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ABSTRACT 
 
Fibrinogen, the precursor of fibrin, is a glycoprotein synthesized in the liver and maintained in plasma 
at concentrations normally ranging between 2-4 g/L. The fibrinogen molecule consists of two sets of 
three non-identical polypeptide chains, which are encoded by the fibrinogen gamma (FGG), 
fibrinogen alpha (FGA) and fibrinogen beta (FGB) genes clustered on chromosome 4. Elevated 
plasma fibrinogen concentration is considered an independent predictor of myocardial infarction (MI), 
while the role of the less abundant fibrinogen γ’ chain variant has not as yet been explored in this 
context. The aim of the present thesis was to study the impact of genetic and environmental factors on 
total plasma fibrinogen and fibrinogen γ’ concentrations, fibrin gel structure and the risk of MI, using 
well defined clinical cohorts and biochemical, molecular biological and molecular genetic techniques. 

The results presented in this thesis are based on findings from three case-control studies comprising 
survivors of a first MI and population-based controls. The Hypercoagulability and Impaired 
Fibrinolytic function MECHanisms (HIFMECH) study was designed to identify genetic and 
environmental factors underlying differences in risk of MI between high-risk (Stockholm and 
London) and low-risk (Marseille and San Giovanni Rotondo) centres in the North and in the South of 
Europe. The Stockholm Coronary Atherosclerosis Risk Factor (SCARF) and the Stockholm Heart 
Epidemiology Program (SHEEP) studies are two independent case-control studies undertaken to 
investigate genetic, biochemical and environmental factors predisposing to precocious MI. 

Both elevated total plasma fibrinogen and fibrinogen γ’ concentrations related to MI. However, the 
former entity appeared to contribute differently to MI in the European centres participating in the 
HIFMECH study, and was an independent discriminator between cases and controls only in London. 
In general, IL6, smoking and BMI seem to contribute to the variation in total plasma fibrinogen 
concentration, while fibrinogen and the FGG 9340T>C and FGA 2224G>A haplotype tag single 
nucleotide polymorphisms (htSNPs) contribute to the plasma fibrinogen γ’ concentration. 

Several SNPs were detected in candidate regions in the fibrinogen genes, presumed to play a role in 
the regulation of the plasma fibrinogen concentration and the fibrin clot structure and therefore to 
influence the risk of MI. Neither individual fibrinogen SNPs nor FGB haplotypes appeared to 
influence the risk of MI. On the other hand, fibrinogen haplotypes inferred using genotype data from 
the FGG 9340T>C and FGA 2224G>A htSNPs seemed to contribute to the risk of MI, independently 
of the plasma fibrinogen concentration. 

Effects on fibrin clot porosity appeared to partly explain the lowered risk of MI conferred by the 
haplotype consisting of the minor FGG 9340C and FGA 2224A alleles. Furthermore, the fibrinogen 
haplotypes seem to exert pleiotropic effects on the serum IL6 concentration that are consistent with 
their impact on the risk of MI, i.e. the haplotype that conferred an increased risk (containing the major 
FGG 9340T and FGA 2224G alleles) was associated with significantly higher IL6 concentrations than 
the seemingly protective haplotype (containing the minor FGG 9340C and FGA 2224A alleles). 

In addition, gene-gene and gene-environment interaction analyses were performed. Risk factors 
such as dyslipidemia and high waist-to-hip ratio were stronger predictors of MI than the SNPs 
included in these analyses. However, a high-order interaction between the total plasma fibrinogen and 
fibrinogen γ’ concentrations and the FGG 9340T>C and FGA 2224G>A htSNPs was noted, yielding a 
∼3 fold increase in the risk of MI. 

In conclusion, total plasma fibrinogen and fibrinogen γ’ concentrations are related to MI. Also, 
genetic variation in the fibrinogen genes contribute to the risk of MI, and this relationship seems to be 
mediated via effects on plasma γ’ fibrinogen concentration and fibrin clot structure, and pleiotropic 
effects on serum IL6 concentration.  

 
Keywords: atherothrombosis, epistasis, fibrinogen, fibrinogen γ’, fibrin clot structure, haplotypes, 

myocardial infarction, pleiotropy, SNPs 
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INTRODUCTION 
Myocardial infarction (MI) is a severe clinical manifestation of atherothrombosis, i.e. 
thrombus formation superimposed upon a ruptured or eroded atherosclerotic plaque. It is 
the most common cause of death in both men and women in Sweden, and the number of 
deaths from cardiovascular disease increases worldwide. Potentially modifiable lifestyle 
factors (i.e. smoking, dietary habits and physical inactivity) and complex traits such as 
hypertension, dyslipidemia, obesity and diabetes mellitus are major contributors to the 
etiology of atherothrombosis.1 However, despite unequivocal success, neither lifestyle 
modifications nor treatment with acetylsalicylic acid, antihypertensive agents and statins 
seem to be able to eradicate the incidence of the majority of cardiovascular events.2 This 
failure may be ascribed to lack of specificity for most interventions in relation to pro-
inflammatory (e.g. interleukin 6) and pro-coagulant (e.g. fibrinogen, coagulation factor 
XIII, tissue factor) components, which also play critical roles in the etiology of 
atherothrombosis.3,4 Furthermore, it may reflect that genetic heritability, i.e. the 
proportion of the phenotypic variation that can be attributed to genetic factors, makes a 
substantial contribution to the risk of atherothrombosis as evidenced by twin,5 family6 and 
genome wide7 studies. In fact, most of the risk factors for atherothrombosis display a 
considerable genetic component,8,9 and gene-gene interactions or epistasis10 in concert 
with gene-environment interactions11 may also play a key role in the etiology of this 
disease. Unless we clarify all pieces of the atherothrombosis puzzle we will continue, in all 
likelihood, to fail in eliminating the majority of the cardiovascular events, especially now 
as we are facing an increased longevity and obesity epidemics worldwide. Therefore, a 
better understanding of the molecular and cellular mechanisms involved in the etiology of 
atherothrombosis may pave the way for improved diagnostic and treatment strategies that 
in concert with adequate preventive approaches could be of significant benefit for people 
worldwide. Fibrinogen is one piece of this complex puzzle that has gained recognition as 
an independent risk factor for MI, which constituted the incentive for the studies 
performed within the framework of the present thesis.  
 
 
 
Fibrinogen 
Fibrinogen, or coagulation factor I, is a 
large (340 kDa) fibrous glycoprotein 
present in plasma at concentrations 
normally ranging between 2-4 g/L. The 
fibrinogen molecule is an elongated 45 nm 
structure composed of three pairs of 
polypeptides with the stoichiometry 
(AαBβγ)2.12 The predominant fibrinogen 
Aα, Bβ and γ chains contain 610, 461 and 
411 amino acids (aa), respectively. 
However, as a result of alternative splicing 
there are two fibrinogen γ chain variants 
present in plasma, namely the γA (411aa) 

and γ’ (427aa) chains.12 The majority of the 
fibrinogen molecules (approximately 85%) 
are homodimeric, i.e. both halves contain 
γA chains (denoted γA/γA), whereas a 
minor fraction (about 15%) is 
heterodimeric, i.e. it contains one γA chain 
and one γ’ chain (denoted γA/γ’) and less 
than 1% is homodimeric, i.e. it contains two 
γ’ chains (denoted γ’/γ’). The polypeptide 
chains are held together by disulfide bonds, 
yielding two symmetrically arranged halves 
with a central E domain linked by coiled-
coil segments to the outer D domains 
(Figure 1).13 From the central E domain 



 

Maria Nastase Mannila 10 

Figure 1. Simplified illustration of the fibrinogen molecule. The presented structure is a heterodimer
(AαBβγ)(AαBβγ’). The central E domain is linked by coiled-coil segments to the outer D domains from
where the αC domains emerge (Adapted from Mosesson 2003).  

emerge the amino-terminal sequences of the 
fibrinogen Aα and Bβ chains, containing 
the fibrinopeptides A and B (FPA and 
FPB), which are cleaved by thrombin in the 
final step of the coagulation pathway. From 
the outer D domains emerge the carboxyl-
terminal regions of the fibrinogen Aα 
chains, termed the αC domains, which are 
non-covalently connected to the central E 
domain. 
 
Three distinct genes clustered in a 50kb 
region on chromosome 4q28 encode the 
fibrinogen polypeptides: fibrinogen gamma 
(FGG), alpha (FGA) and beta (FGB) 
(Figure 2). The fibrinogen genes, which 
probably have evolved from a common 
ancestral gene,14 contain similar regulatory 

cis-elements15-17 and are transcribed in a 
tightly coordinated manner18 with the FGB 
gene in opposite transcriptional direction 
toward the FGG and FGA genes.14 
Hormones (e.g. glucocorticoid and thyroid 
hormones),18,19 interleukin 6 (IL6)20 and 
transcription factors (e.g. peroxisome 
proliferator activated receptor (PPAR)-α)21 
have been implicated in regulating the 
synthesis of fibrinogen during basal and/or 
inflammatory conditions taking place 
predominantly in the liver. The 
polypeptides undergo several post-
translational modifications22 and are 
assembled in a stepwise manner in the 
rough endoplasmatic reticulum in 
hepatocytes.23 Fully assembled fibrinogen 
molecules are then secreted into the blood.23 

Figure 2. Schematic illustration of the fibrinogen gamma (FGG), alpha (FGA) and beta (FGB)
genes, clustered in a 50kB region on chromosome 4q28. The dark shaded boxes indicate the exons
in each gene, whereas the intronic regions are grey shaded.  
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Figure 3. RNA splicing in the FGG gene. (a) RNA processing generating the fibrinogen γA chain. (b)
Alternative RNA processing giving rise to the fibrinogen γ’ chain. aa, amino acid 

Fibrinogen heterogeneity 
More than one million different fibrinogen 
molecules have been estimated to be present 
in the blood.22 Most of these molecules 
arise as a consequence of alternative mRNA 
splicing (e.g. the fibrinogen γ’ chain), post-
translational modifications, enzymatic 
degradation and presence of non-
synonymous single nucleotide poly-
morphisms (SNPs), e.g. FGA Thr312Ala 
and FGB Arg448Lys.24 
 
The fibrinogen γ’ chain variant arises as a 
consequence of alternative splicing in intron 
9 of the FGG gene (Figure 3).25,26 This 
fibrinogen variant and its major counterpart, 
the fibrinogen γA chain, are two structurally 
and functionally unique molecules. The 
basis for these differences is the 
replacement of the last four residues of the 
γA chain with an anionic twenty amino acid 
sequence (VRPEHPAETEYDSLYPEDDL).27 
The last five carboxyl-terminal QAGDV 
residues of the γA chain are critical for 
binding to the glycoprotein (GP) IIbIIIa 
receptor (also known as αIIbβ3), thereupon 
promoting platelet aggregation. In contrast, 
the fibrinogen γ’ chain is significantly less 
efficient than the γA chain in promoting 
platelet aggreggation,28 but it contains high 
affinity binding sites for thrombin29 and 

coagulation factor (F) XIII.30,31 Presence of 
the fibrinogen γ’ chain has been implicated 
in formation of fibrin clots with altered 
structure and function.32,33 
 
Also as a result of alternative splicing, a 
longer fibrinogen Aα chain variant (denoted 
αE, 420 kDa) is present in the blood.34 The 
fibrinogen αE chain amounts approximately 
1-2% of the total plasma fibrinogen and has 
been reported to influence the fibrin clot 
structure35 and to participate in cellular 
interactions.36 Additional variation, that has 
also been suggested to have an impact on 
the formation of the fibrin clot, is brought 
about by partial degradation of fibrinogen 
Aα chains in plasma.37 Yet another 
contributor to the fibrinogen heterogeneity 
is the FGA Thr312Ala polymorphism 
which is quite common in European 
populations (prevalence 20-30%) and has 
been associated with increased poststroke 
mortality in individuals with atrial 
fibrillation.38 Further heterogeneity is 
conferred by posttranslational modifications 
such as phosphorylation of fibrinogen Aα 
chains39 and glycosylation of fibrinogen γ 
chains.40  
 
Dysfibrinogenemias encompass a plethora 
of structurally abnormal fibrinogen 
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molecules,41 which are known to impair the 
fibrin clot formation and/or dissolution.42 
Some forms of dysfibrinogenemias display 
functional defects of clinical significance 
(bleeding and/or thrombosis tendency), but 
the majority of the carriers are 
asymptomatic.41  
 
Environmental determinants 
Various non-modifiable and modifiable 
factors, most of which are well-established 
risk factors for cardiovascular disease, 
influence the plasma fibrinogen concentra-
tion.43,44 An association between low birth 
weight, a risk factor for coronary heart 
disease,45 and higher plasma fibrinogen 
concentration, that may be partly explained 
by genetic factors, has been reported.46 
Fibrinogen increases gradually with age in 
both men and women.47 Seasonal variations 
in plasma fibrinogen concentrations have 
been reported.48 During winter, the plasma 
fibrinogen concentrations are higher 
amongst elderly, and may account for 15% 
of the increase in risk of ischemic heart 
disease.49 Relevant in this context is that 
fibrinogen is an acute phase reactant which 
increases in response to various challenges 
(e.g. trauma, infection, MI) and an 
increased incidence in infections during 
winter could be a likely explanation for the 
seasonal variations in plasma fibrinogen 
concentration.49 
 
Smoking, a major risk factor for 
cardiovascular disease, is one of the 
strongest environmental determinants of 
plasma fibrinogen concentration.50 Dietary 
components such as fish oil and fibers seem 
to have a modest effect on plasma 
fibrinogen.51 Alcohol consumption,52,53 
physical activity54 and HDL-cholesterol55 
are inversely associated with plasma 
fibrinogen concentration, whereas the 
opposite has been reported for overweight.52 
Whether fibrinogen is associated with 
hypertension is doubtful as conflicting 

results have been reported so far.56,57 In 
diabetics, the plasma fibrinogen is affected 
both quantitatively (i.e. increased plasma 
concentration)58 and qualitatively (i.e. 
glycosylation).59  
 
Lipid-lowering treatment with fenofibrate60 
and bezafibrate,61 but not with statins,62 has 
been reported to reduce plasma fibrinogen 
concentrations. In a randomized controlled 
study of postinfarction patients, both 
acetylsalicylic acid (ASA) and clopidogrel 
appeared to lower the plasma fibrinogen 
concentration.63 Oral contraceptives are 
known to increase the plasma fibrinogen 
concentration,64 whereas hormone replace-
ment therapy in healthy postmenopausal 
women has been associated with reduced 
concentrations.65  
 
Genetic determinants 
Based on data from family and twin studies 
approximately 20-50% of the variation in 
plasma fibrinogen concentration has been 
ascribed to genetic heritability.44,66,67 
Presence of a quantitative trait locus 
implicating one of the FGA promoter 
polymorphisms as a potential contributor to 
the variation in plasma fibrinogen concen-
tration has been reported.68 Moreover, 
several genetic variants confined to the 
FGB gene that may explain up to 15% of 
the phenotypic variation in plasma 
fibrinogen concentration have been 
identified.69,70 
 
However, as a consequence of the linkage 
disequilibrium (LD) pattern in the fibrin-
ogen genes71,72 it is difficult to discern the 
effects of individual SNPs. Functional 
studies have indicated that some FGB 
promoter polymorphisms are implicated in 
differential binding of nuclear proteins73,74 
which may be a plausible explanation for 
their impact on plasma fibrinogen 
concentration. However, recent data from 
an in vitro study employing small 
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interfering RNA technology has implicated 
yet another FGB promoter polymorphism as 
a potential functional determinant of plasma 
fibrinogen concentration.75 This particular 
FGB polymorphism is located in a 
regulatory sequence, critical for the IL6 
induced expression of fibrinogen. Since IL6 
is one of the strongest endogenous 
determinants of plasma fibrinogen concen-
tration,20 particularly important during acute 
phase reactions, presence of this poly-
morphism may influence the fibrinogen 
response to various environmental stimuli 
(e.g. smoking). 
 
Gender-specific effects of fibrinogen 
polymorphisms76-78 as well as gene-
environment interactions79 seem to 
influence the plasma fibrinogen concentra-
tion. Fibrinogen polymorphisms have also 
been implicated in genotype specific 
changes in plasma fibrinogen concentration 
in response to physical exercise.80,81 
Moreover, there are ethnicity related 
differences in plasma fibrinogen concentra-
tion to which certain fibrinogen gene 
variants may contribute.82 
 
Lack of association between fibrinogen 
gene polymorphisms across the entire 
fibrinogen gene cluster and plasma 
fibrinogen concentration has also been 
reported.83-85 Moreover, the genome wide 
studies published so far have failed to detect 
any linkage peak corresponding to the 
fibrinogen gene custer.86,87 Notably, results 
from a survey of genetic and epigenetic 
variation influencing the human gene 
expression have indicated that the 
expression of the FGB gene is both random 
and monoallellic (i.e. either allele in 
heterozygotes is randomly expressed).88 
These data along with the possibility that 
some fibrinogen gene variants may exert 
epistatic effects on plasma fibrinogen 
concentration in the absence of individual 
main effects may partly explain the 

difficulties and inconsistencies encountered 
so far in genotype-phenotype association 
studies. To this end, as the plasma 
fibrinogen concentration is a complex 
polygenic trait, the role of plausible 
biological determinants encoded by genes 
outside the fibrinogen gene cluster (e.g. 
IL6) needs to be clarified. Given the 
reported heritability estimates44,66,67 
supported by the notion that between 25-
35% of the phenotypic variation may be 
explained by cis-acting factors89 it is likely 
that there are genetic contributors (located 
both within and outside the fibrinogen gene 
cluster) to the plasma fibrinogen concentra-
tion yet to be discovered.90  
 
Fibrin(ogen) functions 
Fibrinogen, the precursor of fibrin, plays a 
major role in hemostasis, a process that 
could be lifesaving when sealing of an 
injured vessel. Conversely, inappropriate 
activation of hemostatic processes within 
the vasculature may endanger life if vessels 
such as the coronary or cerebral arteries are 
occluded by a thrombus. 
 
Upon damage to the vascular integrity, 
platelets adhere and aggregate at the site of 
injury resulting in formation of a primary 
hemostatic plug. This process is mediated 
by platelet-von Willebrand factor (vWF) 
and platelet-fibrinogen interactions via the 
integrin GP1b and GPIIbIIIa receptors. The 
hemostatic plug is fragile and easily 
dissolved unless it is stabilized by a fibrin 
clot network, which is the end product of 
the coagulation pathway. The fibrin clot is 
critical not only for firmly sealing of the 
injury, but it also provides an adhesive 
scaffold for the cellular and molecular 
interactions necessary for adequate tissue 
repair.  
 
As the survival of the damaged tissue is 
dependent on oxygen and nutritional 
supply, it is essential that the vascular 
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patency is re-established. The means by 
which the clot is dissolved and the vascular 
patency restored employs the fibrinolytic 
system and fibrin(ogen) is one of the key 
partakers in this process as well. 
 
In addition, fibrinogen has a pleiotropic 
nature, i.e. it is implicated in (patho)physio-
logical processes such as angiogenesis,91 
atherogenesis,92 embryonic development,93 
inflammation94 and neoplasia95 that reach 
beyond hemostasis. The fibrinogen 
functions in hemostasis and some of its 
pleiotropic effects are briefly presented in 
the next sections.  
 
Blood coagulation 
The coagulation “cascade” was originally 
considered to involve two mutually 
exclusive pathways: the extrinsic and the 
intrinsic pathway. The activation of the 
extrinsic or tissue factor (TF) pathway is 
usually attributed to exposure of TF to 
blood upon vascular injury. Binding of TF 
to FVIIa results in formation a complex 
(TF/FVIIa) that converts FX to FXa, either 
directly or indirectly by activating FIX to 
FIXa. The triggering event of the intrinsic 
or contact pathway has been ascribed to the 
autoactivation of FXII (or Hageman factor) 
caused by interactions with negatively 
charged surfaces. FXIIa converts 
prekallikrein to kallikrein and activates FXI 
to yield FXIa in the presence of high 
molecular weight kininogen. The FXIa 
activates factor FIX to FIXa, which forms 
then a complex with FVIIIa (FIXa/VIIIa, 
the tenase complex) that activates FX. Upon 
generation of FXa the two pathways merge 
into a common pathway. The FXa forms a 
complex with its cofactor Va (FXa/Va, the 
prothrombinase complex) that converts 
prothrombin (FII) to thrombin (FIIa), which 
in the final step of the coagulation pathway 
cleaves fibrinogen to fibrin, the main 
component of the blood clot. 

Although this model seemed to adequately 
explain in vitro hemostatic processes it 
appeared to be insufficient as a model for in 
vivo situations. For instance, it cannot 
explain why deficiency in FVIII, FIX or 
FXI is associated with a bleeding tendency, 
since a failing intrinsic pathway would be 
expected to be compensated for by the 
extrinsic pathway. A conceptually new 
model, i.e. the cell-based model of 
coagulation, evolved gradually, according 
to which the hemostatic processes occur on 
specific cell surfaces in three overlapping 
and highly orchestrated steps: the initiation, 
amplification and propagation phases 
(Figure 4a-c).96-98 
 
The cell-based coagulation pathway 
The initiation phase 

The physiological trigger of the initiation 
phase is exposure of TF to circulating blood 
upon vascular injury. TF is a 
transmembrane glycoprotein normally 
residing on the surface of TF bearing cells 
in the extravascular space. TF binds to 
FVIIa, a serine protease normally present in 
small amounts (i.e. 1-2% of the total FVII) 
in the blood (Figure 4a). The TF/FVIIa 
complex amplifies the initial trigger by 
activating more FVII, hence generating 
additional TF/FVIIa complexes that activate 
small amounts of FIX and FX. The FV, 
which circulates in plasma and in plateles,99 
is then activated to yield FVa either by 
FXa100 or by non-coagulant proteases (e.g. 
elastases).101 Additional FVa is supplied by 
partially activated platelets that adhere to 
the site of injury, whereupon the contents of 
their α-granules are released.102 The FVa is 
a cofactor for FXa, and together they form 
the FXa/Va complex (the prothrombinase 
complex) that catalyses the conversion of 
small amounts of prothrombin to thrombin. 
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Figure 4. Schematic illustration of the cell-based coagulation pathway, which occurs in three
steps: (a) the initiation phase, (b) the amplification phase and (c) the propagation phase. *FIXa
generated during the initiation phase; PAR, protease-activated receptor (Adapted after Hoffman 2003). 

The amplification phase 

Although only small amounts of thrombin 
are generated on the surface of TF bearing 
cells during the initiation phase, these are 
pivotal in the amplification phase. This step 
is localized on the surface of platelets, of 
which thrombin is a powerful agonist.103 
Thrombin activates the platelets via 

protease-activated receptors (PARs)104 that 
induce a series of intracellular signalling 
networks substantiated via profound 
structural changes (Figure 4b).105 
Phosphatidylserines (PSs) are redistributed 
on the surface of activated platelets and act 
as docking sites permitting assembly of 
coagulation factors and their cofactors. 
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Moreover, platelets become degranulated, 
and fibrinogen, vWF and FV are some of 
the components of the α-granules that are 
released into the extracellular space. On the 
surface of activated platelets thrombin then 
activates the FV, FVIII and FXI. The FVIII, 
which is a cofactor for FIXa, circulates in 
plasma predominantly as a non-covalent 
complex with vWF, but upon activation by 
thrombin it dissociates from this complex 
and becomes attached to the activated 
platelets. 
 
The propagation phase 

During the propagation phase large 
numbers of platelets adhere and become 
fully activated at the site of injury, a 
process facilitated by the presence of vWF. 
The FIXa, that is either generated during 
the initiation phase or activated by FXIa,106 
forms a complex with the FVIIIa (the 
tenase complex) followed by activation of 
FX on the platelet surface (Figure 4c). This 
activation is critical for the continuation of 
the coagulation process, since FXa cannot 
move efficiently from the TF bearing cells 
as it is efficiently inhibited by the TF 
pathway inhibitor (TFPI) or antithrombin. 
The FXa then forms a complex with FVa 
(the prothrombinase complex) that fuels a 
burst of thrombin generation followed by 
formation of a fibrin/platelet clot. 
 
Formation and stabilization of the fibrin 
clot  
The formation of the fibrin clot is the final 
step in the coagulation pathway, providing a 
protective seal to the injured tissue and a 
scaffold for wound healing. It is a highly 
regulated process initiated by thrombin 
which cleaves the amino-terminal FPA of 
the fibrinogen Aα chains thereby exposing 
the polymerization sites (denoted EA-
sites).107 The EA-sites interact with 
complementary pockets (Da) localized in 
the D domain of adjacent fibrin molecules, 
generating double-stranded fibrils 
assembled in an overlapping end-to-middle 

domain manner. Double-stranded fibrils 
converge, resulting in formation of two 
different types of branch junctions. Bilateral 
branch junctions are formed by lateral 
convergence of double-stranded fibrils 
generating four-stranded fibrils, whereas 
equilateral branch junctions are formed by 
interactions between three fibrin molecules 
generating three double-stranded fibrils 
(Figure 5).108 
 
The fibrinogen Bβ chain amino-terminal 
FPB is also cleaved by thrombin.107 This is 
a slower process that results in exposure of 
a second polymerization site (denoted EB-
site)

B

, which interacts with a complementary 
site (Db) localized in the D domain of the 
fibrinogen Bβ chain.  These associations 
result in formation of intermolecular 
contacts between the carboxyl-terminal 
region of the Bβ chain (β

109

C:βC),  thereby 
contributing to the lateral association of 
fibrils (Figure 5). The αC domain of the 
fibrinogen Aα chain, that emerges from the 
D domain and is non-covalently associated 
to the central E domain, also contributes to 
the fibrin clot formation. Upon release of 
the FPB it dissociates from the E domain 
and interacts with other αC domains, hence 
promoting lateral aggregation of fibrils. 
Moreover, interactions between self-
association sites confined to the fibrinogen γ 
chain region of the D domain, facilitate the 
FXIII mediated cross-linking (the γ

110

XL-sites) 
and are necessary for accurate assembly of 
the fibrin molecules (the D:D-sites). 
 
