Oxidants and antioxidants in
cardiovascular disease

Kim Ekblom

Department of Medical Biosciences, Clinical Chemistry
Umeå University
901 85 Umeå
Umeå 2010

1

Copyright© Kim Ekblom
ISBN: 978-91-7264-961-3
ISSN: 0346-6612
Tryck/Printed by: Print & Media
Umeå, Sweden 2010

2

För mycket är alltid för mycket. Men lagom är definitivt för lite.
Karl-August Fagerholm

3

Table of Contents
Table of Contents

4

Abbreviations

6

Abstract

7

List of original papers

8

Introduction
Bilirubin

9
12

Bilirubin in plasma

12

Bilirubin metabolism

14

The UGT1A1*28 polymorphism

15

Cardiovascular disease

16

Effects of bilirubin

16

Effects of UGT1A1*28

17

Peripheral arterial disease

17

The HFE polymorphisms

19

Iron parameters in plasma

20

Cardiovascular disease

24

Iron status and myocardial infarction

24

Iron status and stroke

25

HFE polymorphisms and cardiovascular disease

26

Preanalytical factors

26

Reference intervals and standardization

29

Objectives of the study

34

Material and methods

35

Ethics

35

Study cohorts

35

Study cohort on myocardial infarction, papers 1 and 3

38

Study cohort on stroke, papers 2 and 4

39

Blood sampling

39

Biochemical analyses

39

Bilirubin

39

Markers of iron status in plasma

40

Polymorphism analyses

40

Questionnaires and dietary assessment

43

Statistics

45

Results and discussion

46

Plasma bilirubin and UGT1A1*28 in relation to cardiovascular disease
(Papers 1 and 2)

47

Iron metabolism in relation to cardiovascular disease (Papers 3 and 4)

51

Conclusions

54

Implications for the future

55

4

Acknowledgements

56

References

58

5

Abbreviations
ATC
BMI
CI
CT
CVD
Dcytb
DMT1
FFQ
HFE
HLA
HO-1
HO-2
HLA
IFCC
IRE
IRP
ISO
IUPAC
MONICA
NIST
NORIP
NPU
OR
TIBC
TF %
SD
SNP
UGT1A1
UGT1A1*28
UIBC
VIP

6

Anatomical therapeutic chemical classification system
Body Mass Index
Confidence Interval
Computerised Tomography
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Abstract
Background
Cardiovascular diseases, including myocardial infarction and stroke, are the
main reason of death in Sweden and Western Europe. High iron stores are
believed to produce oxygen radicals, which is the presumed putative
mechanism behind lipid peroxidation, atherosclerosis and subsequent
cardiovascular disease. Iron levels are associated with the hemochromatosis
associated HFE single nucleotide polymorphisms C282Y and H63D.
Bilirubin is an antioxidant present in relatively high levels in the human
body. Several previous studies have found an association between high
bilirubin levels and a lower risk for cardiovascular disease. Bilirubin levels
are highly influenced by the common promoter polymorphism TA-insertion
UGT1A1*28, the main reason for benign hyperbilirubinemia in Caucasians.
There is a lack of prospective studies on both the association of iron and
bilirubin levels, and the risk for myocardial infarction and ischemic stroke.
Material and methods
Iron, transferrin iron saturation, TIBC, ferritin and bilirubin were analyzed
and HFE C282Y, HFE H63D and UGT1A1*28 were determined in
myocardial infarction and stroke cases, and their double matched referents
within the Northern Sweden Health and Disease Study Cohort.
Results
There were no associations between iron levels in the upper normal range
and risk for myocardial infarction or stroke. No associations were seen for
HFE-genotypes, except for a near fivefold increase in risk for myocardial
infarction in HFE H63D homozygous women.
Plasma bilirubin was lower in cases vs. referents both in the myocardial
infarction and the stroke cohort. Despite a strong gene-dosage effect on
bilirubin levels in both cases and referents, the UGT1A1*28 polymorphism
did not influence the risk for myocardial infarction or stroke.
Conclusion
High iron stores are not associated with increased risk for neither
myocardial infarction, nor stroke. There was no association between
UGT1A1*28 and the risk for myocardial infarction or stroke. Consequently
data suggests that other factors, which also may lower bilirubin, are
responsible for the elevated risk observed in conjunction with lower bilirubin
levels.
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Introduction
Cardiovascular disease (CVD) is the leading cause of death in the Western
world. Huge efforts have been made to identify risk factors, and to prevent
them. In Sweden and Finland large scale intervention projects have been
initiated to change food habits and lifestyle in order to prevent
cardiovascular disease.
In 1972 the North Karelia Project in Finland was started in order to prevent
cardiovascular disease in an area with exceptionally high disease rates [1].
Focus was on changing food intake into a lower fat diet and to persuade
people to stop smoking. In 1979 an effort to reduce salt intake was initiated
in order to lower blood pressure [2]. Surveys were conducted every fifth year,
1972-1992. The project was a success: In 1995 the mortality rate of CVD had
fallen by 75%, compared with the rate before the project start [3]. The
project also changed public policies, promoting low fat, and low salt diet
nationwide.
The still ongoing Västerbotten Intervention Project (VIP) was inspired by the
North Karelia Project. Västerbotten County had the highest cardiovascular
mortality among the Swedish counties. The VIP started with a pilot project in
1985 in the Norsjö municipality, where the cardiovascular mortality rate was
exceptionally high at the time. The aims were to lower morbidity and due to
cardiovascular disease and diabetes mellitus in Norsjö and the whole of
Västerbotten County. This project resulted in a nationwide food labeling
system introduced in 1989, to enable the population to choose products with
a lower fat content [4-5]. CVD mortality has been reduced in Sweden, and
Västerbotten no longer has the highest CVD mortality rates in Sweden
(Figure 1).

9

Figure 1. Mortality in cardiovascular diseases per 100.000 inhabitants / year in
Swedish counties 1997-2007. Data retrieved from the Swedish National Board of
Health and Welfare database.
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There is a still ongoing discussion on the role of oxidants and antioxidants
and their role in cardiovascular disease. One of the antioxidants is the
endogenous bilirubin, which relatively abundant, but with huge inter- and
intraindiviual variability in concentrations. Many decades ago it was noted
that subjects with slightly higher levels of bilirubin had lower incidence of
CVD, an effect widely attributed to the antioxidant properties of the
substance.
The fear of oxidants has rendered in nationwide interventions in order to
diminish food iron content: Iron fortification of flour was discontinued in
Denmark (1987) and in Sweden (1994) [6]. Iron deficiency is the most
common nutrient deficiency both in the developed and the underdeveloped
world. A higher incidence of iron deficiency was reported in Sweden after the
discontinuation of iron fortification of flour [7]. One cannot rule out that the
discontinuation of iron fortification of flour may have had other adverse
effects on the populations. It has not been evaluated if this action has had the
desired effect on the CVD mortality and morbidity.
Many risk factors for cardiovascular disease are yet to be discovered.
Biobanks enabling prospective studies may be the key to reveal these still
unknown risk factors.

11

Bilirubin
Bilirubin (CAS Registry Number 635-65-4) is an abundant anti-oxidant
present in plasma in animals and has recently also been found in plants [8].
The substance was formerly known as hematoidin.

Bilirubin in plasma
Total bilirubin is one of the most abundant analytes ordered in a clinical
chemistry laboratory: In the clinical chemistry laboratory at Umeå
University Hospital 45578 analyses of total bilirubin were performed in
2008 (Figure 2). In addition to total bilirubin, direct (unconjugated)
bilirubin can be determined. For neonatal use, an assay optimized for higher
levels, is used in many hospitals. Most of the bilirubin in plasma is bound to
albumin. A lesser proportion remains unbound, so called “free bilirubin”.
The unbound bilirubin is believed to be the neurotoxic bilirubin fraction in
newborns, and it has been suggested that measurement of this unbound
fraction would be more accurate than total bilirubin [9-10].

Figure 2. Number of total bilirubin analyzes ordered at the Clinical Chemistry
department of Umeå University Hospital 1999-2008
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Neonatal hyperbilirubinemia
Neonatal hyperbilirubinemia is a result of a combination of increased
bilirubin production, decreased hepatic handling, and low or absent
intestinal deconjugation. The enzyme responsible for conjugating, and thus
enhancing
elimination
of
bilirubin,
is
Uridine
diphosphateglucuronosyltransferase 1A1. Common polymorphisms in the UGT1A1 gene,
like UGT1A1*28 in Caucasians and G71R in Asians can contribute to the risk
[11-12].
Hyperbilirubinemia occurs in more than 60% of healthy newborns during
their first week of life, with a peak total bilirubin concentration at 72-120
hours after birth. Usually the hyperbilirubinemia is benign and resolves in 710 days. However in 8-9% of the infants severe hyperbilirubinemia, defined
as total bilirubin levels above the 95th percentile for age in hours, occurs [13].
The incidence is highly variable, with marked ethnic and geographical
differences [14]. Untreated, severe neonatal hyperbilirubinemia can cause
neurological damage. The term kernicterus is used by pathologists to
describe yellow deposits and brain cell death, but the term is often used
interchangeably to describe bilirubin encephalopathy, including
extrapyramidal disturbances, hearing loss, delay in motor development and
intellectual deficits [15]. Phototherapy is an effective treatment which
changes the structure of bilirubin, enabling its excretion even with deficient
conjugation [16].
An inherited disease, the Crigler-Najjar syndrome is characterized by
pathologically elevated levels of unconjugated bilirubin since birth [17]. The
Crigler-Najjar syndrome is divided in to two sub-groups: type 1 which does
not respond to phenobarbital therapy and in type 2 in which bilirubin levels
can be lowered by phenobarbital treatment [18]. In CNS type 1 very high
levels, 425-600 µmol/L are common which leads to a high risk of developing
kernicterus [19]. Intensive phototherapy is usually applied on these subjects.
In Crigler-Najjar syndrome type 2, total bilirubin levels are usually below
350 µmol/L.
Adult hyperbilirubinemia
Elevated total bilirubin levels have been found in 6-7% of the population
[20]. Total bilirubin serves as a marker of disorders in the liver, the bile, and
in hemolytic anemia. A common reason for slightly elevated bilirubin is
Gilbert’s syndrome, also known as morbus Meulengracht in German
literature. The syndrome is characterized by slightly elevated bilirubin, 2550 µmol/L, and intermittent jaundice episodes, especially when the
13

