron-deficient and an iron-loaded rat were 

processed as described in section 4.2.9.  The ferroportin1 antibody was co-incubated with 

monoclonal antibodies against either rat transferrin receptor or rat lactase to reveal 

basolateral and apical membrane definition, repsectively. The ferroportin1 antibody used 

had been incubated overnight in MEM or MEM plus 50ng/ml of immunizing peptide. 

 

The antibody was placed in the apical chamber in contact with the microvillus 

membrane of viable Caco-2 cells held at 4oC for 30min. The cells were washed, fixed then 

incubated with Rhodamine-phalloidin 1:100 for 15min to outline filamentous actin 

(Molecular Probes). Immunodetection was performed as described previously in section 

2.6.  Filamentous actin expression was used to outline the shape of the Caco-2 cells using 

the confocal microscope. After selecting a particular z plane, vertical serial sections of the 

entire cell were performed to determine ferroportin1 expression.  

 

6.2.9  Western blot analysis 

Protein from homogenized cells and enriched extracts of microvillus membrane were 

subjected to Western blot analysis as described in section 2.4.10.  Primary antibodies were 
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rabbit polyclonal anti-rat ferroportin1 (1:3000) and polyclonal antimouse mA33 antibodies, 

considered a marker of basolateral membranes of enterocytes (1:2000) (Johnstone et al. 

2000).  An anti-rabbit secondary antibody conjugated to biotin was used (1:10000) 

(Serotec).  

 

6.2.10  Non-heme iron assay 

Non-heme iron content of the liver was measured by the method of Kaldor (Kaldor 

and Morgan 1986). 

 

6.2.11  Statistics 

The results are expressed as means ± sem. Data was analysed by ANOVA and 

Tukey tests using the Instat program (Graphpad Software, San Diego CA), or correlations 

were examined by linear regression methods using SPSS 8.0 statistical software (SPSS 

Inc. IL. USA).  Differences were considered significant at p<0.05. 

 

6.3 Results 
 
6.3.1  Ferroportin1 is expressed in IEC-6 cells, Caco-2 cells and isolated 

enterocytes. 

The ferroportin1 antibody detected one dominant band at 60 kDa in IEC-6 cells, 

freshly isolated enterocytes and Caco-2 cells (Figure.6.1). The blot covers proteins ranging 

in weight from 206 to 15 kDa. 
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Figure 6.2 Iron uptake and release by IEC-6 cells in the presence of a ferroportin1 antibody. (A) 

IEC-6 cells were incubated with the antibody (circles), antibody + 250 ng/ml immunizing peptide 

(diamond, 30 min only) or pre-immune serum (squares) for 30 min prior and then during the period 

of uptake from 1µM Fe(II). (B) Release of radiolabelled iron following the loading of cells with 

1µM Fe(II). The antibody or pre-immune serum was present only during the release phase.  Values 

are means ± sem, n = 9.  * designates significant difference from control at all time points studied, P 

< 0.05. 

 

When freshly isolated rat enterocytes were incubated with the antibody, uptake of 

Fe(II) was reduced by 40% (Figure 6.3A).   No difference was observed in the rate of 

release of iron in the presence or absence of the antibody (Figure 6.3B).  
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Figure 6.3. Effect of a ferroportin1 antibody on iron uptake (A) and release (B) by freshly isolated 

rat duodenal enterocytes. See Figure 2 for details.  n = 9.   
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6.3.3  In Caco-2 cells Fe(II) uptake is reduced in the presence of the 

ferroportin1 antibody. 

When the ferroportin1 antibody and Fe(II) were placed in the apical chamber, Fe(II) 

uptake was inhibited by 50% (Figure 6.4A).  However, the rate of release was not affected 

(Figure 6.4B). Radiolabelled iron was released into the basal chamber only and did not re-

enter the apical chamber once taken up (Figure 6.4C). 
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Figure 6.4. The effect of an ferroportin1 antibody on the uptake of 1 µM Fe(II) and its release by 

Caco-2 cells. (A) Iron plus antibody (circles) or pre-immune serum (squares) in the apical chamber, 

and iron release into the basal chamber (B). (C) Release of radiolabelled iron into the apical 

(circles) or basal (squares) chambers following the loading of cells with iron in the apical chamber. 

n = 9.  * designates significant difference from control from 15 to 60 min, P < 0.05.    
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 6.3.4  Localization of ferroportin1 in duodenal enterocytes and Caco-2 cells. 

There was a 35-fold difference in liver iron stores between iron deficient (7µg/g liver 

weight) and iron loaded (243µg/g liver weight) rats.  

 

In iron deficient enterocytes, strongest ferroportin1 expression was seen along the 

basal and lateral membranes of the enterocyte as well as in the basal cytoplasm (Figure. 

6.5A&D). Transferrin receptor was used as a marker of basolateral membranes, basal 

cytoplasm and of the supranuclear region (Figure. 6.5D). At these sites there was strong 

overlap with ferroportin1 (Figure. 6.5C). As expected transferrin receptor expression was 

not seen along the apical membrane (Figure. 6.5B). Ferroportin1 was expressed along the 

apical membrane (Figure. 6.5A,C&D). This was confirmed when the microvillus 

membrane marker lactase (Figure.5E), co-localised with ferroportin1 (Figure.5F).   

 

Compared with iron deficient tissue, iron loading reduced ferroportin1 expression 

most notably in the basal cytoplasm and along the basolateral membranes (data not shown). 

 

Ferroportin1 expression was not seen when the tissues were co-incubated with the 

immunizing peptide not shown here but was previously shown in Chapter 3.3.4.  

 

Viable Caco-2 cells exposed to the ferroportin1 antibody on the apical membrane 

revealed expression on microvilli surface (Figure. 6.5G).  
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Figure 6.5 Ferroportin1 expression in the duodenum (A,C,D,F red fluorescence) of an iron deficient rat and in 

viable- (G&I) and fixed Caco-2 cells (H green fluorescence). Expression of transferrin receptor (B-C) and 

lactase (E-F). In duodenal tissue ferroportin1 expression localised predominately to the basal (b) and lateral 

membranes (arrow) but was also present on the apical membrane (a). Transferrin receptor (B,C) localised to 

the basal membrane (b), lateral membranes (arrow) and supranuclear region (above arrow), and at these sites 

overlapped with ferroportin1 expression (yellow in C). Lactase (E,F) localized to the apical (microvillus) 

membrane (a) and co-localised with ferroportin1 at this site (yellow in F). In viable Caco-2 cells when the 

ferroportin1 antibody was in the apical chamber expression was seen on microvilli (a) (green fluorescence). 

