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Preface
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Thomas Mandrup-Poulsen, Barge Nordestgaard and Anne Tybjeerg-Hansen. Since then, they
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during the years. The present thesis is based on studies carried out within this collaboration
over the past 10 years. [ owe thanks to all the collaborators for always constructive com-
ments and criticism. [ am also grateful to other co-authors of the presented works, from
whom [ have learnt much.

The assistance of the technical staff and medical doctors at Steno Diabetes Centre (Sonja
Bigand, Merete Frandsen, Henrik Ullits Andersen) and at the departments of Clinical Bio-
chemistry (Hanne Dam) and Hematology at Herlev Hospital is greatly appreciated. [ appreci-
ate the generous and free working conditions created by the head of Clinical Biochemistry
at Herlev Hospital, DMSc Niels Fogh-Andersen. 1 appreciate the hospital directors at Neestved
and Nykgbing Falster Hospitals, Department of Clinical Biochemistry at Neestved Hospital,
the Heads of Research at Naestved Hospital (Sten Boesby, Jan Kvetny) and at Region Sjeelland
(Steffen Groth, Knud Rasmussen) for generously supporting my research.

I also owe thanks to the secretariat of the Copenhagen City Heart Study (Merete Apple-
yard, Jacob Marrot, Connie Haugaard), who have always been ready to assist in every con-
ceivable way, and also to the participants and to the initiators of the Copenhagen City Heart
Study and the Copenhagen General Population Study:.

Finally, [ want to thank family and friends for their support, love, and always good mood,
especially my husband, Ulrik Juul Christensen, and our children, Caroline Juul Ellervikand Elis-
abeth Juul Ellervik, my parents in law Bente and Flemming Christensen, and Maren Weischer.

Scope and delimitation of the thesis

The scope of this thesis is on transferrin saturation, as a measure of iron overload, and the
homozygous hemochromatosis genotype C282Y/C282Y for the association with diabetes,
hypertension, cancer and total mortality; risk of other C282Y compound and heterozyogous
genotypes will also be shortly discussed. Other measures of iron overload exist, e.g. ferri-
tin, and other genetic variants exist for hereditary hemochromatosis as this is a genetically
heterogeneous disease. However, elevated transferrin saturation >50% has a sensitivity of
75%, a specificity of 95%, and a positive predictive value of 3.5% for detecting HFE C282Y
homozygotes?, whereas ferritin is elevated in many other diseases than hereditary hemo-
chromatosis (e.g. inflammation, high alcohol intake, fatty liver disease)"? Thus, transferrin
saturation is usually the first screening test for hereditary hemochromatosis, followed by
genetic testing and ferritin measurement?,

The thesis focuses on adult white individuals of Danish descent, as hereditary hemo-
chromatosis is primarily a disease in individuals of Northern European origin“. Also, the
thesis focuses on Type 1 hereditary hemochromatosis?, but does not cover other types of
hereditary hemochromatosis or secondary hemochromatosis. The thesis does not cover
heart disease apart from hypertension, nor does it cover liver disease, arthritis, or pituitary
hypogonadism, also features of hemochromatosis?.

In a previous PhD thesis by Christina Ellervik in 2007, the focus was solely on hemo-
chromatosis genotypes and risk of ischemic heart disease®, stroke®, and a meta-analysis’ of
the existing literature at that time including 31 other disease end-points, but not including
mortality. It was evident from the meta-analysis in the PhD thesis that most of the studies
in the literature were cross-sectional and case-control studies. In contrast, the articles on
which the present doctorial thesis is based are primarily follow-up studies. Also, the meta-
analysis revealed areas of research that had not previously been investigated: association
of late-onset type 1 diabetes with hemochromatosis genotypes (paper 1)® and survival of



these patients (paper 6)°, risk of diabetes mellitus according to transferrin saturation in a
follow-up study (paper 2)%°, risk of hypertension according to transferrin saturation and he-
mochromatosis genotypes (paper 3)%, and risk of any cancer according to hemochromatosis
genotypes in a follow-up study (paper 4)'?. Hereditary hemochromatosis is a disease in in-
dividuals primarily of Northern European descent; the research questions on total mortality
in the general population (paper 5)* and in individuals with diabetes (paper 7)* had been
conducted previously in an American study®® and in an Australian study?® of mixed ethnici-
ties, respectively, but never in a Northern European white Population. Thus, this thesis is
independent of the previous PhD thesis, none of the papers in this thesis formed any part
of the PhD thesis, and the articles on which this thesis is based add new research areas not
previously covered.

The genotypings used in the articles in this thesis were done in 1999 for the Copen-
hagen City Heart Study (papers 1-7) and the Steno Diabetes Center (paper 1 and 6), in
2001-2007 for a new cohort at the Steno Diabetes Center (paper 2 and 6), and in 2007 for
patients from Losartan Intervention for Endpoint Genetic Sub-study (paper 3) and for Co-
penhagen General Population Study (paper 2, 3, 5 and 7). The same genotypings of some
of the participants were also used for two papers®®on ischemic heart disease and stroke
in the PhD thesis.

The transferrin saturation measurements we used in the articles in this thesis were
donein 1999 for the Steno Diabetes Center (paper 1 and 6), in 2001-2007 for a new cohort at
the Steno Diabetes Center (paper 2 and 6), in 2007 for the Copenhagen City Heart Study, and
in2003-2007 for the Copenhagen General Population Study (paper 2, 3, 5and 7). The trans-
ferrin saturation measurements did not form part of any of the articles in the PhD thesis.

Introduction

Hereditary hemochromatosis

Hereditary hemochromatosis is an iron-overload disorder characterized by iron accumula-
tion throughout life in various organs, such as the endocrine pancreas, heart, liver, pituitary
gland, joints, and skin®', Iron overload results in progressive tissue damage and organ fail-
ure, including diabetes mellitus, heart failure, liver cirrhosis, liver cancer, pituitary hypo-
gonadism, arthritis, and bronze colour of the skin due to hyperpigmentation®'’. However,
several years of iron accumulation are needed before tissue damage leads to clinical signs of
organ failure. The earliest detectable biochemical anomaly is increased transferrin satura-
tion?, which generally represents an increased intestinal iron absorption; this may be fol-
lowed by an increased ferritin concentration indicating accumulation of cellular iron®".

Non-hereditary hemochromatosis or secondary hemochromatosis may arise from
chronic use of iron supplements, chronic liver disease, and especially chronic red blood cell
(RBC) transfusion therapy for anemia in patients with ineffective erythropoiesis such as
patients with beta-thalassemia major or myelodysplastic syndrome, or in patients with
chronic hemolytic disorders or chronic bone marrow failure'®, The complications associated
with transfusional iron overload are in principle similar to hereditary hemochromatosis, but
with earlier onset®®, and require iron chelation therapy*e.

In 1996, the HFE gene was identified, with homozygosity for C282Y being responsible
for 84% of hereditary hemochromatosis in Europeans and with compound heterozygos-
ity for C282Y/HE3D explaining an additional 4%%°. The locus for HFE is on chromosome
6p21.3%°. A G —> A substitution at nucleotide 845 changes cysteine to tyrosine in codon 282
(C282Y), and a C —>G substitution at nucleotide 187 changes histidine to aspartate in codon
63 (HE3D). The genotypes C282Y/C282Y, C282Y/HE3D, C282Y/wild type and, in some stud-
ies, H63D/HE3D, but not H63D/wild type, are associated with evidence of iron overload? 2,
The risk of developing the clinical hereditary hemochromatosis phenotype is debated?> 2,
with penetrance estimates ranging from less than 1%2° to almost 30%7?* for individuals with



Table 1 Comparative overview of genetics in hereditary hemochromatosis (HH).

Juvenile HH TfR2-related HH | Ferroportin-
related HH

OMIM Classification | Typel Type 2, subtype A | Type 2, subtype B| Type 3 Type 4
Gene name HFE HJV HAMP TfR2 SLC40A1
Gene locus 6p21.3 1g21 19q13.1 7q22.1 2q32

Gene product HFE Hemojuvelin Hepcidin Transferrinreceptor 2 | Ferroportin
Pattern of Autosomal Autosomal Autosomal Autosomal Autosomal
inheritance recessive recessive recessive recessive dominant
Predominant cell Parenchymal Parenchymal Parenchymal Parenchymal Reticulo-
distribution of iron endothelial
Main organs Liver, endocrine | Liver, endocrine | Liver, endocrine |Liver, endocrine Liver, spleen
accumulating iron glands, heart glands, heart glands, heart glands, heart

Decade of onset of 4thor 5th 2nd or 3rd 2nd or 3rd 4thor 5th 4thor5th
symptomatic disease

Table is modified from A. Pietrangelo NEJM 2004,350:2383-97.
OMIM: Online Mendelian Inheritance in Man.
HFE: High iron Fe

HJV: Hemojuvelin

HAMP: Hepcidin Antimicrobial Peptide

TfR2: Transferrin receptor 2 gene

SLC40A1: Solute Carrier Family 40 member A1

C282Y/C282Y and with the least penetrance in women and the highest penetrance in men.
Thereason for the lower penetrance in women is that women bleed during the reproductive
period. Thus, onset in women is usually after the menopause, whereas in men onset is usu-
ally in the 30-50ies>.

The autosomal recessive form of hereditary hemochromatosis with homozygosity for
C282Y is also termed classic or Type 1 hereditary hemochromatosis; however, other genetic
and phenotypic variants exist? (Table 1). This thesis is focusing on classical hereditary he-
mochromatosis with homozygosity for C282Y/C282Y.

Population studies have provided information on allele frequencies of C282Y and
H63D%. Thereis anorth to south gradient in Europe of the C282Y allele frequencies with the
highest reported in Northern Europe and in Northern European emigrants (5-11%) and the
lowest in Southern Europe (0-5%), and vice versa for H63D with allele frequencies of 10-
20% in the south and 5-10% in the north of Europe. It is believed that C282Y originated by
chance in a single Celtic®®#’ or Viking?® ancestor in North Western Europe about 2000-4000
years ago*?, and a joint hypothesis is that C282Y originated in the Celts but was spread by
the Vikings®. The reasons why the allele frequencies of C282Y are higher in Northern Eu-
rope than in Southern Europe can be explained both by the founder effect, but it may also be
speculated that heterozygotes have a survival advantage or that heterozygotes are better
protected against anemia®, which could be beneficial in the reproductive period for younger
women,; however, there is no difference in parity status among heterozygous women com-
pared to wild types®. As will also be seen later in this thesis in the Results section, risk of
mortality in individuals with C282Y/wild type is not different from that in wild type/wild
type individuals; however, mortality as studied here in later life will not affect reproduction.

Most individuals homozygous for C282Y have elevated levels of transferrin saturation
and ferritin?® 3134, Biochemically, cut-off values for transferrin saturation and ferritin in the
diagnosis of hemochromatosis have varied across studies®, but a transferrin saturation, re-
flecting plasma iron, above 50% and a ferritin concentration, reflecting tissue iron, above
1000 pg/L are generally accepted criteria, although there are gender differences®.



Figure 1. Hepcidinandironinflux.

The normal infux of iron from enterocytes to the blood stream is mediated through the
transporter ferroportin on the basolateral side of the enterocyte. The hormone hepcidin, which is
secreted by hepatocytes, is the central regulator of iron homeostasis. Hepcidin transcription is
upregulated in response to iron overload and downregulated in response to iron deficiency. In
conditions with iron overload, hepcidin downregulates the ferroportin-mediated release of iron
from enterocytes and macrophages to the blood. Except for inherited defects of hepcidin itself
(HAMP) and ferroportin (SLC40A1), all forms of iron-storage disease appear to arise from hepcidin
dysregulation. Hepcidin is regulated by various proteins, such as HFE (HFE) and transferrin
receptor 2 (TfR2), and mutations in the hemojuvelin gene (HJV). See also Table 1.
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There is now substantial evidence that the liver plays a central role in determining, how
much iron is absorbed from the intestinal tract and in influencing the release of iron from
sites of storage®. The normal flux of iron from enterocytes to the blood stream is mediated
through the transporter ferroportin on the basolateral side of the enterocyte (Figure 1),
while the hormone hepcidin, which is secreted by hepatocytes, is the central regulator of
iron homeostasis. Hepcidin transcription is up-regulated in response to iron overload and
down-regulated in response to iron deficiency?. In conditions with iron overload, hepcidin
downregulates the ferroportin-mediated release of iron from enterocytes and macrophages
to the blood®. Iron-storage disease may arise due to mutations in the genes coding for the
HFE protein (HFE, Type 1), hemojuvelin (H]V; Type 2A)%, hepcidin( HAMP, Type 2B), trans-
ferrin receptor 2(TfRZ,; Type3), and ferroportin (SCL40AI; Type 4)>% (Table 1).

The underlying mechanism of action for the iron-induced cellular damage involves forma-
tion of free radicals through the Fenton reaction resulting in oxidative stress to the cells3? 4,
Depending on which cells are damaged, different diseases in different organs develop.
Clinically, hereditary hemochromatosis is thought of as rare* 4% however, genotyping



studies suggest that it potentially is one of the most common genetic diseases in people of
Northern European descent?, since the prevalence of the genotype C282Y/C282Y is 0.25%
and the prevalence of the genotype C282Y/wild type is 9%°.

Diabetes mellitus (paper 1 and 2)

In vitro rat beta-cells are prone to reactive oxygen species (ROS)-mediated damage by cyto-
kine-dependent up-regulation of cellular iron import by the divalent metal ion transporter
(DMT-1)43, and inducible beta-cell specific knock-out of DMT-1 protects against inflamma-
tory and high fat diet induced diabetes. Also, introduction of HFE mutations in mice results
in beta-cell oxidative stress and decreased insulin secretory capacity due to glucose desen-
sitization and to beta-cell apoptosis*4. Further, increased hepatic glucose production and de-
creased skeletal muscle glucose oxidation may contribute to diabetes in iron overload in an
animal model of Type 2 diabetes*. Accordingly, iron restriction or iron chelation protects
from diabetes and loss of beta-cell function in obese mice?s,

The defectsinboth insulin-producing and insulin sensitive tissues are most likely caused

by iron-dependent catalysis via the Fenton reaction of ROS, which impair insulin signalling
in skeletal muscle and liver, and which cause beta-cell destruction due to insufficient beta-
cell antioxidant defence*” 48,
In autopsies of patients with hereditary or non-hereditary hemochromatosis and diabetes,
impaired glucose tolerance, or impaired fasting glucose, iron was found deposited in the
beta-cells**>4, Also, there is an inverse relationship between beta-cell iron deposits and in-
sulin secretory granules® 55, and the number of beta-cells with hemosiderin increases pro-
portionally with blood transfusion volume®, Furthermore, the degree of impaired fasting
glucose and glucosuria increases with increasing iron overload and with increasing beta-cell
iron staining®. In patients with only mild hemosiderosis of the pancreas iron staining is con-
fined to acinar cells and the stroma®" 3, and control autopsies of patients without a history
of hemochromatosis, blood transfusions or diabetes do not show any iron staining in the
pancreas®, In pancreatic tissue from autopsies of patients with hemochromatosis the histo-
logical appearance of the islets is normal with their shape and size being unchanged (unlike
Type 1 diabetes)?*®, amyloid deposits are absent (unlike Type 2 diabetes) 433, and there is
no iron staining in the alpha or delta cells*-52 Thus, pancreatic involvement in iron overload
seems to be a continuum from mild hemosiderosis involving acinar cells and the stroma to
severe hemosiderosis with beta-cell involvement.

Functionally, diabetes secondary to hereditary or non-hereditary hemochromatosis
is characterised by both insulin resistance®-° and insulin deficiency*“®, and may therefore
mimic both Type 2 diabetes and idiopathic Type 1 diabetes. Patients with hereditary hemo-
chromatosis are more prone to develop diabetes if insulin resistant, since their insulin secre-
tory capacity is decreased but usually not absent#@ 6,

In 2001 (paper 1), we postulated that the most likely explanation for the discrepancy
that hemochromatosis was thought of as rare but the frequency of the HFE C282Y homo-
zygosity was 0.25% with an estimated penetrance rate of 50%, was that hereditary hemo-
chromatosis was often overlooked?®. Our aim was to test this hypothesis in patients with late-
onset Type 1 diabetes mellitus, a hypothesis that had not been investigated before at that time.
Previous studies of risk of diabetes conferred by the C282Y/C282Y genotype had primarily fo-
cused on Type 2 diabetes or any diabetes with contradicting results’ 23622 The evidence now
in 2014 from epidemiological studies is that hereditary or non-hereditary hemochromatosis
is associated with increased risk of developing or dying from diabetes’-10-14-83-85, [t is also now
known that high serum ferritin correlates inversely with serum insulin, and proportionally
with blood glucose concentrations®”. Also, high serum ferritin, body iron, haem intake, and
dietary iron intake are associated with increased risk of diabetes®3-86.85-91 Finally, phleboto-
my may improve insulin secretory capacity % % and insulin sensitivity® if instituted early,
and it reverses impaired glucose tolerance in patients with hereditary hemochromatosis® %,



Inthe context of the existing literature, three studies® %% have used transferrin satura-
tion as the primary independent variable (without considering hemochromatosis genotype)
for the study of the risk of any diabetes. However, these studies are heterogeneous with
regard to ethnicity, study design, size, transferrin saturation threshold, diabetes diagnosis,
source of diabetes diagnosis, and conclusions as to whether elevated transferrin saturation
is associated with risk of diabetes (one study in favour® and two studies not in favour®® ),

Therefore, we undertook another study (paper 2) of whether elevated transferrin satu-
ration conferred increased risk of any type of diabetes mellitus, type 1 diabetes mellitus, and
type 2 diabetes mellitus in three independent Danish white population-based studies!® from
the same geographical area.

Hypertension (paper 3) and other heart disease (cardiomyopathy,
ischemic heart disease, cardiac arrhythmias)

In asymptomatic subjects with C282Y/C282Y genotype there appears to be an early detect-
able echocardiographic manifestation of abnormal diastolic function®, which may be asso-
ciated with oxidative stress caused by the iron overload®®, but systolic function seems to
be preserved'®, The echocardiographic features of patients with symptomatic hemochro-
matosis are varying degrees of cardiomyopathy and left ventricular hypertrophy (LVH)!t,
the latter also a feature of hypertension'®. Increased thickness of the ventricular wall is
probably the first, and still reversible, cardiac alteration due to iron deposition in the myocar-
dium!®s, Later, with increasing iron overload, left ventricular function becomes impaired and
dilated cardiomyopathy develops!®, In support, accumulating evidence suggests that oxida-
tive stress may alter the modulation of vascular tone'®*1%, thereby affecting blood pressure
leading to hypertension. Furthermore, it has been shown that arterial wall thickness was
increased before the onset of cardiovascular complications in hemochromatosis patients
and that this alteration was reversed by iron depletion!®. Also, in men with hypertension
increased serum ferritin has been shown to be more frequent than in controls'?’. It is there-
fore possible that individuals with hemochromatosis genotypes and/ or iron overload are
overrepresented amongst patients with hypertension and/or LVHY, a hypothesis that was
tested in paper 3.

Meta-analyses have not shown any association of iron overload '°® or HFE genotypes” 1%
withischemic heart disease or myocardial infarction; also, HFE genotypes are not associated
with oxidized LDLS.

In single case-study of patients with symptomatic hereditary hemochromatosis, severe
cardiac arrhythmias have been described™® '; however, in a larger case-study of symptom-
atic patients with hereditary hemochromatosis, ECG abnormalities were non-specific com-
pared to controls!®. In asymptomatic patients with C282Y/C282Y genotype self-reported
arrhythmias were not different from that in wild-type subjects!*?, but ECG-measurements
suggested a marginal but significant difference in non-life-threatening ECG abnormalities®3,
However, it is estimated that in male patients with pacemaker treated atrioventricular block
of second or third degree, that the prevalence of patients with hereditary hemochromatosis
is1.3%"4,1.e. 4-5 times the prevalence of C282Y homozygosity in the general population.

Cancer (paper 4)

Iron-induced free radical damage to DNA may be important for the development of cancer®s,
and cancer cells grow rapidly in response to iron*® ', Thus, iron overload, either in general
or genetically via hemochromatosis genotype C282Y/C282Y, may lead to increased risk of
cancer. The most severe outcome of hereditary hemochromatosis is liver cancer?, also as-
sociated with hemochromatosis genotype C282Y/C282Y in case-control studies’. However,
a meta-analysis of the association of any other cancer than liver cancer with hemochroma-
tosis genotype C282Y/C282Y in case-control studies had insufficient power to exclude an
association’. Risk of cancer in individuals with iron overload has previously been studied in



various prospectivel®12® and case-control studies!'®®, but with contradicting results. Howev-
er, ithasbeen shown that therapeutic iron reduction in arandomized trial'* and blood dona-
tion'¥ both seem to reduce cancer risk. No population-based follow-up study of cancer risk
as a function of hemochromatosis genotypes has previously been conducted. Therefore, we
recently conducted such a study along with a meta-analysis of elevated transferrin satura-
tion and risk of any cancer?in paper 4.

Mortality (paper 5, 6 and 7)

Paper5

The 4™ and 5™ decade is usually the onset of symptomatic organ disease in individuals with
hereditary hemochromatosis, with onset for men not uncommon in their thirties and for
women after menopause®. There is even evidence for increased mortality in patients with
clinically overt hereditary hemochromatosis®**%. Early diagnosis and instigation of appro-
priate treatment with repeated venesections can prevent the consequences of hereditary
hemochromatosis and restore normal life expectancy?3+138 13% Total mortality according to
increased transferrin saturation, a biochemical proxy for iron overload, was examined in a
single previous population-based study (NHANES)'; this study examined 10,000 individu-
als including 10% non-whites, who potentially could have a very low chance of having iron
overload, since iron overload is a disease most often seen in individuals of Northern Euro-
pean origin'4?, Furthermore, this study did not examine a dose-response relationship from
low iron loads to iron overload, did not examine extreme phenotype (iron overload above
70%) but only above 45-60%, and did not show gender-stratified results.

Due to these weaknesses in the NHANES study and since significant results can either
arise by chance, confounding, bias, misclassification, or reflect a true association, we there-
fore conducted a similar study'® (paper 5). However, our study was larger (45,000 individu-
als, all whites of Northern European Danish descent); and as a novel idea and finding, in this
paper, as was not presented in the NHANES paper, we added a semi-graded relationship of
transferrin saturation(%) with cut-points of <20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-
80, and above 80, in order to see if there was a dose-response relationship, which there
was®, Also, we looked into more extreme phenotypes than the NHANES. The reason for
choosing this semi-graded relationship was to find out if there was another lower or high-
er cut-off that would associate better with overall mortality. Off-course, this semi-graded
relationship could have been refined to include other regression models to explore the con-
tinuous relationship between transferrin saturation and mortality; however, we wanted
to use the terminology of cut-off's at the time this paper was written, largely because
results are more easy to use clinically if applicable. However, in the Results section of this
thesis is now also included a continuous model for the relationship between transferrin
saturation and mortality.

Paper 6

At the time the data for paper 1 was collected and later published in 2001, as well as now
in 2014, it was not part of clinical guidelines to assess for hemochromatosis in specialised
diabetes clinics or among general practitioners. It was our aim with paper 1 to assess wheth-
er there was a higher prevalence of patients with hemochromatosis among these patients
than seen in the general population. The data confirmed this hypothesis (see Results and
Discussion in this thesis). At that time, it was known from studies of patients with hemo-
chromatosis that early detection'#138139 of the disease would halter or reduce co-morbidi-
ties. A recent study in patients with hereditary hemochromatosis demonstrated a decline
in diabetes prevalence in patients diagnosed after determining that they carried the HFE
gene compared to those diagnosed before'#, suggesting that awareness of HFEin general
and development of diabetes in those patients in particular possibly will translate into a
better life expectancy.