individual is fasting. A low caloric diet test was earlier used to diagnose
Gilbert’s syndrome [21-22]. The most common reason in Caucasians for
Gilbert’s syndrome is homozygosity for a TA-insertion in the diphosphateglucuronosyltransferase 1A1 promoter sequence (UGT1A1*28) [23]. In Asian
populations, the main reason for Gilbert’s syndrome is a common
heterozygous polymorphism in the coding exon 1 of the UGT1A1 gene, G71R
[24]. This polymorphism is uncommon, but not totally absent, in Caucasian
populations [25].

Bilirubin metabolism
Production
Bilirubin is produced by heme degradation, the heme mainly emanates from
degradation of hemoglobin in red blood cells. The limiting step is the
cleavage of the heme ring by heme oxygenase, which exists in two isoforms:
the inducible heme oxygenase 1 (HO-1) and the constitutive heme oxygenase
2 (HO-2). This reaction yields biliverdin. The central methene bridge of
biliverdin is reduced by biliverdin reductase, producing bilirubin.

Figure 3. The chemical structure of a bilirubin molecule.
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Degradation
Oxidation of bilirubin primarily produces biliverdin, which is rapidly
reduced back to bilirubin. Irreversible oxidation to compounds such as
biopyrrins also occurs [26-27]. These compounds are rapidly excreted in the
urine [28].
Elimination and re-absorbtion
Bilirubin is a very lipophilic substance. The substance is glucuronidated by
the enzyme uridine diphosphate-glucuronosyltransferase 1A1 (UGT1A1) in
order to convert it to a more hydrophilic state. Glucuronidated bilirubin is
excreted in bile.
Experiments on rats in 1960 concluded that the in intestinal flora is an
important factor, which influences the balance between bilirubin
deconjugation and re-absorption and reduction to urobilinogen species and
elimination through the stools [29]. Further studies have concluded that the
intestinal flora is of similar importance for bilirubin deconjugation in
humans [30-31]. A recent study on mice concluded that the intestinal flora
can be altered by variations in nutritional value of food. [32]
The lack of bacteria, and consequently low or absent bilirubin conjugation in
the intestine of newborns, is believed to play a part in the development of
neonatal hyperbilirubinemia [33]. Certain bacteria, like Clostridium
perfringens, are known for their ability to deconjugate bilirubin [34]. The
intestinal flora can vary considerably between individuals. This fact has been
suggested to influence human health [35]. However, little is known about the
role in vivo of different bacterial species with respect to bilirubin
deconjugation in adults.

The UGT1A1*28 polymorphism
The enzyme responsible for glucuronidating bilirubin with two glucuronic
units belongs to the UDP-glycosyltransferase 1 family, polypeptide A1,
UGT1A1 (EC 2.4.1.17). The conjugated bilirubin, bilirubin diglucuronide, is
more hydrophilic and can be excreted with the bile [36]. UGT1A1 is highly
inducible: Genetical, lifestyle or environmental factors in may induce higher
rates of bilirubin conjugation [37-39]. Animal models have shown that sex
hormones can regulate expression of UGT enzyme isoforms, including
UGT1A1, at a pre-translational level [39]. There is evidence that UGT1A1 is
induced by flavonoids and xenobiotics [38].
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The UGT1A1 gene is located on chromosome 2q37 [40], coordinates
according to HapMap Data Rel 27 PhaseII+III, Feb09, on NCBI B36
assembly, dbSNP b126: chr2: 234333620 – 234333633 for the promoter TArepeat sequence [41]. Bilirubin levels are affected by a common
polymorphism in the promoter region of the UGT1A1 gene, an insertion of a
TA sequence resulting in seven TA sequences (UGT1A1*28), instead of the
normal six. Homozygotes for (TA)7 produce 70% less enzyme, resulting in
higher than average bilirubin levels. This polymorphism is responsible for
most of the cases of Gilbert’s syndrome in European, African and South
Asian populations. This has also been supported by a genome-wide
association study where UGT1A1*28 was the strongest genetic determinant
of bilirubin levels, accounting for approximately 18.6% of the variation [42].

Cardiovascular disease
Effects of bilirubin
An abundance of cross-sectional and retrospective [43-57], and prospective
[58-60] studies, including meta-analysis of such studies [61], have reported
an inverse relationship between bilirubin and cardiovascular disease. The
case ascertainment in most of these studies have been questionable, as
cardiovascular disease (CVD) has included myocardial infarction cases,
ischemic and hemorrhagic stroke cases as well as cases with angina pectoris.
Few studies have addressed the issue on the relationship between plasma
bilirubin levels and the risk for myocardial infarction.
Very few studies have investigated the association between total bilirubin
levels and stroke, most of them retrospective. In a Japanese study involving
1741 subjects, those with carotid plaques (n=330) were found to have lover
levels of bilirubin. [50]. A similar, but smaller Czhech study conducted on 111
men without known atherosclerotic disease, showed an inverse relationship
between bilirubin and carotid intima-media thickening [53]. The cross
sectional American NHANES study (n=13214) with a history of stroke
recorded in 453 subjects, found that 1.71 µmol/L increment of bilirubin was
associated with 9% reduced odds ratio of incidence of stroke and with 10%
reduced odds ratio for adverse stroke outcome [57]. A large prospective
Korean study with 1964 stroke cases found an inverse association between
bilirubin levels and risk for stroke in men [62].
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Effects of UGT1A1*28
Two retrospective studies, a French multicenter study [63] and an American
study of subjets with European ancestry [64] have failed to find a risk
association. An American study with a prospective design found a strong
association between (TA)7 genotype and lower risk for cardiovascular
disease [65]. Cardiovascular disease in this study was defined as fatal or
nonfatal myocardial infarction, angina pectoris, coronary insufficiency,
stroke, transientischemic attack, intermittent claudication, or congestive
heart failure. A Dutch prospective study found no evidence for an association
with risk for coronary heart disease [66].
Peripheral arterial disease
The American cross-sectional NHANES study [67] found a negative
association between risk for peripheral arterial disease and bilirubin levels.
The Austrian CAVASIC study [68] with a prospective case- control design
also found a negative risk association between bilirubin levels and the risk
for intermittent claudication, but no such risk association was found for
UGT1A1*28.
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Iron metabolism
The total amount of iron in the human body of an adult male is 3-4 g, but can
be elevated 5-10 times in hemochromatosis [69]. Under normal
circumstances, about 70% of the iron is utilized for heme synthesis in the
erythron, 7% is utilized in the muscle myoglobin and the rest is stored in the
liver parenchyma [70].
Too much iron may cause cellular damage due to oxygen radicals formed by
the Haber-Weiss-Fenton reaction [71]. Individuals with excess iron may have
a higher risk and for some bacterial infections: Yersinia enterocolitica
infections can be more fulminant, and when consuming oysters, a higher risk
for Vibrio vulnificus infections is present in these individuals [72].
Iron in food is considered to be either in the heme or non-heme form and
both forms can be utilized by the intestinal epithelium. Bioavailability for
heme iron is about 35% while it is only 5% for non-heme iron [73]. However,
the mechanism of heme iron absorption is still not fully understood. Most of
the non-heme iron in food is in the Fe3+ form and before absorption can take
place the iron must be reduced to Fe2+. The reduction is probably catalyzed
by the brush border reductase duodenal cytochrome b (Dcytb), but other
enzymes may also be involved [74]. Absorption is subsequently mediated
through the divalent metal transporter 1 (DMT1). When iron is needed in the
body, the enterocyte brush border expresses high levels of both DMT1 and
Dcytb and the enterocyte also expresses high levels of ferroportin and
hephaestin [75]. When the demand for iron is reduced, hepcidin originating
from the liver, binds to ferroportin on the basolateral membrane of the
enterocyte. This causes internalization of iron and degradation of the
enterocyte, limiting the amount of iron transport to the plasma.
Subsequently the iron rich enterocyte is sequestrated into the intestinal
lumen.
Immature erythroid cells have the highest iron demand of all cells in the
body [76]. These cells take up iron almost exclusively from transferrin via the
transferrin receptor 1. The daily need of iron for erythropoiesis is about 20
mg [69].
Macrophages play an important role in recycling iron in the body [77].
Macrophages phagocytose senescent erythrocytes and break them down. The
heme released thereby is a substrate for HO-1 and HO-2 which cleave the
proto-porphyrine ring. Iron, carbon monoxide and biliverdin are released in
this process. Iron is exported from the cell through ferroportin, a protein
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produced mainly in macrophages. Macrophages also have the ability to take
up transferrin bound iron. When iron is not needed for processes in the
body, it can be stored in macrophages as ferritin. Under pathological
conditions,
macrophages
scavenge
hemoglobin/haptoglobin
and
heme/hemopexin complexes.
The hepatocytes in the liver play an important role in iron homeostasis. It
serves as the main storage organ for iron, it regulates the iron homeostasis
hormonally through hepcidin and synthesizes proteins needed for iron
metabolism, like transferrin and ceruloplasmin [78].