Since the antibody could not penetrate the cell membrane intracellular expression (green fluorescence) was 

not detected.  (G). In pre-fixed Caco-2 cells, ferroportin1 localized to the basal and lateral membranes and 

apical cytoplasm. Filamentous actin fluoresced red and was used to outline Caco-2 cells and overlap with 

ferroportin1 fluoresced yellow. (I) When the antibody was placed in contact with the basal chamber and the 

basal membrane viewed from above ferroportin1 fluoresced as 0.4µm disks. Scale bars = 10µm 
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6.3.5  Ferroportin1 is enriched in brush border membranes of duodenal 

enterocytes. 

Enrichment of brush border membrane preparation was evidenced by a 6-fold higher 

alkaline phosphatase activity compared with the starting homogenate. In brush border 

membranes, expression of ferroportin1 was enriched 2-fold (Figure. 6.6A), while mA33 

(Figure. 6.6B), a marker of enterocyte basolateral membranes was reduced 4-fold compared 

with starting homogenate.  

 

 1 2 3 4 5 6 

     

A 

~60 KDa 

~40 KDa  

B 

 

Figure 6.6: Western blot analysis of ferroportin1 (A) and the basolateral membrane marker 

of enterocytes mA33 (B) in duodenal brush border membranes (lanes 1-3) and the starting 

homogenate (lanes 4-6). Lanes 1&4 = 80µg, Lanes 2&5 = 40µg, and Lanes 3&6= 20 µg of protein. 

n = 9 rats. 

 

6.4  Discussion 

Before studying the functional effects of an antibody against ferroportin1 we tested its 

specificity four ways. Firstly, protein obtained from IEC-6 cells, freshly isolated enterocytes 

and Caco-2 cells subjected to Western blot analysis showed one dominant band of the 

predicted size from the cDNA encoding ferroportin1 (Abboud and Haile, 2000; Donovan et 

al. 2000; McKie et al. 2000). Secondly, cellular over-expression of ferroportin1 resulted in 

the detection of a band of the appropriate size that was not amplified in non-transfected cells 

(Thomas and Oates 2002). Thirdly, the immunofluorescent detection of ferroportin1 was lost 
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when the antibody was pre-incubated with the immunizing peptide used to produce the 

antibody (see below). Fourthly, the loss of functional activity produced by the antibody was 

restored when it was co-incubated with the immunizing peptide (see below). Thus we 

conclude that the antibody produced is specific for ferroportin1. 

 

This antibody was generated using a peptide sequence predicted to be in the middle of 

an extracellular domain, spanning transmembrane domains 3 and 4. Previously we showed 

by immunofluorescence that there was an extracellular interaction with the antibody and 

ferroportin1 as evidenced by its localisation to the cell surface of viable cells (See Chapter 

3.3.9). This extracellular interaction therefore enabled us to evaluate the functional effect of 

blocking a defined region of ferroportin1 on the uptake and release of Fe(II) in IEC-6 cells, 

freshly isolated enterocytes and Caco-2 cells. Surprisingly, we showed in polarised 

enterocytes and non-polarised IEC-6 cells that the ferroportin1 antibody specifically reduced 

the uptake of Fe(II), but had no effect on its release. However, it is unclear whether the 

effect of the antibody on uptake is due to an interaction with ferroportin1 at the apical or 

basolateral membranes because both surfaces are exposed to the antibody during the study. 

Therefore, we used polarised Caco-2 cells grown on bicameral inserts and showed that when 

the antibody interacts with the apical membrane uptake of Fe(II) was inhibited. Although 

three of the eighteen amino acids differ in the rat and human ferroportin1 sequence used to 

generate the antibody, the similar degree of inhibition in uptake seen with rodent cells 

(isolated enterocytes and IEC-6 cells) and human derived Caco-2 cells suggests that a 

conserved region in ferroportin1 is important when interacting with the antibody.  

  

If ferroportin1 functions in the uptake of iron then it must be present along the 

microvillus membrane. To test this we prepared microvillus membrane protein from 
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duodenal mucosa and measured ferroportin1 expression by Western blot analysis. 

Enrichment of microvillus membrane protein was confirmed by increased alkaline 

phosphatase activity, and by a concomitant reduction in expression of the basolateral 

membrane protein mA33 (Johnstone et al. 2000) compared with the starting homogenate. 

Under these conditions ferroportin1 expression was increased indicating its presence along 

the microvillus membrane of duodenal enterocytes.  

  

This finding appears at odds with previous immunofluorescent studies, including one 

from our laboratory which did not localise ferroportin1 to the microvillus membrane using 

low power imaging (Abboud and Haile 2000; Donovan et al. 2000; McKie et al. 2000; 

Thomas and Oates 2002). In view of this we re-evaluated the expression of ferroportin1 by 

confocal microscopy in iron-loaded and iron-deficient duodenum with emphasis on 

expression at the microvillus membrane of enterocytes. When using high power imaging 

ferroportin1 was seen on the microvilli. This was confirmed when lactase, a microvillus 

membrane marker co-localised with ferroportin1. When ferroportin1 distribution was 

studied in iron loaded tissue intracellular expression was diminished compared to iron-

deficient tissue, consistent with the regulation of ferroportin1 by body iron stores (Abboud 

and Haile 2000; Donovan et al. 2000; McKie et al. 2000; Frazer et al. 2003). Furthermore, 

ferroportin1 expression was detected on the extracellular domain of microvillus membrane 

using viable Caco-2 cells and confocal immunofluorescent microscopy. McKie and co-

workers (McKie et al. 2000) showed in Caco-2 cells that epitope-tagged ferroportin1 

localised to the basolateral membrane, however, they did not observe apical membrane 

expression using this technique. This might be due to either failure of the fusion protein to 

target the apical membrane, or the amount expressed was below detectable levels.   
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Based on the evidence provided above, we propose that ferroportin1 is present on the 

apical membrane and is involved in the absorption of Fe(II). It is unlikely that ferroportin1 

functions as the uptake transporter, because there is convincing evidence this is via DMT1 