The fibrin clot is stabilised by FXIII, a 
transglutaminase circulating in plasma as an 
A2BB2-tetramer bound to fibrinogen γ’ chains 
via the B-subunits.  The activation of 
FXIII is triggered by thrombin, which 
cleaves the peptide bonds between the 
Arg37 and Gly38 residues, confined to the 
A-subunit, which dissociates from the B-
subunit in the presence of Ca  and 
becomes activated. The FXIIIa catalyses 
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Figure 5. Simplified illustration of fibrin assembly, branching and lateral fibril association. FPA,
fibrinopeptide A; FPB, fibrinopeptide B (Adapted after Mosseson 2001). 

formation of ε-(γ-glutamyl)lysine bonds 
between the γ406 lysine of one fibrinogen γ 
chain and a glutamine at position γ398/γ399 
of another fibrinogen γ chain. Additional 
cross-linking reactions occur between 
fibrinogen Aα chains  as well as between 
fibrinogen Aα and γ chains.  Moreover, 
proteins such as α2-antiplasmin,  vWF  
and trombospondin  are incorporated into 
the fibrin clot by formation of cross-links, 
which are also mediated by FXIIIa. The 
cross-linking of the fibrin network along 
with the incorporation of plasma proteins 
gives strength to the clot against mechanical 
challenges and it confers resistance to 
proteolytic cleavage by plasmin.  
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Anticoagulant mechanisms 
The coagulation pathway is tightly 
regulated in order to avoid massive 
activation and to allow formation of 
sufficient amounts of fibrin to seal the 
injured tissue. The regulation is orchestrated 
at several levels. Firstly, TF, the 
prerequisite for the initiation phase, is under 
normal circumstances separated from the 
circulating blood. TF is usually harboured 
on the surface of TF bearing cells and 
becomes exposed to the blood mainly upon 
disruption of the vasculature. Secondly, the 
coagulation pathway is constrained at sites 
of injury where the sequential activation of 
coagulation factors is actually a limiting 
factor. Thirdly, powerful endogenous 
anticoagulant proteins, such as the TFPI, the 
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protein C pathway and antithrombin, 
normally preclude any inaccurate propaga-
tion of the coagulation pathway. 
 
TFPI is a complex protein that is released 
from endothelial cells. TFPI forms a 
complex with any FXa that has detached 
from the surface on which it was generated, 
followed by binding to the TF/FVIIa 
complex and formation of a quaternary 
complex.96 Hence, both the FXa and the 
TF/FVIIa complex are inhibited and the 
coagulation pathway can only ensue 
provided that sufficient amounts of FVIII, 
FIX and FXI have been activated 
downstream. 
 
Protein C is a vitamin K-dependent protein 
that circulates in plasma as an inactive 
zymogen.116 Protein C binds to the 
endothelial cell protein C receptor (EPCR). 
The EPCR facilitates the transfer of protein 
C to a complex formed by thrombin and 
thrombomodulin, which is a transmembrane 
protein expressed by endothelial cells. 
Protein C is then activated upon proteolytic 
cleavage by thrombin yielding activated 
protein C (APC). The latter dissociates from 
the thrombin-thrombomodulin complex and 
binds to its cofactor, protein S, which is also 
a vitamin K-dependent plasma protein. The 
APC/protein S complex inhibits efficiently 
the cofactors Va and VIIIa hence 
suppressing further generation of thrombin. 
Thus, thrombin is a key partaker in its own 
inhibition. 
 
Antithrombin is a glycoprotein that 
inactivates several components of the 
activated coagulation pathway: thrombin, 
FIXa, FXa and to a lesser extent the FXIa, 
FXIIa and FVIIa. Binding of antithrombin 
to thrombin leads to formation of stable 
thrombin-antithrombin complexes which 
are useful markers of thrombin 
generation.117 The antithrombin mediated 
inhibition of activated coagulation factors is 

markedly enhanced in the presence of 
heparin or heparan sulphate. 
 
Fibrinolysis 
The fibrinolytic system provides an 
important mechanism by which blood clots 
are dissolved and vascular patency is 
restored. Fibrin plays a key role in this 
process as it (i) facilitates and enhances the 
activation of plasminogen and (ii) acts as a 
substrate for plasmin, the main effector of 
the fibrinolytic system. 
 
Plasminogen is a glycoprotein that upon 
conversion to the active enzyme plasmin 
efficiently degrades the fibrin clot network. 
Tissue plasminogen activator (t-PA) is the 
main activator of plasminogen. Both 
plasminogen and t-PA bind to fibrin 
forming a cyclic ternary complex.118,119 
Consequently, the affinity of t-PA for 
plasminogen is increased and the 
conversion to plasmin is accelerated. 
Proteolytic cleavage of fibrin by plasmin 
generates additional binding sites for 
plasminogen, which is enriched and 
activated in the clot, thereby strengthening 
the fibrinolytic capacity.  
 
There are several mechanisms by which the 
fibrinolytic process is constrained at sites of 
fibrin clot formation: (i) fibrinogen lacks 
more or less completely the ability to 
contribute to the activation of plasminogen 
since the sites that are involved in this 
process are cryptic in fibrinogen but not in 
fibrin, (ii) t-PA is a poor enzyme in the 
absence of fibrin, and (iii) free plasmin is 
rapidly inactivated by α2-antiplasmin in 
contrast to the plasmin that is bound to 
fibrin. 
 
Fibrin degradation 
The fibrin clot is dissolved upon proteolytic 
cleavage by plasmin resulting in formation 
of fibrin degradation products (FDPs) of 
various sizes.120 The fragments derived 
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from the amino-terminal region are usually 
referred to as fragment E, whereas those 
from the carboxyl-terminal region as 
fragment D. Interestingly, fibrin D and E 
dimers seem to stimulate fibrinogen 
synthesis in hepatocytes via an indirect 
leukocyte mediated pathway.121 D-dimers 
are markers of cross-linked fibrin turnover, 
clinically used for diagnostic purposes (e.g. 
venous thromboembolism).122 
 
Inhibitors of the fibrinolytic system 
Serine protease inhibitors (serpins) 
contribute to the inhibition of the 
fibrinolytic system that occurs on several 
levels. Amongst these, α2-antiplasmin is 
one of the key inhibitors of plasmin. 
Plasminogen activator inhibitor 1 (PAI-1), 
of which endothelial cells, adipose tissue 
and hepatocytes are the major sources, is a 
serpine that efficiently inhibits t-PA.123 
Plasminogen activator inhibitor 2 (PAI-2) is 
a placental-tissue derived serpin that also 
inhibits t-PA, but less efficiently than PAI-
1. On the other hand, PAI-2 seems to exert 
some important intracellular functions i.e., 
it alters gene expression, the rate of cell 
proliferation and differentiation, and 
inhibits apoptosis.124 
 
Thrombin-activatable fibrinolysis inhibitor 
(TAFI) is a plasmin inhibitor that becomes 
activated by the thrombin-thrombomodulin 
complex.125 Activated TAFI removes the 
carboxyl-terminal lysine and arginine 
residues from fibrin, hence obstructing the 
activation of plasminogen to plasmin 
resulting in reduced fibrinolysis rate.126  
 
Lipoprotein(a) (Lp(a)) consists of low 
density lipoprotein (LDL) and apolipo-
protein (apo) B100 to which apo(a) is 
attached. Apo(a) displays an extensive 
structural homology with plaminogen127 and 
can therefore compete with the latter for 
binding sites on fibrin, hence inhibiting the 
fibrinolytic process.128 

Pleiotropic effects 
Fibrinogen exerts significant effects on 
various cells via molecular interactions 
with integrins (e.g. GPIIbIIIa, αMβ2, 
αVβ3) and adhesion molecules such as the 
intercellular adhesion molecule 1 (ICAM-
1). Many of these pleiotropic functions are 
decrypted upon conversion of fibrinogen to 
fibrin,129 which may be provoked by tissue 
damage brought about by various condi-
tions (e.g. infection, trauma, neoplasia and 
atherosclerosis). As exposure of certain 
residues (e.g. the Bβ15-42 residues) is a 
prerequisite for fibrin to support platelet 
spreading,130 endothelial cell and fibroblast 
proliferation,131 it also provides a regula-
tory mechanism governed by specific 
structural features of fibrin(ogen). 
 
In response to inflammatory challenges, 
fibrin(ogen) promotes the migration and 
adhesion of leukocytes, induces cytokine 
and chemokine synthesis and initiates tissue 
repair processes.94,132,133 Moreover, fibrin-
ogen binding to the integrin αMβ2 receptor 
on leukocytes134 results in clearance of 
bacteria135 at sites of infection. The 
importance of the fibrinogen leukocyte 
interactions was evidenced in transgenic 
mice in which mutation of the fibrinogen 
sequence that is the prerequisite for binding 
to the integrin αMβ2 receptor resulted in a 
severely compromised inflammatory 
response in the infected mice.135 Moreover, 
fibrin(ogen) deficient mice display 
increased mortality upon peritoneal 
infection with an intracellular pathogen, 
further suggesting that fibrin(ogen) may 
have important host-protective functions.136 
However, fibrin(ogen) can also exacerbate 
certain infectious diseases by means of 
enhanced bacterial gene expression leading 
to increased pathogenic burden and host 
mortality.137 
 
Formation of fibrin is probably the first step 
in wound healing, a process involving 
chemotaxis, synthesis of matrix proteins 
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and angiogenesis.138 Via interactions with 
the integrin αMβ2 receptor, the fibrin 
network promotes adhesion of leukocytes to 
endothelial cells139 and to the extracellular 
matrix.140 The former involves binding of 
fibrin(ogen) to ICAM-1 expressed on 
endothelial cells.139 Efficient clearance of 
foreign particles and other pathogens by 
neutrophils as well as presence of growth 
factors (e.g. fibroblast growth factor 2, 
insulin-like growth factor 1 (IGF-1) and 
vascular endothelial growth factor) are 
required for proper wound healing. 
Fibrin(ogen) binding to insulin-like growth 
factor binding protein 3 causes enrichment 
of IGF-1 which stimulates stromal cell 
function and proliferation at sites of 
injury.141 In addition, fibrin(ogen) 
contributes to the revascularisation of the 
damaged tissue by stimulating 
angiogenesis91 via interactions with 
vascular endothelial cadherin on endothelial 
cells.142 
 
Angiogenesis is not only critical in wound 
healing but also in neoplasia and 
atherogenesis. Integrin αVβ3 mediated 
melanoma cell adhesion to fibrinogen fuels 
significant cell spreading, which may have 
severe implications for tumour development 
and metastasis.95 Indeed, fibrinogen seems 
to be a powerful determinant of the 
metastatic potential of certain tumours, as 
revealed by studies in fibrinogen knockout 
mice in which both lymphogenous and 
hematogenous tumour dissemination is 
diminished.143  
 
Fibrin clot structure 
A complex interplay between environ-
mental and genetic factors contributes to 
fibrin clot structure and function,144-146 
some of which will be briefly presented in 
the following sections.  
 

Environmental determinants 
Fibrinogen, the precursor of fibrin, is one of 
the major determinants of fibrin clot 
structure.147 Therefore, factors that 
influence fibrinogen (quantitatively or 
qualitatively) may indirectly influence the 
fibrin clot structure. Elevated concentrations 
of acute phase proteins (e.g. orosomucoid 
and C-reactive protein (CRP)) including 
fibrinogen, elicited by inflammatory stimuli 
(e.g. infection, neoplasia), have been 
associated with lower fibrin clot porosity 
and impaired fibrinolysis.148,149 
 
In healthy individuals, the fibrin clot 
porosity was reported to be positively 
associated with high density lipoprotein 
(HDL)-cholesterol, whereas inverse 
correlations were found with body mass 
index (BMI) and very low density 
lipoprotein (VLDL)-triglycerides.150 In 
diabetics, qualitative changes of the 
fibrinogen molecule (e.g. glycation),59 that 
influence the fibrin clot structure, occur in a 
dose dependent manner. Fibrin clots formed 
in the presence of fibrinogen from type 1 
and type 2 diabetics are denser and less 
porous as compared with those from healthy 
individuals,151,152 and these changes are 
inversely correlated with the glycemic 
control.  
 
In addition, medication with metformin153 
and ASA154 is also known to influence the 
fibrin clots structure.  
 
Genetic determinants 
Based on data from a twin study it has been 
estimated that genetic heritability accounts 
for approximately 39% of the phenotypic 
variation in fibrin clot porosity.145 Several 
fibrinogen gene variants have been reported 
to influence the plasma fibrinogen 
concentration69,72,78 and therefore one might 
also expect an indirect effect on the fibrin 
clot structure. However, these data have 
been challenged, not least by genome wide 



 

  Fibrinogen and Myocardial Infarction 21

studies86,87 and thus far none of the 
polymorphisms previously reported to 
influence plasma fibrinogen concentration 
have been found to influence the fibrin clot 
structure.  
 
On the other hand, the FGA Thr312Ala 
polymorphism seems to influence the 
stability of the fibrin clot via mechanisms 
that are unrelated to the plasma fibrinogen 
concentration. This polymorphism is 
located close to the fibrinogen Aα303 and 
Aα328 residues where FXIIIa cross-links 
α2-antiplasmin113,155 and fibrinogen Aα 
chains,156 respectively. The formation of 
fibrinogen Aα-Aα cross-links and 
incorporation of α2-antiplasmin, which 
gives strength to the clot and confers 
protection against proteolytic cleavage by 
plasmin,157,158 might differ in the presence 
of the FGA Thr312Ala genotypes. 
Moreover, the FGA Thr312Ala 
polymorphism may interfere with the 
activation of FXIII, since it is localized in a 
region known to reduce the Ca2+ 
concentration that is necessary for the 
dissociation of the A- and B-subunits at 
physiological levels.159 
 
The rate of FXIII activation varies 
according to the FXIII Val34Leu 
polymorphism, located close to the 
thrombin cleavage site. In the presence of 
the FXIII 34Leu allele the activation rate 
increases160 and fibrin clots with reduced 
fiber mass to length ratio and porosity are 
formed.161 The FXIII Val34Leu 
polymorphism has been associated with risk 
of MI,162 venous thrombosis163 and 
intracranial hemorrage.164 Interestingly, a 
stepwise decrease in the rate of change of 
fibrin clot porosity with increasing plasma 
fibrinogen concentration has been noted in 
the presence of an increasing number of 
FXIII 34Leu alleles.165 This observation 
may explain the puzzling protective effect 
of the FXIII 34Leu allele despite its 

association with formation of an 
unfavourable fibrin clot network at low 
fibrinogen concentrations.165 
 
Role of fibrin(ogen) in 
atherothrombosis 
 
Epidemiological evidence 
The epidemiological studies providing 
evidence to suggest that fibrinogen is an 
independent predictor of cardiovascular 
disease are remarkably consistent. Already 
in the 1950s it was found that the plasma 
fibrinogen concentration was higher in 
patients with ischemic heart disease than in 
healthy individuals166 and that it may be a 
valuable index of acute MI.167 Since the 
beginning of the 1980s compelling evidence 
has accumulated on this theme, mainly from 
prospective studies and meta-analyses, of 
which only a few will be briefly 
summarized. 
 
The Northwick Park Heart Study (NPHS)168 
was one of the first studies undertaken to 
explore the relationship between 
haemostatic factors (e.g. fibrinogen, factor 
VII) and cholesterol with cardiovascular 
disease and death. A total of 1510 white 
men aged between 40-64 years and who had 
no history of cardiovascular disease were 
recruited for this purpose and after 4 years 
of follow-up it was reported that fibrinogen 
was independently associated with 
cardiovascular death.168 After about 10 
years of follow-up, the NPHS study 
reported that high concentrations of 
fibrinogen were associated, at least as 
strongly as cholesterol, with non-fatal and 
fatal MI.169 
 
In the Gothenburg study a total of 792 men 
born in 1913 (54 years old at recruitment) 
were included.170 After 13.5 years of 
follow-up it was reported, based on results 
from univariate analyses, that fibrinogen 
was a significant risk factor for MI. 



 

Maria Nastase Mannila 22 

However, the magnitude of this relationship 
was reduced when the effect of potential 
confounders (blood pressure, smoking 
habits and cholesterol concentration) was 
accounted for in multivariate analyses.  
 
Also prospective data from the Caerphilly 
and Speedwell collaborative heart disease 
studies based on a combined cohort of 4860 
middle-aged men from the general 
population in Caerphilly and Speedwell, 
indicated (after a follow-up period of 5.1 
and 3.2 years, respectively) that fibrinogen 
was an independent risk factor for MI and 
the strength of this association was 
comparable to that of traditional risk 
factors.171 A subsequent study based on the 
same cohort and performed after 10 years of 
follow-up, provided further evidence to 
suggest that hemostatic/inflammatory risk 
factors are at least as powerful as plasma 
lipids in predicting risk of MI.172 
 
Until now, surprisingly few studies have 
addressed the potential role of plasma 
fibrinogen concentration as a risk predictor 
of MI in women. The Framingham study 
was one of the first to include women and 
after 20 years of follow-up it was reported 
that fibrinogen was an independent 
predictor of MI in both sexes, but was 
related to recurrent events only in men.173 
However, fibrinogen may be an important 
risk factor both for fatal and non-fatal 
coronary heart disease (CHD) in women, as 
evidenced by data derived from several 
other studies such as the Atherosclerosis 
Risk in Communities Study,174 and the 
Scottish Heart Health Study.175 
 
All the major meta-analyses published so 
far have unequivocally suggested that 
fibrinogen is an independent predictor of 
MI.176-180 A total of 154 211 participants 
from 31 prospective studies were included 
in the most recent and comprehensive meta-
analysis.180 This particular study is robust 

for several reasons: (1) the large sample 
size, (2) the results were based on 
individual participant data, (3) studies that 
recruited individuals having previous 
cardiovascular disease and individuals with 
known pre-existing CHD or stroke were 
excluded, thereby restraining any potential 
influence of clinical disease on plasma 
fibrinogen concentration, and (4) correction 
for the variation in plasma fibrinogen 
concentration was performed. According to 
the reported data, a 1g/L increase in plasma 
fibrinogen concentration yields an age- and 
sex- adjusted hazard ratio of 2.42 95% 
confidence interval (CI): (2.24, 2.69) for 
CHD. The magnitude of this association 
was attenuated, but remained significant, 
when the effect of potential confounders 
was accounted for [adjusted hazard ratio 
(95%CI): 1.82 (1.60, 2.06)]. Interestingly, 
the relationship between plasma fibrinogen 
concentration and CHD did not vary 
substantially according to the baseline 
levels of classical risk factors (e.g. smoking, 
blood pressure and serum lipid levels). 
These data strongly suggest that the 
association between fibrinogen and CHD is 
not simply a reflection of a relationship with 
other risk factors. 
 
Clinical studies 
The plasma fibrinogen concentration has 
been associated with the presence and 
extent of silent atherosclerosis.181,182 
Moreover, a substantial increase in plasma 
fibrinogen concentration occurs during 
acute MI events167 which are characterized 
by complex inflammatory responses.183 
Therefore, it has been argued that the 
elevated plasma fibrinogen concentrations 
observed in post-infarction patients may be 
simply a reflection of coronary artery 
disease (CAD) or of ongoing inflammatory 
processes, the latter being a hallmark of 
atherosclerosis.184 Nevertheless, even if a 
raised plasma fibrinogen concentration 
might be a consequence of clinically overt 
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disease, it does not imply lack of 
contribution to its progression and/or 
exacerbation.  
 
Notably, the extent of coronary 
atheromatosis in young male survivors of 
MI (aged <45 years) was more pronounced 
in those individuals with higher plasma 
fibrinogen concentrations.185 As fibrinogen 
has a fairly high degree of genetic 
heritability44,66 it is likely that a raised 
plasma fibrinogen concentration in 
individuals with CAD as evidenced by 
coronary angiography185 is not only a 
reflection of the atheromatosis burden. 
Also, it is possible that in genetically 
predisposed individuals a more prominent 
raise in plasma fibrinogen concentration 
may occur in response to environmental 
challenges or disease related stimuli, which 
may be more important for the outcome 
than the basal concentrations. Worth 
mentioning is that already about three 
decades ago it was reported that re-
infarctions tend to occur mainly in those 
individuals with the highest increase in 
plasma fibrinogen concentration (>7.5 g/L) 
during an acute MI event.186 These data 
imply that some individuals have a higher 
propensity to plasma fibrinogen elevations 
and subsequently to MI. Moreover, both in 
patients with stable and unstable CAD, 
raised plasma fibrinogen concentrations 
have been associated with increased risk of 
future non-fatal and fatal cardiac events.186-

188 In addition, as fibrinogen is the main 
component of the fibrin clot, it plays a key 
role during acute MI events. In vitro 
formation of tight and rigid fibrin clot 
networks, most likely a consequence of 
elevated plasma fibrinogen concentrations, 
has in vivo been associated with myocardial 
infarction at a young age.150  
 
In summary, despite the different time 
scales and the various study settings, the 
results from epidemiological and clinical 

studies support the notion that fibrinogen is 
an independent risk factor for future 
cardiovascular events. Yet, the nagging 
question of causality remains to be 
addressed in proper epidemiological, 
clinical and/or experimental settings.  
 
Mechanisms 
During the last decades a paradigm shift has 
occurred in relation to atherothrombosis as 
the critical role of pro-coagulant and pro-
inflammatory factors in the context of 
atherosclerotic plaque formation and 
rupture gained recognition. Accordingly, a 
more comprehensive understanding of the 
etiology of this complex condition has been 
achieved. 
 
Atherosclerotic lesion formation is 
preferentially initiated at sites of 
predilection,189 i.e. where the morphology 
of the endothelial cells is altered due to 
unfavourable hemodynamic forces (e.g. 
shear stress and turbulent blood flow at 
arterial branches) and raised concentrations 
of blood lipids and inflammatory factors. 
Shear stress is proportional to the blood 
flow viscosity (Poiseuille’s Law), of which 
fibrinogen is a major determinant. 
Therefore, increased plasma fibrinogen 
concentrations contribute to an increased 
hemodynamic strain on the vessel wall. 
Consequently, the endothelial cells express 
cell adhesion molecules (e.g. ICAM-1, 
vascular cell adhesion molecule 1),190 
chemotactic factors (e.g. monocyte 
chemoattractant protein 1 (MCP-1))191 and 
growth factors (e.g. platelet-derived growth 
factor)192 and loose their anticoagulant 
functions193 in favour of an increased 
thrombogenicity. Fibrinogen binds to 
endothelial cells via ICAM-1 and elicits 
vasomotor responses, in a concentration 
dependent manner, probably by triggering 
signalling pathways that fuels the synthesis 
of vasoactive substances.194 Moreover, 
fibrinogen is deposited in the subendothelial 
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extracellular matrix, also in a concentration 
dependent manner,195 a process that has 
been shown in vivo to precede the fatty 
streak formation.196  
 
In the subendothelial extracellular matrix, 
fibrinogen augments the shear stress 
induced nuclear factor κB (NF-κB) 
activation, thereby enhancing the 
endothelial cell response to perturbed blood 
flow.196 Based on in vitro experiments it 
was demonstrated that fibrinogen induces 
the expression of MCP-1 and IL8 in 
endothelial cells through NF-κB 
activation.197 MCP-1 plays a key role 
during atherogenesis since it recruits 
monocytes to the vessel wall. Altered 
endothelial cells express TF,198 a key 
modulator of atherosclerotic plaque 
thrombogenicity,199 which promotes the 
conversion of fibrinogen to fibrin within the 
vessel wall. Fibrin(ogen) stimulates 
endothelial cells to secrete vWF from 
Weibel-Palade bodies200 and to 
proliferate.131 Also, fibrin(ogen) may exert 
other profound effects on the vasculature as 
demonstrated in a transgenic mouse model 
of hyperfibrinogeneima201 that enables 
studies of cause-effect relationships 
between raised plasma fibrinogen 
concentrations and vascular disease in the 
absence of underlying inflammation.202 In 
these mice, a modest increase in plasma 
fibrinogen concentration was associated 
with increased fibrin deposition within the 
arterial tree and with marked neointimal 
hyperplasia.201 
 
Increased endothelial cell permeability 
allows LDL particles to diffuse into the 
subendothelial space203 whereupon they 
undergo several modifications (oxidation, 
aggregation and proteolysis). Fibrin(ogen) 
contributes to the sequestration of LDL204 
and in particular of Lp(a), a highly 
atherogenic molecule.205 The tendency of 
Lp(a) to accumulate in the arterial wall is 

highly dependent on its binding to fibrin as 
evidenced by an in vivo study in mice.206 In 
this study it was demonstrated that in the 
presence of altered binding sites for fibrin 
the accumulation of Lp(a) in the vessel wall 
is significantly reduced. The pro-
atherogenic effects of Lp(a) have been 
ascribed to the competitive inhibition of 
plasminogen207 with impaired fibrin clot 
lysis208 and smooth muscle cell (SMC) 
proliferation209 as a result. 
 