The HFE polymorphisms
Feder et al. described in 1996 the two hemochromatosis related missense
mutations in the HLA-H gene located on chromosome 6, band 21.3 near the
human leukocyte antigen (HLA) region [79]. The gene was later named HFE.
It remains unclear exactly what the abbreviation HFE stands for. A theory is
that it could either stand for high iron i.e. “High Fe”, “High Ferritin” or
“Hemochromatosis Feder” to honor the discoverer of the association
between the gene and hereditary hemochromatosis.
The C282Y polymorphism is believed to have occurred around 4000 BC on
the European mainland [80]. It has been hypothesized that this mutation
evolved as a part of adaptation to an iron deficient grain diet during the
Neolithic era [81]. The mutation HFE C282Y probably originates back to an
individual in Western Europe, carrying the human leukocyte antigen (HLA)A3-B7 [80, 82]. The C282Y polymorphism is mainly found in European
populations, while some Asian populations are totally devoid of this
mutation [83].
This missense mutation alters a disulfide bridge in the HFE protein [84].
This impairs the production of hepcidin, thus increasing ferroportin levels
causing macrophages and enterocytes to release more iron, resulting in
higher iron saturation and deposition of iron into other tissues [85].
Homozygosity C282Y is the most common reason for hereditary
hemochromatosis in Caucasian populations [83].
Homozygosity for the SNP C282Y or compound heterozygosity for C282Y
and H63D is the main reason for hereditary hemochromatosis in Caucasians,
although compound heterozygotes have lower hemochromatosis related
morbidity [86]. The HFE protein is expressed in the whole gastrointestinal
canal, but the distribution pattern is different in the small intestine [84].
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The geographical distribution of H63D is more widespread than that of
C282Y and can also be found in the Middle East, Asia and North Africa [83].
Unlike for C282Y, there is a large haplotype diversity in H63D positive
subjects, suggesting that this mutation is of older date than C282Y [87]. In
Australian native population the H63D mutation is scarce and associated
with HLA haplotypes found in Caucasians, suggesting that the mutation has
been introduced recently in the population [88].
The H63D mutation is associated with hemochromatosis in a much lesser
degree than C282Y: In a Danish study [89], 94% of the C282Y homozygotes
had elevated ferritin ≥300 μg/L and 88% had elevation of both ferritin and
transferring iron saturation. In 23% of the C282Y/H63D compound
heterozygotes transferrin saturation was elevated, 27% had elevated ferritin,
and 9% had elevation of both ferritin and transferrin iron saturation. Among
H63D/H63D 15% had elevated transferrin saturation, 19% had elevated
ferritin, and 5.4% had elevation of both iron status markers.

Iron parameters in plasma

Figure 4. The number of plasma iron analyzes ordered at the Clinical Chemistry
department of Umeå University Hospital 1999-2008. The number TIBC analyzes
equals, and ferritin analyzes almost equals the number of plasma iron analyzes.

The most common reason for ordering analysis of iron parameters in a
clinical context is iron deficiency with or without anemia. They are essential
in the diagnostics of other anemias as well. Iron deficiency is the most
common nutrient deficiency both in developed and underdeveloped
20

countries. An estimation made by the World Health Organization (WHO) is
that anemia affects 47.4% of children under the age of 5 years, 30.2% of nonpregnant women, 41.8% of pregnant women, 12.7% of men and 23.9% of the
elderly worldwide, but with large regional differences [90]. Approximately
50% of the anemia cases in developing countries are due to iron deficiency,
and for each case of anemia, there are approximately 1 - 2.5 cases of iron
deficiency without anemia [91].
Iron overload due to primary or secondary hemochromatosis is a far less
common indication for ordering analysis of iron parameters.
A numerical classification of primary hemochromatosis into four types has
been proposed [92]. Type 1 is dependent on the HFE gene on chromosome
6p21.3. In Caucasian populations, there are two common polymorphisms in
this gene. Either homozygosity for C282Y or compound heterozygosity for
C282Y and H63D may result in type 1 hemochromatosis. Type 2 is juvenile
hemochromatosis, which can be either chromosome 1 linked or due to
abnormality of hepcidin. Type 3 is caused by a transferrin receptor-2
deficiency. Type 4 is secondary to ferroportin deficiency, and includes some
cases of African iron overload. The proposed classification does not include
most cases of African iron overload.
C282Y has a stronger correlation to iron stores than H63D [93]. The
prevalence of primary hemochromatosis is difficult to estimate. The
expression of C282Y and H63D can be enhanced by alcohol and meat
consumption and decreased by milk and egg consumption as well as by
blood donation [94]. Women are less affected by iron overload, and
subsequent sequele than men [95]. This is believed to be a result of iron loss
through menstruation and pregnancies, but this hypothesis has not been
validated [96]. The penetrance of hemochromatosis caused by the C282Y
and H63D polymorphisms is variable. In a Danish population C282Y
homozygotes had a 86-fold increased risk of elevated transferrin iron
saturation and 66-fold risk of having elevated ferritin; for compound
heterozygotes the risk was 7.2- and 3.3-fold, respectively [97].
The gold standard of determining iron stores in the body is to perform a
bone marrow aspiration and a subsequent iron staining of the sample. This is
highly inconvenient for the patient and would require enormous resources in
a clinical setting. A more convenient and economically feasible way of
determining iron stores is to analyze iron parameters in plasma or serum.
The most common parameters used are iron, transferrin or total iron
binding capacity (TIBC), transferrin iron saturation and ferritin.
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Iron
Most of the iron in plasma is bound to transferrin. A lesser proportion is
bound to other plasma proteins, mainly albumin. A low serum iron is often
associated with iron deficiency. However, many pre-analytical factors
influence iron levels in plasma.
Transferrin / TIBC
Transferrin is a glycoprotein which contains 679 amino acids and has a
molecular weight of approximately 79 kD [98]. It is mainly synthesized by
hepatocytes. Iron is reversely bound to the transferrin molecule. The release
of iron is dependent on multiple factors including pH, temperature and
receptor binding [99]. Iron is bound in to ferritin in the ferric form (Fe3+).
Iron from transferrin is transported into cells via ferroportin. Ferroportin
transports the iron in the ferric (Fe2+) form which means that oxidation of
iron is required. Ceruloplasmin is the ferrooxidase that is responsible for
most of this oxidation. In plasma, iron is to a large extent bound to
transferrin. The fraction of transferrin which is not bound to iron is called
“unbound iron-binding capacity” (UIBC). S-UIBC + S-Iron = S-TIBC.
High transferrin levels or high TIBC can be used as an indicator of iron
deficiency. Transferrin and TIBC are considered equivalent in most clinical
settings. However there are some differences: In non-European populations
with a marked genetic variation in transferrin, immunochemical
determination of transferrin leads to errors. In these cases TIBC is a better
choice [100-101].
Transferrin iron saturation
Plasma transferrin iron saturation is calculated from other analytes: STransferrin iron saturation (%) = S-Iron / (S-Iron + S-UIBC) × 100 or STransferrin iron saturation (%) = S-iron × 100 / S-Transferrin × 25.1.
Transferrin iron saturation is the percentage of transferrin that transports
iron. Low levels are associated with iron deficiency. The use of transferrin
iron saturation as a marker of iron deficiency is limited, because of the high
intra-individual variability of serum iron included in the calculation of this
parameter [102].
Transferrin iron saturation is commonly used as a biochemical first-line
screening marker for hereditary hemochromatosis before genetic testing.
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Treshold limits for phenotypic hemochromatosis have varied between 45
and 62% [103]. A lower limit i.e. 45% may reveal non-expressing C282Y
homozygotes, which have a prevalence of 1 in 300 among these homozygotes
[104]. Lower limits for women (50%), compared to men (60%) have
occasionally been applied [105].

