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SUMMARY 

The discovery of the C282Y mutation and its role in the development of hereditary 

haemochromatosis has allowed a greater understanding into the effects of iron overload 

and its involvement in other conditions such as diabetes and heart disease. It has also 

allowed the better classification of heterozygotes, who were previously only diagnosed 

through the use of family studies. There are however, areas of conflict between 

phenotyping and genotyping methods.  My research involved examining the 

relationship between Haemochromatosis and certain diseases such as diabetes and heart 

disease; genotyping versus phenotyping discrepancies and the possible interaction of 

secondary mutations. 

 

In Chapter 3 a population study was undertaken with the aim of comparing genotyping 

versus phenotyping methods as well as increasing general practitioner awareness 

regarding hereditary haemochromatosis and its diagnosis. It was determined that a 

minimum of 5000 subjects would be required to give the study sufficient power. 

Individuals were to be between the ages of 20–40 years, and thus presumably 

presymptomatic. Participation was entirely voluntary and a consent form was to be 

signed.  

 

Recruitment of subjects proved to be difficult and there was a selective bias towards 

individuals already displaying symptoms of haemochromatosis. In total less than a 100 

subjects were recruited for the study. There were several issues encountered in the 

implementation of this study. Firstly the number of GPs participating was probably 

insufficient to recruit the subjects required. A more extensive campaign was probably 

required to enroll more GPs. Secondly it is very difficult for a busy GP to find the time 

necessary to explain the study to each of his patients and to get them to sign the consent 
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form. Finally a bias developed in some of the requests. The subjects participating in this 

study were supposed to be random but in many cases the GPs had enrolled them in the 

study because they had symptoms of iron overload. In effect the biggest obstacle this 

study faced was the recruitment of subjects.  

 

Due to the small number of subjects little statistical data could be obtained from this 

study. It was noted, however, that genotyping methods detected two individuals who 

were homozygous for the C282Y mutation. Both also had increased transferrin 

saturation levels. Phenotyping detected 5 individuals with increased transferrin 

saturation. The three others detected via phenotyping were C282Y heterozygotes. 

 

Haemochromatosis has long been though to be related to the development of diabetes 

due to the effect of iron overload on the pancreas. If this is so it would be logical to 

assume that the prevalence of haemochromatosis would be higher in a diabetic 

population. Chapter 4 examined the possibility that diabetics have a higher frequency of 

the C282Y mutation. A population group consisting of 1355 diabetics was genotyped 

for the C282Y mutation and iron studies were performed on all heterozygotes and 

C282Y homozygotes.  

 

Initial findings indicated that there was a significant difference between the diabetic and 

control population. However, this finding was the opposite of what was expected, there 

seemed to be a decreased frequency of the Y allele in the diabetic population rather than 

an increased one.  The control and diabetic populations were not matched in terms of 

ethnicity. The removal of the ethnic bias in the diabetic population altered the statistics 

so there was no longer a significant difference between the two groups. This study 

highlighted the importance of using appropriate control populations as comparison 
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groups. The final results of the study indicated that there was no significant difference 

between the diabetic population and the control population. This would seem to indicate 

that there is not an increased occurrence of the C282Y mutation in the diabetic 

population when compared to the control group. 

 

Chapter 5 considered the possible association between C282Y heterozygosity and 

cardiovascular disease as well as the potential for early mortality. Several recent studies 

have indicated that C282Y heterozygosity may be a risk factor for the development of 

atherosclerosis, possibly on the basis of increased iron loading. Using a control 

population and a population of individuals with known coronary events the incidence of 

the C282Y mutation was compared against other risk factors. C282Y heterozygosity did 

not appear to be a risk factor for atherosclerosis. There was however, a statistically 

significant link between increased ferritin in women and carotid plaques. 

 

A population of elderly women was genotyped in order to examine the effects of C282Y 

heterozygosity on longevity. The first hypothesis addressed in chapter 5 was that 

C282Y heterozygosity was a risk factor for the development of coronary heart disease. 

The second hypothesis examined the effect of C282Y heterozygosity in a more general 

sense in terms of longevity. If C282Y heterozygosity is a risk factor for early mortality 

it would be logical to assume that there would be a reduced number of these individuals 

in an elderly population.  

 

Genotype analysis showed that although the homozygote numbers were decreased (as 

would be expected) the heterozygote frequency was not statistically different from a 

control population. This could indicate that C282Y heterozygosity is not a risk factor for 

early mortality, in women. Of the two individuals who were typed as C282Y 
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homozygotes, neither had abnormal iron studies leading us to the conclusion that neither 

was expressing Haemochromatosis. 

 

Chapter 6 examined the possibility of alternative mutations in the HFE gene in 

individuals who have HH but not the C282Y mutation. Eight individuals in the 

Busselton population were shown to be phenotypically expressing haemochromatosis 

but not genotypically. All eight patients were genotyped for C282Y, H63D and four 

other recently identified mutations in the HFE gene. Of the eight individuals two were 

excluded due to errors in the original genotyping work. One was a C282Y homozygote, 

while the other was a C282Y/H63D compound heterozygote. None of the other six 

samples carried any of the five new mutations.  
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Chapter 1 

LITERATURE REVIEW 
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LITERATURE REVIEW 

1.1 Introduction 

Iron overload has been associated with a myriad of clinical complications for well over 

a century. The triad of diabetes mellitus, hyperpigmentation and hepatic cirrhosis was 

described by Troisier (1871) as ‘la cirrhose pigmentaire dans le diabete sucre’[1]. The 

term Haemochromatosis was first proposed in 1889 and has been used ever since to 

describe the syndrome of iron overload with tissue damage   

 

Hereditary haemochromatosis (HH) is a common autosomal recessive disorder of iron 

metabolism resulting from abnormal duodenal absorption of dietary iron. Normal iron 

absorption is approximately 1 mg/day in males and 2 mg/day in females. This may 

increase up to 4-5 mg/day in individuals with HH [2]. No excretory mechanism exists 

for this excess iron that therefore, accumulates in the body resulting in tissue damage.  

 

HH is characterised by an increase in plasma transferrin saturation and progressive 

systemic iron overload. The increased intestinal iron absorption leads to excessive iron 

accumulation in the parenchymal cells and resultant organ damage. Clinical 

consequences of iron accumulation include cirrhosis of the liver, hepatocellular 

carcinoma, diabetes mellitus, heart failure, arthritis and hypogonadism. Sufferers may 

present with symptoms such as arthralgia, generalised fatigue, bronzed skin, abdominal 

pain, impotence and diminished menstrual cycles [3-5]. HH related mortality usually 

results from liver failure, primary liver cancer, or complications relating to 

cardiomyopathy or diabetes mellitus.  

 

HH is one of the most common inherited diseases in individuals of Anglo-Celtic 

descent, with a prevalence of 1:200 - 1:300 and a carrier rate of 1:8 – 1:16 [6, 7].  HH is 
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a common but easily treated disease. The treatment for HH is therapeutic phlebotomy.  

Phlebotomy treatment involves the removal of red blood cells at regular intervals to 

deplete iron stores.  Bone marrow erythropoiesis compensates for the loss of blood quite 

effectively. In symptomatic individuals this will improve their condition while in 

presymptomatic individuals it gives them a normal life expectancy [8].  The clinical and 

biochemical features of HH are related to inappropriately high levels of iron absorption 

and deposition of excess iron in the liver, pancreas, heart and other organs of the 

body[9]. Abnormal iron studies, more specifically elevated transferrin saturation can 

usually identify people with HH, but the onset of HH is insidious, and initial 

manifestations often non-specific resulting in delayed diagnosis. Patients may be treated 

symptomatically without HH being determined as the cause until irreversible damage 

has been done. If untreated, symptomatic HH invariably progresses and is eventually 

fatal. Prior to the 1996 advent of a genetic test the diagnosis of HH was difficult and 

often imprecise. This was extremely frustrating for those in the medical profession since 

if diagnosed early phlebotomy is an effective and life-saving treatment. Not only is the 

life expectancy of the patient increased but the financial saving to the healthcare 

industry is substantial 

 

In HH iron absorption is inappropriately regulated. The discovery of a candidate gene 

for HH by Feder in 1996 [10] opened up new avenues for the investigation of the 

molecular mechanisms underlying the homeostatic regulation of intestinal iron 

absorption. The candidate gene was originally designated as HLA-H but has since been 

renamed HFE. The HFE gene is expressed in low levels in most tissues including the 

intestine. Although the precise mechanism has not yet been fully elucidated it would 

appear that HFE is a critical part of the cellular machinery that leads to the appropriate 

down-regulation of iron absorption that occurs with high body iron stores. With the 

3 
 



discovery of two amino acid substitutions occurring in the HFE gene, a genotyping 

method was developed. These substitutions cause mutations in the HFE gene. They are 

known as C282Y, which results from a G→A substitution at position 845, and H63D, 

which is due to a C→G substitution at position 187. The discovery of these mutations 

allowed diagnosis by the traditional phenotyping methods to be compared to the new 

genotyping method. The genotype vs. phenotype results are not always concurrent and 

the identification of the C282Y mutation in particular has resulted in a reassessment of 

the diagnostic criteria for HH.  

 

1.2 Iron Absorption 

Iron is an essential element for the function of all cells, due to its role in oxygen 

transport, energy production, and cell proliferation. Living organisms have therefore 

developed sophisticated means to recycle, scavenge, and recruit iron from the 

environment. However excessive accumulation of iron can be potentially harmful 

through the generation of free radicals. Alterations in body iron stores have been 

associated with various human diseases, including neurodegenerative diseases [11], 

microbial infection[12], diabetes mellitus [13], cardiomyopathy [14], 

atherosclerosis[15] and cancer[16]. The most crucial problem with iron overload is that 

mammals do not have a physiological excretion system for iron.  Iron loss occurs only 

through non-specific mechanisms such as cell desquamation, therefore absorption is the 

primary regulator of iron levels. The absorption of dietary iron is a tightly regulated 

process occurring predominantly in the proximal small intestine or duodenum. Fe3+ is 

insoluble and cell membranes are relatively impermeable to iron so iron carriers are 

required to mediate its transport across the membrane. Inorganic iron absorption occurs 

as a three-step process.  

1. Uptake by the enterocytes from the lumen across the apical membrane 
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2. Intracellular transport 

3. Transfer across the basolateral membrane into the plasma 

In the duodenum it is proposed that at least one iron carrier exists on the apical 

membrane for transport into the cell and a second on the basolateral membrane for 

transport into the bloodstream [17]. Both of these transporters have recently been 

identified and will be discussed later in this chapter.  

 

As the body avidly retains absorbed iron, iron absorption is normally regulated in 

accord with iron status. In iron replete conditions iron absorption by the intestine is 

down regulated, while iron depletion results in enhanced iron absorption. Ingested iron 

is absorbed mainly in the form Fe2+. However as most dietary nonhaem iron is in the 

trivalent form Fe3+ it is necessary to reduce the iron to Fe2+ before it can be absorbed. It 

was already known that Vitamin C was involved in this reduction process but in 2001 a 

ferric reductase was identified that demonstrated a role in iron reduction and hence 

absorption. This enzyme was named duodenal–cytochrome B ferric reductase (Dcytb) 

[18]. McKie et al demonstrated that Dcytb was up regulated in iron deficiency using 

mouse models. They were also able to show that it is present in the upper villus region 

of the enterocytes rather that the crypt cells. This gives further evidence for its role in 

iron absorption.  

 

On average around 1 – 2 mg of iron is absorbed on a daily basis. The absorptive surface 

of the small intestine is highly folded and, in addition, is convoluted by small finger-like 

projections called villi. Each villus is lined with epithelial cells and the luminal surface 

of these epithelial cells is further covered with microvilli. An epithelial cell’s microvilli 

are the luminal membrane of that cell; collectively the microvilli of all the epithelial 

cells lining the small intestine are known as the brush border membrane. The small 
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intestine is ideally suited for the task of absorption as the surface area available is 

greatly increased not only by the intestinal folds but also by the villi and microvilli. The 

combination of these increases the surface area by around 600 times, making a total 

absorptive area of 250 square metres. 

 

The villi are described as ‘finger-like’ projections and there seems to be a difference in 

iron absorption along the length of these ‘fingers’. The epithelial cells at the base of the 

villi or the crypt appear to absorb iron from the circulation while the epithelial cells at 

the top of the villus absorb iron from the intestine. In 1963 Conrad and Crosby [19] 

showed by autoradiography that the epithelial cells of the mid to upper villus absorb 

iron from the diet, whereas crypt enterocytes take up iron from body iron stores that is 

delivered to them via the circulation. The uptake of iron by the crypt cells seems to be 

linked to some sort of negative feedback system [3]. As transferrin saturation levels 

increase (indicating increased iron loading) more iron is taken up by the crypt cells. 

This in turn leads to a reduction in the amount of iron being absorbed by the villus cells. 

The question now becomes how does the amount of iron present in the crypt cells 

regulate iron absorption in the villus cells? The current hypothesis is that the crypt cells 

sensing the body iron status will program themselves to differentiate accordingly. In an 

iron deficient state the crypt cell would differentiate into a villus cell that brings in a 

larger amount of iron than one that believed the body to be iron loaded. Iron absorption 

is increased if body iron stores are low and tissue iron requirements are high. 

Conversely, iron absorption is depressed if body stores are high[20]. Individuals 

suffering from HH seem to have high levels of iron absorption, irrespective of body iron 

status[21].  This would seem to indicate that the mechanisms controlling iron absorption 

are not functioning in the appropriate manner.  
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The enterocyte does a great deal to regulate the amount of iron being transported into 

the plasma. Part of the iron taken up into the cell from the intestine will be stored as 

ferritin within the cell. The rest will be transported to the basolateral membrane where it 

is exported into the plasma. If body iron stores are low the majority of iron will be 

transported to the plasma, with only a minimal amount being stored as ferritin. The 

reverse will occur in high iron states with the majority of iron being stored as ferritin. 

The reason this reduces body iron is that enterocytes have a short lifespan, two to three 

days at the most. Therefore any iron stored as ferritin within the cell will be lost when 

the enterocyte is sloughed off and excreted in the faeces. Studies have shown that in 

individuals with HH the majority of iron is transferred to the plasma with little being 

stored as ferritin regardless of iron status [21-23]. This is the key point in the whole HH 

concept, in that intestinal cells in individuals who suffer from HH act as though they 

were relatively iron deficient rather than iron loaded. Therefore they are continually 

attempting to bring in more iron to attempt to correct for this so called ‘iron deficiency’. 

 

The actual mechanism of iron absorption has remained elusive until recently. In 

mammals the best-studied mechanism of iron uptake is via the process of transferrin 

receptor mediated endocytosis [24-26]. However there is much evidence to strongly 

suggest that this is not the means by which iron is taken up into the body. Firstly the 

transferrin gene itself is not expressed in intestinal cells. Apo-transferrin is not available 

in the intestinal lumen, except from bilary excretion [27, 28] and this is not sufficient to 

account for dietary iron absorption. Hypotransferrinaemic mice who in the homozygous 

state have only 1-2% normal transferrin levels develop severe iron overload, as do 

humans with the rare genetic disorder known as atransferrinaemia [29, 30]. 

Furthermore, hypoxia, which greatly increases iron absorption, has no effect on 

intestinal transferrin levels [31]. Experiments indicate that endogenous transferrin 
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cannot donate iron to intestinal mucosal cells, and transferrin receptors have been found 

on the basolateral surface rather than the brush border membrane [32, 33]. Finally 

experiments with brush border membrane vesicles suggest that other non-receptor –

mediated uptake systems exist in the intestinal lumen [34, 35]. In recent years many of 

these iron transporters have been identified. 

  

As mentioned previously, there are three distinct processes or mechanisms involved in 

the absorption of iron from the intestine. Firstly the iron must be transported across the 

apical membrane, then through the cytosol of the cell and finally across the basolateral 

membrane on the other side of the cell. Before passing into the plasma Fe2+ must also be 

oxidised to Fe3+ and bound to transferrin in this form. A maximum of two Fe3+ ions can 

be bound to one transferrin molecule. The recent identification of hephaestin, a 

ceruloplasmin homologue by Vulpe et al as the defective gene in sex-linked anaemic 

(sla) mice has provided an important clue as to how iron may exit the intestine [36]. 

Hephaestin is very similar to the copper-binding protein ceruloplasmin, which is known 

for its ferroxidase activity.   

 

Uptake of ferrous iron by the enterocyte is an energy-dependent and carrier mediated 

process. The movement of iron through the enterocyte most likely involves proteins that 

act as membrane carriers or channels and intracellular transport proteins or 

“chaperones” that deliver iron to specific cellular locations, including the site of iron 

exit from the enterocyte on the basolateral membrane. 

 

1.3 Iron Transporters 

Eastham et al proposed over twenty years ago the theory that mammalian intestinal cells 

have several unique iron transporters [35]. They found that membrane vesicles from the 
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basolateral and brush border sides of the enterocytes showed different iron uptake 

kinetics. Teichmann and Stremmel [34] examined Fe3+ uptake in microcytic 

hypochromic anaemic (mk) mice. In microcytic anaemia the mice remain iron deficient 

despite supplementation of their diet with extra iron. They have no abnormalities in 

transferrin, transferrin receptor 1, ferritin or the RNA binding iron regulatory proteins. 

The phenotype suggested that the causative mutation was likely to be in an intestinal 

transporter functioning at the brush border.[37] Similar to mk mice, Belgrade (b) rats 

also display microcytic hypochromic anaemia. Their form of anaemia is associated with 

defects in erythroid iron utilisation and intestinal iron uptake in the apical membranes of 

the enterocytes. The iron deficiency displayed by both these animal models can not be 

corrected completely by bypassing intestinal iron absorption through parenteral iron 

administration. This would seem to indicate that iron absorption is not only being 

blocked through the intestine but that iron within the plasma is not being taken up into 

the red cells.  

 

Fleming et al [38] localised the mk mutation to a protein called Nramp2 on mouse 

chromosome 15. Nramp2 is also known as divalent metal transporter 1 (DMT1). 

Nramp2 was first identified in 1997 by Gunshin et al [39]. Fleming found a glycine to 

arginine (Gly185Arg) substitution in mice with the mk phenotype. The same 

substitution was also located in Belgrade (b) rats [40]. This amino acid substitution 

causes a mutation in one of the transmembrane domains (TM4) of the protein, this 

mutation is referred to as G185R. It is thought to cause distortion of the transmembrane 

transport channel, restricting movement of iron into the cells as well as decreasing the 

rate of Nramp2 degradation [41]. As iron absorption in both mk mice and b rats is 

blocked at both the intestine as well as the red cell, it would suggest that Nramp2 plays 

a role in both these areas. In a another study by Bannerman [42]it was shown that in sla 
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mice iron is taken up into the enterocyte cell, indicating that Nramp2 is functioning, but 

fails to be released into the plasma. The results of these studies indicate quite strongly 

the presence of at least two unique iron transporters, one on the brush border membrane 

and the other on the basolateral membrane of the enterocytes. 

 

Nramp2 was initially identified as a protein highly similar to the natural resistance-

associated macrophage protein 1 (Nramp1). Nramp1 is associated with natural 

resistance to infection with intracellular parasites. Naturally occurring and introduced 

mutations in Nramp1 abrogate resistance to micro-organism infections such as 

Salmonella, Leishmania and Mycobacteria in mice [43]. In humans mutations in 

Nramp1 have been associated with increased susceptibility to diseases such as 

tuberculosis and leprosy [44, 45]. Both Nramp1 and Nramp2 are highly hydrophobic 

integral membrane glycoproteins composed of 12 transmembrane (TM) domains that 

possess several structural characteristics of ion channels and transporters. Figure 1.1 

depicts the role of Nramp 2 in intestinal iron transport. 

FIGURE 1.1: IRON TRANSPORT IN INTESTINAL (VILLUS) CELLS. 

 2
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opper oxidase. The released Fe3+ is instantly transferred to transferrin [46].  
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Unlike Nramp1, whose expression appears to be limited to mononuclear phagocytes 

such as tissue macrophages, Nramp2 mRNA has been detected in most tissue types. Its 

highest concentrations seem to be in the brain, thymus, proximal intestine, kidney and 

bone marrow [39]. This may be because Nramp2 has a role not only in intestinal iron 

absorption but also in cellular iron uptake throughout the body.  

 

The intracellular trafficking of iron in enterocytes to reach the basolateral membrane is 

the least understood aspect of iron uptake. It has been suggested that, once released in 

the cytoplasm, Fe2+ may bind to specific chelators or iron chaperones to shuttle it to the 

basolateral membrane [47]. In 1993 Conrad et al proposed a model in which iron binds 

to mucin in the intestinal lumen, and then transfers to integrin at the cell surface, before 

transferring again to the intracellular protein mobilferrin [48]. However a precise role 

for these proteins in iron transport has yet to be established. 

 

The use of iron deficient mice aided in the discovery of the apical membrane iron 

transporter Nramp2. So too with the basolateral transporter. In mk mice it is absorption 

from the intestine that is impaired so it is therefore logical that it is the apical membrane 

transporter or Nramp2 that is affected. In sla (sex linked anaemia) mice the situation is 

reversed. These mice have normal uptake of iron into the villus cells but the release of 

this iron into the bloodstream is impaired. Recent studies have suggested that this 

transporter must consist of at least components, one for Fe2+ transport and the other for 

oxidation of Fe2+ to Fe3+ [36, 49, 50]. Hephaestin is a recently cloned membrane bound 

ceruloplasmin homologue. Although not thought to be the iron transporter itself, it has 

been hypothesised that this protein acts in conjunction with the transporter. Hephaestin 

is thought to function as a multi-copper ferroxidase, facilitating release of iron into the 

blood by oxidising it from Fe2+ to Fe3+.  So what of the iron transporter itself? In 2000 
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McKie et al identified a novel iron transporter (IREG 1)[51]. IREG 1, also referred to as 

ferroportin 1, is located in the basolateral membrane and is up regulated in conditions of 

increased iron absorption. The evidence so far suggests that IREG 1 in the presence of 

the ferroxidase activity of hephaestin is responsible for the movement of iron across the 

basolateral membrane and in to circulation.  With the identification of this new protein a 

greater understanding of iron absorption is being acquired. Figure 1.2 depicts how 

Nramp 2, Hephaestin, and ferroportin 1 (IREG 1) act in conjunction to transport iron 

through the intestinal cell. 

 

FIGURE 1.2: IRON TRANSPORT IN THE ENTEROCYTE  

 

Fig 1.2 Dietary nonhaem iron at the luminal surface of the villu
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1.4 Iron and Transferrin 

In the majority of mammals iron exists in haem proteins as haem or in the storage form 

known as ferritin. Very little iron actually leaves or enters the body each day; the 

majority of the iron is recycled from the breakdown of red blood cells. Most iron in the 

plasma pool bound to transferrin. The transferrin molecule collects the iron from both 

the breakdown of the red blood cells and intestinal absorption. Once absorbed it is 

believed that nearly all iron is bound by the plasma protein transferrin, which transports 

it to various locations within the body. The iron is then taken up in most cells by 

transferrin receptor mediated endocytosis [52]. Transferrin binds and chelates the iron. 

Iron chelation helps to prevent the formation of iron-mediated free radical toxicity and 

facilitates iron transport into the cells. Iron is taken into cells by receptor-mediated 

endocytosis. In this process the transferrin molecule with its bound iron attaches to the 

transferrin receptor on the outside of the cell membrane. This signals the internalisation 

of the transferrin-receptor complex into an endosome. Once inside the cell the 

endosome is subjected to acidification and various other processes, which result in the 

iron dissociating from the transferrin/receptor complex [53]. An iron carrier (likely 

DMT1) then transports the iron across the endosomal membrane to the cell cytosol. The 

transferrin molecule and receptor are recycled back to the surface, where the transferrin 

molecule is released to bind more iron. Figure 1.3 illustrates the movement of the iron-

transferrin complex from initial intestinal absorption through to erythroid precursor 

endocytosis. 

 

1.5 The HFE Protein 

Insight into the molecular basis of HH first came about almost twenty-five years ago. 