Oxidized LDL stimulates the endothelial 
cells to produce more adhesion molecules, 
chemotactic factors and growth factors, 
hence promoting recruitment of monocytes 
to the subendothelial space. Molecular 
interactions between fibrin(ogen) and the 
integrin αMβ2 receptor139,210 facilitate the 
accumulation of monocytes in the vessel 
wall, whereupon they differentiate into 
macrophages which express toll-like 
receptors and scavenger receptors. 
Fibrin(ogen) stimulates macrophages to 
produce more chemokines such as MCP-1 
by binding to toll-like receptors,132  and 
may therefore contribute to the exacerbation 
of the inflammation in the vessel wall. 
Oxidized LDL increases further the 
thrombogenicity of the lesion by 
stimulating production of TF in endothelial 
cells211 and SMCs212 and by contributing 
with phospholipid surfaces that support the 
activities of the tenase213 and 
prothrombinase214 complexes. Macrophages 
engulf modified LDL particles via 
scavenger receptors and are gradually 
transformed into foam cells leading to 
formation of fatty streaks. 
 
SMCs play a critical role in plaque 
progression. SMCs are responsible for the 
production of collagen, which is the major 
component of the extracellular matrix and 
of the fibrous cap. In addition, in vitro 
experiments have demonstrated that SMCs 
produce PAI-1 in response to platelet-



 

  Fibrinogen and Myocardial Infarction 25

derived growth factor and transforming 
growth factor-β.215 Also SMCs express TF 
on their surface,198 hence promoting both 
pro-coagulant and anti-fibrinolytic forces 
within the vessel wall. Fibrin(ogen) has the 
ability to stimulate SMC migration and 
proliferation,216,217 and may therefore 
contribute to the enlargement of the 
atherosclerotic plaque. The nature of the 
fibrin scaffold seems to influence the 
migration of the SMCs as suggested by in 
vitro data showing that SMCs migrate much 
faster into cross-linked fibrin clots as 
compared to non cross-linked clots.218  
 
Fibrin(ogen) promotes angiogenesis,91 and 
it may be presumed that the new vessels 
facilitate further accumulation of pro-
atherogenic molecules and cells in the 
atherosclerotic plaque. Cytokines such as 
IL6 are produced during all stages of 
atherosclerotic plaque formation. IL6 
amplifies the systemic inflammatory 
response by stimulating production of 
fibrinogen and CRP. Locally, IL6 
contributes to endothelial dysfunction219 
and exacerbates the development of the 
atherosclerotic plaque.220 Fibrin(ogen) 
might contribute to the local enrichment of 
IL6 by facilitating the vascular endothelial 
growth factor mediated production of this 
pro-inflammatory cytokine in monocytes.221 
The accumulation of pro-inflammatory and 
pro-thrombotic components leads to a 
progressive loss of the stability of the 
plaque. Macrophage-derived collagenases 
(e.g. matrix metalloproteinase 1 and 13), 
produced in response to pro-inflammatory 
cytokines, render the plaque even more 
vulnerable by degrading the extracellular 
matrix, thus leading to collagen loss in the 
fibrous cap.222 Notably, an elevated plasma 
fibrinogen concentration was found to be 
significantly associated with high numbers 
of inflammatory cells in advanced 
atherosclerotic plaques and with reduced 
thickness of the fibrous cap.223 

Apoptotic endothelial cells, SMCs and foam 
cells provide a PS-rich lipid core that 
supports pro-coagulant processes and are 
major sources of TF224 in advanced 
atherosclerotic lesions. Thus, the thrombo-
genicity of the atherosclerotic plaque 
increases across all stages of lesion 
formation and also reflects the loss of 
plaque stability as evidenced by higher TF 
concentrations in coronary atherectomy 
specimens from patients with unstable 
angina than in those with stable angina 
pectoris.225 Moreover, the TF expression is 
co-localized with the distribution of fibrin 
in advanced coronary plaques in patients 
with unstable angina pectoris.226 Rupture 
prone plaques have a thin fibrous cap, 
numerous macrophages and a prominent 
thrombogenic lipid core. 
 
When plaque rupture or endothelial erosion 
occurs, platelets adhere and are rapidly 
activated at the affected site. Fibrinogen 
promotes platelet aggregation via 
interactions with the integrin GPIIbIIIa 
receptor and augments their degranu-
lation,227 resulting in release vWF, fibrin-
ogen, FV, PAI-1 and adenosine diphosphate 
at the site of injury. Exposure of TF to the 
blood triggers the formation of a thrombus 
that may occlude the lumen of the affected 
vessel. Thrombus formation on a ruptured 
or eroded coronary plaque (i.e. athero-
thrombosis) plays a critical role in acute 
coronary syndromes, i.e. unstable angina 
pectoris, non-fatal and fatal MI. Fibrinogen 
and fibrinogen-derived products seem to 
influence the infarct size and the ischemia 
induced reperfusion injury as evidenced by 
studies in fibrinogen knockout mice which 
display substantially smaller infarct sizes 
than wild-type specimens.228 
 
The structure of the thrombus of which 
fibrin is a major component is essential for 
the outcome of acute coronary events. 
Increased plasma fibrinogen concentration 
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in young male survivors of a first MI has 
been associated with formation of a tight 
and rigid fibrin clot structure with reduced 
porosity148 that seems to be less susceptible 
to fibrinolysis.229 The fibrinogen γ’ chain 
variant has been demonstrated to form 
fibrin clots characterized by reduced 
susceptibility to fibrinolysis,32,230 which 
may explain the observed association 
between elevated plasma fibrinogen γ’ 
concentration and CAD.231  
 
Altogether, the results derived from in vitro 
experiments, various animal models and 
clinical studies unequivocally implicate 
fibrinogen in the pathophysiology of 
atherothrombosis. Since even in the best of 
circumstances sustainable lifestyle changes 
are difficult to accomplish this knowledge 
might equip us with alternative and novel 
treatment strategies specifically targeted 
against the molecular and cellular mediators 
of risk factors such as smoking. 
 
Treatment 
Unhealthy lifestyle factors (i.e. smoking, 
poor dietary habits and physical inactivity) 
together with risk factors such as 
hypertension, diabetes mellitus, dyslipid-
emia, obesity and psychosocial stress, are 
major contributors to the risk of MI 
worldwide.1 Most likely, these risk factors 
have a higher impact on genetically 
predisposed individuals. Luckily enough, 
the majority of these factors are reasonably 
amenable to control and the evidence to 
suggest that significant benefit can be 
achieved by preventive lifestyle interven-
tions is both convincing and encouraging. 
 
The means by which the various risk factors 
influence the risk of MI are as yet not fully 
understood. However, lifestyle factors such 
as smoking and unhealthy dietary habits 
lead to unfavourable blood rheology and 
lipid profiles, inculpating factors such as 
blood viscosity, fibrinogen and LDL-

cholesterol in the etiology of MI. 
Conversely, adequate lifestyle changes 
exert favourable effects on risk factors for 
MI such as the plasma fibrinogen 
concentration.232 
 
A substantial proportion of the increase in 
risk of cardiovascular disease in smokers 
has been ascribed to the effect of this habit 
on the plasma fibrinogen concentration.50,233 
Upon smoking cessation a gradual decrease 
in plasma fibrinogen concentration occurs50 
that parallels a reduction in the risk of 
cardiovascular disease and an increased life 
time expectancy.234 More prudent dietary 
habits such as the Mediterranean diet,235 
which appeared to reduce the risk of 
recurrence after a first MI,236 and weight 
reduction50 may also reduce the plasma 
fibrinogen concentration. However, the 
fibrinogen lowering effects of the 
Mediterranean diet have been recently 
questioned in patients with CAD.237 A 
decrease in plasma fibrinogen concentration 
has been observed in individuals that 
exercise regularly.52,54 These data imply that 
the benefit of physical activity on CAD may 
be partly ascribed to the reduction in 
hemostatic factors, including fibrinogen.54 
Moderate consumption of alcohol has also 
been associated with lowered plasma 
fibrinogen concentration.52,53 It has been 
suggested that fibrinogen may be the link 
between the protective effect of moderate 
alcohol consumption and cardiovascular 
disease.238 Nevertheless, it could be risky to 
encourage moderate consumption of 
alcohol as a means of preventing MI, since 
the number of heavy drinkers might 
increase.  
 
Antihypertensive medication has been 
demonstrated to reduce the risk of 
atherothrombotic events.239 In addition to 
lowering the blood pressure, angiotensin-
converting enzyme inhibitors and 
angiotensin II receptor blockers seem to 
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decrease the TF expression and to hinder 
the accumulation of monocytes in 
atherosclerotic plaques.240,241 In a very 
modestly sized cohort (54 patients) of 
previously untreated hypertensives, a 
significant reduction in plasma fibrinogen 
concentration was observed in individuals 
treated with either a β1-receptor blocker 
(atenolol) or an angiotensin II receptor 
blocker (irbesartan).242 However, these data 
remain inconclusive since conflicting 
results have also been reported243,244 and the 
means by which antihypertensive therapy 
may influence the plasma fibrinogen 
concentration are elusive in absence of any 
experimental support.  
 
The evidence, derived from both primary 
and secondary studies, suggesting that 
therapy with statins significantly reduces 
the risk of cardiovascular events is 
compelling.245-247 It is notable in this 
context that a reduction of the risk of a first 
coronary event occurs even in individuals 
with average concentrations of LDL-
cholesterol246 lending support to the view 
that “the lower the better”. However, statins 
do not seem to influence the plasma 
fibrinogen concentration.62 On the other 
hand, treatment with another lipid-lowering 
drug, namely bezafibrate,60,61 has been 
observed to reduce the plasma fibrinogen 
concentration. In young male (age <45 
years) survivors of precocious MI, 
treatment with bezafibrate resulted in a 12% 
decrease in plasma fibrinogen concentration 
and appeared to hamper the progression of 
CAD.248 Experimental data indicate that the 
mechanism by which fibrates reduce plasma 
fibrinogen concentration involves PPAR-
α.21,249 Of note, a significant interaction 
between PPAR-α genotypes and baseline 
plasma fibrinogen concentrations in 
determining the decrease of fibrinogen 
caused by treatment has been reported250 
emphasizing the hidden genetic complexity 
of these type of effects. 

Needless to say, good metabolic control, in 
particular in individuals with overt diabetes 
mellitus, is crucial in preventing the 
cardiovascular complications associated 
with this disease. Poor metabolic control 
has been associated with increased plasma 
fibrinogen concentration251 and abnormal 
fibrin clot structure.151,252 Notably, the latter 
observation has been reported to occur in 
diabetics despite normal plasma fibrinogen 
concentrations151  and may involve 
glycosylation of fibrinogen59 yielding an 
altered functionality of the protein. 
Medication with metformin, which has been 
shown to be cardioprotective,253 has been 
associated with decreased plasma 
fibrinogen concentration.254 However, 
conflicting data have also been 
reported,255,256 and recent data indicate that 
an intensive lifestyle intervention in 
individuals with impaired glucose tolerance 
has a significantly higher fibrinogen 
lowering effect as compared to treatment 
with metformin.257 On the other hand, 
metformin seems to interfere with fibrin 
polymerization and to decrease the FXIII 
cross-linking activity resulting in formation 
of clots that may be more susceptible to 
fibrinolysis.153 Also, treatment with insulin 
has been reported to result in formation of 
fibrin clots with a favourable structure, i.e. 
increased porosity, which seemed to be 
related to changes in the blood lipid profile 
rather than to improvement of the glycemic 
control.258 
 
Antithrombotic treatment with ASA has 
been associated with a significant decrease 
in risk of non-fatal and fatal MI both in 
primary259 and secondary260 prevention 
trials and plays a key role during acute 
coronary events. The beneficial effect of 
ASA has been ascribed to inhibition of 
cyclooxygenase-1, which prevents the 
formation of thromboxane A2 resulting in 
reduced platelet aggregation. In addition, 
ASA acetylates plasma proteins, including 
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fibrinogen,261 and this modification has 
been associated with formation of fibrin 
clots with increased porosity262 and reduced 
clot lysis time.263 The adenosine 
diphosphate receptor inhibitor, clopidogrel, 
which also has a given place in the 
prevention and treatment of athero-
thrombotic events, seems to lower the 
plasma fibrinogen concentration to a similar 
extent as ASA.63 
 
The cornerstones of reperfusion therapy 
during acute atherothrombotic events 

involve the administration of antiplatelet 
treatment (i.e. ASA and/or the glycoprotein 
GPIIbIIIA receptor inhibitor such as 
Abciximab) and fibrin-selective or non-
fibrin-selective thrombolytic agents (i.e. 
recombinant t-PA, staphylokinase and 
streptokinase, respectively). However, per-
cutaneous coronary interventions have been 
associated with better clinical outcomes 
than pharmacological reperfusions264 and 
are increasingly used in coronary intensive 
care units. 
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AIMS OF THE THESIS 
 
 
(I) to investigate the contribution of plasma fibrinogen and fibrinogen γ’ concentrations to the 

variation in risk of MI 
 
(II) to identify genetic variants in the fibrinogen gene cluster that may contribute to the variation 

in plasma fibrinogen and fibrinogen γ’ concentrations and fibrin clot structure, and therefore 
to the risk of MI 

 
(III) to study gene-gene and gene-environment interactions in relation to MI 
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MATERIAL AND METHODS 
 
 
Subjects 
 
The HIFMECH study (paper I) 
The Hypercoagulability and Impaired 
Fibrinolytic function MECHanisms 
predisposing to myocardial infarction 
(HIFMECH) study, is a multi-centre case-
control study designed to identify genetic 
and environmental factors that may 
contribute to the differences in risk of MI 
between the North and the South of Europe. 
The HIFMECH cohort comprises male, 
Caucasian survivors of a first MI aged 
under 60 years (excluding patients with 
familial hypercholesterolaemia and insulin-
dependent diabetes mellitus) and age-
matched healthy individuals from the same 
catchment areas recruited from: Stockholm 
(STO) and London (LON) representing the 
North of Europe and Marseille (MAR) and 
San Giovanni Rotondo (SGR) representing 
the South of Europe. The participation rate 
was 79% for eligible patients and 84% for 
controls. A total of 533 postinfarction 
patients and 575 controls were included in 
the present study. Postinfarction patients 
were examined 3 to 6 months after the acute 
event. Both patients and controls were 
investigated in parallel in the early morning 
after an overnight fast. The participants 
completed a questionnaire regarding 
lifestyle (e.g. smoking habits, alcohol 
consumption) and weight, height and 
systolic and diastolic blood pressure were 
measured.  
 
The SCARF study (papers II-IV) 
The Stockholm Coronary Atherosclerosis 
Risk Factor (SCARF) study is a case-
control study, designed to form the basis for 
studies of genetic and biochemical factors 
predisposing to precocious MI. A total of 

387 survivors of a first MI aged less than 60 
years who had been admitted to the 
coronary care units of the three hospitals in 
the northern part of Stockholm (Danderyd 
Hospital, Karolinska University Hospital 
Solna and Norrtälje Hospital) were 
included. Briefly, unselected patients 
meeting the inclusion criteria were enrolled, 
and the exclusion criteria were type 1 
diabetes mellitus, renal insufficiency 
(defined as plasma creatinine >200 
μmol/L), any chronic inflammatory disease, 
drug addiction, psychiatric disease or 
inability to comply with the protocol. For 
each postinfarction patient a sex- and age-
matched control person was recruited from 
the general population (response rate 79%). 
Three months after the index cardiac event, 
both patients and controls underwent 
medical examination and blood samples 
were drawn following an overnight fast. 
Background data (e.g. social situation, 
lifestyle, medical history and medication) 
were collected by means of a structured 
interview. Ethnicity was recorded on the 
basis of self-reported origin as far as 3 
generations back and more than 99% of the 
participants in the study were considered 
Caucasians. 
 
Coronary angiography 
All patients included at two of the hospitals 
(n=269) were offered routine coronary 
angiography. A total of 243 postinfarction 
patients (90%) agreed to be included in the 
coronary angiography substudy. Coronary 
angiography was performed during the 
initial admission, if needed for clinical 
reasons (n=35), or otherwise three months 
later (n=208). Angiograms divided into 15 
coronary segments were analyzed by 
quantitative coronary angiography (QCA) 
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using the Medis QCA-CMS system. In each 
segment, reference diameter, minimum 
lumen diameter (MLD), percentage 
diameter stenosis, mean segment diameter 
(MSD), segment length, plaque area, 
segment area and number of significant 
(>50%) stenoses were measured.  
 
The SHEEP study (paper V) 
The Stockholm Heart Epidemiology 
Program (SHEEP) study is a large 
population-based case-control study aiming 
to investigate genetic, biochemical and 
environmental factors predisposing to MI. 
Potential study participants (age range 45-
70 years) were all Swedish citizens living in 
Stockholm County without a previous 
clinical diagnosis of MI. Male cases were 
recruited between 1992-1993 and female 
cases between 1992-1994. The criteria for 
MI diagnosis were based on guidelines 
issued by the Swedish Society of 
Cardiology in 1991 and included: (1) 
typical symptoms; (2) marked elevation of 
the enzymes serum creatine kinase (S-CK) 
and lactate dehydrogenase (LDH) and (3) 
characteristic electrocardiogram changes. If 
two of the three criteria were fulfilled, the 
patient was diagnosed with MI. For each 
postinfarction patient a randomly selected 
healthy individual was recruited within two 
days of the case event, after matching for 
age, sex and catchment area. The present 
sub-study was based on a database and 
biobank comprising a total of 1213 cases 
(852 men and 361 women) and 1561 
controls (1054 men and 507 women). Blood 
samples were collected approximately three 
months after the index cardiac event in the 
patients and all participants underwent 
physical examination. 
 
Biochemical analyses 
Plasma fibrinogen concentration was 
determined by the Clauss method265 (papers 
I-IV) and as described by Vermylen266 
(paper V). Plasma fibrinogen γ’ concentra-

tion was measured by an ELISA assay 
using a monoclonal antibody (2.G2.H9) 
directed against γ’ chains that does not 
cross-react with γA chains (modification of 
the assay described by Lovely et al231) and 
for comparison purpose with a second 
ELISA essentially as described by de 
Willige et al267 (paper IV). Plasma 
cholesterol and triglyceride concentrations 
were determined by enzymatic methods 
(paper I and V), whereas a combination of 
preparative ultracentrifugation and 
precipitation of apolipoprotein B-containing 
lipoproteins followed by lipid analyses was 
used for analyses of plasma lipoproteins 
(papers II-IV). Insulin concentration was 
determined by a specific in-house 2-site 
immuno-enzymometric assay (paper I),268 
by ELISA (paper II-IV) and by 
radioimmunoassay (paper V). Serum IL6 
and Lp(a) concentrations were measured by 
using ELISA (papers I-V and paper I, 
respectively). CRP was determined by using 
an immunonephelometric assay (papers I-
IV). 
 
Genetic analyses 
Genomic DNA was extracted by using the 
salting-out method (paper I),269 the 
QIAGEN Blood and Cell Culture DNA kit 
(QIAGEN Ltd, Crawly, UK) (papers II-IV) 
and the RapidPrep Macro Genomic DNA 
Isolation Kit (Pharmacia Biotech, Sweden) 
(paperV). 
 
Sequencing 
The following gene segments were 
sequenced in a total of 34 survivors of a 
first MI (age <45 years):150 in the FGG gene 
the promoter region, exons 1-4 and 9-10, 
and the 3’end, in the FGA gene the 
promoter region and exons 1, 2 and 5, and 
in the FGB gene exon 1 (paper II). The 
sequencing was performed using the Taq 
DyeDeoxy Terminator Sequencing System 
(Perkin Elmer, Applied Biosystems 
Division, Foster City, CA) or the Big Dye 
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Table 1. Reference sequences and SNP IDs 

1Gene symbol approved by the HUGO Gene Nomenclature Committee. 2Nucleotide numbering according to the
Seattle SNPs database; 3Nucleotide numbering using cDNA as reference sequence, nucleotide +1 being nucleotide
A of the ATG-translation initiation codon. 

 
Gene symbol1 GenBank  Position3 Alleles dbSNP ID SNP type Published name 
 Accession number Position2      
FGA AF361104       
  2224 -58 G>A rs2070011 Promoter -3G/A 
  6534 991 A>G rs6050 Codon Thr312Ala 
FGB AF388026       
  1744 -165 C>T rs1800787 Promoter -148C/T 
  1643 -257 C>T rs1800788 Promoter -249C/T 
  1437 -463 G>A rs1800790 Promoter -455G/A 
  1038 -862 G>A rs1800791 Promoter -854G/A 
  899 -1001 C>T rs2227389 Promoter -993G/A 
  472 -1428 G>A rs1800789 Promoter -1420G/A 
FGG AF350245       
  902 -647 A>G rs1800792 Promoter - 
  9340 1299+79 T>C rs1049636 Intron 7792T/C 
  9615 1300-189 T>C rs2066864 Intron - 
F13A1 AF418272 4377 103 G>T rs5985 Codon Val34Leu 
IL6 AF372214 1510 -174 G>C rs1800795 Promoter -174G/C 
 

Terminator v3.1 cycle sequencing kit (3100 
Genetic Analyzer, Applied Biosystems). 
 
Numbering of the SNPs detected in paper II 
was performed according to nomenclature 
recommendations,270 using cDNA as 
reference sequence, nucleotide +1 being the 
A of the ATG-translation initiation codon 
(paper II). 
 
Genotyping 
The SNPs that have been determined are 
presented in Table 1.  
 
In paper I, genotyping for the β-fibrinogen 
-455G/A polymorphism with the correct 
name according to the nomenclature 
recommendations: FGB -463G>A (FGB 
1437 G>A [rs1800790] SNP; Table 1), was 
performed by restriction fragment length 
polymorphism (RFLP) analysis as 
described.70 Genotyping for the other FGB 
SNPs included in paper I and for the 
polymorphisms included in papers II-IV 

was performed using the Taqman PCR 
method (Applied Biosystems). The matrix-
assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry 
technology (SEQUENOM Inc., San Diego, 
CA) was used in paper V.271 
 
Determination of fibrin clot 
structure. 
In paper III, the physical properties of the 
fibrin clot structure, formed in vitro from 
plasma samples, were determined in 60 
control subjects selected based on 
homozygosity for either the minor FGG 
9340C allele (n=30) or the major FGG 
9340T allele (n=30). None was taking 
acetylsalicylic acid, anticoagulants or 
glucose-lowering compounds. The 
permeability coefficient (Ks, cm2), 
reflecting fibrin clot porosity, was 
determined as described.147 Briefly, plasma 
samples were dialyzed against TNE-buffer 
(0.05 mol/L Tris, 0.1 mol/L NaCl, 
1mmol/L EDTA-buffer with aprotinin 1 
KIU/mL, pH=7.4). 1.5 mL of the dialyzed 
plasma was recalcified and thrombin was 
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added giving final concentrations of 20 
mM for CaCl2 and 0.25 NIH U/mL for 
thrombin. The gels were allowed to mature 
in cuvettes for 18-24 hours at room 
temperature. Flow measurements were 
then performed using a Tris-Imidazol 
buffer (0.02 mol/L Tris, 0.02 mol/L 
Imidazole, aprotinin 5 KIU/mL, 0.1mol/L 
NaCl, pH=7.4) that was percolated through 
the gels for a given time and at different 
hydrostatic pressures (dyne/cm). The Ks 
value was calculated according to the 
formula: Ks=Q⋅L⋅h/(T⋅A⋅DP), where Q is 
the volume of liquid (cm3) with the 
viscosity h (poise) flowing through a clot 
of length L (cm) and an area A (cm2) in 
time T (s) under a pressure gradient DP 
(dyne/cm2). The inter-assay coefficient of 
variation for Ks was 11.3%. 
 
Statistical analyses 
Statistical analyses were conducted using 
the STATA package (Intercooled Stata 6.0, 
STATA Corp., College Station, TX, USA) 
(paper I) and the StatView package (SAS 
Institute, Inc, version 5.0.1 for Windows) 
(papers II-V). 
 
Measurements with a skewed distribution 
are presented as median and interquartile 
range (IQR) or as geometric means with 
either standard deviations (SD) or 95% 
confidence intervals (CI) and were 
normalized by square root or logarithmic 
transformation before entering statistical 
analysis. The Mann-Whitney U test, t-tests, 
Kruskal-Wallis test, analysis of variance 
(ANOVA) and χ2 tests were used for group 
comparisons. 
 
The Hardy-Weinberg equilibrium was 
assessed using χ2 tests. Multilocus Hardy-
Weinberg equilibrium analyses were 
performed using the Genetic Data Analysis 
program.272 Comparisons of genotype and 
allele frequency distributions between 
groups were made by using χ2 tests and/or 
the Metropolitan method.273 The normalized 

pairwise LD coefficients (|D’|) were 
calculated by the method of Chakravarti et 
al274 or the ASSOCIATE software275 and 
visualized using the Graphical Overview of 
Linkage Disequilibrium (GOLD) software. 
Haplotypes were inferred using the PHASE 
package, version 2.0.2276,277 and the 
THESIAS programme, version 2.278 Re-
combination rates between consecutive 
pairs of SNPs were estimated using the 
PHASE package, version 2.0.2.276,277 
 
Correlations between variables were 
estimated by calculation of Pearson 
correlation or Spearman rank correlation 
coefficients. Multiple stepwise regression 
analysis was performed in order to identify 
the determinants of total plasma fibrinogen 
and fibrinogen γ’ concentrations and fibrin 
clot porosity. The proportion of variation 
accounted for by individual variables was 
derived by calculation of adjusted R2. 
Differences between regression lines were 
assessed using extended analysis of 
covariance (paper III). 
 