Ferritin
Ferritin is a mainly intracellular iron storage protein consisting of two
subunits, termed L and H [106]. The ferritin molecule has a iron core of up
to 4500 Fe(III) atom as an inorganic complex [107]. The ratio between H
and L subunits vary depending on tissue type, with a dominance of H in the
heart and kidney and L in the liver and spleen [108]. The H unit catalyzes the
oxidation of Fe(II) to Fe (III), and L units are necessary for storage of iron in
the core [109]. Proportions between H and L subunits can be altered by
inflammatory and infectious conditions, in response to xenobiotic stress,
differentiation, developmental transitions a well as by other stimuli [106].
Only trace levels of the H subunit can be found in normal plasma [110].
When a cell becomes highly iron loaded hemosiderin, derived from
degradation of ferritin aggregates, can appear [111]. Hemosiderin, like
ferritin, can be mobilized from the cells if the demand for iron increases [75].
Small amounts of ferritin can be found in plasma, and is clinically used as a
marker for iron status. The exact source of plasma ferritin is still to be
determined [112]. Low ferritin levels are indicative of iron deficiency; a
ferritin value <15 µg/L indicates absent iron stores [113]. Using a cut-off for
ferritin of 30µg/L had a positive predictive value of 92% and a negative
predictive value of 98% for iron deficiency anemia [114]. Only two conditions
other than iron deficiency lower ferritin levels, i.e. hypothyroidism and
ascorbate deficiency [115]. High ferritin values are found in iron overload
conditions like hereditary hemochromatosis and hemosiderosis due to
excessive transfusions. Other conditions include anemia for other reasons
than iron deficiency [113], malignancies [116-119], hyperthyroidism [120],
liver damage [121], alcohol abuse [122], insulin resistance [123], and
inflammatory conditions [124-125]. A less common reason is the hereditary
hyperferritinemia cataract syndrome caused by a ferritin mutation and
characterized by iron overload and cataracts [126].
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Cardiovascular disease
Iron overload is believed to produce oxygen radicals via the Fenton-HaberWeiss cycle. The cycle begins with the Fenton reaction:
Fe 2+ + H 2 O 2 → Fe 3+ + HO – + HO •
which is followed by the chain indicated by Haber, Wilstätter and Weiss
HO • + H 2 O 2 → H 2 O + O 2 •– + H +
O 2 •– + H + + H 2 O 2 → O 2 + HO • + H 2 O

This event chain has been described in detail previously [71].
In 1981 Sullivan et al. hypothesized that that lower iron stores protect
premenopausal women from atherosclerosis [127]. Iron ions and oxygen
radicals, produced by Fenton-Haber-Weiss chemistry can initiate lipid
peroxidation [128] which is believed to be the major factor behind
atherosclerosis and subsequent cardiovascular disease [129]. This is known
as the “iron hypothesis”.

Iron status and myocardial infarction
A great number of studies have tested the iron hypothesis, but the results
have been contradictive. A lesser proportion of these have a prospective
design.
A Finnish nested case control study on 215 cases of myocardial infarction or
coronary death, and 215 control subjects, low serum iron was associated with
higher risk for myocardial infarction [130]. A Finnish 10-year-follow-upstudy on 361 men and 394 women and 130 accumulated cases of myocardial
infarction came to the same conclusion [131]. The highest serum iron
quartile was associated with a higher risk for fatal myocardial infarction in a
study on 140 cases of fatal myocardial infarctions in Canada [132].
Transferrin iron saturation and the risk for myocardial infarction has been
has been evaluated in three studies; in an American study on subjects on the
prepaid Kaiser-Permanente health plan (cases n=1840) [133], and in two
studies on the American NHANES project [134-135]. No risk association
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between risk for myocardial infarction and transferrin iron saturation was
found.
For total iron binding capacity (TIBC) and the equivalent transferrin, a
positive risk association was found in a Finnish study already mentioned
above [131]. An inverse risk association was found in an Icelandic cohort
study with 81 cases [136] and no risk association was found in the NHANES
project [134].
Only one study, including 51 Finnish male myocardial infarction cases, found
a risk association between ferritin and myocardial infarction [137]. In an
American study with 32 myocardial infarction cases [138], another American
follow up study with 235 cases ≥ 62 years of age [139], and a Finnish
coronary prevention trial in dyslipidemic men comprising 84 cases of
myocardial infarction or cardiac death [140] no risk association between
ferritin and myocardial infarction was found.
A low ratio between soluble transferrin receptor and ferritin, indicating large
iron stores, has been reported to increase the risk for myocardial infarction
in a Finnish study with 99 cases. [141]. This ratio was used to eliminate the
effect of ferritin as an acute phase protein.
Another approach to test the iron hypothesis is by testing blood donors.
These subjects lose 200 to 250 mg iron per each donated unit [142]. Three
prospective studies ended up with divergent conclusions: A Finnish study on
middle aged men found a protective effect for myocardial infarction [143], an
American study on both men and women found the protective effect against
cardiovascular events limited to non-smoking men [144], and an American
study on men found no association between risk for coronary heart disease
and the frequency of blood donation [145]. Last, an American retrospective
study found frequent long-term blood donation to be associated with lower
risk for cardiovascular disease [146]. There is still a controversy about the
possible benefit of blood donation on the risk for myocardial infarction.
Iron status and stroke
There are very few prospective studies that have assessed iron status
parameters and the risk for stroke. In a Dutch study, an increased risk of
ischemic stroke for the highest versus lowest tertile of ferritin in
postmenopausal women was seen [147]. In a Finnish study on elderly
subjects, a reduced risk of stroke was found for the middle tertile of serum
iron concentrations [131]. An Italian study reported that ferritin was the
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greatest risk factor for progression of carotid atherosclerosis, although no
direct association with stroke was observed [148].
HFE polymorphisms and cardiovascular disease
Prospective studies on the risk of HFE-genotypes and the risk of myocardial
infarction are scarce. A Danish group performed a prospective study in
addition to a case-control study, and found no risk association between HFE
genotypes and ischemic heart disease in neither of the studies [149]. A Dutch
study found an association between C282Y heterozogosity and
cardiovascular death [150].
Three studies have studied the relationship between HFE genotypes and the
risk of stroke [150-152]. In the two previous prospective studies, one found a
strong association between heterozygosity for C282Y and cerebrovascular
death in women [150], while the other found no association between C282Y
and H63D genotypes and the risk of stroke [151]. There is no previous study
in which iron stores, HFE genotypes, and the risk of stroke have been
studied in combination.

Preanalytical factors
Bilirubin
There are several preanalytical factors which can produce erroneous analysis
results: Transport [153] and storage [154] of samples before analysis reduce
bilirubin in the sample. Storage of frozen samples may decrease total
bilirubin to some extent [155]. Delayed separation of plasma from cells in
samples for three days significantly reduced bilirubin values [156]. A
common error source is light exposure, as bilirubin degrades fast when
exposed to light [157]. Hemolysis in samples is another common error source
reducing bilirubin level in samples.
Bilirubin has a statistically significant circannual rhythm with the highest
levels in spring and summer among male subjects. In women no changes are
seen throughout the seasons [158-159]. As previously described in relation to
Gilbert´s syndrome, fasting is known to elevate bilirubin levels [160].
There is an abundance of pharmacologically used substances that elevate
and diminish bilirubin levels [161], many of them include inducers and
inhibitors of UGT1A1 [162]. Oral contraceptives users have lower bilirubin
levels [163]. Inducers, lowering bilirubin, include Phenobarbital and some
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statins. Inhibitors, elevating bilirubin, include paracetamol, benzodiazepines
and diclofenac.
Iron
Plasma iron has a seasonal variation; in a study on about 500 women
followed for four years iron levels were highest in the winter and lowest in
the summer [164]. Non-fasting samples can have twice the iron
concentration compared with fasting samples [165]. The levels also vary over
the day with the highest values early in the morning and the lowest values in
afternoon [166-167]. However, the intra-individual variation is huge, and
exceeds the diurnal variation to such extent that the time period of sampling
is of limited importance [33]. Training decreases iron levels [168] due to
increased demand of iron and concomitant increased losses and not
uncommonly inadequate intake in relation to energy expenditure. Other
explanations for iron depletion in athletes include mainly gastrointestinal
blood loss, increased loss of iron in sweat and urine is negligible [169].
Exercise has also been shown to temporarily elevate plasma iron [170],
probably due to dehydration. Ingestion of alcohol increases iron levels in
men, but not in women [171].
Storage of whole blood for prolonged time without separation of serum or
plasma renders falsely elevated iron levels [172].
Transferrin/TIBC
Transferrin levels are higher in women than in men [173]. Concentration
decrease by age [173]. Transferrin has a large diurnal variation, ranging from
17 to 70% [174]. Levels are lowest in the morning and highest in the
afternoon [166]. High estrogen or progesterone levels i.e. during pregnancy
[175] and use of oral contraceptives [174] have been reported to elevate
transferrin. Pregnancy can increase transferrin levels by up to 40% and oral
contraceptive by up to 15% [176]. Exercise has also been reported to elevate
transferrin [177]. Inflammation [178] and a low calorie intake [179] decrease
transferrin. Premature children also have decreased levels [180].
Transferrin samples are rather stable, but exposing samples to excessive heat
(56°C) lowers the concentration [181]. Alcoholism [182] and malnutrition
[183] lowers TIBC as does being in the luteal phase of the menstrual cycle
[184].
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Transferrin iron saturation
As transferrin iron saturation is calculated from plasma iron and TIBC or
transferrin, factors influencing these parameters will also affect transferrin
iron saturation.
Ferritin
Men have higher ferritin levels than women [185-186]. Ferritin levels vary
with age, both elevation [171] and decrease [187] have been reported with
higher ages. In women levels fluctuate over the menstrual cycle with the
highest levels during the luteal phase [184]. In the third trimester of
pregnancy, levels are significantly decreased compared with the first
trimester [188]. Postmenopausal women have higher levels than younger
women [189]. Alcohol intake [171, 190], alcoholism [182] and smoking [191]
significantly elevate ferritin levels. Space travels elevate ferritin levels; a
significant increase was observed after eight days in the Spacelab 1 mission
[192].
Ferritin is a fairly stable protein. Storage of samples in 32°C for 24 hours
before separation from blood cells resulted in elevated ferritin levels, storage
in 11°C did not affect the serum ferritin levels [193].
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Reference intervals and standardization
Reference intervals for laboratory investigations can differ markedly
between laboratories due to different methods, calibrations, or even if
different units are used for the same method [194]. Previously, reference
intervals were often established locally. As establishing valid reference
intervals takes a great effort, the level of the reference intervals were often
only re-calculated when a new method was introduced. Sometimes
differences in reference intervals result in severe difficulties for the clinician
to interpret results from patient samples analyzed in another hospital
laboratory, with a risk for wrong conclusions. This is still the case for many
unstandardized methods.
The Nordic Reference Interval Project (NORIP) was launched in an attempt
to establish common reference values for 25 of the most common quantities
used in clinical chemistry, including total bilirubin. In 102 laboratories, a
total number of 3002 reference individuals, 18-91 years of age, were
recruited [195].
Bilirubin
A reference interval for total bilirubin, 5 – 25 µmol/L, was established for the
Nordic populations through the NORIP project [196]. While most of the
clinical chemistry laboratories in the Nordic countries seem to have adopted
the NORIP reference intervals for adults, there seems to be no consensus yet
for individuals under 18 years of age. Various decision limits and reference
intervals are used throughout the clinical chemistry laboratories in the
Nordic countries (Table 1).
In 1962 a joint committee of scientist defined the principles of determination
of a bilirubin standard by means of molar absorptivity, recommending that
bilirubin should have a molar absorptivity between 59100 and 62300 L ×
mol-1 × cm-1 at 453 nm in chloroform at 25°C for clinical use [197]. In 1971
the National Bureau of Standards, now National Institute of Standards and
Technology (NIST), issued the first bilirubin Standard Reference Material
(SRM) 916 containing bilirubin with a purity of 99.0%. In 1989, a new
standard reference material was issued: SRM 916a [198]. Total bilirubin
analytic methods are standardized against this NIST standard on the
candidate reference method, the Doumas method [199].
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Table 1. Reference ranges/ decision limits for total bilirubin at university hospital
laboratories in Sweden, Denmark, Finland, and Norway.
University hospital laboratory