An increased frequency of the HLA-A3 allele in HH patients allowed investigators to 
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demonstrate a link between the phenotype and the HLA complex on chromosome 6 

[54]. However, despite this, it still took many years for the gene to be identified due to 

severe linkage disequilibrium in the candidate genomic region. A small biotech 

company in the United States finally identified the causative gene, HFE, in 1996 [10]. 

 

FIGURE 1.3: CRITICAL STEPS IN MAMMALIAN IRON TRANSPORT 

 
Fig 1.3 Key iron transport steps are diagrammed, showing the route dietary iron follows from the 

intestinal lumen to the cytoplasm of an erythroid precursor cell. Nramp2 acts as an iron transporter at two 

steps. It is required for transport of iron across the intestinal brush border and for export of iron from 

transferrin cycle endosomes in the bone marrow. The function of HFE is not well understood, but it 

appears to regulate basolateral iron transfer from enterocyte to plasma. Transferrin (Tf) chelates 

circulating iron in plasma [55]. 

 

The HFE protein has 343 amino acids and is similar to major histocompatibility 

complex (MHC) class I molecules, such as HLA-A2, and nonclassical MHC class 1 like 

molecules, such as HLA-G and the human neonatal Fc receptor [10]. All four of the 
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invariant cysteine residues that form disulfide bridges in the α2 and α3 domains of MHC 

class 1 family members are present in the HFE protein. It does differ in that it is 

probably not involved in antigen presentation, but it may internalise and/or recycle 

ligand via receptor-mediated pathways. The primary HFE mutation responsible for HH 

causes a cysteine to tyrosine substitution at amino acid 282 (C282Y). The C282Y 

missense mutation affects one of the highly conserved cysteine residues involved in 

intramolecular disulfide bridging in MHC class 1 proteins. This disulfide bridge occurs 

in the α-3 domain and its absence prevents binding of the protein to β2-microglobulin 

[10]. The integrity of the conserved disulfide residues has been suggested to be critical 

for proper maintenance of the secondary and tertiary structure of the protein allowing 

interactions with accessory molecules such as β2-microglobulin [56]. The functional 

significance of the interaction with β2-microglobulin can be seen in the case of β2-

microglobulin deficient mice. These mice display hepatic iron overload very similar to 

HH [57].  

 

Approximately 90% of individuals diagnosed phenotypically with HH will be 

homozygous for the C282Y mutation. There is a small group, however, that will either 

develop iron overload without the presence of the C282Y mutation and others who are 

homozygous for the C282Y mutation and yet never develop clinical symptoms of HH. 

The biologic basis for this phenotypic variability is currently unknown [58]. 

 

In a wild-type individual, the HFE protein interacts with β2-microglobulin within the 

cell, before moving to the surface to form a complex with the transferrin receptor 

(TfR1). In the case of the C282Y mutation the HFE protein cannot interact β2-

microglobulin and therefore may possibly never migrate to the surface [55] (Figure 1.4). 

The HFE protein binds to transferrin receptor 1 and reduces its affinity for diferric 
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transferrin. In this way HFE negatively regulates the amount of iron brought into the 

cell. However, as mentioned previously it is not transferrin receptor-mediated 

endocytosis that is involved in iron absorption in the intestine. The C282Y mutation in 

the HFE gene, however, is the major disease causing mutation in HH; therefore it must 

affect intestinal iron absorption in some manner. Han et al in 1998 showed that the level 

of HFE expression is responsive to iron status within enterocyte cells [59]. 

 

There have been other proposals for how the HFE protein may affect iron absorption. 

Riedel et al suggested that HFE expression may effect Iron Responsive Elements that in 

turn effect iron absorption [60]. Other theories involve HFE interaction with iron 

transporters in intestinal crypt cells [61, 62]. However, the exact role that the HFE 

protein plays in the regulation of iron absorption is yet to be discovered. 

 

Nramp2 is the protein responsible for iron uptake into intestinal cells and plasma iron 

levels control its mRNA levels. If plasma iron levels go up then there is a corresponding 

decrease in Nramp2 mRNA and vice versa. Gunshin et al observed in their 1997 paper 

that Nramp 2 mRNA expression was regulated by dietary iron [39]. A study by Trinder 

et al examined the expression of Nramp2 along the crypt-villus axis. The test animals 

were Wistar rats fed either an iron deficient or iron loaded diet. 
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FIGURE 1.4: THE TRANSFERRIN RECEPTOR-HFE COMPLEX 

 
 

(A) Wild-type HFE protein, associated with B2microglobulin, binds to the transferrin receptor with 

high affinity and decreases binding of diferric transferrin. 

(B) C282Y HFE protein does not associate with B2microglobulin and is therefore not expressed in 

mature form on the cell-surface, leaving the transferrin receptor free to bind transferrin. 

(C) H63D HFE protein is expressed on the cell-surface, but does not decrease the transferrin receptor 

affinity for transferrin as much as wild-type HFE [55]. 

 

There was also a third group of control rats. Their results showed that there was very 

little Nramp2 present in crypt cells of all three groups. At the crypt-villus junction there 

was a marked increase in Nramp2 levels in the iron deficient group and to a smaller 

extent the control group. This is significant because at the crypt-villus junction the 

enterocyte cell begins its process of maturation when it acquires proteins necessary for 

digestion and absorption. Nramp2 levels continue to increase up the villus indicating 

increasing levels in conjunction with increasing cell differentiation [63].  

 

It is believed that the HFE protein in conjunction with Transferrin Receptor 1 also acts 

to regulate the expression of Nramp2 in intestinal villus cells. It has been shown that 

body iron status will effect the expression of iron transport proteins in crypt cells; HFE 

may therefore be involved in iron status sensing. The mutant HFE protein could provide 

incorrect signals to crypt enterocytes to program the differentiating enterocytes to 

absorb more dietary iron when they mature into villus cells.  When plasma transferrin-
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bound iron levels are low, reflecting low body iron stores, the reduced transferrin-bound 

iron uptake by crypt cells programs the differentiating cells to absorb more dietary iron 

in the villus. The 2 to 3 day interval required for newly formed crypt cells to mature into 

absorptive enterocytes may explain the delay between a physiological stimulus and 

alteration in iron absorption. Waheed et al proposed that in individuals with HH the 

mutant protein interferes with transferrin-bound iron uptake in crypt enterocytes. This 

inappropriate signalling would result in excessive iron absorption [64]. This would 

appear to be the opposite of what occurs in the rest of the body. Previously it was 

assumed that a mutation in the HFE gene resulted it being unable to inhibit the 

transferrin receptor and hence the cell would take up too much iron. If this were the case 

with intestinal crypt cells, the excess iron uptake would cause the cell to assume an iron 

replete state and therefore differentiate into villus cells that absorbed minimal iron 

(reduced Nramp 2 expression). Obviously this is not the case, as the cells believe 

themselves to be iron deficient. Therefore, it has been hypothesised that the primary role 

of the HFE protein in intestinal cells is more to do with iron level sensing that 

absorption. As Nramp2 is also known to be involved in iron absorption throughout the 

body possibly there is a signaling message between these two proteins that is being 

interfered with due to mutation in the HFE protein. If this were so then Nramp2 could 

be sending incorrect messages back to the intestinal cells resulting in the increased iron 

absorption. Figure 1.5 displays a hypothetical model of how iron-sensing occurs in the 

intestinal cell. In Figure 1.5 Nramp 2 is referred to by its previous name DCT-1 

(Divalent Cation Transporter 1). 
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FIGURE 1.5: HYPOTHETICAL MODEL OF IRON SENSING AND UPTAKE IN THE INTESTINE 

AND LIVER 

 

NB: DCT-1 is the name previously used for Nramp 2 

Fig 1.5 Two Fe3+ bound to Tf (Fe2TF) are taken up via the Tf-TfR cycle in the intestinal crypt cells as 

well as in other cells of the body such as hepatocytes. Intact HFE and TfR1 are required in crypt cells for 

iron absorption from the blood, thereby serving as a sensor of body iron. It is thought the amount of iron 

absorbed in crypt cells determines the stability of DCT1 (Nramp2)  mRNA along the crypt-to-villus axis, 

and thereby the amount of DCT1 protein expressed in mature villus cells. In patients with 

atransferrinaemia or haemochromatosis, this sensing is predicted to be disturbed, leading to increased iron 

uptake[46]. 
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1.6 Haemochromatosis Gene Mutations 

There are two main mutations in the haemochromatosis (HFE) gene, which are 

associated with the development of hereditary haemochromatosis. The commonest 

mutation produces a cysteine to tyrosine amino acid substitution at position 282 of the 

HFE protein (C282Y). This is caused by a point mutation in which G is replaced with A 

at nucleotide 845 of the HFE gene. The homozygous C282Y mutation is present in 80 – 

100% of all haemochromatosis patients. The second mutation changes histidine to 

aspartic acid (H63D). This is also caused by a point mutation, this time a C to G 

conversion at nucleotide 187[10, 65-67]. 

 

The C282Y mutation has been definitively associated with HH and corresponds to the 

founder mutation. It is thought to have arisen in a single individual approximately 60-70 

generations in the past. It is most prevalent in individuals of western European descent 

and rare in individuals of African descent. The discovery of this mutation allowed for 

the development of a simple PCR method that allows easy rapid identification of most 

individuals with HH. Using genotyping, individuals with HH can be diagnosed prior to 

developing iron overload and any subsequent organ damage [68]. 

 

The C282Y mutation prevents interaction of the HFE protein with β2-microglobulin, 

thus preventing cell-surface expression of the HFE-β2-microglobulin complex. This in 

turn means that the HFE protein cannot bind to the transferrin receptor [56, 69]. 

Cysteine 282 forms a critical disulfide bridge in the α3-immunoglobulin-like domain. 

The integrity of this structure is not only critical for the binding of β2-microglobulin but 

also for intracellular processing of the protein. Figure 1.6 indicates the locations of the 

C282Y and H63D mutations as well as the β2-microglobulin binding site. HFE is 

synthesized in the endoplasmic reticulum (ER) where it also associates with β2-
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microglobulin and a chaperone protein before being transported through the cis-Golgi 

network. As the protein moves through the Golgi apparatus, en route to the plasma 

membrane, it is continually being modified to a more complex form. Proteins that have 

failed to assemble properly are recycled between the ER and the Golgi. Feder et al 

demonstrated using embryonic kidney cells that HFE protein containing the C282Y 

mutation will exhibit this recycling behaviour, as it appears unable to continue on to the 

plasma membrane [56]. The specific point at which intracellular trafficking is 

interrupted has yet to be determined. 

 

FIGURE 1.6: HFE PROTEIN 

 

Fig 1.6 Schematic diagram of the HFE protein outlining the location of the C282Y mutation and the 

H63D mutation as well as the β2-microglobulin binding site. 

 

Unlike the C282Y mutation the role of the H63D mutation in the pathogenesis of the 

disease is not yet clearly understood. It has been found in more diverse ethnic 
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backgrounds and may represent an older mutation [70]. It does not appear to affect β2-

microglobulin binding or intracellular trafficking. It is possible that there may be 

interaction with some other form of ligand binding [71]. Occurrence of H63D 

heterozygosity in combination with C282Y heterozygosity is seen in 4-5% of HH 

sufferers [72]. Therefore it cannot be overlooked as a disease related mutation. Its role, 

however, appears to be subordinate to C282Y as, occurring alone, it appears to have 

little effect.  Only in combination with C282Y is it clinically important. It is possible to 

consider the H63D mutation as a genetic variant that increases the risk of developing a 

mild form of haemochromatosis. A recent study involving cell transfection assays 

showed that the H63D mutation reduces the ability of the HFE protein to inhibit 

transferrin receptor affinity for transferrin when compared to wild-type HFE [69]. 

 

Until recently it was believed that, although H63D is highly prevalent, it did not occur 

in association with C282Y homozygosity. However, one study has described an 

individual who was homozygous for the C282Y mutation and also a H63D heterozygote 

[73]. This disproves the theory that C282Y homozygosity excludes the H63D mutation. 

It is possible that the H63D mutation itself, does not significantly affect HFE function. 

Rather a unique H63D haplotype might be genetically linked to a mutation in a nearby 

gene, within the HLA complex, that encodes a molecule that functions in a manner 

similar to HFE. In this case H63D would not be a disease causing mutation but rather a 

marker in linkage disequilibrium with a disease causing mutation in another gene. 

Approximately 3% of the population are homozygous for the H63D mutation yet this 

does not appear to be a risk factor for the development of HH. There are also 

individuals who develop phenotypic HH and yet do not possess either of the mutations 

[58]. In these cases it is probable that it is, not yet discovered mutations that are causing 
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iron overload. Examples of this would be mutations in the recently discovered 

ferroportin gene. 

 

1.7 Diagnosis of Genetic Haemochromatosis 

1.7.1 Phenotyping 

Detection of HH prior to the development of chronic diseases such as diabetes or 

cirrhosis followed by removal of iron by therapeutic phlebotomy is associated with 

length and quality of life identical to age-matched controls [8, 74]. Early detection of 

this disease is therefore vital to prevent morbidity and mortality. A diagnosis of HH is 

usually based on both abnormalities in serum iron levels and clinical symptoms. In 

individuals who are presymptomatic the most reliable measure is transferrin saturation.  

Transferrin saturation effectively measures the percentage of iron binding sites on 

transferrin that are occupied. An elevated transferrin saturation is usually the earliest 

phenotypic abnormality in HH. There has been much debate about the appropriate cut-

off level to use for transferrin saturation in diagnosing HH. A study published in 1998 

indicated that a cut-off of >45% would identify 98% of homozygotes with minimal 

misidentification of normal individuals [75]. There is still some debate regarding this 

cut-off but in general the majority of affected individuals will have transferrin 

saturations greater than this. Elevated serum ferritin levels are also indicative of iron 

overload, but ferritin is not an ideal marker as it is an acute phase reactant and will show 

dramatic changes in a variety of other conditions as well. In order to confirm the iron 

overload a liver biopsy is required as well as iron staining or iron quantitation. 
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1.7.2 Liver Biopsy 

Although many tissues are affected in HH, the liver is the primary storage depot for iron 

in excess of immediate body needs. Liver non-haem iron increases in linear relationship 

to increasing body iron stores until late in the disease, when liver iron storage sites 

become saturated [76]. For this reason, liver iron content is a useful measure of total 

body iron stores during the early, iron-loading phase of HH. Liver biopsy with chemical 

quantitation of hepatic iron is used as a measure of iron overload. Iron accumulates with 

age, and iron content is best interpreted as the hepatic iron index, i.e., hepatic iron 

content in micromoles per gram dry weight of liver divided by age of the patient. 

Healthy subjects, heterozygotes and patients with alcoholic liver disease have a hepatic 

iron index <1.9, whereas homozygotes are >1.9 [2]. However, with the advent of 

genotyping allowing earlier detection, these limits are becoming less useful. 

 

1.7.3 Diagnosis and Treatment of HH 

The treatment for HH as mentioned before is regular venesection. This treatment aims 

to reduce iron stores as determined by haemoglobin levels, reduce serum ferritin to a 

normal level and improve clinical symptoms. Initially a patient may require treatment 

three or four times a week until their iron levels are normal again, however, following 

this, treatment should only be required three or four times a year.  

 

Due to their non-specific nature and gradual onset of symptoms, HH can often be 

misdiagnosed and attributed to other causes. Diagnosis can commonly be delayed 5 

years from onset of symptoms, and occur only after encountering multiple physicians 

[77]. Screening using elevated transferrin saturation levels indicates a prevalence of 1 in 

200 to 400 individuals [78]. This is a lot higher than the figures recognised clinically, 

which can indicate one of two things. Firstly a substantial number of effected 
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individuals are dying from the complications of HH such as liver cancer and the deaths 

are being attributed to the complications rather than the underlying cause. Secondly, an 

elevated transferrin saturation is not necessarily only predictive of HH and many 

individuals with high saturation levels may never develop HH or any of its associated 

conditions. A population study carried out in the town of Busselton in Western 

Australia genotyped 16 out of 3011 individuals as being C282Y homozygotes (0.5%) 

[79]. However, of these 16 homozygotes only 8 were shown to have clinical symptoms 

consistent with HH. The discrepancy between the number of people estimated to have 

HH from serum iron levels and the number actually clinically diagnosed raises some 

questions regarding the clinical criteria for the diagnosis of HH.  

 

Transferrin saturation is used as the most reliable biochemical method for diagnosis of 

HH but it is rather an arbitrary tool in itself. The cut off point at which to diagnose HH 

is often in dispute. If it is set too low it will result in many of false positive results and 

many heterozygous carriers being diagnosed as affected. On the other hand if the level 

is set too high, affected individuals will be missed [75]. 

 

1.7.4 Gender Differences in HH 

As haemochromatosis is an autosomally recessive disease one would expect an equal 

occurrence in males and females, however, this does not seem to be the case. In the 

majority of clinical reports to affected men have outnumbered women, often by a 

substantial margin. In a review by Sheldon from 1935 only 19 of the 290 patients with 

haemochromatosis studied were women [80]. The overall phenotypic expression of the 

disease has thought to be less marked in women. In their 1993 study Edwards and 

Kushner demonstrated that a much lower cut off for tranferrin saturation was required to 

detect female haemochromatosis patients as opposed to male [81]. Moirand et al aged 
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matched 176 men with 176 women all who had been diagnosed with 

haemochromatosis. What they observed is that women present with different clinical 

features than men and often the disease was underexpressed. While traditional 

phenotype markers, such as elevated transferrin saturation, was evident in all the male 

subjects, there were a significant number of female subjects who did not display 

abnormal iron studies. They also noted that women who underwent early menopause 

developed higher iron loading than women whom underwent menopause later in life 

[82]. While women may experience increased iron loss due to menstruation and 

pregnancy it cannot adequately explain the variations in onset and severity of HH 

between men and women.  

 

In fact there is a great deal of variation not only between genders but also between 

individuals in regards to the development of HH. Factors such as iron intake and alcohol 

use will have an impact on the development and severity of HH, as will genetic factors. 

Ethnicity also has an effect on HH, with occurrence of the disease being more common 

among those of Celtic origin than say, African Americans [70]. Therefore the usefulness 

of transferrin saturation as a screening tool will vary between different races, genders, 

and environmental factors. Altogether this would seem to make transferrin saturation a 

very unreliable diagnostic marker. 

 

1.7.5 Mutations in the HFE Gene 

The identification of a HH gene initially appeared to answer many of the problems 

concerning diagnosis of HH and differentiation between heterozygous and homozygous 

affected individuals. The C282Y mutation results in a cysteine to tyrosine substitution at 

position 282 of the protein product. When this mutation was screened for in a group of 

affected subjects, 83% were homozygous for the mutation with a further 5% being 
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heterozygous. In the heterozygous subjects further mutations were sought leading to the 

discovery of the H63D mutation. Many of the C282Y heterozygous subjects were found 

to be heterozygous also for the H63D mutation making them compound heterozygotes. 

Another study showed that of patients with clinical signs of HH, 85% were homozygous 

for the C282Y mutation with a further 5% being heterozygous for the same mutation. 

Of the 5% heterozygous subjects, 86% carried one copy of the H63D mutation thus 

making them compound heterozygotes. Of the remaining 10% of subjects who were 

homozygous normal for the C282Y mutation, almost half were heterozygous for the 

H63D mutation. These results were compared to control subjects of whom 11% were 

heterozygous for the C282Y mutation and 25% were heterozygous for the H63D 

mutation. Figure 1.7 graphically depicts results of genotype screening of 

haemochromatosis patient populations from the United States [83] Australia [65] France 

[66] and the United Kingdom [84].  As can be seen from Fig 1.7 not all individuals who 

develop HH are C282Y homozygotes. Even including C282Y heterozygotes and 

compound heterozygotes there is still a small but significant number who develop HH 

without a known genetic cause. 

 

In 1998 Crawford et al [85] compared the phenotype versus genotype results for almost 

200 patients either heterozygous or homozygous for the C282Y mutation. 82.7% of the 

phenotypically diagnosed patients were typed as homozygous for the mutation, with a 

further 5.3% being typed as heterozygous. There were two patients who showed the 

clinical signs of HH but were typed as homozygous normal. However, both these 

patients were children and it was thought that they might be suffering from juvenile 

haemochromatosis. Juvenile haemochromatosis is a disease of iron overload that 

develops in children. To date it is not related to the C282Y mutation 
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FIGURE 1.7 MUTATION FREQUENCIES IN A HAEMOCHROMATOSIS POPULATION 
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Also another 22 patients were typed as homozygous for the C282Y mutation but 

showed no clinical signs of HH. The majority of these cases could be explained by 

pathological blood loss or the fact that they were women of childbearing age. Several 

patients whose phenotype indicated homozygosity were genotyped as heterozygous. 

This caused a reassessment of the initial diagnosis and in most cases the iron overload 

was found to be quite modest. The relevance of heterozygous results relates to the fact 

that it is thought that HH may not be entirely recessive. Therefore, a patient who is 

heterozygous for HH may be at risk from associated diseases such as porphyria cutanea, 

diabetes and coronary heart disease. It has been suggested that HH might also 

predispose subjects to developing alcoholic liver disease (ALD). A study by Grove et al 

[86] has shown, however, that a subject who is heterozygous or homozygous for HH 

does not have an increased risk of developing ALD. Heterozygosity for either the H63D 

mutation or C282Y was not sufficient to increase iron levels to anywhere near that of an 

ALD patient. 
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Overall all the studies performed so far indicate that of those individuals suffering from 

HH 60-100% will be homozygous for the C282Y mutation, 3-7% will be compound 

heterozygotes and 1-4% will be homozygous for the H63D mutation. It has also been 

documented that individuals with only one or no C282Y mutation will have 

substantially lower iron overload [65, 66, 83, 84]. These mutations, however, do not 

cover all cases as a substantial minority of individuals (4-21%) will carry neither 

mutation. Control subjects also possess these mutations but in far lower percentages, 

with 2-14% heterozygosity for the C282Y mutation and 12-14% for the H63D mutation. 

Currently screening for haemochromatosis using conventional methods is more 

economical than genetic testing. However there is evidence to suggest a viable low cost 

genetic screening method. Adams and Valberg [87] found that assuming a comparable 

cost and high specificity and sensitivity, genetic screening compared favourably with 

conventional iron measurements. There are still several issues that have to be addressed 

relating to genetic screening, however. Firstly not all patients genotyped homozygous 

for the C282Y mutation will become symptomatic, since poorly understood 

environmental factors appear to have a role in the development of haemochromatosis 

[79]. Also there are several ethical questions raised concerning possible stigmatisation 

and discrimination following diagnosis of a genetic disease in relation to things such as 

health insurance and employment. Finally the major issue is that a phenotypic diagnosis, 

i.e. one done via iron measurements will pick up patients who have abnormal iron levels 

and are in need of treatment, whereas a genotypic diagnosis will pick up patients who 

have the mutation and currently may or may not be in need of treatment. Genotype 

diagnosis has the potential to identify individuals who may require treatment at a stage 

when little or no damage has been done to their organs, enabling physicians to treat the 

disease rather than just the symptoms, and produce cost-savings to the health system. 
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1.8 Other Genes and Mutations Associated with Haemochromatosis 

As outlined above, genetic variability in human patients with HFE-associated HH has 

led to a complex spectrum of phenotypic expression. Although there is little doubt that 

the C282Y mutation in HFE is the disease-causing mutation, there is a small sub-group 

of C282Y homozygotes who do not develop clinically significant iron overload [79]. 

The variability cannot be explained by environmental factors alone; there must therefore 

be other “modifier” genes that influence the HH disease phenotype.  The reverse 

situation is of course where the individual is only heterozygous for C282Y or does not 

possess the mutation at all and yet still develops phenotypic HH. 

 

Studies conducted in haemochromatosis patients and HFE knockout mice show that 

although intestinal iron absorption is inappropriately increased, it can still be regulated 

by body iron levels [21, 88, 89]. It is already known that β2-microglobulin and HFE 

associate on the cell surface. Therefore either β2-microglobulin is capable of regulating 

iron to a small degree on its own or there is a third protein involved, that in the absence 

of HFE would still interact with β2-microglobulin. As discussed earlier it is speculated 

that H63D may be a marker for such a protein. If a protein did exist, that functions in a 

manner similar to HFE it could be the causative gene in non-HFE HH and juvenile HH. 