In paper 1 we recommended measurement of transferrin saturation in all diabetic pa-
tients with diabetes onset after 30 years of age followed by genetic testing for HFE in cases
with a transferrin saturation above 50%, to improve life expectancy in patients with diabe-
tes secondary to hereditary hemochromatosis®. Therefore, as part of the Discussion and in
the Conclusion in the abstract in paper 1, we hypothesised/speculated that assessing this
group of patients even earlier (i.e. at entry to the Steno Diabetes Center) could in the future
result in the earlier diagnosis of hemochromatosis and in reduced premature death, but we
did not have the data to justify that in paper 1. To assess the recommendation of early mea-
surement of transferrin saturation to prevent premature death, in paper 6 we followed up
patients with late-onset type 1 diabetes from paper 1 (Diabetes Cohort 1) compared with
another group of patients (Diabetes Cohort 2) with late-onset type 1 diabetes diagnosed
at entry to the Steno Diabetes Center, and not at some random time point as in the previ-
ous Paper 1. Furthermore, we investigated total mortality in patients with type 2 diabetes
and other diabetes but diagnosed at entry to the Steno Diabetes Center, and not at some
random time point as in the previous Paper 1; however, for this group of patients, we did
not have a “control group” from the Steno Diabetes Center that would have had a random
measurement, since this was thought of as unethical due to the results in paper 1 (even
though these results only related to late-onset type 1 diabetes). Finally in paper 6, we in-
vestigated whether mortality in patients with diabetes was driven by HFE genotypes. Only
one previous Australian study had investigated that before® and could not show evidence
of increased mortality according to iron overload or HFE genotype in patients with type 2
diabetes!®; however, that study consisted of only 1,265 patients of mixed ethnicity and had
ashorter follow-up and less power, and thus not comparable to our study, which was larger,
of homogenous ethnicity, with longer follow-up, and more statistical power. It has indeed
previously been shown that ethnicity matters in terms of the risk conferred by iron over-
load and HFE genotype’.

Paper7

As mentioned before, a study in patients with hereditary hemochromatosis demonstrated
a decline in diabetes prevalence in those patients diagnosed after determining that they
carried the HFE gene compared to those diagnosed before!¥!, suggesting that awareness
of hemochromatosis in general and development of diabetes in those patients in particular
could translate into an improved life expectancy. Furthermore, we demonstrated a decline
inmortality in patients with late-onset type 1 diabetes offered targeted screening for trans-
ferrin saturation® (results from paper 6). Thus, we have recommended targeted screening
for transferrin saturation in specialised diabetes clinics®° (in paper 6). Whether mortality
was also increased in white individuals of Northern European descent ascertained from the
general population with diabetes and increased transferrin saturation or hemochromato-
sis genotype C282Y/C282Y was unknown. If this was the case, however, recommendation
on targeted screening could also cover individuals with diabetes in the general population,
when these individuals see their general practitioner for regular diabetes check-ups, that
is, if they have not already previously been diagnosed with hemochromatosis. Therefore,
in paper 7, we investigated total and cause-specific mortality according to increased trans-
ferrin saturation or hemochromatosis genotype C282Y/C282Y in white Danish individuals
with diabetes ascertained from two general population studies.

Other diseases associated with hereditary hemochromatosis, but not
part of the thesis

Liver disease

Hereditary hemochromatosis is associated with liver cirrhosis and liver cancer?4?; likewise,
in a previous meta-analysis we showed that C282Y/C282Y was also associated with liver
cancer’. Butiron overload and C282Y/C282Y genotype also seem be torisk factors for other
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non-hemochromatotic liver diseases’-'#2. Iron overload and C282Y/C282Y is associated with
increased risk of porphyria cutanea tarda, a metabolic disorder of the hem-pathway” 4%,
Also, in patients with hepatitis C carrying the C282Y mutation, fibrosis seems to be more
advanced than in patients without the C282Y mutation'4?, There seems to be evidence that
alcohol increases liver injury in patients with hereditary hemochromatosis'4? however,
whether iron overload and C282Y/C282Y genotype are also associated with non-alcoholic
fatty liver disease is disputed” 43,

Arthritis

One third of patients with hemochromatosis have joint pain and it is typically the second
and third metacarpophalangeal joint that is affected, but any joint can be affected'“4. The
arthritis is a non-inflammatory condrocalcinosis'#4. A meta-analysis of risk of arthritis ac-
cording to C282Y/C282Y genotype did not show any association’, however, the studies
were all small case-control studies. But a recent nationwide follow-up study has shown
that patients with hereditary hemochromatosis have increased risk of arthropathies and
joint replacement surgery*>

Pituitary hypogonadism

Men with hereditary hemochromatosis may experience pituitary hypogonadism!4® and
loss of libido'#. In support of this, the C282Y polymorphism has been associated with
higher sex hormone binding globulin (SHBG) than wild types!“8, although this could also
be attributed to liver disease.

Porphyria cutanea tarda

Inaprevious meta-analysis we showed that HG3D/wild type, H63D/H63D, C282Y/wild type,
C282Y/HE3D, and C282Y/C282Y genotypes were associated with porphyria cutanea tarda
in a dose-dependent manner with the largest risk conferred by C282Y/C282Y genotype’.

Classification of diabetes mellitus

Until the 1970'ies, the classification by the World Health Organisation (WHO) of diabetes was
by either age or type!#® (Table 2). However, it became clear that in some patients with diabe-
tes insulin was life-saving, whereas in others it was not. In the WHO 1980'5°/1985% classi-
fication system, diabetes was then divided into insulin-dependent diabetes mellitus(IDDM)
and non-insulin dependent diabetes mellitus (NIDDM). Thereafter, studies showed that islet
cell auto-antibodies were discriminative of some NIDDM patients (5-10%)'?, and that these
patients carrying such antibodies showed resemblance of IDDM; this group of patients were
termed "latent auto-immune diabetes of the adult (LADA)!*%%". Today the islet cell auto-an-
tibody glutamic acid decarboxylase (GAD-65) is the first choice of test, because of its high
sensitivity, specificity, and positive predictive value and it is the best standardized and char-
acterized type 1 diabetes analysis'>*

In 1999 on the recommendation by the American Diabetes Association'>3(ADA), WHO reclas-
sified the diabetes criteria’® into the etiological types of primarily type 1 diabetes (auto-
immune and idiopathic) characterised by beta-cell destruction usually leading to absolute
insulin deficiency, and type 2 diabetes characterised by a range from predominantly insulin
resistance with relative insulin deficiency to a predominantly secretory defect with or with-
out insulin resistance.

In the 1965 WHO-report hereditary hemochromatosis is acknowledged as a pancreatic
disorder that may lead to diabetes; in the WHO-1S80 report, diabetes secondary to hemo-
chromatosis was described in the following way: “In a very few societies, hemochromatosis
is a major cause of diabetes. This occurs when iron consumption is high”, In the WHO-1999
report hemochromatosis became part of the classification system as a subgroup to the group:
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Table 2. wno expert committee classifications of diabetes in 1965,
1980, and 1999 and by ADA in 2006

WHO-1965 WHO-1980 WHO-1999 and ADA-2006

(Data derived from the
expert committee report)

A classification by age.
1) Infantile or childhood
diabetes

(0-14 years)

2) young diabetes
(15-24 years)

3) adult diabetes
(25-64 years)

4) elderly diabetes
(above 65 years)

A classification by type:
-Juvenile diabetes

-Brittle Diabetes
-Insulin-resistent diabetes
-Gestational diabetes
-Pancreatic diabetes

(eg. hemochromatosis)
-Endocrine diabetes
-latrogenic diabetes

(Data derived from the expert
committee report,

table 2: Classification of diabetes
mellitus and other categories of
glucose intolerance)

A.Clinical classes
Diabetes Mellitus:

-Insulin-dependent (Type 1)
-Non-insulin dependent (Type 2)
a) Non-obese
b) Obese

Other types including diabetes
mellitus associated with certain
conditions and syndromes:

1) pancreatic disease,

2) disease of hormonal
etiology,

3) drug- or chemical-induced
condition,

4) insulin receptor
abnormalities

5) certain genetic syndromes,

6) miscellaneous.

Impaired glucose tolerance

a) Non-obese

b) Obese

c) Impaired glucose tolerance
associated with certain
conditions and syndromes

Gestational diabetes

B. Statistical risk classes

(subjects with normal glucose
tolerance but substantially
increased risk of developing
diabetes)

-previous abnormality of
glucose tolerance

-potential abnormality of
glucose tolerance

(Data derived from the expert
committee report, Table 2:
Aetiological classification of
disorders of glycaemia and
Table 3 Other specific types of
diabetes) & ADA 2006 (Table 1)

Etiologic classification of
diabetes mellitus

I. Type 1 (beta-cell destruction,
usually leading to absolute
insulin deficiency)
-Autoimmune

-Idiopathic

II. Type 2 (may range from
predominantly insulin
resistance with relative insulin
deficiency to a predominantly
secretory defect with insulin
resistance)

III. Other specific types

A.Genetic defects of
beta-cell function

B. Genetic defects of
insulin action

(]

. Diseases of the
exocrine pancreas

-Fibrinocalculous
pancreatopathy

-Pancreatitis
-Trauma/pancreatectomy
-Neoplasia

-Cystic Fibrosis
-Hemochromatosis
-Others

D. Endocrinopathies
E. Drug- or chemical induced
F. Infections

G. Uncommon forms of
immune-mediated diabetes

H. Other genetic syndromes

IV. Gestational diabetes

Data in the table are derived from the WHO expert Committee reports and ADA, see text for
references. Not all details are shown due to limited space.

WHO: World Health Organization; ADA: American Diabetes Association.
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“exocrine pancreatic disorders”. However, as described above, this is a misclassification, as
the pancreatic diabetes likely originates from destruction of beta-cells. In hemochromatosis
with end-organ damage, histopathological deposition of hemosiderin in the exocrine pan-
creas can be seen in the acinar cells® 1%, but destruction of lobular architecture and signifi-
cant fibrosis, both features of chronic pancreatitis, are lacking'™, and the effect on exocrine
pancreatic function is controversial's® 3¢, Although older studies have suggested that exo-
crine pancreatic secretion facilitated iron absorption'¢%16!, these studies have been disprov-
en's9162183 Furthermore, hemochromatosis genotypes are not associated with aggravation
of alcoholic, idiopathic or familial pancreatitis, or with pancreatic adenocarcinoma?®4,

Danish registries for ascertainment of diagnoses used in the thesis

The national Danish Civil Registration System'®S (CRS) was established in 1968 and contains
current and historical information on individuals living in Denmark. The CRS includes in-
dividual information on the unique personal identification number, name, gender, date of
birth, place of birth, citizenship, identity of parents and continuously updated information
on vital status, place of residence and spouses, and on immigration and emigration as well65,
Use of CRS with other Danish registries is a unique opportunity to link information to data
obtained in epidemiological studies.

The National Danish Patient Registry'®® was established in 1977. Until 1995 it contained
information on all inpatient hospitalisations, from 1995 it covers all hospital inpatient, outpa-
tient, emergency care and other hospitalisations. Until 1994 the registry used World Health
Organisation International Classification of diseases (ICD) edition 8 (ICD-8), and from 1994
and onwards the registry has used edition 10 (ICD-10).

The National Danish Cancer Registry contains data on the incidence of cancer in the Danish
population since 1943'%7, The information recorded in the registry covers personal informa-
tion (at date of diagnosis) and tumor information (e.g. morphology, topography, stage, grade
etc.). Theregistry used ICD-7 coding until 1977, and from 1978 it has used ICD-10 coding.
The National Danish Causes of Death Registry (NDCDR)!®® was established in 1875 and cov-
ers all deaths among citizens dying in Denmark. Classification of causes of death is done
according to the ICD-system and since 1994 using the ICD-10 edition. The NDCDR contains
information on all underlying and contributing causes of death; until 2007, the coding was
done by the Danish National Board of Health based on paper-based death certificates com-
pleted by physicians in hospitals, general practice, or forensic medicine; after 2007, it is the
physician who verifies the death and issues the electronic death certificate and who also
classifies the causes of death according to the ICD coding'®®.

Objectives
To summarise from the introduction, the following hypotheses were tested in this thesis:

1. Hereditary hemochromatosis is a disease often overlooked in patients with late-onset
type 1 diabetes mellitus, a late manifestation of untreated iron overload® (paper 1).

2. Elevated transferrin saturation (a proxy for iron overload) is associated with increased
risk of any form of diabetes, as well as type 1 and type 2 diabetes separately'® (paper 2).

3. The hemochromatosis genotype C282Y/C282Y and/ or extreme elevation in transferrin
saturation (proxies for iron overload) are associated with hypertension and/ or left ven-

tricular hypertrophy (paper 3).

4, Elevated transferrin saturation levels and hemochromatosis genotype C282Y/C282Y
(proxies for iron overload) are associated with an increased risk of cancer'? (Paper 4).
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5. Elevated transferrin saturation levels (a proxy for iron overload) are associated with
increased risk of total mortality'®in the general population (Paper 5).

6. Elevated transferrin saturation and hemochromatosis genotype C282Y/C282Y are
associated with total and cause-specific mortality, and early measurement of trans-
ferrin saturation improves life expectancy in patients with diabetes ascertained in a
specialized diabetes clinic® (paper 6).

7. Elevated transferrin saturation and hemochromatosis genotype C282Y/C282Y are
associated with total and cause-specific mortality in patients with diabetes ascertained
in the general population (paper 7).

Methods

Study populations

The studies were approved by Herlev Hospital and by Danish and Scandinavian ethics com-
mittees. Written informed consent was obtained from participants. The studies complied
with the Declaration of Helsinki.

General Population studies (papers1,2,3,4,5,and 7)

We examined two similar but independent white Danish population-based follow-up studies,
the Copenhagen City Heart Study(CCHS) 1991-1994 and 2001-2003 examinations® 10-13.163
and the Copenhagen General Population Study (CGPS) 2003-2007 examination 13169, Indi-
viduals in the 2 studies were ascertained and examined similarly (Table 3).

The Copenhagen City Heart Study (papers 1,2, 3,4,5,and7)

This is a prospective general population study of individuals from Copenhagen (dsterbro
and Ngrrebro) randomly selected on the basis of the Danish Civil Registration System Code
to reflect the adult general population. The participants, age-stratified within 5-year age
groups from 20-80 years were examined in 1976-1978'7°, 1981-1983, 1991-1994'"}, and in
2001-2003.1n 1976-1978, 19329 individuals were invited and 14223 participated (74%). In
1981-1983, the previous cohort was invited plus an additional 500 individuals aged 20-25
years; 12698 participated (70%). In 1991-1994, those who previously were invited in the
first or the second examination were invited (N=13560) and an additional 3000 individuals
aged 20-49 years were invited; 10135 individuals participated (61%). In 2001-2003, 12599
were invited including an additional 2464 individuals aged 20-29 years old; 6237 partipated
(50%). At each examination, participants filled out a questionnaire (e.g. physical activity,
smoking, diet, alcohol, reproductive history (women), and medication) and attended a health
examination including blood samples. Participants were not asked about a previous diag-
nosis of hemochromatosis. DNA was isolated in the 1991-19394 examination (N=9259), and
data in the thesis are based on those individuals who attended the 1991-1994 examination
(mean age 60 years). Depending on the specific selection criteria for the study objectives in
the thesis, 8740-9174 individuals were included from the 1991-19394 CCHS examination.

The Copenhagen General Population Study (paper 2, 3,4, and 7)

This is a prospective general population study with enrolment ongoing; the study was initi-
ated in 2003 and is still recruiting. Individuals were randomly selected on the basis of the
Danish Civil Registration System Code to reflect the adult general population in the Greater
Copenhagen Area (Region Hovedstaden). Inclusion criteria were age 20-100 years, white
and of Danish descent; Danish descent is defined in the Danish Civil Registration System
as a person who is born in Denmark with Danish citizenship with both parents also born in
Denmark with Danish citizenship. Data in this thesis are based on those who attended from
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2003-2007 (mean age 58 years). The secretariat from CGPS could not provide me data on
non-participants, but they have roughly estimated the response rate to be 45% (personal
communication with BG Nordestgaard), although this number has some uncertainty as the
study is recruiting continuously. Participants filled out a questionnaire (e.g. physical activity,
smoking, diet, alcohol, reproductive history (women), and medication) and attended a health
examination including blood samples. Participants were not asked about a previous diagno-
sis of hemochromatosis. Depending on the specific selection criteria for the study objectives,
24195-36480 individuals were included; but since CGPS is an ongoing study with continu-
ous enrolment, number of individuals also varied across the papers. It was not possible to
get additional information from the Secretariat for CGPS to supply the diagnoses for total
mortality or co-morbidities on the non-participants in CGPS, as this part of the data is only
planned to be organised later.

Patients

Steno Diabetes Center Cohort 1999 (Diabetes Cohort 1) (paper 1 and 6)

We recruited all patients from Copenhagen and the former Copenhagen county (Kgben-
havns Amt) who attended Steno Diabetes Center between April, 1999, and November, 1998,
and who had late-onset type 1 diabetes mellitus diagnosed® (i.e. after 30 years of age) ac-
cording to WHO-1980 criteria'®®. Since the centre is a first-line referral clinic for individuals
more than 16 years of age with diabetes from the Greater Copenhagen Area, this cross-
sectional sample is representative of a population of about 600 000 inhabitants. More than
90% of those diagnosed with type 1 diabetes were referred to the Steno Diabetes Center.
Because diabetes first manifests in late adulthood in patients with hereditary hemochroma-
tosis, we enrolled only those who developed type 1 diabetes after age 30 years. We asked
792 patients to participate, 716 (90%) accepted and were genotyped; 708 (39%) of these
were of Danish descent. Mean age was 51 years. None of the patients were diagnosed with
hemochromatosis at recruitment. At study entry in 1999, both clinicians and patients were
unaware of the patients’iron and genotype status, and patients had a blood sample for mea-
surement of transferrin saturation and genotyping for hereditary hemochromatosis. This
study is retrospective in the sense that in 1999 we examined the relation between hemo-
chromatosis genotype C282Y/C282Y and late-onset type 1 diabetes. Table 4 shows charac-
teristics of the participants. We did not have data on the non-participants.

Steno Diabetes Center Cohort 2001-2007(Diabetes Cohort 2)(paper 2and 6)

Based onresults in Diabetes Cohort 1 (shown in the Results section), a decision was made at
the Steno Diabetes Centre to introduce routine measurement of transferrin saturation dur-
ing the first meeting with an endocrinologist for all patients attending the Steno Diabetes
Center; increased transferrin saturation above 50% was followed by a genotyping for HFE.
We therefore consecutively included population-based white Danish patients with diabetes
(N=6129) for paper 2° ( median age 56 years) from Copenhagen and the former Copenha-
gen County who attended the Steno Diabetes Center between November 2001 and Novem-
ber 2007'°. None of the patients were diagnosed with hemochromatosis at recruitment.
There was no overlap between patients from the Diabetes Cohort 1 and Diabetes Cohort 2. In
paper 6°, comparing these two cohorts in order to examine the effect of early measurement
of transferrin saturation, 9 patients were lost to follow-up due to emigration, and 6120 pa-
tients were included. Table 4 shows characteristics of the participants from Diabetes Cohort
1 and Diabetes Cohort 2 from paper 6.

Patients with diabetes ascertained in CCHS and CGPS (paper 7)
We included 3346 individuals with diabetes (375 from CCHS, 23971 from CGPS) from a total
population size of 84,865 (8740 from CCHS and 76,125 from CGPS); 118 had type 1 diabe-
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tes and 3328 had type 2 diabetes. Patients with diabetes were those who answered yes to
either one of the following questions a) Do you have diabetes (yes/no), b) are you treated
with insulin?, ¢) are you treated with other antidiabetic drugs?, d) or those who answered
no to the questions but had a non-fasting blood glucose above 11 mmol/L. At the time this
study was performed, the CGPS had included more individuals in the study, than those
used for the previous papers.

Losartan Intervention for End-Point Reduction in Hypertension Genetic Substudy
(LIFEGEN) (paper 3)

Losartan Intervention for End-Point Reduction in Hypertension (LIFE) was a double-blind,
prospective, parallel group study designed to compare the effects of losartan with those of
the b-blocker atenolol on the reduction of cardiovascular morbidity and mortality'72. 33 000
screening ECGs were received, and approximately 19 000 ECGs were approved as meeting
the study ECG-LVH criteria. 9124 patients with essential hypertension, aged between 55
and 80 years, and ECG-documented left ventricular hypertrophy (LVH) were included and
randomized. It is not clear from the protocol how many patients that were asked for partici-
pation at the time of screening'”.

Losartan Intervention for End-Point Reduction in Hypertension Genetic Substudy (LIFE-
GEN) included 3815 Scandinavian patients with hypertension and electrocardiogram (ECG)-
verified LVH2174 who were all genotyped for C282Y and H63D*. All patients were white
and were recruited between June 1995 and April 1997 in Denmark (N = 904), Finland (N =
1262), Norway (N = 641), and Sweden (N =1008). Median age was 66 years (Table 3). Pa-
tients were not asked about a previous diagnosis of hemochromatosis.

Genotyping

Genotyping of CCHS and patients with late-onset type 1 diabetes (Diabetes Cohort 1) was
done in 1999 as part of paper 1. Genotyping of patients with diabetes in Diabetes Cohort 2
was done consecutively from 2001-2007 as part of paper 2. Genotyping of the CCHS par-
ticipants and diabetes patients® for C282Y (dbSNP: rs1800562), a G’A nucleotide change at
position 845 in HFE?°, and H63D (dbSNP: rs1799945), a C/G nucleotide change at position
187in HFE?, was by allele specific amplification'’s, with restriction enzyme digestion to con-
firm genotyping® . The amplification refractory mutation system (ARMS) simultaneously
detects both hereditary hemochromatosis mutations C282Y and H63D, including sense and
antisense primers for C282Y, H63D and human growth hormone as an internal amplification
control’s, Genotyping of the CGPS and LIFEGEN participants was done in 2007 and was by a
TagMan assay (Applied Biosystems, Foster City, CA, USA)*. Each run included a known non-
carrier, a heterozygous, and a homozygous control verified by sequencing. After 2 reruns,
callrates for genotypes where above 99.9% for all assays. CCHS, CGPS, and LIFEGEN popula-
tions were in Hardy-Weinberg equilibrium (HWE) for C282Y and H63D. In diabetes Cohort 1,
H63D was in HWE, but C282Y was in Hardy-Weinberg disequilibrium (p=0.002). It was not
possible to estimate HWE in Diabetes Cohort 2 as only those patients with transferrin satu-
ration above 50% were genotyped. The data on genotyping in the papers 3, 4, 6 and 7 thus
rely on the genotyping data from the previous papers.