(Gunshin et al. 1997; Fleming et al 1997).  It is also unlikely that ferroportin1 functions to 

release excess iron at the apical membrane, because no iron internalised by Caco-2 cells was 

released back into the apical chamber. It is possible that ferroportin1 modulates the 

expression and/or activity of DMT1 at the apical surface and that this in turn leads to altered 

iron uptake.  This possibility will be discussed in the following chapter.  If this is true then it 

suggests that in addition to an involvement in iron efflux, ferroportin1 also functions as a 

modulator of iron uptake on the apical membrane. Although we attempted to determine an 

effect of the antibody at the basal membrane of Caco-2 cells we did not see a response. This 

in part may be due to the limited exposure of the basal membrane to the basal media with 

the inserts used. Nonetheless, ferroportin1 is expressed on the basal membrane and the 

antibody makes contact with this surface as evidenced by fluorescent disks with dimensions 

similar in diameter to the pores within the inserts. This finding is consistent with McKie and 

coworkers (McKie et al. 2000) who noted using computer-generated vertical sections 

through a monolayer of Caco-2 cells that ferroportin1 expression was along the lateral 

membrane and on the basal membrane. Since the antibody did not affect efflux when present 

in the basal chamber this is consistent with that obtained with IEC-6 cells and freshly 

isolated, polarised enterocytes. These observations may give insight into the nature of the 

interaction. We hypothesise that at the apical membrane ferroportin1 may interact with 

another protein such as DMT1 and that the antibody interferes with this interaction resulting 

in decreased uptake. Because DMT1 is not expressed on the basal and lateral membranes 

this interaction does not take place and therefore release is not affected in the presence of the 

antibody. 
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Chapter 7 General Discussion 
 

As discussed in the introduction, the mechanism controlling enterocyte iron transport 

is still poorly understood.  The aim of this thesis was to help contribute to the understanding 

of the regulation and mechanism of iron absorption. Major unresolved questions include, 

what is the nature of the systemic regulators and at what level along the crypt-villus axis do 

they interact, that is crypt epithelium or mature-enterocyte. Clearly hepcidin is a strong 

candidate as the stores and possibly the eythroid regulator. Identifying the receptor for 

hepcidin on the mucosal epithelium will be important as well as the intracellular signalling 

cascade that activates the transcription of iron-dependent genes following ligand binding.  

 

Understanding the role of HFE protein, TFR1 and TFR2 in the uptake of transferrin-

bound iron by the intestine is also required in order to determine how these proteins function 

in the regulation of iron absorption. In addition to systemic stimuli, intracellular iron acting 

through iron responsive proteins locally regulates the activity of specific transcripts 

containing IRE’s encoding proteins involved in iron transport such as ferritin but whether 

DMT1 and TFR1 responds to this mechanism in the intestine is unclear. It can be argued 

that this sensing system by enterocytes modulates the level of iron absorbed thus protecting 

the body against absorption of excessive iron if the diet suddenly became iron-rich.  

 

Additional important questions are how do these proteins coordinate iron absorption to 

the appropriate level, that is, iron uptake across the brush-border membrane, iron binding to 

cytosolic proteins and its transfer across the basolateral membrane into the blood. 

It is unlikely that complete understanding of these questions can be found by the use 

of a single model that is, by using animals, cultured cells or with extracts of cells. However 
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the combined use of appropriate models will bring the greatest opportunity to delineate these 

processes. Ideally these should be of intestinal origin so that the endogenous expression and 

interactions of the proteins involved in iron absorption can be studied.  In the short-term 

answering these questions is outside the scope of this thesis, therefore only selected 

questions were asked. Nonetheless, the questions described above and the search for 

appropriate models represent a long-term commitment by this laboratory to fully understand 

how iron absorption takes place and the strategies being put in place. 

 

Therefore, this thesis evaluated the use of the intestinal epithelial cell IEC-6. Until this 

thesis the IEC-6 cells had been poorly characterised as a model to study intestinal iron 

absorption, so it was appropriate in light of the recent cloning of genes associated with iron 

absorption to see whether they are expressed and how they function with alterations in the 

efficiency of iron absorption. The second aim was then to compare the expression and 

function of proteins involved in iron absorption namely DMT1, ferroportin1, αvβ3-integrin, 

TFR1 (see below), ferritins and Dcytb of IEC-6 cells with the human enterocyte cell line 

(Caco-2), freshly isolated rat enterocytes and rat tissues. Where appropriate questions 

derived from the studies described in chapters 3 to 6 along with preliminary data form the 

basis of the general discussion and along with future directions are discussed in this chapter. 

 

7.1  Evaluation of the rat intestinal cell line IEC-6 

It was demonstrated that the non-transformed rat small intestinal epithelial cell line 6 

(IEC-6) expressed the proteins important to iron absorption such as: DMT1, ferroportin1, 

ferritin and TFR1, although Dcytb and αvβ3-integrin were not expressed. In addition, in 

IEC-6 cells the expression and function of DMT1, ferritin and TFR1 changed with variation 
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in iron loading as was seen in vivo for DMT1 and ferritin but whether TFR1 in crypt and 

villus cells are altered is uncertain (Oates et al. 2000; Oates and Morgan 1997). DMT1 

expression increased in proportion to uptake and that this in turn was inverse to cellular iron 

stores supports other studies using the human cell line Caco-2 (Han et al. 1999; Tallkvist et 

al. 2000).  Ferritin expression increased with cellular iron levels and is consistent with its 

role in iron sequestration to prevent oxidative damage.  However, in these cells increased 

cellular iron levels failed to alter ferroportin1 expression. Since ferroportin1 has a putative 

IRE in its 5’ UTR increased cellular iron should increase ferroportin1 production if this is 

functional. Such was not the case. Thus the functionality of the putative IRE in the 5’ UTR 

of ferroportin1 remains to be determined. Therefore, under the circumstances studied it 

would appear that ferroportin1 is regulated at a transcriptional and not by a post-

transcriptional mechanism. Why ferroportin1 expression did not increase in IEC-6 cells 

(section 3.3.6) as is seen in vivo may reflect a lower level of iron deficiency than can be 

achieved in the animal.  Alternatively, ferroportin1 expression may be sensitive only to 

systemic alteration, such as hepcidin.   