In paper I, standardized odds ratios (SORs) 
for a 1SD increase in plasma fibrinogen 
were calculated using conditional logistic 
regression analysis, hence considering the 
matching of cases to controls on both centre 
and age, and the corresponding probability 
values are from likelihood ratio tests. In 
papers II-V, ORs and SORs for a 1SD 
increase in plasma fibrinogen and fibrin-
ogen γ’ concentration were calculated using 
unconditional logistic regression analysis. 
Analyses in which the effect of potential 
confounders was accounted for were also 
performed. 
 
Pair-wise gene-gene interactions on 
intermediate phenotypes (total plasma 
fibrinogen and fibrinogen γ’ concentrations) 
were evaluated by ANOVA and as 
described by Cheverud and Routman.279  
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Gene-gene and gene-environment inter-
actions on risk of MI were evaluated using 
the multifactor dimensionality reduction 
(MDR) method.280 MDR is a nonparametric 
and genetic-free approach that reduces high 
dimensional genetic and environmental data 
into a single dimension, thus circumventing 
the limited ability of logistic regression 
analysis to detect high-order interactions 
due to sparseness of data in high dimen-
sions. The data was analysed 10 times with 
different random seeds, each time using 10-
fold cross-validation intervals in order to 
ensure that the analysis was not influenced 
by chance division of the data. The average 
cross-validation consistency (CVC) and the 
average prediction error (PE) across all runs 
are presented in the final model. Statistical 
significance was determined by the 
permutation and sign tests implemented in 
the MDR software. 
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RESULTS 
 
 
Fibrinogen and MI in a cross-
cultural context (paper I) 
The present study was undertaken in 
order to assess whether fibrinogen 
contributes to the differences in 
propensity to MI between individuals 
recruited from STO and LON (North of 
Europe) and MAR and SGR (South of 
Europe). 
 
Taken as a group, the patients had a 
greater cardiovascular risk factor 
burden, that was accounted for by 
higher BMI, a higher proportion of 
current and ex smokers, elevated plasma 
triglyceride levels and a substantial 
proportion of persons with type 2 
diabetes compared with controls. The 
concentrations of IL6 and CRP were 
significantly higher in cases than in 
controls. As a consequence of risk 
factor modification (27% were on lipid-
lowering compounds and 84% on 
medication influencing blood pressure), 
similar values for blood pressure and 
plasma cholesterol concentration were 
observed in postinfarction patients and 
controls. However, statistically signifi-

cant differences between the centres 
were observed for the use of lipid-
lowering drugs and beta-blockers 
(results not shown). Moreover, the 
distribution of risk factors differed 
between centres both among cases and 
controls. 
 
The plasma fibrinogen concentration 
was significantly higher in cases 
compared with controls (p<0.001) and 
differed between centers in controls 
(p=0.005) but not in cases (p=0.17) 
(Table 2). Patients had significantly 
higher plasma fibrinogen concentration 
than controls in STO (p=0.006), LON 
(p<0.001) and SGR (p<0.001) but not in 
MAR (p=0.60). There was no evidence 
of a North-to-South difference in 
plasma fibrinogen in either cases 
(p=0.16) or controls (p=0.55). The 
unadjusted SOR for plasma fibrinogen 
concentration differed significantly 
between the centers (p=0.006) but not 
between the two regions (p=0.58). The 
SOR remained significant in LON, but 
not in the other centers, after adjustment 
for BMI, smoking, triglycerides, Lp(a) 

Table 2. Plasma fibrinogen concentrations in postinfarction patients and healthy individuals grouped
according to centre and region in Europe with standardized odds ratios 

Centre Fibrinogen (mg/dl)  SOR (95% CI), p-value3 

 Cases Controls p-value  Unadjusted  Adjusted for traditional 
risk factors4 

Adjusted for traditional risk 
factors4 and CRP 

Adjusted for traditional 
risk factors4 and IL-6 

STO 371 (82) 347 (76) 0.006  1.41 (1.10;1.81), 0.005 1.33 (0.98;1.79), 0.06 1.13 (0.74;1.73), 0.57 1.29 (0.91;1.83), 0.15 

LON 397 (88) 334 (58) <0.001  2.92 (1.57;5.42), <0.001 3.58 (1.31;9.83), 0.002 3.89 (1.27;11.88), 0.002 3.08 (1.08;8.77), 0.01 

MAR 363 (106) 356 (75) 0.60  1.10 (0.81;1.47), 0.54 0.82 (0.47;1.44), 0.49 0.81 (0.46;1.45), 0.48 0.54 (0.28;1.05), 0.06 

SGR 367 (94) 329 (63) <0.001  1.82 (1.41;2.33), <0.001 1.32 (0.92;1.91), 0.13 1.20 (0.82;1.77), 0.34 1.22 (0.80;1.85), 0.35 

North 377 (84) 343 (71) <0.001  1.64 (1.30;2.06), <0.001 1.50 (1.15;1.96), 0.002 1.60 (1.11;2.30), 0.007 1.47 (1.09;2.00), 0.009 

South 366 (98) 339 (68) <0.001  1.51 (1.25;1.82), <0.001 1.14 (0.85;1.53), 0.37 1.09 (0.81;1.47), 0.56 1.02 (0.73;1.42), 0.93 

All 371 (92) 341 (69) <0.001  1.56 (1.35;1.80), <0.001 1.27 (1.06;1.52), 0.009 1.22 (0.99;1.50), 0.06 1.16 (0.95;1.42), 0.14 

p-value 0.171 0.0051 
 

 0.0065 0.025 0.065 0.065 

 0.162 0.552 
 

 0.586 0.256 0.156 0.416 

STO, Stockholm; LON, London; MAR, Marseille; SGR, San Giovanni Rotondo. Values are mean (SD) in
milligram per deciliter. P-values for differences between cases and controls 1by centre and 2by region.
3Standardized odds ratio (SOR, odds ratio based on a 1SD increase in square root transformed fibrinogen
level) and p-value from conditional logistic regression. 4Adjusted for smoking, BMI, Tg, Lp (a) and insulin.
5p-value for interaction between centre status and fibrinogen on risk, 6p-value for interaction between region
status and fibrinogen on risk of MI. 
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Table 3. Stepwise regression analysis of determinants of plasma fibrinogen concentration in
postinfarction patients and healthy individuals, conducted for individual centres in Europe 

Variable Cases Controls 

 STO LON MAR SGR STO LON MAR SGR 

BMI1 4.2*      4.5*  

IL61 10.0*** 29.3*** 5.3* 3.0 12.0*** 4.8 16.6*** 15.2**

-455G/A 3.0* 15.7**       
Multiple 
adjusted R2 19.0 35.6 4.2 1.9 12.0 3.3 20.0 14.3 

 

STO, Stockholm; LON, London; MAR, Marseille; SGR, San Giovanni Rotondo. BMI, body mass index;
IL6, interleukin 6. 1Partial R2 for a 1 SD increase in the transformed variable. *p<0.05, **p<0.01,
***p<0.001. 

and insulin [SOR (95%CI): 3.58 (1.31, 
9.83)] and CRP [3.89 (1.27, 11.88)] or 
IL6 [3.08 (1.08, 8.77)] (Table 2). 
 
Six FGB promoter SNPs were 
determined in this study: -148C/T 
[rs1800787], -249C/T [rs1800788], 
-455G/A [rs1800790], -854G/A 
[rs1800791], -993C/T [rs2227389] and 
-1420G/A [rs1800789], GenBank 
accession number AF388026. All SNPs 
were in Hardy-Weinberg equilibrium. 
There were no significant differences in 
genotype frequency distribution 
between cases and controls or between 
the centers. The -148C/T, -455G/A, 
-993C/T and -1420G/A SNPs were in 
perfect LD with each other and in 
negative LD with the -249C/T and 
-854G/A SNPs. Therefore, only three of 
the SNPs (-249C/T, -455G/A and 
-854G/A) were considered further in the 
statistical and haplotype analyses.  
 
The -455G/A SNP appeared to influence 
the plasma fibrinogen concentration in 
patients (p<0.001) but not in controls 
(p=0.06). No significant effect on the 
plasma fibrinogen concentration was 
observed for the -249C/T and -854G/A 
SNPs, either in cases (p=0.47 and 
p=0.90, respectively) or in controls 
(p=0.14 and p=0.91, respectively). The 
plasma fibrinogen concentration differed 

significantly according to smoking status 
in controls, being higher in current 
smokers than in ex smokers and non-
smokers (p<0.001), but not in patients 
(p=0.19). Smoking status did not 
influence the plasma fibrinogen 
concentrations differently across the 
centres in either cases (p=0.66) or 
controls (p=0.95).  
 
In this study, potential determinants of 
plasma fibrinogen concentration were 
searched for. In patients, IL6 (8.6%), 
centre (3.6%), and the -455G/A 
genotype (2.4%) emerged as 
independent determinants, accounting 
for 14.6 % (11.5 % adjusted) of the 
variation in plasma fibrinogen 
concentration. In controls, IL6 (8.9%), 
centre (3.1%), smoking (1.9%) and BMI 
(1.2%) were independent predictors, 
together accounting for 15.1 % (15.7% 
adjusted) of the variation in plasma 
fibrinogen concentration. The 
contribution of IL6 to the plasma 
fibrinogen concentration in the controls 
was significant in STO, MAR and SGR, 
but not in LON (Table 3). In patients, 
IL6 contributed almost to one third of the 
variation of fibrinogen in LON, 10% in 
STO and only 5.3% and 3.0% 
respectively in MAR and SGR. The 
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Base position: -148 -249 -455 -854 -993 -1420 

Base change: C>T C>T G>A G>A C>T G>A 

Allele frequency: 0.20 0.20 0.20 0.15 0.20 0.20 

95% CI: 0.18-0.23 0.17-0.22 0.18-0.23 0.13-0.18 0.18-0.23 0.18-0.23

Haplotype:  -249C/T -455G/A -854G/A Frequency (%) 

  C G G 46.7 

  C A G 20.3 

  T G G 18.2 

  C G A 14.8 

 

 

 

 

+1

-1*-1*-1* -1*

+1*+1*+1*

-1*

Exons and introns 

 

Figure 6. Schematic presentation of all polymorphisms studied in the FGB promoter. Allelic
associations (*delta’, p<0.005) between polymorphic sites in HIFMECH control subjects are
given. Haplotypes with the respective frequencies are also presented. 

contribution of IL6 to the plasma 
fibrinogen concentration in patients from 
STO and LON was accompanied by a 
significant effect of the -455G/A 
polymorphism in these centres.  
 
Haplotype analyses using genotype data 
from the -249C/T, -455G/A and 
-854G/A polymorphisms revealed the 
presence of four common haplotypes in 
the HIFMECH sample: CGG (46.7%), 
CAG (20.3%), TGG (18.2%) and CGA 
(14.8%; Figure 6). Across all 
haplotypes, the plasma fibrinogen 
concentration was significantly higher 
in patients compared with controls. A 
significant haplotype effect on the 
plasma fibrinogen concentration was 
observed in patients (p<0.001), carriers 
of the CAG haplotype having the 
highest plasma fibrinogen concentration 
(395 ± 94 mg/dL). The haplotype effect 
on the plasma fibrinogen concentration 
was independent of centre in cases 
(p=0.17) and in controls (p=0.84). 

Moreover, none of the haplotypes had a 
different effect on the risk of MI 
according to centre (p=0.80). 
 
In conclusion, in the individual centres 
different factors contribute to the 
plasma fibrinogen concentration, LON 
and STO being the only centres in 
which genetic predisposition, i.e. the 
-455G/A polymorphism, appeared to be 
an independent predictor. The 
relationship between the plasma 
fibrinogen concentration and MI 
differed between the centres, whereas 
genetic variation in the FGB promoter 
was not associated with risk of MI.  
 
Fibrinogen haplotypes and 
MI (paper II) 
The main objective of this study was to 
screen for SNPs in specific regions in the 
fibrinogen gene cluster, presumed to be 
implicated in the regulation of the 
plasma fibrinogen concentration or to 
influence the fibrin clot structure and the 
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Figure 7. Schematic presentation of SNPs in the fibrinogen gene cluster. FGG, gamma
fibrinogen gene; FGA, alpha fibrinogen gene; FGB, beta fibrinogen gene. The SNPs presented in
bold represent the SNPs that have been genotyped in the entire study population. Arrowheads
indicate the direction of transcription. 

risk of MI. The SCARF study sample 
was used in order to evaluate potential 
case-control differences according to the 
genetic variants encountered in the 
fibrinogen genes. 
 
In general, patients had more 
cardiovascular risk factors (e.g. higher 
BMI and concentration of insulin, 
triglycerides, IL6 and CRP, were more 
likely to be smokers and to suffer from 
type 2 diabetes and hypertension) than 
controls. The plasma fibrinogen concen-
tration was significantly higher in 
patients, and appeared to be associated 
with a modest increase in risk of MI 
[unadjusted SOR (95%CI): 1.43 (1.24, 
1.64)], that remained significant after 
adjustment for cardiovascular risk 
factors [adjusted SOR (95%CI): 1.22 
(1.03, 1.45)]. 
 
The sequencing analyses resulted in 
detection of several SNPs in the FGG 
and FGA genes in addition to the 
previously published FGG 1299+79T>C 
[rs1049636] and FGA Thr312Ala 
[rs6050] SNPs (Figure 7). The SNPs 
were numbered using cDNA as the 
reference sequence, nucleotide +1 being 
the A of the ATG-translation initiation 
codon.270 SNPs with a minor allele 
frequency <5% were not considered 
further in the present study. As a 
consequence of the LD pattern, 
genotyping was carried out for eight of 

the SNPs: FGG -647A>G [rs1800792], 
1299+79T>C [rs1049636] and 1300-
189C>T [rs2066864], FGA -58G>A 
[rs2070011] and Thr312Ala [rs6050], 
and FGB -257C>T [rs1800788], 
-463G>A [rs1800790] and -862G>A 
[rs1800791]. There was a significant 
case-control difference in the allele 
frequency distribution for the FGG 
1299+79T>C SNP (p<0.05), but not for 
the other SNPs. 
 
The SNPs within each gene were in 
complete LD. The FGB -862G>A SNP 
was in strong LD with the SNPs in the 
FGG and FGA genes. In contrast, the 
FGG 1299+79T>C SNP appeared to be 
independent of the FGA -58G>A SNP 
and only weak allelic associations were 
detected between the FGB -463G>A and 
the SNPs in the FGG and FGA genes. As 
a consequence, the recombination rates 
appeared to be increased between the 
FGA and the FGB genes and also 
between the FGG and the FGA genes, 
relative to the average background 
recombination rate across the 50kb 
fibrinogen gene cluster. 
 
Haplotype analyses were performed 
using genotype data from each 
fibrinogen gene and also combining 
genotype data from the different 
fibrinogen genes. Three haplotypes were 
detected in the FGG gene (denoted 
FGG*1-*3), three in the FGA gene 



 

  Fibrinogen and Myocardial Infarction 39

 
Haplotype OR (95% CI), P-value 
 Unadjusted Adjusted1 Adjusted2 
FGG-FGA*1 1.51 (1.18, 1.93); <0.001 1.50 (1.17, 1.93); 0.002 1.66 (1.25, 2.22); <0.001
FGG-FGA*2 1.03 (0.83, 1.27); 0.81 0.99 (0.79, 1.23); 0.90 0.87 (0.68, 1.12); 0.28 
FGG-FGA*3 0.82 (0.65, 1.03); 0.09 0.85 (0.67, 1.07); 0.17 0.83 (0.63, 1.08); 0.15 
FGG-FGA*4 0.79 (0.64, 0.98); 0.03 0.75 (0.60, 0.93); 0.009 0.69 (0.53, 0.88); 0.003 
FGG-FGA-FGB*1a 1.33 (1.08, 1.64); 0.007 1.40 (1.13, 1.73); 0.002 1.49 (1.17, 1.90); 0.001 
FGG-FGA-FGB*2a 1.04 (0.85, 1.27); 0.72 1.00 (0.81, 1.23); 0.99 0.98 (0.77, 1.24); 0.84 
FGG-FGA-FGB*3a 0.89 (0.72, 1.09); 0.25 0.89 (0.72, 1.10); 0.30 0.93 (0.73, 1.18); 0.53 
FGG-FGA-FGB*4a 0.94 (0.76, 1.17); 0.59 0.90 (0.72, 1.13); 0.37 0.84 (0.65, 1.08); 0.16 
FGG-FGA-FGB*5a 0.73 (0.54, 0.96); 0.03 0.67 (0.50, 0.90); 0.008 0.53 (0.38, 0.74); <0.001
FGG-FGA-FGB*1b 1.35 (1.11, 1.66); 0.003 1.43 (1.16, 1.76); <0.001 1.49 (1.18, 1.89); <0.001
FGG-FGA-FGB*2b 1.00 (0.80, 1.24); 0.99 1.00 (0.80, 1.25); 0.99 0.98 (0.76, 1.27); 0.89 
FGG-FGA-FGB*3b 1.06 (0.85, 1.33); 0.58 1.03 (0.82, 1.30); 0.80 1.04 (0.80, 1.34); 0.79 
FGG-FGA-FGB*4b 0.76 (0.61, 0.96); 0.02 0.74 (0.58, 0.94); 0.01 0.70 (0.54, 0.92); 0.01 
FGG-FGA-FGB*5b 0.59 (0.45, 0.76); < 0.001 0.55 (0.42, 0.73); <0.001 0.44 (0.32, 0.61); < 0.001

Table 4. Odds ratios (ORs) for myocardial infarction in relation to fibrinogen gene haplotypes 

ORs and p-values from logistic regression analysis. The reference level is noncarriers of the haplotypes.
1ORs adjusted for plasma fibrinogen concentration. 2ORs adjusted for plasma fibrinogen concentration,
BMI, smoking, IL6, insulin, HDL-cholesterol and triglycerides. 

(denoted FGA*1-*3) and four in the 
FGB gene (denoted FGB*1-*4). Four 
haplotypes, FGG-FGA*1-*4, were 
inferred using genotype data from the 
FGG 1299+79T>C and FGA -58G>A 
SNPs. Eight haplotypes, FGG-FGA-
FGB*1a-*8a, were detected when the 
FGB -463G>A SNP was added to the 
haplotype analysis and five of these 
(FGG-FGA-FGB*1a-*5a) accounted for 
94.2% of all haplotypes. When 
considering all eight SNPs, 23 
haplotypes were detected, five of which 
(FGG-FGA-FGB*1b-*5b) represented 
81.4% of all haplotypes identified.  
 
Potential determinants of plasma 
fibrinogen concentration were searched 
for. In controls, IL6 (5.3%), smoking 
(1.0%) and insulin (2.6%) were 
independent predictors, explaining 8.9% 
of the variation in plasma fibrinogen 
concentration. In patients, IL6 (21.7%), 
LDL-cholesterol (1.7%), BMI (3.7%) 
and smoking (3.5%) were independent 
predictors, together accounting for 

30.6% of the variation in plasma 
fibrinogen concentration. None of the 
fibrinogen SNPs appeared to influence 
the plasma fibrinogen concentration. 
Amongst controls, presence of the 
FGG*3 and FGA*2 haplotypes was 
associated with significantly higher 
plasma fibrinogen concentration 
compared to noncarriers (3.7 ± 0.8 g/L 
vs. 3.5 ± 0.7 g/L; p= 0.006 and 3.7 ± 0.8 
g/L vs. 3.5 ± 0.7 g/L; p=0.007, 
respectively).  
 
No significant associations between 
individual SNPs and risk of MI were 
detected. On the other hand, the FGG*2 
and FGA*3 haplotypes seemed to be 
protective [OR (95%CI): 0.79 (0.64, 
0.96) and 0.59 (0.46, 0.75), 
respectively], whereas the FGB 
haplotypes were not associated with risk 
of MI. Moreover, the FGG-FGA*1, 
FGG-FGA-FGB*1a and *1b haplotypes 
were associated with increased risk of 
MI [OR (95%CI): 1.51 (1.18, 1.93), 1.33 
(1.08, 1.64) and 1.35 (1.11, 1.66), 
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respectively; Table 4]. Conversely, 
presence of the FGG-FGA*4, FGG-
FGA-FGB*5a and *5b haplotypes 
seemed to be protective [OR (95%CI): 
0.79 (0.64, 0.98), 0.73 (0.54, 0.96) and 
0.59 (0.45, 0.76), respectively]. These 
associations remained significant after 
adjustment for plasma fibrinogen 
concentration as well as after further 
adjustment for BMI, smoking, IL6, 
insulin, HDL-cholesterol and triglycer-
ides (Table 4). There were no consistent 
associations between fibrinogen haplo-
types and severity of CAD as determined 
by QCA. 
 
Thus, fibrinogen haplotypes inferred 
using genotype data from the FGG 
1299+79T>C and FGA -58G>A SNPs 
are associated with variation in risk of 
MI, independently of plasma fibrinogen 
concentration and other risk factors. 
 
Fibrinogen, fibrinogen SNPs, 
fibrin clot structure and MI 
(paper III) 
According to the results derived from the 
SCARF study sample, there was 
evidence to suggest that fibrinogen 
haplotypes are related to risk of MI, 
independently of plasma fibrinogen 
concentration. Fibrinogen is the 
precursor of fibrin, which is the main 
component of the fibrin clot. An 
abnormal fibrin clot structure has been 
associated with precocious MI.150 
Therefore, we hypothesized that 
potential effects on the fibrin clot 
structure may be an intermediate link 
between the fibrinogen haplotypes and 
MI. The SCARF study population was 
used to test this hypothesis and to study 
gene-gene and gene-environment 
interactions on the risk of MI. 
 
The FGG 9340T>C [rs1049636], FGA 
2224G>A [rs2070011], FGB 1038G>A 

[1800791] (previously referred to as 
FGG 1299+79T>C, FGA -58G>A and 
-862G>A, respectively; Table 1), F13A1 
Val34Leu [rs5985] and IL6 1510G>C 
[rs1800795] (known as the -174G>C 
polymorphism; Table 1) SNPs were 
included in the present study. Sixty 
healthy individuals were selected 
according to the FGG 9340T>C SNP for 
analyses of fibrin clot structure. There 
were no significant differences in basic 
characteristics according to the FGG 
9340T>C genotypes.  
 
The potential contributions of genetic 
and environmental factors to the fibrin 
clot porosity were evaluated. These 
analyses were restricted to fibrinogen 
SNPs that are independent of the FGG 
9340T>C SNP used for the selection of 
the sixty healthy individuals (i.e. the 
FGA 2224G>A and F13A1 Val34Leu 
SNPs). Fibrinogen (13.1%), the FGA 
2224G>A genotype (9.2%) and age 
(8.1%) together explained 30.4% of the 
variation in fibrin clot porosity. The 
fibrinogen haplotypes, previously 
inferred using genotype data from the 
FGG 9340T>C and FGA 2224G>A 
SNPs, were also related to the fibrin clot 
porosity. The FGG-FGA*4 haplotype 
explained 8.8% of the variation in Ks, 
along with age (7.7%) and plasma 
fibrinogen concentration (13.9%). 
 
The FGA 2224G>A SNP appeared to 
influence the relationship between 
plasma fibrinogen concentration and 
fibrin clot porosity (Figure 8a). The 
correlation between plasma fibrinogen 
concentration and fibrin clot porosity 
was strongest in homozygotes for the 
major G allele (r=-0.47, p=0.03), 
intermediate in heterozygotes (r=-0.42, 
p=0.01) and not significant homozygotes 
for the minor A allele (r=-0.34, p=0.48). 
The regression coefficients (designated 



 

  Fibrinogen and Myocardial Infarction 41

Figure 8. Scatter plots with regression lines of Ks on plasma fibrinogen concentration
according to the FGA 2224G>A [rs2070011] SNP (a) and FGG-FGA*4 haplotype (b). The p-
values refer to the differences between the slopes. 

b) differed significantly between the 
FGA 2224G>A genotypes (p=0.048), 
homozygotes for the G allele having the 
steepest decrease in fibrin clot porosity 
with increasing plasma fibrinogen 
concentration (b=-1.8) compared with 
heterozygotes (b=-0.9) and homozygotes 
for the A allele (b=-0.5). Similarly, a 
significantly lower rate of change in Ks 
at increasing plasma fibrinogen 
concentration was observed in carriers of 
the FGG-FGA*4 haplotype compared 
with noncarriers (b=-0.8 vs. b=-1.3, 
p=0.005; Figure 8b). 
 
Potential epistatic effects on the plasma 
fibrinogen concentration were searched 

for amongst control subjects in whom 
confounding factors were considered to 
be less prominent than amongst patients. 
A significant interaction (p<0.001) on 
the plasma fibrinogen concentration was 
detected between the F13A1 Val34Leu 
and FGA 2224G>A SNPs, homozygotes 
for the minor alleles (T and A, 
respectively) having the highest 
concentrations. No epistatic effects were 
observed between the fibrinogen SNPs, 
nor did the IL6 1510G>C SNP seem to 
have an individual main effect or to 
interact with any SNPs on plasma 
fibrinogen concentration. The lack of 
association between the IL6 1510G>C 
SNP and plasma fibrinogen concentra-
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tion is in agreement with data from the 
HIFMECH study.281  
 
Multilocus Hardy-Weinberg equilibrium 
analyses were performed separately in 
patients and controls. These analyses 
indicated that certain SNPs occur 
together in patients more frequently than 
what would be expected by chance. 
Therefore, MDR analyses were 
performed aiming to identify the SNPs 
that either in isolation or through 
interaction with other SNPs confer a 
higher or lower risk of MI. A significant 
interaction on the risk of MI risk was 
detected between the FGG 9340T>C and 
FGB 1038G>A SNPs [ORMDR (95%CI): 
1.83 (1.33, 2.52)]. These results were 
replicated using logistic regression 
analysis (p=0.02 for interaction). In 
addition, haplotypes inferred using 
genotype data from these two SNPs 
appeared to be associated with variation 
in risk of MI. The FGG-FGB*1 
haplotype (TG, prevalence 65.2%, in 
controls) appeared to be associated with 
increased risk of MI [OR (95%CI): 1.49 
(1.07, 2.08)], whereas the FGG-FGB*2 
haplotype (CG, prevalence 17.5%, in 
controls) appeared to be protective [OR 
(95%CI): 0.62 (0.49, 0.77)] when non-
carriers of the respective haplotype were 
used as reference groups. 
 