Each of these diseases resembles HH clinically but differ genetically. Recently 

identified iron transport proteins such as Nramp 2 and Ferroportin may be the key to 

unlocking the complexity of iron absorption in regards to body iron status. 

 

1.8.1 The S65C Mutation 

The HFE gene has been screened extensively for further mutations which could explain 

the iron overload seen in individuals who do not carry the C282Y mutation. Several 

polymorphisms have been located, and one of these is S65C [90]. S65C is a serine to 
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cysteine substitution in exon 2 very close to the H63D mutation. Due to this close 

proximity, a single PCR can be used to check for both mutations, digestion with Mbo1 

for H63D and Hinf 1 for S65C. The S65C mutation is quite rare with an occurrence of 

around 4.7% in an affected population. However, a study by Mura et al [91] showed that 

it had a statistically significant higher occurrence in a HH population when compared to 

a control group. However, the S65C mutation was only present in mild forms of iron 

overload and even then in association with C282Y. It is also important to note that the 

S65C mutation has yet to be seen in conjunction with homozygosity for either of the 

two major mutations, C282Y or H63D.  

 

There are several hypotheses as to how the S65C mutation affects the HFE gene. One is 

that due to proximity to the H63D mutation it may act in a similar manner to reduce the 

ability of the HFE protein to inhibit transferrin binding to the transferrin receptor [90]. 

Another theory is that the mutation itself does not have an effect on its own but rather is 

linked to a different genetic mutation, which alters the HFE protein.  

 

1.8.2 The C282S Mutation 

Rosmorduc et al [92] discovered a second mutation at amino acid 282.  It was a G to C 

substitution at the C282Y site rather than the standard G to A. This converted the 

cysteine to a serine rather than tyrosine (C282S). This point mutation still results in the 

abrogation of the disulfide bridge but it will not be detected by the standard Rsa1 digest. 

As Rsa1 will not cleave this new mutation it will appear to be a wild-type genotype. 

This C282S mutation may therefore be undetected in many of the individuals who 

display phenotypic signs of HH but appear to be genotypically normal. The C282S 

mutation has been shown to be associated with severe iron overload [92]. 
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1.8.3 The I105T and the G93R Mutations 

Barton et al [93] also found two further mutations to the HFE gene, leading to the 

substitions I105T and G93R. A T→C change at position 105 results in an amino acid 

substitution of threonine for isoleucine. G93R results from a G→C substitution at 

position 93 that causes glycine to be replaced with arginine. They examined twenty 

subjects all of whom had been clinically diagnosed with haemochromatosis but lacked 

C282Y homozygosity, C282Y/H63D compound heterozygosity, or H63D 

homozygosity. Of the twenty subjects they found two who were heterozygous for either 

I105T or G93R. Both these mutations occur in exon 2 of the HFE gene: in the α 1 helix 

of the HFE class 1-like heavy chain. Although there is no conclusive evidence, it has 

been hypothesised that these mutations impair the binding of the HFE protein to the 

transferrin receptor. The rarity of these mutations and the inconclusive evidence 

regarding their effects means they are unlikely to be the main cause of non-C282Y 

haemochromatosis. 

 

1.8.4 The C282Y Mutation and False Positives 

In regards to the phenomenon of C282Y homozygotes that do not develop iron 

overload, a paper published by Jeffery et al in 1999 identified the possibility of false 

positive results [94]. They located a single nucleotide polymorphism (SNP) in intron 4 

consisting of a G→A at position 5569. As it is located in an intron it is unlikely to be 

functionally significant. However, it is 5 nucleotides within the binding site of the 

antisense primer used in the PCR analysis designed by Feder et al[10]. This SNP was 

designated 5569A. The presence of this mutation could interfere with primer binding 

and result in failure of the allele to amplify. This could lead to the incorrect 

identification of C282Y heterozygotes as homozygotes if only the mutated allele was 
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amplified.  Several other groups have confirmed this finding, however, the impact of 

this mutation seems to depend on the stringency of PCR conditions [95]. 

 

1.9 Haemochromatosis and Type II Diabetes  

It has already been stated that HH can affect many organs in the body, one of these 

being the pancreas. It has therefore been hypothesised that HH may contribute to the 

development of adult onset diabetes or type 2 diabetes [96, 97]. 

 

Diabetes mellitus is a group of metabolic disorders characterised by chronic 

hyperglycaemia due to relative insulin deficiency, or resistance or both. It is very 

common, affecting approximately 30 million people worldwide. There is currently no 

known cure for diabetes and although its symptoms can be treated, late complications 

can result in reduced life expectancy as well as considerable utilisation of health 

resources.  

 

The hormone insulin regulates the uptake of glucose into target cells. The insulin 

receptor is a 400kDa protein that straddles the cell membrane of the target cell. It 

consists of a dimer with two alpha subunits, which bind the insulin molecules, and two 

beta subunits that transverse the cell membrane. Insulin molecules bind to the insulin 

receptor forming a complex that promotes insulin uptake. 

  

Diabetes is generally classified into two groups, type 1 or type 2. Type 1 diabetics or 

IDDM (Insulin Dependent Diabetes Mellitus) represents 5-10% of all diabetic cases and 

usually presents in juveniles although some cases have been diagnosed in adults. It is 

caused by autoimmune destruction of the pancreatic beta cells. These cells are 

responsible for the production of insulin and so their destruction results in decreased or 
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even absent insulin secretion. The exact cause of the disease is unknown but it is 

thought to result from an infectious or toxic insult to the pancreatic islet cells.  

Non-insulin-dependent diabetes mellitus (NIDDM) or type 2 diabetes is the form 

associated with haemochromatosis. Presentation age is the reverse of type 1 with 

patients usually presenting as adults with a few rare juvenile cases. Also the 

hyperglycaemia results not from a lack of insulin but rather from tissue insensitivity to 

it. NIDDM is relatively common in affluent populations, affecting over ten million 

people in the United States alone. Age of onset is similar to HH in that most cases are 

diagnosed after the age of 40. NIDDM can be present at a subclinical level for many 

years prior to diagnosis. Its incidence increases markedly with age and obesity. As the 

name implies, NIDDM does not rely on insulin for treatment. The associated 

hyperglycaemia is due to insulin resistance rather than deficiency. Insulin resistance can 

be caused by a decrease in the number of insulin receptors or by the presence of 

antibodies to the receptors. 

 

Diabetes mellitus has been reported in 20% to 50% of patients with haemochromatosis 

[8, 74, 98, 99] and negatively affects the disease course [8, 98].  Until the development 

of the gene test for HH, many studies were hampered by the fact that biochemical tests 

such as iron studies vary a great deal both intra-individually and inter-individually 

resulting in poor diagnostic accuracy. Two separate studies looking at either Australian 

or Italian populations found that diabetics were approximately twice as likely to have 

HH than non-diabetic individuals [100, 101]. The discovery of the HFE gene and the 

associated mutations made it possible to genotype diabetic populations in an attempt to 

determine if these disease associated mutations were more prevalent in this group. 

Several studies published in the last few years have found that there does not appear to 

be a significant difference in the mutation frequency between diabetic and control 
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populations [102].  However, a study published only last year indicated the C282Y 

prevalence was similar, but the H63D mutation was increased in the diabetic population 

[103].  This study was done using a small population group, only 278 patients and 

controls, and the significance was borderline. A larger study is required to resolve the 

issue. 

 

All these studies have compared the frequency of the mutations in a diabetic population 

to the expected incidence in a normal population (adjusting for ethnic variation). Kwan 

et al in 1998 [104] compared mutation frequencies between type 1 diabetics, who 

usually develop diabetes in childhood, and type 2 diabetics who may have developed it 

due to complications associated with HH. Although the number of C282Y homozygotes 

was similar in both groups there was a higher frequency of heterozygotes in the type 2 

patients. Resulting in the population of type 2 diabetics having a higher overall C282Y 

mutation frequency. Almost twice as many type 2 diabetics were C282Y carriers when 

compared with type 1 diabetics indicating the possible involvement of HH in the 

development of diabetes. There were, however, only 200 subjects in this study so there 

may be some bias due to the small population group. This study needs to be repeated 

with a larger group in order to confirm these findings. 

 

1.10 Iron and Coronary Heart Disease 

The association between iron levels and Coronary Heart Disease (CHD) is 

controversial. The hypothesis that iron depletion protects against ischemic heart disease 

was first proposed in 1981 by Sullivan as an explanation for the difference in heart 

disease rates between men and women [105].  On the opposite side of the hypothesis is 

that increased iron levels are a risk factor for coronary heart disease.  
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Findings by a Finnish study [14] of middle aged men indicating a strong positive 

correlation between serum ferritin and the risk of myocardial infarction have rekindled 

interest in this area. The results of this study were compatible with the hypothesis that 

iron may lead to atherogenic products through the production of free radicals and LDL 

oxidation. There is little doubt that excessive iron is cardiotoxic. This can be seen in 

iron overload diseases such as haemochromatosis and thalassaemia major [106]. The 

question now is whether moderate iron overload is a risk factor for CHD. For over a 

decade researchers have been proposing a link between body iron stores and CHD. In 

1981 Sullivan hypothesised that the development of CHD may be linked to the 

magnitude of body iron stores. He proposed that excess iron accounted for the greater 

incidence of heart disease in men and postmenopausal women compared to 

premenopausal women [105, 107].  He based his argument on three main points: 

1. Myocardial failure is frequent in patients with iron storage diseases. 

2. Accumulation of stored iron with age in men. 

3. Accumulation of stored iron in women after menopause approaches levels found in 

men and in rough proportion to the added risk of heart disease. 

Sullivan’s theory was that the greater occurrence of heart disease in men and 

postmenopausal women was due to the greater levels of stored iron.  

 

Atherosclerosis is a multifactorial disease in which iron may play a role by promoting 

oxygen radical formation and lipid peroxidation. Halliwell and Gutteridge have 

proposed that the general effect of iron is to convert poorly reactive radicals into highly 

reactive ones [108]. In vivo studies and clinicopathological observations have indicated 

the presence of iron in atherosclerotic lesions in man and animals [15, 109]. 
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Affluence is another factor to be considered when looking at the occurrence of heart 

disease, with third world countries having a lower incidence of CHD [110].  Individuals 

living in impoverished conditions are unlikely to eat a healthy, adequate diet and are 

therefore likely to be iron deficient. The relatively low iron levels often seen in people 

from underdeveloped countries may be related to the low levels of heart disease. In 

effect, poverty protects the heart. 

 

1.10.1 Iron and LDL Oxidation in Atherogenesis 

Atherosclerosis related illness such as myocardial infarction and stroke, continue to be 

leading causes of death in developed and many developing countries. Current known 

risk factors can only predict, at most, a third of all coronary heart deaths. Therefore the 

discovery of new risk factors is a priority in our understanding of atherogenesis.  

 

Iron is an example of a possible risk factor. Iron is an essential element for all 

organisms, playing a role in growth and crucial metabolic pathways [55]. Iron 

supplementation has been considered to be highly beneficial, but recent developments in 

free radical biology-pathology have stressed the potential hazards of iron in the 

pathogenesis of several diseases. As mentioned previously there is no specific 

physiological mechanism for the excretion of iron, therefore the balance between iron 

absorption and loss must be precisely maintained [20]. A slight shift in either direction 

results in either iron overload or deficiency and associated clinical consequences.  

 

1.10.2 The LDL-Oxidation Hypothesis 

Low-density lipoprotein oxidation is believed to be an early event in the initiation and 

progression of atherosclerosis [111, 112]. The oxidation of LDL renders the lipoprotein 
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more atherogenic. Several in vitro biologic consequences of oxidized LDL (OxLDL) 

have been demonstrated, including increased monocyte adhesion to endothelial cells, 

monocyte chemotaxis, decreased macrophage motility and increased cytotoxicity [113]. 

Studies imply that OxLDL promotes recruitment and retention of 

monocytes/macrophages in the sub intima. OxLDL or its components have also been 

shown to stimulate the expression of several endothelial cell proteins including vascular 

cell adhesion molecule-1 and other adhesion molecules, monocyte chemotactic protein-

1 and macrophage colony-stimulating factor. Some of these effects may result from the 

activation of transcription factors such as NF- B. OxLDL is also avidly scavenged by 

macrophages and leads to macrophage-derived foam cell formation [114]. 

 

The process of LDL oxidation is not well understood, but it appears to occur within the 

artery wall, facilitated by cellular lipoxygenase-dependent mechanisms or by 

nonenzymatic pathways. The phospholipid fatty acids of LDL are believed to be 

oxidatively modified first, resulting in the formation of phospholipids containing a 

spectrum of peroxidized fatty acids. Some of these, through chemical decomposition 

and/or enzymic hydrolysis, are believed to generate reactive aldehydes, which 

covalently modify the lysine residues of Apo B and cause the surface charge to become 

more negative. Due to the oxidative attack, Apo B also undergoes cleavage, which 

exposes neoepitopes on the protein. Although most of the biological effects of OxLDL 

are thought to result from oxidized lipid products, the increased scavenger receptor 

uptake of OxLDL is mediated by changes in surface protein charge. Another important 

step in the process of atherogenesis is believed to be the trapping of LDL within the 

subendothelial space. LDL retention increases its residence time within the artery wall 

and therefore its susceptibility to oxidative modification. 
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Free radical oxidation is hypothesised to be the basis for the relationship between iron 

status and the risk of CHD. Iron overload is thought to increase the risk of CHD by 

promoting LDL oxidation and therefore the development of atherosclerotic plaques. 

Iron is considered to be the catalyst for the formation of tissue damaging free radicals. 

In effect, free iron catalyses free radical production, which in turn generates a range of 

potential oxidants, which can induce lipid oxidation [115]. Studies using animal models 

have shown that iron chelation therapy prevents post ischemic lipid peroxidation [116]. 

A further study by Smith et al [15] demonstrated catalytic iron in plaque samples from 

advanced atherosclerotic lesions. The samples stimulated lipid peroxidation, which in 

most cases was then inhibited by the iron chelator desferrioxamine. These studies 

support the concept that iron is involved in heart disease.  

 

Monocyte-derived macrophages are a key cellular component of early atheroma (fatty 

streak). They first adhere to and then penetrate a dysfunctional endothelium. These 

subendothelial macrophages absorb large amounts of lipids, mostly oxidised LDL, 

before converting to foam cells (figure 1.8). Some smooth muscle cells that migrate and 

proliferate in the intima also develop into foam cells by absorbing lipids. The 

modification of LDL to an oxidised state is one of the crucial steps in foam cell 

formation, as it is the oxidised LDL that is absorbed by the macrophages via the 

scavenger receptor. Native LDL is not absorbed as the LDL receptor on the macrophage 

cell surface is down regulated.  
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FIGURE 1.8: UPTAKE OF NATIVE LDL VS. OXIDISED LDL  

 
Fig 1.8 Processes by which LDL is taken up into the macrophage cell either as native LDL, Acetyl LDL 

or Oxidised LDL. Modified LDL is taken up much easier than native LDL [114] 

 

The oxidative modification of LDL was first proposed in the 1980s based on the 

findings that oxidised LDL had the potential to cause foam cell formation when added 

to macrophages [111, 112]. LDL can be oxidised by incubation with artery wall cells, 

redox-active transition metals or lipoxygenases. This incubation leads to atherogenic 

changes in the LDL, which is then termed oxidised LDL [117]. It is thought that this 

oxidation process occurs in the arterial intima rather than circulation due to the 

abundance of antioxidants in plasma. Oxidised LDL differs from native LDL in several 

ways: 

• Increased content of lysophosphatidyl choline, oxysterols, hydroxy and 

hydroperoxy-PUFAs, conjugated dienes, MDA and other aldehydes, 

• Enhanced electrophoretic ability due to increased negative charge, 

• Aggregation and fragmentation or conformational rearrangement of Apo-B protein, 

• Increased uptake and degradation by macrophages via their scavenger receptor 

rather than LDL receptor, 
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• Cytotoxicity to most cells, 

• Chemoattractant activity for monocytes and smooth muscle cells, 

• Inhibition or stimulation of a number of biologically active factors such as 

cytokines.[114] 

 
FIGURE 1.9: LDL TRAPPING 

 
Fig 1.9 Depiction of the trapping of LDL in the extracellular matrix (ECM), the seeding of LDL with the 

waste products of the artery wall cells (oxidants), and the ability of HDL to block the production of the 

biologically active mildly oxidized LDL (MM-LDL)[118] 

1.10.3 Mechanisms behind Cell-Mediated LDL Oxidation 

The redox potential of Fe2+/Fe3+ favours its use in a number of protein complexes, 

especially those involved in electron transfer. A number of proteins require iron for 

activity in the form of haem or iron-sulfur clusters to transfer electrons. Iron complexes 

are not only necessary in the electron transport chain to supply cells with energy, but 

they are also affected by oxygen radicals (O2
- ). Free radicals are thought to be to the 

main source of LDL oxidation. Evidence for this is the requirement for transition metals 

in culture medium and the inhibition or modification of LDL oxidation by free radical 

scavengers. Superoxide O2
- is thought to be involved in the oxidation process. The 

current theory for superoxide-mediated LDL oxidisation is that O2
- both dismutates to 
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H2O2, and also reacts with transition metals (mainly iron) during the generation of 

reactive oxygen species via Fenton Chemistry (Figure 1.10) 

 

FIGURE 1.10: SUPEROXIDE DRIVEN FENTON REACTION. 

Fe2+ + O2 → Fe3+ + O2
- 

Fe2+ + O2
- → Fe3+ + H2O2 

Fe2+ + H2O2 → Fe3+ + OH- + HO- 

Fig 1.10 Ferrous iron in aqueous solution can easily generate superoxide anions in reaction with oxygen. 

Further reactions can generate peroxide and the hydroxyl radical [119]. 

 

These products of the partial reaction of oxygen can be very damaging to cellular 

constituents. Of the three possible intermediates, the hydroxyl radical is the most 

dangerous as it can oxidize almost any organic compound. This is of primary 

importance in relation to its role in lipid peroxidation. It is therefore important that free 

iron be chelated to prevent the generation of these free radicals. In most biological 

systems free superoxide anion and hydrogen peroxide do exist. However almost all 

aerobic organisms also have large quantities of superoxide dismutase and catalase, 

which scavenge these free radicals. By removing these reactants rapidly the amount of 

damage they can do is minimized [119]. 

 

There is much evidence to support the importance of transition metals such as iron and 

copper in the oxidisation process of LDL. As stated earlier, with the exception of iron 

overload states, all iron in human serum is bound to proteins. To promote free radical 

formation iron must be liberated from these proteins. It is believed that oxidative stress 

itself can free the necessary iron by mobilising it from ferritin or degrading haem 

proteins. Over twenty five years ago Williams et al [120] first demonstrated that 

superoxide can release iron from ferritin, when they showed that superoxide dismutase 
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(SOD) inhibits xanthine and xanthine oxidase-dependent iron release [119]. Human 

neutrophil-derived superoxide has been shown to mobilise iron from ferritin and also 

transferrin at mildly acidic pH. This superoxide stimulated iron release may provide the 

free iron necessary to initiate lipid peroxidation [121]. It has also been proposed that the 

general effect of iron catalysis is to convert poorly reactive radicals into highly reactive 

ones [119].  

 

Iron may also have a role in thiol-mediated LDL oxidation. LDL oxidation in vitro by 

endothelial cells may be caused by cell-dependent secretion of thiols into a media 

containing transition metal irons [122]. Transferrin in combination with the reducing 

amino acid L-cysteine catalyses LDL oxidation at acidic pH when iron is released from 

transferrin. Reduced thiols stimulate Fe3+-dependent LDL oxidation by reducing Fe3+ to 

Fe2+, but strongly inhibit Cu2+-dependent LDL oxidation.  

 

1.11 Cardiovascular Disease and C282Y Heterozygosity 

The theory that iron may be involved in cardiovascular disease has received 

considerable attention recently. The one problem that has always faced researchers 

when examining iron and its effects is accurate assessment of body iron levels. Serum 

ferritin, iron and total iron binding capacity have limited capabilities as iron markers as 

they show short term variation related to inflammation, iron intake, blood loss and 

diurnal variation [123, 124]. C282Y homozygosity is linked to HH and therefore iron 

overload. Homozygotes, however, have iron levels so high that multiple organs are 

affected. Untreated individuals may die of unrelated causes before clinically significant 

ischemic myocardial injury occurs. At the extremely high iron levels seen in 

homozygotes, there is a direct compromise of myocardial function unrelated to coronary 

artery lesions [55]. Much of the evidence linking iron to cardiovascular disease is based 
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around the hypothesis that excess iron leads to the formation of atherosclerotic plaques. 

Therefore what is required is a marker for moderate iron levels that may compromise 

heart function through their actions on atherosclerotic plaque formation. 

 

It has been postulated that C282Y heterozygosity may be an ideal marker for moderate 

iron overload. The majority of C282Y heterozygotes have serum ferritin levels falling 

within the normal reference range. A study by Bulaj et al [125] showed that 20% of 

males and 8% of females who were C282Y heterozygotes had serum ferritin levels 

higher than normal. Several studies have been published indicating that iron stores 

increase with age. Bulaj proposed the theory that although heterozygotes have normal 

iron levels, they achieve these at an earlier stage in life than non-carriers. When looking 

at the 31-60 year old age group the mean ferritin level for heterozygous men and 

women was significantly higher than that of non-carriers of the same age. C282Y 

heterozygosity may therefore be an ideal genetic marker for lifelong moderate iron 

overload.  

 

Two studies published in 1999 found an increased risk of cardiovascular disease in 

C282Y heterozygotes compared with wild-type individuals [126, 127]. The first of these 

by Roest et al followed a group of 12239 postmenopausal women aged between 51 to 

69 years over a period of 16–18 years. The study found an increased risk of 

cardiovascular death, cerebrovascular death and myocardial infarction among the 

C282Y heterozygotes. What was most dramatic was that when combined with the other 

risk factors of smoking and hypertension, C282Y heterozygote women were 18.85 

times more likely to die from a cardiovascular incident. Individuals who had 

hypertension and smoked but did not possess the C282Y mutation were only 2 times 

more likely to have a cardiovascular incident [126]. 
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The second study by Tuomainen et al found similar results with a study group 

consisting of 1150 men aged between 42 and 60years. This study examined the 

occurrence of an AMI (acute myocardial infarction). During a mean follow-up of nine 

years it was found that almost twice as many C282Y heterozygotes as non-carriers had 

suffered an AMI. Allowing for other risk factors it was calculated that carriers of the 

C282Y mutation had a 2.3 fold increased risk of AMI than non-carriers.  

 

The results of both these studies lend credence to the theory that iron is an important 

risk factor in the development of ischemic heart disease in both men and women. It is 

possible that the C282Y mutation may be increasing the risk of heart disease through a 

pathway other than iron loading. However, the evidence linking iron to cardiovascular 

disease makes a mechanism based on increased iron stores the most likely candidate. 

 

1.12 Summary 

The C282Y mutation has been identified as the primary causative mutation in the 

development of hereditary haemochromatosis. There are, however, still phenotyping 

versus genotyping discrepancies that warrant further investigation, both in terms of 

additional mutations and other iron overload disorders. Hence the requirement for 

further studies analysing both the phenotyping method and the genotyping method and 

identification of aberrant specimens.  

 

To this aim the first section of this thesis examines the discrepancies between phenotype 

and genotype diagnosis. The aim was to recruit individuals who were less than 40 years 

old, thus hopefully presymptomatic. Both genotype and phenotype analysis was 
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performed and the results compared to determine if either method was better at 

detecting iron overload prior to clinical symptoms manifesting. 

 

Iron overload is associated with a myriad of clinical conditions. The potential of the 

C282Y mutation to be a genetic marker for the development of iron overload is 

something that needs to be examined closely. Using this marker the morbidity and 

mortality statistics for many associated conditions could be reduced through 

preventative treatment. Haemochromatosis has many life-threatening consequences if 

untreated, however, early identification and treatment can make a dramatic difference to 

the individual it is therefore important to raise the awareness of the disease and to 

identify associated diseases to allow for the best possible outcome for the patient. 