Measurement of transferrin saturation

CCHS, CGPS, diabetes patients: A non-fasting transferrin saturation level of >50% was cho-
sen as suggestive of increased transferrin saturation, in accordance with accepted clinical
practice®176.777, Transferrin saturation(%) was determined as iron levels (in umol/L) divided
by 2*transferrin levels (in pmol/L) *100. Transferrin was measured by turbidimetry and iron
levels by absorption photometry ((Konelab autoanalyzer (ThermoFisher Scientific; Waltham,
MA, USA) and Hitachi 912 (Roche)). Coefficient of variation (CV%) of iron was 2.3 % at the
level of 20.6 pmol/L and of transferrin 5.7% at the level of 25.9 umol/L.
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Table 3 Characteristics of participants in CCHS, CGPS and LIFEGEN

(from paper 3)

Numbers, N 8992 36480 3815

Age, 60(47-70) 58(48-67) 66(60-72)
Men, % 44 46 46
Diastolic blood pressure, mmHg 84(75-92) 83(75-90) 99(94-104)

Systolic blood pressure, mmHg

136(122-152)

140(126-155)

174(165-185)

Pulse pressure, mmHg

51(42-65)

55(45-68))

76(66-87)

BMI, kg/m2

Smokers, %

1st tertile 22(20-23) 22(21-23) 24(23-25)
2nd tertile 25(24-26) 26(25-27) 27(26-28)
3rd tertile 30(28-32) 30(29-32) 32(31-34)

Alcohol consumption, units*/week

None, % 21 14 40
1-4,% 23] 20 43
5-7,% 14 14 9
8-10, % 11 12 4
More than 10, % 31 40 4

Cholesterol, mmol/L

1st tertile 4.9(4.5-5.3) 4.7(4.3-5.0) 5.1(4.7-5.4)
2nd tertile 6.1(5.8-6.4) 5.7(5.5-5.9) 6.1(5.9-6.4)
3rd tertile 7.4(7.0-8.0) 6.7(6.4-7.2) 7.2(6.9-7.8)

HDL cholesterol, mmol/L

1st tertile 1.1(1.0-1.2) 1.2(1.0-1.3) 7.1(1.0-1.2)
2nd tertile 1.5(1.4-1.5) 1.6(1.5-1.7) 1.5(1.4-1.6)
3rd tertile 2.0(1.9-2.3) 2.2(2.0-2.4) 2.0(1.8-2.2)

Diabetes mellitus, %

I O O

BMI: body mass index.
CCHS: Copenhagen City Heart Study.
CGPS: Copenhagen General Population Study.

HDL: high-density lipoprotein.

LIFEGEN: Losartan Intervention For Endpoint Reduction in Hypertension Genetic Substudy.
Values are frequencies (%) or medians (interquartile ranges).

*one unit of alcohol equals 12 g.

The transferrin measurements we used in the articles in this thesis were done in 1999
for Steno Diabetes Center (Diabetes Cohort 1) (paper 1 and 6) on fresh plasma samples; con-
secutively from 2001-2007 for a new cohort at the Steno Diabetes Center (Diabetes Cohort
2) (paper 2 and 6) on fresh plasma samples; in 2007 for the Copenhagen City Heart Study on
biobank plasma samples that had been stored for approximately 15 years at -80 degress; and
consecutively from 2003-2007 for the Copenhagen General Population Study (paper 2, 3, 5
and 7) on fresh plasma samples.

17



Reasons for different cut-offs of transferrin saturation in the papers: in 2001 (paper 1) a
cut-off of 50% was generally accepted as a clinical screening cut-off for iron overload. How-
ever, as other articles included more extreme!> 123128 or less extreme values of transferrin
saturation!?!, we were inspired to explore other cut-off levels of transferrin saturation and
to explore a semi-continuous relationship of transferrin saturation in categories ranging
from <20% to above 70 or 80% in other articles (paper 3, 5, and 7) with larger sample sizes
and larger statistical power due to the inclusion of the CGPS. But in paper 4 using only CCHS
we did not have enough statistical power to include more categories than three (<50%, 50-
60%, and above 60%); another reason for including the category above 60% in that study
was that two other studies of transferrin saturation had used a cut-off of 60%!%%1%%, and in
order to perform a comparable meta-analysis with these studies, we chose to explore the
category above 60% even though power was small. In paper 2 (risk of diabetes according to
transferrin saturation), we used only a cut-off of 50% since this was the cut-off previously
used in paper 1 and since neither the case-control study nor the CCHS in these analyses had
enough statistical power to extend transferrin saturation groups beyond 50%.

Ascertainment of diagnoses

The diagnosis of late-onset type 1 diabetes in paper 18 was based on the WHO-1980'° defi-
nition of type 1 diabetes as insulin-dependent diabetes mellitus and late-onset was defined
by the authors as diabetes occurring after 30 years of age. Diagnoses of diabetes mellitus
(paper 2%, 6° and 7'), cancer (paper 4'?) and total and cause-specific mortality(paper 5%,
6%, and 7'4) were obtained from the National Danish Patient Registry*5, the National Dan-
ish Cancer Registry'®’, the national Danish Civil Registration System!®®, and National Danish
Causes of Death Registry (NDCDR)'%%, Furthermore, information on diabetes mellitus®'° and
hypertension' was also obtained from the questionnaire and physical examination, and in
addition, if diabetes mellitus was not registered with any of these methods, a non-fasting
blood sugar level above 11 mmol/L¥* was taken as evidence of diabetes mellitus. There
were no losses to follow-up on individuals in CCHS and CGPS. S patients with diabetes were
lost to follow-up in paper 6.

An audit (August 2013, Steno Diabetes Center) was made for this thesis on the patients
with late-onset type 1 diabetes who participated in paper 1. Since these patients’ diagnoses
were based on WHO-1980 classification'®°, these patients could potentially have been re-
classified using the more updated version WHO-13999%¢ or ADA-2006'78 definitions, since di-
abetes classification has changed over time (Table 2). Arandom computer-generated sample
of 12 wild type/wild type patients and all patients with C282Y/C282Y were selected. Data
on C-peptide levels, plasma glucose, auto-antibodies (GAD-65), therapy (insulin or other
anti-diabetic medication), body mass index(BMI), age in 1999, diabetes onset (year), date of
blood sampling, and transferrin saturation were retrieved from the patients’ electronic and
manual records at Steno Diabetes Center. It was not possible to retrieve a complete dataset
for the patients, since some data were not available in the records. ICD-8 and ICD-10 diagno-
ses on diabetes were retrieved from the Steno Diabetes Center, the national Danish Patient
Registry, and NDCDR. Results of the audit are presented in the Results section.

Statistics

Papers1,2,3,4,5,6,and7

We used the statistical programme Stata/SE 9.0-11.0, except for power calculations for
which we used NCSS PASS software. Two-sided P-values <0.05 were considered significant.
Mann-Whitney U-test and Kruskal-Wallis test were used for continuous comparisons, and
Pearson chi-square test was used for categorical comparisons.

For cross-sectional* and case-control® ° studies either matched*® or unmatched® ! logistic
regression analyses were performed.

In follow-up studies!® 1213189, cumulative incidences of disease (diabetes, hypertension and
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left ventricular hypertrophy, cancer) and cumulative survival rates (total and cause-specif-
ic mortality) were plotted as a function of age and levels of transferrin saturation or HFE
genotype (Kaplan-Meier curves), and with log rank tests as measures of significance. Cox
regression analyses were used to estimate hazard ratios for disease as a function of levels of
transferrin saturation and HFE genotype. For Cox regression analyses to produce valid risk
estimates, the assumption of proportionality of hazards must be met, meaning that the ra-
tio of the hazards, comparing different exposure groups, must remain constant over time'®,
This was tested for using Schoenfeld residuals, and no violations were observed. Continu-
ous variables entered in Cox regression models must display linearity on the log risk scale.
Linearity exists when a change in the dependent variable is constant for a one-unit change
in the independent variable, irrespective of the value of the independent variable. Another
possibility is to categorise all continuous variables, which is what we did.

Analyses were tested for interaction in both logistic and Cox regression models by in-
serting two-factor interaction terms using -2loglikehood test for significance, one at the
time, in the models. Covariates were entered as categorical variables.

Absolute risks by transferrin saturation levels or genotypes were estimated using the re-
gression coefficients from a Poisson regression model' > Absolute risks are presented as
estimated incidence rates (events /10 years) in percentages.

Population-attributable risk'®® was estimated as [f(HR-1)]/[1+f(HR-1)], where f is the fre-
quency of the exposure in the population (C282Y/C282Y genotype or transferrin saturation
>50%), and HR is the hazard ratio or odds ratio for the endpoint®1°-13, The population-attrib-
utable risk estimate is an approximation of the excess fraction of cases that would not have
occurred had the exposure been absent.

Imputation of missing values were done in CCHS, CGPS, and Diabetes Cohorts for missing
values on confounders in papers 4-7, but not for missing values on exposure (transferrin
saturation, genotype) or outcome. The missing data in CCHS and CGPS are not reported in
the papers, but biochemical data had an average of 0.1% missing values, questionnaire data
1%, and health examination data 1%. In CCHS and CGPS (paper 4, 5, 7) imputations were
based on replacing the missing value with the median in the dataset for continous values
and the most frequent categorical value for categorical data. In the Diabetes Center Cohorts,
the missing data on BMIranged from 4%-9% and missing data on medication ranged from
7-27%; missing data were imputed using simple imputation depending on age and sex for
both continous and categorical variables.

Meta-analyses'® 13 were performed with the Stata “Meta” command calculating both
fixed and random effect measures from reports of effect measures and confidence inter-
vals®®!, Statistical heterogeneity was assessed by the Q statistic with a corresponding P-val-
ue, although the power of this statistic is low with only a few studies'®? Owing to very few
studies in the meta-analyses'#3, it was not possible to assess publication bias. Methodologi-
cal heterogeneity was assessed a prioriby stratification according to sex.

Supplementary statistics for the thesis

As asupplement to the papers in the thesis, a calculation of the hazard ratios in non-partici-
pants vs. participants in the Copenhagen City Heart Study third examination are carried out
for total mortality overall, total mortality among patients with diabetes, incident diabetes,
incident cancer, and incident ischemic heart disease. A crude Cox regression model with age
as time scale and delayed entry is used. The secretariat for the CGPS did not have data on
non-participants organised as of 2014. Neither did we have data on non-participants for the
Steno Cohorts or LIFEGEN.

A fractional polynomial model was run in Stata SE 13.0 using the fracpoly command'®?
for the continuous relationship of transferrin saturation(%) and hazard ratio for total mor-
tality in the general population (additional model for paper 5) and for patients with diabe-
tes (additional model for paper 7). The model is a more advanced and refined method than

19



Table 4. characteristics of participants in Diabetes Cohort 1 and Diabetes Cohort 2
(modified from Ellervik et al. Total mortality by elevated transferrin

saturation in patients with diabetes. Diabetes Care 2013;36(9):2646-54)

oot | ooz | | ] |

Late-onset Late-onset

typel All Typel typel Type 2 Other
Men, N(%) 401(56.0) 3450(56.4) 1415(53.4) 632(56.7) 1868(58.8) 167(58.0)
Women, N(%) 315(44.0) 2670(43.6) 1241(46.7) 483(43.3) 1308(41.2) 121(42.0)
TotalN 716 6120 2656 1115 3176 288
Recruited, date 1999 2001-2007 2001-2007 2001-2007 2001-2007 2001-2007
Age, years 58(49-68) 56(43-66) 45(35-56) 58(50-65) 63(55-71) 57(43-68)
BMI>=25, N(%) 313(47.7%) 3590(60.8%) | 991(37.8%) 429(39.1%)** | 2524(81.6%) | 75(38.7%)
Missing data BMI, N(%) 60(8.4) 213(3.5) 36(1.4) 18(1.6) 83(2.6) 94(32.3)
Diabetes onset, age, years 46(38-56) 47(28-59) 27(18-38) 41(35-50)** 57(49-66) 51(38-62)
age<30years, N(%) 0 1669(27.3) 1541(58.0) 0 89(2.8) 39(13.5)
age>=30 years, N(%) 716(100) 4451(72.7) 1115(42.0) 1115(100) 3087(97.2) 249(86.5)
Diabetes duration, years 20(16-26) 15(8-25) 26(17-31) 22(13-29) 10(6-15) 8(0-16)
Diabetes complications, N(%) 342(48%) 2829(46%) 1411(53%) 567(51%) 1321(42%) 97(34%)
Renal 10(1.4%) 331(5.6%) 31(1.2%) 29(2.6%) 286(9.2%) 14(6.5%)
Ophtalmological 29(4.0%) 430(7.2%) 72(2.7%) 65(5.9%) 347(11.2%) 11(5.1%)
Neurologica 31(4.3%) 523(8.8%) 47(1.8%) 45(4.1%) 462(14.9%) | 14(6.5%)
Circulatory 28(3.9%) 226(3.8%) 113(4.3%) 40(3.6%) 104(3.4%) 9(4.2%)
Other 294(41.1%) 2116(34.6%) | 1298(48.9%) | 495(44.4%) | 736(23.2%) 82(28.5%)
Anti-diabetic medication
Missing data, N(%)t 48(6.7) 1652(27.0) 567(21.4) 266(23.8) 913(28.7) 172(59.7)
Insulin only, N(%) 664(92.7) 2828(46.2) 2060(77.6) 840(75.3) 673(21.2) 95(33.0)
Oral antidiabetics only, N(%) 0 1375(22.5) 19(0.7) 0 1343(42.3) 13(4.5)
Insulin+oral, N(%) 4(0.6) 258(4.2) 10(0.4) 9(0.8) 240(7.6) 8(2.8)
Diet only, N(%) 0 7(0.1) ()} 0 7(0.2) 0
Iron, umol/L 16(13-20) 16(12-20) 17(13-21) 16(13-20) 16(12-20) 14(10-20)
Transferrin, umol/L 28(26-32) 31(27-34) 29(26-32) 28(26-31) 32(29-35) 31(27-34)
Transferrin saturation, % 28(22-36) 26(20-34) 29(22-38) 28(22-35) 24(19-31) 23(16-31)
<50%, N(%) 670(93.7) 5847(95.5) 2463(92.7) 1049(94.1) 3108(97.9) 276(95.8)
Transferrin saturation, % 27(21-34) 26(20-32) 28(21-35) 28(21-34) 24(18-30) 23(15-30)
>=50%, N(%) 45(6.3) 273(4.5) 193(7.3) 66(5.9) 68(2.3) 12(4.2)

20



Table 4. continued

joororti | Jooz ||| |

Transferrin saturation, %

Hemochromatosis genotype, N(%)

Al

Wild type/wild type
H63D/wild type
H63D/H63D
C282Y/wild type
C282Y/H63D
C282Y/C282Y

Transferrin saturation>=50%
Wild type/wild type
H63D/wild type

H63D/H63D

C282Y/wild type
C282Y/H63D

C282Y/C282Y

Total**

Late-onset
typel

56(52-62)

474(66.2)
143(20.0)
15(2.1)
67(9.4)
8(1.1)
9(1.3)

24(53.3)
6(13.3)
1(2.2)
4(8.9)
1(2.2)
9(20.0)
45

All

56(52-64)

129(51.8)
55(22.1)
8(3.2)
33(13.3)
13(5.2)
11(4.4)
249

Typel
56(52-63)

100(54.6)
40(21.7)
3(1.6)
27(14.8)
9(4.9)
4(2.2)
183

Late-onset
typel

56(52-63)

35(56.5)
14(22.6)
2(3.2)
6(9.7)
4(6.5)
1(1.6)
62

Type?2
55(52-66)

25(43.1)
13(22.4)
5(8.6)
5(8.6)
4(6.9)
6(10.3)
58

Other
57(52-71)

4(50.0)
2(25.0)
0
1(12.5)
0
1(12.5)
8

Continuous variables are median and interquartile range. Mann-Whitney U-test for continuous variables and
Pearson Chi-Square for categorical variables (for the comparison of late-onset type 1 diabetes in Cohort 1 vs. Cohort 2):*,

p<0.01, **p<0.001.

Type 1 diabetes (WHO E10), Type 2 diabetes (E11), other diabetes (E13, E14).

Diabetes complications (ICD10-codes): renal(.2), ophtalmological(.3), neurological(.4), circulatory(.5),

other(.0,.1,.6,.7,.8).

See article for explanation of anti-diabetic medication.
In Cohort 2, HFE genotypes were only available for patients with transferrin saturation above 50%.
t Due to the difference in missing values for late-onset type 1 diabetes in Cohort 1 and Cohort 2,

no p-value is calculated.
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splines and linear models'®3185, Deviance was used as a measure of model fit, the larger the
deviance the less fit, and vice verca; however, the deviance is not interpreted directly, but it
is the difference in deviance between the models, that is useful: again the larger the differ-
ence of model-1 to model-0 (with the least deviance), the less likely model-1is to fit the data;
a p-value for the deviance difference is given.

For a mediation analysis from genotype through transferrin saturation to outcome to
be meaningful, 1) the genotype should be related to the outcome, 2) the genotype should be
related to the mediator transferrin saturation, 3) the mediator transferrin saturation should
be related to the outcome, 4) and to establish if transferrin saturation completely mediates
the effect of genotype on outcome, the effect of genotype on outcome controlling for trans-
ferrin saturation should be zero. If all steps are fulfilled, transferrin saturation completely
mediates the effect!®s, If 4) is different from zero, transferrin saturation partially mediates
the effect of genotype on outcome.

A mediation analysis for cancer was done using the following equation'®” giving a raw
estimate of the Percentage of excess risk mediated (PERM)=
(RR(genotype)-RR(genotype and transferrin saturation))*100%/((RR genotype)-1)

Another, more refined and advanced method was used in Stata SE 13.0 using the com-
mand: sgmediation, with genotype as the independent variable, transferrin saturation as
the mediator, sex as a covariate, and first event of any cancer as the dependent variable.
Following the command, a bootstrap-estimation of the confidence intervals for the direct
and indirect effects was performed, with 1000 repetitions, to calculate for the uncertainty
of PERM. If the confidence interval of the coefficients includes zero, then the effect of the
mediator is not statistically significant.

Results

Total mortality and incident diabetes, hypertension, cancer, and isch-
emic heart disease in non-participants vs. participants

In Table 5is shown total mortality and incident diabetes, cancer, and ischemic heart disease
in non-participants vs. participants in the Copenhagen City Heart Study third examination.
Hazardratios for total mortality in non-participants vs. participants was 1.6(1.5-1.7; p<0.001)
in the general population, and 1.6(1.4-1.8; p<0.001) in patients with diabetes in the general
population. Hazard ratios for incident diabetes, hypertension, cancer, and ischemic heart
disease in non-participants vs. participants were 1.2(1.1-1.4;, p<0.001), 0.9(0.8-1.0; p=0.03),
1.0(0.9-1.1;p=0.6),and 1.1(1.0-1.2; p=0.008), respectively.

Table 5. Total mortality and incident diabetes, hypertension, cancer,

and ischemic heart disease in non-participants vs. participants
in the Copenhagen City Heart Study 1991-1994 examination.

Non-participants, N=6,425 Crude hazard ratio (95% CI)
Participants, N=10,135
Years of follow-up (mean(SD)): 14(7)

Total mortality in the general population 1.6(1.5-1.7), p<0.001
Total mortality in patients with diabetes 1.6(1.4-1.8), p<0.001
Incident diabetes mellitus 1.2(1.1-1.4), p<0.001
Incident hypertension 0.9(0.9-1.0), p=0.03
Incident cancer 1.0(0.9-1.1),p=0.6
Incident ischemic heart disease 1.1(1.0-1.2), p=0.008

2z



Table 6 » Odds ratio for hemochromatosis and mean transferrin saturation by

HFE genotype in patients with late-onset type 1 diabetes mellitus

compared to the general population.

Patients with late-onset
Type 1diabetes mellitus ~General population

Patients with
late-onset type 1
diabetes mellitus

Mean transferrin
saturation (SD)

Odds ratio

(95% confidence-
Genotype b Frequency (%) b Frequency (%) interval)
Wild type/ wild type | 474 66.2 6135 66.9 1.0
H63D/ wild type 143 20.0 1881 20.5 1.0 (0.8-1.2)
H63D/H63D 15 21 158 1.7 1.2 (0.7-2.1)
C282Y/ wild type 67 9.4 846 g2 1.0 (0.8-1.3)
C282Y/H63D 8 11 131 1.4 0.8 (0.4-1.7)
C282Y/ C282Y 9 1.26 23 0.25 4.6 (2.1-10.1)
All 716 100 9174 100

(Table modified from Paper 1; Ellervik et al. Lancet 2001; 358: 1405-14089).

0.28(0.11)
0.30(0.11)
0.31(0.11)
0.32(0.11)*
0.40 (0.09)**

0.84 (0.16)***

Distribution of genotype frequencies differed between patients with diabetes and the general population (p=0.001).

0Odds ratio by logistic regression adjusted for age and sex.
Mean transferrin saturation: *** ANOVA, p=0.001 between all six genotypes;
post-hoc t-test vs. wild type/wild type: *p=0.007, ** p=0.005, *** p<0.0001.

Table 7. Transferrin saturation in patients with late-onset type 1 diabetes mellitus.

No. of patients

Transferrin saturation c282Y/C282Y Other genotypes

Above 50% 9 26 35
Less than 50% 0 680 680
All 9 706 715*
Positive predictive value: 0.26

Negative predictive value: 1.00

Sensitivity: 1.00

Specificity: 0.96

(Table modified from Paper 1; Ellervik et al. Lancet 2001; 358: 1405-1409).