The effect of SNPs was further evaluated 
through addition of environmental 
variables to the analysis. The most 
parsimonious model that offered a low 
PE (23.7%, p<0.001) included the joint 
effects of a dyslipidemic phenotype and 
increased waist-to-hip circumference 
ratio. The effect of the SNPs was 
observed in a six-way interaction model 
with a PE of 27.2% (p<0.001), which 
contained the FGG 9340T>C, FGA 
2224G>A and IL6 1510G>C SNPs 

along with dyslipidemia, hypertension 
and CRP. 
 
In conclusion, fibrinogen, age and the 
FGA 2224G>A SNP are independent 
determinants of the fibrin gel porosity 
and haplotypic effects on the latter may 
partly explain the relationship between 
the haplotypes inferred using the FGG 
9340T>C and FGA 2224G>A htSNPs 
and overt MI. 
 
Plasma fibrinogen γ’ concen-
tration and MI (paper IV) 
The main objective of the present study 
was to assess whether the plasma 
fibrinogen γ’ concentration contributes to 
the variation in risk of MI in the SCARF 
study sample. Also genetic and environ-
mental determinants of the plasma fibrin-
ogen γ’ concentration were searched for 
and interaction analyses on MI risk were 
performed. 
 
The plasma fibrinogen γ’ concentration 
was significantly higher in patients than 
in controls (0.277 ± 0.122 vs. 0.250 ± 
0.107 g/L, p=0.001). However, this 
difference was confined to men. 
Significantly higher plasma fibrinogen γ’ 
concentrations were also observed in 
patients with a total plasma fibrinogen 
concentration in the top quartile, who 
were smokers, overweight or had an 
HDL-cholesterol concentration ≥1.0 
mmol/L. 
 
The FGG 9340T>C and FGA 2224G>A 
SNPs influenced the plasma fibrinogen 
γ’ concentration in both patients and 
controls, increasing number of the minor 
FGG 9340C allele or of the major FGA 
2224G allele being associated with 
higher concentrations (Table 5). The 
plasma fibrinogen γ’ concentration 
varied significantly according to the 
FGB 1038G>A SNP in controls 
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Table 5. Plasma fibrinogen γ’ concentration according to
fibrinogen SNPs in cases and controls 

SNP Fibrinogen γ’ (g/L) 
 Case n Control n p-value 
FGG 9340T>C      

CC 0.380 (0.138) 30 0.310 (0.098) 46 0.01 
TC 0.286 (0.109) 156 0.269 (0.106) 169 0.18 
TT 0.253 (0.121) 179 0.213 (0.096) 166 <0.001

p-value <0.001  <0.001   
FGA 2224G>A      

AA 0.222 (0.130) 45 0.212 (0.122) 54 0.69 
GA 0.271 (0.116) 172 0.253 (0.102) 178 0.11 
GG 0.301 (0.122) 148 0.260 (0.104) 149 0.002 

p-value 0.001  0.02   
FGB 1038G>A      

AA 0.371 (0.074) 8 0.244 (0.075) 13 0.001 
GA 0.284 (0.117) 106 0.285 (0.112) 105 0.99 
GG 0.272 (0.124) 251 0.236 (0.103) 263 <0.001

p-value 0.06  <0.001   

 Values are mean (SD) and number (n) of subjects in each group. 

(p<0.001), but not in patients. This SNP 
was excluded from the subsequent gene-
gene interaction analyses on the plasma 
fibrinogen γ’ concentration due to its LD 
with the other SNPs included in the 
present study (paper II).  
 
A significant epistatic effect, involving 
the FGG 9340T>C and FGA 2224G>A 
SNPs, on the plasma fibrinogen γ’ 
concentration was observed in both 
patients (p=0.047) and controls (p=0.02). 
In both groups, presence of the TT/AA 
haplotype was associated with signifi-
cantly lower plasma fibrinogen γ’ 
concentration as compared to the TT/GG 
haplotype (p<0.001). 
 
In patients, fibrinogen (9.2%), FGG 
9340T>C (5.9%), FGA 2224G>A 
(3.9%), HDL-cholesterol (1.4%), insulin 
(1.1%) and gender (0.9%) emerged as 
independent determinants of the plasma 

fibrinogen γ’ concentration, together 
accounting for 22.4% of the variation. In 
controls, FGG 9340T>C (10.4%), 
fibrinogen (3.4%) and FGA 2224G>A 
(2.2%) emerged as independent 
predictors, together accounting for 
16.0% of the variation in plasma 
fibrinogen γ’ concentration. 
 
Elevated plasma fibrinogen γ’ concentra-
tion was associated with a modest 
increase in risk of MI [unadjusted SOR 
(95%CI): 1.25 (1.09, 1.44)], that 
remained significant after controlling for 
the FGG 9340T>C SNP [SOR (95%CI): 
1.37 (1.17, 1.61)] and for the effects of 
age, gender, smoking, alcohol consump-
tion, BMI, fibrinogen, insulin, triglycer-
ides and HDL-cholesterol together with 
the FGG 9340T>C SNP [SOR (95%CI): 
1.31 (1.06, 1.62)]. In contrast, the ratio 
of plasma fibrinogen γ’ to total plasma 
fibrinogen concentration (the γ’/γA ratio) 
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Figure 9. Best predictive interaction model associated with risk of MI. (a) The corresponding
distribution of cases (dark bars in boxes) and controls (white bars in boxes) is depicted for each
multilocus genotype and variable combination. Note the shift in pattern of high-risk and low-risk
cells across the different multilocus dimensions, suggesting the presence of interaction. (b) Odds
ratios (ORs) for myocardial infarction across the different multilocus dimensions. The combined
distribution of variables in the cells denoted 2, 3 and 4 (Figure 9a, within the boxes demarcated
with bold lines) was used for calculation of ORs using the cells within 1* (demarcated with bold
lines) as reference category. 

was not associated with risk of MI. 
There was no association between the 
plasma fibrinogen γ’ concentration and 
fibrin clot structure or CAD severity 
scores. 
 
The FGG 9340T>C, FGA 2224G>A and 
FGB 1038G>A SNPs, the plasma 
fibrinogen γ’ and total fibrinogen 
concentrations (dichotomized using the 
75th percentile as cut-off values) were 
then evaluated in relation to risk of MI. 
A significant high-order interaction on 
the risk of MI (p=0.02 from permutation 
test) was detected between the fibrinogen 
γ’ concentration, the total fibrinogen 
concentration and the FGG 9340T>C 
and FGA 2224G>A SNPs. The best 
predictive model [ORMDR (95%CI): 3.2 

(2.4, 4.4)] was the result of a marked 
shift in the genotype frequency 
distributions amongst individuals with 
total plasma fibrinogen and/or fibrinogen 
γ’ concentrations in the top quartiles 
(Figure 9a).  
 
ORs for MI were then estimated using 
the non-carriers of the major FGG 9340T 
and FGA 2224G alleles who had both 
the plasma fibrinogen γ’ and total 
fibrinogen concentrations below the 75th 
percentile as a reference group (group 1* 
in Figure 9a and 9b). There was no 
difference in risk of MI between carriers 
of the major FGG 9340T and FGA 
2224G alleles (TC/GA plus TC/GG plus 
TT/GA plus TT/GG) who had a plasma 
fibrinogen γ’ concentration but not a 
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total plasma fibrinogen concentration 
above the 75th percentile (Figure 9a and 
9b, group 2) as compared with the 
reference group [OR (95%CI): 1.58 
(0.84, 2.99)]. Simultaneous presence of 
the major FGG 9340T and FGA 2224G 
alleles was more common amongst 
patients who had a total plasma 
fibrinogen concentration in the top 
quartile (p<0.0001; Figure 9a, group 3) 
as compared to the reference group and 
the risk of MI in these individuals was 
increased [OR (95%CI): 2.79 (1.53, 
5.08); Figure 9b, group 3]. Individuals 
who had both the total plasma fibrinogen 
and fibrinogen γ’ concentrations above 
the 75th percentile (Figure 9a, group 4) 
ran a further increase in the risk of MI 
[OR (95%CI): 3.33 (1.73, 6.40); Figure 
9b, group 4]. 
 
In conclusion, the plasma fibrinogen γ’ 
concentration is related to the risk of MI, 
independently of other risk factors and is 
involved together with the total plasma 
fibrinogen concentration and the FGG 
9340T>C and FGA 2224G>A htSNPs in 
a high-order interaction yielding a 3 fold 
increase in risk of precocious MI. 
 
Pleiotropic effects on IL6 
may partly explain the 
relationship between 
fibrinogen haplotypes and MI 
(paper V) 
Experimental evidence has indicated that 
fibrinogen stimulates the production of 
the pro-inflammatory cytokine IL6, 
which has been related to the risk of MI. 
Moreover, the F13A1 Val34Leu SNP 
has been shown to influence the IL6 
concentration.282 The main objective of 
the present study was to examine if 
genetic variation in the fibrinogen genes 
and the F13A1 Val34Leu SNP affects 
the serum IL6 concentration and whether 

such an influence may be related to the 
risk of MI. The SHEEP study sample has 
been used for these purposes. 
 
In general, the prevalence of 
cardiovascular risk factors was higher in 
patients than in controls. Gender-specific 
differences in risk factor distributions 
were observed: the female patients were 
older (p<0.001), had more frequently 
hypercholesterolemia (p<0.01), had a 
higher plasma fibrinogen concentration 
(p<0.001) and were less frequently 
smokers (p<0.001). 
 
All SNPs were in Hardy-Weinberg 
equilibrium and there were no 
differences in genotype or allele 
frequency distributions between cases 
and controls grouped according to 
gender. 
 
Four haplotypes were detected based on 
genotype data for the FGG 9340T>C and 
FGA 2224G>A SNPs: FGG-FGA*1 
(TG, prevalence 45%), FGG-FGA*2 
(TA, prevalence 25%), FGG-FGA*3 
(CG, prevalence 18%) and FGG-FGA*4 
(CA, prevalence 12%). In patients, the 
frequency distribution of the FGG-
FGA*1 haplotype differed significantly 
between men and women (p=0.004). In 
controls, the frequency distribution of 
the FGG-FGA*2 haplotye was 
significantly different according to 
gender (p=0.01).  
 
In male controls, the serum IL6 
concentration differed according to the 
FGA 2224G>A genotype (p=0.04), 
homozygotes for the A allele having 
significantly lower levels compared with 
homozygotes for the G allele [geometric 
mean (95%CI): 0.70 (0.42, 1.17) vs. 1.28 
(1.04, 1.58) ng/L, p=0.01]. Also amongst 
male controls, the FGG-FGA*1 haplo-
type was associated with a significantly 
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 Table 6. Serum IL6 concentration according to FGG-FGA haplotypes in cases and controls 
   Men   Women  

Haplotype  Cases Controls  Cases  Controls  

FGG-FGA*1 (TG)*       

Carrier  1.64 (1.48, 1.81) 1.15 (1.02, 1.29)  1.48 (1.28, 1.71) 1.41 (1.20, 1.65) 

Noncarrier  1.53 (1.25, 1.87) 0.79 (0.61, 1.02)   1.78 (1.35, 2.34) 1.78 (1.31, 2.41) 

p-value  0.57 0.004  0.22 0.19 

FGG-FGA*2 (TA)       

Carrier  1.63 (1.39, 1.90) 0.97 (0.79, 1.19)  1.51 (1.11, 1.70) 1.38 (1.21, 1.88) 

Noncarrier  1.61 (1.44, 1.80) 1.10 (0.98, 1.24)  1.58 (1.28, 1.84) 1.53 (1.35, 1.86) 

p-value  0.91 0.27  0.73 0.47 

FGG-FGA*3 (CG)       

Carrier  1.52 (1.28, 1.81) 1.06 (0.88, 1.27)   1.55 (1.21, 1.99) 2.23 (1.72, 2.89) 

Noncarrier  1.64 (1.48, 1.83) 1.06 (0.93, 1.20)  1.56 (1.34, 1.81) 1.28 (1.09, 1.51) 

p-value  0.50 0.99  0.98 <0.001 

FGG-FGA*4 (CA)       

Carrier  1.65 (1.39, 1.96) 0.82 (0.67, 1.00)  1.76 (1.43, 2.09) 1.33 (0.98, 1.79) 

Noncarrier  1.60 (1.44, 1.79) 1.19 (1.05, 1.35)  1.46 (1.23, 1.72) 1.55 (1.33, 1.80) 

p-value  0.78 0.001  0.18 0.32 

Values are presented as geometric means (95%CI). *Order of the alleles is FGG 9340T>C and FGA
2224G>A from left to right. 

higher serum IL6 concentration com-
pared with noncarriers of the haplotype 
[1.15 (1.02, 1.29) vs. 0.79 (0.61, 1.02) 
ng/L, p=0.004; Table 6]. Conversely, 
carriers of the FGG-FGA*4 haplotype 
had significantly lower serum IL6 
concentrations compared with non-
carriers of the haplotype [0.82 (0.67, 
1.00) vs. 1.19 (1.05, 1.35) ng/L, 
p=0.001]. Moreover, carriers of the 
FGG-FGA*4 haplotype had significantly 
lower serum IL6 concentration than 
carriers of the FGG-FGA*1 haplotype 
(p<0.001). Amongst women controls, 
presence of the FGG-FGA*3 haplotype 
was associated with significantly higher 
serum IL6 concentrations compared with 
non-carriers of this haplotype [2.23 
(1.72, 2.89) vs. 1.28 (1.09, 1.51) ng/L, 
p<0.001]. The F13A1 Val34Leu SNP 
was not associated with the serum IL6 
concentration either in women or in men. 
There was no difference in plasma 

fibrinogen concentration according to the 
FGG 9340T>C, FGA 2224G>A and 
F13A1 Val34Leu genotypes.  
 
In isolation, the FGG 9340T>C, FGA 
2224G>A and F13A1 Val34Leu SNPs 
were not associated with risk of MI. On 
the other hand, the FGG-FGA*2 
haplotype was associated with an 
increased risk of MI in men [OR 
(95%CI): 1.19 (1.04, 1.37)], and this 
association remained significant after 
adjustment for cardiovascular risk 
factors [adjusted OR (95%CI): 1.29 
(1.06, 1.58)] (Table 7). The FGG-
FGA*1 and FGG-FGA*4 haplotypes 
appeared to be associated with risk of MI 
after adjustment for cardiovascular risk 
factors [adjusted OR (95%CI): 1.29 
(1.02, 1.62) and 0.70 (0.57, 0.86), 
respectively]. Complementary analysis 
using the most common FGG-FGA*1 
haplotype as reference group generated 
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Table 7. Odds ratio (OR) for myocardial infarction in relation to FGG-FGA haplotypes 
 
Haplotype Men    Women   

 OR (95%CI), p-value* OR (95%CI), p-value† OR (95%CI), p-value‡  OR (95%CI), p-value* OR (95%CI), p-value† OR (95%CI), p-value‡ 

FGG-FGA*1 0.94 (0.80, 1.10); 0.45 1.12 (0.90, 1.39), 0.31 1.29 (1.02, 1.62); 0.03  0.76 (0.61, 0.96); 0.02 0.72 (0.53, 0.97), 0.03 0.77 (0.55, 1.08); 0.12 

FGG-FGA*2 1.19 (1.04, 1.37); 0.01 1.34 (1.11, 1.61), 0.002 1.29 (1.06, 1.58); 0.01  1.05 (0.85, 1.29); 0.66 1.09 (0.84, 1.41), 0.53 1.12 (0.83, 1.52); 0.45 

FGG-FGA*3 0.99 (0.85, 1.16); 0.91 0.79 (0.64, 0.97), 0.02 0.85 (0.69, 1.06); 0.16  1.11 (0.88, 1.40); 0.38 1.00 (0.75, 1.34), 0.99 0.80 (0.57, 1.12); 0.19 

FGG-FGA*4 0.89 (0.77, 1.03); 0.12 0.81 (0.67, 0.99), 0.04 0.70 (0.57, 0.86); <0.001  1.08 (0.87, 1.34); 0.46 1.21 (0.93, 1.58), 0.16 1.17 (0.87, 1.58); 0.31 

The reference category is all haplotypes but the one given. *ORs adjusted for age and residential area. †ORs adjusted
for age, residential area and IL6; ‡ORs adjusted for age, residential area, IL6, hypercholesterolemia, triglycerides,
insulin, hypertension, waist-to-hip ratio, smoking (never vs. former and current) and physical inactivity. 

 

similar results for the FGG-FGA*4 
haplotype [adjusted OR (95%CI): 0.68 
(0.53, 0.87), p=0.002] whereas the effect 
of the FGG-FGA*2 haplotype did not 
differ significantly from that of the most 
common haplotype.  
 
In women, the FGG-FGA*1 haplotype 
appeared to be protective when adjusting 
for age, residential area and IL6 
[adjusted OR (95%CI): 0.72 (0.53, 
0.97)]. However, this relationship was no 
longer significant when controlling for 
other risk factors in addition to IL6  
[adjusted OR (95%CI): 0.77 (0.55, 
1.08)]. Adjustment for the effects of 

either hormone replacement therapy or 
menopause did not influence the ORs 
[adjusted OR (95%CI): 0.75 (0.54, 1.06) 
and 0.79 (0.56, 1.11), respectively]. 
 
Thus, in healthy men, fibrinogen haplo-
types inferred using genotype data from 
the FGG 9340T>C and FGA 2224G>A 
htSNPs influence the serum IL6 
concentrations in a manner consistent 
with their relationship with MI, i.e. the 
risk-increasing haplotype FGG-FGA*1 
(TG) was associated with the highest IL6 
concentration, whereas the opposite was 
observed for risk-lowering haplotype 
FGG-FGA*4 (CA). 
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GENERAL DISCUSSION 
 
 
Plasma fibrinogen 
concentration and MI  
Atherothrombotic disease is by far more 
common in the North than in the South 
of Europe, and the factors underlying 
these differences are still unknown. 
Valuable insights are to be gained by 
studying potential risk factors such as 
fibrinogen amongst various ethnic 
groups from different geographical 
regions. Against this background, the 
relationship between the plasma 
fibrinogen concentration and MI has 
been explored in the SCARF study 
sample consisting of Northern European 
participants and in the HIFMECH study 
comprising individuals from four 
European centres: Stockholm, Sweden 
and London, UK (North of Europe) and 
Marseille, France and San Giovanni 
Rotondo, Italy (South of Europe). 
 
The results from these studies are in 
accordance with each other and with the 
notion that an elevated plasma fibrinogen 
concentration confers an increased risk 
of MI.180 Of note, based on results from 
the Prospective Epidemiological Study 
of Myocardial Infarction (PRIME) 
study283 it has been estimated that about 
30% of the higher risk of CHD in 
Northern Ireland compared with France 
may be ascribed to differences in plasma 
fibrinogen concentration. Striking 
differences in plasma fibrinogen concen-
tration were also observed among the 
European centres participating in the 
HIFMECH study. In particular, no case 
control differences in plasma fibrinogen 
concentrations were observed in MAR, 
the only centre in which BMI made a 
significant contribution to the plasma 

fibrinogen concentration amongst the 
healthy individuals. Since IL6 is partly 
produced in adipose tissue284 it is notable 
in this context that BMI is significantly 
higher amongst the controls from the 
South of Europe than amongst those 
from the North of Europe (p=0.01).281 
Moreover, patients from the South of 
Europe have significantly higher serum 
IL6 concentration and a higher 
percentage were smokers as compared to 
those from the North of Europe (p=0.002 
and p=0.003, respectively).281 These 
differences may be important since both 
IL6 and smoking are known to influence 
plasma fibrinogen concentration.20,50 
 
Relevant in this context is also the 
inconsistent relationship between genetic 
predisposition (i.e. the FGB promoter 
polymorphisms) and plasma fibrinogen 
concentration observed across the 
European centres. It is possible that these 
SNPs may not exert significant effects 
during chronic low-grade inflammatory 
conditions, hence emphasizing the 
critical role of context- and time-
dependency. Accordingly, it could be 
argued that the FGB promoter 
polymorphisms may exert significant 
effects on plasma fibrinogen concentra-
tion in response to a disease related 
stimuli which may be operating to a 
higher extent in the North than in the 
South of Europe. The fact that “centre” 
appeared to be an independent 
contributor to the plasma fibrinogen 
concentration in both patients and 
controls lends support to this argument. 
For instance, the Northern European 
climate is much colder than the Southern 
European, and since higher plasma 
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fibrinogen concentrations have been 
observed during winter,49 one could 
speculate that it may contribute to the 
higher prevalence of MI in North of 
Europe as compared to South of Europe. 
 
Since the cardiovascular risk factor 
profile and the genetic and 
environmental contribution to the plasma 
fibrinogen concentration varied across 
the centres, accounting for the effects of 
BMI, smoking and IL6 may have 
different effects on the strength of the 
relationship between plasma fibrinogen 
concentration and the risk of MI. 
Nevertheless, these data imply a causal 
relationship between fibrinogen and 
susceptibility to MI since in North of 
Europe the higher cardiovascular 
morbidity is accompanied by a 
significant association between the 
plasma fibrinogen concentration and MI, 
whereas the lower morbidity in South of 
Europe is unaccompanied by such an 
association (i.e. one would expect a 
higher morbidity in the South of Europe 
if plasma fibrinogen concentration would 
have been higher in patients than in 
controls after adjustment for potential 
confounders). 
 
Plasma fibrinogen γ’ 
concentration and MI 
To the best of our knowledge, paper IV 
reports the first case-control study in 
which the relationship between plasma 
fibrinogen γ’ concentration and risk of 
MI has been explored. The fibrinogen γ’ 
chain variant amounts to about 15% of 
the plasma fibrinogen concentration, and 
differs both structurally and functionally 
from the predominant fibrinogen γA 
chain. 

The results from this study indicate that 
elevated plasma fibrinogen γ’ 
concentration confers an increased risk 
of MI, independently of the total plasma 

fibrinogen concentration and other 
cardiovascular risk factors. The pre-
viously reported231 positive association 
between the plasma fibrinogen γ’ 
concentration and coronary artery 
stenosis (>50% stenosis) in a much 
smaller cohort of CAD patients (91 CAD 
patients and 42 controls) lends support to 
the findings obtained in the SCARF 
study sample.  

The means by which an elevated plasma 
fibrinogen γ’ concentration may confer 
an increased risk of atherothrombotic 
disease have as yet not been elucidated. 
The predominant fibrinogen γA chain is 
significantly more efficient in promoting 
platelet aggregation than the fibrinogen 
γ’ chain,28 a property conferred by its last 
carboxyl-terminal residues (QAGDV). 
Conversely, the carboxyl-terminal 
sequence of the fibrinogen γ’ chain 
variant comprises twenty anionic amino 
acids (VRPEHPAETEYDSLYPEDDL) 
that replaced the carboxyl-terminal 
residues of the fibrinogen γA chain 
(AGDV) and that contain high affinity 
binding sites for thrombin29 and FXIII.30 
Therefore, the physiological function of 
the fibrinogen γA/γ’ variant may be to 
render fibrin clots stability by acting as a 
biological reservoir of FXIII.32 It is 
notable in this context that fibrin 
augments the activation of FXIII by 
thrombin.285 The FXIII mediated cross-
linking provides the fibrin clot stability 
and strength to withstand the 
proteolytical forces in the blood.286,287 
Interestingly, the fibrinogen γA/γ’ 
variant was observed to accelerate the 
activation of FXIII by thrombin,288 
which may explain the more extensive 
cross-linking of fibrin clots formed in its 
presence.32,289 Although, it has become a 
matter of debate whether the fibrin clots 
formed by the fibrinogen γA/γ’ variant 
are more cross-linked or not230 the 
observation that these particular fibrin 
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clots are more resistant to fibrinolysis is 
consistent.32,230,289 Moreover, vitronectin, 
which is an abundant plasma glyco-
protein involved in complement activa-
tion and cell adhesion, preferentially 
binds to fibrin(ogen) γA/γ’ during 
coagulation290 and mediates the binding 
of PAI-1 to fibrin(ogen)291 and may 
therefore reinforce the fibrinolytic 
resistance of the fibrin clot.  
 
Clinically, hypofibrinolysis has been 
associated with precocious MI292 and 
venous thrombosis.42 Therefore, it could 
be argued that the higher risk of MI 
conferred by elevated plasma fibrinogen 
γ’ concentration might be due to the 
resistance to fibrinolyis of fibrin clots 
formed by this variant.32,230,289 Hence, 
the findings from this study may be 
clinically relevant as they suggest that 
individuals with an elevated plasma 
fibrinogen γ’ concentration may form 
fibrin clots that are more stable and 
which may therefore exhibit a delayed 
response to thrombolytic therapy. 
Accordingly, it is not unreasonable to 
envisage the fibrinogen γ’ variant as a 
potential fibrin clot specific therapeutical 
target. It is well-established that a rapidly 
restored vascular patency is essential in 
order to prevent or hinder further 
damage caused by a thrombus in a vital 
organ such as the heart or the brain (i.e. 
“time is muscle” and “time is brain”). 
Obviously, the novel findings herein 
presented need to be confirmed in 
independent studies.  
 