 

The second study in this thesis looked at diabetes as an associated complication of 

haemochromatosis. Due to the effect of iron loading on the pancreas the development of 

diabetes has long been associated with haemochromatosis. If Haemochromatosis is the 

cause of the diabetes then treating the iron overload is likely to have a positive effect on 

the secondary symptom of diabetes. If it could be shown that diabetics as a group had an 

increased prevalence of haemochromatosis than a case could be made for screening 

them as a high-risk group.  A diabetic population was screened for the C282Y and 

H63D mutations, which were then compared to a control population. It was necessary to 

make several adjustments for ethnicity and type of diabetics. 

 

The clinical consequences of haemochromatosis are well documented. As has the link 

between C282Y homozygosity and the development of haemochromatosis. There has 

however, been little information regarding the implications of C282Y heterozygosity. 

Various studies have indicated that while they don’t develop the iron overload 
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homozygotes do, there is a degree of iron loading [128]. Two papers, one Finnish and 

one Dutch, both implicated C282Y heterozygosity as a risk factor for coronary heart 

disease [126, 127]. The third study in this thesis examined whether or not C282Y 

heterozygosity was a risk factor for coronary heart disease and also if it was a risk factor 

for early mortality. 

 

To study the effects of C282Y heterozygosity in regards to coronary heart disease and 

early mortality 4 separate population groups were used. A control group, a random 

population group, a group of individuals who had all had a coronary event and finally a 

group of elderly females. In  order to test the hypothesis that C282Y heterozygosity is 

linked to coronary heart disease and/or early mortality the frequency of the mutation 

was examined in each group. If there was an association there would be a significant 

difference in the frequency of the mutation between the control groups and the heart 

disease group or the elderly group. Other factors that were examined where intima wall 

thickness, plaques occurrence and ferritin levels. 

 

The final study in this thesis revolved around the concept of secondary mutations in the 

HFE gene that may effect its functioning, other than C282Y and H63D. Not all 

haemochromatosis cases are C282Y homozygotes so there are still individuals whose 

iron overload cannot be explained. Eight individuals who displayed all the phenotypic 

signs of haemochromatosis but were not C282Y homozygotes were genotyped for four 

new mutations in the HFE gene as well as C282Y and H63D. By identifying new 

mutations in these individuals it would then be possible to identify the cause of their 

iron overload. 
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Although the clinical implications of iron overload are well documented there is 

relatively little known about the mechanisms involved in its development. That the 

C282Y mutation plays an important role is clear. By studying the C282Y mutation and 

the effect it can have both in diagnosis and disease more may be understood, both about 

the implications of the mutation and the processes it is involved in. 
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Chapter 2 

Materials And Methods 
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MATERIALS AND METHODS 

The concentrations and suppliers of all chemicals cited in the materials and methods 

section are listed in Appendix A. 

2.1 Genotyping 

2.1.1 DNA Extraction [129] 

DNA for genotyping was extracted from either EDTA or heparinised blood using a salt-

phenol/chloroform method [129, 130]. The first step in DNA extraction is to isolate the 

buffy coat from whole blood. To do this the whole blood was centrifuged for 10min at 

3000 rpm to separate the plasma from the red cells. The buffy coat is the white layer of 

cells in between these two layers. Using a pasteur pipette the plasma layer was removed. 

Then, again using a pasteur pipette, the buffy coat layer was carefully transferred into a 

separate container.  

 

A lysing buffer consisting of ammonium chloride, potassium hydrogen carbonate and 

tetra-sodium EDTA was used to breakdown the buffy coat cells. The sample tube was 

filled to the 10ml line with lysing buffer. The lysing step is necessary to break down the 

cells for DNA extraction [131]. The lymphocytes were then solubilized using proteinase 

K and sodium dodecyl sulfate (SDS), in TES buffer to maintain the optimum pH and to 

inhibit the action of nucleases by chelating metal ions via the EDTA. SDS is an ionic 

detergent used for cell lysis and denaturation of proteins enveloping nucleic acids. Both 

Proteinase K and SDS would inhibit any subsequent PCR reactions, therefore the 

phenol/chloroform step aids in removing both of these reagents. 
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Day 1 

1. Isolate buffy coat from blood and place into a 10ml sample tube. 

2. Fill sample tube to the 10ml line with lysing buffer. 

3. Mix sample on a suspension mixer for 10mins. 

4. Centrifuge sample for 5mins at 3000 rpm, tip off supernatant and add another 

10ml of lysing buffer. 

5. Mix sample on suspension mixer for 10min, spin in centrifuge for 5min at 3000 

rpm and again tip off supernatant. 

6. Repeat this step but this time use 0.9% NaCl 

7. Following the NaCl wash, centrifuge sample and tip off the supernatant. Then 

add 3ml of TES buffer + 250µl 20% SDS + 50µl Proteinase K. 

8. Mix sample on suspension mixer overnight at 37ºC. 

 

Protein contaminants were removed with a salt/phenol/chloroform mixture. The phenol 

acts to denature and dissolve the proteins [132]. The resulting DNA was precipitated 

with 100% ethanol and sodium acetate. Ethanol induces a structural change in the 

nucleic acid causing it to precipitate out of solution. Following ethanol washing, the 

DNA was resuspended in Tris-EDTA buffer. 

 

Day 2 

1. Add 1ml of 6M NaCl and mix for a few minutes by hand. 

9. Add 3ml of phenol/chloroform/isoamyl alcohol and mix for 10mins on 

suspension mixer. 

10. Centrifuge sample for 10mins at 3000 rpm. 

11. Transfer top layer to another labeled tube. 

12. Fill secondary tube with 100% ethanol (approximately 6mls). 
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13. Check for DNA strands. At this point the sample can be incubated at -70ºC to 

maximize DNA precipitation. 

14. Centrifuge sample at 3000 rpm and tip off supernatant. 

15. Add 1ml of 70% ethanol, mix sample, centrifuge for 5min at 3000 rpm and tip 

off supernatant. 

16. Dry DNA pellet in vacuum dryer until all ethanol is removed. This usually takes 

at least 15mins. 

17. Add 500µl of TE Buffer and mix overnight on suspension mixer at 37ºC. 

 

Quantitation of the DNA was performed using a Cary IE/100 UV/Visible 

spectrophotometer. The amount of DNA present was determined by measuring the 

optical density at 260nm and calculating the amount based on the assumption that at 

260nm a DNA solution of 50µg/ml is equal to an absorbance of 1 using a 1cm light 

path. A 260/280nm ratio is used to give an approximation of the purity of the DNA and 

the likelihood of any protein or phenol contamination. The optimal ratio is 1.8 – 2.0. 

Working DNA solutions were diluted to 20ng/µl in Tris-EDTA buffer and stored at 4°C 

and the remaining stock DNA was frozen at -70°C. 

 

Day 3 

2. Prepare dilution of sample in TE buffer 

3. Measure 260/280nm ratio on Cary spectrophotometer. Optimal ratio should be at 

least 1.8. The spectrophotometer will also calculate the amount of DNA in the 

specimen. 

4. From the spectrophotometer reading dilute the sample to 20ng/µl to make a 

working solution. Working solution volume should be 500µl. 
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5. The remaining DNA extract is transferred to freezer storage tubes after being 

labeled with DNA concentration and identification details. Stock is frozen at -

70ºC 

 

2.1.2 Mutation Detection 

Mutation detection was performed using either DNA amplification and endonuclease 

digestion or with mutation specific primer amplification. Both methods are outlined 

below. It should be noted that as both a digest method and a MS-PCR method were used 

for the identification of the C282Y the conditions and primer used for each are referred 

to either as Digest PCR or MS-PCR. All PCR amplification steps were performed using 

an MJ Thermal Cycler. 

 

2.1.3 C282Y Rsa 1 PCR and Digest 

PCR amplification of the region containing the C282Y mutation was performed using 

primers published by Feder et al [10]. The DNA fragment being amplified is locatd in 

Exon 2 of the HFE gene. The resultant PCR product was digested with the restriction 

endonuclease Rsa1. The Rsa1 recognition cut site sequence is GTAC. This site is 

present as a control cut in all samples. The C282Y mutation will create a secondary cut 

site. The digested fragments were then subjected to electrophoresis on a 3% Nuseive 

agarose gel at 120V for 45min to separate the fragments. 
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2.1.3.1 C282Y Digest Primers 

C282Y Forward:  5’-TGG CAA GGG TAA ACA GAT CC-3’ 

C282Y Reverse:    5’-CTC AGG CAC TCC TCT CAA CC-3’ 

 

FIGURE 2.1: C282Y DIGEST PRIMER LOCATIONS 
 
HFE (GenBank accession number Z92910) 

C282Y (G - A) 

 
5’ TGGCAAGGGTAAACAGATCC_______   GTGCCAGGTGG_______AATCTATTGGGGGTTGAGAGGAGTGCCTGAG 3’ 

 

5’ TGG____________________TCC3’                                                                                     3’CCA___________________CTC 5’ Rsa 1 Site 

A 

             Forward Primer               Reverse Primer 
 
 Fig 2.1 Partial sequence of the HFE gene illustrating position of the primers and C282Y mutation 

 

2.1.3.3 C282Y Digest PCR Mix 

The PCR mix to amplify the specific region in HFE gene for the C282Y Rsa 1 digest is 

outlined in table 2.1 

TABLE 2.1 C282Y PCR MIX 

 Volume (µl) 

DNA (20ng/µl) 3.0 

10 x Buffer*App 2 2.5 

25mM MgCl2 2.5 

25mM dNTPs 0.2 

Forward Primer (10ρmolµ/l) 1.0 

Reverse Primer (10ρmolµ/l) 1.0 

Taq Gold (5.5U/ µl) 0.2 

Water 14.6 

Total 25.0 
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2.1.3.4 C282Y Digest Amplification Protocol 

The PCR cycle program for the amplified DNA fragment is outlined below in Table 2.2 

TABLE 2.2 C282Y PCR CYCLE CONDITIONS

  Temperature Time 

Step 1 Initial Denaturation 94°C 5min 

Step 2 Denaturation 94°C 1min 

Step 3 Annealing 55°C 45sec 

Step 4 Extension 72°C 1min 30 sec 

Step 5 Repeat 2-4 - X35 

Step 6 Final Extension 72°C 2min 

Step 7 Hold 20°C Hold 

 
 

2.1.3.5 C282Y Rsa 1 Digest 

Following PCR amplification, 5.0µl of the following digestion mix was added to each 

sample. The digest incubation period was 3 hours. 

TABLE 2.3 C282Y RESTRICTION DIGEST 

 Volume (µl) 

Rsa 1 (10U/µl) 0.5 

10 x Buffer*App 2 1.4 

Water 2.1 

Total Volume 5.0 
 

Following the digest incubation period each sample was mixed with bromophenol blue 

loading dye*App 3 to aid in loading the electrophoresis gel. The samples were then 

electrophoresed on a 3% Nusieve agarose gel at 120V for 45min to separate the 

fragments. The agarose gel contains 3.5 µl of ethidium bromide (5mg/ml) to aid in 

visualization of the fragments. The gel was exposed to Ultra Violet light to visualize the 

fragments and a photograph taken for documentation. Figure 2.2 is a schematic diagram 

of what the resulting gel electrophoresis would show. 
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FIGURE 2.2: SCHEMATIC DIAGRAM OF RSA1 DIGESTED PCR PRODUCTS 

PCR product size CC CY YY Undigested 

390bp     

250bp     

140bp     

111bp     
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2.1.4 C282Y Mutagenically Separated PCR  

Mutagenically separated PCR (MS-PCR)[133] is an allele-specific amplification 

method in which normal and mutant alleles may be amplified in a single tube using 

allele-specific primers of different lengths. The specific PCR products are then resolved 

by simple gel electrophoresis. Three primers are used in MS-PCR, one forward and two 

reverse. Each of the reverse primers is specific for either the mutant of wildtype DNA. 

To prevent the mutant primer amplifying the wildtype DNA and vie versa deliberate 

mismatches are introduced allowing only the amplification of the allele specific for that 

primer. The mismatches are introduced at the 5’ end of the primers as this is mismatches 

at this point make it very difficult for the DNA polymerase to amplify the DNA. 

 
2.1.4.1 C282Y MS-PCR Primers 

MS-GHC-1:  5’-CAA GTG CCT CCT TTG GTG AAG GTG ACA CAT – 3’ 

The complementary forward primer specific for both mutant and wildtype alleles. 

MS-GHC-2:  5’-CCC CAG ATC ACA ATG AGG GGA GGA TCC AGG CCT GGG TGC TCC ACC TGC T-3’ 

The reverse primer specific for the mutant allele 

MS-GHC-3:   5’-CTG ATC CAG GCC TGG GTG CTC CAC CTC GC-3’ 

 The reverse primer specific for the wildtype allele. 

 

FIGURE 2.3 C282Y MS-PCR PRIMER LOCATIONS 

HFE (GenBank accession number Z92910) 
C282Y (G → A)  202bp 

 

5’CAAGTCCCTCCTTTGGTGAAGGTGACCAT_________GCCAGGTGGAGCACCCAGGCCTGGATCAGCCCCTCTATTGTGATCTGGGG 3’ 

5’CAA                                                              CAT 
(Primer MS-GHC-1) 

 

 

 

 

Fig 2.3 Partial sequence of HFE gene illustrati
 

A

 

TCGTCC                                                    ACCCC 3’ 

 (Primer MS-GHC-2) 

CGCTCC                TAGTC 5’ 

(Primer MS-GHC-3) 

ng the location of the MS-PCR primers[134]
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2.1.4.3 C282Y MSPCR Mix 

The C282Y MSPCR protocol is outlined below in Table 2.4. 

TABLE 2.4 C282Y MS-PCR MIX 

 Volume (µl) 

DNA (20ng/ul) 2.0 

10 x Buffer*App 2 3.0 

25mM MgCl2 1.5 

25mM dNTPs 0.24 

MS-GHC 1 (10ρmol/µl) 0.75 

MS-GHC 2 (10ρmol/µl) 1.3 

MS-GHC 3 (10ρmol/µl) 0.8 

Glycerol 1.5 

Water 10.0 

Total 21.09 

 

All components of the PCR, including DNA were aliquoted and set up in a thermal 

cycler before the addition of the DNA polymerase (Tth Plus). The Tth Plus is added 

when the aliquots have been heated to 94°C. This is a process known as hot starting 

which is used to increase the DNA yield. 

 

TABLE 2.5 C282Y MS-PCR MIX HOTSTART COMPONENTS 

Component Volume (µl) 

Tth Plus (5.5U/µl) 0.2 

Water 8.71 

Total 8.91 

 

2.1.4.4 
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Amplification Protocol 

The PCR cycle program for the C282Y MSPCR amplification is outlined in Table 2.6 

TABLE 2.6 C282Y MS-PCR CYCLE 

  Temperature Time 

Step 1 Initial Denaturation 94°C 4 min 

Step 2 Denaturation 94°C 45 sec 

Step 3 Annealing 60°C 45 sec 

Step 4 Extension 72°C 45 sec 

Step 5 Repeat 2 –4 - X36 

Step 6 Final Extension 72°C 7 min 

Step 7 Hold 20°C Hold 

 

Following DNA amplification each sample was mixed with bromophenol blue loading 

dye*App 3 to aid in loading the electrophoresis gel. The samples were then 

electrophoresed on a 3% Nusieve agarose gel at 120V until the dye front had migrated 

to the end of the gel. As the difference between the mutant and wildtype PCR products 

was very small the electrophoresis step was quite long in order to achieve adequate 

separation. Normally the gels would run from 90 –120 min. The agarose gel contains 

3.5 µl of ethidium bromide (5mg/ml) to aid in visualization of the fragments. The gel 

was exposed to Ultra Violet light to visualize the fragments and a photograph taken for 

documentation. Figure 2.4 is a schematic diagram of what the resulting gel 

electrophoresis would show. 

 
FIGURE 2.4: SCHEMATIC DIAGRAM OF PCR PRODUCTS 

Genotype CC CY YY 

281 bp    

261 bp    
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2.1.5 H63D Mbo1 digest and PCR  

Feder et al [10] also identified the H63D mutation in the HFE gene. This mutation 

causes a substitution of histidine for aspartate at amino acid 63. Although it seems to 

have little effect on its own, several studies have indicated an association with iron 

overload in a C282Y/H63D compound heterozygous state. PCR amplification of the 

region containing the H63D mutation was performed using primers published by Feder 

et al [10]. The resultant PCR product was digested with the restriction endonuclease 

Mbo1. The Mbo1 recognition cut site sequence is GATC. Wild-type individuals do not 

possess this recognition site, therefore the endonuclease will only cut if the H63D 

mutation is present. The digested fragments were then separated by gel electrophoresis 

on a 3% Nuseive agarose gel at 120V for 45min.  This allowed adequate separation of 

the fragments. 

 

2.1.5.1 H63D Primers 

H63D Forward: 5’-ACA TGG TTA AGG CCT GTT GC-3’ 

H63D Reverse: 5’-GCC ACA TCT GGC TTG AAA TT-3’ 

 

FIGURE 2.5 H63D PRIMER LOCATIONS 

HFE (GenBank accession number Z92910) 

 

5’ ACATGGTTAAGGCCTGTTGC___GTTCA___CTGTTCGTGTTCTATGATCATGAG ____ AATTTCAAGCCAGATGTGGC 3’ 

5’ACA                          TGC3’                                                                                     3’TTA                                CCG5’ G

                  Forward Primer                                                                             

   Intron 1   

   
Fig 2.5Partial sequence of HFE gene illustrating the locati
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Mbo1 site H63D (C→ G)
                                                 Reverse Primer 

Exon 2   

on of the H63D primers 



2.1.5.3 H63D PCR Mix 

The PCR protocol for the H63D PCR is outlined below in Table 2.7 

TABLE 2.7 H63D PCR MIX 

 Volume (µl) 

DNA (20ng/ul) 1.2 

10 x Buffer* App 2 1.2 

25mM MgCl2 0.48 

25mM dNTPs 0.1 

Forward Primer(10ρmol/µl)  0.24 

Reverse Primer (10ρmol/µl) 0.24 

Taq Gold (5.5U/µl) 0.14 

Water 8.4 

Total 12 

 

2.1.5.4 Amplification Protocol 

The amplification protocol for the DNA fragment containing the H63D mutation is 

outlined below in Table 2.8. 

TABLE 2.8 H63D PCR CYCLE 

  Temperature Time 

Step 1 Initial Denaturation 94°C 5 min 

Step 2 Denaturation 94°C 1 min 

Step 3 Annealing 55°C 30 sec 

Step 4 Extension 72°C 90 sec 

Step 5 Repeat 2-4 - X 35 

Step 6 Final Extension 72°C 3 min 

Step 7 Hold 20°C Hold 
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2.1.5.5 H63D Digest 

Following PCR amplification, 5.9µl of the following digestion mix was added to each 

sample and the tubes were incubated overnight at 37°C. 

TABLE 2.9 H63D RESTRICTION DIGEST 

Components Volume (µl) 

Mbo 1 (8-12U/µl) 0.5 

10 x buffer*App 2 5.4 

Total 5.9 

 

Following the digest incubation period each sample was mixed with bromophenol blue 

loading dye*App 3 to aid in loading the electrophoresis gel. The samples were then 

electrophoresed on a 3% Nusieve agarose gel at 120V for 45min to separate the 

fragments. The agarose gel contains 3.5 µl of ethidium bromide (5mg/ml) to aid in 

visualization of the fragments. The gel was exposed to Ultra Violet light to visualize the 

fragments and a photograph taken for documentation. Figure 2.6 is a schematic diagram 

of what the resulting gel electrophoresis would show. 

 
FIGURE 2.6: SCHEMATIC DIAGRAM OF MBO1 DIGESTED PCR PRODUCTS 

Genotype HH HD DD Undigested

208 bp     

138 bp     

     

70 bp     
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2.1.6 S65C Hinf 1 digest and PCR  

Since the S65C mutation is located in close proximity to the H63D mutation, it was 

possible to use the H63D primers to amplify the same region of DNA then digest with 

the restriction enzyme Hinf 1 which can specifically identify for the S65C mutation. The 

recognition cut site for Hinf 1 is GAGTC. 

 

FIGURE 2.7 S65C PRIMER LOCATION 

HFE (GenBank accession number Z92910) 

 

5’ ACATGGTTAAGGCCTGTTGC___GTTCA___GTGTTCTATGATCATGAGAGTCGC___ AATTTCAAGCCAGATGTGGC 3’ 

S65C (A→T) 

5’ACA                          TGC3’                                                                                 3’TTA                                CCG5’ 

          Forward Primer  

T

 

   Intron 1   

   

Fig 2.7 Partial sequence of HFE gene illustrating the locat

S65C mutation 

 

2.1.6.2 S65C Digest 

Following PCR amplification 5.0 µl of the fol

sample and the tubes were incubated at 37°C for

TABLE 2.10 S65C RESTR

Components 

Hinf1 (10U/µl) 

10 x buffer*App 2

Total 

 

Following the digest incubation period each sam

loading dye*App 3 to aid in loading the electropho
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Hinf 1 site  
              Reverse Primer   

Exon 2   

ion of the H63D primers and the location of the 

lowing digest mix was added to each 

 two hours 

ICTION DIGEST 

Volume (µl) 

0.5 

4.5 

5.0 

ple was mixed with bromophenol blue 

resis gel. The samples were then 



electrophoresed on a 3% Nusieve agarose gel at 120V for 45min to separate the 

fragments. The agarose gel contains 3.5 µl of ethidium bromide (5mg/ml) to aid in 

visualization of the fragments. The gel was exposed to Ultra Violet light to visualize the 

fragments and a photograph taken for documentation. Figure 2.8 is a schematic diagram 

of what the resulting gel electrophoresis would show. 

 
FIGURE 2.8: SCHEMATIC DIAGRAM OF HINF1 DIGESTED PCR PRODUCTS 

Genotype SS SC CC Undigested

208 bp     

147 bp     

     

61 bp     
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2.2 Sequencing 

All sequencing was carried out on an ABI Prism 373 automated sequencer located at the 

Australian Neuromuscular Research Institute (ANRI), QEII Medical Centre. 

Sequencing on eight DNA specimen was performed to screen for 4 recently identified 

new mutations in the HFE gene as well as the H63D and C282Y mutations. The 

mutations screened for are listed in Table 2.11. A single primer set covering 

(Exon2/Exon3) was designed that encompassed three of the four mutations being 

screened for. The Exon 2/Exon 3 primer set amplifies a 718 bp fragment. The fourth 

mutation, C282S was screened using current C282Y Rsa 1 digest primers. The two 

DNA fragments being amplified also contained the regions were the H63D and C282Y 

mutations occur.  

2.2.1 Sequencing Primers 

C282Y Rsa 1 Primers 

C282Y Forward:  TGG CAA GGG TAA ACA GAT CC 

C282Y Reverse:    CTC AGG CAC TCC TCT CAA CC 

 
Exon 2/Exon 3 Primers 

Exon 2 Forward:   GTT CAC ACT CTC TGC ACT ACC 

Exon 3 Reverse:    CAG CAA CTG CTG CAG CTG TG 

 
TABLE 2.11 MUTATIONS AND SEQUENCING PRIMERS 

Mutation Primer Set 

S65C Exon 2/Exon 3 

I105T Exon 2/Exon 3 

G93R Exon 2/Exon 3 

C282S C282Y Rsa 1 Primers 

C282Y C282Y Rsa 1 Primers 

H63D Exon 2/Exon 3 
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2.3 Phenotyping 

2.3.1 Iron Studies 

All biochemistry tests were performed on fasting venous blood. Serum was collected for 

analysis on all patients. 

 

Serum Ferritin: Carotid Ultrasound Disease Assessment Study (CUDAS) and Carotid 

Ultrasound Perth Ischemic Heart Disease (CUPID) specimens were analysed on a Bayer 

ACS 180 using a two-site chemiluminometric (sandwich) immunoassay. A polyclonal 

goat anti-ferritin antibody labelled with acridinium ester and a monoclonal mouse anti-

ferritin antibody covalently coupled to paramagnetic particles were used as the two anti-

ferritin antibodies. There is a direct relationship between the amount of ferritin present 

in the sample and the relative light units (RLU) detected by the ACS 180. 