 

Because IEC-6 cells are non-polarised cells it is unclear whether the internalised 

DMT1 is involved in TFR1 activity that is active at the basal and lateral membrane of 

enterocytes and therefore not directly involved in the absorptive pathway. It could also be 

suggested that because of a lack of polarity the cells do not represent a physiological model 

of iron absorption. Nonetheless, Wilson and Colton showed that in non-polarised cells based 

on selective markers of endosomal compartments partitioning of these molecules to separate 

regions of the cell occurred (Wilson and Colton 1997). They suggested that membrane 

trafficking pathways in polarised and non-polarised cells have many elements in common 
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and results to be discussed below concur with this view by showing that IEC-6 cells 

reproduce events in polarised enterocytes from rats and humans. 

  

In addition, since there are two isoforms of DMT1 it is unclear whether one or both 

are cycling between the cell membrane and intracellular sites. DMT1-FLAG isoform 

specific fusion constructs transfected into IEC-6 cells could be used to trace the movement 

of the two types of DMT1 and uptake studies determine which is involved in Fe(II), Fe(III) 

and transferrin-bound iron uptake. Using Caco2 cells and isoform specific antibodies against 

DMT1 can extend the impact of these findings.  

 

The difference in the molecular mass of DMT1 in duodenum versus IEC-6 cells 

deserves comment. In the mucosal extracts DMT1 had a molecular mass of ~90kDa whereas 

in IEC-6 cells it was only ~66kDa. In this thesis it was shown that the difference in weight 

was due to glycosylation as predicted by Gunshin and coworkers (Gunshin et al. 1997). 

Glycosylation of proteins is recognised to confer protection against enzymatic degradation, a 

property required in the duodenum where digestive juices are found in high concentrations. 

Why IEC-6 cells and for that matter most cells in culture are not glycosylated while mucosal 

DMT1 is unclear. Also whether one or both isoforms of DMT1 are glycosylated in 

enterocytes remains to be determined. Pulse labelling of IEC-6 cells with radiolabelled 

methionine and immunoprecipitation of DMT1 during de novo synthesis may determine 

whether this post-translational event is present but does not mature or has been lost from 

these cells.  

 

We hypothesise that mucosal DMT1 is protected from proteolytic degradation by 

mucin released from goblet cells and in its absence DMT1 is reduced in size suggesting 
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either cleavage of the glycosylation complex or of the protein itself. This is based on 

preliminary evidence that the molecular mass of DMT1 mucosal scrapings is ~90kDa but in 

freshly isolated enterocytes in which the mucous was removed DMT1 migrates at ~66kDa. 

Further studies are required to substantiate this finding. 

 

In general the findings of this thesis show that the IEC-6 cell represents a valuable 

model to study iron absorption. It expresses many of the genes required by the enterocyte to 

carry out iron absorption but not Dcytb and β3-integrin. Therefore, its reputation as a cell 

with a level of maturity akin to a cell in vivo positioned at the lower villus adjacent to the 

crypt-villus junction is supported by the findings of this study (Thomas and Oates 2002). 

Although IEC-6 cells are non-polarised the data obtained using this model are in close 

agreement with polarised Caco-2 cells and so far these two models along with that found in 

freshly isolated cells are in excellent agreement. 

 

7.2  Non-heme iron uptake  

Non-heme iron in the Fe(II) form crosses mammalian cell membranes by DMT1 

(Andrews 1999). In IEC-6 cells we have demonstrated the existence of a Fe(II) uptake 

process with properties that use DMT1. In addition, the uptake of Fe(III) from the cell 

membrane, its intracellular reduction and subsequent transport by DMT1 was revealed. 

Interestingly, it appears that ferroportin1 plays a role in both these transport processes but 

more so in Fe(III) uptake. In the following sections we present additional evidence that 

gives insight into how ferroportin1 functions in the uptake of Fe(II) and Fe(III). 
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7.3 How does the ferroportin1 antibody affect the rate of iron uptake 

and ferroportin1 distribution in IEC-6 cells?  

The studies looking at the effect of the ferroportin1 antibody in IEC-6 and Caco-2 

cells that were discussed in chapters 4 & 6 were performed following pre-incubation with 

the antibody. Although informative about showing a role for ferroportin1 in the uptake of 

iron they do not provide insight into the nature of the inhibition that is, what is the 

mechanism and how quickly does it take place. We have preliminary evidence that 

provides additional insight into this question. When the ferroportin1 antibody was added to 

the IEC-6 cells at the time of adding the tracer-iron, uptake fell within 2.5 min and 

remained low in the presence of the antibody.  This was the case for the uptake of Fe(II) 

and Fe(III). When the ferroportin1 antibody was added to the cells after uptake of Fe(II) 

and from Fe(III) had reached steady state the amount of radiolabelled iron within the cell 

rapidly decreased. Since the rate of internalisation of cellular iron fell from steady state 

levels but efflux continued at the rate of internalisation it indicates that the ferroportin1 

antibody is interacting specifically with the uptake step and not the release step as 

suggested earlier.  Similar studies using polarised Caco-2 cells with the antibody present in 

the apical and basal chambers should confirm an interaction with the apical membrane 

only. 