Fibrinogen SNPs and MI 
Thus far, the FGB gene has gained most 
of the attention in genotype-phenotype 
association studies since early 
experimental data indicated that the 
synthesis of the Bβ chain is the rate-
limiting step in the production of mature 
fibrinogen in hepatocytes.293 However, 

experimental evidence to suggest that 
overexpression of any of the fibrinogen 
genes is accompanied by a similar 
increase in the expression of the other 
two genes has also been reported294,295 
which allowed us to hypothesize that 
strategically located polymorphisms may 
have an overall impact on intermediate 
(i.e. plasma fibrinogen concentration and 
fibrin clot structure) and possibly on 
clinical (i.e. MI) phenotypes. Accord-
ingly, gene segments of presumed 
physiological significance were se-
quenced across the entire fibrinogen 
gene cluster and several SNPs have been 
detected. 
 
None of the fibrinogen SNPs appeared to 
have significant individual main effects 
on the risk of MI. Lack of association 
between the FGB -455G/A SNP and risk 
of MI has been reported before, in the 
SHEEP study78 and in several other 
studies.296,297 Moreover, none of the FGB 
haplotypes were related to risk of MI 
across the four European centres that 
participated in the HIFMECH study 
(paper I) and these findings were 
corroborated in the SCARF study (paper 
II).  
 
Conversely, in the SCARF study, the 
FGG*2 haplotype (containing the minor 
902A, 9340C and 9615C alleles, Table 
1), and the FGA*3 haplotype (containing 
the 2224A and Thr312 alleles) were 
found to be associated with lowered risk 
of MI. Furthermore, the FGG-FGA*4 
haplotype (containing the FGG 9340C 
and FGA 2224A alleles) also appeared to 
be protective and this finding was 
confirmed in male participants in the 
SHEEP study (paper V) but only after 
adjustment for potential confounders. 
The slightly inconsistent results between 
the SCARF and the SHEEP studies may 
partly reflect differences in study design 
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(i.e. inclusion and exclusion criteria, age 
range, exposures). 
 
The plasma fibrinogen concentration did 
not appear to be an intermediate 
phenotype linking fibrinogen haplotypes 
and MI. Several studies have reported 
that fibrinogen polymorphisms influence 
the plasma fibrinogen concentra-
tion.69,70,74 In contrast, the genome wide 
studies published so far have failed to 
detect any linkage peak corresponding to 
the fibrinogen gene cluster.86,87 
Nevertheless, considering the rather high 
genetic heritability estimates (20-50%) 
reported so far,44,66,67 it cannot be 
excluded that there are genetic variants 
confined to the fibrinogen gene cluster 
that may influence the plasma fibrinogen 
concentration. The noted lack of 
consistency could be due to (1) lack of 
any effects; (2) small effects sizes that 
are hard to detect; (3) low penetrance 
and expressivity (4) epistasis and (5) 
pleiotropy. 
 
The latter alludes to the existence of 
genes outside the fibrinogen gene cluster 
that may influence the plasma fibrinogen 
concentration. This possibility was 
addressed in the present thesis by 
exploring whether the IL6 1510G>C and 
the F13A1 Val34Leu SNPs influence the 
plasma fibrinogen concentration. The 
IL6 1510G>C SNP did not appear to 
have an individual main effect, in 
agreement with a previous study281 or to 
interact with any of the fibrinogen SNPs 
on plasma fibrinogen concentration. 
Furthermore, no significant variation in 
plasma fibrinogen concentration was 
observed according to F13A1 Val34Leu 
genotypes. On the other hand, this SNP 
appeared to interact with the FGA 
2224G>A SNP on plasma fibrinogen 
concentration in healthy individuals 
participating in the SCARF study. It 

must be emphasized, however, that this 
is a novel observation which lacks 
experimental support. Interestingly, the 
activated FXIII has been shown to have 
biological activities, like gene regulation, 
reaching beyond its role in hemostasis.298 
Therefore, the F13A1 Val34Leu 
polymorphism may indeed be involved 
in the regulation of plasma fibrinogen 
concentration. 
 
In conclusion, unless factors such as 
epistasis and pleiotropy are adequately 
taken into consideration one cannot 
exclude the possibility that genetic 
variation within and outside the 
fibrinogen gene cluster may influence 
the plasma fibrinogen concentration. 
Finally, other intermediate phenotypes 
may be operating and hence could 
explain the relationship between the 
fibrinogen haplotypes and MI.  
 
Effects of fibrinogen SNPs on 
intermediate phenotypes 
 
Fibrin clot structure 
The fibrin clot structure is a complex 
trait governed by an intricate interplay 
between genetic and environmental 
factors.145 Formation of a rigid fibrin clot 
structure consisting of thin and tightly 
packed fibers in vitro has been 
associated in vivo with increased risk of 
precocious MI.150 Therefore, factors 
having an unfavourable impact on the 
fibrin clot structure are also likely to 
confer an increased risk of MI. 
Accordingly, the observed relationship 
between the fibrinogen haplotypes, 
containing the FGG 9340T>C and FGA 
2224G>A htSNPs, and MI could be 
mediated via haplotypic effects on the 
fibrin clot structure. The FGG 9340T>C 
SNP is located in close vicinity to the 
splicing site that generates the fibrinogen 
γ’ chain variant, known to confer 
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resistance to fibrinolysis.32,230,289 
Moreover, the FGA 2224G>A promoter 
SNP may have regulatory functions and 
is in allelic association with the FGA 
Thr312Ala genotype known to influence 
the fibrin clot structure. Therefore, it is 
not unreasonable to presume that these 
SNPs may be associated with variation 
in fibrin clot structure and stability.  
 
An inverse correlation between the 
plasma fibrinogen concentration and the 
fibrin clot porosity was observed, in 
agreement with other studies.148,165 A 
low fibrin clot porosity, which can be 
considered a consequence of the clotting 
potential (i.e. fibrinogen and thrombin 
concentration),299 reflects a tighter clot 
structure that is less permeable and 
therefore more resistant against 
fibrinolysis.229,300 In addition, the 
relationship between the plasma 
fibrinogen concentration and the fibrin 
clot porosity seems to be influenced by 
other factors such as non-synonymous 
SNPs in the FGA and FXIII genes (i.e. 
the FGA Thr312Ala and FXIII 
Val34Leu polymorphisms)165,301 and as 
noted in this study by the FGA 
2224G>A promoter polymorphism. The 
rate of change in fibrin clot porosity at 
increasing plasma fibrinogen 
concentration varied significantly 
according to the FGA 2224G>A 
genotypes, being lowest in homozygotes 
for the minor FGA 2224A allele. A 
possible explanation for the latter finding 
could be that the FGA 2224G>A htSNP 
is a proxy for a functional SNP that has 
quantitative effects on the plasma 
fibrinogen concentration. Interestingly, 
evidence to suggest the presence of a 
quantitative trait locus in close vicinity to 
the FGA 2224G>A SNP has been 
reported,68 implying that this 
polymorphism may be involved in the 
regulation of the plasma fibrinogen 

concentration. Alternatively, our findings 
may reflect the LD between the FGA 
2224G>A SNP and the FGA Thr312Ala 
SNP (paper II), which in the present 
study could not be evaluated in relation 
to fibrin clot structure due to its linkage 
with the FGG 9340T>C SNP according 
to which the selection of the individuals 
was performed. 
 
The FGA Thr312Ala polymorphism is 
localized in a region implicated in the 
FXIII mediated cross-linking,155,156 
known to influence the fibrin clot 
stability and resistance to 
fibrinolysis.286,287 Interestingly, the 
FGA*3 haplotype, containing the FGA 
2224A and FGA Thr312 variants 
appeared to confer protection against MI 
and these two alleles are also present 
together with the FGG 9340C allele in 
the extended and also protective FGG-
FGA-FGB*5b haplotype. Notably, an 
increased risk of post-stroke mortality in 
patients with atrial fibrillation38 and of 
pulmonary embolism302 has been 
reported in the presence of the FGA 
312Ala allele as compared with the FGA 
Thr312 allele, which supports the 
observed protective effect of the FGA*3, 
FGG-FGA*4 and the FGG-FGA-
FGB*5b haplotypes. Additional support 
was provided by the observation that in 
the presence of the FGG-FGA*4 
haplotype, of which the FGA 2224A 
allele is a component, the rate of change 
in fibrin clot porosity is significantly 
lower at increasing plasma fibrinogen 
concentrations.  
 
In conclusion, the fibrin clot porosity 
seems to be an intermediate phenotype 
between the fibrinogen haplotypes and 
the risk of MI. The clinical implication 
of these findings is that individuals in 
whom the phenotypic response to 
environmental or disease related stimuli 
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may be stronger as a consequence of 
genetic predisposition could be identified 
before clinical disease develops. 
 
Epistatic effects on plasma fibrinogen 
γ’ concentration 
Nearly a century ago, William Bateson 
coined the term “epistasis” describing 
interactions between genes that may 
lead to novel phenotypes. Although it is 
a fundamental and ubiquitous biological 
phenomenon10 epistasis has been 
overlooked by far too long.303 A 
prerequisite for epistatic analyses is that 
the genetic variants in question are 
independent of each other, and, needless 
to say, biological plausibility is 
essential. 
 
Both genetic variation in the fibrinogen 
gene cluster and the fibrinogen γ’ 
concentration appeared to be related to 
the risk of MI. These findings posed the 
question of whether these genetic 
variants also influence the plasma 
fibrinogen γ’ concentration. And as 
Bateson said in 1902: “That is where our 
exact science will begin”. Indeed, the 
FGG 9340T>C and FGA 2224G>A 
genotypes appeared to have both 
individual main effects and to interact on 
plasma fibrinogen γ’ concentration. As a 
consequence of the latter the plasma 
fibrinogen γ’ concentration was 
significantly higher in patients than in 
controls in carriers of the TT/GG 
genotypes. Carriers of the TT/GG 
haplotype might exhibit a more 
pronounced increase in plasma 
fibrinogen γ’ concentration in response 
to disease related stimuli.  
 
Thus, the increased risk of MI in carriers 
of the TT/GG haplotype may be partly 
mediated via effects on the plasma 
fibrinogen γ’ concentration.  
 

Pleiotropic effects on serum IL6 
concentration 
Inflammation has been recognized as a 
key component in the etiology of 
atherosclerosis.3 IL6 is a pro-
inflammatory cytokine that has been 
demonstrated to be an active partaker in 
processes leading to endothelial 
dysfunction219 and development of 
atherosclerotic plaques.304 Local 
elevations of IL6 concentrations seem 
to reflect plaque instability305 whereas 
systemic elevations have been observed 
in patients with unstable angina 
pectoris306 and may confer an increased 
risk of future MI among seemingly 
healthy men.307 
 
In this light, the regulation of the serum 
IL6 concentration seems to be of 
importance. Interestingly, one decade 
ago Smith et al308 stated that there is 
convincing evidence that fibrin(ogen) 
“fragment E  stimulates macrophages 
and connective tissue cells to produce 
interleukin-6”. Since then, even more 
experimental evidence has accumulated, 
implicating fibrinogen in the regulation 
of IL6 production.221,309 It could be 
argued that such pleiotropic effects (i.e. 
effects of a gene on more than one 
phenotype) at sites of inflammation 
such as atherosclerotic plaques may 
amplify the response to injury, hence 
exacerbating the atherogenic processes 
that culminate in overt atherothrombotic 
disease.  
 
Therefore, the possibility that fibrinogen 
gene variants may exert pleiotropic 
effects on serum IL6 concentrations was 
addressed in the SHEEP study. In male 
participants, the fibrinogen haplotypes 
FGG-FGA*1 and FGG-FGA*4 appeared 
to influence the serum IL6 concentration 
in a manner consistent with their impact 
on risk of MI: i.e. the FGG-FGA*1 
haplotype which appeared to confer an 
increased risk of MI, was associated with 
increased serum IL6 concentrations, 
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whereas the opposite relationship was 
observed for the protective FGG-FGA*4 
haplotype. The same associations were 
not found in women, which may be 
ascribed to differences in molecular and 
cellular (patho)physiology of the 
cardiovascular system between 
genders.310 Notably, the serum IL6 
concentration differs significantly 
between male cases and controls, while 
no such differences were noted amongst 
women. Therefore, the serum IL6 
concentration may be a better risk 
indicator in men and than in women 
participating in the SHEEP study,311 
which is in agreement with recent 
findings from the prospective FINRISK 
study.312  
 
In conclusion, these results strengthen 
the line of evidence implicating the FGG 
9340T>C and FGA 2224G>A SNPs as 
contributors to the risk of MI. A dynamic 
crosstalk between the inflammation and 
coagulation pathways is likely to 
contribute to the complex mechanisms 
underlying MI. Therefore it is not 
unreasonable to conceive a bidirectional 
relationship between fibrinogen and IL6 
that may be of importance in relation to 
MI. Nevertheless, these novel data need 
be confirmed and extended in 
independent epidemiological and 
experimental study settings. 
 
Gene-gene and gene-
environment interactions in 
relation to MI 
One of the objectives of this thesis was 
to study gene-gene and gene-
environment interactions in relation to 
MI. Such studies are quite challenging to 
perform, given the multidimensional 
nature of MI, i.e. considering that an 
intricate interplay between genetic and 
environmental factors contribute to its 
etiology. The importance of the 

environmental factors is well established. 
In contrast, despite the numerous 
genotype-phenotype association studies 
conducted so far, very few have 
provided consistent results (e.g. the 
ApoE studies). There are several reasons 
for these inconsistencies. Firstly, MI is a 
polygenic disease. Therefore, most genes 
involved are likely to have small effect 
sizes that are difficult to detect. 
Secondly, epistatic effects play an 
important role. However, these types of 
effects are often missed, partly because 
they are not considered at all in most 
genotype-phenotype association studies 
and also because the SNPs without 
individual main effects are usually 
excluded from further analyses. In 
addition, epistatic effects are easily 
overlooked when inadequate statistical 
tools are employed.  
 
In the studies performed within the 
framework of this thesis, SNPs from 
different pathways (i.e. the coagulation 
and inflammation pathways) have been 
examined in relation to MI. None of 
these SNPs appeared to have any 
individual main effect on the risk of MI. 
These findings were in accordance with 
studies reporting lack of association 
between the IL6 1510G>C (known as 
the -174G>C SNP) and the F13A1 
Val34Leu SNPs and risk of MI.313,314 
However, an array of data indicating that 
these two SNPs contribute to the 
variation in the risk of MI has also been 
reported.162,315 This posed the question of 
whether these SNPs would behave 
differently when studied simultaneously 
in a broader genetic and environmental 
context. The MDR method, which seems 
to be better adapted for studies of 
multilocus associations, was employed 
in order to approach this question. 
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In the first analyses the FGG 9340T>C, 
FGA 2224G>A, FGB 1038G>A, IL6 
1510G>C and F13A1 Val34Leu SNPs 
were included and the most 
parsimonious significant model of 
interaction consisted of the FGG 
9340T>C and FGB 1038G>A SNPs. 
These results were confirmed by logistic 
regression analyses and also by 
haplotype analyses. Thus, the IL6 
1510G>C and F13A1 Val34Leu SNPs 
did not appear to have a predictive value 
above the one offered by the fibrinogen 
SNPs. However, the gene-gene 
interaction model consisting of the FGG 
9340T>C and the FGB 1038G>A SNPs 
had a rather low predictive accuracy. In 
the subsequent analyses, environmental 
factors, e.g. smoking, waist-to-hip ratio, 
alcohol consumption and risk factors 
such as hypertension, dyslipidemia and 
hyperglycemia, were added and as 
expected their effect was much stronger 
than the effects of these SNPs. A 
dyslipidemic phenotype together with 
increased waist-to-hip ratio appeared to 
offer a higher predictive accuracy, 
emphasizing the importance of these risk 
factors in relation to risk of MI. 
 
Potential interactions on MI risk were 
then searched for between the plasma 
fibrinogen γ’ and total fibrinogen 
concentrations and the FGG 9340T>C 
and FGA 2224G>A SNPs which 
appeared to be independently related to 
MI. The FGB 1038G>A was also 
included in these analyses since it 
appeared to interact with the FGG 
9340T>C SNP on the risk of MI. A high 
order interaction model, involving the 
plasma fibrinogen γ’ and total fibrinogen 
concentrations and the FGG 9340T>C 
and FGA 2224G>A SNPs was noted to 
confer a 3 fold increase in risk of MI. 
This constellation of factors appeared to 
confer a higher risk of MI than the one 

involving the FGG 9340T>C and FGB 
1038G>A SNPs (ORMDR 3.2 vs 1.8). 
Individuals having a plasma fibrinogen 
γ’ and total fibrinogen concentrations 
above the 75th percentile and who are 
carriers of the major FGG 9340T and 
FGA 2224G alleles run the highest risk 
of MI. Notably, these findings lend 
further support to the observation that 
fibrinogen haplotypes contribute to the 
variation in risk of MI, as the major FGG 
9340T and FGA 2224G alleles are part 
of the haplotype that appeared to confer 
an increased risk (i.e. the FGG-FGA*1 
haplotype) and are involved in the high-
order interaction model.  
 
Thus, both the genetic and the 
environmental context in which 
genotype-phenotype association studies 
are performed play a major role. 
Notably, a gene may have a certain 
effect against a particular genetic 
background, and none/or the opposite 
effect against another genetic 
background. This may explain why it is 
so difficult to replicate studies in 
different genetic backgrounds. 
 
In conclusion, epistasis involving 
fibrinogen gene polymorphisms and the 
plasma fibrinogen γ’ and total fibrinogen 
concentrations contribute to the risk of 
MI. These results may pave the way for 
new gene tests, which could contribute to 
improved risk assessment strategies. 
Also, they might help identifying 
individuals in whom the fibrin clot 
structure may be more thrombogenic and 
display an impaired response to 
thrombolytic therapy due to an increased 
total plasma fibrinogen and fibrinogen γ’ 
concentration in genetically predisposed 
individuals (i.e. carriers of the FGG 
9340T and FGA 2224G alleles). 
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Methodological 
considerations 
The data presented in this thesis rest on 
findings from three population-based 
case-control studies, namely the 
HIFMECH, the SCARF and the SHEEP 
studies. A case-control study design is a 
powerful epidemiological tool. However, 
one must bear in mind that it confers 
several limitations, which in the worst-
case scenario might undermine and 
invalidate the results.  
 
First, case-control studies are prone to 
confounding due to differential 
ascertainment of exposures between 
cases and controls. However, all three 
studies included in the present thesis 
have limited this possibility by including 
survivors of a first MI, thus reducing the 
risk that individuals with previously 
overt cardiovascular disease have 
changed their lifestyle. In this way, the 
possibility that inflammation, which is a 
hallmark of atherothrombotic disease, 
may have influenced the plasma 
fibrinogen concentration has also been 
reduced. On the other hand, it cannot be 
excluded that lifestyle modifications 
(e.g. smoking cessation, improved diet 
and increase physical activity) may have 
occurred in the early post-MI period. 
Moreover, since the analyses conducted 
in the present thesis have been restricted 
to postinfarction patients who survived 
the acute event, it cannot be excluded 
that subjects who died had a different 
genetic predisposition and/or different 
exposures to the risk factors studied, 
which may have been a source of 
selection bias. 
 
Second, the selection of the controls is 
critical for the validity of the 
comparisons of the exposures. The 
controls included in the three study 
samples have been recruited from the 

general population and from the same 
catchment areas as the patients. In 
addition, the controls were matched for 
age and sex, and were free from 
clinically overt cardiovascular disease. In 
the SHEEP study, five control candidates 
were sampled at the same time, in order 
to limit the risk of ending up with fewer 
controls due to non-responders. Due to a 
late response from some of the initial 
controls, occasionally both the initial and 
the alternative controls have been 
included. As a consequence, there are 
more controls than patients in the 
SHEEP study group. 
 
Third, recall bias is a limitation inherent 
in the retrospective design of case-
control studies. For instance, patients 
might be more prone to remember things 
potentially related to the disease but that 
may not always be completely accurate 
or relevant.  
 
Fourth, the assessment of some of the 
exposures considered in the present 
thesis is based on biological assays, 
which even under optimal circumstances 
are not free of error. The method itself, 
the technical expertise and the biological 
variability of exposures like fibrinogen 
may influence the results. The plasma 
fibrinogen concentration, a key exposure 
considered in the present thesis, has been 
measured by the Clauss assay,265 which 
seems to be quite robust.316 However, 
there are various assays of fibrinogen 
that are known to yield different 
concentrations. For instance, the 
prothrombin time assay gives higher 
fibrinogen values than the Clauss 
assay.317 On the other hand, the immuno-
nephelometric method does not differ 
significantly from the syneresis method 
within a certain range of plasma 
fibrinogen concentration (2-12 g/L).318 
Nevertheless, despite the different 
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Figure 10. Myocardial infarction is a multidimensional condition caused by a complex
interplay between genetic and environmental factors through effects on intermediate
phenotypes. 

fibrinogen assays employed, most 
studies have provided consistent 
evidence to suggest that plasma 
fibrinogen concentration is an 
independent predictor of CHD.180 
 
Case-control studies, however, offer 
many advantages as well. They are 
attractive since a fairly rapid and cost-
effective recruitment of study 
participants can be achieved. Moreover, 
case-control studies allow for the 
evaluation of a plethora of exposures. 
Given that, due to the rapid development 
of high-throughput SNP genotyping 
platforms, genome-wide association 
studies are becoming feasible,319 well 
defined clinical study samples like 
SCARF, SHEEP and HIFMECH will be 
invaluable in the search for disease-
causing genes.  
 
Future perspectives 
While numerous epidemiological studies 
indicate that fibrinogen is an independent 
predictor of MI, the central question of 

causality remains an area of future 
research. Evidence from in vitro studies, 
clinical studies and animal models 
implicates, indeed, fibrinogen as more 
than a simple bystander in the initiation, 
progression and exacerbation of 
atherothrombotic disease. Genetic 
variation in the fibrinogen gene cluster 
seems to predict the risk of MI, and this 
relation might entail effects on (1) fibrin 
clot structure, (2) serum IL6 
concentration and (3) plasma fibrinogen 
γ’ concentration (Figure 10). An altered 
fibrin clot structure with low porosity 
may be more thrombogenic, whereas a 
raised plasma fibrinogen γ’ concentration 
may render such clots resistant to 
fibrinolysis, and elevated serum IL6 and 
plasma fibrinogen concentrations may 
signal the occurrence of progressive 
systemic inflammation, which at the 
plaque level reflects instability and 
propensity to rupture.  
 
At first glance, it appears quite peculiar 
that the plasma fibrinogen concentration 
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seems not to be an intermediate 
phenotype linking fibrinogen SNPs to 
MI. First, this could be due to the 
multidimensionality of such complex 
traits. For instance, trans-acting loci (i.e. 
genes encoding transcription factors) 
may be quantitatively more important for 
the regulation of gene expression than 
cis-acting variation in the gene itself.320 
Moreover, an array of different genes 
and environmental factors may be 
operating in different individuals. 
Furthermore, the ubiquitous nature of 
epistasis and pleiotropy add yet another 
level of complexity in this context. 
Second, environmental and/or disease 
related stimuli could evoke a stronger 
increase in the plasma fibrinogen 

concentration in genetically predisposed 
individuals that may be more important 
than the basal concentrations. Third, it 
cannot be excluded that the local 
enrichment of fibrin(ogen) in developing 
plaques is more detrimental than the 
systemic elevations in the plasma 
fibrinogen concentration may suggest. 
Accordingly, the role of fibrin(ogen) in 
atherothrombotic disease  needs to be 
clarified at the plaque level, which 
requires a wide spectrum of in vitro, 
animal and clinical studies. Such studies 
may substantiate the relationship 
between fibrinogen SNPs and MI, which 
for the time being seems so fragile, 
subtle and difficult to seize. 
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CONCLUSIONS 
 
 
Plasma fibrinogen concentration is an independent risk factor for MI.  
 
Elevated plasma fibrinogen γ’ concentration is associated with increased risk of MI.  
 
Genetic variants in the fibrinogen genes contribute to the variation in risk of MI and this 
association seems to be mediated through effects on plasma fibrinogen γ’ concentration, 
fibrin clot structure and serum IL6 concentration.  



 

Maria Nastase Mannila 60 

ACKNOWLEDGEMENTS 
 
 
This thesis has been performed at the Atherosclerosis Research Unit, King Gustaf V Research 
Institute (GV), Karolinska Institutet. I consider the opportunity given to become a researcher as 
a privilege merged with a tremendous responsibility for the future. As a PhD student, I have 
experienced and expressed a myriad of contrasting feelings, I have encountered and dealt with 
not only SNPs, but also with some of the Murphy's Laws of Research and I have interacted with 
people that in one way or the other have contributed to this thesis. Therefore, I would like to 
express my gratitude in particular to: 
 
All the participants in the HIFMECH, SCARF and SHEEP studies, for your invaluable 
contribution to science. 
 
Associate professor Angela Silveira, my main supervisor, for initially impressing me with a 
well-organized biochemistry laboratory; for the time given; for allowing me to be independent 
and to be the driving force in the projects performed in the framework of this thesis; for making 
it possible for me to combine family life with work. 
 
Professor Anders Hamsten, my co-supervisor, for kindly giving me the opportunity to work at 
GV; for introducing me into the fibrinogen world; for inspiring me with elegant and pragmatic 
formulations when revising the manuscripts; for all the time given despite tremendous amounts 
of assignments; for being a raw-model as a researcher and clinician. 
 
Associate professor Per Eriksson, my co-supervisor, for sharing some of your molecular 
biology knowledge; for being optimistic and encouraging; for allowing me to “gaffla” and stand 
up for my ideas (in other words: thank you for fruitful scientific discussions). 
 