Age group

Reference range/
decision limit (µmol/L)

< 30 days
> 17 years
< 30 days
> 30 days
< 2 days
2 – 3 days
3 – 6 days
> 6 days

Age dependent
5 - 25
Determined by the
treating physician
< 26
< 140
< 210
< 280
< 20

Malmö

< 2 days
2 – 3 days
3 – 6 days
> 6 days – 18 years
> 18years

< 140
< 210
< 280
< 20
< 26

Stockholm

< 2 days
2 – 6 days
7 – 20 days
21 - 29 days
1 month -17 years
≥ 17 years

< 100
< 200
< 100
< 50
< 22
< 26

Umeå

Newborns
All others

Dependent on age and
weight
5 - 25

Uppsala

1 – 2 weeks
3 – 4 weeks
1 month – 15 years
Adults

< 100
< 50
< 26
5 - 25

Örebro

Newborns
All others

Dependent on age and
weight
< 25

0 - 1 days
1 - 2 days
2 - 3 days
3 - 4 days
4 - 5 days
1 month – 14 years
> 14 years

50 - 125
75 - 175
75 - 200
40 - 185
35 - 170
4 - 17
4 - 22

Sweden
Gothenburg
Linköping
Lund

Denmark
Copenhagen
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Table 1. Continued
University hospital laboratory

Age group

Reference range/
decision limit (µmol/L)

Umbilical chord
0 days
1 day
2 days
3 days
4 days
> 30 days
All others

20 – 60
50 - 125
75 - 175
75 - 200
40 - 185
35 - 170
4 – 17
5 - 25

0 - 1 days
2 - 6 days
7 - 20 days
21 - 30 days
More than 1 month

< 100
< 200
< 100
< 50
5 - 25

0 - 1 days
1 - 2 days
3 - 5 days

< 103
< 137
< 205
5 - 25

Denmark
Århus

Finland
Helsinki

Kuopio

All others
Tampere

All

5 - 25

Turku

> 1year

5 - 25

Oulu

1 day
2 days
3-5 days
More than 6 days

0 - 100
0 - 215
0 - 280
5 - 25

0 - 1 days
1 - 2 days
2 - 5 days
> 1 months

< 100
< 140
< 200
5 - 25

Oslo

0 – 1 days
2 days
3 days – 2 weeks
≥ 3 weeks

< 100
< 140
< 200
5 - 25

Tromsö

Newborns
All others

Weight and age
dependent
5 - 25

0 – 2 weeks
3 weeks – 10 years
10 – 18 years
> 18 years

< 200
< 16
< 20
5 - 25

Norway
Bergen

Trondheim
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Iron
There is an established reference interval 9–34 µmol/L, compiled by the
NORIP project [200]. The reference standard material available for iron,
NIST SRM 937, consists of iron wire [201].
Transferrin / TIBC
The NORIP project has established a reference interval for TIBC in serum,
49 - 83 µmol/L [200]. Transferrin was not included in the NORIP project,
but assuming that 1 g transferrin binds 25.1 µmol iron, reference intervals for
transferrin can be calculated from the NORIP material [202]. The reference
interval according to this calculation corresponds to 1.87 – 3.19 g/L.
Transferrin can be traced to the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) CRM 470 protein standard
material based on bovine serum [203]. No such standard material is
available for TIBC or UIBC.
Transferrin iron saturation
There are gender and age separated reference intervals for transferrin iron
saturation, established by the NORIP project: women 18-49 years of age 1050%; women ≥50 years of age 15-50%, and for men 15-57% [200].
Ferritin
There are no common reference intervals for ferritin in the Nordic countries.
Ferritin can be traced to the IFCC CRM 470 protein standard material [203].
The NPU system
Standardization of laboratory investigation nomenclature has been an issue
for decades. In scientific text, has not always obvious exactly which analysis
has been performed, in absence of a standardized nomenclature. There is a
need to distinguish between two or more methods with the same name, but
with completely different results or units of measurement. The introduction
of different information systems has utterly emphasized the importance of
that the unique identity of a laboratory investigation is correctly cited when
these systems communicate [204].
A standardized nomenclature to facilitate electronic prescription and
transmission of laboratory results has been developed by the Committee on
Nomenclature, Properties and Units, the NPU coding system [205]. The
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coding system covers all fields of biological sciences, including clinical
chemistry. Each term has a specific and ready-to-use code according to
International Standard Organization, IUPAC and IFCC standards. This
coding system is regularly updated and is freely available on the internet in
Swedish [206], Danish [207] and English [208] versions.
Table 2. NPU codes for analytes in this study [206]

NPU code
NPU01370
NPU02508
NPU04133
NPU26470
NPU04191
NPU03899

Trivial name
P-Bilirubin
P-Iron
P-TIBC
P-Transferrin
P-Transferrin iron saturation
P-Ferritin
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Objectives of the study
To evaluate if the antioxidant bilirubin is associated with the risk for firstever myocardial infarction and first-ever stroke in a prospective nested casereferent settings.
To evaluate if UGT1A1*28 promoter insertion polymorphism, the main
genetic determinant of bilirubin, is related to risk for myocardial infarction
and stroke and whether this may validate or invalidate bilirubin as a
causative factor.
To investigate possible determinants of plasma bilirubin levels in the study
cohorts.

To assess if the oxidant iron, as mirrored by iron status, is associated with
the risk for first-ever myocardial infarction and first-ever stroke in
prospective nested case-referent settings.
To study if the hemochromatosis related HFE genotypes, that are
hemochromatosis related, are associated with risk for myocardial infarction
and stroke in these cohorts.
To assess the hypothesis that high iron levels are associated with higher risk
for cardiovascular disease.
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Material and methods
Ethics
The study protocols for all papers in this thesis were approved by the
Research Ethics Committee of Umeå University, Umeå. The data handling
procedures were approved by the National Computer Data Inspection Board.