As outlined in chapter 3 when immunofluorescent detection of ferroportin1 was 

carried out at 4oC using viable IEC-6 and observed by confocal microscopy, the antibody 
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was seen to interact only with an extracellular domain of the protein as evidenced by 

fluorescence on the cell membrane. When IEC-6 cells were warmed to 37oC for varying 

periods, ferroportin1 was rapidly internalised from the cell surface. After 1 min the first 

time point studied, ferroportin1 was seen in small vesicles immediately below the cell 

membrane. During the first 10 min these vesicles overlapped with early endosomal antigen 

1 (EEA1), a marker of early endosomal formation. By 15-30 min ferroportin1 accumulated 

in larger vesicles in a perinuclear location indicating endosomal fusion. From 60-120 min 

ferroportin1 was seen in early lysosomes as indicated by co-localisation with Lamp-1 

(Lewis et al. 1995). At 120 min the last time studied about 80% of the ferroportin1 was 

seen in lysosomes. Over the period studied none of the ferroportin1 chased into the cell 

returned to the cell membrane. This interpretation is based on the observation that when the 

ferroportin1 antibody was incubated with viable IEC-6 cells at 4oC, the cells washed, 

warmed to 37oC for an hour and then a secondary antibody applied no expression was seen 

on the cell surface. This is in contrast to DMT1, which under these conditions did return to 

the cell membrane. 

 

To determine whether the antibody initiated endocytosis or simply defined the 

normal trafficking of ferroportin1 from the surface we incubated the cells with and without 

the antibody for varying times for up to 60 min at 37oC. The cells were fixed and then early 

lysosomes marked with Lamp-1. Ferroportin1 expression within the membrane of early 

lysosomes was significantly greater the longer the antibody was incubated and in all cases 

the intensity of staining was greater than in cells without pre-incubation with the antibody. 

This indicates that the antibody is usurping the normal trafficking of ferroportin1 by 

initiating internalisation of ferroportin1 and targeting it to lysosomes. Also in order to 

account for the increased localization of ferroportin1 within lysosomes with increased 
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exposure to the antibody it suggests that new ferroportin1 is targeted to the cell membrane 

binds the antibody and then undergoes internalisation and eventually targeted to lysosomes. 

It also suggests that there is a ready releasable pool of ferroportin1 within the cytoplasm, 

and this possibly represents the ferroportin1 that is seen in the apical cytoplasm of 

enterocytes described in Chapter 6.3.4.  These studies should be performed using Caco-2 

cells with prolonged exposure to the antibody in order to determine whether there is 

decreased expression in the supranuclear region as increased lysosomal expression takes 

place. 

 

7.4  How might ferroportin1 internalisation result in reduced uptake 

of Fe(II) and Fe(III)?  

It is unlikely that ferroportin1 is an iron transporter at the apical membrane for 

reasons already explained in Chapter 6. It is possible that the antibody is interfering with 

other proteins on the cell surface to bring about impaired uptake of Fe(II) and from Fe(III) 

uptake such as DMT1, TFR1 and TFR2. The following hypotheses and experiments using 

IEC-6 and Caco-2 cells are planned to explore these possibilities. 

 

The co-localisation of EEA1 with ferroportin1 suggests that the antibody initiates 

endocytosis because EEA-1 participates in this process (Mu et al. 1995). Endosomes are 

formed when clarithin coated vesicles (CCV) bud from the plasma membrane, a process 

that requires Rab5 (Rubino et al. 2000). EEA1, a homodimer protein has within its C-

terminal region a FYVE domain that interacts with phosphatidylinositol 3-phosphate (PI3) 

produced on the endosomal membrane as a result of PI3-kinase activity. The N-terminal of 

EEA1 has a C2H2 zinc finger for the binding of Rab5 and this is thought to enable docking 
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of the newly formed CCV with EEA1 (Callaghan et al. 1999a; Stenmark et al. 1996). 

During clathrin disassembly EEA1 cross links with other recently formed endosomes to 

form a complex (Callaghan et al. 1999b). Along with Rab5 which enables association with 

a yet to be identified kinesin and microtubule-associated proteins, internalisation of 

endosomes proceedes (Murray et al. 2002; Nielsen et al. 1999). Thus EEA1 functions in the 

formation and tethering of endosomes and permits Rab5 to appropriately target endosomes 

to distal compartments (Lawe et al. 2002). Since ferroportin1 and EEA-1 co-localise it is 

possible that PI3-kinase plays a role in ferroportin1 internalization (Vanhaesebroeck et al. 

2001). A future experiment will be to use Wortmannin at concentrations (~40nM) that 

inhibit most PI3-kinases to determine whether the uptake of iron from Fe(II) and Fe(III) 

and the trafficking of endosomes containing DMT1, TFR1, TFR2 and HFE are affected in 

a manner similar to the antibody. If EEA-1 function is inhibited because of impaired PI3 

formation then it is likely that the ferroportin1 antibody will not be internalised leading to 

continued uptake of Fe(II) and Fe(III). Thus we hypothesise that the antibody functions by 

way of PI3-kinase activity. Such an idea has support in the recent observation that 

Wortmannin affects TFR1 recycling (Martys et al. 1996). 

 

7.5  Does ferroportin1 interact with DMT1 in Fe(II) uptake?  

It is clear from confocal immunofluorescent microscopy of rat intestine that in 

enterocytes DMT1 localizes to the microvillus membrane and also in the apical cytoplasm, 

suggesting that it can cycle between these sites as previously suggested (Trinder et al. 2000; 

Yeh et al. 2000). When viable IEC-6 cells were prepared for immunofluorescent detection 

of DMT1 at 4°C it localized to the cell membrane, however when warmed to 37°C for 

varying periods about half of the previous surface labelled DMT1 was found inside the cell 
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in structures resembling endosomes. This suggests that about 50% of DMT1 can leave the 

surface and function within the cell. Since it was previously shown that the antibody against 

DMT1 is not a blocking antibody it is concluded that the normal trafficking of DMT1 is 

under investigation and not an artefact caused by the antibody binding to DMT1. 

Furthermore, the finding that the localisation of DMT1 at 37°C and in cells fixed before 

immunofluorescence preparation was similar suggests that surface bound DMT1 is in 

contact with intracellular located DMT1 (See section 3.3.9). 