*Blood sample from one patient was hemolysed and could not be tested.
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Table 8a. Auditof patients with late-onset type 1 diabetes and genotype
C282Y/C282Y from paper 1

Patient | Lancet- sex | Hemochroma | Diabetes | Date of Glucose C-peptide | GAD-65** Fasting

pt.nr* -tosis Onset blood mmol/L pmol/L Units/ml
Genotype sampling

1 5 M c282Y/C282Y 1989 5/31/1990 190

2 1 F Cc282Y/C282Y 1986 9/4/1992 101 605

3 1 F c282Y/C282Y 1981 5/13/2002 | 13.7 10

4 6 M c282Y/C282Y 1995 5/26/1995 477 y

4 6 M c282Y/C282Y 1995 6/9/1997 16.3 509

5 9 M C282Y/C282Y 1995 7/28/1995 | 11.5 137 y

6 3] E C€282Y/C282Y 1989 2/19/2007 9.4 10 27

6 3 F c282Y/C282Y 1989 2/19/2007 | 9.4 <10 27

6 3 F c282Y/C282Y 1989 4/23/2007 | 9.1 <10

6 3 F C€282Y/C282Y 1989 4/23/2007 9.1 10

6 3 F c282Y/C282Y 1989 4/12/2010 | 4.9 34

6 3 F c282Y/C282Y 1989 4/12/2010 | 4.9 34

7 8 M c282Y/C282Y 1990 5/2/1995 18 591

7 8 M c282Y/C282Y 1990 8/18/2003 | 12.7 391

7 8 M Cc282yY/C282Y 1990 8/18/2003 12.7 391

8 7 M c282Y/C282Y 1993

9 4 F c282Y/C282Y 1992 12/1/1997 212

9 4 F c282Y/C282Y 1992 5/4/2006 7.1 452 0

9 4 F c282yY/C282Y 1992 5/4/2006 7.1 452 0 y

*From Lancet Table 3in Thesis-paper 1
**GAD-65: Glutamatdecarboxylase antibody

Missing values: data were not available in the electronic system or manual files.
M: male, F: female
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Table 8a. continued

Body | age | Transferrin | Oral Receiving | World Health Organisation Diagnoses ICD-10 codes
mass | (yr) | saturation antidiabetic | insulin retrieved from The Danish National Patient at Steno
index (%) medication Registry ICD-8 codes and ICD-10 codes Diabetes Center
- 55 94 no yes 24900(1989), DE10.9(doddiag 1999)

- 57 85 no yes 250.09(1992), 249(1992), DE10(2008) DE10/DE13
27 49 85 no yes 250.00(1981), 249(1993)

- 62 90 no yes DE11(1995), DE14.9(1997),DE10(1995)

- 62 90 no yes DE11(1995), DE14.9(1997),DE10(1995)

26 52 103 no yes DE10.9(1995),DE11(1995) DE10

26 47 | 84 no yes 249(1989), 250.09(1989)

26 47 84 no yes 249(1989), 250.09(1989)

26 47 84 no yes 249(1989), 250.09(1989)

26 47 84 no yes 249(1989), 250.09(1989)

26 47 | 84 no yes 249(1989), 250.09(1989)

26 47 84 no yes 249(1989), 250.09(1989)

23 44 89 no yes 250.09(1990)/DE10(1995), DE11(1995),(E10.9dod 2004) | DE11

23 44 89 no yes 250.09(1990)/DE10(1995), DE11(1995),(E10.9dod 2004) | DE11

23 44 89 no yes 250.09(1990)/DE10(1995), DE11(1995),(E10.9dod 2004) | DE11

26 52 95 no yes 249.09(1993), 250(1993) DE13

28 57 no yes 250.09(1978), DE10(2001) DE13

28 43 57 no yes 250.09(1978), DE10(2001) DE13

28 43 57 no yes

*From Lancet Table 3 in Thesis-paper 1
**GAD-65: Glutamatdecarboxylase antibody

Missing values: data were not available in the electronic system or manual files.
M: male, F: female
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Table 8b. Aauditof patients with late-onset type 1 diabetes and genotype

wild type/wild type from paper 1

Patient

10
10

11

12

13

14

14

14

15;
15

16

16

16

17

18

19

20

21

*These did not have numbers in the Lancet publication

Lancet-
pt.nr*

sex

Hemochroma
-tosis
Genotype

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

wild type

**GAD-65: Glutamatdecarboxylase antibody
***Glucagon-simulated CPEP: 219 pmol/L

Diabetes
Onset

1978
1978

1988

1986

1971

1974

1974

1974

1992
1992

1996

1996

1996

1976

1988

1990

1996

1976

Date of
blood
sampling

9/4/2000

9/4/2000

2/18/2008

11/27/2006
11/27/2006
4/30/2012

8/3/2009
8/3/2009

3/26/1996

8/27/2002
8/27/2002

9/17/2002

6/12/1996

5/21/2002

Missing values: data were not available in the electronic system or manual files.
M: male, F: female

Glucose
mmol/L

11.1

7.8

17.2
17.2

14.2

kL
21.1

121
6.2
6.2

20.3

21.8

C-peptide
pmol/L

10
<10

10

10

10

224
32
32

10

323 ***

10

GAD-65**
Units/ml

250

Fasting

26



Table 8b. continued

Body
mass
index

18
18
25
31
21
26
26

26

27
27

24

24

24

24

28

26

23

26

age
(yr)

81
81

60

45

72

64

64

64

71
71

35

35

35

79

48

45

51

52

Transferrin
saturation
(%)

16

16

25

31

52

18

18

18

24
24

21

21

21

25

34

33

33

58

Oral
antidiabetic
medication

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

Receiving
insulin

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

*These did not have numbers in the Lancet publication
**GAD-65: Glutamatdecarboxylase antibody
***Glucagon-simulated CPEP: 219 pmol/L

World Health Organisation Diagnoses

retrieved from The Danish National Patient

Registry ICD-8 codes and ICD-10 codes

249(1979), 249(1987),250(1988)

249(1979), 249(1987),250(1988)

250.09(1988), 249(1990)

250.09(1986), 249(1989)

250.09(1982), 249(1990)

DE11.9(1993), DE10(1993)

DE11.9(1993), DE10(1993)

DE11.9(1993), DE10(1993)

250.00(1993), 249(1993)
250.00(1993), 249(1993)

DE14.0(1996), DE10(1996)

DE14.0(1996), DE10(1996)

DE14.0(1996), DE10(1996)

250.09(1978), DE10(2008)

249(1988)

249.09(1990)

DE10.9(1996), DE11(2010)

DE10.3(1993)

Missing values: data were not available in the electronic system or manual files.
M: male, F: female

ICD-10 codes
at Steno
Diabetes Center

DE10

DE10

DE11

DE10
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Risk of diabetes mellitus (paper 1 and 2)

Paper1

First, we performed a retrospective study® in which we genotyped for the C282Y and H63D
mutations in the hemochromatosis gene in 716 unselected Danish patients who developed
type 1 diabetes mellitus after age 30 years and in 9174 controls from the Danish general
population. We also screened for hereditary hemochromatosis by assessment of transferrin
saturation in the patients with diabetes.

More patients with diabetes (n=9 (1.26%)) than controls (n=23 (0.25%)) were homo-
zygous for C282Y with a corresponding odds ratio of 4.6 (95% confidence interval (Cl):
2.1-10.1)8(Table 6). These patients had unrecognised signs of hemochromatosis. Transferrin
saturation and ferritin concentrations ranged from 57% to 102% and 17pg/L to 8125ug/L,
respectively. The positive and negative predictive values of transferrin saturation greater
than 50% for identification of C282Y homozygosity were 0.26 and 1.00, respectively (Table
7). A saturation of less than 50% therefore excluded C282Y homozygosity, whereas a satu-
ration of more than 50% suggested C282Y homozygosity.

Patient-audit

Table 8a and 8b show the results of the patient-audit of late-onset type 1 diabetes.

Patients with C282Y/C282Y (N=9, 4 women and 5 men) all had transferrin saturation above
50% and generally had higher C-peptide levels (10-605pmol/L) than patients with wild
type/wild type (compare Tables 8a and 8b).In 1999 at recruitment, all patients (both C282Y/
C282Y and wild type/wild type) received insulin therapy and none received oral anti-dia-
betic medication. Patient number 2 with C-peptide level of 605 pmol/L at a non-fasting glu-
cose of 10 mmol/L may be compatible with type 1 diabetes secondary to hemochromatosis
due to some residual beta-cell function. Patient number 6 may have two diagnoses (either
auto-immune type 1 diabetes and hemochromatosis) or type 1 diabetes secondary to hemo-
chromatosis and then by chance have auto-antibodies as 2% of the population have with-
out developing diabetes!>*, The auto-antibody titer of 27 U/mlis however not very high, and
the measurement is 18 years after diagnosis, thus the patient may likely both have auto-
immune type 1 diabetes and hemochromatosis. Only 2 patients had a measurement of auto-
antibodies. Body mass index ranged from 26-28 in 5 patients and was 23 in one patient;
3 patients had missing values. There was no clear pattern in the ICD-diagnoses of the pa-
tients other than a mixture of diagnoses of type 1 diabetes (ICD-8: 249, ICD-10: DE10), type
2 diabetes(ICD-8: 250, ICD-10: DE11), and secondary diabetes (ICD-10: DE13).

In wild type/wild type patients (N=12, 6 women and 6 men)(Table 8b) all but one had trans-
ferrin saturation below 50%. All patients either had a non-stimulatory or stimulatory C-
peptide below 200 pmol/L or close to 200. Only two patients had auto-antibodies measured
and one of them was positive; the rest of the patients had missing values. Body mass index
ranged from 25-31in 7 patients, and from 18-24 in 5 patients. These patients also had a mix-
ture of ICD-diagnoses (type 1: ICD-8: 249, ICD-10: DE10; type 2 diabetes: ICD-8: 250, ICD-10:
DE11), but none had DE13.

Paper 2

Secondly, we examined two general population studies, The Copenhagen City Heart
Study (CCHS, N=9121) and The Copenhagen General Population Study (CGPS, N=24195),
and a 1.1 age and gender matched population-based case-control study with 6129 pa-
tients with diabetes and 6129 controls, totalling 8535 patients with diabetes mellitus and
37039 controls®.

Cumulative incidence by age of diabetes mellitus increased with transferrin saturation
2>50% vs. <50% in the CCHS (log-rank: p=0.0001) and the CGPS (p=0.03). Corresponding
hazard ratios were 1.8 (1.4-2.4) in the CCHS and 1.5 (1.0-2.1) in the CGPS while the corre-
sponding odds ratio in the case-control study was 3.3 (2.6-4.2) (Figure 2). In the combined
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Flg ure 2. Riskof diabetes mellitus according to transferrin saturation
250% vs. <50% in the Copenhagen City Heart Study(CCHS), the

Copenhagen General Population Stud (CGPS) and in a case-control
study, individually and combined.

The case-control study comprised patients with diabetes from Steno Diabetes Centre, Copenhagen,
and controls ascertained like in the CGPS, but from a different sample than those included in the
CGPS only study. There was no overlap of individuals between the three studies, thus allowing
independent confirmation of findings. Heterogeneity for the combined results for men and women
was: Q=17 and p=0.001 (any diabetes), Q=15 and p=0.001 (type 1 diabetes), and Q=0.7 and p=0.7
(Type 2 diabetes). CI=confidence interval.

(Paper 2: Ellervik et al. Diabetes Care 2011)

Risk of diabetes

Any diabetes Cases/controls
CCHS | M 1.8(1.4-2.4; p=0.001) 910/8211
CGPS @ 1.5(1.0-2.1; p=0.03) 1496/22699
Case-control study E @ 3.3(2.6-4.2; p=0.0001) 6129/6129
Combined (random) : @ 2.1(1.3-3.4; p=0.003) 8535/37039
Combined (fixed) : @ 2.3(1.9-2.7; p=0.001) 8535/37039
Type 1 diabetes

CCHS | H@H 2.0(1.2-3.2; p=0.005) 274/8211
CGPS @ 1.6(0.8-3.1; p=0.2) 393/22699
Case-control study E H@H 5.1(3.6-7.1; p=0.0001) 2664/2664
Combined (random) : —@— 2.6(1.2-5.6; p=0.01) 3331/33574
Combined (fixed) : H@ 3.3(2.6-4.3; p=0.001) 3331/33574
Type 2 diabetes

CCHS | H@H 1.8(1.4-2.4; p=0.001) 875/8211
CGPS H@H 1.5(1.0-2.1; p=0.03) 1418/22699
Case-control study E H@H 1.8(1.2-2.5; p=0.003) 3465/3465
Combined (random) o 1.7(1.4-2.1; p=0.001) 5758/34375
Combined (fixed) ; @ 1.7(1.4-2.1; p=0.001) 5758/34375

I5 :I|_ 2 |5 1|0 Hazard/odds ratio (95% CI)

studies, odds ratios in individuals with transferrin saturation of >50% versus <50%
were 2.1 (1.3-3.4) for any diabetes, 2.6 (1.2-5.6) for type 1 diabetes, and 1.7 (1.4-2.1) for
type 2 diabetes.

Risk of hypertension (paper 3)

We analysed data from a cross-sectional study of the general population including 8992
individuals from the Copenhagen City Heart Study (CCHS), a follow-up study of 36480 in-
dividuals from the Copenhagen General Population Study (CGPS), and a case-only study of
3815 Scandinavians from the Losartan Intervention for End-Point Reduction in Hyperten-
sion Genetic Substudy (LIFEGEN) with LVH and hypertension*.

In the CCHS, individuals with C282Y/C282Y versus wild type/ wild type had an odds ra-
tio for antihypertensive medication use of 4.8 (35% Cl: 1.8-13). In the CGPS, the correspond-
ing hazard ratio was 1.7 (1.0-2.3). Also, hazard ratios for antihypertensive medication use in
the CGPS were 1.6 (1.0-2.6) for transferrin saturation >80% vs. <50%, and 2.3 (1.3-4.2) for
C282Y/C282Y + transferrin saturation >80% vs. wild type/ wild type + transferrin satu-
ration <50%. These results were most pronounced in men (Figure 3). We did not find any



Figure 3. Ccumulative incidence of use of antihypertensive medication
by HFE C282Y genotype (a), iron overload (b) or the combi-

nation of genotype and iron overload (c) in men in the
Copenhagen General Population Study (CGPS).

TS= transferrin saturation. (Paper 3: Ellervik et al. JIM 2010)
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association between C282Y/C282Y or iron overload and LVH or hypertension (measured as
blood pressure at a single occasion or continuous blood pressure), or LVH with hypertension
in the CCHS or with severity of LVH in LIFEGEN.

Risk of cancer (paper 4)

We conducted a population-based study?? of 8763 individuals from the CCHS and a meta-
analysis. In the CCHS 1417 individuals developed a first cancer during 15 years of follow-
up. Elevated transferrin saturation was not associated with any cancer overall or in men. In
women, transferrin saturation above 60% versus below 50% was associated with a hazard
ratio of 3.6 (95% CI: 2.0-6.5) for any cancer with a corresponding absolute 10-year risk of
any cancer of 34% and 30% in smokers and non-smokers, respectively (Figure 4). Overall,
hemochromatosis genotype C282Y/C282Y versus wild type/wild type was associated with
a hazard ratio of 2.4 (1.1-5.3) for any cancer. In men, hemochromatosis genotype C282Y/
C282Y versus wild type/wild type was associated with a hazard ratio of 3.7 (1.2-12) for any
cancer with a corresponding absolute 10-year risk of cancer of 39% and 27% in smokers and
non-smokers, respectively (Figure 4). In women, hemochromatosis genotype C282Y/C282Y
versus wild type/wild type was not associated with any cancer.

Results for exploratory analyses among cancer subgroups had limited statistical pow-
er; however, in women, we observed a multifactorially adjusted hazard ratio for female
cancer of 3.2 (1.3-7.7) for transferrin saturation >60% vs. <50%. Also, risk of liver can-

Figure 4. Absolute 10-year risk of any cancer by transferrin saturation

levels and hemochromatosis genotype C282Y/C282Y.

Based on 8763 individuals from the Copenhagen City Heart Study followed for 15 years,
during which time 1417 cancers developed.

(Paper 4: Ellervik et al. Journal of Internal Medicine 2011)
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Figure 5. Flow-diagram of articles for meta-analysis of cancer.
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Figure 6. Meta-analysis of risk of any cancer in prospective studies -
transferrin saturation >260% vs. reference group.

The reference groups varied slightly across studies (transferrin saturation <30% to <60%).
CI=confidence interval.

(Paper 4: Ellervik et al. Journal of Internal Medicine 2011)

Transferrin saturation >=60% vs. reference group

Odds ratio Heterogeneity Total N Cases

All, fixed effects X 1.5(1.2-1.8);p<0.001  Q=1.4,p=0.5 57841 4488
All, random effects : +H@H 1.5(1.2-1.8);p<0.001 Q=1.4,p=0.5 57841 4488
Stevens, 1994 E @ 1.8(1.2-2.7) 8556 719
Knekt, 1994 | HH 1.4(1.2-1.8) 41276 2469
Ellervik, 2011 @ 1.3(0.8-2.0) 8039 1300
Women, fixed effects E H@H 2.0(1.5-2.7);p<0.001  Q=6.0,p=0.05 32241 2139
Women, random effects : —@— 2.2(1.2-3.8);p<0.001 Q=6.0, p=0.05 32241 2139
Stevens, 1994 — @  21(11-42) 5269 340
Knekt, 1994 i—.—| 1.5(1.0-2.2) 22463 1099
Ellervik, 2011 | —@— 36(20-6.5) 4509 700
Men, fixed effects :m 1.3(1.1-1.6);p<0.01 Q=3.5,p=0.2 25600 2349
Men, random effects :I—.—| 1.3(1.0-1.8);p=0.08 Q=3.5,p=0.2 25600 2349
Stevens, 1994 —@— 1.7(1.0-2.8) 3287 379
Knekt, 1994 :m 1.4(1.1-1.8) 18813 1370
Ellervik, 2011 |_..E_| 0.8(0.4-1.4) 3530 600
(I5 l1 é :1_ (l; é Odds ratio (95% CI)
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cer was increased in both women and men with transferrin saturation >60% vs. <50%.
From the meta-analysis (flow diagram shown in Figure 5), the odds ratio of any cancer
for transferrin saturation >60% versus a reference group was 1.5(1.2-1.8) for women and
men combined (Figure 6).

For this survey, a mediation analysis for the risk of cancer according to C282Y/C282Y
genotype via transferrin saturation was performed. The hazard ratio for cancer according to
genotype C282Y/C282Y adjusted for sex was 2.3(1.0-5.1), and the hazard ratio for cancer ac-
cording to genotype C282Y/C282Y adjusted for sex and transferrin saturation was 2.1(0.9-
1.6); thus, the PERM was 15%. Using the more advanced sgmediation command in Stata re-
vealed an indirect effect coefficient of 0.017 and a total effect coefficient of 0.082; thus, the
proportion of the effect that was mediated was 21%, but this effect was insignificant as the
confidence interval for the indirect effect included zero: 0.017 (-0.003 to 0.04).

Risk of total mortality (paper 5, 6 and 7)

Paper 5

We examined total mortality (i.e. death of any cause) according to baseline transferrin satu-
ration®® and hemochromatosis genotype'®® in two Danish population-based follow-up stud-
ies (CGPS and CCHS) comprising a total of 45,159 individuals, of whom 4568 died during up
to 18 years of follow-up, and in a meta-analysis comprising the present studies and an ad-
ditional general population study*®.

In the combined studies (CGPS+CCHS), the cumulative survival was reduced in indi-
viduals with transferrin saturation >50% vs. <50% (log-rank P<0.0001). Multifactorially
adjusted hazard ratios for total mortality for transferrin saturation >50% vs. <50% were
1.4 (95% CI: 1.2-1.6) overall, 1.3 (1.1-1.6) in men, and 1.5 (1.1-2.0) in women (Table 9). Re-
sults were similar if the two studies were considered separately (this stratification was sug-
gested by a reviewer; p for interaction was 0.1). A stepwise increased risk of total mortality

Table 9 « Sex-specific and study-specific total mortality according to transferrin
saturation in two Danish population-based follow-up studies combined*.

Transferrin Participants Events HR
Gender saturation \| N 95% CI P-value
All <50% 44306 4391 1.0

250% 853 177 1.4(1.2-1.6) <0.001
Men <50% 20146 2237 1.0

250% 569 126 1.3(1.1-1.6) 0.003
Women <50% 24160 2154 1.0

250% 284 51 1.5(1.1-2.0) 0.005
CGPS <50% 35900 1097 1.0

250% 519 28 1.8(1.2-2.6) 0.003
CCHS <50% 8406 3294 1.0

250% 334 149 1.2(1.0-1.4) 0.02

*Based on the Copenhagen General Population Study (CGPS) and the Copenhagen City Heart Study (CCHS).
CGPS: median follow-up of 4 years (interquartile range 3-4). CCHS: median follow-up of 15 years (interquartile range 10-16).
HR: hazard ratio with 95% CI (confidence interval) adjusted for age, sex (not for sex stratified analyses), body mass index,

tobacco consumption, smoking habits, cholesterol, antihypertensive medication, alcohol consumption, and physical activity.
(Paper 5: Ellervik et al. Clinical Biochemistry 2011)
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Figure 7. Meta-analysis of risk of total mortality by transferrin

saturation in prospective studies of the general population.

Transferrin saturation approximately 250% vs. <50%. Heterogeneity Q=5.1, P=0.08. Cl:Confidence Interval

(Paper 5: Ellervik et al. Clinical Chemistry 2011)
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Flg ure 8. Hazard ratio (95% confidence interval) for total mortality by
transferrin saturation(%) in two general population studies combined:

The Copenhagen City Heart Study and The Copenhagen General Population
Study (new results for paper 5).R?=0.65.
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was observed for stepwise increasing levels of transferrin saturation (log-rank P<0.0001),
with the highest risk conferred by transferrin saturation >80% vs. transferrin saturation
<20% with a hazard ratio of 2.2 (1.4 -3.3). The population-attributable risk for total mortal-
ity in the combined studies in individuals with transferrin saturation >50% vs. <50% was
0.8%. In a meta-analysis, the odds ratio for total mortality for transferrin saturation >50%
vs. <50% was 1.3 (1.2-1.5) under the fixed effects model (Figure 7). In response to a letter
to this article, we showed that total mortality according to C282Y/C282Y hemochromatosis
genotype'®® was 1.3(0.7-2.4) in the combined studies; thus, risk of premature death accord-
ing to transferrin saturation was not driven by hemochromatosis genotype.

For this thesis, we also explored the continuous relationship between transferrin sat-
uration and hazard ratio for total mortality using a fractional polynomial model. Figure 8
shows the continuous relationship of hazard ratio for total mortality according to transfer-
rin saturation. Figure 8 shows the best fitted polynomial model (deviance: -57) compared
to a cubic spline regression (deviance: -36, p<0.001), and* a linear model (deviance=-15,
p<0.001); thus the polynomial model (R?=0.65) is a better fit, than both the cubic spline and
the linear model. Figure 8is]-shaped, showing that for very low levels of transferrin satura-
tion (indicative of anemia) risk of total mortality is larger than 1.0., in the range of 10-50%
risk is below 1.0, and above 50% risk is larger than 1.0. Thus, the polynomial model gives a
better prediction than just simple cut-offs. However, like using cut-off values this model il-
lustrate that risk of total mortality increases with increasing transferrin saturation, like that
shown in paper 5%.

Paper 6

In paper 1, we found that C282Y/C282Y genotype was more prevalent among patients with
diabetes than in the general population, and that measurement of transferrin saturation
had a 100% negative predictive value, meaning that transferrin saturation below 50%
would rule out a patient being C282Y/C282Y in patients with late-onset type 1 diabetes.
We concluded that measurement of transferrin saturation followed by genetic testing, could
improve life expectancy. However, at that time, we did not have the evidence to justify that
conclusion, it was only speculative. But the results from paper 1 changed clinical practice at
the Steno Diabetes Center in that screening for iron overload was introduced in all preva-
lent and newly-referred patients to secure early diagnosis of hemochromatosis at the Steno
Diabetes Center. Thus, from 2001-2007 all patients were screened for iron overload. In pa-
per 6, we therefore investigated total and cause-specific mortality according to increased
transferrin saturation (>50% vs.<50%), whether mortality is driven by HFE genotype, and
whether early measurement of transferrin saturation helps to predict mortality outcome
in these cohorts. Cohort 1 consisted of the patients with late-onset typel diabetes (N=716)
recruited at the Steno Diabetes Center in 1999 with a cross-sectional measurement of trans-
ferrin saturation and HFE genotype performed in 19998. Cohort 2 consisted of consecutively
recruited patients with any diabetes (N=6120) recruited at the Steno Diabetes Center from
2001-2007, and with a transferrin saturation measurement at referral and HFE genotype if
transferrin saturation was above 50%.

In patients with late-onset type 1 diabetes (Cohort 1), age- and gender adjusted hazard
ratio for total mortality was 2.3(95% Cl: 1.3-3.9; p=0.002) overall, and 2.4(1.3-4.2; p=0.003)
in men but the result for women was not significant (Figure 9). Mortality due to neoplasms
was increased in patients with late-onset type 1 diabetes and transferrin saturation>50%
vs. <50% with an age- and gender-adjusted hazard ratio of 5.8(2.4-14; p=0.00007); two
of seven cases of neoplasms among patients with transferrin saturation>50% were liver
cancers, whereas no liver cancers were observed among patients with transferrin satura-
tion<50% (Fishers exact p=0.003). Mortality due to endocrinological or cardiovascular
causes was not different; excluding C282Y/C282Y and C282Y/HE3D gave similar results.
Hazard ratio for total mortality was 4.0(1.2-13;p=0.01) and cause-specific mortality by neo-
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Figure 9. Total mortality(A) and cause-specific mortality(B) in Cohort 1 and
Cohort 2. Crude hazard ratio is age- and gender-adjusted.

Adjusted is multifactorially adjusted for age, gender, body mass index,
diabetes onset and complications. (from paper 6)

A.