 

Due to an analyser upgrade the Calcium Intake Fracture Outcome Study (CAIFOS) and 

diabetic samples were analysed on an Abbott Architect I 4000. Method comparison 

between the ACS 180 and the Architect showed an increase in results measured on the 

Architect. As the serum ferritin method relies on antibody specificity there can often be 

a change in results when changing analysers. This is due to the fact that every company 

provides their own antibodies and no two are exactly the same. Reference ranges were 

adjusted to compensate for this change. As there is no direct comparison of ferritin 

results between either the diabetic or CAIFOS populations and the previous populations 

measured on the ACS 180 the change did not affect analysis of results. Ferritin results 

on the Architect correlated with previous result son the ACS 180 according to the 

following equation. 

Architect (Ferritin) = 0.782 ACS (Ferritin) – 0.69 
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The Architect uses a two-step chemiluminometric sandwich immunoassay. In the first 

step, sample and mouse monoclonal anti-ferritin antibody coated paramagnetic 

microparticles are combined. Following incubation and washing, acridinium labelled 

rabbit polyclonal anti-ferritin conjugate is added. After further incubation and washing, 

trigger solutions are added to produce the light signal.  The trigger solutions are made 

up of nitric acid (pH 2.1) for acidification and hydrogen peroxide for oxidation. Sodium 

hydroxide and Triton X-100 are then added for alkalinisation. As with the ACS 180 

method, there is a direct relationship between ferritin concentrations in the sample and 

the RLUs. 

 

Serum Iron: Specimens from all study groups were analysed on a Hitachi 917 using a 

colorimetric assay. Assay kits were supplied by Boehringer Mannheim.  

Reaction Principle 

Transferrin-Fe complex + citric acid (pH<2.0) → apotransferrin + Fe3+. 

Fe3+ + ascorbic acid  → Fe2+. 

Fe2+ + FerroZine®[50] → coloured complex 

Under acidic conditions iron is liberated from transferrin.  Ascorbate reduces the Fe3+  to 

Fe2+ which then reacts with FerroZine® to produce a coloured complex. The colour 

intensity is directly proportional to the iron concentration and can be measured 

photometrically. Absorbance is measured using a bichromatic method first at a main 

wavelength of 570nm and at a secondary wavelength of 700nm which is proportional to 

the concentration of iron in the specimen. Plasma iron is performed as part of an iron 

studies panel, however, in real terms it gives very little clinical information on the 

subject’s iron status. Iron shows a circadian rhythm, being higher in the morning than in 

the evening. Plasma levels can also fluctuate randomly by up to threefold.  
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Transferrin: Specimens from all study groups were analysed on the Hitachi 917 using 

an immunoturbidimetric assay, supplied by Boehringer-Mannheim. 

Reaction Principle 

Transferrin + anti-human transferrin antibody (goat) → insoluble antigen-antibody 

complex 

Following formation of the insoluble complex, changes in absorbance at 600/700nm are 

measured. Polyethylene glycol (PEG) is also added to the reaction to increase sensitivity 

and allow the reaction to proceed rapidly to its endpoint. It also reduces the chance of 

false-negative results occurring with samples that contain excess amounts of transferrin. 

The change in absorbance and transferrin concentration are not linearly related, 

therefore a six-point calibration curve is used.  

 

Transferrin Saturation: Transferrin saturation is a calculated result and gives an 

indication of the iron loading status of the patient.  

Calculation 

% Transferrin Saturation = ____[Iron]___   X 100 

 [Transferrin] x 2 

This is a calculated parameter rather than a direct measurement but it provides more 

information on the iron status of an individual than either serum iron or transferrin 

alone. A population screening cut-off of >45% was used as an indicator of HH. Various 

higher cut-offs have been proposed and there is currently no consensus value [58, 87]. 

Low transferrin saturations may be found in iron deficiency anaemia but are not 

diagnostic of this condition. 
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2.4 Carotid Ultrasound 

Carotid ultrasounds were performed on all CUDAS and CUPID patients to measure the 

presence and number of focal plaques. These were then used as risk factor markers in 

cardiovascular disease.  

 

Bilateral carotid B-mode ultrasound was performed by two trained sonographers using a 

7.5 MHz annular phased array transducer on an Interspec (Apogee) CX 200 ultrasound 

machine. Scans were performed using a standardised protocol. The characteristic echo-

interfaces on the far wall of the distal common carotid artery were optimised and 

recorded on super VHS videotape along with an ECG lead for subsequent off-line 

analysis. The distal common carotid, carotid bulb, external and internal carotid arteries 

were all checked for the presence of focal plaques. The presence of a focal plaque was 

determined by an increase in the IMT (intima-media thickness) in a specific area. The 

IMT is the distance between the luminal aspect of the intima and the media-adventitia 

interface. The mean IMT for each subject was averaged by taking three separate 

measurements at sites determined to be free of focal plaques. 
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HAEMOCHROMATOSIS: GENOTYPE VS. PHENOTYPE 

Hypothesis: That genotyping is a more effective means of identifying individuals 

predisposed to developing HH when compared to the traditional phenotyping 

methods using transferrin saturation and/or ferritin concentration. 

 

3.1 Introduction 

Due to its non-specific presenting symptoms, HH is often misdiagnosed. Many of the 

difficulties associated with biochemical screening is determining the appropriate test to 

use. Serum ferritin alone is a poor marker as it is subject to variation in many situations 

such as acute or chronic illness. It can be normal in some affected individuals [6] and 

elevated in many individuals for causes not associated with HH [96]. Transferrin 

saturation is generally accepted as a standard test but it is difficult to choose a level that 

will maximise the sensitivity and specificity.  Selecting an appropriate cut-off level that 

will allow detection of most affected individuals while minimizing the number of non-

effected individuals is a controversial area. Some studies have shown that up to 83% of 

individuals with raised transferrin saturation levels do not have haemochromatosis [6]. 

 

Conventional screening methods have been shown to detect the majority of 

symptomatic haemochromatosis patients [135]. However, due to the large number of 

conditions that can cause abnormal iron indices, it is often necessary to confirm the 

diagnosis with a liver biopsy [136]. The percentage of negative, and therefore 

unnecessary, biopsies has been reported to be anywhere from 30–40% [Legget, 1990 

#118; Phatak, 1994 #119], to up to 80% in one Australian study [137]. A liver biopsy is 

an invasive procedure and like any form of surgery has a small associated mortality and 

morbidity rate. Some patients therefore decline biopsy. A simpler, less invasive method 

for identifying individuals at risk of developing haemochromatosis would be preferable 
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and genotyping is one such option. A genotyping method is also able to distinguish 

between homozygotes and heterozygotes, whereas previously the only method available 

to confirm the diagnosis of a heterozygote was intensive family studies using expensive 

HLA typing. 

 

Phenotyping detects clinically present disease. In individuals who are diagnosed using 

phenotyping methods such as transferrin saturation and liver biopsy the clinical 

symptoms of iron overload have already begun to manifest. Genotyping offers the 

opportunity of identifying individuals at risk of developing haemochromatosis before 

they are showing any clinical signs. This would result in a better prognosis for both the 

individuals and the health system in terms of preventable conditions. 

 

The major aim of this study was to determine whether genotyping offered a superior 

method for the early identification of individuals predisposed to developing HH. The 

secondary aim of this study was to increase GP awareness of haemochromatosis and the 

genotyping method. Using an estimated frequency of 1 in 300 it is thought that there are 

over 4000 individuals in Western Australia with haemochromatosis. At the current time 

there are only approximately 400 known cases. One of the major difficulties associated 

with detecting these unknown cases is that haemochromatosis-related symptoms are not 

likely to begin until after the affected individual reaches the age of 40 years or more. It 

has been documented that 73% of untreated HH individuals are likely to proceed to 

cirrhosis with a further 30% of whom will go on to develop hepatocellular carcinoma. 

The development of such life-threatening conditions results in enormous costs can 

prove to the health care system. The institution of population screening for HH, while 

initially expensive, could result in overall cost saving to the health care system [78]. 

This is based on the evidence that if an HH sufferer is detected prior to the development 
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of any major organ damage, such an individual is unlikely to progress to advanced 

disease once treatment has commenced [4, 5, 8]. 

 

By providing the participating general practitioners with feedback regarding all stages 

of testing and information regarding result interpretation and possible treatment the 

intent is to raise the general awareness of HH.  

 

3.2 Aims 

1. To assess the effectiveness of the genotype screening method compared to 

conventional phenotyping methods in the early detection of iron-loading. 

2. To increase GP awareness of the availability and benefits of genotype screening. 

 

In order to achieve these aims it was estimated that approximately 5000 subjects were 

required to provide sufficient power. A single tube of heparinized blood was collected 

from each subject. From this the plasma was removed for iron studies, which included, 

iron, ferritin, transferrin and % transferrin saturation. The buffy coat was also removed 

for DNA extraction and genotyping. 

 

3.3 Study Group 

The initial study group was to have included males and females between the ages of 20 

and 40 years who visited their GP for an unrelated reason and were having blood taken 

for other tests.  Participating GPs came from the Osbourne Division of the Royal 

Australian College of General Practitioners (RACGP). The recruited subjects were only 

individuals who were already having blood taken for another test. 
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The age group 20-40 years was selected to target those individuals who may not yet be 

displaying any of the phenotypic signs of HH. Participation in the study was entirely 

voluntary and each subject was given an information sheet and consent form to sign (see 

Appendix B). This project was approved by the Ethics Committee of Sir Charles 

Gardiner Hospital (SCGH). Upon consent being given, a further 15ml of blood was 

taken for the study. 

 

Blood was collected in 98 subjects from various Perth metropolitan GPs. Of these 98, 

seven samples could not be used due to incomplete information such as the lack of a 

consent form. Without a consent form it was not possible to use the specimens for 

research purposes. This left 91 specimens, 47 of which were from females and 44 of 

which were from males. This number was far short of the initial 5000 subjects required. 

The difficulty in acquiring an adequate number of specimens was mainly associated 

with obtaining informed consent. 

 

Busy general practitioners had little time to explain the details of the study as well as 

obtaining informed consent. In addition there is the complication of having to explain to 

the patient what HH is. This is usually near to impossible due to the briefness of an 

average GP consultation and the limited background knowledge about HH that the 

patient is likely to have. That fact that this entire explanation takes place completely 

unrelated to the original purpose for which the patient was visiting the GP makes it easy 

to see, in retrospect, why the study met with poor GP acceptance. There also appeared 

to be a bias in the selection of subjects as well which will be explained further in the 

discussion section. 
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3.4 Results 

A total of 91 subjects were recruited during this study, 47 females and 44 males. Their 

ages ranged from 20 years up to 86 years. Their biochemical and genotype results are 

displayed in tables 3.1 – 3.4 

 

TABLE 3.1 GENOTYPING RESULTS FOR SUBJECTS PRESENTING TO GENERAL 

PRACTITIONERS 

Genotype Number of Subjects Percentage 

CC 70 76.9 

CY 19 20.9 

YY 2 2.2 

Total 91 100 

 

Although initially these results would seem to indicate an increased occurrence of the 

C282Y mutation this cannot be assumed. Firstly, with such small sample numbers it is 

impossible to draw any statistical conclusions with regard to the general population, and 

secondly the population is severely biased towards selecting individuals already 

suspected of being haemochromatotic by the referring GP 

 

TABLE 3.2 RESULTS OF IRON STUDIES VS. GENOTYPE (WOMEN) 

Genotype Ferritin 

(µg/L) 

Iron (µmol/L) Transferrin (µmol/L) Transferrin 

Saturation (%) 

CC 102 ± 79 16 ± 6 34 ± 7 23 ± 9 

CY 124 ± 138 23 ± 8 33 ± 6 36 ± 10 

YY 346 27 25 54 
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TABLE 3.3 RESULTS OF IRON STUDIES VS. GENOTYPE (MEN) 

Genotype Ferritin 

(µg/L) 

Iron (µmol/L) Transferrin (µmol/L) Transferrin 

Saturation (%) 

CC 269 ± 271 20 ± 7 31 ± 7 31 ± 10 

CY 457 ± 221 24 ± 5 33 ± 3 36 ± 9 

YY 165 42 23 91 

 

Due to the gender differences associated with iron studies results, especially ferritin, it 

was necessary to split the results into male and female groups. There is also an increase 

in ferritin levels with age but due to the low numbers it was not considered useful to 

logarithmically transform the data. These results are therefore only an estimate of the 

values for each genotype and should be viewed as such. 

 

There were only two homozygous affected individuals, one female and one male, both 

of whom had elevated transferrin saturation levels. Their ferritin levels were, however, 

low, 346(µg/L) for the female and 165 (µg/L) for the male. The female subject was only 

27 yrs at the time of testing so it is possible that she was simply too young to be 

symptomatic. The male subject, however, was 65 yrs at the time of testing which is 

generally well into the symptomatic age range for men. No medical history was given 

with these subjects so it is possible that he may already be being treated for 

haemochromatosis.  

 

Five subjects had transferrin saturation levels greater than 45%. Since this is generally 

accepted as an indicator for further investigation, genotype details were examined in 

those individuals and compared with iron studies [75].  
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TABLE 3.4 GENOTYPE AND IRON STUDIES RESULTS FOR INDIVIDUALS WITH ELEVATED 

TRANSFERRIN SATURATION 

Patient 1 2 3 4 5 

Sex (M/F) F M F F M 

D.O.B 28/2/22 18/3/52 22/11/72 10/1/66 26/5/39 

Age  (yrs) 81 51 30 37 64 

Genotype CY CY CY YY YY 

Iron (µmol/L) 23 32 45 27 42 

Transferrin (µmol/L) 23 29 40 25 23 

Tf Sat (%) 50 55 56 54 91 

Ferritin (µg/L) 75 645 120 346 165 
Table 3.4 Subject 2 also showed an increased ferritin level as well as increased transferrin saturation. The 

four other subjects including the two homozygotes did not show markedly increased ferritin levels. 

 

3.5 Discussion 

The sample numbers were too small to draw significant statistical information, and the 

study was hampered by a definite bias in the ‘random’ sampling. The age range 

specified as being ideal was 20 – 40 years, which was designed to enable detection of 

previously unidentified cases of HH. This was due to the fact that the majority of HH 

sufferers do not develop clinical symptoms of HH until they are in at least their forties. 

The age range of the subjects we received was from 20 to 86 years. The five individuals 

with raised transferrin saturation levels ranged in age from 26 years up to 76 years at the 

time of the study. Only 32 of the 91 subjects fell within the ideal 20 – 40 year age range. 

Of these 32 individuals there was one C282Y homozygote and 4 heterozygotes. Of the 

four heterozygotes one had an elevated transferrin saturation level. The fact that it was 

elevated at such a young age, however, and the subject was female, may indicate that 

she may be one of the few heterozygotes who develop iron overload.  
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This study produced no statistical information due to the low numbers of subjects 

recruited. There were several issues involved in the recruitment of subjects. Firstly the 

number of GPs who actually took part in the study was too small to generate the number 

of subjects required. Secondly the ones who did participate were unlikely to have had 

sufficient time to explain the study to every patient they saw. Greater GP participation 

would have improved recruitment numbers. In order to achieve this information about 

the study should have gone out to a larger group of GPs. Also recruitment of GPs 

should have been more active with visits to medical practices to explain the purpose of 

the study and its benefits. 

 

An average GP has very little time to spend with each patient they see. As a result of 

this it was unlikely that they often had the time to explain the purpose and merits of this 

study to all suitable patients as well as getting them to sign a consent form. The purpose 

of recruitment in this manner was to obtain a random sample of the population. 

However, I think this form of recruitment severely hampered numbers. Possibly a more 

effective method is to simply select a random group of people and invite them to 

participate in the study. Another option would be to have information available at blood 

collection centers requesting volunteers. 

 

The study was designed to examine a random population with no prior indication of 

HH. However many of the samples received were from patients with a history 

indicating likely or suspected HH. The study required individuals between the ages of 

20 and 40 years. Many of the patients recruited were considerably older than this. Also 

quite often the GP indicated on the form that they suspected the patient of having iron 

overload. These issues presented two separate problems. The age problem related to the 

fact that the benefits of the genotype test rely on detecting at risk individuals prior to 
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them developing any clinical symptoms of iron overload. HH is a late onset disease, 

with individuals not developing clinical symptoms usually until their late 40s. In 

individuals over the requested age range it is possible that they may already be showing 

symptoms of iron overload. The second issue relates to the bias in subject recruitment. 

If GPs are going to send samples on patients they suspect of having iron overload it is 

not exactly going to provide us with a random sample population. These issues 

highlight the difficulties associated with this type of study and the necessity of adequate 

GP education and information regarding the aims of the study prior to recruitment 

 

The primary aim of this study was to compare phenotyping and genotyping methods 

and determine the usefulness of the genotyping method as a diagnostic tool. As stated 

earlier the advantages of genotyping is that it could provide a means of identifying 

individuals who are likely to develop HH before they become symptomatic. This could 

then allow them to be monitored and treated at an earlier stage of their disease allowing 

for a far better prognosis in terms of morbidity and mortality. However, the low study 

numbers prevented any significant information from being generated. Only two C282Y 

homoygotes were identified, one was outside that age range, being 64years. The other 

was a 27 year old female, however, here transferrin saturation was elevated, at   54% so 

she would have been detected using phenotypic screening methods as well. There were 

19 C282Y heterozygotes identified as well and only three had elevated transferrin 

saturation levels. The other 16 would therefore not have been identified using 

transferrin saturation as a screening method. The significance of heterozygosity, 

however, is still debatable and therefore little can be said about the long-term diagnosis 

of these individuals. 
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 Unfortunately very little information can be obtained from the data collected on the 91 

subjects who participated in this study. Since instituting the genotype test for 

haemochromatosis the number of requests in our laboratory has steadily increased. This 

indicates a growing awareness of the test and recognition of its advantages over more 

traditional methods, namely liver biopsies or serial bleeding. However, due to the 

incomplete penetrance of the mutation it is unlikely that genotyping will ever be relied 

on as the sole diagnostic tool. 
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DIABETIC STUDY 

Hypothesis: There is a higher prevalence of haemochromatosis or HFE gene 

mutations in a diabetic population due to the fact that diabetes is a recognised 

complication of iron overload. 

 

4.1 Introduction 

Hereditary haemochromatosis is one of the commonest inherited metabolic disorders 

amongst the Caucasian population worldwide but it is known to be under-diagnosed due 

to its non-specific presenting features. Early detection of presymptomatic individuals 

could dramatically reduce morbidity and improve survival rates. Population screening 

and therefore the detection of at risk individuals could significantly reduce costs to the 

healthcare system. It has been well documented that the clinical symptoms of HH are 

often treated rather than the iron overload that is the cause. Treatment of the iron 

overload as well as the presenting condition could have a beneficial effect for both the 

patient and the healthcare system. It is therefore important to identify the clinical 

complications associated with HH and consider screening individuals presenting with 

symptoms of HH.  Screening is expensive and so an increased prevalence of HH within 

selected populations would need to be demonstrated for the cost to be justified. The 

issue with screening ‘at risk’ groups, rather that the general population, is that for 

individuals to fall into this group they probably have already begun to display some of 

the clinical complications associated with HH. For example, by screening a diabetic 

population you are trying to identify individuals with HH. However, if they do have HH 

the fact that they also have diabetes may mean that they are already symptomatic. 

However, by identifying iron overload as the cause of their current condition and 

treating the underlying problem, morbidity and mortality risk could possibly be 

significantly reduced. 
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4.1.1 Haemochromatosis and Type 2 Diabetes 

An example of a high-risk group would be individuals with type 2 diabetes. Like HH, 

type II diabetes is a late onset disease, being most common in individuals over 40 years. 

It has also long been recognized as a complication of HH [98]. Diabetes mellitus has 

been reported in 20% – 50% of patients with HH [74, 98, 99]. Therefore, if HH is a 

cause of diabetes, we should screen diabetic populations in an attempt to identify 

undiagnosed HH sufferers. Studies in recent years have examined the prevalence of HH 

in various type 2 diabetic populations [96, 97, 138] and the results have been 

inconsistent. In some studies and increased prevalence has been shown [100], while in 

others no association was seen [139]. It has been suggested that the variation in findings 

may be due to ethnic variation of the populations. Another possibility is that earlier 

studies were performed using biochemical (phenotypic) markers such as transferrin 

saturation and ferritin rather than genotype. A study done in South Australia [101] 

found that the prevalence of HH was significantly increased in diabetic patients. It 

therefore was decided to perform a similar study using a Western Australian population 

and the C282Y mutation as a genotypic marker. 

 

4.2 Aims 

18. To determine the prevalence of the C282Y mutation in a diabetic population 

taken from the Fremantle Hospital catchment area. 

19. To determine if a positive association between diabetes and HH can be identified 

using genotype rather than phenotype. 
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4.3 Study Group 

4.3.1 Diabetic Population 

Subjects consisted of 1355 diabetics from the Fremantle Diabetic Study (FDS). The 

FDS is a prospective community-based study relating to the care, control and associated 

clinical complications of diabetes. Subjects were drawn from Fremantle and 

surrounding regions, a postcode defined area of 120 097 individuals. Subjects came 

from urban, multi-ethnic backgrounds. All patients gave informed consent to participate 

in the study and had a comprehensive clinical and biochemical assessment prior to 

enrollment. A total of 2277 diabetic subjects were identified in the catchment area of 

which 1426 (64%) were recruited to the FDS. Of the 1426 subjects we managed to 

obtain DNA for genotyping from 1355.  The majority of the patients (91%) had type 2 

diabetes [140]. 

4.3.2 Busselton Population 

Subjects consisted of 3011 individuals from the town of Busselton. Busselton is a town 

in southwest Western Australia that has been prospectively studied since 1996. The 

ethnic makeup of Busselton is predominantly anglo-celtic, which greater than 90% of 

the population falling into this category. Serum iron, transferrin, ferritin and transferrin 

saturation measurements and C282Y genotypes on the specimens collected in 1994 had 

already been determined for a previous study.  Busselton was used as the control 

population as it has been shown to be in Hardy-Weinberg equilibrium in regards to the 

C282Y mutation. It is also considered representative of an average West Australian 

population group. 
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4.4 Results 

All of the diabetic population was genotyped for the C282Y mutation. Individuals who 

were heterozygous for the C282Y mutation were also tested for the H63D mutation in 

order to detect any compound heterozygotes. It has been shown previously that 

compound heterozygotes may be at a slightly higher risk that C282Y heterozygotes. As 

the frequency of the H63D mutation was examined in only the C282Y heterozygotes, it 

could not be used in any statistical analysis for the population group as a whole. 

 

The diabetic group was tested to see if it was in Hardy-Weinberg equilibrium with 

respect to the C282Y mutation and then genotyping results compared to the control 

population. What we were looking for was a significant difference between the two 

groups. In order to identify a high risk group an increased prevalence of the C282Y 

genotype needed to be shown to justify genotype screening. 

 

TABLE 4.1 DIABETIC POPULATION GENOTYPING RESULTS 

Genotype Number of Subjects Percentage 

CC 1198 88.41 

CY 133 9.81 

CY/HD 15 1.11 

YY 9 0.66 

Total 1355 100 

 

4.5 Statistical Analysis 

Statistical analysis was performed on the raw data to determine if the diabetic 

population was in Hardy-Weinberg equilibrium. Following this the control and diabetic 

populations were compared to see if there were any statistical differences. 
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4.5.1 C282Y Hardy-Weinberg Equilibrium 

Mutated allele  =  Y 

Wild-type allele  =  C 

 

TABLE 4.2 ALLELE FREQUENCIES IN THE DIABETIC POPULATION 

Genotype # # C Alleles # Y Alleles 

CC 1198 2396 0 

CY 148 148 148 

YY 9 0 18 

Total 1355 2544 166 

 

Allele frequency of C  = 2544/2710  = 0.939 

Allele frequency of Y = 166/2710  = 0.061 

Hardy-Weinberg Equilibrium states that:  C2 + 2CY + Y2 = 1

C2 = expected population frequency of CC   = 0.939 x 0.939 = 0.882 

    = 0.882 x 1355 

    = 1195 

2CY = expected population frequency of CY  = 2 x (0.939 x 0.061) = 0.115 

    = 0.115 x 1355 

    = 155 

Y2 = expected population frequency of YY  = 0.061 x 0.061 = 0.0037 

    = 0.0037 x 1355 

    = 5 
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TABLE 4.3 MATRIX OF OBSERVED FREQUENCIES VERSUS EXPECTED FREQUENCIES FOR 

THE DIABETIC POPULATION 

 CC CY YY 

Observed 1198 148 9 

Expected 1195 155 5 

 

Using Chi2 analysis the two populations were compared: 

Diabetics Observed vs. Expected P value 0.520 

 

This p value indicates that the observed numbers are not significantly different from the 

expected and the population is therefore in Hardy-Weinberg equilibrium. 