 

Studies should be performed to determine the extent of DMT1 expression on the cell 

membrane before and following ferroportin1 antibody treatment. DMT1 is expected to be 

on the surface of IEC-6 cells, but at 37oC DMT1 will be partially internalised in the 

presence of the ferroportin1 antibody. Thus unlike ferroportin1, which leaves the surface 

when incubated with the antibody, we expect some DMT1 to remain, as suggested by 

functional studies which indicate that about 50% of Fe(II) uptake occurs in the presence of 

the antibody. Therefore, we propose that a fraction of DMT1 cycles between plasma 

membrane and intracellular sites, whereas the remainder is fixed on the membrane. It is 

possible that the difference in trafficking can be attributed to the two isoforms of DMT1. 

To address this, we will use isoform-specific DMT1-FLAG produced constructs transfected 

into IEC-6 cells. We expect that about 50% of DMT1 will be mobilised by the ferroportin1 

antibody, the remainder fixed to the membrane.  

 

In addition, performing uptake studies with varying concentrations of Fe(II) in the 

presence and absence of the ferroportin1 antibody and determining Vmax and Km will 

indicate whether fewer transporters are present with similar affinities for the iron. A 
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reduced Vmax would suggest the same transporter but less in number. A change in Km will 

be more difficult to interpret because it either suggests a conformational change in DMT1 

or the presence of an additional transporter. Nonetheless, if there is a physical association 

between ferroportin1 and DMT1 at the cell surface then cross-linking experiments will 

identify it. In addition, biotin labelling of cell membrane proteins will make it possible to 

isolate DMT1 expression at this site before and after incubating the cells with the 

ferroportin1 antibody to determine the extent of change in DMT1 expression at the cell 

membrane.  

 

7.6  What is the role of ferroportin1 in Fe(III) uptake? 

In IEC-6 cells because the uptake of ferric-iron occurred in the presence of a variety of 

ferrous chelators, surface ferrireduction was negligible. This is consistent with the lack of 

detection of Dcytb in these cells. Since the uptake of Fe(III) increased in DMT1 transiently 

transfected cells it indicates that this transport process also relies on DMT1. Since Fe(III) 

uptake occurred away from the cell membrane it implies that DMT1 functions within the 

cytoplasm. The properties of the Fe(III) uptake pathway indicate that it requires energy. 

Whether the DMT1 involved in this iron uptake pathway is linked with the cell membrane 

and is internalised with the Fe(III) as would be suggested by confocal studies of chapter 3 

and transport studies in chapter 4 requires further clarification. The lack of expression of 

Dcytb in these cells suggest an additional ferrireductase and this may be by paraferritin as 

suggested by Conrad and co-workers (Umbreit et al. 1996) or even ferroportin1 (McKie et 

al. 2000). 
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Over the last decade Conrad and coworkers identified in the human erythroleukemia 

cell line K562 a ferric iron uptake process was linked to β3 integrin activity. This is based 

on the reduced uptake of Fe(III) in the presence of a functional antibody against αvβ3 

integrin (See Chapter 4). In addition, this transport process required DMT1. To see whether 

the Fe(III) transport pathway presented in this thesis is similar to that reported by Conrad 

and coworkers we obtained the same antibody against αvβ3 integrin from Centocor (Conrad 

et al. 2000). We found that the antibody did not affect the uptake of Fe(III) or Fe(II) in IEC-

6 cells suggesting that the Fe(III) uptake process identified here is independent of this αvβ3 

integrin complex. Conrad reported the presence of β3 integrin immunoreactivity along the 

brush border of enterocytes suggesting that it is involved in the uptake of dietary iron but 

close examination of these immunofluorescent images is not convincing. It is unclear what 

the physiological relevance of this transport pathway is in the uptake of dietary iron, bearing 

in mind the expression and activity of Dcytb on the microvillus membrane of enterocytes 

with enzyme kinetics predicted to be capable of reducing all absorbable dietary Fe(III) iron 

(McKie et al. 2001). In addition, the natural ligands for the αvβ3 integrin complex are 

vitronectin, fibronectin and von Willebrand factor. These ligands are normally found in the 

extracellular matrix and on endothelial membranes suggesting an interaction at the basal 

surface is more likely.  

 

Interestingly, microvillus membrane preparations from rats revealed αvβ3 integrin 

expression mainly on the basolateral membrane because expression was markedly reduced 

in microvillus preparations. In addition, expression of αvβ3 integrin falls with iron loading 

suggesting that its gene expression is iron responsive. These results suggest that αvβ3 

integrin and its ligand function at the basolateral surface of the enterocyte. The reason for a 
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lack of response by IEC-6 cells to the antibody may simply reflect relatively poor expression 

of this complex in IEC-6 cells or that if expressed it may not be linked to Fe(III) uptake as is 

seen in K562 cells (Conrad et al. 2000).  It will be interesting to apply this antibody to 

freshly isolated enterocytes of the mid villus region to determine whether Fe(III) uptake is 

inhibited. Such an effect would suggest that the IEC-6 cell is too poorly differentiated with 

respect to αvβ3 integrin activity and Fe(III) uptake by an integrin dependant pathway is 

implicated in the function of the  mature enterocyte. Similar studies performed in Caco-2 

cells with the antibody in either the apical or basal membrane would help resolve the likely 

involvement of αvβ3 integrin in iron uptake and at what surface this is likely to function.  

 

The profound affect of the ferroportin1 antibody on Fe(III) uptake defines a role for 

ferroportin1 in Fe(III) uptake. To explore this the rates of inhibition and recovery in the 

uptake of Fe(III) should be compared with the amount of cell surface ferroportin1 before, 

during and following withdrawal of the antibody using biotin labelling of cell membrane 

proteins. We expect to find reduced uptake of Fe(III) and surface expression of ferroportin1 

in the presence of the antibody and recovery in the rate of uptake of Fe(III) and 

ferroportin1 expression following its removal and biotin labelling of membrane 

ferroportin1 should reveal ferroportin1 expression. These hypotheses will add support to 

the idea that the antibody inhibits Fe(III) uptake by initiating internalisation of ferroportin1 

and suggest that ferroportin1 either functions directly in the transport of Fe(III) or that it 

modulates its activity by way of other transport proteins such as the αvβ3 integrin receptor 

and/or  DMT1. 
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One suggestion made in chapter 5 is that citrate-binding sites on the membrane of 

IEC-6 cells are modulated by ferroportin1 activity. Using varying concentrations of 14C-

citrate in the presence and absence of the ferroportin1 antibody will determine the number 

of binding sites and the dissociation constant. If a function of the antibody is to remove 

citrate binding sites then the number of sites will decrease but another function of 

ferroportin1 may be to alter the affinity of the binding site in which case a decrease in Kd 

would be seen to account for the almost total loss of uptake of iron from Fe(III). The 

experimental design of Graham and coworkers would be followed (Graham et al. 1998). 