Total Mortality
Cases Controls Power
Cohortl Crude Adjusted Total/exp/not exp tal/exp/not exp 80%
All : —@— 23(1.3-3.9):p=0.002  22(1.3-3.8);p=0.003 178/16/162 538/29/509 2.1
Men : —@— 24(1.3-4.2);p=0.003  23(1.3-4.1);p=0.005 103/14/89 298/20/278 2.3
Women |—:—0—> 2.0(0.5-8.5);p=0.4 1.9(0.4-8.4);p=0.4 75/2/73 240/9/231 3.7
[ ooz
All l—'.4 1.1(0.8-1.5);p=0.4 1.1(0.8-1.5);p=0.6 1293/44/1249  4827/229/4598 1.3
Men I—:.—| 1.1(0.7-1.6);p=0.7 1.0(0.7-1.5);p=0.9 793/30/763 2657/158/2499 1.4
Women I—:.—| 1.3(0.7-2.2);p=0.4 1.3(0.7-2.1);p=0.4 500/14/486 2170/71/2099 1.7
Early onset l—'r.—i 1.3(0.7-2.5);p=0.4 1.2(0.6-2.2);p=0.7 104/11/93 1565/118/1447 1.9
Late-onset I—:.—| 1.1(0.8-1.6);p=0.5 1.1(0.7-1.5);p=0.7 1189/33/1156  3262/111/3151 1.4
Type 1 diabetes I—’—i 1.1(0.7-1.7);p=0.7 1.0(0.6-1.6);p=0.9 342/20/322 2314 /173/2141 1.6
Type 2 diabetes |_:._| 1.2(0.8-1.9);p=0.3 1.2(0.8-1.9);p=0.4 836/20/816 2340/48/2292 1.7
Other diabetes |_:._| 1.1(0.4-3.0);p=0.9 3.4(0.7-17);p=0.1 115/4/11 173/8/165 2.9
Late-onset b—‘—| 0.9(0.4-1.7);p=0.7 0.8(0.4-1.6);p=0.5 250/9/241 865/57/808 1.8
type 1 diabetes \
1 I LI
5 1 2 345

exp=exposed

Crude hazard ratio (95% CI) not exp= not exposed

B.

Cause-specific mortality

Cases Controls Power
Cohort1 Crude Adjusted Total/exp/notexp  Total/exp/not exp 80%
Neoplasms : H@> 5.8(2.4-14);p=0.00007 5.9(2.5-14);p=0.00005 46/7/39 538/29/509 3.6
Liver cancer : Fishers exact;p=0.003 2/2/0 538/29/509 10.0
Endocrinological I—E—.—> 2.6(0.8-8.8);p=0.1 2.7(0.8-9.1);p=0.1 52/3/49 538/29/509 3.5
Cardiovascular I:—.—> 2.6(0.8-8.8);p=0.1 2.2(0.6-7.6);p=0.2 41/3/38 538/29/509 3.6
Neoplasms I—:—.—| 1.7(0.8-3.4);p=0.2 1.6(0.8-3.3);p=0.2 150/8/142 4827 /229/ 4598 2.3
Liver cancer l:—Qv 3.5(0.8-15);p=0.1 3.2(0.8-14);p=0.1 18/2/16 4827/229/ 4598 3.5
Endocrinological «.—:—| 0.7(0.3-1.7);p=0.4 0.6(0.3-1.6);p=0.3 191/5/186 4827/229/4598 2.1
Cardiovascular 4.—5—1 0.6(0.2-1.8);p=0.3 0.6(0.2-1.8);p=0.3 178/3/175 4827 /229/4598 2.1
Late-onset :
type 1 diabetes |
Neoplasms E 19/0/19 865/57/808 5.2
Liver cancer : 0/0/0 865/57/808 7.0
Endocrinological 4—.:—| 0.6(0.1-2.4);p=0.3 0.3(0.1-2.2);p=0.2 59/1/58 865/57/808 3.0
Cardiovascular E 23/0/23 865/57/808 4.3
T T TT11
5 1 2 345

exp=exposed

Crude hazard ratio (95% CI) not exp= not exposed
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Figure 10. (A+B) Total mortality in late-onset type 1 diabetes and elevated

A.

1.00

0.60 —

0.40 =

Cumulative survival

0.20 =

transferrin saturation (250%) in Cohort 2 vs. Cohort 1. (from paper 6)

Cohort1

Events (Ev)

Non-events (N)

Total subjects (S)

Event rate (ER): Ev/S
Deaths /1000 person-years

Risk reduction (cohort 2 vs. cohort 1):

Hazard ratio (95% Cl), age&sex-adjusted
Hazard ratio (95% Cl), multifactorially adjusted
80% power to detect a hazard ratio of at least:

Risk increase (cohort 1 vs. cohort 2):
Hazard ratio (95% Cl), age&sex-adjusted
Hazard ratio (95% Cl), multifactorially adjusted

Total mortality

LN N
o L
1
n
—_———— 1
- -I
i |
Cohort 2 Cohort1
1 16
62 29
73 45
0.15 0.36
22 (12-40) 54 (33-88)

0.4(0.2-0.9); p=0.03
0.4(0.2-0.8); p=0.01
0.3

2.3(1.1-5.0);p=0.03
2.8(1.3-6.1); p=0.01

80% power to detect a hazard ratio of at least: 22
0.00 =
1 1 1
0 5 10
Follow-up time, years
B. .
Total mortality
1.00 1
1
1 H
Y
1
1 E T "
! i
0.80 = -7 :
1
b o -y
2 060 Cohort1 TTTh “i Cohort2
= 0 N .
(7] 1 A
o o :
= '
= 1
5 =
2 040 Vo
= \
= ————
u 1
1
b -
1
1
0.20 - Soo
I- -
1
T
L
I- -
1
0.00 - 1
1 1 1 1 1 1 1 1
30 40 50 60 70 80 90 100
Age, years

37



plasms 13(3.6-49;p=0.0001) in patients with C282Y/C282Y vs. wild type. Thus, risk was
both conferred by C282Y/C282Y genotype but also from other sources of iron overload that
we were not able to detect, as we did not have any supplemental information on iron supple-
ments, food intake, or co-existing liver disease.

In Cohort 2, total mortality and cause-specific mortality was not different in patients with
transferrin saturation >50% vs. <50% (Figure 9). It was not possible to assess risk according
to genotype, as only those patients with transferrin saturation >50% were genotyped.

In order to examine whether early measurement of transferrin saturation influences
the ability to predict mortality outcome, Cohort 2 (early measurement of transferrin satu-
ration) was compared with Cohort 1 (random measurement of transferrin saturation). In
patients with late-onset type 1 diabetes and transferrin saturation >50%, hazard ratio for
total mortality was 0.4 (0.2-0.9;p=0.03)in Cohort 2 vs. Cohort 1(Figure 10A);, corresponding
to a median survival age of 77 years (Cohort 2) and 61 years (Cohort 1) (Figure 10B); thus,
early measurement of transferrin saturation in these patients leading to early intervention
may improve life expectancy.

Paper 7

In paper 6, we showed that early measurement of transferrin saturation improved life ex-
pectancy in patients with late-onset type 1 diabetes in a specialised diabetes clinic. Whether
mortality was also increased in individuals with diabetes and increased transferrin satura-
tion ascertained from the general population was unknown. From two general population
studies (CCHS and CGPS) we included 3346 patients with diabetes (type 2 diabetes N=3328,

Flg ure 11. Total and cause-specific mortality by transferrin saturation 250% vs. <50%.

in patients with diabetes in the general population

Power is 80% to detect a given hazard ratio.
*Individuals with C282Y/C282Y and C282Y/H63D excluded from analyses. (from paper 7)

TS: transferrin saturation, unexp: unexposed, exp: exposed, CCHS: Copenhagen City Heart Study, CGPS:
Copenhagen General Population Study.

Mortality by TS>=50% vs. <50%

Incidence rate (95% CI)
Events/1000
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Unexp/exp

Adjusted

hazard
ratio (95% CI)

Power
80%
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Total mortality

All ! @ 14521/452  511/30 35(32-38)/66(46-95) 1.7(1.2-2.5);p=0.004 2.2
Men | @ 8011/370 328/26 41(37-46)/71(48-103) 1.5(1.0-2.3);p=0.05 2.4
Women E ——@ — e6510/82 183/4 28(24-32)/49(18-130) 3.8(1.4-11);p=0.01 4.3
CCHS H-@— 3681/266 264/21 72(64-81)/79(51-121) 1.1(0.7-1.7);p=0.7 5.2
CGPS D —e— 10840/187  247/9 23(20-26)/48(25-92) 2.5(1.2-4.9);p=0.01 3.6
Type 2, only E —@— 14077/453  504/30 36(33-39)/66(46-95) 1.7(1.2-2.5);p=0.004 2.2
Genotypes excluded* : —@— 11428/326  431/25 38(34-41)/77(52-113) 1.9(1.2-2.8);p=0.003 2.4
Cause-specific mortality
Neoplasms ! —@— 12200/302  120/8 9.8(8.2-12)/26(13-53) 2.8(1.3-6.0);p=0.007 3.2
Cardiovascular death |:—.—| 12433/304  135/6 11(9.2-13)/20(9-44) 1.3(0.6-3.1);p=0.5 3.1
— @ 12504/306  149/14 12(10-14)/38(23-65) 4.2(1.7-11);p=0.002 3.4
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Figure 12. Hazard ratio (95% confidence interval) for total mortality by transferrin

saturation(%) in patients with diabetes (new results for paper 7). R?=0.98.
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type 1 diabetes N=118) and a baseline measurement of transferrin saturation. The cumu-
lative survival was reduced in individuals with diabetes with transferrin saturation >50%
vs.<50% (log-rank;P <0.0001), with median survival age of 66 and 79 years, respectively.
The unadjusted hazard ratio for transferrin saturation >50% vs.<50% was 2.0(95%Cl:1.3-
2.8;P=0.0004) for total mortality overall (and similar for men and women separately);
2.6(1.3-5.4;P=0.008) for neoplasms and 3.4(2.0-6.0;P=0.00002) for endocrinological death
(Figure 11); death of cardiovascular disease was not significantly different. A stepwise in-
creased risk of total mortality was observed for stepwise increasing levels of transferrin
saturation (log-rank:P=0.0001), with a hazard ratio for transferrin saturation >70% vs.
transferrin saturation <20% of 4.8(2.0-12;P =0.0006). The unadjusted hazard ratio for
total mortality in individuals with diabetes for C282Y/C282Y vs. wildtype/wildtype was
3.3(1.04-10;P=0.04), and for (C282Y/C282Y& transferrin saturation >50%) vs. (wildtype/
wildtype& transferrin saturation <50%) 6.0(1.5-24;P=0.01). Adjusted analyses and analy-
ses excluding C282Y/C282Y and C282Y/HE3D showed similar results. Six percent of these
premature deaths can possibly be avoided by early screening for transferrin saturation or
HFE genotype according to calculation of population atributable risk.

For this thesis, we also explored the continuous relationship between transferrin satu-
ration and hazard ratio for total mortality in patients with diabetes ascertained in the gener-
al population using a fractional polynomial model. Due to the low number of patients, it was
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however not possible to perform a very detailed continuous relationship (in comparison to
the continuous relationship for paper 5); thus, the continuous relationship is made from the
same cut-points as the semigraded relationship in the article, the difference is just that aline
is drawn from point to point. Figure 12 shows the best fitted polynomial model (deviance:
-5.7) compared to a cubic spline regression (deviance: 4.4, p=0.075), and a linear model (devi-
ance=12, p=0.005); thus the polynomial model (R?=0.98) is a better fit, than both the cu-
bic spline and the linear model, even though the spline model was not statistically different
from the fractional polynomial model. Figure 12 is slightly J-shaped with an almost flat line
from 20-30% at 1.0 and thereafter a steep rise from transferrin saturation 40-70% with a
hazardratiorising from 1.2 to almost 5 with the fitted line and confidence intervals above 1.0.
Thus, the polynomial model gives a better visual prediction than just the cut-offs. However,
like using cut-off values this model illustrates that risk of total mortality in individuals with
diabetes from the general population increases with increasing transferrin saturation, like
that in paper 7%,

Results on hemochromatosis genotypes C282Y/H63D and C282Y/wild
typeinpaperl, 3,4,6and7

Risk of diabetes, hypertension, cancer, or premature death was not increased in individuals
or patients with diabetes with C282Y/H63D or C282Y/wild type compared to wild type/
wild type.

Key findings

Diabetes mellitus (paper 1 and 2):

The results of this work lend support to the hypothesis that hereditary hemochromatosis
is a disease generally overlooked in patients with late-onset type 1 diabetes mellitus; fur-
thermore, the results suggest an association between C282Y homozygosity and type 1 dia-
betes®. Secondly, transferrin saturation >50% is associated with a 2-3 fold increased risk
of developing any form of diabetes mellitus, as well as type 1 diabetes and type 2 diabe-
tes, separately, independently of hemochromatosis genotype'?; thus, increased transferrin
saturation >50% is an independent risk marker of diabetes mellitus. This was the first and
largest population based study that consistently demonstrated transferrin saturation as a
risk marker of any form of diabetes, and of type 1 and type 2 diabetes separately, in three
independent cohorts.

Hypertension (paper 3):

Hemochromatosis genotype C282Y/C282Y and extremely elevated transferrin saturation
either separately or combined are associated with increased risk of use of antihypertensive
medication'. These are novel findings.

Cancer (paper 4):

Elevated transferrin saturation levels are associated with increased risk of cancer in women
in the CCHS and in men and women combined in the meta-analysis. A novel finding is that
hemochromatosis genotype C282Y/C282Y overall and in men separately is associated with
increased risk of cancer'? This is the first population-based follow-up study of transferrin
saturation levels and hemochromatosis genotype including estimation of both relative and
absolute risks of any cancer. This is also the first meta-analysis estimating association of
elevated transferrin saturation with risk of cancer.
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Total mortality (paper 5, 6, and 7):

Paper 5:Individuals in the general population with a transferrin saturation >50% vs. <50%
have an increased risk of premature death'®, shown independently in two Danish studies
and a meta-analysis combining the present studies and a single previous American study.
Our study is the largest and most comprehensive study to date estimating risk of total mor-
tality by increased transferrin saturation. Risk was not driven by hemochromatosis geno-
type169l

Paper 6: Increased transferrin saturation and hemochromatosis genotype C282Y/C282Y
predict total mortality in patients with late-onset type 1 diabetes in patients ascertained in
a specialized diabetes clinic, and post-diagnosis increased transferrin saturation is an inde-
pendent risk factor®. Early measurement of transferrin saturation in these patients leading
to early intervention may improve life expectancy. These are novel findings.

Paper 7: Individuals with diabetes, ascertained in the general population, with increased
transferrin saturation or hemochromatosis genotype have a 2-6-fold increased risk of pre-
mature death'® Results for transferrin saturation were novel.

Discussion - Methodological considerations

Errors in sampling

1) Selection bias: Non-participants vs. participants

Selection bias is a systemic error in the sampling of individuals. Participants’ decision on par-
ticipation in a general population study is an example of selection bias. The data in this the-
sis from the CCHS examination were from the third examination, as DNA was not extracted

Table 10 . Factors affecting participation in population-based studies.

1. Design options
1. Short distance to survey location increases participation
2. Location of health study (home visits have higher degree of participation than field centers)
3. Good transportation possibilities
4. Length of questionnaire (the longer, the higher risk of non-participation)
5.Reminders increases participation
6. Time of the day (may depend on the job situation)
7. Season of the year (snow may delay transportation and thus decrease partipation)

8.Kind of survey (case-studies tend to have higher participation rates than
general health examinations)

9. Return of results increases participation

2. Study focus

3. Participant background

1. Social class (low social class, low income, low educational level
increase risk of non-participation)

2.Living in arelationship with a partner increases participation
3. Sex (women tend to attend more than men)
4. Age (very young and old age groups usually have lower participation rates)

5. Morbidity status (the more diseased the individual is, the lower the participation rate)

41



until this examination; thus, those who attended the third examination were survivors
from the second, participants from the second, and some newly recruited participants; thus,
the participants in the third examination may be selected introducing selection bias in the
results with probably less cases than would have been expected from a new study. Further-
more, those eligible to invite at the third examination were the survivors which potentially
could introduce survivor selection bias; thus, all the genetic analyses and analyses of trans-
ferrin saturation in this cohort is based on those who survived and were willing to attend.
However, an argument against major selection survivor bias is the fact that the genotypes
in the general population studies were in Hardy-Weinberg Equilibrium. The original cohort
was supplemented with younger participants, in order to minimize survivor selection bias. If
survivor selection bias existed, it would tend to draw the results against the null hypothesis,
but it cannot likely explain the significant results.

Non-participants in third CCHS had higher total mortality and increased risk of diabetes
and ischemic heart disease compared to participants. Risk of hypertension was decreased in
non-participants; this most likely reflects that non-participants are less likely to seek a medi-
cal doctor to get a diagnosis of hypertension, or it is a chance finding. Risk of cancer was not
different in non-participants compared to participants. Two of 23 participants with C282Y/
C282Y in the CCHS third examination had diabetes mellitus; the reason for this prevalence
could be that there were more individuals with hemochromatosis and diabetes among non-
participants than among participants; however, as later studies have shown, a cross-sec-
tional estimation of diabetes mellitus® 188 in individuals with hemochromatosis underesti-
mates the risk compared to follow-up studies (paper 2)°.

Participation rates have been declining over the years in the CCHS with 61% response
rate at the 1991-1994 examination compared to those who participated in examination
1976-1978 or 1981-1983. In the CGPS (2003-2007), the response rate was estimated to be
45%. In accordance with these results, participation rates in general population studies in
Europe vary from 10%:'° to 72%?°, and have been declining during the past 30 years®.
In population based health studies many factors influence participation rate!®*1%, some of
which are listed in Table 10. A low participation rate may limit the external validity of the
results, but it will not affect the estimated association between the exposure of interest and
disease, unless non-response is associated with both endpoint and exposure. It is not pos-
sible to estimate whether non-participants would have had a different transferrin satura-
tion than those who participated, since there were no information on non-participants on
transferrin saturation. However, non-participation was associated with higher risk of total
mortality and diabetes; thus, therisk estimates in the papersin this thesis may be conserva-
tive and may underestimate or hide a truerisk in those analyses that did not show increased
risk. Overall, the participation rate is generally high among people aged 40-70 years, which
is the population of interest in most general population studies!®,

In some of the papers (paper 2, 5, and 7) we pooled the data in CCHS and CGPS, and the
two cohorts were analyzed as one cohort to obtain maximal statistical power as the cohorts
were ascertained alike with similar ethnicity, geographical location, questionnaires, health
examinations, and biochemical data; also, there were no duplicate individuals in the two co-
horts. However, such pooling could magnify associations as well as errors.

The participation rate in LIFEGEN is not clear from the protocol”2. In Diabetes Cohort 1,
participation rate was 90%, and thus higher than in the general population studies, maybe
because the motivation to contribute toresearch is higher when you actually have a disease
than before you get diseased; the deviation of C282Y from HWE could be explained by sam-
pling bias, mistyping of genotypes, or a spurious association due to population stratifica-
tion; however, the most likely explanation for Hardy-Weinberg disequilibrium in a diseased
cohort is that the marker locus is in association with the disease, provided that the control
group isin HWE, which was the case for CCHS in paper 1'%, Diabetes Cohort 2 was all patients
attending the Steno Diabetes Center from 2001-2007 and who all had a routine measure-
ment of transferrin saturation.

42



2) Recall bias

It is well known that information on smoking and alcohol consumption is often under-re-
ported, a general problem in epidemiological studies. A confounder is a factor that affects
both the exposure and the outcome, and must not be part of the pathway. Because of Men-
delian randomization, confounding by conventional risk factors is rarely a problem in studies
of genetic factors'®”. However, in analyses of transferrin saturation reflecting iron status as
exposure for outcome, alcohol consumption, liver disease, iron supplementation, and meno-
pausal status may be confounders. Information on iron supplementation was not available
in any of the studies, and information on alcohol intake was so poorly reported at the Steno
Diabetes Center so it could not be used in the analyses.

3) Misclassification

Misclassification of exposure (i.e. transferrin saturation or genotype) or outcome may be
non-differential or differential. Non-differential misclassification is when all categories of
a variable have the same error rate or probability of being misclassified for all study sub-
jectsresulting in an underestimate of the hypothesized relationship between exposure and
outcome. Differential misclassification occurs when the error rate or probability of being
misclassified differs across groups of study subjects. For example, if disease status impedes
exposure status. The effect(s) of such misclassification usually results in an overestimation
or an underestimation of the true value.

When examining for genetic traits, it is important to test for Hardy-Weinberg equilib-
rium (HWE). Allgenotypes in the general population studies and LIFE were in HWE, whereas
C282Y was in Hardy-Weinberg disequilibrium in Diabetes Cohort 1 (as described above). If
the observed genotype frequencies differ from those predicted, a laboratory misclassifica-
tion error is often the cause, and more rarely it is caused by selection, migration, mutation,
or genetic drift'®8. Misclassification of genotype could have occurred from at least two pre-
analytical sources: 1) Contamination of the sample by foreign DNA. 2) Mistaken identity of
samples. The only way to exclude these kinds of errors would be to analyse a new blood
sample. Due to the large size of this study, such re-analysis would however be very costly.
Analytical errors, e.g. incomplete restriction enzyme digestion, are unlikely to have lead to
incorrect results, since we included a DNA marker, an uncut control, a positive control, and
water control for each gel electrophoresis; in the case of incomplete digestion, the sample
was re-analysed. Furthermore, 2 independent genotyping analyses were performed. For
TagMan analyses, each run included a known noncarrier, a heterozygous, and a homozy-
gous control verified by sequencing; after 2 reruns, call rates for genotypes where above
99.9% for all assays. Thus, these misclassifications would be non-differential. In order to
avoid post-analytical errors and differential misclassification, genotype diagnosis and data
base entry were performed blind to outcome variables and scrutinized by two different
laboratory technicians.

Transferrin saturation was a single non-fasting measurement; thus, it cannot be ex-
cluded that some individuals with high transferrin saturation could have a bone marrow
disorder with reduced or high iron turnover such as hypoplastic anemia or hemolytic dis-
ease, hepatocellular injury, or a transient non-specific rise in transferrin saturation rather
than increased iron stores (this would be differential misclassification). However, a signifi-
cant contribution of such conditions is unlikely because of the rarity of these diseases. A
study of the circadian variation of transferrin saturation levels in iron-overloaded patients
showed that determination of transferrin saturation may be performed at any time during
the day'®; thus, if misclassification occurs, it would be non-differential. Misclassification of
outcomes is discussed in "Ascertainment and misclassification of diagnoses” below:.
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4) Problems with population stratification

".Population stratification is the distortion of the relationship between a genotype of inter-
estand disease due to the effect of a truerisk factor that is related to the genotype"?®. Allele
frequencies may vary within and between populations as each population have its unique
social ancestral patterns of geographical migration, ethnicity, mating practices, reproduc-
tive history and accidental variations®°> 2%, if the allele frequencies vary between cases and
controls due to differences in these factors, or if disease prevalence varies between cases
and controls, population stratification is existent. Population stratification may be a reason
for non-replication in genetic association studies?®:. However, all the participants in the the-
sis were white and of Danish descent (CCHS, CGPS, Diabetes Cohort 1 and 2) or white from
mixed Scandinavian countries (LIFEGEN) and consequently we did not control for ethnicity
in the analyses. Apart from LIFEGEN study (paper 3) the rest of the papers relies on popula-
tions ascertained from the same geographical area in Denmark, and thus social ancestral
patterns of geographical migration, ethnicity, mating practices, reproductive history and
other accidental variations?®® 2°t and consequently genetic variation must be assumed to
be similar in these cohorts and within subgroups of the cohorts as the source of the popu-
lations are similar. However, there are more advanced strategies to control for population
stratification?®® ?°.; controlling for stratification with families (using relatives as controls),
and controlling for stratification with genetic markers (using genetic markers as controls);
we did not apply any of these controlling strategies in the analyses. Thus, we do not know if
these strategies would have either unmasked true associations or the reverse. However, we
believe that since the source of the populations is the same, a potential problem with popu-
lation stratification is small. Also, since the genotype distributions across the populations
were in HWE, and genotype distribution did not change with age, we did not have reasons to
believe that population stratification would be a problem.