Study cohorts
The Northern Sweden Health and Disease Study Cohort
Individuals participating in The Northern Sweden Health and Disease Study
Cohort are recruited through several projects. For Papers 1 and 3 subjects
from the Västerbotten Intervention Project (VIP), Northern Sweden
Multinational MONItoring of trends and determinants in CArdiovascular
disease (MONICA), and the Mammography Sceening Project (MSP) were
included. In papers 2 and 4 only subjects from VIP and MONICA are
included.
Västerbotten Intervention Program (VIP)
VIP is a population based intervention program which was started in 1985 in
order to prevent cardiovascular diseases and diabetes in Västerbotten
County. It was inspired by the North Karelia Project. Every inhabitant in
Västerbotten County is invited to participate in a health survey when they
turn 30, 40, 50 and 60 years old [209]. Invitation of 30 year old subjects was
discontinued in by the end of 1995. By December 2002, 74000 individuals
were included of who 67,000 had donated blood samples, frozen down for
future research. From 1994 a second sample and questionnaire is taken with
a 10-year interval of the individuals within the cohort.
The health survey is performed at the local health care center. It includes a
questionnaire concerning various lifestyle factors including questions of diet.
A 2-hour oral glucose tolerance test was performed with 75 mg glucose
dissolved in 300 mL water ingested within 5 minutes was performed on
most subjects. Plasma cholesterol is measured in conjunction to the survey
on bench a bench top analyzer. An interview is performed by a trained nurse,
including questions on medication. The participation rate has been 57%.
Social characteristics have been investigated between participants and nonparticipants; little evidence for selection bias was found [210].
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MONICA
The World Health Organization (WHO) established the MONICA project in
the early 1980’s to monitor trends in risk factors for cardiovascular disease
over time [211]. Totally 39 populations in 26 countries were included by the
end of 1986. The Västerbotten and Norrbotten Counties joined the MONICA
project in 1985, and the first survey was conducted in 1986. Subsequent
surveys have been conducted in 1990, 1994, 1999, 2004 and 2009. The
eligible population in this area has varied between 306279 persons in 1986
to a maximum of 318359 persons in 1999, according to Statistics Sweden. At
each survey, 2000-2500 randomly selected inhabitants aged 25-74 years
were invited for a health survey. These surveys use the same questionnaires
and collection of information on medication as VIP. Measurements of
systolic and diastolic blood pressure and body mass index are performed the
same way as VIP. The participants are also asked to donate a blood sample
donation for future research. In 65% randomly selected participants, a 2hour goral glucose tolerance test was performed, as described for the VIP
cohort. The participation rate for the surveys 1986-2009 has varied between
69.2 - 81.3%.

Figure 5. A sign in Mariehem, Umeå, pointing at a MONICA screening station
during the 6th MONICA screening in spring 2009.
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Mammography Screening Project
The MSP was founded in 1995 and recruitment is done through
mammography screenings in Västerbotten County. All women within the
range of about 40-70 years are invited to undergo mammography every two
or three years. The frequency and the age range have varied over time due to
variability in public funds. Women undergoing screening are invited to
complete a questionnaire concerning reproductive history and to donate a
blood sample for future research. The participation rate in screening was
85% and 57% for donation of blood sample.
Identification of cases
First-ever acute myocardial infarction and first-ever acute stroke events
between 1985 and 2000 were identified by linking the NSHDSC with the
Northern Sweden MONICA registry. Linkage was performed using Swedish
personal numbers. This MONICA registry contains strokes in subjects 25-64
years of age and myocardial infarction cases 25-64 years of age in
Västerbotten and Norrbotten counties. Myocardial infarction cases in
subjects up to 75 years of age have been registered since year 2000. Hospital
records, general practitioners’ reports, death certificates and when available,
necropsy reports, have been screened for possible events. These events were
validated using WHO MONICA criteria.
Subjects with previous stroke, myocardial infarction or cancer diagnosis 5
years prior to or 1 year after diagnosis with stroke or myocardial infarction,
were excluded from the study. Data enabling exclusion of such cases was
obtained from the MONICA registry and the National Cancer Registry.
Questionnaire data and patient records suggesting presence of exclusion
criteria were validated. Subjects with insufficient blood samples were also
excluded at baseline.
The stroke cohort was classified according to TOAST criteria [212-213],
which is a classification of etiology. The subgroups are atherotrombotic,
lacunar and cardioembolic stroke. In this study, a majority of the stroke
cases (55%) were classified as undetermined.
In Paper 4, subjects with unclassifiable strokes (n=6) were excluded. In
Paper 2 hemorrhagic strokes (n=41) in addition to the unclassifiable stroke
cases were excluded.

37

Study cohort on myocardial infarction, papers 1 and 3
618 subjects with a first-ever myocardial and 1184 matched referents were
studied. For each case, two referents were selected, matched for sex, age,
date of health survey, subcohort and geographic area. Exclusion criteria for
cases were previous myocardial infarction, stroke or cancer diagnosis in the
5 years prior to, or stroke or cancer 1 year after diagnosis with myocardial
infarction. Exclusion criteria for referents were myocardial infarction, stroke,
cancer or death prior to the time of diagnosis of the index case.
The myocardial infarction cohort comprised an early compilation of 77 cases
and double referents [214]. From this material DNA was available from 67
cases, but no plasma. In some 20 other cases plasma was insufficient in
volume or missing.
Two subjects showed very high bilirubin levels (179 and 366 µmol/L) were
regarded as outliers and excluded from calculations in Paper 1.
Table 3. Use of antithrombotic agents, antihypertensive medication and lipid
lowering drugs, classified according to the Anatomical Therapeutic Chemical
Classification System (ATC), in the combined FIA I and II cohort (referents: n=1184,
cases n=618). Some subjects are on medication with more than one drug.
Referents
n (%)
16 (1.4)

Cases
n (%)
15 (2.4)

Vitamin K antagonists (B01AA)

4 (0.3)

3 (0.5)

Heparin group(B01AB)

0 (0.0)

0 (0.0)

Platelet aggregation inhibitors (B01AC)

12 (1.0)

11 (1.8)

9 (0.8)

8 (1.3)

Antihypertensives (C02)

19 (1.6)

27 (4.4)

Diuretics (C03)

39 (3.2)

32 (5.2)

Beta blocking agents (C07)

69 (5.8)

69 (11.2)

Calcium channel blockers (C08)

27 (2.3)

31 (5.0)

Agents acting on the renin-angiotensin system (C09)

23 (2.0)

21 (3.4)

Lipid lowering drugs (C10)

4 (0.3)

2 (0.3)

Drug (ATC-code)
Antithrombotic agents (B01A)

Acetylsalicylic acid (B01AC06)
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Study cohort on stroke, papers 2 and 4
427 subjects met the criteria for a first acute stroke. After exclusion of
subjects with previous myocardial infarction (n=55), a cancer diagnosis
(n=29) and insufficient amount of blood in the sample at baseline (n=67),
276 cases remained (231 ischemic and 41 hemorrhagic). The cases were
matched with two matched referents without known cardiovascular disease
or cancer were selected from the two cohorts as previously detailed [215].
The referents were matched by sex, age (±2 years), cohort (MONICA or VIP),
date (±1 year) of health survey, and geographical area.
In paper 2, the 41 cases of hemorrhagic stroke were excluded.

Blood sampling
In the VIP and MONICA projects, subjects are asked to fast for at least 4
hours. Blood samples are collected after 5 minutes rest in seated position in
two evacuated 10 mL glass tubes, one heparinized and one containing EDTA.
The blood samples are separated by centrifugation at 1500 g. Plasma, buffy
coat and packed red cells are aliquoted in smaller plastic tubes. The samples
are stored frozen at -80°C until analysis or DNA preparation.

Biochemical analyses
Plasma samples were analyzed in triplets with the position of the case and
the referents randomly varied to avoid systematic bias and interassay
variability.
Bilirubin
Total plasma bilirubin in Paper 1 was analyzed on a Hitachi 911
multianalyzer with BIL-T kit Cat. No. 11489429216 (Roche Diagnostics
GmbH, Mannheim, Germany). The intra-assay coefficient of variation
bilirubin was 3.63% at the level 18 mmol/L and 3.72% at 88 mmol/L.
Total plasma bilirubin in Paper 2 was analyzed with a Vitros 5,1 automated
analyzer, using the TBIL slide, Code 8159931 (Ortho-Clinical Diagnostics,
Inc., Rochester, NY, USA). The total coefficient of variation was for 3.3% at
the level 18.4 µmol/L and 1.27 % at the level 239.8 µmol/L.
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Markers of iron status in plasma
A Hitachi 911 multianalyzer with reagents from the manufacturer (Roche
Diagnostics GmbH, Mannheim Germany) were used to analyze iron, UIBC
and ferritin:
For iron FE, Iron kit Cat. No. 1970704 was used. The intra-assay coefficients
of variation were 2.2% at the level 19.4 µmol/L and 1.8% at the level 45.9
µmol/L.
UIBC was analyzed with the Unsaturated Iron Binding Capacity (UIBC) kit
Cat. No. 12146282. Intra-assay coefficients were 5.6% and 5.7% at levels 23.7
and 37.5 µmol/L, respectively.
Tina-quant® Ferritin kit, Cat. No. 11661400 was used to determine ferritin.
The intra assay coefficients of variation were 5.1% and 3.7% at levels 70.3
and 301.7 µg/L, respectively.
TIBC and transferrin iron saturation were calculated:
TIBC = UIBC + iron
transferrin iron saturation = iron / (iron + UIBC) × 100