 

4.5.2 Diabetic Population vs. Control Population 

The Hardy-Weinberg analysis showed that the diabetic population was in equilibrium. 

That is, there were the expected numbers of wild-type, heterozygote and homozygote 

C282Y individuals in the population group. This does not agree with the hypothesis that 

a diabetic population will have a higher prevalence of the mutation that a control 

population. In order to test this hypothesis the diabetic and control (Busselton) groups 

were compared using Chi2 analysis. 
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TABLE 4.4 DIABETIC POPULATION VS. CONTROL POPULATION (OBSERVED 

PREVALENCE) 

Genotype Diabetic (%) 

N = 1355 

Control (%) 

N = 3011 

CC 1198 (88.41) 2571 (85.4) 

CY 133 (9.81) 358 (11.9) 

CY/HD 15 (1.11) 66 (2.2) 

YY 9 (0.66) 16 (0.5) 

Frequency of the Y allele 0.061 0.076 

 

Using Chi2 analysis the two populations were compared for frequency of the Y allele: 

Diabetics vs. Control P value 0.013 

 

This p value is strongly significant, indicating that there is a difference between the two 

groups. However, the results favor the conclusion that the occurrence Y allele is less 

frequent in the diabetic population than in the control group. This is despite the fact that 

there was a greater percentage of YY individuals in the diabetic population than the 

control group. The lower overall frequency of the Y allele would appear to be contrary 

to the initial hypothesis that diabetics are a ‘high risk’ group and so are likely to have a 

higher prevalence of the C282Y mutation.  

 

When comparing two populations it is important to consider population demographics. 

The control population is taken from the town of Busselton in the South-West of 

Western Australia. Approximately 90% of the population were individuals of Anglo-

Celtic descent. As a result it is a very homogenous group. The FDS population is not a 

homogenous group. The aim of this study was to determine if the diabetic population 

had a significantly different frequency of the Y mutation. As genotype is the single 

factor being examined, other confounding factors must be removed such as differences 
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in ethnicity between the two groups. Such sub-grouping to may alter the initial 

statistical results. 

 

4.5.3 Sub-grouping of Type 1 and Type 2 Diabetics vs. Control Population 

The majority of published studies have concentrated on a relationship between type 2 

diabetes and HH. This is because type 2 diabetes is the recognized complication of iron 

overload. Type 1 diabetes is an autoimmune disease that usually develops in childhood, 

long before any iron overload related symptoms are expected to develop. The diabetic 

population examined in this study consisted primarily of type 2 diabetics. There were 

however, a small number of type 1 diabetics included. By removing these individuals 

from the statistics it may alter the difference between the control and test populations. 
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TABLE 4.5 TYPE 1 AND TYPE 2 DIABETICS VS. CONTROL POPULATION 

Genotype Type 1 (%) 

N = 117 

Type 2 (%) 

N = 1238 

Control (%) 

N = 3011 

CC 111 (94.9%) 1088 (87.9%) 2571 (85.4%) 

CY 5 (4.3%) 127 (10.3%) 358 (11.9%) 

CY/HD 1 (0.9%) 14 (1.1%) 66 (2.2%) 

YY - 9 (0.7%) 16 (0.5%) 

Frequency of the Y allele 0.026 0.064 0.076 

 

Using Chi2 analysis, the type 1 and type 2 diabetic sub-groups were compared against 

the control population for frequency of the Y allele: 

Type 1 Diabetics vs. Control P value 0.035 

Type 2 Diabetics vs. Control P value 0.037 

 

The Type 1 diabetics have a significantly lower prevalence of the C282Y mutation as 

illustrated by the p value.  However, due to the small numbers of type 1 diabetics in this 

study it is impossible to attribute any real significance to these findings. A larger study 

of type 1 diabetics is required to determine whether or not there is in fact a lower 

occurrence of the C282Y mutation in type 1 diabetes.  Analysis of the Type 2 diabetic 

sub-group has altered the p value in that it has gone from 0.013 to 0.037. However, the 

difference between the type 2 diabetics and the control population is still classified as 

significant.  

 

4.5.4 Ethnicity and Diabetes 

Many studies have quoted ethnicity as being the reason for the inconsistency in 

findings. The control population consisted of primarily of individuals of Anglo Celtic 

ancestry. The diabetic population, however, was far more heterogeneous. For this 

reason the type 2 diabetics were further classified according to their ethnic background.  
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Information on ethnic background was obtained from participants at the time of 

enrolment in the study.  It was assessed from self-selection of one of six categories:  

(i) Northern European (principally Anglo-Celts) 

 (ii) Southern European (family origins in Italy, Spain, Portugal or Greece) 

 (iii) Asian 

 (iv) African 

 (v) Aboriginal/Torres Strait Islander 

 (vi) Other (including mixed ethnicity) 

Northern Europeans have the highest occurrence of the C282Y mutation with 

decreasing prevalence of the mutation seen in Southern Europeans, Asians, Africans 

and Aboriginals [141].  It would be expected that the Northern European sub-group, 

which made up 62% of the type 2 diabetics, would have a higher occurrence of the 

C282Y mutation, which is being masked by the lower percentages in the other 

subgroups. 

TABLE 4.6 ETHNICITY AND TYPE 2 DIABETES VS. CONTROL POPULATION 

Genotype Anglo-Celt (%) 

n = 770 

Other (%) 

n = 454 

Control (%) 

n = 3011 

CC 648 (84.2%) 428 (94.3%) 2571 (85.4%) 

CY 105 (13.6%) 21 (4.6%) 358 (11.9%) 

CY/HD 11 (1.4%) 3 (0.7%) 66 (2.2%) 

YY 6 (0.8%) 2 (0.4%) 16 (0.5%) 

Frequency of the Y allele 0.083 0.031 0.076 

 

Using Chi2 analysis the Anglo-Celt population was compared to the control group. All 

other ethnic groups listed on the previous page were grouped under “other”. 

Anglo-Celt vs. Control P value 0.257 

Other vs. Control P value <0.001 
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There was a significant difference between the control population and the ‘other’ group. 

This is not surprising as other ethnic groups, in particular Asians and Aboriginals, are 

known for the virtual absence of the C282Y mutation, while Southern Europeans have a 

lower prevalence. 

 

The diabetic population was subdivided first into type 1 and type 2 diabetics and then 

finally into Anglo-Celtic ancestry vs. other ethnic groups. Demographically the Anglo-

Celtic type 2 diabetic group is the most like the Busselton control population. As can be 

seen from the p value there is no significant difference between these two groups. The 

initial hypothesis was that diabetics were a high-risk group due to the association 

between the development of diabetes and HH. What the findings of this study indicate is 

that the Y allele is no more frequent in the diabetic population that the control 

population once all the demographic factors are matched. 

 

4.5.5 C282Y Homozygotes Identified in the Diabetic Population 

The genotyping of the diabetic population identified 9 C282Y homozygotes, all of 

whom were type 2 diabetics.  Only two of the nine subjects reported a previous 

diagnosis of haemochromatosis. There was a third subject who reported a diagnosis of 

haemochromatosis, however, their genotype was normal as were their iron studies 

results. Table 4.7 provides information on the 9 YY individuals. Three of the newly 

diagnosed C282Y homozygotes had normal transferrin saturation levels as well as 

normal ferritin levels. However, they were all moderately young females so this may 

explain why they are not yet expressing biochemical signs of iron overload. 
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TABLE 4.7 INDIVIDUALS TYPED AS C282Y HOMOZYGOTES 

No Genotype HH 

Status 

Age 

(yrs)

Sex Diabetes 

Duration (yrs) 

Tf Sat 

(%) 

Iron 

(µmol/L) 

Ferr 

(µg/L) 

1 YY New 51 F 4.8 18 11 23 

2 YY New 79 F 19.5 86 36 752 

3 YY New 79 M 6.6 78 25 2476 

4 YY New 47 F 0.1 20 13 26 

5 YY New 64 F 0.3 86 43 584 

6 YY New 51 F 0.3 26 15 24 

7 YY New 52 F - 85 34 2341 

8 YY Known 61 M 2.8 82 49 149 

9 YY Known 56 M 10.9 30 32 50 
This table provides statistical information on the nine subjects who were typed as C282Y homozygotes.  

 

There are however, individuals who are C282Y homozygotes and yet do not express 

any signs or symptoms of HH. Two such examples of these were seen in the CAIFOS 

population. The fact that they developed diabetes is probably more attributable to some 

other risk factors such as obesity (all three had extremely high BMIs) rather than HH. 

 

It is interesting to note that despite diabetes being strongly associated with HH, only 2 

of the nine subjects we identified as being homozygous for the C282Y mutation had 

been previously diagnosed. The duration from diagnosis with diabetes ranged from as 

little as a few months up to almost twenty years and four of the seven new cases had 

significantly increased transferrin saturation levels. This is a strong indication that cases 

of HH may be being misdiagnosed as one of the complications of the disease, such as 

diabetes, rather than as a primary cause of iron overload. 
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4.6 Discussion 

This study was designed to determine if individuals with diabetes were more likely to 

carry the C282Y mutation than a control population. If this were so it could indicate the 

need to test all newly diagnosed diabetics for HH. However, it should be noted that 

screening diabetics would be an ineffective tool for detecting HH. This is because 

diabetes is a ‘late’ complication of HH, usually appearing when iron overload has 

already damaged the pancreas.  One advantage to identifying diabetics with HH is that 

treatment for HH has been shown to retard the progression of type 2 diabetes [142]. 

Secondly, although organ damage may already have occurred, genotyping may detect 

HH individuals early enough to prevent the more serious and generally terminal 

conditions such as cirrhosis and hepatocellular carcinoma. The other advantage is that 

recognition of a genetic disease enables other family members who are still 

asymptomatic to be identified and treated. 

 

The possible association between haemochromatosis and diabetes has been examined in 

several other studies using both phenotyping as well as genotyping methods. Turnbull et 

al [143] examined a population of diabetic men and women attending a diabetes clinic 

in England. All subjects were screened using ferritin and transferrin saturation. Should 

their iron indices indicate iron overload a liver biopsy was offered to confirm the 

diagnosis. Their results failed to show an increased prevalence of iron overload in the 

diabetic population. However, there were several factors that need to be addressed in 

their study. Firstly the diabetic population consisted of both type 1 and type 2 diabetics. 

Secondly phenotyping methods were used rather than genotyping. Phenotyping methods 

especially iron indices are subject to many outside influences both clinical such as 

inflammation, liver conditions etc, a well as environmental such as diet and alcohol 

consumption. 
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Another English study by Sampson et al [139] addressed both of these issues by using a 

population of type 2 diabetics and genotyping them rather than phenotyping. Their 

population was genotyped for both the C282Y and the H63D mutations. Despite this 

their results confirmed the findings of Turnbull et al [143] that there was no association 

between iron overload and type 2 diabetes. 

 

There have however, also been studies that shown a positive correlation between type 2 

diabetes and iron overload. The Italian study by Conte et al [100] phenotyping was used 

to identify subject with iron overload. As with the Turnbull study [143] ferritin and 

transferrin saturation were used to screen for iron overload and liver biopsy was used to 

confirm. The population group consisted of both type 1 and type 2 diabetics, however, 

iron overload was only detected in type 2 subjects. Their results indicated that when 

compared to age and sex-matched controls the prevalence of genetic haemochromatosis 

was statistically significantly higher. The prevalence of haemochromatosis in the type 2 

population was 1.54% when compared to the control population which was only 0.2%. 

 

Another positive correlation study that this time used genotyping was by Kwan et al 

[104]. This study differed slightly from the others in that rather than a control 

population of non-diabetics Kwan used type 1 diabetics as the controls. The results of 

this study indicated that the C282Y mutation had a statistically greater prevalence in the 

type 2 population when compared to the type 1. 

 

Although initial results indicated a significantly decreased occurrence of the C282Y 

mutation in the diabetic population, further work to match the control population to the 

study population has shown this to be not significant. My results therefore support the 
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work done in other studies [103] which show that the C282Y mutation is not associated 

with type 2 diabetes.   

 

This study did not support the initial hypothesis that there is a higher prevalence of 

haemochromatosis in a diabetic population. However, of the nine C282Y homozygotes 

identified in this study only two had previously been tested for HH. Although the 

diagnosis of HH would have been too late to prevent the onset of diabetes, treatment for 

the iron overload could severely reduce further long-term complications. These 

complications may be associated both with diabetes and iron overload. The seven 

individuals not previously diagnosed may therefore have benefited from earlier 

treatment had they been identified as having HH.  This study supports the importance of 

physicians being alert to the possibility of HH in diabetic patients. 
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Chapter 5 

C282Y Heterozygosity, 

Coronary Heart Disease and 

Early Mortality 
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C282Y HETEROZYGOSITY, CORONARY HEART DISEASE AND EARLY 

MORTALITY 

Hypothese: 

• That heterozygosity for the C282Y mutation confers increased risk for the 

development of coronary heart disease.  

• That heterozygosity for the C282Y mutation confers an increased risk for 

early mortality.  

 

5.1 Introduction 

The rationale for an association between iron and coronary heart disease is the theory 

that iron is involved in the formation of free radicals. Free radicals can lead to lipid 

oxidation and the formation of atherosclerotic plaques [144, 145]. It therefore follows 

that individuals with elevated body iron levels would have an increased risk of plaque 

formation. However, an accurate means of measuring body iron stores has proved 

elusive. Standard biochemical markers for increased iron stores such as plasma iron, 

ferritin and transferrin can be affected by other factors such as inflammation and liver 

disease. One of the reasons why there have been many conflicting studies in this area is 

probably due to the difficulty in assessing total body iron stores [14, 146, 147].  

 

5.1.1 Iron and Coronary Heart Disease 

Iron levels have been examined in relation to a number of coronary risk factors 

including intima wall thickness [14, 148, 149]. A study in Eastern Finland by Salonen et 

al [14] examined over the relationship between iron and coronary heart disease. Using 

serum ferritin as a marker of iron status this study concluded that an elevated ferritin 

was a strong risk factor for acute myocardial infarction. Baseline ferritin levels were 
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taken on all study participants. In the follow up period, which ranged from 1-5 years, 

individuals who had experience an acute myocardial infarction in the preceding time 

period had significantly higher ferritin levels than those who had not. 

 

There have also been studies which disagree with the hypothesis that increased iron is a 

risk factor for coronary heart disease. Another Finnish study by Raurama et al [149] 

used the same population group as Salonen et al [14] and did not find an association. In 

this study Intima Wall Thickness (IMT) was measured in men with and without 

coronary heart disease. They found no association between ferritin and IMT in either 

group. 

 

To further confuse the issue a paper published in 1997 by Corti et al [148] postulated 

that there was a correlation between low serum iron levels and increased mortality in the 

elderly. Serum iron measurements were taken at baseline and then patient mortality was 

followed up approximately 5 years later. For all deceased individuals the cause of death 

was recorded (if known). In individuals whose death was attributable to coronary heart 

disease serum iron was on average significantly lower.  

 

These studies represent some of the conflicting evidence gathered so far in the effort to 

discover the relationship between iron status and coronary heart disease. The difficulty 

faced in all of these studies is how to accurately assess iron-loading status. The first two 

mentioned used ferritin, which is a good measure of iron storage, but is susceptible to 

fluctuations caused by both internal and external factors. The last study use serum iron 

as a direct measure, which is notoriously unreliable, much more than ferritin. The 

question then becomes how do we accurately asses iron loading status? 
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5.1.2 C282Y Heterozygosity and Coronary Heart Disease 

Homozygosity for the C282Y mutation is associated with the development of hereditary 

haemochromatosis. Of the C282Y homozygotes, it is believed that many will develop 

symptoms associated with HH, which may be terminal if untreated [150, 151]. 

However, we still do not have a complete clinical picture of C282Y hetrozygosity. The 

majority of these individuals will have serum iron indices within the normal reference 

interval but in some cases, particularly in male heterozygotes, there is a significant 

increase in body iron stores when compared to wild-type counterparts. [128] 

 

Recently a large Dutch study of over 12,000 postmenopausal women, demonstrated that 

C282Y heterozygotes were at increased risk of mortality from vascular events [126]. A 

Finnish study of 1150 men found that those with the C282Y mutation had a 2.3 

increased risk of acute myocardial infarction [127]. The question that arises is whether 

C282Y heterozygosity a risk factor for the development of atherosclerosis? And is it a 

risk factor because of its involvement in a slight degree of iron overload?  

 

The two studies mentioned earlier linking C282Y heterozygosity and an increased 

occurrence of coronary events were based on long term population monitoring [126, 

127], using patient mortality as a marker rather than risk factors of coronary disease 

such as plaque formation and increased Intima Wall Thickness. Therefore, it is possible 

that C282Y heterozygosity is involved in heart disease and/or early mortality but via a 

different mechanism than the ones already examined.  

 

One way of examining the hypothesis that the C282Y mutation is associated with early 

mortality is to determine if, in an elderly population, there was a decreased occurrence 

of the C282Y mutation. The theory being that those with the mutation would have 
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already succumbed to associated illnesses. The number of C282Y heterozygotes was of 

particular importance. As mentioned in Chapter 1, there are numerous complications, 

many potentially fatal, associated with the development of HH. Of particular interest in 

this study was whether or not heterozygosity for the C282Y mutation was associated 

with early mortality. The majority of C282Y heterozygotes do not develop phenotypic 

HH but it is possible that the mutation may be affecting their health in other unknown 

ways resulting in early death. A population such as this one also gives the opportunity 

to examine individuals who are genotypically haemochromatotic but do not display the 

phenotypic symptoms. 

 

5.2 Aims 

1. To compare a population with known coronary heart disease (CUPID) with a 

random healthy population (CUDAS) and determine if there is an increased 

incidence of the C282Y mutation in the coronary heart disease group. 

2. To correlate ferritin levels and genotype frequencies with the presence of 

plaques and intima wall thickness in the CUDAS population and compare it to 

the CUPID population. 

3. To determine the prevalence of the C282Y mutation in an elderly female 

population. 
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5.3 CUDAS Population 

5.3.1 Study Group 

5.3.1.1 CUDAS Population 

Carotid Ultrasound Disease Assessment Study 

Subjects were original participants in the 1989 Australian Heart Foundation (NHF) 

Perth Risk Factor Prevalence survey [152]. 2000 individuals were chosen at random 

from the Perth, Western Australia metropolitan area electoral role. There were equal 

numbers of males and females aged from 20 – 70 years. In May 1995, 1805 individuals 

of the original 2000 could be contacted. Of these 1805, 1111 agreed to take part in the 

Carotid Ultrasound Disease Assessment Study. Subjects who had had previous carotid 

artery surgery were excluded. The group was predominantly Caucasian with 90% of the 

subjects being born in Australasia. A self-administered questionnaire was used to 

ascertain family history of hypertension, hyperlipidemia, diabetes, angina pectoris, 

myocardial infarction, stroke or premature coronary heart disease by age 55 in first-

degree relatives [152]. The final number of subjects with complete DNA and 

biochemical data was 1098 (545 women and 553 men). 

 

5.3.1.2 Busselton Population 

Subjects consisted of 3011 individuals from the town of Busselton. Busselton is a town 

in southwest Western Australia that has been prospectively studied at approximately 

four-year intervals since 1969. Specimens collected in 1994 were used for serum iron, 

transferrin, ferritin and transferrin saturation measurements as well as for DNA 

extraction.  Busselton was used as the control population as it has been shown to be in 

Hardy-Weinberg equilibrium in regards to the C282Y mutation. It is also considered 

representative of an average Western Australian population group.  
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5.3.2 Results 

The CUDAS population is a randomly selected community population in which serum 

ferritin, C282Y heterozygosity, carotid intima wall thickness (IMT) and plaque 

formation were determined. The results from this group were also compared against that 

of the CUPID population. Individuals in the CUPID population were classified as 

having experienced a coronary event. 

TABLE 5.1 CUDAS GENOTYPING RESULTS 

Genotype Number of Subjects Percentage 

CC 964 87.80 

CY 125 11.38 

YY 9 0.82 

Total 1098 100 

 

5.3.3 Statistical Analysis 

Statistical analysis was performed on the raw data to determine if the CUDAS 

population was in Hardy-Weinberg equilibrium.  Following this the CUDAS population 

was also compared with the control population (Busselton) (Table 5.4). 

 

5.3.3.1 C282Y Hardy-Weinberg Equilibrium 

Mutated allele   =  Y 

Wild-type allele =  C 

TABLE 5.2 ALLELE FREQUENCIES FOR THE CUDAS POPULATION 

Genotype Number of Subjects C Alleles Y Alleles 

CC 964 1928 0 

CY 125 125 125 

YY 9 0 18 

Total 1098 2053 143 

 

Allele frequency of C = 2053/2196 = 0.935 
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Allele frequency of Y = 143/2196 =0.0651 

Hardy-Weinberg Equilibrium states that:  C2 + 2CY + Y2 = 1

C2 = expected population frequency of CC  = 0.935 x 0.935 = 0.874 

   = 0.874 x 1098 

   = 960 

2CY = expected population frequency of CY = 2 x (0.935 x 0.0651) = 0.122 

   = 0.122 x 1098 

   = 134 

Y2 = expected population frequency of YY  = 0.0651 x 0.0651 = 0.0042 

      = 0.0042 x 1098 

   = 4 

TABLE 5.3 MATRIX OF OBSERVED VS. EXPECTED FREQUENCIES FOR THE CUDAS 

POPULATION 

 CC CY YY 

Observed 964 125 9 

Expected 960 134 4 

 

Using Chi2 analysis the observed numbers were compared to the expected.  

CUDAS Observed vs. Expected P value 0.326 

 

The p value indicates that the observed numbers are not significantly different from the 

expected numbers and the population is therefore in Hardy-Weinberg equilibrium. 

The CUDAS population was then compared to the Control (Busselton) population to 

see if it was significantly different from an average Western Australian population 

group. 
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TABLE 5.4 CUDAS POPULATION VS. BUSSELTON POPULATION (OBSERVED 

PREVALENCES) 

Genotype CUDAS (%) Busselton (%) 

CC 87.80 85.4 

CY 11.38 14.1 

YY 0.82 0.5 

Frequency of the Y allele 0.0651 0.0755 

 

Using Chi2 analysis the frequency of the Y allele in the CUDAS population was 

compared to the control population  

CUDAS vs. Control P value 0.049 

 
This p-value is significant with there being slightly more Y alleles in the Control 

population. This is possibly to do with the ethnic makeup of the two groups, as the 

occurrence of the Y allele is much higher in certain ethnic groups. The Busselton 

population group consisted primarily of individuals of Anglo Celtic ancestry. The 

CUDAS population comprised individuals from the metropolitan area of Perth. As a 

result of this it is likely there is a wider ethnic mix in the CUDAS population. 

Unfortunately detailed ethnic data for the CUDAS population was not available at the 

time of this study. As a result of this the significant difference noted in the frequency of 

the Y allele could not be examined further. However, for the purposes of this study the 

differences between the CUDAS and CUPID populations was of more interest. 

 
5.3.4 C282Y Status and Cardiovascular Risk Factors 

Four variables were assessed when examining the CUDAS and CUPID populations, 

C282Y status, ferritin level, IMT and the presence of focal plaques. Table 5.5 shows the 

genotype distribution as well as average age and ferritin level for the men and women in 

the CUDAS population group. 
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TABLE 5.5 CHARACTERISTICS OF CUDAS STUDY POPULATION 

 Women (n = 545) Men (n = 553) 

Age (years)* 53 ± 13 52 ± 13 

Serum Ferritin (µg/L)* 58 ± 82 154 ± 255 

CC, n (%) 482 (88.4%) 482 (87.2%) 

CY, n (%) 61 (11.2%) 64 (11.6%) 

YY, n (%) 2 (0.4%) 7 (1.3%) 
*Table 5.5 Both age and serum ferritin levels are show as mean + SD 

5.3.4.1 C282Y Genotype and Ferritin 

Of the 9 individuals typed as C282Y homozygotes, there were 7 males and 2 females. 