Health examinations

1) Definitions of hypertension and LVH in paper 3

We decided for the general population studies CCHS and CGPS to take prescription of antihy-
pertensive medication as the best indicator of hypertension in the risk association studies,
as we did not have data on 24h-blood pressure measurements; furthermore, blood pressure
measured in the ambulatory under non-ideal conditions carries a risk of reflecting white-
coat hypertension or the fact that the individual have not rested long enough before the
measurement. Continuous blood pressure measurements were used in CCHS, CGPS, and in
LIFEGEN. In CCHS and CGPS, there may be arisk that increased blood pressure reflects white-
coat hypertension due to the circumstances above. LIFEGEN participants were phenotypi-
cally well-characterised cases with hypertension defined as a diastolic blood pressure read-
ing of 95-115 mmHg or a systolic blood pressure reading of 160-200 mmHg; thus for the
continuous measurements, the study groups were not ascertained alike introducing hetero-
geneity in the study. Left ventricular hypertrophy was diagnosed by a standard 12-lead ECG
inboth CCHS and LIFEGEN but by the Minnesota code and Sokolow-Lyon index, respectively,
which make the two studies not completely comparable. Though, the best estimate of LVH
would have been an echocardiography, which was not performed in either study:.

Other factors influencing study validity

Missing values in studies may impact study validity. Missing values may be due to partial
response in questionnaires!®> 2%, missing laboratory data®®3, or missing information on fol-
low-up status?®*, Methods for handling missing data are required to correct for inconsisten-
cies that may impact validity of results???, Missing values may be imputed in several ways?*>
205, In this thesis, the missing values were imputed using single imputation depending on
age and sex in paper 6, and in CCHS and CGPS (paper 4, 5, 7) imputations were based on re-
placing the missing value with the median in the dataset for continous values and the most
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frequent categorical value for categorical data. The imputation method in paper 6 is more
accurate than that in the CCHS and the CGPS, but in the general population studies missing
values were low compared to data from the Steno Diabetes Center, which rely on clinical data
and not systematically collected research data. Follow-up of participants was 100% com-
plete for CCHS, CGPS and LIFEGEN, but 9/6123 (0.1%) of patients in Diabetes Cohort 2 were
lost to follow-up in the Danish registries and at Steno Diabetes center; however, this is not
different from well-conducted trials?°,

Patient audit: Classification of diabetes

The patient audit of late-onset type 1 diabetes showed that patients with C282Y/C282Y
had C-peptide levels ranging from 10-605 pmol/L, thus resembling patients with almost
absent beta-cell function and patients with residual beta-cell function. The data are in ac-
cordance with the evidence that diabetes secondary to hemochromatosis is characterised
by both insulin resistance’® and beta-cell destruction*®, and may therefore mimic both type
2 diabetes*®5¢ and non-autoimmune type 1 diabetes*®, Furthermore, a study has shown that
loss of secretory capacity in patients with late-onset type 1 diabetes is less pronounced??”,
thus supporting the C-peptide values among these patients. However, in patients that were
wild type/wild type, 6 individuals had low C-peptide values, 2 patients had beta-cell residual
function, and 4 patients lacked a measurement. All C282Y/C282Y and wild type/wild type
patients received insulin and none received other anti-diabetic medication. At the time of
the study patients were classified according to WHO-1980 classification. Only four patients
had a measurement of auto-antibodies (two positive (one C282Y/C282Y, and one wild type/
wild type) which may be explained by the period in which the study was conducted in 1999
and at that time auto-antibody measurement was not a routine measurement’** at Steno
Diabetes Center; thus, it cannot be ruled out from the scarcity of data on auto-antibodies
that patients in a WHO-1999 classification would have been auto-immune (either type 1
from the beginning or latent autoimmune diabetes); however, there is no evidence to date to
either support or contrast that speculation in the literature for patients with hemochroma-
tosis, but a genome-wide association study of auto-antibody positivity in patients with type
1 diabetes did pick up on HFE as a possible association?°®, But since the etiology of diabetesin
patients with hereditary hemochromasis is different from patients with auto-immune type
1 diabetes, it will not be expected that auto-antibodies will be abundantly prevalent in these
patients; however, it may be expected due to the population prevalence that 2% of patients
with C282Y/C282Y have auto-antibodies'*. A limitation to the scarce data on auto-antibod-
ies is also that only GAD-65 auto-antibody was measured; but since the 4 measurements
were done 14-38 years after diagnosis, GAD-65 is the autoantibody with the highest sen-
sitivity, specificity and positive predictive value'>* even many years after diagnosis in com-
parison to other islet cell auto-antibodies!>* 2%, Two of the four patients with auto-antibody
measurement had serial measurements, thus these results may be valid, but the one wild
type type/wild type patient with a single positive auto-antibody test should ideally have
had a serial measurement in order to confirm auto-immune type 1 diabetes'*?,

The patients with late-onset type 1 diabetes all had a mixture of diagnoses. For patients
with wild type/wild type, this could reflect that these patients were latent autoimmune dia-
betes of the adult but also type 2 diabetics!”® 219, For patients with hereditary hemochroma-
tosis as the cause, the ICD-codings may reflect the current confusion on how to classify dia-
betes mellitus secondary to diabetes; the different ICD codings could also reflect the nature
of disease, in that patients with hemochromatosis usually develop insulin resistance before
beta-cell destruction?®. In the current American Diabetes Association (ADA)Y® and World
Health Organisation (WHO)?'° classifications of diabetes mellitus, hereditary hemochroma-
tosis is listed under the heading "Diseases of the exocrine pancreas”; however, this classi-
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fication does not comply with the current evidence of the cellular and pathophysiological
mechanisms in hereditary hemochromatosis and other iron overload diseases or the clinical
phenotype of patients with these diseases as described in the introduction.

Ascertainment and misclassification of diagnoses

The National Danish Civil Registration System's> provides data on total mortality, which is a
more unbiased measure than disease-specific mortality?! with diagnoses from theregistries.

The diagnoses in The National Danish Patient Registry(NPR)*S and The National Dan-
ish Causes of Death Registry (NDCDR)'%® are not precise; thus, there may be diagnoses from
hospitalisations and death that are not registered, and some diseases may be misclassified.
The validity of the administrative data in NPRis high ranging from 85%-99% (date, referral
etc.)?? and the completeness is high due to the civil registration number?, Older patients
tend to get less valid diagnoses than younger patients, probably due to the more multi-
morbidity, and surgical diagnoses has a higher correctness (86%) than internal medicine
diagnoses (66%)?'. Differences in coding may also be due to different coding practises at
the hospitals®?. A study has shown that diabetes diagnoses in NPR has 64% sensitivity (i.e.
finds correctly 64% of those diagnosed with diabetes, but misses 36%), and 97% positive
predictive value (i.e. 97% of the patients with a diabetes diagnosis in NPR, has in fact diabe-
tes)?3, Combining the NPR and The Danish National Health Service Register®®24increases
the sensitivity of the NPR diagnosis of diabetes to 86% but decreases the positive predictive
value to 89%.If the Danish National Health Service Register?#24is combined with data from
the hospitals laboratory databases, the sensitivity of a diabetes diagnosis is 96% and the
positive predictive value 83%. Thus, due to unsatisfactory sensitivity of diabetes diagnoses
inNPR, The National Diabetes Register was established in 2006%'5; this register includes NPR
diagnoses of diabetes, registration of chiropody, glucose measurements, purchase of oral an-
tidiabetic drugs and insulin. The findings of sensitivity for a diabetes diagnosis corresponds
well with a similar Scottish study with a sensitivity of 59% and a positive predictive value of
99%?%5; the Scottish study also demonstrated that completeness of recording of diabetes as
a co-morbidity also varied by primary diagnosis such that 70% and 41% of admissions with
coronary heart disease and cancer as the primary diagnosis mentioned co-existing diabetes,
respectively?'®, Another limitation of the registries is that the ICD-coding (type 1 diabetes
(ICD8: 249, ICD10: E10), and type 2 or other or unspecified diabetes (ICD8:250, ICD10: E11,
E13, E14)) is not mutually exclusive; however a “true” type 1 diabetes ICD-10 coding would
most likely be one with only an E10 code; those, who have both E10 and E11 are most likely
type 2 diabetics; however, just exactly patients with hemochromatosis in a more advanced
stage usually only get insulin, and as was discussed above, these patients may not belong
to E10 but to E13. Thus, we used only diabetes diagnoses from NPR for incidence, but we
combined them with glucose measurements and information on diabetes medication for
prevalence in the population studies. Consequently, the number of cases with diabetes in
the follow-up studies is most likely less than the “true” incidence.

The National Danish Cancer Registry'®” has a very high completeness of 95-98%167-2%7,
Although, the registry contains source of information on how the diagnosis was made (mi-
croscopy, autopsy;, clinical etc.), the proportion of morphologically verified tumors is 89%';
it is estimated that this proportion can get higher even though it internationally is a high
proportion'®’. Validity of diagnoses are secured through quality control routines and link-
age to NPR and The Danish Pathology Register's”-218, Thus, the use of the cancer registry in
paper 4 most likely covers all the diagnoses.

The National Danish Causes of Death Registry (NDCDR)!®®: The correctness of the un-
derlying and contributing causes of death relies on the classification of the codes and on the
physicians who have filled in the death certificates'®. Before 2007, it was the National Board
of Health in Denmark who interpreted the written information on underlying and contribut-
ing causes of death on paper-based death certificates issued by physicians and translated
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this information to ICD-codes; this practice may have resulted in misinterpretations!®®. After
2007, electronic coding is done by the physician who issues the electronic death certificate
and thus the coding relies on the diagnostic accuracy by the attending physicians'®®, How-
ever, both systems share some general limitations. Differences in the causes of death may be
due to new diagnostic techniques, increased focus on special diseases, and less focus on ill-
defined diseases'®®, Furthermore, in 1990 the legislation on autopsies on persons who died
anatural death in Denmark was changed from a practice where a previous consent from the
person who died or consent from the family was not needed to a practice where either of
these consents was required. Thus, autopsy rates in Denmark has since declined and is now
low (below 10%0)'%8, A recent meta-analysis on the discrepancy between clinical and autop-
sy diagnoses estimates that 30% of the diagnoses on the death certificates are incorrect?,
Furthermore, in Denmark, causes of death are not regularly validated'®® as opposed to e.g.
Finland where a validation report estimated that of 7% questionable death certificates, half
of them were re-assigned to a different ICD-code?®. Thus, correctness of causes of death is
crucial for mortality statistics and health surveillance but also for research purposes. How-
ever, total mortality in Denmark is based on the Danish Civil Registration System which
updates vital status continuously and is thus considered complete for Danish residents!®s;
however, for those persons who have emigrated or disappeared, death is only registered if
the Danish authorities are informed about their death or the death occurred in Denmark?®s,

Discussion - results in perspective

Diabetes mellitus

Paper1

The study of late-onset type 1 diabetes in 2001 was the first of its kind and is still unique. Our
results supported the hypothesis, that hereditary hemochromatosis is a disease generally
overlooked in patients with late-onset type 1 diabetes, and they also suggested an associa-
tion of C282Y/C282Y with late-onset type 1 diabetes. We recommended that patients with
late-onset type 1 diabetes mellitus should be assessed for hereditary hemochromatosis to
reduce morbidity and mortality, and that screening programmes should measure transfer-
rin saturation initially, and, if the value was greater than 50%, genetic tests should be done®.
Extrapolation of the data to the entire general population suggests that 15-20 individuals
in every million would not develop type 1 diabetes and hereditary hemochromatosis if they
were investigated for hemochromatosis early in life. Whether one calculates the frequency
of diabetes in C282Y homozygotes or the frequency of homozygosity in those with diabe-
tes, the degree of attributable risk seems small, at least from the perspective of a busy gen-
eral clinician. To a specialist in diabetes mellitus, however, screening for hemochromatosis
might be useful in the differential diagnosis of secondary causes of diabetes, allowing them
to secure the appropriate treatment for this subgroup of patients® that have a serious prog-
nosis, if the hemochromatosis diagnosis is overlooked.

Men with C282Y/C282Y had biochemically higher iron overload (tranferrin saturation
and plasma ferritin), and were phenotypically more severely affected than women in accor-
dance with other studies!®*135; however, unexpectedly, women had earlier onset of diabetes
than men and with less iron overload than men. The reason for the earlier onsetin women s
not apparently clear from the study as men usually have earlier onset of hemochromatosis
compared to women who present with symptoms after menopause®.

Previous studies of risk of diabetes according to C282Y/C282Y genotype have primar-
ily focused on type 2 diabetes or any diabetes with contradicting results” %22 to solve
this question, Iand co-authors undertook a meta-analysis in 20077, showing that the risk of
any diabetes among Northern Europeans according to C282Y/C282Y genotype was 3.4-fold
(95%CI: 1.1-11).
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In a recent study?*, diabetes mellitus secondary to pancreatic disorders accounted for
9% (172) of 1868 patients with diabetes mellitus of whom only 12(6%) had hemochro-
matosis (equal to 0.6% of all the diabetes patients). In our own study®, 1.26% of patients
with late-onset type 1 diabetes with onset above 30 years of age were homozygous for the
C282Y mutation (the prevalence of C282Y homozygosity in the Danish general population
is 0.25%), corresponding to the prevalence found in another similar study???. We estimated
that the population attributable risk of diabetes given iron overload is 3%, meaning that 3%
of diabetes could be avoided if iron overload was eliminated!°.

We used the CCHS 1991-1994 examination as a comparison population to the patients
with late-onset type 1 diabetes. In the CCHS, only 23 had C282Y/C282Y, and of those, only
twohad type 2 diabetes, and none had type 1 diabetes. Since the background population rep-
resents those who participated in the population study, these participants may be healthier
or less diseased than those who did not participate, and furthermore also reflects the popu-
lation that survived from the second examination to the third. Thus, as is speculated in this
thesis, if iron overload leads to increased morbidity and mortality, those severely affected
with iron overload may not participate, and thus the prevalence of C282Y/C282Y in the
CCHS could be underestimated. The diabetes diagnoses from the CCHS were collected from
The National Danish Patient Registry'®® and The National Danish Causes of Death Registry
(NDCDR)¢8, As described above, these registers are not precise. In NDCDR, diabetes mel-
litus is very seldom used as a diagnosis, instead the co-morbidity to diabetes i.e., ischemic
heart disease is often given as the cause of death. Also in relation to hospital discharge
register the diagnose type 1 diabetes is not always part of the diagnosis. Consequently,
the number of cases with type 1 diabetes in the background population could be less than
the “true” prevalence.

At the time the data in this paper was collected and later published in 2001 as well as
now in 2014, it was not part of clinical guidelines to assess for hemochromatosis in special-
ised diabetes clinics or among general practitioners. It was our aim with this paper to assess
whether there was a higher prevalence of patients with hemochromatosis among these pa-
tients than seen in the general population. The data confirmed this hypothesis. At that time,
it was known from studies of patients with hemochromatosis that early detection of the
disease would halter or reduce comorbidities.

Therefore, as part of the discussion and in the Conclusion in the abstract in paper 1, we
hypothesised/speculated using the hypothetical words “could”/"might” that assessing this
group of patients even earlier (i.e. at entry to Steno Diabetes Center) could in the future re-
sultin the earlier diagnosis of hemochromatosis and reduced premature death. However, we
did not have the data to justify this in paper 1, hence the hypothetical wording. Therefore,
in paper 6, we followed up these patients as well as another group of patients with late-
onset type 1 diabetes and patients with type 2 diabetes and other diabetes but diagnosed
at entry to the Steno Diabetes Center, and not at some random time point as the patients in
Paper 1. Our hypothesis, that premature death among patients with late-onset type 1 diabe-
tes would be reduced if iron overload was detected at entry rather than at random or later,
was confirmed in paper 6. Thus, we hope that early assessment of iron overload status with
measurements of iron overload parameters and genotyping will be integrated as part of fu-
ture clinical guidelines in specialised diabetes clinics; however, for this to be a reality, cost-
effective analyses must be carried out.

Paper 2

We demonstrated that transferrin saturation >50% was associated with a 2-3 fold increased
risk of developing any form of diabetes mellitus, as well as type 1 diabetes and type 2 dia-
betes, separately. This was the first and largest population-based study that consistently
demonstrated transferrin saturation as a risk marker of any form of diabetes, and of type 1
and type 2 diabetes separately, in three independent and ethnically and geographically ho-
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Table 11 Studies of the association of transferrin saturation and risk of diabetes.

I T T L

Ellervik

Publication year 2002 2004 2006 2011

Ethnicity Mix Not specified Mix White

Study design Restrospective Case-study with Cross-sectional 2 follow-up studies
cohort cohort 1 case-control

Study size 9000 820 97000 45574

Transferrin 45% 35% Mean values, 50%

saturation cut-off no cut-off

Diabetes diagnosis | Any Typel, Type2 Any Type1l, Type 2, any

Source of diabetes | Self-report, ICD-9 Patientsina Self-report ICD-8, ICD-10, blood glucose,

diabetes clinic self-report, medication
Result No association Association No association Association
Statistics Logistic regression | Logistic regression Analysis of variance | Hazard ratio

Mainous AG, III, et all. Is an elevated serum transferrin saturation associated with the development of diabetes?
J Fam Pract 2002 November;51(11):933-6.

Thomas MC et al. Elevated iron indices in patients with diabetes.
Diabet Med 2004 July;21(7):798-802.

Acton RT et al. Relationships of serum ferritin, transferrin saturation, and HFE mutations and self-reported diabetes
in the emochromatosis and Iron Overload Screening (HEIRS) study.
Diabetes Care 2006 September;29(9):2084-9.

Ellervik C et al. Elevated Transferrin Saturation and Risk of Diabetes: Three population-based studies.
Diabetes Care 2011 October;34(10):2256-8.

mogenous studies. The risk of increased transferrin saturation observed in our study was
not secondary to an increased risk conferred by the C282Y genotype. As the risk of devel-
oping diabetes mellitus increased with the degree of iron overload®, for which there is a
simple treatment (phlebotomy), 1 to 3% of cases of diabetes mellitus in the general popula-
tion and 7% of cases in a diabetes population, corresponding to approximately 300 patients
per million in Denmark, could likely be resolved if patients received such a treatment earlier
in life’®, These findings reinforce the importance of investigating for iron overload in the
differential diagnosis of secondary causes of diabetes, and they support the arguments in
favour of at least a targeted screening approach for iron overload in symptomatic patients
and their families®.

In epidemiological studies, hereditary or non-hereditary hemochromatosis is associated
with increased risk of developing or dying from diabetes’ 10148385, High serum ferritin cor-
relates inversely with serum insulin and proportionally with blood glucose concentrations®.
Phlebotomy may improve insulin secretory capacity % % and insulin sensitivity® if insti-
tuted early and reverses impaired glucose tolerance in patients with hereditary hemochro-
matosis® %, Likewise, in patients with beta-thalassemia major and tissue iron overload due
to enhanced iron absorption and multiple transfusions, iron chelation may improve glucose
metabolism by reducing insulin resistance and improving beta-cell function?*4-#2,

In the context of the existing literature, three other studies® ¢ %" besides our own?®
have used transferrin saturation as the primary independent variable (without considering
hemochromatosis genotype) for the study of the risk of any diabetes (Table 11). However,
these studies are heterogeneous concerning ethnicity (two of the studies used mixed popu-
lations®® 7, another did not report ethnicity®), study design (cross-sectional®®, retrospec-
tive cohort?, and case-study with historical controls®), size (44000 whites/53000 other
ethnicities®®, 9000, and 820%), transferrin saturation threshold (no cut-off but only mean
values®, cut-off of at least 45%, cut-off of 35%%%), diabetes diagnosis (any diabetes® 7,
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type 1%, type 2%), source of diabetes diagnosis (self-report® , use of ICD-9 code®, diabe-
tes patients in an endocrinology department®®), and finally also results (one in favour®® and
two not in favour®® %’ of association of elevated transferrin saturation and risk of diabetes).
In comparison, our study consisted of three individual studies consistent in study design
(two large general population studies similarly ascertained, and a case-control study us-
ing patients with diabetes ascertained from a similar population as the general population
studies and compared to controls ascertained like the population studies with no overlap
of individuals in the three individual studies), ethnicity (only white individuals of Northern
European Danish descent), transferrin saturation cut-off value of 50% in accordance with
accepted clinical practice3176:177, diabetes diagnosis (any diabetes, type 1 and type 2 for all
three studies), source of the diabetes diagnosis (self-report, medication, ICD-coding, and a
non-fasting glucose above 11 mmol/L), and finally also consistent in results.

[tisalimitation of our study that only approximately 45% participated in the CGPS; thus,
as discussed above, the participating population may be healthier than the non-participat-
ing population. And as described above, the CCHS suffer from survivor bias, which is also
reflected by the fact that non-participants had a higher incidence of diabetes than partici-
pants. Age was higher in CCHS and CGPS than in the Steno Diabetes Center Cohort 2, but
age was adjusted for in the follow-up analyses of diabetes in CCHS and CGPS, and the case-
control study was matched on age and gender 1:1. As discussed above, The National Danish
Patient Registry'®® and The National Danish Causes of Death Registry (NDCDR)'®® may un-
derestimate the true incidence of diabetes; however, it must be anticipated that this applies
to both participants as well as non-participants, and thus the relative difference would be
expected to be the same. Another limitation of the registries is that the ICD-coding (type
1 diabetes (ICD8: 249, ICD10: E10), and type 2 or other or unspecified diabetes (ICD8:250,
ICD10: E11, E13, E14)) is not mutually exclusive. Thus, the numbers of type 1 diabetes in the
population studies may seem high compared to type 2 diabetes. In CCHS and CGPS, 910 and
1496 were classified with diabetes mellitus, 274 and 393 were classified with type 1 diabe-
tes, and 875 and 1418 were classified with type 2 diabetes or other or unspecified diabetes
mellitus, respectively. However, in the National Danish Patient Registry, 239 and 315 had
diagnoses for both type 1 and type 2 diabetes in the CCHS and the CGPS, respectively; thus,
the stratification on type 1 and type 2 for the general population studies is not mutually
exclusive. In other words, type 1 diabetes reflects those treated with insulin and includes
a large proportion of patients with type 2 diabetes and only a smaller proportion of those
with autoimmune type 1 diabetes. However, in light of the discussion above, this may be
relevant, as most patients with diabetes secondary to hemochromatosis need insulin. But
of course, the wording could have been otherwise chosen (insulin dependent and non-in-
sulin dependent diabetes).