Polymorphism analyses
DNA prepared from buffy coat using the chloroform/phenol method was
provided from the Medical Biobank, Umeå. From each sample, 10 ng DNA
was dispensed in wells of 96-well plates.
UGT1A1*28
Fragment analysis was used to genotype the UGT1A1*28 promoter
polymorphism lengths using a method first described by Adegoke et al.
[216], which was slightly modified.
The primers for the PCR reaction were: 5’- FAM-CAACAGTATCTTCCCAGC3’ and 5’-GTGTCCACGTGACACAGTCAAAC-3’ (MWG-Biotech, Ebersberg,
Germany). A GeneAmp PCR System 9700 was used to run the PCR
reactions: The 10 µL reactions included 0.5 U AmpliTaq GOLD polymerase,
1× Gene Amp buff II, 2.5 mmol/L MgCl2, 0,25 mmol/L dNTP, 335 nmol/L of
each primer and 15 ng DNA. Thermal cycling was carried out as follows: 95
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°C for 10 minutes followed by 10 cycles of 94 °C for 15 seconds, 55 °C for 15
seconds, and 72 °C for 30 seconds. This was followed by 20 cycles of 89 °C
for 15 seconds, 55 °C for 15 seconds and 72 °C for 30 seconds. Finally 72 °C
was applied for 10 minutes followed by a cooling step of 4 °C.
The PCR product was diluted 7x with distilled water. For fragment analysis
16 µL GS500(-250)LIZ size standard was added to 1100 µL HiDiFormamide. To 10 µL of the formamide –LIZ mixture, 1 µL of the diluted
PCR product was added. Samples were denatured at 95 °C for 5 minutes, put
on ice and subsequently analysed on an ABI 3730 xl automated DNA
sequencer. Fragment analysis was performed using GeneMapper v3.0
software. All equipment and reagents, except for the primers, were from
Applied Biosystems, Foster City, CA, USA.
In Paper 1 and 2, 59 and 27 heterozygote controls, respectively, were
analyzed with consistent results. The call rate was 97.3% in Paper 1 and
93.2% in Paper 2.
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Figure 6. Plots illustrating different UGT1A1 promoter polymorphism genotypes.
From above: (TA)6/(TA)6, (TA)5/(TA)6, (TA)7/(TA)7, and (TA)6/(TA)7

HFE C282Y and HFE H63D
Both HFE C282Y and H63D was analyzed using TaqMan allelic
discrimination using Minor Groove Binder probes. The TaqMan assays were
from Applied Biosystems (Foster City, CA, USA). PCR reactions were
performed at the Center for Genome Research, Umeå University.
HFE C282Y was ordered using the Assay-by-Design concept. The following
primer sequences were used: GGCTGGATAACCTTGGCTGTAC and
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GTCACATACCCCAGATCACAATGAG. The probe sequences were VICAGAGATATACGTGCCAGGTG and FAM-CAGAGATATACGTACCAGGTG.
For HFE H63D, an Assay-on-Demand kit, assay ID c___1085600_10 was
used. The primer sequences are proprietary by the manufacturer.
The PCR reactions were run on a GeneAmp PCR System 9700. PCR products
were analyzed on the ABI PRISM 7900 HT Sequence Detection System using
SDS v2.1 software according to the manufacturer’s instructions.
We also sequenced a number of individuals with different genotypes to
ensure the accuracy of the results.

Questionnaires and dietary assessment
A questionnaire on several lifestyle factors, including social background,
drug consumption, heredity and history for cardiovascular diseases, social
support, demand and control at work, unemployment, migration, and when
applicable hormonal therapy and menopause. A validation of data collected
with these questionnaires has been performed [217].
Information from a food frequency questionnaire (FFQ) was used to
determine iron intake in Paper 1. The FFQ estimates food intake on a ninelevel scale. The levels are never, up to once a month, 1-3 times a week, once
per day, 2-3 times per day, and 4 or more times a day. 55% of the subjects in
Paper 4 had completed a FFQ. Of these, 84% completed an 82- or 84- item
FFQ and 16% completed a 65- or 66-item version of the same questionnaire.
Data on iron intake and alcohol use were retrieved from these
questionnaires.
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Figure 7. Taqman allelic discrimination plot for a HFE C282Y assay. Wild type
subjects are found in the right lower corner, heterozygote mutants in the middle,
and homozygote mutants are found in the upper left corner. Blank samples with no
DNA are found in the lower left corner.
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Statistics
SPSS Statistics versions 12.0-17.0.2, were used for most of the calculations
(SPSS Inc. Chicago, Ill. USA). To determine Hardy-Weinberg equilibrium on
UGT promoter polymorphisms, which have more than two degrees of
freedom, a java applet [218] was used.
Mann-Whitney test was used for comparing baseline characteristics for
referents and cases. Odds ratios and 95% confidence intervals for risk for
disease were calculated for quartiles of plasma variables and genotypes. The
quartile limits were based on referent subjects calculated separately for men
and women. HFE genotypes were coded as 1-3 (wild type, heterozygote
mutant, and homozygote mutant). UGT promoter polymorphism genotypes
were coded binary with (TA)6/(TA)6 and (TA)6/(TA)7 coded as 1 and
(TA)7/(TA)7 coded as 2. Test for trend was performed as testing quartiles or
genotypes as continuous variables in regression analysis. Missing values
were treated as missing throughout the calculations, except for in Paper 4
where they were assigned a separate category in categorical variables and the
median value of referent subjects in continuous variables. All statistical tests
and corresponding p-values were two-sided.
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Results and discussion
Baseline characteristics, myocardial infarction, Papers 1 and 3
The median lag time to from sampling to myocardial infarction was 3.5
years. Previously established risk factors/risk markers for myocardial
infarction, i.e. BMI, hypertension, diabetes mellitus and smoking were
significantly higher or more abundant in cases.
A significantly greater proportion of the cases were on medication with at
least one drug, compared to the referents. Medication with at least one drug
was associated with a significantly higher risk for myocardial infarction.
Baseline characteristics, ischemic stroke, Papers 2 and 4
Cases with ischemic stroke (n=231) were included in Paper 2. In Paper 4, an
addition of 41 hemorrhagic stroke cases was also included. The median time
from sampling to ischemic stroke was 4.9 years, and for ischemic stroke 5.3
years. BMI was higher, and smoking, hypertension and diabetes was more
common in cases, compared to referents. Medication with one or more drugs
was more common in cases.
Medication with at least one drug increased the risk for ischemic stroke.
However, no significant association was seen for medication and
hemorrhagic stroke. (data not shown)
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Plasma bilirubin and UGT1A1*28 in
relation to cardiovascular disease
(Papers 1 and 2)
The aim was to investigate if bilirubin levels, and the UGT1A1*28 promoter
insertion polymorphisms were associated with risk for cardiovascular
disease. We performed a nested case-referent study on a cohort of first
myocardial infarction cases and a cohort of first ischemic stroke cases.
There was a negative risk association between bilirubin levels and both
myocardial infarction and ischemic stroke. In the myocardial infarction
cohort, cases with medication with one or more drugs had lower bilirubin
levels than referents. In the stroke cohort, there was no significant difference
in bilirubin levels between subjects with one or more drugs, and subjects
without medication. Medication with one or more drugs was associated with
higher risk for myocardial infarction and ischemic stroke.
Both referents and cases were in Hardy-Weinberg equilibrium for the
UGT1*28 polymorphism in both studies, with no differences in the
distribution between cases and referents. In the myocardial infarction
cohort, we found four referents with a (TA)5 allele and one referent with a
(TA)8 allele, and in the stroke cohort three referents and once case had a
(TA)5 allele. Subjects with these uncommon genotypes were excluded from
further calculations. Cases had lower bilirubin levels, regardless of genotype
(Paper 1, Figure 1; Paper 2, Figure 1)), but the difference was only significant
among men in the myocardial infarction cohort. No risk association between
the UGT1A1*28 promoter polymorphism and risk for disease in either of the
two cohorts was found. For myocardial infarction this is in agreement with
previous prospective studies [65-66]. For stroke there are no previous
prospective studies to compare with.
In both the myocardial infarction and stroke cohorts we could see an inverse
relationship between bilirubin levels and risk for disease endpoint using
conditional logistic regression. The case ascertainments in previous studies
have not been as meticulously well performed in previous studies as they are
in the Northern Sweden Health and Disease Study Cohort. In the myocardial
infarction cohort, the findings were more prominent in men and in the
stroke cohort an association was only seen in women. In a large Korean
study, this inverse relationship was seen in men, not in women [62].
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In both the myocardial infarction and stroke cohorts a negative association
between high bilirubin levels and disease could be seen. No association was
found for UGT1A1*28. Due to the fact that as much as 18% of the variability
of bilirubin can be explained by UGT1A1*28 [42], and that the
polymorphism is abundant (allele frequency about 30%), the concept of
Mendelian randomization can be applied. When applying Mendelian
randomization both bilirubin and UGT1A1*28 strongly influencing bilirubin
should affect risk, if there was a causal relationship between bilirubin and
risk (Figure 8). In the presence of a phenotypic association with risk, but in
the absence of an association between genetic factors influencing the
phenotype and risk, other possibilities should be considered.

Figure 8. Risk associations according to the Mendelian randomization concept for
bilirubin and cardiovascular disease. Adapted from N Engl J Med 2008 359 1897908 [219].