Professor Ulf de Faire, co-author, for providing a pleasant and fruitful collaboration climate. 
Karin Leander, PhD, co-author and Gunnel Gråberg, SAS programming expert, for your 
kindness and for providing me with the data that I needed. Professor Björn Wiman, co-author, 
for your support and encouragement. Anna Bennet, for helping with the DNA samples.    
 
Doctor Ann Samnegård, co-author, for all your hard and thorough endeavours with SCARF; 
for being one of the most focused, hardworking and inspiring PhD students at GV. 
 
My other co-authors, Pia Lundman, PhD, Per Tornvall, associate professor and Carl-Göran 
Ericsson, associate professor, for all your efforts with the SCARF study sample; David 
Farrell, associate professor, Steven Kazmierczak, professor, Rehana Lovely, PhD for the 
fibrinogen γ’ measurements; Steve Humphries, professor, Emma Hawe, statistician, John 
Yudkin, professor and all the other collaborators involved in the HIFMECH study, for a fruitful 
collaboration. 
 
My dear friend/”kompis” Josefin Skogsberg, PhD, for all the joy and laughter especially during 
our lunch “updates”; for inspiring me by working hard and with tremendous enthusiasm; for 



 

  Fibrinogen and Myocardial Infarction 61

being kind and unselfish; for all the “3 for 20”; for being a patient listener; not least for your 
encouragement and support. 
 
Senior researchers at GV for contributing to a good academic environment: Ewa Ehrenborg, 
associate professor, for introducing me into the GV laboratory and for being so encouraging; 
Ferdinand van’t Hooft, PhD, for teaching me how to prepare optimal sequencing conditions; 
Rachel Fisher, associate professor, for nifty questions during our Wednesday meetings; Johan 
Björkegren, associate professor, for interesting mice models and for bringing the sophisticated 
and complex world of bioinformatics to GV; Alejandro Bertorello, associate professor, for 
being so dedicated to your work and to your PhD students. Jakob Lagerkrantz, PhD, for 
inspiring by seemingly balancing family life with different professional assignments. 
 
Doctor Karin Schenck-Gustafsson, associate professor, for your enthusiasm and dedication to 
the woman heart. Doctor Mai-Lis Hellenius, associate professor, for promoting healthier life 
style habits. All the doctors I met during my internship at the Karolinska University Hospital, 
Solna, for your genuine dedication to the patients and for sharing your vast knowledge and 
skills with me. 
 
All my present and former colleagues at GV: Anna Aminoff, for being a nice room-mate; 
Alexander Kovacs, for sharing my interest in system biology; Camilla Skoglund Andersson, 
for being so verbal and encouraging; Helena Ledmyr, for organizing the indispensable cake list 
during your previous life as a PhD-student at GV; Karl Gertow, for being such a gentleman 
and providing me with coffee and candies; Katya Chernogubeva, for interesting talks about 
family; Katja Kannisto, for being so enormously ambitious and courageous; Monsur Kazi, for 
your touching life journey; Maria Kolak, for being kind and hardworking; Per Sjögren, for not 
providing me with candies but instead trying hard to make me adopt a more prudent dietary 
habit; for contributing to a nice atmosphere in the PhD-student room; Petra Thulin, for being 
hardworking and such a nice room-mate; Sergey Krapivner, for your help with the sequencing 
machine; Tiina Skoog, for all the talks about life and family; Zhongpei Chen, for your 
kindness and unselfishness; Kerstin Lundell, for understanding me at the very essential 
humoristic level; Karin Stenström, for being so contagiously energetic; Marie Björnstedt-
Bennermo, Fei Chen, Zhu Chaoyong, Kristina Eneling, Massimiliano Ria, Sergej Popov, 
Mattias Sjöström, Dick Wågsäter, Sara Hägg and all the new colleagues that moved to GV 
from CGB.  
 
Anita Larson, Barbro Burt, Karin Husman, Karin Danell-Toverud, Peri Noori, Birgitta 
Söderberg, Karin Björklund-Jonsson, Karolina Anner for contributing to the nice 
atmosphere at GV; Magnus Mossfeldt, for being so helpful with computer issues. Ami 
Björkholm, for your excellent secretarial assistance; Caroline Hamilton, Camilla Berg, 
Karin Blomberg, Christina Hadders-Medin and Malin Toverud for your kind behaviour 
towards me. 
 
My dear friend Diana Radu, MD, PhD and Mikael Djurfeldt, for encouragement and support 
and for very nice dinners. 
 
My dear Kerstin and Eric Ulander, for embracing me into your family once upon a time; for 
sharing your passion for exact sciences with me; for encouraging me to believe in myself. 



 

Maria Nastase Mannila 62 

My dear parents-in-law, Majlis and Aulis Mannila, for embracing me into your family; for 
being the best parents Kenth could ever have. Anna Ericsson, my sister-in-law, Jörgen, 
Matilda and Isabel, for vivid family dinners. 
 
My dear sister, Corina Nilsson, for you love, support and encouragement; for having a golden 
heart; for being so strong and upright; for being the wonderful mother of the lovely Alexandra 
and Christoffer. 
 
My dear parents, Elena and Ioan Nastase, for your endless love and support; for always 
believing in me; for your patience; for never hesitating to give me your precious time whenever 
I needed it. 
 
My dear husband Kenth and our children, Rebecka, Cassandra and Maximilian, for all the 
reasons that cannot be expressed here… 



 

  Fibrinogen and Myocardial Infarction 63

REFERENCES 
 
 
1. Yusuf S, Hawken S, Ounpuu S, et 

al. Effect of potentially modifiable 
risk factors associated with 
myocardial infarction in 52 
countries (the INTERHEART 
study): case-control study. Lancet. 
2004; 364: 937-52. 

2. Libby P. The forgotten majority: 
unfinished business in cardio-
vascular risk reduction. J Am Coll 
Cardiol. 2005; 46: 1225-8. 

3. Hansson GK. Inflammation, athero-
sclerosis, and coronary artery 
disease. N Engl J Med. 2005; 352: 
1685-95. 

4. Ajjan R, Grant PJ. Coagulation and 
atherothrombotic disease. Athero-
sclerosis. 2005. 

5. Marenberg ME, Risch N, Berkman 
LF, et al. Genetic susceptibility to 
death from coronary heart disease in 
a study of twins. N Engl J Med. 
1994; 330: 1041-6. 

6. Fischer M, Broeckel U, Holmer S, et 
al. Distinct heritable patterns of 
angiographic coronary artery disease 
in families with myocardial 
infarction. Circulation. 2005; 111: 
855-62. 

7. Samani NJ, Burton P, Mangino M, 
et al. A genomewide linkage study 
of 1,933 families affected by 
premature coronary artery disease: 
The British Heart Foundation (BHF) 
Family Heart Study. Am J Hum 
Genet. 2005; 77: 1011-20. 

8. Lusis AJ. Genetic factors in 
cardiovascular disease. 10 questions. 
Trends Cardiovasc Med. 2003; 13: 
309-16. 

9. Weiss LA, Pan L, Abney M, et al. 
The sex-specific genetic architecture 
of quantitative traits in humans. Nat 
Genet. 2006; 38: 218-22. 

10. Moore JH. The ubiquitous nature of 
epistasis in determining susceptibi-
lity to common human diseases. 
Hum Hered. 2003; 56: 73-82. 

11. Sing CF, Stengard JH, Kardia SL. 
Genes, environment, and cardio-
vascular disease. Arterioscler 
Thromb Vasc Biol. 2003; 23: 1190-
1196. 

12. Mosesson MW, Finlayson JS, 
Umfleet RA. Human fibrinogen 
heterogeneities. 3. Identification of 
chain variants. J Biol Chem. 1972; 
247: 5223-7. 

13. Mosesson MW. Fibrinogen gamma 
chain functions. J Thromb Haemost. 
2003; 1: 231-8. 

14. Kant JA, Fornace AJ, Jr., Saxe D, et 
al. Evolution and organization of the 
fibrinogen locus on chromosome 4: 
gene duplication accompanied by 
transposition and inversion. Proc 
Natl Acad Sci U S A. 1985; 82: 
2344-8. 

15. Huber P, Laurent M, Dalmon J. 
Human beta-fibrinogen gene 
expression. Upstream sequences 
involved in its tissue specific 
expression and its dexamethasone 
and interleukin 6 stimulation. J Biol 
Chem. 1990; 265: 5695-701. 

16. Hu CH, Harris JE, Davie EW, et al. 
Characterization of the 5'-flanking 
region of the gene for the alpha 
chain of human fibrinogen. J Biol 
Chem. 1995; 270: 28342-9. 

17. Mizuguchi J, Hu CH, Cao Z, et al. 
Characterization of the 5'-flanking 
region of the gene for the gamma 
chain of human fibrinogen. J Biol 
Chem. 1995; 270: 28350-6. 

18. Otto JM, Grenett HE, Fuller GM. 
The coordinated regulation of 
fibrinogen gene transcription by 
hepatocyte-stimulating factor and 
dexamethasone. J Cell Biol. 1987; 
105: 1067-72. 

19. Shih CH, Chen SL, Yen CC, et al. 
Thyroid hormone receptor 
dependent transcriptional regulation 
of fibrinogen and coagulation 
proteins. Endocrinology. 2004. 

20. Dalmon J, Laurent M, Courtois G. 
The human beta fibrinogen 
promoter contains a hepatocyte 
nuclear factor 1-dependent 
interleukin-6 responsive element. 
Mol Cell Biol. 1993; 13: 1183-93. 

21. Gervois P, Vu-Dac N, Kleemann R, 
et al. Negative regulation of human 
fibrinogen gene expression by 
peroxisome proliferator-activated 



 

Maria Nastase Mannila 64 

receptor alpha agonists via 
inhibition of CCAAT box/enhancer-
binding protein beta. J Biol Chem. 
2001; 276: 33471-7. 

22. Henschen-Edman AH. Fibrinogen 
non-inherited heterogeneity and its 
relationship to function in health and 
disease. Ann N Y Acad Sci. 2001; 
936: 580-93. 

23. Redman CM, Xia H. Fibrinogen 
biosynthesis. Assembly, intracellu-
lar degradation, and association with 
lipid synthesis and secretion. Ann N 
Y Acad Sci. 2001; 936: 480-95. 

24. de Maat MP, Verschuur M. 
Fibrinogen heterogeneity: inherited 
and noninherited. Curr Opin 
Hematol. 2005; 12: 377-83. 

25. Fornace AJ, Jr., Cummings DE, 
Comeau CM, et al. Structure of the 
human gamma-fibrinogen gene. 
Alternate mRNA splicing near the 3' 
end of the gene produces gamma A 
and gamma B forms of gamma-
fibrinogen. J Biol Chem. 1984; 259: 
12826-30. 

26. Chung DW, Davie EW. Gamma and 
gamma' chains of human fibrinogen 
are produced by alternative mRNA 
processing. Biochemistry. 1984; 23: 
4232-6. 

27. Wolfenstein-Todel C, Mosesson 
MW. Human plasma fibrinogen 
heterogeneity: evidence for an 
extended carboxyl-terminal 
sequence in a normal gamma chain 
variant (gamma'). Proc Natl Acad 
Sci U S A. 1980; 77: 5069-73. 

28. Farrell DH, Thiagarajan P, Chung 
DW, et al. Role of fibrinogen alpha 
and gamma chain sites in platelet 
aggregation. Proc Natl Acad Sci U S 
A. 1992; 89: 10729-32. 

29. Meh DA, Siebenlist KR, Mosesson 
MW. Identification and 
characterization of the thrombin 
binding sites on fibrin. J Biol Chem. 
1996; 271: 23121-5. 

30. Siebenlist KR, Meh DA, Mosesson 
MW. Plasma factor XIII binds 
specifically to fibrinogen molecules 
containing gamma chains. 
Biochemistry. 1996; 35: 10448-53. 

31. Moaddel M, Farrell DH, Daugherty 
MA, et al. Interactions of human 
fibrinogens with factor XIII: roles of 
calcium and the gamma' peptide. 
Biochemistry. 2000; 39: 6698-705. 

32. Falls LA, Farrell DH. Resistance of 
gammaA/gamma' fibrin clots to 
fibrinolysis. J Biol Chem. 1997; 
272: 14251-6. 

33. Farrell DH. Pathophysiologic roles 
of the fibrinogen gamma chain. Curr 
Opin Hematol. 2004; 11: 151-5. 

34. Fu Y, Grieninger G. Fib420: a 
normal human variant of fibrinogen 
with two extended alpha chains. 
Proc Natl Acad Sci U S A. 1994; 91: 
2625-8. 

35. Mosesson MW, DiOrio JP, 
Hernandez I, et al. The ultrastructure 
of fibrinogen-420 and the fibrin-420 
clot. Biophys Chem. 2004; 112: 
209-14. 

36. Lishko VK, Yakubenko VP, 
Hertzberg KM, et al. The 
alternatively spliced alpha(E)C 
domain of human fibrinogen-420 is 
a novel ligand for leukocyte 
integrins alpha(M)beta(2) and 
alpha(X)beta(2). Blood. 2001; 98: 
2448-55. 

37. Holm B, Nilsen DW, Godal HC. 
Evidence that low molecular 
fibrinogen (LMW) is formed in man 
by degradation of high molecular 
weight fibrinogen (HMW). Thromb 
Res. 1986; 41: 879-84. 

38. Carter AM, Catto AJ, Grant PJ. 
Association of the alpha-fibrinogen 
Thr312Ala polymorphism with 
poststroke mortality in subjects with 
atrial fibrillation. Circulation. 1999; 
99: 2423-6. 

39. Seydewitz HH, Witt I. Increased 
phosphorylation of human fibrin-
opeptide A under acute phase 
conditions. Thromb Res. 1985; 40: 
29-39. 

40. Blomback B, Grondahl NJ, Hessel 
B, et al. Primary structure of human 
fibrinogen and fibrin. II. Structural 
studies on NH2-terminal part of 
gamma chain. J Biol Chem. 1973; 
248: 5806-20. 

41. Roberts HR, Stinchcombe TE, 
Gabriel DA. The 
dysfibrinogenaemias. Br J 
Haematol. 2001; 114: 249-57. 

42. Collet JP, Soria J, Mirshahi M, et al. 
Dusart syndrome: a new concept of 
the relationship between fibrin clot 
architecture and fibrin clot 
degradability: hypofibrinolysis 
related to an abnormal clot structure. 
Blood. 1993; 82: 2462-9. 



 

  Fibrinogen and Myocardial Infarction 65

43. Folsom AR. Epidemiology of 
fibrinogen. Eur Heart J. 1995; 16 
Suppl A: 21-3; discussion 23-4. 

44. Friedlander Y, Elkana Y, Sinnreich 
R, et al. Genetic and environmental 
sources of fibrinogen variability in 
Israeli families: the Kibbutzim 
Family Study. Am J Hum Genet. 
1995; 56: 1194-206. 

45. Eriksson JG, Forsen T, Tuomilehto 
J, et al. Early growth and coronary 
heart disease in later life: 
longitudinal study. Bmj. 2001; 322: 
949-53. 

46. Tuya C, Mutch WJ, Broom I, et al. 
The effect of birth weight on 
clottable and intact fibrinogen 
levels: a twin study. J Thromb 
Haemost. 2005; 3: 1143-8. 

47. Tofler GH, Massaro J, Levy D, et al. 
Relation of the prothrombotic state 
to increasing age (from the 
Framingham Offspring Study). Am 
J Cardiol. 2005; 96: 1280-3. 

48. Stout RW, Crawford V. Seasonal 
variations in fibrinogen concentra-
tions among elderly people. Lancet. 
1991; 338: 9-13. 

49. Woodhouse PR, Khaw KT, 
Plummer M, et al. Seasonal 
variations of plasma fibrinogen and 
factor VII activity in the elderly: 
winter infections and death from 
cardiovascular disease. Lancet. 
1994; 343: 435-9. 

50. Meade TW, Imeson J, Stirling Y. 
Effects of changes in smoking and 
other characteristics on clotting 
factors and the risk of ischaemic 
heart disease. Lancet. 1987; 2: 986-
8. 

51. de Maat MP. Effects of diet, drugs, 
and genes on plasma fibrinogen 
levels. Ann N Y Acad Sci. 2001; 
936: 509-21. 

52. Yarnell JW, Sweetnam PM, Rumley 
A, et al. Lifestyle and hemostatic 
risk factors for ischemic heart 
disease : the Caerphilly Study. 
Arterioscler Thromb Vasc Biol. 
2000; 20: 271-9. 

53. Sierksma A, van der Gaag MS, 
Kluft C, et al. Moderate alcohol 
consumption reduces plasma C-
reactive protein and fibrinogen 
levels; a randomized, diet-controlled 
intervention study. Eur J Clin Nutr. 
2002; 56: 1130-6. 

54. Wannamethee SG, Lowe GD, 
Whincup PH, et al. Physical activity 
and hemostatic and inflammatory 
variables in elderly men. 
Circulation. 2002; 105: 1785-90. 

55. Scarabin PY, Aillaud MF, Amouyel 
P, et al. Associations of fibrinogen, 
factor VII and PAI-1 with baseline 
findings among 10,500 male 
participants in a prospective study of 
myocardial infarction-the PRIME 
Study. Prospective Epidemiological 
Study of Myocardial Infarction. 
Thromb Haemost. 1998; 80: 749-56. 

56. Folsom AR, Peacock JM, Nieto FJ, 
et al. Plasma fibrinogen and incident 
hypertension in the Atherosclerosis 
Risk in Communities (ARIC) Study. 
J Hypertens. 1998; 16: 1579-83. 

57. Poli KA, Tofler GH, Larson MG, et 
al. Association of blood pressure 
with fibrinolytic potential in the 
Framingham offspring population. 
Circulation. 2000; 101: 264-9. 

58. Folsom AR, Wu KK, Rasmussen M, 
et al. Determinants of population 
changes in fibrinogen and factor VII 
over 6 years: the Atherosclerosis 
Risk in Communities (ARIC) Study. 
Arterioscler Thromb Vasc Biol. 
2000; 20: 601-6. 

59. Lutjens A, te Velde AA, v.d. Veen 
EA, et al. Glycosylation of human 
fibrinogen in vivo. Diabetologia. 
1985; 28: 87-9. 

60. Staels B, Koenig W, Habib A, et al. 
Activation of human aortic smooth-
muscle cells is inhibited by 
PPARalpha but not by PPARgamma 
activators. Nature. 1998; 393: 790-3. 

61. Meade TW. Design and 
intermediate results of the Lower 
Extremity Arterial Disease Event 
Reduction (LEADER)* trial of 
bezafibrate in men with lower 
extremity arterial disease. Curr 
Control Trials Cardiovasc Med. 
2001; 2: 195-204. 

62. Rosenson RS, Tangney CC, 
Schaefer EJ. Comparative study of 
HMG-CoA reductase inhibitors on 
fibrinogen. Atherosclerosis. 2001; 
155: 463-6. 

63. Woodward M, Lowe GD, Francis 
LM, et al. A randomized 
comparison of the effects of aspirin 
and clopidogrel on thrombotic risk 
factors and C-reactive protein 
following myocardial infarction: the 



 

Maria Nastase Mannila 66 

CADET trial. J Thromb Haemost. 
2004; 2: 1934-40. 

64. Wiegratz I, Lee JH, Kutschera E, et 
al. Effect of four oral contraceptives 
on hemostatic parameters. 
Contraception. 2004; 70: 97-106. 

65. Post MS, van der Mooren MJ, van 
Baal WM, et al. Effects of low-dose 
oral and transdermal estrogen 
replacement therapy on hemostatic 
factors in healthy postmenopausal 
women: a randomized placebo-
controlled study. Am J Obstet 
Gynecol. 2003; 189: 1221-7. 

66. Hamsten A, Iselius L, de Faire U, et 
al. Genetic and cultural inheritance 
of plasma fibrinogen concentration. 
Lancet. 1987; 2: 988-91. 

67. de Lange M, Snieder H, Ariens RA, 
et al. The genetics of haemostasis: a 
twin study. Lancet. 2001; 357: 101-
5. 

68. Friedlander Y, Kark JD, Sinnreich 
R, et al. Combined segregation and 
linkage analysis of fibrinogen 
variability in Israeli families: 
evidence for two quantitative-trait 
loci, one of which is linked to a 
functional variant (-58G > A) in the 
promoter of the alpha-fibrinogen 
gene. Ann Hum Genet. 2003; 67: 
228-41. 

69. Humphries SE, Cook M, Dubowitz 
M, et al. Role of genetic variation at 
the fibrinogen locus in 
determination of plasma fibrinogen 
concentrations. Lancet. 1987; 1: 
1452-5. 

70. Green F, Hamsten A, Blomback M, 
et al. The role of beta-fibrinogen 
genotype in determining plasma 
fibrinogen levels in young survivors 
of myocardial infarction and healthy 
controls from Sweden. Thromb 
Haemost. 1993; 70: 915-20. 

71. Baumann RE, Henschen AH. 
Linkage disequilibrium relationships 
among four polymorphisms within 
the human fibrinogen gene cluster. 
Hum Genet. 1994; 94: 165-70. 

72. Behague I, Poirier O, Nicaud V, et 
al. Beta fibrinogen gene 
polymorphisms are associated with 
plasma fibrinogen and coronary 
artery disease in patients with 
myocardial infarction. The ECTIM 
Study. Etude Cas-Temoins sur 
l'Infarctus du Myocarde. 
Circulation. 1996; 93: 440-9. 

73. Brown ET, Fuller GM. Detection of 
a complex that associates with the 
β− fibrinogen G-455- A 
polymorphism. Blood. 1998; 92: 
3286-93. 

74. van 't Hooft FM, von Bahr SJ, 
Silveira A, et al. Two common, 
functional polymorphisms in the 
promoter region of the beta-
fibrinogen gene contribute to 
regulation of plasma fibrinogen 
concentration. Arterioscler Thromb 
Vasc Biol. 1999; 19: 3063-70. 

75. Verschuur M, de Jong M, Felida L, 
et al. A hepatocyte nuclear factor-3 
site in the fibrinogen beta promoter 
is important for interleukin 6-
induced expression, and its activity 
is influenced by the adjacent -
148C/T polymorphism. J Biol 
Chem. 2005; 280: 16763-71. 

76. de Maat MP, de Knijff P, Green FR, 
et al. Gender-related association 
between beta-fibrinogen genotype 
and plasma fibrinogen levels and 
linkage disequilibrium at the 
fibrinogen locus in Greenland Inuit. 
Arterioscler Thromb Vasc Biol. 
1995; 15: 856-60. 

77. Carter AM, Catto AJ, Bamford JM, 
et al. Gender-specific associations of 
the fibrinogen B beta 448 
polymorphism, fibrinogen levels, 
and acute cerebrovascular disease. 
Arterioscler Thromb Vasc Biol. 
1997; 17: 589-94. 

78. Leander K, Wiman B, Hallqvist J, et 
al. The G-455A polymorphism of 
the fibrinogen Bbeta-gene relates to 
plasma fibrinogen in male cases, but 
does not interact with environmental 
factors in causing myocardial 
infarction in either men or women. J 
Intern Med. 2002; 252: 332-41. 

79. Humphries SE, Panahloo A, 
Montgomery HE, et al. Gene-
environment interaction in the 
determination of levels of 
haemostatic variables involved in 
thrombosis and fibrinolysis. Thromb 
Haemost. 1997; 78: 457-61. 

80. Rauramaa R, Vaisanen S, Nissinen 
A, et al. Physical activity, fibrinogen 
plasma level and gene 
polymorphisms in postmenopausal 
women. Thromb Haemost. 1997; 
78: 840-4. 

81. Brull DJ, Dhamrait S, Moulding R, 
et al. The effect of fibrinogen 



 

  Fibrinogen and Myocardial Infarction 67

genotype on fibrinogen levels after 
strenuous physical exercise. Thromb 
Haemost. 2002; 87: 37-41. 

82. Cook DG, Cappuccio FP, Atkinson 
RW, et al. Ethnic differences in 
fibrinogen levels: the role of 
environmental factors and the beta-
fibrinogen gene. Am J Epidemiol. 
2001; 153: 799-806. 

83. Connor JM, Fowkes FG, Wood J, et 
al. Genetic variation at fibrinogen 
loci and plasma fibrinogen levels. J 
Med Genet. 1992; 29: 480-2. 

84. Vaisanen S, Rauramaa R, Penttila I, 
et al. Variation in plasma fibrinogen 
over one year: relationships with 
genetic polymorphisms and non-
genetic factors. Thromb Haemost. 
1997; 77: 884-9. 

85. Menegatti M, Asselta R, Duga S, et 
al. Identification of four novel 
polymorphisms in the Aalpha and 
gamma fibrinogen genes and 
analysis of association with plasma 
levels of the protein. Thromb Res. 
2001; 103: 299-307. 

86. Yang Q, Tofler GH, Cupples LA, et 
al. A genome-wide search for genes 
affecting circulating fibrinogen 
levels in the Framingham Heart 
Study. Thromb Res. 2003; 110: 57-
64. 

87. Soria JM, Almasy L, Souto JC, et al. 
A genome search for genetic 
determinants that influence plasma 
fibrinogen levels. Arterioscler 
Thromb Vasc Biol. 2005; 25: 1287-
92. 

88. Pastinen T, Sladek R, Gurd S, et al. 
A survey of genetic and epigenetic 
variation affecting human gene 
expression. Physiol Genomics. 
2004; 16: 184-93. 