 

The finding that ferroportin1 is able to target the cell membrane in the presence of the 

antibody, albeit being rapidly internalised and targeted to lysosomes indicates that if 

ferroportin1 transports Fe(III) then its presence on the cell membrane would provide an 

opportunity to function in Fe(III) uptake before endocytosis. Certainly this is a property of 

the transferrin receptor that cycles to the cell membrane to acquire transferrin-bound iron 

before undergoing endocytosis (Morgan and Baker 1988). Moreover, the ability of the 

ferroportin1 antibody to initiate internalisation of ferroportin1 and some DMT1 and 

consequently inhibit the uptake of Fe(II) and Fe(III) led us to consider that this protein may 

modulate the activity of the TFR1 and possibly TFR2 by regulating endocytosis.  

 

7.7  Is ferroportin1 involved in transferrin-bound iron uptake? 

Preliminary studies from this laboratory indicate that ferroportin1 may modulate 

transferrin-bound iron uptake by the high affinity transport process as evidenced by co-

localisation of ferroportin1 and TFR1 in enterocytes of the duodenum. At 4oC TFR1 and 

ferroportin1 co-localise to the cell membrane of IEC-6 cells but when the cells were warmed 
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to 37 oC these proteins entered the cell with TFR1 following ferroportin1. No detectable 

TFR1 was found on the membrane during antibody treatment. Supporting the loss of TFR1 

from the cell membrane, uptake of transferrin-bound iron during incubation with the 

ferroportin1 antibody appears impaired. These observations indicate that ferroportin1 is 

affecting the internalisation of iron from transferrin. Thus, it is likely that ferroportin1 also 

functions in the uptake of transferrin-bound iron to modulate the removal of TFR1 from the 

cell surface. A limitation of this model that is recognised above is that IEC-6 cells are not 

polarised so drawing comparisons about events in enterocytes is difficult. Nonetheless we 

have shown considerable overlap between the expression of ferroportin1 and TFR1 in 

enterocytes specifically in the basal cytoplasm, along the basal and lateral membranes, 

suggesting the two proteins may interact. The interaction observed in IEC-6 cells supports 

this hypothesis. Further insights into these mechanisms will be obtained when these studies 

are carried out in Caco-2 cells and freshly isolated crypt cells.  

 

The possibility that the ferric citrate transporter is linked to the acquisition of 

transferrin-bound iron by the low affinity, high capacity pathway, involving TFR2 was 

considered. However, the finding that in IEC-6 cells ferric citrate binding sites are not 

displaced by apotransferrin or diferric-transferrin as was seen in hepatoma cells suggests 

that this is unlikely (See section 4.3.10). Nonetheless, a TFR2 antibody is available and 

studies looking at transferrin-bound iron uptake and immunofluorescent confocal 

microscopy of TFR2 expression in the presence of the ferroportin1 antibody will be 

conducted in order to determine whether TFR2 and ferroportin1 interact. 
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7.8  In vitro uptake of transferrin-bound iron by isolated crypt and        

villus cells. 

As discussed in the introduction (See Chapter 1.15), the in vivo uptake of transferrin-

bound iron by the intestine appears to be in proportion to the plasma iron. Since plasma iron 

and transferrin saturation in iron deficiency are low this leads to the presence in the 

circulation of large amounts of mono-transferrin and apo-transferrin both of which have 

little affinity for TFR1. Since radiolabelled diferric-transferrin was used to look at the 

uptake of transferrin-bound iron by the intestine it is likely that during iron deficiency the 

uptake of iron measured represents an over-estimation of the amount of iron normally 

internalised during iron deficiency. Nonetheless, these data suggest that during iron 

deficiency there appears to be no up-regulation of TFR1 expression to increase iron uptake 

from transferrin. This pattern is consistent with a sensing mechanism that relies on the 

uptake of iron from transferrin in a manner that reflects plasma iron and in turn body iron 

stores and not a cellular compensatory mechanism to acquire iron for cellular function.  

 

In order to define more clearly the uptake of transferrin-bound iron and the effect of 

the TFR1 in this uptake crypt and villus cells were isolated from rats with variations in iron 

loading. The uptake of di-ferric transferrin was then studied using nanomolar concentrations 

of transferrin-bound iron known to saturate the TFR1. These data indicated a saturable 

process with a Vmax of 50 nM consistent with properties of TFR1 activity. There was no 

difference in the Vmax and Km during the uptake of transferrin-bound iron with variations 

in iron deficiency. These data are consistent with the in vivo uptake of transferrin-bound 

iron, which occurred in proportion to plasma iron concentration and suggest that in the 

intestine TFR1 activity is constant. Although many other studies have shown TFR1 
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expression changes with variations in iron loading they used whole homogenates while in 

this thesis isolated cells were studied. Looking at TFR1 expression under these 

circumstances is required to corroborate the findings of the uptake studies. If there is a 

difference between the levels of expression then this may point to an effect of HFE, which is 

thought to modulate TFR1 activity by way of iron acquisition from transferrin. 

 

In addition, the effect of the ferroportin1 antibody on the uptake of transferrin-bound 

iron should be conducted on isolated crypt and villus cells to see whether the observations 

made in IEC-6 cells can be reproduced in intestinal cells taken from the animal. 