All the males had elevated ferritin levels indicating they were potentially expressing the 

disease while both females had normal ferritin levels (Table 5.6). It should be noted that 

ferritin is an acute phase reactant and so is liable to influence from other factors such as 

inflammation. It is therefore not the most reliable marker of iron overload. 

 

TABLE 5.6  FERRITIN AND C282Y GENOTYPE 

 Ferritin µg/L (Female)* Ferritin µg/L (Male)* 

CC 58 ± 77 149 ± 152 

CY 61 ± 114 171 ± 135 

YY 68 ± 71 ** 775 ± 1446 

*Ferritin results are shown as mean + SD 

**As there were only two female homozygotes no statistical significance can be ascribed.  

 

As can be seen from Table 5.6 there was very little difference between C282Y wild-

types and heterozygotes in ferritin levels.  
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5.3.4.2 C282Y Genotype and Plaque Formation 

In order to determine if genotype was a risk factor for the formation of carotid plaques 

the CUDAS population was divided into two groups, those with and those without 

plaques. In each group the percentage of each genotype was determined (Table 5.7). As 

can be seen from the table below there was no difference between the two groups in 

terms of plaque formation. Both groups had roughly equal percentages for each 

genotype. 

TABLE 5.7 CAROTID PLAQUE VERSUS C282Y GENOTYPE 

Genotype % Without Plaque % With Plaque 

CC 87.79% 86.63% 

CY 11.11% 12.46% 

YY 1.10% 0.71% 

Frequency of the y allele 0.06655 0.06940 

 

Using Chi2 analysis the frequency of the Y allele in the Plaque and No Plaque groups 

were compared. 

Plaque vs. No Plaque P value 0.717 

 

Statistically there was no difference between the plaque and No Plaque groups in terms 

of the frequency of the Y allele.  

 

Due to the fact that the distribution was skewed, the ferritin results were transformed 

logarithmically and divided into quartiles for analysis. Univariate analysis demonstrated 

a significant association of serum ferritin with the presence of a focal plaque in women. 

As can be seen from Table 5.8, the higher the ferritin level in women the greater their 

risk of developing a focal plaque. There was no such trend seen in the male subjects. On 

average women have lower ferritin levels than men. This can be seen in table 5.8 with 
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almost three quarters of the female subjects having ferritin levels within the lowest male 

quartile. Possibly lower ferritin levels have a protective effect in regards to plaque 

formation, explaining the lower occurrence in women. However, investigating this was 

outside the scope of this study. 

 

TABLE 5.8 INCREASE IN PLAQUE INCIDENCE ASSOCIATED WITH INCREASING FERRITIN 

LEVELS [153] 

Ferritin Quartile (Female) % Plaque Occurrence 

1  (<34µg/L) 9% 

2  (34-62µg/L) 12% 

3  (63-113µg/L) 30% 

4  (>113µg/L) 37% 

 

 

Ferritin Quartile (Male) % Plaque Occurrence 

1  (<98µg/L) 36% 

2  (98-170µg/L) 29% 

3  (171-270µg/L) 21% 

4  (>270µg/L) 29% 

The above data was based purely on plaque presence and no other environmental or 

genetic factors were considered. The following tables show results calculated using a 

stepwise logistic regression analysis and adjusting for a variety of factors such as age, 

LDL cholesterol, systolic blood pressure and smoking history. Odds ratios were 

calculated for each ferritin quartile and CY genotype.  Odds ratios represent the 

relationship between two variables or more concisely the probability of an event 

occurring in relationship to another. For example in table 5.9 the odds ratio for women 

in the fourth quartile was 4 in comparison to women in the first quartile. What this 
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means is that women in the fourth quartile were 4 times as likely to have a plaque than 

women in the first. 

TABLE 5.9 LOGISTIC REGRESSION FOR CAROTID PLAQUE ACCORDING TO FERRITIN 

QUARTILES AND C282Y GENOTYPE [153] 

Ferritin Quartile (Female) OR 95% CI P value 

1 (<34µg/L) 1.0   

2 (34-62µg/L) 2.2 1.3 – 4.0 0.006 

3 (63-113µg/L) 1.6 0.8 – 3.3 0.17 

4 (>113µg/L) 4.0 1.3 – 12.4 0.02 

CY 1.3 0.6 – 2.7 0.54 

 

Ferritin Quartile (Male) OR 95% CI P value 

1 (<98µg/L) 1.0   

2 (98-170µg/L) 0.7 0.4 – 1.3 0.29 

3 (171-270µg/L) 0.6 0.3 – 1.2 0.18 

4 (>270µg/L) 1.0 0.5 – 1.8 0.95 

CY 1.0 0.5 – 2.0 1.0 
Table 5.8 shows ferritin quartiles and C282Y heterozygosity as risk factors for the development of carotid 

plaques. Odds ratio (OR) and 95% CIs are for the respective quartile vs. first quartile. ORs are adjusted 

for the following risk factors: age, LDL cholesterol, systolic BP, smoking, diabetes, waist-hip ratio and 

homocysteine levels [153]. 

 
Once again there is an association between ferritin and plaque occurrence which is only 

demonstrated in the female group. This is highlighted most clearly when comparing 

women in the first quartile to women in the fourth. Women with ferritin levels greater 

than 113 µg/L are four times as likely to develop a carotid plaque as women with 

ferritin levels less than 34µg/L. Women with ferritin levels in the fourth quartile had an 

odds ratio of 4.0 (confidence interval 1.3 – 12.4) when compared to those in the first 

quartile. The odds ratios were adjusted for independent risk factors such as age, LDL-

cholesterol, systolic blood pressure, smoking, diabetes and homocysteine levels. C282Y 
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heterozygosity did not significantly increase the risk of developing a focal plaque, as the 

odds ratio for females and males was only 1.3 and 1.0 respectively. 

5.3.4.3 C282Y Genotype and Intima Media Thickness 

Finally, the relationship between IMT and genotype was analysed. 0.8mm was used as 

the cutoff with individuals with IMT >0.8mm being placed in the ‘increased risk’ 

category. 

TABLE 5.10 C282Y GENOTYPE VERSUS IMT 

Genotype % IMT ≤ 0.8mm % IMT >0.8mm 

CC 87.71% 86.88% 

CY 11.26% 12.22% 

YY 1.02% 0.90% 

Frequency of the Y allele 0.0665 0.0701 

 

Using Chi2 analysis the frequency of the Y allele in the two IMT groups was compared. 

IMT < 0.8mm vs. > 0.8mm P value 0.914 

 

As can been seen from the above P value there does not seem to be a significant 

difference between the frequency of the Y allele in either group. 

  

5.4 CUPID Population 

5.4.1 Study Population 

5.4.1.1 CUPID Population 

Carotid Ultrasound Perth Ischemic Heart Disease 

The CUPID population consisted of 559 individuals who were known to have suffered a 

coronary event. They were recruited from Sir Charles Gardiner Hospital (SCGH) 

hospital patients who had an angiogram performed showing the presence of coronary 
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artery disease. The criteria for the presence of coronary artery disease was stenosis 

>50% in one or more coronary arteries. All suitable subjects were invited to participate 

in the study on a voluntary basis. Those who accepted the invitation were given a risk 

factor questionnaire to complete which was based on the National Health Foundation 

risk factor guidelines [154]. Carotid intima wall thickness measurements and the 

presence of focal plaque were determined on all participants. 

 
5.4.2 Results 

The CUPID population was genotyped for the C282Y mutation and the results 

statistically analysed to determine if the population was in Hardy-Weinberg equilibrium 

 
TABLE 5.11 GENOTYPING RESULTS OF THE CUPID POPULATION 

Genotype Number of Subjects Percentage 

CC 495 88.5 

CY 60 10.7 

YY 4 0.8 

Total 559 100 

 
5.4.3  Statistical Analysis 

5.4.3.1 C282Y Hardy-Weinberg Equilibrium 

Mutated allele   =  Y 

Wild-type allele  =  C 

 
TABLE 5.12 ALLELE FREQUENCIES IN THE CUPID POPULATION 

Genotype Number of Subjects C Alleles Y Alleles 

CC 495 990 0 

CY 60 60 60 

YY 4 0 8 

Total 559 1050 68 

Allele frequency of C = 1050/1118 = 0.939 

Allele frequency of Y = 68/1118 =0.061 
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Hardy-Weinberg Equilibrium states that:  C2 + 2CY + Y2 = 1

C2 = expected population frequency of CC = 0.939 x 0.939 = 0.882 

   = 0.882 x 559 

   = 493 

2CY = expected population frequency of CY= 2 x (0.939 x 0.061) = 0.115 

   = 0.115 x 559 

   = 64 

Y2 = expected population frequency of YY  = 0.061 x 0.061 = 0.0037 

   = 0.0037 x 559 

   = 2 

 

TABLE 5.13 MATRIX OF OBSERVED FREQUENCIES VERSUS EXPECTED FREQUENCIES FOR 

THE CUPID POPULATION 

 CC CY YY 

Observed 495 60 4 

Expected 493 64 2 

 

Using Chi2 analysis the observed numbers were compared to the expected. 

CUPID vs. Control P value 0.670 

 

This p value indicates that the observed numbers are not significantly different from the 

expected numbers and the population is therefore in Hardy-Weinberg equilibrium. The 

CUPID population was then compared with the Control (Busselton) population to 

determine whether or not it was significantly different from an average Western 

Australian population 

TABLE 5.14 CUPID POPULATION VS. BUSSELTON POPULATION 

Genotype CUPID (%) Busselton (%) 
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CC 88.5 85.4 

CY 10.7 14.1 

YY 0.8 0.5 

Frequency of the y allele 0.0615 0.0750 

 

Using Chi2 analysis the frequency of the Y allele in the CUPID population was 

compared to the Control population 

CUPID vs. Control P value 0.094 

 

This P value indicates that the CUPID population is not significantly different from the 

Control population, which represents an average Western Australian group. 

 

5.4.4 Haemochromatosis and Coronary Heart Disease 

If there is an association between the C282Y mutation and coronary heart disease then it 

would be logical to assume that in a coronary heart disease population such as the 

CUPID group there would be an increased occurrence of the mutation.  In order to test 

this theory the CUDAS and CUPID populations were divided into two groups, carriers 

who had one or two copies of the C282Y mutation and non-carriers who were wild-

type. The results of this are displayed in Table 5.15 

TABLE 5.15 CUDAS VERSUS CUPID C282Y CARRIERS 

 CUDAS CUPID  

Carriers 201 64 32% 

Non-Carriers 1471 495 34% 

 

Using Chi2 analysis the CUPID population was compared to the CUDAS population. 

CUPID vs. CUDAS P value 0.643 
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What we are looking for is a higher percentage of CUPIDs in the carrier group when 

compared to the non-carrier group. However, what was shown is that in terms of 

carriers vs. non-carriers there is no significant difference between the two groups. 

 

5.5  CAIFOS Population 

5.5.1  Study Population 

5.5.1.1 CAIFOS Population 

Calcium Intake Fracture Outcome Study 

During 1998 1500 women from the electoral role that were aged over 70 years were 

recruited for a 5 year study of the effect of calcium on fracture outcome. The inclusion 

criteria were that the subject must be over the age of 70, was likely to survive a five-

year study, and was not receiving bone active agents.  Of these 1500 women we 

extracted DNA from 1350 people. 

 

5.5.2 Results 

The CAIFOS population was genotyped for the C282Y mutation and then the resulting 

numbers statistically analysed to determine if the population was in Hardy-Weinberg 

equilibrium. 

TABLE 5.16 GENOTYPING RESULTS FOR THE CAIFOS POPULATION 

Genotype Number of Subjects Percentage 

CC 1163 86.15 

CY 175 13 

CY/HD 10 0.74 

YY 2 0.15 

Total 1350 100 
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5.5.3  Statistical Analysis 

5.5.3.1 C282Y Hardy-Weinberg Equilibrium 

Mutated allele = Y 

Wild-type allele = C 

TABLE 5.17 ALLELE FREQUENCIES FOR THE CAIFOS POPULATION 

Genotype Number of Subjects C Alleles Y Alleles 

CC 1163 2326 0 

CY 185 185 185 

YY 2 0 4 

Total 1350 2511 189 

 

Allele frequency of C = 2511/2700 = 0.93 

Allele frequency of Y = 189/2700 = 0.07 

Hardy-Weinberg Equilibrium states that:  C2 + 2CY + Y2 = 1

C2 = expected population frequency of CC  = 0.93 x 0.93 = 0.865 

    = 0.865 x 1350 

    = 1168 

2CY = expected population frequency of CY  = 2 x (0.93 x 0.07) = 0.1302 

    = 0.1302 x 1350 

    = 176 

Y2 = expected population frequency of YY   = 0.07 x 0.07 = 0.0049 

    = 0.0049 x 1350 

    = 6 
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TABLE 5.18 MATRIX OF OBSERVED VS. EXPECTED FREQUENCIES FOR THE CAIFOS 

POPULATION 

 CC CY YY 

Observed 1163 185 2 

Expected 1168 176 6 

 

Using Chi2 analysis the observed numbers were compared to the expected. 

CAIFOS Obs vs. Exp P value 0.327 

 

This p-value indicates that the observed values are not significantly different from the 

expected values. Despite the low number of homozygous affected subjects these results 

are in Hardy-Weinberg equilibrium.  

 

The CAIFOS population was then compared to the Control (Busselton) population to 

determine if it was representative of an average Western Australian population group. 

 

TABLE 5.19 CAIFOS POPULATION VS. BUSSELTON POPULATION 

Genotype CAIFOS (%) Busselton (%) 

CC 86.15 85.4 

CY 13.74 14.1 

YY 0.15 0.5 

Frequency of the Y allele 0.0702 0.0755 

 
Using Chi2 analysis the CAIFOS population was compared to the Control population 

CAIFOS vs. Control P value 0.100 

 

Although there were only 2 YY homozygotes in the CAIFOS population, overall the 

CAIFOS group is not significantly different from the Control population. This is most 

likely due to the low number of C282Y homozygotes resulting in little statistical power. 
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The reduced number of homozygotes in the CAIFOS population is most likely due to 

the age of the population. Many C282Y homozygotes will develop iron overload that 

can, especially if untreated, drastically shorten an individual’s lifespan. So it would be 

logical to find fewer of these individuals in an elderly population. 

 

5.5.4 Discussion 

The purpose of this study was firstly to examine if C282Y heterozygotes had an 

increased risk of cardiovascular events and secondly, to see if heterozygosity for the 

C282Y mutation was a risk factor for early mortality. 

 

In order to examine the risk factors in relation to cardiovascular events the analysis was 

divided into two parts. The first of these was the CUDAS group in which cardiovascular 

risk factors such as IMT, ferritin and carotid plaques were compared against C282Y 

genotype status. The second part used the HFE genotype prevalence data for the 

CUDAS population as a control group and compared it to a population of individuals 

who had suffered coronary events (CUPID) to see if there was an increased occurrence 

of the C282Y mutation. 

 

The paper by Salonen et al in 1992 observed an association between ferritin and 

increased risk of coronary heart disease [14]. In 1999 both Roest and Tuomainen went 

further with this theory by suggesting that the association was linked to heterozygosity 

for the C282Y mutation [126, 127].  Conflicting evidence was shown by Rauramaa et al 

who, using the same study population as Tuomainen et al, showed no association 

between IMT and ferritin [149]. The positive association between increased IMT and 

coronary heart disease has long been established  [155]. In this study all of these factors 
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were combined, C282Y status, IMT and ferritin to determine if there was an association 

with coronary heart disease. 

The Dutch study by Roest and the Finnish study by Tuomainen [126, 127] both 

indicated that C282Y heterozygosity was a risk factor for cardiovascular disease. This 

theory was tested in the CUDAS population. Heterozygosity for the C282Y mutation 

may be a risk factor because it may cause moderate long-term iron overload in some 

patients.  Iron overload in turn would produce increased ferritin, toxic free iron and free 

radicals, which could lead to the formation of atherosclerotic plaques [119].  

 

C282Y heterozygosity did not appear to have a relationship with any of the examined 

risk factors of ferritin, IMT or carotid plaque. The limited number of homozygotes 

made it difficult to statistically assess their role as cardiovascular risk factors. This does 

not necessarily contradict the findings of the Dutch or Finnish studies as both of these 

were conducted over several years and rather that using risk factors as indicators they 

were able to assess actual cardiovascular events. Therefore it is possible that C282Y 

heterozygosity may still be a risk factor, acting through a mechanism that has not been 

identified yet.  

 

A statistically significant association between increased ferritin levels and the presence 

carotid plaque in women was demonstrated in this study. When divided into quartiles of 

ferritin levels, women in the highest quartile were four times as likely to have a carotid 

plaque as women in the lowest quartile. 

 

Previously it has been stated that C282Y heterozygotes have increased ferritin levels 

when compared to their wild-type counterparts. This theory is based on data from US 

and Canadian studies in families with HH [125, 156]. These studies were carried out 
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using phenotyping rather than genotyping methods and it is therefore possible that there 

may have been some misclassification in terms of C282Y heterozygotes. Several studies 

conducted in Australia indicate there is not a significant difference in ferritin levels 

between wild-type and heterozygous individuals.[146, 157] 

 

The CUDAS group represented a random, healthy population, while all of the 

individuals in the CUPID population had suffered a cardiovascular event of some kind. 

Using the CUDAS population as a control group the occurrence of the C282Y mutation 

in a cardiovascular event population (CUPID) was examined. In keeping with the 

theories espoused by Roest and Tuomainen [126, 127] it would be expected that there 

would be a higher occurrence of the C282Y mutation in this group than the control 

population. However, there was no significant difference between C282Y carriers in the 

CUPID and CUDAS populations.  

 

The first part of this study showed no link between C282Y status and increased ferritin, 

IMT or plaque occurrence in a random population (CUDAS). In the second part a heart 

disease population (CUPID) was tested. The studies by Roest and Tuomainen used 

random population groups similar to the CUDAS group and assessed cardiovascular 

events after a period of several years [126, 127]. This was not such a long-term study, 

so in order to achieve a similar comparison a heart disease population (CUPID) was 

compared with the random population (CUDAS).  Obviously the CUDAS group is not 

an ideal control as it is unknown which subjects will go on to develop coronary artery 

disease at a later stage. However, it is known that all of the CUPID subjects have 

suffered a cardiovascular event. For this reason it can be assumed that if heterozygosity 

for the C282Y mutation plays a role its occurrence will be significantly different in this 

selected population. However, as mentioned in the previous paragraph, there was not 
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significant difference in the occurrence of the mutation between the two population 

groups.  The results of this study therefore do not support the theory that there is a link 

between C282Y heterozygosity and coronary events.  

 

The third aim of this study was to determine if C282Y heterozygosity was associated 

with increased mortality in an elderly population. Here an elderly cohort was examined, 

so rather that looking at risk factors such as the presence of atherosclerotic plaques, the 

endpoint was the prevalence of the C282Y mutation. This was similar to both the 

Finnish and the Dutch studies as they too used actual mortality as the marker rather risk 

factors [126, 127]. 

 

Although a significant decrease in the number of C282Y homozygotes was seen in the 

CAIFOS population there was no difference in the prevalence on C282Y heterozygosity 

when compared to the control (Busselton) population. It is already known that C282Y 

homozygosity is linked to the development of HH and the myriad of illnesses which 

result from this. It is therefore not unexpected to have a decreased number of these 

individuals in an elderly population. However, if C282Y heterozygosity is a risk factor 

for early mortality via heart disease or some other mechanism then it too should have a 

decreased prevalence in an elderly population. These results do not support this theory 

as there was no difference in C282Y heterozygote prevalence between the CAIFOS 

group and the control group. 

 

In conclusion the results of both parts of this study do not support the theory that 

heterozygosity for the C282Y mutation is involved in either increased risk of 

cardiovascular events or early mortality. Of the three population groups studied, (a total 

of 3007 individuals), none showed significant differences from control groups.  
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OTHER MUTATIONS IN THE HFE GENE 

Hypothesis: Alternative mutations in the HFE protein other than the C282Y 

mutation are responsible for individuals who develop phenotypic 

haemochromatosis but do not have the C282Y mutation. 

 

6.1 Introduction 

Hereditary Haemochromatosis (HH) is characterised by increased iron absorption and 

progressive iron storage that can lead to organ damage. The clinical consequences of 

iron overload can be prevented by early diagnosis and treatment with repeated 

venesections to remove the excess iron. Because early diagnosis during the 

asymptomatic phase is more effective for preventative treatment, a reliable genetic test 

is desirable. The identification of the HFE gene and the characterisation of the C282Y 

mutation [10] allowed for the development of such a test. 

 

Although the C282Y mutation has been identified as the primary disease causing 

mutation in HH, not all individuals who are homozygous for the C282Y mutation 

develop HH. There exist a small percentage of individuals who have phenotypic HH 

and do not carry the C282Y mutation. A secondary mutation in the HFE gene, H63D, 

has also been associated with the development of HH, but its impact appears to be 

minor, and it is probably only of significance when it occurs in conjunction with the 

C282Y mutation. There are individuals who have either only one or no copies of either 

mutation and still develop phenotypic HH. The presence of further mutations in the 

HFE gene has been proposed as a way of explaining these individuals. 

 

122 
 



6.1.1 S65C Substitution 

Extensive screening of the HFE gene has lead to the identification of several new 

mutations. One of these is a serine to cysteine (S65C) substitution in exon 2 in the same 

vicinity as the H63D mutation. This results from a single base change (A → T) at 

position 193 [158]. Currently the exact mechanism by which the S65C mutation affects 

the HFE gene is unknown. It has been hypothesised that its proximity to the H63D 

mutation indicates a similar role in affecting the transferrin receptor. Another possibility 

is that the mutation plays no role itself but is simply linked to another genetic alteration. 

Mura et al looked at the prevalence of the S65C mutation in a HH population when 

compared to a control group [91]. They noted that the occurrence of the S65C mutation 

in those individuals with phenotypic HH but neither the C282Y or H63D mutation was 

more than three times greater than in the control group. They did not detect the S65C 

mutation in conjunction with either homozygosity for the C282Y or H63D mutations or 

in compound C282Y/H63D individuals. This may indicate that the S65C mutation is 

another genotype contributing to the development of iron overload, independent of 

either C282Y or H63D. 

 

6.1.3 C282S Substitution 

The C282Y mutation is a G → A point mutation resulting in a cysteine to tyrosine 

amino acid change. The PCR technique developed by Feder et al [10] to detect this 

mutation uses the restriction enzyme Rsa 1. This enzyme will recognise and cleave only 

the G→ A mutation at nucleotide 845. There is, however, an alternative point mutation 

(G → C) that occurs at the same position. This results in an amino acid change of 

cysteine to serine. This mutation is known as C282S. This mutation results in the same 

effects as C282Y as it affects the conformation of the HFE protein and interferes with 
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its functioning. However, as Rsa 1 only recognises C282Y, on a standard restriction 

digest this mutation would appear as a wild type. 

 

6.1.4 I105T and G93R Substitutions 

Barton et al [93] also found two further mutations to the HFE gene, leading to the I105T 

and G93R substitutions. I105T is a T→C change resulting in an amino acid substitution 

of threonine for isoleucine. G93R is a G→C substitution that causes glycine to be 

replaced with arginine. Both these mutations occur in exon 2 of the HFE gene, the 

region encoding the α 1 helix of the HFE class 1-like heavy chain. They examined 

twenty subjects, all of whom had been clinically diagnosed with haemochromatosis, but 

lacked C282Y homozygosity, C282Y/H63D compound heterozygosity, or H63D 

homozygosity. Of the twenty subjects, they found two who were heterozygous for either 

the I105T or G93R.  Although there is no conclusive evidence, it has been hypothesised 

that these mutations impair the binding of the HFE protein to the transferrin receptor.  