It could be questioned, that with a mean age of about 60 years not all cases of type 2
diabetes have been developed, while most cases of type 1 diabetes had become overt given
that the mean age in Denmark for developing type 2 diabetes is about 55 years. It could also
be questioned that the difference in prevalence of diabetes between the two populations is
difficult to understand, since the mean age did not differ between the two cohorts at time of
investigation. Median ages in paper 2 are those at recruitment=baseline. However, since we
performed a follow-up study in both CCHS and CGPS, all individuals in the population stud-
ies who later developed diabetes were counted as incident cases irrespective of the age of
the individual entering the study. Thus, we have included all the patients with diabetes that
had developed during the follow-up period; however, off course the longer the follow-up the
more the incident cases you get. The CGPS started recruitment 10 years later than the CCHS,
thus the number of participants developing diabetes in the CGPS was only 1.4 times that in
the CCHS, even though the CGPS was 2.6 times larger than the CCHS probably because of
the difference in the years of follow-up. Therefore, we could have underestimated the effect
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in the CGPS; and also because the registries are not complete in the diabetes coding. In the
case-control study, cases and controls were matched 1:1, thus the diabetic group is compared
to the similar age and gender group among controls.

Hypertension (paper 3)

Given the results, testing for hemochromatosis genotype C282Y/C282Y and extreme trans-
ferrin saturation could be considered in patients with essential hypertension. As the suscep-
tibility for hypertension (determined by the use of antihypertensive medication) may be a
genetic factor causing iron overload for which there is a treatment (phlebotomy), 0.1-0.4%
of cases of hypertension likely could be resolved, if patients received such a treatment. Ex-
trapolating these results to all patients with hypertension in Denmark, 200-600 patients
per million could be helped with phlebotomy*.

Indeed, very few individuals experienced a transferrin saturation above 80%, which
is an extreme biochemical phenotype. What is interesting is that it may seem that a much
larger iron overload may be needed to develop hypertension, than to develop e.g. diabetes
(in comparison to the other results in the thesis); the reason for this is not clear. In support
of this, it is known that affection of the heart is much less common in iron overload (es-
pecially iron overload resulting from C282Y/C282Y genotype). Only one woman had iron
overload above 80% and was treated with antihypertensive medication; women in general
have smaller iron stores compared to men, and women only start accumulating iron after
the menopause; thus, it is expected that few women have extreme iron overload. Also, risk
of hypertension was increased in women with transferrin saturation 70-80%. It may seem
peculiar that women experience hypertension at a lower transferrin saturation level than
men, but it could be speculated that the acute rise in iron overload after the menopause may
be more toxic than a steady and gradual iron increase over the years as is seen in men.

In the CCHS 11% were on antihypertensive medication, whereas in the CGPS 19% were
on antihypertensive medication; these differences may reflect differences in medication
practice from 1991-1994 (CCHS) compared to 2003-2007(CGPS). In the CCHS 11% and 30%
were on antihypertensive medication in wild type/wild type vs. C282Y/C282Y; the corre-
sponding percents in the CGPS were 16% and 23%. These differences may be explained by
differences in medication practice in general in the wild type group, but for C282Y/C282Y
it could be speculated that these individuals at the 1991-1994 examination of the CCHS al-
ready were detected earlier with hypertension; in comparison the CGPS represents a more
naive clear baseline cohort compared to the CCHS, and thus the differences between the
genotypes are not as big as in the CCHS. Thus, the risk estimate for the CCHS may be over-
estimated, whereas the risk estimate in the CGPS may be a more conservative estimate.

The absent association of measured blood pressure on a continuous scale may be
explained by the individuals already being on antihypertensive medication having a
lowered blood pressure.

The reason for a non-significant finding of transferrin saturation and C282Y/C282Y
genotype with LVH or LVH combined with hypertension may be due to: limited power in
the studies, that ECG's are neither as specific nor as sensitive as an echocardiography for
LVH, and that LVH may be caused by other factors increasing afterload (i.e. aortic steno-
sis, aortic insufficiency) than hypertension. The absent association of risk of LVH may also
be explained because LVH represents end-organ damage; thus, longer time may be needed
for the hypertension to affect the heart. Another reason for the lack of association is that
it is well known that heart disease from classical Type 1 hemochromatosis (i.e. HFE hemo-
chromatosis) is seen far less common than in Type-2 hemochromatosis (a juvenile form),
where the individuals often die early (i.e in their thirties) from heart failure. Furthermore,
the extreme clinical phenotypes with affection of the heart may be too diseased to attend
a health study and may be underrepresented in the CCHS. Also, previous evidence of LVH in
hemochromatosis comes from case-only studies without any control population.
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The association between C282Y/C282Y genotype and/or extreme transferrin satura-
tion and treatment with antihypertensive medication may be caused by extreme iron over-
load accumulated over a long period. Previous findings have shown an association between
hyperferritinemia®® 1°-227 and features of the metabolic syndrome including hypertension.
This study is the first study to investigate and show an association between C282Y/C282Y
or transferrin saturation and use of antihypertensive medication. However, it is worth not-
ing that increased transferrin saturation measured in this study (generally thought to rep-
resent an increased intestinal iron absorption typical of hemochromatosis) is different from
hyperferritinemia without increased transferrin saturation, which is a common presenta-
tion of the so called dysmetabolic iron overload syndrome not related to hemochromatosis?,

A functional explanation for the detected association of transferrin saturation and
C282Y/C282Y with hypertension may be that long-term iron overload generates reactive
oxygen species by the Fenton reaction, creating oxidative stress that increases vascular
tone'®422° and consequently this results in hypertension.

Cancer (paper 4)

Risk of any cancer based on increased transferrin saturation was only increased in women
in CCHS, but this study may be underpowered for sex-stratified analysis. The meta-analysis,
on the other hand, showed increased risk of any cancer overall, in women, and to a lesser
degree in men, in accordance with previous studies'?*!¢¢, This finding is supported by results
from a clinical trial of the effect of iron reduction®®! and from a cohort of regular blood do-
nors'®, suggesting an effect of iron reduction on decreased risk of cancer.

Risk of cancer in individuals with iron overload has previously been studied in various
prospectivel812® and case-control studies'’; the studies are not homogeneous in design
making comparisons difficult, despite the many articles written about the subject. The stud-
ies have primarily focused on liver cancer'?, gastrointestinal cancer??-1?°, cancer-mortali-
ty'%51%5, or a range of cancer subtypes!?°, but few previous studies have studied any can-
cer'?3128 Jike our own'?,

An association between liver cancer and increased transferrin saturation is in accor-
dance with a previous finding'?; however, although liver cancer is part of clinical hemo-
chromatosis, we did not find any C282Y/C282Y homozygous subject with liver cancer in
the CCHS, which could indicate the low penetrance of the genotypic disease compared with
that of the biochemical disease or survivor bias, but risk of cancer was not different in non-
participants vs. participants; it could also indicate a power problem, but since the study was
powered in men and they are most prone for hemochromatosis, this is not a likely explana-
tion; though, power was a problem in women. These results underscore the fact that the risk
of liver cancer as a function of C282Y/C282Y genotype observed from case-control studies
may be overestimated” due to ascertainment bias. However, owing to the low number of
C282Y homozygous individuals in the CCHS, this study may not be adequately powered for
this analysis, and thus may also suffer from ascertainment bias due to less severe disease in
individuals attending the study.

Increased risk of cancer outside the liver was found in one cross-sectional study of pa-
tients with hereditary hemochromatosis?®; but C282Y/C282Y genotype was not found
to be associated with cancer outside the liver in a our own meta-analysis’ of case-control
studies in 2007 (not part of this thesis); but we did not have enough power to sub-stratify
into different cancers for C282Y/C282Y genotype. However, 3 recent meta-analyses of
C282Y/C282Y genotype and risk of hepatocellular cancer®, breast cancer?®, and colorectal
cancer®*? showed associations, whereas a meta-analysis of gastric cancer did not show any
association?®,

The mediation analysis of transferrin saturation as a mediator on the risk of C282Y/
C282Y on cancer was not surprisingly insignificant as in the hazard ratio-analysis of trans-
ferrin saturation, the overall effect of transferrin saturation, on cancer was also insignificant.
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If a causal association exist between iron overload and C282Y/C282Y and cancer risk,
then patients with iron overload and C282Y/C282Y genotype may be candidates for indi-
vidualized cancer screening programmes?°. Targeted case finding for men of Northern Euro-
pean descent has previously been proposed??, but it may be worth focusing also on women
with iron overload, as they seem to be at a considerably increased risk of cancer.

Total Mortality (Paper5,6 and7)

Paper 5

The finding that increased transferrin saturation was associated with increased risk of pre-
mature death in the CCHS and the CGPS™ confirmed a previous finding's; combining these
three studies in an aggregated estimate in a meta-analysis showed similar results®®. Due to
aletter®® questioning our results'®in terms of regression dilution bias, we showed that cor-
recting for regression dilution bias'®® revealed larger hazard ratios; thus, the results in paper
5 were conservative!®®, We were also questioned if the same results applied if we explored
total mortality risk with increasing iron or transferrin concentration; we confirmed the re-
sults with both iron and transferrin concentration'®!%°, The polynomial model explored in
this thesis was a more refined analysis of the continuous relationship between hazard
ratios for total mortality according to continuous transferrin saturation levels; the model
revealed a ]-shaped non-linear relationship, with risk larger than 1.0 for very low levels of
transferrin saturation (indicative of anemia) and also for levels of transferrin saturation
above 50%, in the range from 10-50% risk was below 1.0.; however, risk for iron overload
was larger than for anemia.

We estimated total mortality, since this is amore unbiased measure than disease-specific
mortality?", We focused on total mortality and its relationship with the biochemical marker
transferrin saturation, an intermediate step between clinically silent hemochromatosis and
clinical hemochromatosis?®*, Mortality among advanced cases of untreated hemochromato-
sis is high and usually due to liver cirrhosis and diabetes mellitus!®+13:237; however, whether
clinically unnoticed increases in transferrin saturation also lead to premature death has
hitherto been unknown. In support of the present findings, a recent study of total mortality
in hemochromatosis patients compared to normal controls showed a hazard ratio of 2.2 (1.6
-3.0)'¥, close to the estimates in our study*®.

None of the individuals in the CCHS with genotypes associated with hereditary hemo-
chromatosis developed overt hemochromatosis®; however, we have no specific hemochro-
matosis follow-up of individuals in the CGPS yet.

Previous studies have not shown any associations between all-cause mortality and
hemochromatosis genotype C282Y/C282Y2* 23823 however, in one study heterozygosity
in postmenopausal women for C282Y has been associated with cardiovascular death?°
mainly driven by cerebrovascular death with effect modification by hypertension on he-
mochromatosis genotype. However, in people diagnosed with phenotypic hemochromato-
sis, mortality still remains high!$31%7; thus, the mortality from C282Y/C282Y genotype may
be higher than observed in the population-based studies due to the fact that population-
based studies are subject to selection bias due to more severe disease and/or increased
mortality in non-participants.

The data from the CCHS in this article were the data from a third re-examination in
1991-1994"1, with the previous examinations being in 1976-1978'° and 1981-1983'"%, As
commented on above, those eligible to be invited at the 1991-1994 examination were the
survivors who potentially could introduce survivor selection bias; in order to minimize sur-
vivor selection bias, the original cohort was supplemented with younger participants. As
total mortality was increased in non-participants, a survivor selection bias exists drawing
the results against the null hypothesis; thus, since we found the significant findings, these
findings are conservative. The CCHS estimate for total mortality was accordingly also lower
and less significant (though still significant) even though the follow-up for this study was
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longer than for the CGPS. The CGPS must then reflect a more true estimate, since the CGPS
does not suffer from survivor bias in the sense that it's not a re-examination. However, it was
not possible to get the data to explore this in detail.

Confirmation studies, if large and well-conducted, are just as needed as novel stud-
ies, in order to find out the robustness and reproducibility of findings®#'. Furthermore, for
health prevention issues and clinical decision makers, we need to provide a solid basis for
integrating data in order to give precise and consistent estimates on the totality of available
evidence. However, a lot of factors may influence the finding of a p-value slightly less than
0.05 as in NHANES®: 1) chance finding (i.e. the rejection of the null-hypothesis when the
null-hypothesisisin fact true), 2) a true association (i.e. rejection of the null-hypothesis that
there is no difference in survival among individuals with transferrrin saturation less than
or above 50%), 3) results are due to other factors such as confounding, ascertainment bias,
misclassification etc. Thus, confirmation studies are needed in other populations in order to
know if the previous finding was by chance. Our study was different from NHANES with
respect to country and ethnicity: NHANES had 90% whites of both Southern and Northern
European descent, while the two Danish population studies were all white of Northern Eu-
ropean Danish descent. It is known that hemochromatosis/iron overload is more prevalent
in countries of Northern European origin and it has previously been shown, that ethnicity
matters in terms of the risk conferred by iron overload and hemochromatosis genotype;
thus, NHANES included 10% non-whites, who potentially could have a very low chance of
having iron overload. Furthermore, NHANES comprised approximately 10,000 individuals
while the Danish studies added an additional 45,000 individuals. Thus, we confirmed the
study by NHANES but in another population, especially for individuals that were white and
of Northern European Danish descent. The Achilles heel of meta-analyses is heterogeneity;
thus, in fact similar studies are needed in order to confirm or reject previous findings, oth-
erwise the differences can just be attributed to the heterogeneity. Furthermore, as a novel
idea and finding, in this paper, as was not presented in the NHANES paper, we added a semi-
graded relationship of transferrin saturation (%) with cut-points: <20, 20-30, 30-40, 40-50,
50-60, 60-70, 70-80, and above 80, in order to explore more extreme values of transferrin
saturation. I presume the NHANES study did not have a large enough sample size and power
to do that. The reason for choosing this semi-graded relationship was to find out if there was
another lower or higher cut-off that would associate more strongly with overall mortality.

Paper6and7

In the conclusion in paper 1, we hypothesized that premature death among patients with
late-onset type 1 diabetes would be reduced if iron overload was detected at entry rather
than at random or later. In paper 6 we showed that increased transferrin saturation and
genotype C282Y/C282Y predicted total mortality in a population of patients with late-on-
set type 1 diabetes after diagnosis, and that post-diagnosis increased transferrin satura-
tion is arisk factor independent of hemochromatosis genotype. We also showed that early
measurement of transferrin saturation in patients with diabetes at referral may improve
life expectancy in these patients. Death due to liver cancer may be specific for hereditary
hemochromatosis; however, the number of individuals with liver cancer was low. These are
novel findings.

The increased risk of death of neoplasms in paper 6 underscore the results in paper 4
(cancer) but to a larger extent. Even though paper 4 measured any incident of cancer (non-
fatal as well as fatal), and paper 6 only measured fatal cancer (but both as an underlying
and a contributing cause), thus it may seem that when organ damage (late-onset type 1
diabetes) has occurred owing to hereditary hemochromatosis, risk of cancer is higher than
compared to individuals from the general population. Also, risk of cancer in patients with
late-onset type 1 diabetes was slightly higher for individuals with C282Y/C282Y genotype
compared to the general population study; this was also confirmed in men; women with
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C282Y/C282Y genotype in either study did not have increased risk of any cancer, but the
studies were underpowered in women, and there was not enough power to sub-stratify into
different cancer types in paper 6.

It was not possible in paper 6 to examine if early measurement of transferrin saturation
in patients with other diabetes than late-onset type 1 was beneficial. We showed that pa-
tients with other diabetes than late-onset type 1 diabetes and with an early measurement
of transferrin saturation did not have increased risk of premature death. But whether the
results could be ascribed to the nature of the diabetes or to the early measurement, was not
clear. As a consequence we ascertained patients with any diabetes (mostly type 2 diabe-
tes) from two general population studies, in which a baseline measurement at some random
time point was done; the results were presented in paper 7.

In paper 7, we showed that individuals with diabetes ascertained in the general popula-
tion with the threshold transferrin saturation >50% vs. transferrin saturation <50% had an
increased risk of premature death overall and that individuals with diabetes had a stepwise
increased risk of total mortality for stepwise increasing levels of transferrin saturation, with
the highest risk conferred for transferrin saturation >70%; results were similar in men and
women and for type 2 diabetes alone. Also, individuals with diabetes and transferrin satu-
ration >50% vs. transferrin saturation<50% had an increased risk of cause-specific death
from neoplasms and endocrinological diseases, which were diabetes related diagnoses. For
this thesis, we also explored the continuous relationship of increasing transferrin saturation
with hazard ratio for total mortality. The relationship revealed a ]-shaped curve almost flat
to the left of 30%, and after 40% with a steep rise in the hazard ratio. Thus, the curve was
slightly different from the curve that was seen from the general population studies alone.
Also the curve for the diabetics were generally much higher located in the diagram, almost
with most of the curve in the whole range of transferrin saturation above a hazard ratio
of 1.0 for total mortality compared to the curve for the general population study (paper 5)
where the curve had a large proportion from 10-50% under a hazard ratio of 1.0.

Our findings that elevated transferrin saturation was associated with increased risk of
premature death in individuals with type 2 diabetes underscore the results from our paper
6 in patients with late-onset type 1 diabetes from a highly specialised diabetes clinic®. Both
of these studies were based on a baseline transferrin saturation test at a random time-
point in life and not an early transferrin saturation test. In paper 6 we also showed that
awareness of iron overload in a diabetes clinic with early measurement of transferrin satu-
ration may reduce mortality in patients with late-onset type 1 diabetes relative to that of
the background diabetic population®; furthermore, we showed that patients with type 2
diabetes in a diabetes clinic who have an early measurement of transferrin saturation have
a mortality similar to the background diabetic population. However, for that patient cohort
we lacked a control group who had a random transferrin saturation test for comparison,
which is provided in the paper 7.

Risk of premature death in patients with diabetes ascertained in the general population
(paper 7) was independent of hemochromatosis genotype sincerisk was still increased when
excluding hemochromatosis genotypes C282Y/C282Y. Moreover, elevated transferrin satu-
ration and C282Y/C282Y genotype were both associated with increased risk of premature
death independently, but the joint effect of exposure to transferrin saturation and C282Y/
C282Y genotype was higher than the sum of both effects. We calculated population attrib-
utable risk showing that six percent of premature deaths among individuals with diabetesin
the general population could potentially be avoided by early screening for transferrin satu-
ration or HFE genotype. Thus, transferrin saturation and C282Y/C282Y genotype indepen-
dently and in combination was associated with increased risk of premature death 2-6-fold in
individuals with diabetes from a general population study. These were novel findings. Taken
together, the results from paper 6 and paper 7 showed that unawareness of iron overload
and hemochromatosis genotypes in patients with late-onset type 1 diabetes and in patients
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with type 2 diabetes is associated with increased risk of premature death, and that patients
with late-onset type 1 diabetes possibly will benefit from an early measurement of transfer-
rin saturation and appropriate intervention with a potential gain of 16 years of life; however,
such estimates are insecure and needs to be confirmed in independent studies.

There is evidence for increased mortality in patients with clinically overt hereditary he-
mochromatosis'®¥” and among untreated patients usually due to liver cirrhosis and diabe-
tes mellitus* 136 Our own previous general population study and meta-analysis (paper 5)
have shown increased risk of premature death associated with increased transferrin satura-
tion®3, and a recent study showed that diabetic patients on maintenance hemodialysis with
serum ferritin levels above 700 ng/mL had increased 1-year mortality?#?. This is in accor-
dance with our results,

A study in patients with hereditary hemochromatosis concluded that awareness of the
diagnosis in general will translate into a greater life expectancy*#. This is also supported by
a study of health check-ups and family screening where subjects offered early detection of
iron overload had improved survival compared to that of the background population?+.

Thereason for the improved survival in subjects offered early transferrin saturation test
is likely conferred by early diagnosis and treatment of iron overload or other conditions, but
we have no data to demonstrate the reasons for specific health benefits of early measure-
ment of transferrin saturation. To support this, it has been shown that iron depletion in pa-
tients with diabetes ameliorates HbAlc levels, insulin secretion, insulin resistance®*, and
vascular dysfunction®.

The limitations in paper 6 and 7 of the use of the different registers are described in de-
tail above, Other limitations in the study included lack of well-known risk factors for liver
disease (e.g. history of alcohol use (paper 6), and viral hepatitis (paper € and 7)) which could
weaken the conclusions drawn on transferrin saturation as a risk factor for liver cancer. Fur-
thermore, the percentage of missing data in Diabetes Cohort 1 and 2 in paper 6 were high
for many of the adjusting variables, but missing data were imputed depending on age and
gender; and unadjusted and adjusted analyses did not differ. Also, whether the test for iron
overload should be transferrin saturation or ferritin, or both, need to be resolved.

Discussion of hemochromatosis genotypes C282Y/H63D and C282Y/wild
type (paperl,3,4,6 and 7)

In 1996, when the HFE gene was discovered, it was estimated that in a group of patients
with hemochromatosis, the prevalence of C282Y/C282Y, C282Y/H63D, and C282Y/wild
type would be 84%, 4%, and 1%, respectively; this has been confirmed by many other stud-
ies?. A meta-analysis has showed that odds ratios of iron overload in individuals with C282Y/
C282Y, C282Y/HE3D, and C282Y/wild type is 1000, 36, and 4, respectively?2. We found no
increased risk of diabetes, hypertension, cancer or premature death in individuals from the
general population or patients with diabetes with C282Y/HE3D or C282Y/wild type, which
isin accordance with findings in other studies??188.245.246, that documented iron overload dis-
ease is rare but most often occur when other co-morbid factors are present such as steato-
sis and heavy drinking?#¢. A recent study in hemochromatosis patients with C282Y/H63D
showed that these patients were more often heavy drinkers and overweight compared to
patients with C282Y/C282Y. Even though the population studies with unrelated individu-
als have not been able to provide evidence for increased risk of disease in C282Y/HE3D and
C282Y/wild type, studies of 1st degreerelatives to patients with hereditary hemochromato-
sis have shown anincreased risk of conditions related to hemochromatosis?#’; thus, probably
other genetic confounders exist, not yet identified. It could be discussed whether C282Y/
wild type would have an advantage compared to wild type/wild type, and these individuals
have indeed less iron overload than C282Y/C282Y and C282Y/HE3D. In younger women in
the reproductive age, C282Y/wild type seems to protect from iron deficiency and iron defi-
ciency anemia’®® 248, Thus, it is speculated that this advantage in younger women could con-
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tribute to the higher frequency of the HFE genotypes in white populations®; though this
could not be explained by differences in number of pregnancies which were the same in
C282Y/wild type vs. wild type/wild type®.

Inameta-analysis from 2007 of 31 end-points including 66,000 cases and 226,000 con-
trols” we did not find any association of C282Y/H6E3D or C282Y/wild type with liver disease,
heart disease, diabetes, arthritis, stroke, neurodegenerative disease, or venous disease;
however, there was a dose-response relationship with all hemochromatosis genotypes
and increased risk of porphyria cutanea tarda (familial and sporadic), a disorder of the hem-
production pathway, with C282Y/C282Y showing the highest risk and H63D/wild type the
lowest increased risk. Patients with porphyria cutanea tarda may experience iron overload,
and respond to iron reduction therapy'+2.

Cut-off or dose-response relationship

The relationship between transferrin saturation and hypertension' and total mortality?® %13
4 speaks against a cut-off effect, but rather suggests a continuum, with the most extreme
being transferrin saturation>80%. Another study of risk of liver cirrhosis and liver cancer
according to transferrin saturation also showed a graded relationship'?’. Some studies have
examined risk of cancer'#1?2128 and mortality?*° according to quartiles of transferrin satura-
tion; however these studies have not found any associations; the reason may be that the in-
crease in transferrin saturation between quartiles is too small and that the highest quartile
is only >35%, and may thus contain individuals without increased risk, which could tend to
attenuate the risk estimates. For the clinician, a cut-off is usually more practical; thus, a cut-
off greater than 40% could be suggested instead of the previous 50% cut-off as a predictor
of diabetes, cancer, hypertension and mortality.