 

7.9  The role of HFE 

The role of HFE in regulating intestinal iron absorption is still poorly characterised 

mainly because studies have used cells that are not of intestinal origin. Although rat HFE 

was cloned using IEC-6 mRNA its expression is low as evidenced by a lack of detection by 

Western blot analysis using an antibody produced in this laboratory. Nonetheless, over-

expression leads to detectable expression and provides an opportunity to study iron 

absorption and transferrin-bound iron uptake. It is likely that over-expression of HFE will 

lead to increased uptake of Fe(II) and Fe(III) as suggested by a study in which mice were 

produced with a transgene containing the promoter elements of fatty acid binding protein 

(FABP) linked to the open reading from of HFE. FABP is expressed only in enterocytes so 

in this transgenic mouse line the HFE will be expressed in enterocytes. Under these 

circumstances iron absorption was increased suggesting that HFE can function directly in 

iron absorption (Fergelot et al. 2002). The physiological relevance of this study is uncertain 

because it is not known whether HFE is normally expressed in enterocytes. We intend to 
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study the distribution of HFE along the crypt-villus axis to determine the extent of 

expression at the gene and protein level with variations in iron loading. If it is shown that 

HFE is expressed in enterocytes then we will we transfect HFE into IEC-6 and Caco-2 cells. 

Uptake of Fe(II), Fe(III) and transferrin bound iron will be assessed to determine whether 

increased HFE expression increased these forms of iron uptake. If there is evidence of 

increased transport then cross-linking studies and immunoprecipitation with HFE will reveal 

possible interactions with other transport proteins by performing Western blots with 

antibodies against iron related proteins. 

  

7.10     Hepcidin 

Since hepcidin is expressed in the liver of rats and humans and in mice also by the 

pancreas it raises the possibility that it may have an intraluminal function (see section of the 

introduction). We will test this possibility by measuring hepcidin expression in bile and 

pancreatic juice of rats. Also isolated enterocytes will be subject to hepcidin gene expression 

by in situ hybridisation and Northern blot analysis to determine whether it is expressed. 

Although previous studies would suggest otherwise it may be expressed at low levels in a 

small population of mucosal cells. 

 

7.11  Does ferroportin1 redistribute with different efficiencies of iron 

absorption? 

The distribution of ferroportin1 within the cell may change with iron loading. 

Preliminary data suggests that there is more ferroportin1 in the basal cytoplasm in iron 

deficiency and more in the apical cytoplasm with iron loading. Therefore, it is possible that 

the intracellular and membrane localisation of ferroportin1 may change with iron absorption. 
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In order to address this issue we intend increasing iron absorption by feeding animals an 

iron deficient diet. The animal is then gavaged with a large does of iron known to rapidly 

alter the efficiency of iron absorption. Others have shown that with this treatment total 

ferroportin1 expression does not change but it is unclear whether there is re-distribution of 

ferroportin1 expression within the enterocyte. We will assess this using immunofluorescent 

confocal microscopy.  A similar strategy will be undertaken using Caco-2 cells grown in an 

iron deficient environment on bicameral inserts. We expect that intracellular ferroportin1 

distribution will vary with iron absorption and this can be readily tested. 

 

7.12   General conclusion of the thesis. 

The significant findings to emerge from this thesis is that the IEC-6 cell is a valid 

model to study iron absorption producing results consistent with those found in freshly 

isolated enterocytes and extend to human enterocyte-like cells. In addition it was shown that 

ferroportin1 functions in the uptake of iron at the apical membrane possibly by modulating 

the activity of DMT1 and other iron transporters by interfering with membrane and 

intracellular traffic. Preliminary studies further characterizing the function of ferroportin1 at 

the apical membrane and at intracellular sites of IEC-6 cells have been described along with 

future directions. 
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Appendix A  Cloning Maps and RTPCR conditions 

DMT1 

  Abbreviation: pcDNA3.1-ratDMT1 (2.0Kbp) 

 

Description: rat DMT1 (2.0Kbp) from IEC-6 cells 

 

Size:  Vector: pcDNA3.1/V5-His-TOPO (Invitrogen) 5523bp 

          Insert: rat DMT1 2.0Kbp 

 

Resistance(s): Ampicillin; Neomycin. 

 

Constructed by: Carla Thomas and Phillip Oates 

 

Bacterial Strain: TOP10 (Invitrogen) 

 

Primers: Fwd: AGT GCT GCT CCA AAC TGT GAG CTA AAA TCC 

 

 Bk:   GGC AGC CTA GGC TAC ACA GAG TTT TAG GCC  

 

Map:  
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Ferroportin1  

Abbreviation: pcDNA3.1-ratIREG1 (1.8Kbp) 

 

Description: rat IREG1 (1.8Kbp) from rat intestine 

 

Size:  Vector: pcDNA3.1/V5-His-TOPO (Invitrogen) 5523bp 

         Insert: rat IREG1 1.8Kbp 

 

Resistance(s): Ampicillin; Neomycin. 

 

Constructed by: Phillip Oates & Carla Thomas 

 

Published: Journal of Nutrition 132: 680-687, 2002 

 

Bacterial Strain: TOP10 (Invitrogen) 

 

Primers: Fwd: CTA GCA TCC GAA CAA ACA AG 

 Bk:   CAG ATC TAT TAG GCT GAC TT 

 

Special Remarks: IREG1 insert subcloned into the BamH1 and Not1 sites  

 

Map:  
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RTPCR conditions 

RTPCR reactions  

Materials DMT1 Ferroportin1 

10 x reaction buffer 5 5 

50mM MgCl2 2 3 

10mM dNTP's 2 2 

RNaisin 1 1 

Template RNA (1µg/µl) 1 1 

Fwd primer (10pmol/µl) 2 2 

Bck primer (10pmol/µl) 4 4 

AMV RT 1 1 

DyNazyme EXT DNA polymerase 2 2 

ddH2O 30 29 

cDNA synthesis 

 DMT1 Ferroportin1 

Cycling conditions Temperature (oC) Time (min) Temperature (oC) Time (min) 

Step 1 42 60 42 60 

Step 2 94 5 94 5 

PCR conditions  

 DMT1 Ferroportin1 

Cycling conditions Temperature (oC) Time (min) Temperature (oC) Time (min) 

Step 1 94 1 94 1 

Step 2 60 1 55 1 

Step 3* 68 3 72 3 

Step 4 68 7 72 10 

*Steps 1-3 repeated 40 times 