One possibility is reverse causation. This would imply that cardiovascular
disease itself or its predecessors, atherosclerosis or factors promoting
atherosclerosis, lower bilirubin levels. Another possible explanation is the
presence of a confounder. A confounder could influence the risk, and
simultaneously be involved in one or more of processes affecting bilirubin
levels, i.e. production, degradation, elimination and re-absorption of
bilirubin. Several genome wide association (GWA) studies have been
performed on cases with coronary artery disease [220-227] and on stroke
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cases [228-237]. None of them has found polymorphisms associated with
risk in the proximity of the UGT1A1 gene on 2q37.
With respect to bilirubin production, an interesting study on bilirubin
production and risk was performed on HO-1 promoter polymorphisms which
regulate the transcription of HO-1, the limiting enzyme step in bilirubin
production [238]. In that study different promoter polymorphism lengths
affected bilirubin levels and, also risk for coronary heart disease in a
retrospective study on diabetic subjects.
Little is known about the direct degradation of bilirubin and factors
influencing this process. Biopyrrins, substances emanating from direct
bilirubin degradation, are known to promote vasospasm [27], but they are
rapidly excreted from the body through urine [28].
The gut bacterial flora is highly variable between individuals and it might
affect health [35]. It has been shown in an animal model that gut flora can be
altered by diet changes [239]. It has been hypothesized alterations in gut
flora may promote adiposity and atherosclerotic disease [240]. Speculatively,
alterations of gut flora might also change the balance between bilirubin
deconjugation and re-absorption vs. reduction to urobilinogen species and
elimination through the stools.
A possible confounder may be hiding behind the interesting finding that
there was a strong co-variation between bilirubin and iron in plasma. We
could also see that for myocardial infarction, both the negative risk
associations for bilirubin and plasma iron were limited to men. These
findings suggest that the relationship between bilirubin, iron and risk for
myocardial infarction should be investigated more in detail in the future.
A weakness of our studies on bilirubin and risk for myocardial infarction and
stroke was that the samples had been thawed up to five times before analysis
of bilirubin. Bilirubin levels in these studies are therefore lower due to
degradation than in fresh samples from a normal population. The samples
were, however always handled in triplets with the position of the case and
the two referents randomly varied. The case and the two referents were
matched for sampling time and place, which minimizes differences in
logistics, such as handling and storage time. When calculating risk,
conditional logistic regression analysis was used, also keeping the triplets
together. Thus, the inter-relationship, and subsequently the risk estimates,
should not have been affected, despite the freeze-thaw cycles.
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Different methods for determining plasma bilirubin were used in the
myocardial infarction and stroke studies. This was due to a change of routine
method at the central laboratory. Although most bilirubin methods are
traceable to the SRM 916a standard, some differences still exist between
methods. We tested 40 samples for total bilirubin on a Hitachi 911
automated analyzer using BIL-T reagent (Roche Diagnostics GmbH,
Mannheim, Germany) and Vitros 5,1 automatic analyzer using the TBIL slide
(Ortho-Clinical Diagnostics, Inc., Rochester, NY, USA) (Figure 9). The Vitros
5,1 method presented lower bilirubin levels than the Hitachi 911 method, but
the correlation was good, R=0.979.

Figure 9. Total bilirubin samples within the normal reference interval (n=40) run
on two routine methods. BilirubinVitros 5,1 = 0.711 × BilirubinHitachi 911 - 0.064.

In conclusion, in our studies elevated levels of bilirubin were associated with
a decrease in risk. This was seen despite the fact that the gene with the
highest impact on bilirubin levels had no effect on risk. Applying the concept
of Mendelian randomization on our studies suggests that there is no causal
relationship between bilirubin levels and risk for cardiovascular disease. The
absence of findings in the vicinity if the UGT1A1 locus on chromosome 2q37
in GWA studies also supports this interpretation of the results.
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Iron metabolism in relation to
cardiovascular disease
(Papers 3 and 4)
The aim for these papers was to determine if iron status markers and
polymorphisms affecting iron status were independently associated with risk
for cardiovascular disease. Risk for disease was assessed for iron status
markers and HFE genotypes in one cohort with myocardial infarction as
endpoint and a cohort with of stroke as endpoint.
Iron, TIBC, transferrin iron saturation and ferritin were compared between
cases than referents with Mann-Whitney U-test. A significant difference was
seen for transferrin iron saturation in men only in both the myocardial
infarction and stroke cohort. Risk for myocardial infarction in quartiles of
iron, TIBC, transferrin iron saturation and ferritin in plasma, was
determined. The highest quartile of iron and transferrin iron saturation was
negatively associated with risk. The risk reduction was confined to men. In
Paper 3, significance was lost when adjusting for hsCRP. In Paper 4,
adjusting for hsCRP did not change the risk estimates. No risk associations
were found for TIBC and ferritin. Both HFE polymorphisms HFE (C282Y
and HFE H63D) were in Hardy-Weinberg equilibrium. There was no risk
association between HFE C282Y and myocardial infarction or stroke. For
HFE H63D the only association with disease was an almost fivefold increase
in risk for myocardial infarction in women. An association between HFE
H63D and stroke has not been reported before.
Our findings on plasma iron and myocardial infarction are in agreement
with two Finnish studies [130-131] and the American NHANES I follow-up
study [134], although our findings were limited to men only. Our findings
were contradictory to a Canadian study, which only included cases with fatal
myocardial infarction [132]. For TIBC, our findings confirm the findings of
the NHANES project [134], but in contrast to a Finnish study finding of a
positive risk association [131] and an Icelandic study which found a negative
risk association [136]. For transferrin iron saturation, our findings confirm
earlier studies with no risk associations [133-135]. The absence of a risk
association for ferritin in our study is in agreement with an American [138]
and a Finnish [137] study, but in disagreement with another Finnish study
which found a positive risk association with myocardial infarction [137].
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For ischemic stroke plasma iron was not associated with risk for neither
ischemic nor hemorrhagic stroke. We could not replicate the findings of a
previous study reporting a reduced risk of stroke in the middle tertile of
serum iron concentrations [131]. As that study had relatively few cases, it
might have been a chance finding. There was an increased risk for ischemic
stroke in the highest quartile of TIBC in univariate analysis. After adjustment
with BMI, hypertension, smoking, diabetes, cholesterol, hsCRP, HFE C282Y
and HFE H63D, the risk estimates were not longer significant. As for
myocardial infarction, the highest quartile for transferrin iron saturation was
associated with lower risk in men only. The findings on ferritin are in
disagreement with a study reporting increased risk of ischemic stroke for the
highest versus lowest tertile of ferritin in postmenopausal women [147], and
another study which found no direct association with stroke [148].
The findings in iron status markers in our studies all point in the same
direction in both the myocardial infarction study and the stroke study. Iron
in the upper normal range is not associated with higher risk. When
significant risk associations were found, high iron seems to be associated
with decreased risk.
Dietary data for the stroke cohort was examined. The only finding was a
significant negative association (p=0.026) between food iron intake and
TIBC. There was a problem with power shortage, as data for only 55% of the
subjects was available.
We also studied a smaller subset of hemorrhagic stroke cases. There was a
positive association between hemorrhagic stroke the 2nd and 3rd ferritin
quartile. Although this is the largest number of hemorrhagic strokes
described until today, the number is still relatively small. Therefore caution
should be taken interpreting these results. Our findings on ferritin may
indeed be a chance finding.
This finding that HFE H63D is associated with myocardial infarction in
women is quite surprising, and has not been previously described. It is
probably not related to iron metabolism. This is supported by the findings in
quartiles of iron parameters: Sufficient levels of iron in the upper normal
range are not associated with risk for myocardial infarction. The HFE H63D
is a hemochromatosis associated polymorphism, but its impact on iron levels
is considered far weaker than that of HFE C282Y. Homozygosity for HFE
H63D alone will probably not elevate iron levels to levels causing clinical
hemochromatosis. The finding is also contradictory to the findings for iron
status markers, which suggest that higher iron levels are at least not harmful,
and could even be beneficial with respect to risk for cardiovascular disease.
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Speculatively, the proximity of this polymorphism to the HLA region may
suggest that HFE H63D is linked with other polymorphisms in this area,
affecting the risk for myocardial infarction.
In conclusion, transferrin iron saturation was associated with lower risk for
disease in men in both the myocardial infarction cohort and the stroke
cohort. The results do not support the iron hypothesis as described by
Sullivan et al [127]. On the contrary, iron levels in the upper normal range
may even be beneficial, with respect to risk for myocardial infarction.
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Conclusions
Bilirubin levels in the upper normal range were associated with lower risk for
myocardial infarction in both men and women, and with a lower risk for
ischemic stroke in women only.
The UGT1A1*28 polymorphism is not associated with risk for neither
myocardial infarction nor ischemic stroke, suggesting that bilirubin is not a
true protective factor for these diseases.
UGT1A1*28 was the strongest determinant of plasma bilirubin. Another
strong determinant was plasma iron. Medication with one or more drugs
may also influence bilirubin levels.

Iron stores were not independently associated with the risk for myocardial
infarction or stroke.
The HFE C282Y polymorphism is not associated with risk for myocardial
infarction and stroke. The H63D polymorphism is not associated with the
risk for stroke, but is associated with higher risk for myocardial infarction in
women only. This effect is probably not related to the effect of iron stores.
There was no support for the hypothesis that high iron levels increase the
risk for cardiovascular disease.
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Implications for the future
The influence of medication on bilirubin levels need to be investigated in
more detail. Stratification on ATC codes in larger materials is needed.
The mechanisms behind the strong association of plasma iron with bilirubin
levels needs to be explored further.
Further factors which also affect bilirubin levels need to be identified.
Further prospective studies on iron levels and the risk for cardiovascular
disease are needed.
The discontinuation of iron fortification of flour in Sweden, and other
countries, needs to be re-assessed when more data on iron levels and risk for
cardiovascular diseases and cancer is available.
Further studies on bilirubin levels and iron stores and risk for cancer are
needed.
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