However, for hemochromatosis genotypes (with the most extreme being C282Y/C282Y
and then followed by C282Y/H63D, and C282Y/wild type), there does not seem to exist a
graded genotype-relationship for risk of diabetes®, hypertension, or cancer*?in the general
population, or total mortality® !4 in patients with diabetes, but rather a cut-off with C282Y/
C282Y being the only genotype conferring risk.

Screening for iron overload

In paper 1, we tested the possibility of prediction of C282Y/C282Y by a measurement of
transferrin saturation above 50%. Sensitivity and specificity were 1.0 and 0.96, respective-
ly; thus, almost ruling out false negatives and false positives. Positive predictive value was
0.26; thus, a transferrin saturation above 50% may have other causes than homozygosity
for C282Y/C282Y. Negative predictive value was 1.0 indicating that a transferrin saturation
value of less than 50% rules out homozygosity for C282Y/C282Y in patients with late-on-
set type 1 diabetes. In comparison, in the paper 7 among patients with type 2 diabetes, the
positive and negative predictive values of transferrin saturation >50% for detecting C282Y/
C282Y were 12% and 99%, respectively; and the sensitivity and specificity were 64% and
97%, respectively. Likewise, in the general population studies used in paper 2 and 5, the
positive and negative predictive values of transferrin saturation >50% for detecting C282Y/
C282Y were 12% and 99%, respectively; and the sensitivity and specificity were 70% and
99%, respectively. Thus, the specificities were comparable and high and corresponded to
those reported in The HEmochromatosis and IRon overload Screening study (HEIRS)!. The
sensitivity was highest among patients with late-onset type 1 diabetes; but in the general
population overall and in patients with type 2 diabetes sensitivities corresponded to that in
HEIRS but were relatively low limiting the role of transferrin saturation as a screening test.
The positive predictive values were low like in HEIRSY; thus, transferrin saturation >50%
reflects more than just homozygosity for C282Y/C282Y. Unfortunately, it was not possible
to estimate positive and negative predictive values or sensitivity or specificity for patients
with other diabetes than late-onset type 1 diabetes in papers 2 and 6, since only patients
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with a transferrin saturation above 50% were genotyped.

Screening for iron overload in the general population is not recommended by experts

in the field 23231 ; the evidence has been reviewed according to the WHO criteria and cur-
rent evidence. However, targeted screening in families with hereditary hemochromatosis is
needed, and targeted screening in men could be considered. But screening in women after
menopause was not discussed, only women in general.
Clinical penetrance is essential in considering screening for a disease: penetrance of geno-
types sometimes leading to hereditary hemochromatosis is low?® 24, however, our results
address the broader question of whether individuals having no awareness of common in-
creased iron stores and being at increased risk of diabetes, hypertension, cancer, and pre-
mature death should be screened with a simple blood test for transferrin saturation rather
than a genotype test. This question naturally needs further scrutiny of the diagnostic value
of a transferrin saturation test, studies of whom to screen, and analysis of the cost-effec-
tiveness of transferrin saturation screening strategies. Our present results may be of value
if and when the screening issue is re-evaluated. If screening is recommended, an equally
important but also difficult question is whether the screening test should be transferrin
saturation or ferritin. Indeed, debate exists as to whether transferrin saturation3 7677 or
ferritin®?is the best first iron overload indicator for hemochromatosis? The present results
are unfortunately not able to solve this issue, except to point at elevated transferrin satura-
tion as an important indicator of risk of diabetes, hypertension, cancer and premature death.
Future studies will hopefully examine in parallel the predictive value of transferrin satura-
tion and ferritin levels to identify which test is more optimal.

Strengths and limitations

The strengths of the patient-groups with diabetes and hypertension were that they came
from specialised clinics, and formed large, unselected, representative, and well defined
groups, thereby reducing the possibility of bias. Misclassification of patients was unlikely,
since medical specialists diagnosed the patients.

Strength of the general population studies were that they were large, randomly sampled,
ethnically homogenous, ascertained alike, and from two different parts of Copenhagen and
from two different time periods, and that the ICD-diagnoses were obtained from the na-
tional registers making follow-up complete without losses to follow-up, even though some
diagnoses may lack in these registers.

The thesis is based on association studies that have lower evidence rating than well-
designed double blinded randomized clinical trials; thus, no causal inferences can be made
except for the genetic part of our studies which due to Mendelian randomization also offer
clues to causality®®”-253, Hemochromatosis genotype and/or increased transferrin saturation
was associated with diabetes, hypertension, cancer, and total mortality with a) p-values
mostly well below p<0.05, b) high relative risks (>1.5), ¢) internal study consistency, d) ex-
ternal study consistency (meta-analyses and previous studies showed similar results), e) a
temporality where the exposures (genotypes and increased transferrin saturation) preced-
ed disease-outcome, f) a dose-response relationship for total mortality and hypertension, g)
and with biological plausibility (speculated to be a common pathway of free radical damage
by the Fenton reaction).

One problem with association studies is the risk of false positive results (=chance find-
ings). One way to solve this problem is to repeat the study in another independent sample, as
was done in the CGPS in some of the later published articles!®3in this thesis.

Another problem of association studies is false negative results due to limited power.
Although, the CCHS has a long period of follow-up, there are still few incident cases with
specific cancer subtypes. This is exemplified by the limited power for the cancer subtypes
according to hemochromatosis genotypes and elevated transferrin saturation!?, but again
could also reflect survivor bias.
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Aggregating data from the literature with ownresultsin a meta-analysis, is another way
of dealing with both false positive results and false negative results. The advantages of me-
ta-analyses are the derived aggregated oddsratio, the possibility of revealing consistency or
inconsistency across studies and to reveal bias and in particular publication bias'®*. The most
prominent limitation of meta-analyses is study heterogeneity; this may however be solved
by stratification. The meta-analyses for any cancer and total mortality in this thesis were
all conducted on the basis of large population-based studies with long follow-up with low
study and statistical heterogeneity; still, the total number of studies included was small.

The sub-classification of diabetes and hypertension was not as well-defined in the
general population studies as in the case-control studies® %!, Furthermore, we studied
whites only and therefore our results may not apply to other races.

Information on alcohol, well-known to increase iron parameters?®42% (serum ferritin,
transferrin saturation), was included in the models; however, information on other factors ei-
ther increasing (oral iron supplementations?®*2%, dietary iron intake®2%8) or decreasing (blood
donation®525.2%0, egg consumption?, milk consumption?) iron parameters was not assessed
as part of the general population studies or case-studies for diabetes or hypertension.

A limitation of the general population studies was the lack of measurement of ferritin
levels to estimate the extent of iron overload; however, it remains unclear whether measure-
ment of ferritin or transferrin saturation is the better predictor of hereditary hemochroma-
tosis. A recent meta-analysis® showed that homozygosity for C282Y/C282Y confers a very
high risk for both provisional (elevated serum iron markers) and documented iron overload
(elevated serum iron markers associated with evidence of iron excess based on liver biopsy
and/or quantitative phlebotomy), with odd ratios for elevated transferrin saturation alone
(transferrin saturation >50%) of 614(95% CI. 12-32000) and with odds ratios for elevated
serum ferritin alone (concentration thresholds varying across studies) of 69 (7-684) for
provisional iron overload and even higher odd ratios for documented iron overload. Patients
with hereditary hemochromatosis®# with mild iron excess can have values of ferritin within
the reference range; on the other hand, patients with increased transferrin saturation may
never develop organ damage, and ferritin levels will detect the majority of patients who will
be clinically affected??. Nevertheless, elevated transferrin saturation is clearly associated
with hemochromatosis genotypes® 2. In the present thesis, measuring the future risk of
diabetes, hypertension, cancer, and total mortality supports a role for the measurement of
transferrin saturation in the assessment of disease risk.

Biological plausibility

Abiologically plausible mechanism for the association between elevated transferrin satura-
tion and risk of diabetes, hypertension, cancer and total mortality may be iron-induced in-
creased oxidative stress via the Fenton reaction®” !> 2L, Likewise, oxidative stress has been
shown to be increased in individuals with C282Y/C282Y genotype°. The defects in both
insulin-producing and insulin-sensitive tissues are most likely caused by iron-dependent
catalysis via the Fenton reaction of reactive oxygen radical species which impair insulin
signalling in skeletal muscle and liver and cause beta-cell destruction due to insufficient
beta-cell deficient antioxidant defence®. It has been shown that oxidative stress increases
vascular tone!® and consequently results in hypertension. Iron-induced free radical damage
to DNA may be important for the development of cancer®> 2%, and cancer cells may grow
more rapidly in response to increased iron levels', In 1956, Denham Harman wrote a “free-
radical theory of aging” about endogenous oxidants resulting in cumulative damage?®53-265
and hence premature death. Much of the early evidence was based on a correlation between
oxidative stress and aging?®s; however, recent research suggests a more causal relationship
between oxidative stress and aging®>2%, Thus, we suggest that hemochromatosis and even
modest iron overload could provide a model for reactive oxygen species production through
the Fenton reaction, thus leading to premature death. It is unclear whether it is the absolute
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level of oxidative stress or the response to and the degree of defence against oxidative stress
that determines life expectancy?>,

There is now substantial evidence, that theliver plays a central role in determining, how
much iron is absorbed from the intestinal tract and in influencing the release of iron from
sites of storage®. The normal flux of iron from enterocytes to the blood stream is mediated
through the transporter ferroportin on the basolateral side of the enterocyte (Figure 1).
The hormone hepcidin, which is secreted by hepatocytes, is the central regulator of iron
homeostasis. Hepcidin transcription is upregulated in response to iron overload and down-
regulated in response to iron deficiency®. In conditions with iron overload, hepcidin down-
regulates the ferroportin-mediated release of iron from enterocytes and macrophages
to the blood®. Except for inherited defects of ferroportin and hepcidin itself, all forms of
iron-storage disease appear to arise from hepcidin dysregulation. Hepcidin is regulated by
various proteins, such as HFE, hemojuvelin, tranferrin receptor 2, bone morphogenic recep-
tor and its ligand bone morphogenic protein®. Today we know, that hemochromatosis may
arise due to mutations in the genes of HFE, hemojuvelin, hepcidin, transferrin receptor 2,
and ferroportin® 3 (Table 1).

The role of gender in the regulation of human hepcidin gene expression in the liver is
unclear?’, The causes of iron overload - genetic, lifestyle or endogenous (menopause) - may
be different between the two sexes?®%, but the final pathway may be common, through oxi-
dative stress and downregulation of hepcidin leading to unlimited iron influx to the plasma
from duodenal cells. This may also explain the increased risk of liver cancer in both women
and men with elevated levels of transferrin saturation. There might, however, be different
pathways leading to cancer in individuals with high iron stores in general and specifically
in individuals with hemochromatis genotype, explaining the gender differences. It could be
speculated that just after the menopause in some women, the sudden rise in serum iron
concentration (because of the lack of the physiological premenopausal blood loss) may mim-
icamild iron poisoning with sudden and rapid oxidative stress on the liver resulting in down
regulation of hepcidin?®® and leading to an uncontrolled iron overload. Moreover, there is evi-
dence that more women (in any age group) than men take dietary supplements?”° including
iron supplements, despite the fact that those taking supplements appear to be least likely to
need them because of a more balanced diet?”?; thus, the postmenopausal iron overload may
be even more exaggerated.

Taken together, hepcidin is the main regulator of iron homeostasis, with the HFE protein be-
ing one of several proteins regulating hepcidin. Thus, defects in the HFE protein arising from
the C282Y mutation may result in dysregulated iron homeostasis leading to iron overload.

Penetrance

Penetrance of a genetic disease is the proportion of individuals carrying a specific variation
of a gene who also express an associated phenotype, i.e. exhibit clinical symptoms#% The
definition of nonpenetrance depends upon the accuracy of the clinical phenotype analy-
sis?’!, Penetrance of hereditary hemochromatosis can be difficult to estimate reliably, since
the onset of symptoms is age-related and the symptoms may not yet have appeared at the
time of examination. In HFE-related hereditary hemochromatosis, the penetrance is gener-
ally sought of as incomplete or reduced?*433.35247.272-281 hut the exact percentage is debated,
with estimates ranging from less than 1% to almost 30%?*, with the studies agreeing that
the penetrance is lower in women because women bleed regularly before the menopause?”
and higher in men, who don't have biological phlebotomy:.

The debate about the penetrance of hereditary hemochromatosis is still ongoing, and
apart from one study?® estimating life-time iron overload progression rate, none of them?*
24.33.247. 272281 estimated life-time penetrance or covered the whole clinical hemochromato-
sis spectrum. The life-time penetrance of hereditary hemochromatosis® was estimated in
CCHS, but the study was prone to ascertainment bias, in the direction that individuals at-
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tending the study were those alive at a follow-up from a previous study; furthermore, this
study also did not cover the whole hemochromatosis spectrum. The discrepancies for the
percentage of penetrance between the studies may be due to discrepancies between the
studies in geographical location, study design, the population (ethnicity, age, gender, per-
centage of attendance), awareness of disease, study period, and statistical methods. Thus,
the studies are not homogeneous and comparisons are difficult.

Most importantly in the penetrance discussion is that there is no consensus definition to
date on what constitutes all aspects of the clinical hemochromatosis phenotype; thus, how
can the penetrance be measured, when this question is still unsolved? Are hypertension'"
107and extrahepatic cancers!#282283 asindicated in this thesis, as well as general fatigue!'#14”
284,285 glso part of the hemochromatosis spectrum?

Is it ethically sound that a genetic disease is only penetrant when it has become clini-
cally manifest, when we in hereditary hemochromatosis are in fact able to measure two
intermediary variables (transferrin saturation and ferritin), which mark increasing risk, be-
fore disease becomes manifest and irreversible? Should biochemical iron overload without
clinical symptoms also be regarded as a phenotype? Compare the situation with intermedi-
ary phenotypes such as increased blood pressure or cholesterol; hundreds of thousands of
middle-aged and elderly Danes receive antihypertensive or cholesterol lowering treatment,
before these conditions develop into severe heart disease. Why should iron overload not
also be treated before clinically manifest disease? Intervention studies are needed to an-
swer this question.

Expressivity
Expressivity is the term that describes the differences observed in the clinical phenotype
between two individuals with the same genotype. Penetrance and expressivity are two
concepts in genetics that are different, but related. It is not possible to measure the degree
of expression of a phenotype if the genotype is not expressed as a phenotype. But what
constitutes the phenotype, then? The iron overload or the clinical symptoms? Mutations in
the same gene may cause different clinical symptoms and different groups of expressivity
may be distinguished?”. The same genotype may present differences in either the severity
of the same clinical phenotype or differences in the clinical presentation. In e.g. Marfan syn-
drome?®, some people have only mild symptoms such as being tall and having long slender
fingers, whereas others have overt disease with life-threatening complications involving
the heart and blood vessels. The features of this syndrome are highly variable, although
most patients with the disorder carry a mutation in the same gene®®, Thus, could hereditary
hemochromatosis be compared with this syndrome? And should we regard any slightly el-
evated biochemical iron overload as a phenotype, and thus not talk about the penetrance,
but about the expressivity of the disease, accepting that hereditary hemochromatosis is not
an all or none phenomenon, but rather a disease continuum? This question has not yet been
debated in the literature. As mentioned above, results from our hypertension and mortal-
ity studies suggested such a continuum!13, A recent meta-analysis® showed that homozy-
gosity for C282Y/C282Y confers a very high risk for both provisional (elevated serum iron
markers) and documented iron overload (elevated serum iron markers associated with evi-
dence of iron excess based on liver biopsy and/or quantitative phlebotomy); the odds ratio
for elevated transferrin saturation alone (transferrin saturation >50%) was 614 (85% Cl:
12-32000) and the odds ratios for elevated serum ferritin alone (concentration thresholds
varying across studies) was 69 (7-684) for provisional iron overload and even higher odd
ratios for documented iron overload. Evidence from the CCHS on iron overload progression
rate possibly suffered from ascertainment bias, and is not firm evidence against life-time
penetrance; furthermore, only 22 patients were studied®.

The combined influence of environmental and genetic factors may lead to the differenc-
esin expressivity?”! and penetrance®*2%, Lifestyle factors such as high intake of red meat®>
258, oral iron supplementations®*5257-288, and alcohol?>*%% and biological factors such as age
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and male sex increase concentrations of iron parameters?®* and may thus potentially be fac-
tors that can increase risk of clinical symptoms. On the other hand, blood donations and fe-
male sex pre-menopausally with periodically bleeding may decrease risk even further?ss25
260, Furthermore, the hemochromatosis genes?®°, and in combination with other genes pre-
disposing to the diseases in the hemochromatosis spectrum, may potentially also increase
risk of clinical symptoms. Genetic modifiers®®® and common variants in the hepcidin path-
way?® have been shown to modulate symptomatic expression of HFE-associated hemo-
chromatosis, leading to a more severe phenotypic expression of the HFE gene. However,
the additional risks added by these modifiers are unknown. In light of the combined ef-
fects of genetics, environment and lifestyle, and other biological factors may hereditary
hemochromatosis then be considered a complex disease, and not just merely a simple
Mendelian disease?

In the studies in this thesis, risks of hypertension' and cancer*? according to C282Y/
C282Y were increased in men but not in women, and risks of any diabetes and subtypes of
diabetes!®, hypertension', and total mortality'® according to increased transferrin satura-
tion were almost equal in men and women. However, for diabetes and hypertension, there
are no previous studies alike for comparison, and a previous study of total mortality'> did not
stratify on sex.

Furthermore, hereditary hemochromatosis may be caused by 5 genes?® with some muta-
tions responsible for a more severe phenotype (Type 2A and Type 2B), whereas other muta-
tions (Type 1, Type 3 and Type 4) in comparison lead to a milder phenotype#,

In conclusion, it is quite possible that the mechanisms behind penetrance and expressiv-
ity are similar; however, the distinction between the two phenomena is still important for
genetic counseling. It is important for the patients with mild iron overload to know, whether
this condition potentially could progress to severe iron overload with clinical symptoms (and
thus the condition is a genetic disease with variable expressivity), or whether they can walk
out of the consultation happily knowing that this will never progress or be severe (and thus
the condition is a genetic disease with low penetrance). Thus, in light of the above discus-
sion for penetrance and expressivity, [ believe, that hereditary hemochromatosis is best re-
garded as a genetic disease with variable disease expressivity.

Future perspectives and unresolved questions

Future research is needed to decide whether hereditary hemochromatosis is a genetic dis-
ease with low penetrance or variable expressivity, whether iron overload is an all or none
phenomenon with a diagnostic cut-off value or rather a disease continuum with a dose-re-
sponse relationship, and whether hereditary hemochromatosis should be regarded as a com-
plex disease with gene-environment interactions rather than a simple Mendelian disease.

A health-economic analysis of the cost benefit ratio of screening for elevated transferrin
saturation in the general population and in disease specific populations (diabetes, hyperten-
sion, cancer) may help to determine the public health consequences of these studies, e.g.
advice against iron supplements.

It has been shown in many studies that phlebotomy and iron chelation improve out-
comes in patients with primary and secondary hemochromatosis, respectively?®2. Some few
intervention studies with phlebotomy or iron chelation have been initiated in patients that
do not suffer from primary or secondary hemochromatosis, and some observational studies
have been conducted in blood donors on risk of surrogate cardiovascular endpoints (blood
pressure, vascular function, glucose) and of hard endpoints as cardiovascular disease, to-
tal and cause-specific mortality, and cancer. The intervention studies have shown improve-
ments in vascular function® and insulin sensitivity?+4, and decreases in cholesterol?®® 2%4,
HbA1c%, urinary mean albumin/creatinine ratio®> and blood pressure?* in patients with
type 2 diabetes or metabolic syndrome. The intervention studies have also shown reduced
total mortality (in the age-group 43-612 and reduced fatal'*! and non-fatal cancer' in pa-
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tients with peripheral arterial disease. Observational studies in blood donors vs. non-donors
have also found increased insulin sensitivity?®” and enhanced vascular function?®®, where-
as risk of cardiovascular disease is not associated, and risk of cancer is disputed?!32 299300,
Though few and usually small, these intervention studies clearly show a beneficial effect on
the surrogate endpoints and hard endpoints that correspond well with the findings in this
thesis. However, even larger multicenter studies are needed in order for these phlebotomy
or chelation therapies to be instituted as clinical guidelines.

Further research is needed to understand the role of oxidative stress in hemochroma-
tosis. We have shown that iron overload predicts total mortality in the general population
and in patients with diabetes. Oxidative stress due to the Fenton reaction in hemochroma-
tosis has been an a priori known hypothesis for most of the hemochromatosis studies con-
ducted in the past®!, But not until recently was it shown for patients with hemochroma-
tosis that urinary excreted oxidized RNA*°® was increased, and for lipidemic men that iron
contributes to strand-breaks in the DNA. Oxidized RNA has been shown to associate with
many chronic diseases®? and decreased survival in patients with diabetes®®. Thus is seems
reasonable to believe that increased risk of premature death associated with iron overload
could be mediated by oxidized RNA. Thus, we have collected 4000 urine samples in a general
population study (The General Suburban Population Study (GESUS))!®3, and these samples
will be the basis for a research study of the association between observational and genetic
iron overload and increased RNA oxidation in the general population, and whether normal
and modified levels of iron from phlebotomy (blood donors) and menopause are associated
with the level of RNA oxidation. Furthermore, we want to investigate if premature death as-
sociated with iron overload could be mediated by oxidized RNA.

Summary in English

Hereditary hemochromatosis is an iron-overload disorder characterized by iron accumula-
tion throughout life in various organs, such as the endocrine pancreas, heart, liver, pituitary
gland, joints, and skin. This thesis is based on elevated transferrin saturation and the auto-
somal recessive form of hereditary hemochromatosis with homozygosity for HFEC282Y. We
estimated risks of diabetes, hypertension, cancer and total mortality according to elevated
transferrin saturation or homozygosity for C282Y in two general population studies and in
specific patient cohorts with diabetes or hypertension. Risk of diabetes, hypertension, can-
cer and total mortality were increased for individuals with elevated transferrin saturation or
individuals homozygous for C282Y. Also, increased transferrin saturation in patients with
late-onset type 1 or type 2 diabetes is associated with decreased survival.

Summary in Danish

Hereditaer haemokromatose er en sygdom med livslang jern-ophobning i organer som en-
dokrine pancreas, hjertet, leveren, hypofysen, led, og hud. Denne afthandling er baseret pa
forhgjet transferrin maetning og den autosomale recessive form af hereditaer heemokroma-
tose med homozygoti for C282Y i HFE genet. Vi estimerede risici for diabetes, hypertension,
cancer, og total mortalitet i henhold til forhgjet transferrin meetning eller homozygoti for
C282Y i to generelle populations-studier og specifikke patient-cohorter med diabetes eller
hypertension. Risiko for diabetes, hypertension, cancer og total mortalitet var gget hos indi-
vider med forhgjet transferrin meetning eller homozygoti for C282Y. @get transferrin maet-
ning hos patienter med sent debuterende type 1 diabetes eller type 2 diabetes er associeret
med nedsat overlevelse.
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Abbreviation list

ADA: American Diabetes Association

BMI: Body mass index

CCHS: Copenhagen City Heart Study

CGPS: Copenhagen General Population Study

WHO: World Health Organisation

ICD: International Classification of Diagnoses

HDL: High-density lipoprotein

LIFEGEN: Losartan Intervention for End-Point Reduction in Hypertension Genetic Substudy
LVH: Left ventricular hypertrophy

NDCDR: The National Danish Causes of Death Registry
NPR: The National Danish Patient Registry (NPR)
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