 

6.2 Aim 

To screen 8 individuals from the Busselton population study who have all the 

phenotypic signs and symptoms of HH but who do not carry the C282Y mutation. All 

individuals will be screened for four recently identified mutations in the HFE gene, 

which are thought to be linked to the development of HH. All will also be screened for 

the C282Y and H63D mutations. 
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6.3 Study Population 

6.3.1 Busselton Survey 

Eight samples taken from the Busselton Population Survey were screened for four 

recently discovered mutations in the HFE gene, S65C, C282S, I105T and G93R. All 

eight individuals were phenotypically diagnosed with HH but their C282Y and H63D 

genotypes did not indicate HFE-associated haemochromatosis. Two of the specimens 

were excluded as re-genotyping showed one to be homozygous for the C282Y mutation 

while the other was a compound C282Y/H63D. 

 

6.4 Results 

DNA on all eight selected individuals was amplified in specific regions according to the 

mutation that was being tested. Following DNA clean up the samples were sent for 

sequencing. 

TABLE 6.1 MUTATION SCREENING RESULTS 

Survey # C282Y H63D S65C I105T G93R C282S 

39 CC HD SS II GG CC 

48 CY HH SS II GG CC 

132 CC HH SS II GG CC 

138 CY HH SS II GG CC 

145 CC HH SS II GG CC 

163 CY HH SS II GG CC 

 

The two specimens mentioned earlier that were excluded due to incorrect genotyping 

are not listed in table 6.1. The results of the mutation screen on the six remaining 

individuals shows that none carried even a single copy of the rarer mutations. Three 

were C282Y heterozygotes and one was a H63D heterozygote but these alone are no 

sufficient to explain their iron-loaded status. 
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6.5 Discussion 

None of the new mutations, S65C, C282S, I105T or G93R, were shown to be present in 

the six individuals studied. However, very little statistical information can be obtained 

from this work due to the low study numbers. The investigation of these patients did, 

however, identify two mistyped individuals.  

 

The penetrance of the S65C mutation is low even in a HH population. Mura et al 

demonstrated an allele frequency of 7.2% in non-C282Y or H63D HH patients. With 

this level of occurrence statistically it would require genotyping of at least 14 

individuals to detect even a heterozygote. It is therefore not surprising that in a 

population group of only six it was not detected. 

 

The other three mutations, C282S, I105T and G93R, are all extremely rare and have 

only been identified in very small numbers of people. The evidence so far relating to 

secondary mutations within the HFE gene may indicate that there is not a single 

mutation involved. Rather, there are numerous mutations present in the HFE gene and 

the majority of non-C282Y HH patients will have their own individual mutation for 

their particular family group. It may be a situation similar to cystic fibrosis in which up 

to 95% of sufferers have one of 5 mutations with the remainder being scattered 

throughout the CF gene. 

 

None of the six patients screened was heterozygous for any of the secondary mutations. 

This is not unusual as these mutations are rare and probably, in most cases family 

linked. The genetic cause of the HH in these individuals is to be determined. These 

individuals have, however, been identified using phenotyping techniques and are 

therefore currently being treated. Until the exact mechanism behind the development of 
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iron overload in these patients is identified phenotypic monitoring of their family 

members is the best way to identify any new cases. 

 

Although the HFE protein mutations, in particular C282Y, have so far shown to most 

promise in identifying the genetic cause of HH the involvement of other proteins cannot 

be excluded. The mechanism of iron absorption and transport within the body is 

complex and all the components involved have yet to be identified. The probability the 

some individuals that display phenotypic symptoms of iron overload but not the C282Y 

mutation may have mutations in other proteins is very high. Proteins such as ferroportin, 

beta 2 microglobulin and the transferring receptor all represent likely candidates. 

Mutation detection in these other proteins was beyond the scope of this study but it is 

highly likely that mutations in proteins like these may explain the phenotypic expression 

of iron overload in the six patients examined in this chapter. 
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CONCLUSION 

The purpose of this study was to assess the role of the HFE gene mutation, C282Y in 

diagnosis and development of disease. The clinical symptoms associated with hereditary 

haemochromatosis (HH) have been linked to the development of various conditions, 

such as diabetes and heart disease. Understanding the role that iron overload may play 

in these conditions may lead to a better prognosis for those suffering from them or at 

least a better way of identifying ‘at risk’ individuals. Phenotypic expression of iron 

overload has not been confined to individuals genotyped as having the C282Y mutation. 

Therefore it was also a part of this study to assess the effectiveness of the C282Y 

mutation as a means of identifying ‘at risk’ individuals and also the potential for other 

mutations in the HFE gene. 

 

Since the identification of the major HH associated mutation, C282Y, by Feder et al in 

1996 [10] there has been much debate over the clinical penetrance of the gene. There is 

variable penetrance of the gene eg some individuals who have inherited the 

homozygous C282Y genotype do not develop phenotypic haemochromatosis [87]. 

While other individuals display all the phenotypic signs of iron overload and yet are 

negative for the C82Y mutation [159]. The uncertainties raised by the discrepancies in 

phenotype-genotype correlations has limited the potential of C282Y genotyping as a 

diagnostic tool and as a population screening technique. For example what is the 

optimal care method for an asymptomatic individual who is homozygous for the C282Y 

mutation and what is the cost of continuously monitoring someone who never develops 

the disease? Is genotyping the way of the future with HH or should phenotyping remain 

the main diagnostic method, or should some combination of the two be used? 
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The debate over phenotyping versus genotyping occurs with many genetic conditions. 

This debate ultimately revolves around the question as to whether or not we should only 

be treating disease that is already phenotypically present, or using genetic techniques to 

identify presymptomatic individuals. Initially, it would seem that preventive medicine is 

the best option, however, it is less clear with diseases like HH where possessing the 

mutation does not guarantee development of the disease. Should the genotyping tests be 

used to tell a patient they have a mutation that one day may or may not cause them to 

develop a variety of chronic diseases? On the other hand could morbidity by prevented 

by early intervention? 

 

The genotype versus phenotype study discussed in Chapter 3 was designed to determine 

the suitability of each method and also to increase the awareness and significance of the 

genotype test. The increasing number of genotype requests since this study was first 

conducted has shown that the test is gaining broad acceptance among the local medical 

practitioners, especially general practitioners. However, the uncertainty of knowing 

whether a homozygote will go on to develop symptoms and signs of HH indicates that 

the genotype test should only be used in conjunction with phenotype testing and not as a 

stand-alone diagnosis. Genotyping is now seen as merely identifying those individuals 

most at risk of developing clinical iron overload disease. There are also issues of 

possible discrimination arising from the diagnosis of a disease which is seen to be a 

significant risk to longevity. For example, insurance companies may either refuse to 

insure such an individual or raise the premiums. 

 

The cost to the healthcare system in treating the symptoms of HH is enormous. It has 

also been shown that early treatment of HH by regular phlebotomy can make a 
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significant difference to the health of the patient [74, 98, 99]. It would seem therefore, 

that population screening for a readily treatable disease such as HH would be advocated.  

 

HH fulfills many criteria for a condition amenable to population screening. The disorder 

is common and has a long presymptomatic phase [4]. Furthermore, a simple, 

noninvasive, inexpensive screening test exists, a simple, effective treatment is available, 

and treatment improves survival [13]. The World Health Organization (WHO) has 

established criteria to evaluate population screening for a medical condition [160].  In 

1999 a study [160] applied the WHO criteria to hereditary haemochromatosis and 

concluded that the disorder is appropriate for population screening, using reasonable 

estimates of the number of patients who will develop life-threatening disease. Several 

other studies [78, 161] concluded that population screening for haemochromatosis 

would be cost effective.  

 

HH patients identified by screening methods have been shown to have less severe 

clinical, biochemical and pathological findings than patients who have been identified 

by symptoms and signs of the disease [150, 162]. However, despite all the favourable 

evidence, population screening is still a highly debatable area in terms of whether the 

benefits outweigh the costs, which groups should be screened, and which methods 

should be used. In 1996 the American College of Pathologists advocated screening 

using serum iron and transferrin saturation [2]. However, a more recent international 

consensus panel was unable to decide whether or not screening would be beneficial 

[163]  

 

There are also significant costs associated with population screening and in order to 

justify screening the argument has been made that high-risk groups instead of the 
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general community need to be targeted. Type II diabetics are an example of a high-risk 

group due to the frequent association between diabetes and HH. The problem with 

screening a group of diabetic patients is that if their diabetes was caused by HH, then 

significant organ damage, in this case to the islet cells of the pancreas, has already 

occurred. However, by identifying such patients, there is the chance to reduce the 

severity of their condition by treating the iron overload along with the diabetes. The 

second advantage is that if consent is given, family studies can be performed to identify 

other potential at risk individuals within that family. As a general rule, physicians 

experienced in the diagnosis of HH expect to diagnose at least one other homozygote 

member for every proband identified. 

 

The results of the genotype screen of the diabetic population showed no difference in 

genotype frequency between the diabetic group and a control (Busselton) population. 

This is interesting as diabetes is a known complication of HH, and an increased 

prevalence amongst such a selected population might be expected. However, other 

studies have shown similar results, and reported no significant increase in prevalence in 

their diabetic populations when compared to control groups [143, 164]. 

 

In order to rule out confounding factors such as ethnicity and type 1 vs. type 2 diabetes 

the data were reanalysed in subgroups. As the symptoms of HH usually develop during 

middle age and type 2 diabetes is seen in HH, it was possible that type 1 diabetics 

present in the study population were affecting the statistical analysis. However, there 

were only approximately 100 type 1 diabetics in the group and, although the occurrence 

of the C282Y mutation was lower in this group, the numbers were too small to reach 

significance. 
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Ethnicity has long been known to be a factor in the development of HH, with a higher 

prevalence of the C282Y mutation seen in northern Europeans compared to southern 

Europeans and other ethnic groups such as Asians and Africans where the prevalence is 

very low. Both Asian and African ethnic groups have different non-HFE forms of iron 

overload disease, the causes of which have not yet been fully identified [165]. The 

diabetic population was divided into six sub groups based on ethnic background. Chi 

squared analysis showed that although the other ethnic groups such as Africans and 

Asians did have a lower occurrence of the C282Y mutation, exclusion of these ethnic 

groups did not alter the statistical analysis.  

 

Much of the work in this study has been based on identifying individuals with the YY 

genotype, and the possibility of increased prevalence of this genotype in certain 

populations at increased risk. The significance of heterozygosity for the C282Y 

mutation has not yet been examined. Homozygosity is known to be linked with the 

development of HH, and associated clinical symptoms, but little has been said about the 

potential risks of carrying the heterozygous genotype. Heterozygosity was examined 

from the viewpoint of two randomly selected community populations, one with an age 

range from 20 – 70 years, and another elderly population of average age 75 years. A 

third population consisting of individuals who had already been diagnosed with a 

coronary event was also studied. 

 

Studies of the CUDAS (random), CUPID (coronary event) and the CAIFOS (elderly 

women) populations indicated that there was no increased mortality rate associated with 

heterozygosity for the C282Y mutation. In the CUDAS population heterozygosity for 

the C282Y mutation was not associated with either increased carotid intima wall 

thickness or the presence of carotid plaques, both of which contribute to the 
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development of atherosclerosis. This evidence was contrary to the studies by Roest 

[126] and Tuomainen [127] who both found an increased risk of death due to 

cardiovascular incidents in C282Y heterozygotes. The proportion of heterozygotes in 

the CUDAS population was also statistically analysed against the number in the CUPID 

population. The CUPID population consisted of individuals who had suffered a 

coronary event. The underlying hypothesis was that if C282Y heterozygosity is 

associated with coronary events there would be an increased percentage of 

heterozygotes in the coronary event group. There was, however, no statistical difference 

between the two groups.  

 

The studies by Roest [126] and Tuomainen [127] were both retrospective studies with 

mortality as an endpoint as opposed to the study undertaken here, which was 

observational and examined risk factors rather than actual cardiovascular events. To 

cover the possibility that heterozygosity was a risk factor for early death rather than for 

atherosclerosis, a population of elderly women was also genotyped (CAIFOS). If 

C282Y heterozygosity is a risk factor for cardiovascular events it would be expected 

that there would be a lower percentage in an elderly population due to the earlier 

mortality. However, the results showed no significant difference in C282Y heterozygote 

frequency in an elderly population compared to a control group. 

 

The work done in this study would seem to indicate that there are not any 

cardiovascular risks associated with being a C282Y heterozygote. The difference 

between these results and the Finnish and Dutch studies may be due to different ethnic 

backgrounds. The C282Y mutation is much more common in northern Europeans as 

opposed to other ethnic groups such as southern Europeans and Asians which made up a 

larger proportion of our population group. Environmental factors are also likely to have 

134 
 



had a significant impact, for example Finland has one of the highest rates of 

cardiovascular disease in the world. 

 

The possibility of other less common HFE mutations that might explain the phenotype 

occurring in non-C282Y HH patients is very relevant. To this end eight non-

homozygous individuals, who were severely iron loaded, were screened for several of 

the recently identified HFE mutations. Of the eight individuals who were 

phenotypically iron overloaded, two were mistyped and repeat genotyping revealed they 

were C282Y homozygotes. The other six were screened for four new mutations in the 

HFE gene but were negative for all. Due to the rarity of these mutations it was unlikely 

that we would detect any in the study group of only six patients. The rarity of the new 

potential HH mutations and the fact that they generally occur in single families makes 

them unlikely to hold the secret to phenotypic HH in the absence of the genotype. Much 

interest is now being generated in determining if mutations outside the HFE gene are 

more likely to be the cause of the phenotype occurring in non-C282Y individuals. 

 

Although there is still much enthusiasm surrounding the HFE gene mutations and their 

role in the development of HH a complete explanation of the pathophysiology of iron 

accumulation in homozygotes remains elusive. A further problem is that although the 

C282Y mutation is associated with the development of 90% of cases of phenotypic HH 

it cannot explain 10% of cases. HH is known to give rise to clinical complications such 

as diabetes and heart disease and yet none of the subjects examined in this study showed 

an increased risk when compared to a control population.  

 

Haemochromatosis is a complex disease; the associated iron overload can have dramatic 

effects on many parts of the body. The mechanisms behind the disease are not yet fully 
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understood. The work in this study concentrated primarily on the genotype for HH 

rather than the phenotype, in an attempt to define its role as a predictor of future 

complications. The fact that the majority of the findings showed no association between 

genotype and phenotype would seem to indicate that the pathology of the disease is 

much more complicated than simple genotype and a great deal more investigation is 

required before it is fully understood. 

 

A study published in The Lancet shortly after this work was completed would support 

the primarily negative findings seen with this work. The study by Beutler et al [166] 

was conducted in the USA and had a population group of over 40,000 individuals. They 

identified 152 C282Y homozygotes and 616 C282Y/H63D compound heterozygotes. 

After clinical and questionnaire-based analysis, Beutler and his colleagues concluded 

that the signs and symptoms associated with HH were no more prevalent in the 

homozygotes and compound heterozygotes than the wild-type population. His work 

indicated only 1% of homozygotes develop the symptoms of HH. What these findings 

indicate is that although a large percentage of HH sufferers are C282Y homozygotes, 

the converse is not true, i.e. few C282Y homozygotes will actually develop HH. 

 

This study has generated much interest in the scientific community and there are several 

points which have been criticized. For example elevated levels of ferritin and transferrin 

saturation have long been used as markers of iron overload. Beutler et al did see 

elevations of both ferritin and transferrin saturation in the C282Y homozygotes as 

compared to heterozygotes and wild type individuals. Elevation of an iron overload 

marker such as transferrin saturation is only an early indicator of haemochromatosis, it 

may be years before more serious clinical symptoms develop. The symptoms that 

Beutlers questionnaire was checking for such as skin darkening, diabetes and impotence 

136 
 



are usually only displayed in quite advanced cases. It is therefore quite possible that 

many of these C282Y homozygotes will still potentially develop clinical symptoms if 

untreated. 

 

Beutler also did not perform any liver biopsies on the subjects identified as C282Y 

homozygotes. Liver biopsies are an invasive procedure and many patients are reluctant 

to undergo this. However it is the definitive test for determining iron accumulation in 

the liver [136, 167]. Without performing this Beutlers assessment of the patients iron 

status is flawed. 

 

Due to the large number of subjects examined in Beutlers study the results are 

significant and cannot be ignored. However his testing methods and the criteria for 

determining disease have been criticized. This study has however, made it very apparent 

that there is till much research to be done in the area of genetic haemochromatsis, in 

terms of both phenotyping and genotyping as well as assessing penetrance of the 

disease.  
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APPENDIX A 

A.1 DNA Extraction Reagents 

1. Lysing Buffer pH 7.35 

a. 0.862g  Ammonium chloride (BDH Analar Prod no 100173D) 

b. 0.1g  Potassium hydrogen carbonate (BDH Analar Prod no 103064H) 

c. 0.0037g  Tetra-sodium EDTA (BDH GPR Prod no 28026D) 

Dissolve above reagents in Milli-Q water and adjust pH with 2M NaOH if 

necessary. Adjust volume to 100ml with Milli-Q water. Store at 4°C. 

2. Proteinase K 

a. 100mg Proteinase K (PROMEGA Cat no V3021) 

Add 10ml Baxter water to bottle of proteinase K. Mix well. Dispense into 1ml 

aliquots. Store at -20°C. 

3. Sodium dodecyl sulfate (SDS) 

a. 40g SDS (SIGMA Cat no L-4390) 

Dissolve 40g SDS in 180ml Milli-Q water. Heat to 68°C to assist solubilisation. 

Adjust pH to 7.2 with sodium hydroxide. Make volume up to 200ml with Milli-

Q water. Store at room temperature. 

4. TES Buffer 

a. 1.21g Trizma base (SIGMA Cat no T-1503) 

b. 0.372g Na2 EDTA.2H2O (BDH Analar Prod no 10093.0500) 

c. 5.844g Sodium chloride (BDH Analar Prod no 102416L) 

Dissolve above reagents in 900ml Milli-Q water and adjust pH to 8.0 with 

hydrochloric acid. Adjust volume to 1 litre. Autoclave buffer for 5min. 

Store at 4°C. 
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5. Phenol:Chloroform:Isoamyl alcohol 25:24:1 

a. 100ml (SIGMA Prod no P2069) 

Store at 4°C. 

6. 0.9% NaCl 

a. Sodium chloride (BDH Analar Prod no 102416L) 

Dissolve 9.0g of sodium chloride in 1 litre of Milli-Q water.   

Store at room temperature. 

7. Ethanol 

a. Ethanol (BDH Analar Prod no 101064D) 

Store aliquot (500ml) at 4°C. 

8. 70% Ethanol 

Mix 70ml of ethanol with 30ml Milli-Q water. Store aliquot at -20°C. 

9. TE Buffer, pH 8.0 

a. 1.21g  Trizma base (10mM) (SIGMA Cat no T-1503) 

b. 0.37g Na2EDTA.2H2O (1mM) (BDH Analar Prod no D10093.0500) 

Dissolve Trizma base and Na2EDTA.2H2O in 950ml deionised water. Adjust to 

pH 8.0 with hydrochloric acid. Adjust to 1 litre with Milli-Q water. Autoclave 

buffer for 5min. Store at room temperature. 

10. 6M NaCl 

a. Sodium chloride (BDG Analar Prod no 102416L) 

Dissolve 350.64g of Sodium chloride in 1 litre of Milli-Q water. 

Store at room temperature. 

11. Milli-Q water 

a. MILLIPORE Milli-Q Reagent Water System 
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A.2 PCR Reagents 

1. 10 X Reaction Buffer (supplied with Tth Plus DNA Polymerase) 

670 mM Tris-HCL, pH 8.8 

166 mM (NH4)2SO4

4.5% Triton X-100 

2mg/ml gelatin 

2. 25mM Magnesium Chloride (supplied with Tth Plus DNA Polymerase) 

3. 5mM dNTPs 

100mM each dATP, dCTP, dGTP, dTTP (PROMEGA Cat # U1240) 

4. Tth Plus DNA Polymerase 5.5U/ul 

FISHER BIOTECH (Cat # TP3) 

5. Dimethylsulphoxide (DMSO) 

SIGMA Cat # D-8418 

6. PCR Water 

Baxter Water for Irrigation AHF7114 
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A.3 Electrophoresis Reagents 

1. Bromophenol Blue Loading Dye 

 0.25 % Bromophenol Blue (SIGMA Cat # B-5525) 

 25% Ficoll 400 (SIGMA Cat # F-4375) 

2. 50 X Tris/EDTA/Acetic Acid Buffer (TAE) 

242g Trizma Base (SIGMA Cat # T-1503) 

57.1ml Glacial acetic acid (AR grade, AJAX Chemical UN 2789) 

100ml 0.5 M EDTA-Na2 – 2H2O pH 8.0 (BDH AnalaR D10093.0500) 

3. 1 X TAE Buffer 

Dilute 50 X TAE  40ml in 2 litre Milli-Q water 

4. Agarose 

LE, Analytical Grade (Promega Cat # V312A) 

5. Milli-Q Water 

MILLIPORE Milli-Q Reagent Water System 

6. 123 bp DNA Ladder 

GIBCO-BRL Cat # 15613-029 

7. 5mg/ml Ethidium Bromide 

0.5g Ethidium bromide (SIGMA Cat # E-8751) 

100ml Milli-Q Water 
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A.4 Instruments 

1. Rotary Mixer 

2. Beckman Centrifuge 

3. Dessicator 

4. Helena Microfuge 

5. MJ Thermal Cyclers ( 96 plate well and 60 individual well) 

6. BIORAD mini-wide gel electrophoresis apparatus 

7. BIORAD power supply 

8. UV Transilluminator 

9. KODAK electrophoresis and analysis documentation system 
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APPENDIX B 

A COMMUNITY BASED SCREENING PROGRAMME 
FOR GENETIC HAEMOCHROMATOSIS 

 
INFORMATION SHEET AND CONSENT FORM 

 
The purpose of this study is to identify patients with genetic haemochromatosis in the community who 
do not have symptoms of this disorder. Genetic haemochromatosis is an inherited condition which 
results in a slow but continual accumulation of iron in the body. Eventually the resulting increased iron 
stores can cause significant disease of the liver, pancreas, heart, joints and glands in the body. If left 
untreated, genetic haemochromatosis results in significant illness and premature death. By making the 
diagnosis of genetic haemochromatosis in patients with early stage disease, treatment may be started 
and this results in a normal life expectancy for these patients. The treatment is regular blood donation 
(venesection). 

 
A new blood test has recently been developed which is able to detect the change in the genetic code 
which results in genetic haemochromatosis. This new blood test has been shown to be very useful in 
detecting Western Australian patients previously diagnosed with genetic haernochromatosis. In 
addition, we would like to test whether this new blood test is effective in diagnosing patients with early 
stage genetic haernochromatosis in the community. 

 
We wish to obtain a small sample of your blood at the time you attend a pathology centre for blood 
tests that are being performed by your general practitioner for other reasons. This blood sample will 
then be used in our study. 

 
Any questions concerning the project should be directed to either Dr G P Jeffrey (Chief Investigator) or 
Dr A Brown at the Genetic Haernochromatosis Registry, Hepatology, 7th Floor G Block, Sir Charles 
Gairdner Hospital, Nedlands 6009 (Telephone: 9346 3228; Fax: 9346 3098) 

 
The Committee for Human Rights at The University of Western Australia has given ethics approval for 
the conduct of this project. If you have any concerns you can contact the Secretary of the Committee 
for Human rights, Registrar's Department, University of Western Australia, Nedlands 6907 (Telephone: 
9380 3703). All study participants will be provided with a copy of the Information Sheet and Consent 
form for their personal records. 

 
I_________________________________________________________________________________ 

 
 

Of________________________________________________________________________________ 
 

hereby consent to blood being taken and donate this for testing and research. In making my donation I 
understand and agree that the blood will be used only in relation to the above clinical research 
purpose and the Chief Investigator of this project will not be liable for any loss or damage to the blood 
used in accordance with this form. 
I agree that research data gathered from the results of this study may be published provided my name 
is not used 

 
 
______________________________________________________________________________________________ 

Signature of Participant  Date 
 
 
______________________________________________________________________________________________ 

Signature of Investigator Date 
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