89. Pastinen T, Hudson TJ. Cis-acting 
regulatory variation in the human 
genome. Science. 2004; 306: 647-
50. 

90. Hamsten A, Mannila MN, Silveira 
A. Quest for genes regulating 
plasma fibrinogen concentration: 
still a long way to go. Arterioscler 
Thromb Vasc Biol. 2005; 25: 1100-
1. 

91. Chalupowicz DG, Chowdhury ZA, 
Bach TL, et al. Fibrin II induces 
endothelial cell capillary tube 
formation. J Cell Biol. 1995; 130: 
207-15. 

92. Smith EB. Fibrinogen, fibrin and the 
arterial wall. Eur Heart J. 1995; 16 
Suppl A: 11-4; discussion 14-5. 

93. Iwaki T, Sandoval-Cooper MJ, 
Paiva M, et al. Fibrinogen stabilizes 
placental-maternal attachment 
during embryonic development in 
the mouse. Am J Pathol. 2002; 160: 
1021-34. 

94. Flick MJ, Du X, Degen JL. 
Fibrin(ogen)-alpha M beta 2 
interactions regulate leukocyte 
function and innate immunity in 
vivo. Exp Biol Med (Maywood). 
2004; 229: 1105-10. 

95. Felding-Habermann B, Ruggeri ZM, 
Cheresh DA. Distinct biological 
consequences of integrin alpha v 
beta 3-mediated melanoma cell 
adhesion to fibrinogen and its 
plasmic fragments. J Biol Chem. 
1992; 267: 5070-7. 

96. Broze GJ, Jr. Tissue factor pathway 
inhibitor and the revised theory of 
coagulation. Annu Rev Med. 1995; 
46: 103-12. 

97. Hoffman M. A cell-based model of 
coagulation and the role of factor 
VIIa. Blood Rev. 2003; 17 Suppl 1: 
S1-5. 

98. Monroe DM, Hoffman M. What 
Does It Take to Make the Perfect 
Clot? Arterioscler Thromb Vasc 
Biol. 2006; 26: 41-48. 

99. Tracy PB, Eide LL, Bowie EJ, et al. 
Radioimmunoassay of factor V in 
human plasma and platelets. Blood. 
1982; 60: 59-63. 

100. Monkovic DD, Tracy PB. 
Activation of human factor V by 
factor Xa and thrombin. 
Biochemistry. 1990; 29: 1118-28. 

101. Allen DH, Tracy PB. Human 
coagulation factor V is activated to 
the functional cofactor by elastase 
and cathepsin G expressed at the 
monocyte surface. J Biol Chem. 
1995; 270: 1408-15. 

102. Chesney CM, Pifer D, Colman RW. 
Subcellular localization and 
secretion of factor V from human 
platelets. Proc Natl Acad Sci U S A. 
1981; 78: 5180-4. 

103. De Candia E, Hall SW, Rutella S, et 
al. Binding of thrombin to 
glycoprotein Ib accelerates the 
hydrolysis of Par-1 on intact 
platelets. J Biol Chem. 2001; 276: 
4692-8. 



 

Maria Nastase Mannila 68 

104. Shapiro MJ, Weiss EJ, Faruqi TR, et 
al. Protease-activated receptors 1 
and 4 are shut off with distinct 
kinetics after activation by 
thrombin. J Biol Chem. 2000; 275: 
25216-21. 

105. Sims PJ, Wiedmer T. Unraveling the 
mysteries of phospholipid 
scrambling. Thromb Haemost. 
2001; 86: 266-75. 

106. Gailani D, Ho D, Sun MF, et al. 
Model for a factor IX activation 
complex on blood platelets: dimeric 
conformation of factor XIa is 
essential. Blood. 2001; 97: 3117-22. 

107. Blomback B, Hessel B, Hogg D, et 
al. A two-step fibrinogen--fibrin 
transition in blood coagulation. 
Nature. 1978; 275: 501-5. 

108. Mosesson MW, DiOrio JP, 
Siebenlist KR, et al. Evidence for a 
second type of fibril branch point in 
fibrin polymer networks, the 
trimolecular junction. Blood. 1993; 
82: 1517-21. 

109. Medved LV, Litvinovich SV, 
Ugarova TP, et al. Localization of a 
fibrin polymerization site 
complementary to Gly-His-Arg 
sequence. FEBS Lett. 1993; 320: 
239-42. 

110. Yang Z, Mochalkin I, Doolittle RF. 
A model of fibrin formation based 
on crystal structures of fibrinogen 
and fibrin fragments complexed 
with synthetic peptides. Proc Natl 
Acad Sci U S A. 2000; 97: 14156-
61. 

111. Siebenlist KR, Meh DA, Mosesson 
MW. Protransglutaminase (factor 
XIII) mediated crosslinking of 
fibrinogen and fibrin. Thromb 
Haemost. 2001; 86: 1221-8. 

112. Shainoff JR, Urbanic DA, DiBello 
PM. Immunoelectrophoretic 
characterizations of the cross-
linking of fibrinogen and fibrin by 
factor XIIIa and tissue 
transglutaminase. Identification of a 
rapid mode of hybrid alpha-
/gamma-chain cross-linking that is 
promoted by the gamma-chain 
cross-linking. J Biol Chem. 1991; 
266: 6429-37. 

113. Sakata Y, Aoki N. Cross-linking of 
alpha 2-plasmin inhibitor to fibrin 
by fibrin-stabilizing factor. J Clin 
Invest. 1980; 65: 290-7. 

114. Hada M, Kaminski M, Bockenstedt 
P, et al. Covalent crosslinking of 
von Willebrand factor to fibrin. 
Blood. 1986; 68: 95-101. 

115. Bale MD, Westrick LG, Mosher DF. 
Incorporation of thrombospondin 
into fibrin clots. J Biol Chem. 1985; 
260: 7502-8. 

116. Kisiel W. Human plasma protein C: 
isolation, characterization, and 
mechanism of activation by alpha-
thrombin. J Clin Invest. 1979; 64: 
761-9. 

117. Lopez Y, Paloma MJ, Rifon J, et al. 
Measurement of prethrombotic 
markers in the assessment of 
acquired hypercoagulable states. 
Thromb Res. 1999; 93: 71-8. 

118. Wiman B, Collen D. Molecular 
mechanism of physiological 
fibrinolysis. Nature. 1978; 272: 549-
50. 

119. Hoylaerts M, Rijken DC, Lijnen 
HR, et al. Kinetics of the activation 
of plasminogen by human tissue 
plasminogen activator. Role of 
fibrin. J Biol Chem. 1982; 257: 
2912-9. 

120. Walker JB, Nesheim ME. The 
molecular weights, mass 
distribution, chain composition, and 
structure of soluble fibrin 
degradation products released from 
a fibrin clot perfused with plasmin. J 
Biol Chem. 1999; 274: 5201-12. 

121. Ritchie DG, Levy BA, Adams MA, 
et al. Regulation of fibrinogen 
synthesis by plasmin-derived 
fragments of fibrinogen and fibrin: 
an indirect feedback pathway. Proc 
Natl Acad Sci U S A. 1982; 79: 
1530-4. 

122. Wakai A, Gleeson A, Winter D. 
Role of fibrin D-dimer testing in 
emergency medicine. Emerg Med J. 
2003; 20: 319-25. 

123. Mulligan-Kehoe MJ, Schwartz GN, 
Zacharski LR. The functions of 
plasminogen activator inhibitor-1: 
Do we have all the pieces of PAI? 
Thromb Res. 2005. 

124. Medcalf RL, Stasinopoulos SJ. The 
undecided serpin. The ins and outs 
of plasminogen activator inhibitor 
type 2. Febs J. 2005; 272: 4858-67. 

125. Bajzar L, Morser J, Nesheim M. 
TAFI, or plasma 
procarboxypeptidase B, couples the 
coagulation and fibrinolytic 



 

  Fibrinogen and Myocardial Infarction 69

cascades through the thrombin-
thrombomodulin complex. J Biol 
Chem. 1996; 271: 16603-8. 

126. Wang W, Boffa MB, Bajzar L, et al. 
A study of the mechanism of 
inhibition of fibrinolysis by 
activated thrombin-activable 
fibrinolysis inhibitor. J Biol Chem. 
1998; 273: 27176-81. 

127. McLean JW, Tomlinson JE, Kuang 
WJ, et al. cDNA sequence of human 
apolipoprotein(a) is homologous to 
plasminogen. Nature. 1987; 330: 
132-7. 

128. Soulat T, Loyau S, Baudouin V, et 
al. Effect of individual plasma 
lipoprotein(a) variations in vivo on 
its competition with plasminogen 
for fibrin and cell binding: An in 
vitro study using plasma from 
children with idiopathic nephrotic 
syndrome. Arterioscler Thromb 
Vasc Biol. 2000; 20: 575-84. 

129. Mosesson MW. Fibrinogen and 
fibrin structure and functions. J 
Thromb Haemost. 2005; 3: 1894-
904. 

130. Hamaguchi M, Bunce LA, Sporn 
LA, et al. Spreading of platelets on 
fibrin is mediated by the amino 
terminus of the beta chain including 
peptide beta 15-42. Blood. 1993; 81: 
2348-56. 

131. Sporn LA, Bunce LA, Francis CW. 
Cell proliferation on fibrin: 
modulation by fibrinopeptide 
cleavage. Blood. 1995; 86: 1802-10. 

132. Smiley ST, King JA, Hancock WW. 
Fibrinogen stimulates macrophage 
chemokine secretion through toll-
like receptor 4. J Immunol. 2001; 
167: 2887-94. 

133. Johnson LL, Berggren KN, Szaba 
FM, et al. Fibrin-mediated 
protection against infection-
stimulated immunopathology. J Exp 
Med. 2003; 197: 801-6. 

134. Lishko VK, Podolnikova NP, 
Yakubenko VP, et al. Multiple 
binding sites in fibrinogen for 
integrin alphaMbeta2 (Mac-1). J 
Biol Chem. 2004; 279: 44897-906. 

135. Flick MJ, Du X, Witte DP, et al. 
Leukocyte engagement of 
fibrin(ogen) via the integrin receptor 
alphaMbeta2/Mac-1 is critical for 
host inflammatory response in vivo. 
J Clin Invest. 2004; 113: 1596-606. 

136. Mullarky IK, Szaba FM, Berggren 
KN, et al. Infection-stimulated fibrin 
deposition controls hemorrhage and 
limits hepatic bacterial growth 
during listeriosis. Infect Immun. 
2005; 73: 3888-95. 

137. Rothfork JM, Dessus-Babus S, Van 
Wamel WJ, et al. Fibrinogen 
depletion attenuates Staphyloccocus 
aureus infection by preventing 
density-dependent virulence gene 
up-regulation. J Immunol. 2003; 
171: 5389-95. 

138. Singer AJ, Clark RA. Cutaneous 
wound healing. N Engl J Med. 
1999; 341: 738-46. 

139. Languino LR, Plescia J, Duperray 
A, et al. Fibrinogen mediates 
leukocyte adhesion to vascular 
endothelium through an ICAM-1-
dependent pathway. Cell. 1993; 73: 
1423-34. 

140. Kuijper PH, Gallardo Torres HI, 
Lammers JW, et al. Platelet and 
fibrin deposition at the damaged 
vessel wall: cooperative substrates 
for neutrophil adhesion under flow 
conditions. Blood. 1997; 89: 166-75. 

141. Campbell PG, Durham SK, Hayes 
JD, et al. Insulin-like growth factor-
binding protein-3 binds fibrinogen 
and fibrin. J Biol Chem. 1999; 274: 
30215-21. 

142. Bach TL, Barsigian C, Yaen CH, et 
al. Endothelial cell VE-cadherin 
functions as a receptor for the 
beta15-42 sequence of fibrin. J Biol 
Chem. 1998; 273: 30719-28. 

143. Palumbo JS, Potter JM, Kaplan LS, 
et al. Spontaneous hematogenous 
and lymphatic metastasis, but not 
primary tumor growth or 
angiogenesis, is diminished in 
fibrinogen-deficient mice. Cancer 
Res. 2002; 62: 6966-72. 

144. Ariens RA, Lai TS, Weisel JW, et 
al. Role of factor XIII in fibrin clot 
formation and effects of genetic 
polymorphisms. Blood. 2002; 100: 
743-54. 

145. Dunn EJ, Ariens RA, de Lange M, 
et al. Genetics of fibrin clot 
structure: a twin study. Blood. 2004; 
103: 1735-40. 

146. Scott EM, Ariens RA, Grant PJ. 
Genetic and environmental 
determinants of fibrin structure and 
function: relevance to clinical 



 

Maria Nastase Mannila 70 

disease. Arterioscler Thromb Vasc 
Biol. 2004; 24: 1558-66. 

147. Blombäck B, Carlsson K, Fatah K, 
et al. Fibrin in human plasma: gel 
architectures governed by rate and 
nature of fibrinogen activation. 
Thromb Res. 1994; 75: 521-38. 

148. Fatah K, Hamsten A, Blombäck B, 
et al. Fibrin gel network 
characteristics and coronary heart 
disease: relations to plasma 
fibrinogen concentration, acute 
phase protein, serum lipoproteins 
and coronary atherosclerosis. 
Thromb Haemost. 1992; 68: 130-5. 

149. Zouaoui Boudjeltia K, Piagnerelli 
M, Brohee D, et al. Relationship 
between CRP and hypofibrinolysis: 
Is this a possible mechanism to 
explain the association between 
CRP and outcome in critically ill 
patients? Thromb J. 2004; 2: 7. 

150. Fatah K, Silveira A, Tornvall P, et 
al. Proneness to formation of tight 
and rigid fibrin gel structures in men 
with myocardial infarction at a 
young age. Thromb Haemost. 1996; 
76: 535-40. 

151. Jorneskog G, Egberg N, Fagrell B, 
et al. Altered properties of the fibrin 
gel structure in patients with IDDM. 
Diabetologia. 1996; 39: 1519-23. 

152. Dunn EJ, Ariens RA, Grant PJ. The 
influence of type 2 diabetes on fibrin 
structure and function. Diabetologia. 
2005; 48: 1198-206. 

153. Standeven KF, Ariens RA, Whitaker 
P, et al. The effect of dimethyl-
biguanide on thrombin activity, 
FXIII activation, fibrin polymeriza-
tion, and fibrin clot formation. 
Diabetes. 2002; 51: 189-97. 

154. He S, Blomback M, Yoo G, et al. 
Modified clotting properties of 
fibrinogen in the presence of 
acetylsalicylic acid in a purified 
system. Ann N Y Acad Sci. 2001; 
936: 531-5. 

155. Kimura S, Aoki N. Cross-linking 
site in fibrinogen for alpha 2-
plasmin inhibitor. J Biol Chem. 
1986; 261: 15591-5. 

156. Cottrell BA, Strong DD, Watt KW, 
et al. Amino acid sequence studies 
on the alpha chain of human 
fibrinogen. Exact location of cross-
linking acceptor sites. Biochemistry. 
1979; 18: 5405-10. 

157. Ichinose A. Physiopathology and 
regulation of factor XIII. Thromb 
Haemost. 2001; 86: 57-65. 

158. Sakata Y, Aoki N. Significance of 
cross-linking of alpha 2-plasmin 
inhibitor to fibrin in inhibition of 
fibrinolysis and in hemostasis. J Clin 
Invest. 1982; 69: 536-42. 

159. Credo RB, Curtis CG, Lorand L. 
Alpha-chain domain of fibrinogen 
controls generation of fibrinoligase 
(coagulation factor XIIIa). Calcium 
ion regulatory aspects. 
Biochemistry. 1981; 20: 3770-8. 

160. Wartiovaara U, Mikkola H, Szoke 
G, et al. Effect of Val34Leu 
polymorphism on the activation of 
the coagulation factor XIII-A. 
Thromb Haemost. 2000; 84: 595-
600. 

161. Ariens RA, Philippou H, 
Nagaswami C, et al. The factor XIII 
V34L polymorphism accelerates 
thrombin activation of factor XIII 
and affects cross-linked fibrin 
structure. Blood. 2000; 96: 988-95. 

162. Kohler HP, Stickland MH, Ossei-
Gerning N, et al. Association of a 
common polymorphism in the factor 
XIII gene with myocardial 
infarction. Thromb Haemost. 1998; 
79: 8-13. 

163. Catto AJ, Kohler HP, Coore J, et al. 
Association of a common polymor-
phism in the factor XIII gene with 
venous thrombosis. Blood. 1999; 
93: 906-8. 

164. Catto AJ, Kohler HP, Bannan S, et 
al. Factor XIII Val 34 Leu: a novel 
association with primary intra-
cerebral hemorrhage. Stroke. 1998; 
29: 813-6. 

165. Lim BC, Ariens RA, Carter AM, et 
al. Genetic regulation of fibrin 
structure and function: complex 
gene-environment interactions may 
modulate vascular risk. Lancet. 
2003; 361: 1424-31. 

166. McDonald L. Coagulability of the 
blood in ischaemic heart-disease. 
Lancet. 1957; 273: 457-60. 

167. Phear D, Stirland R. The value of 
estimating fibrinogen and C-
reactive-protein levels in myocardial 
ischaemia. Lancet. 1957; 273: 270-
1. 

168. Meade TW, North WR, Chakrabarti 
R, et al. Haemostatic function and 
cardiovascular death: early results of 



 

  Fibrinogen and Myocardial Infarction 71

a prospective study. Lancet. 1980; 1: 
1050-4. 

169. Meade TW, Mellows S, Brozovic 
M, et al. Haemostatic function and 
ischaemic heart disease: principal 
results of the Northwick Park Heart 
Study. Lancet. 1986; 2: 533-7. 

170. Wilhelmsen L, Svardsudd K, 
Korsan-Bengtsen K, et al. 
Fibrinogen as a risk factor for stroke 
and myocardial infarction. N Engl J 
Med. 1984; 311: 501-5. 

171. Yarnell JW, Baker IA, Sweetnam 
PM, et al. Fibrinogen, viscosity, and 
white blood cell count are major risk 
factors for ischemic heart disease. 
The Caerphilly and Speedwell 
collaborative heart disease studies. 
Circulation. 1991; 83: 836-44. 

172. Yarnell JW, Patterson CC, 
Sweetnam PM, et al. 
Haemostatic/inflammatory markers 
predict 10-year risk of IHD at least 
as well as lipids: the Caerphilly 
collaborative studies. Eur Heart J. 
2004; 25: 1049-56. 

173. Kannel WB, D'Agostino RB, 
Belanger AJ, et al. Long-term 
influence of fibrinogen on initial and 
recurrent cardiovascular events in 
men and women. Am J Cardiol. 
1996; 78: 90-2. 

174. Folsom AR, Wu KK, Rosamond 
WD, et al. Prospective study of 
hemostatic factors and incidence of 
coronary heart disease: the 
Atherosclerosis Risk in 
Communities (ARIC) Study. 
Circulation. 1997; 96: 1102-8. 

175. Woodward M, Lowe GD, Rumley 
A, et al. Fibrinogen as a risk factor 
for coronary heart disease and 
mortality in middle-aged men and 
women. The Scottish Heart Health 
Study. Eur Heart J. 1998; 19: 55-62. 

176. Ernst E, Resch KL. Fibrinogen as a 
cardiovascular risk factor: a meta-
analysis and review of the literature. 
Ann Intern Med. 1993; 118: 956-63. 

177. Danesh J, Collins R, Appleby P, et 
al. Association of fibrinogen, C-
reactive protein, albumin, or 
leukocyte count with coronary heart 
disease: meta-analyses of 
prospective studies. Jama. 1998; 
279: 1477-82. 

178. Maresca G, Di Blasio A, Marchioli 
R, et al. Measuring plasma fibrin-
ogen to predict stroke and 

myocardial infarction : An update. 
Arterioscler Thromb Vasc Biol. 
1999; 19: 1368-77. 

179. Smith GD, Harbord R, Milton J, et 
al. Does elevated plasma fibrinogen 
increase the risk of coronary heart 
disease? Evidence from a meta-
analysis of genetic association 
studies. Arterioscler Thromb Vasc 
Biol. 2005; 25: 2228-33. 

180. Fibrinogen Studies Collaboration. 
Plasma fibrinogen level and the risk 
of major cardiovascular diseases and 
nonvascular mortality: an individual 
participant meta-analysis. Jama. 
2005; 294: 1799-809. 

181. Levenson J, Giral P, Razavian M, et 
al. Fibrinogen and silent 
atherosclerosis in subjects with 
cardiovascular risk factors. 
Arterioscler Thromb Vasc Biol. 
1995; 15: 1263-8. 

182. Tracy RP, Bovill EG, Yanez D, et 
al. Fibrinogen and factor VIII, but 
not factor VII, are associated with 
measures of subclinical 
cardiovascular disease in the elderly. 
Results from The Cardiovascular 
Health Study. Arterioscler Thromb 
Vasc Biol. 1995; 15: 1269-79. 

183. Frangogiannis NG, Smith CW, 
Entman ML. The inflammatory 
response in myocardial infarction. 
Cardiovasc Res. 2002; 53: 31-47. 

184. Ross R. Atherosclerosis--an 
inflammatory disease. N Engl J 
Med. 1999; 340: 115-26. 

185. Hamsten A, Blomback M, Wiman 
B, et al. Haemostatic function in 
myocardial infarction. Br Heart J. 
1986; 55: 58-66. 

186. Fulton RM, Duckett K. Plasma-
fibrinogen and thromboemboli after 
myocardial infarction. Lancet. 1976; 
2: 1161-4. 

187. Benderly M, Graff E, Reicher-Reiss 
H, et al. Fibrinogen is a predictor of 
mortality in coronary heart disease 
patients. The Bezafibrate Infarction 
Prevention (BIP) Study Group. 
Arterioscler Thromb Vasc Biol. 
1996; 16: 351-6. 

188. Toss H, Lindahl B, Siegbahn A, et 
al. Prognostic influence of increased 
fibrinogen and C-reactive protein 
levels in unstable coronary artery 
disease. FRISC Study Group. 
Fragmin during Instability in 



 

Maria Nastase Mannila 72 

Coronary Artery Disease. 
Circulation. 1997; 96: 4204-10. 

189. VanderLaan PA, Reardon CA, Getz 
GS. Site specificity of athero-
sclerosis: site-selective responses to 
atherosclerotic modulators. Arterio-
scler Thromb Vasc Biol. 2004; 24: 
12-22. 

190. Nakashima Y, Raines EW, Plump 
AS, et al. Upregulation of VCAM-1 
and ICAM-1 at atherosclerosis-
prone sites on the endothelium in the 
ApoE-deficient mouse. Arterioscler 
Thromb Vasc Biol. 1998; 18: 842-
51. 

191. Brooks AR, Lelkes PI, Rubanyi 
GM. Gene expression profiling of 
human aortic endothelial cells 
exposed to disturbed flow and 
steady laminar flow. Physiol 
Genomics. 2002; 9: 27-41. 

192. Resnick N, Collins T, Atkinson W, 
et al. Platelet-derived growth factor 
B chain promoter contains a cis-
acting fluid shear-stress-responsive 
element. Proc Natl Acad Sci U S A. 
1993; 90: 4591-5. 

193. Pearson JD. Endothelial cell 
function and thrombosis. Baillieres 
Best Pract Res Clin Haematol. 1999; 
12: 329-41. 

194. Hicks RC, Golledge J, Mir-Hasseine 
R, et al. Vasoactive effects of fibrin-
ogen on saphenous vein. Nature. 
1996; 379: 818-20. 

195. Smith EB. Fibrin deposition and 
fibrin degradation products in 
atherosclerotic plaques. Thromb 
Res. 1994; 75: 329-35. 

196. Orr AW, Sanders JM, Bevard M, et 
al. The subendothelial extracellular 
matrix modulates NF-kappaB 
activation by flow: a potential role 
in atherosclerosis. J Cell Biol. 2005; 
169: 191-202. 

197. Guo M, Sahni SK, Sahni A, et al. 
Fibrinogen regulates the expression 
of inflammatory chemokines 
through NF-kappaB activation of 
endothelial cells. Thromb Haemost. 
2004; 92: 858-66. 

198. Hatakeyama K, Asada Y, Marutsuka 
K, et al. Localization and activity of 
tissue factor in human aortic 
atherosclerotic lesions. Athero-
sclerosis. 1997; 133: 213-9. 

199. Toschi V, Gallo R, Lettino M, et al. 
Tissue factor modulates the 
thrombogenicity of human athero-

sclerotic plaques. Circulation. 1997; 
95: 594-9. 

200. Ribes JA, Francis CW, Wagner DD. 
Fibrin induces release of von 
Willebrand factor from endothelial 
cells. J Clin Invest. 1987; 79: 117-
23. 

201. Kerlin B, Cooley BC, Isermann BH, 
et al. Cause-effect relation between 
hyperfibrinogenemia and vascular 
disease. Blood. 2004; 103: 1728-34. 

202. Gulledge AA, McShea C, Schwartz 
T, et al. Effects of hyperfibrin-
ogenemia on vasculature of 
C57BL/6 mice with and without 
atherogenic diet. Arterioscler 
Thromb Vasc Biol. 2003; 23: 130-5. 

203. Skalen K, Gustafsson M, Rydberg 
EK, et al. Subendothelial retention 
of atherogenic lipoproteins in early 
atherosclerosis. Nature. 2002; 417: 
750-4. 

204. Smith EB, Staples EM, Dietz HS, et 
al. Role of endothelium in 
sequestration of lipoprotein and 
fibrinogen in aortic lesions, thrombi, 
and graft pseudo-intimas. Lancet. 
1979; 2: 812-6. 

205. de la Pena-Diaz A, Izaguirre-Avila 
R, Angles-Cano E. Lipoprotein 
Lp(a) and atherothrombotic disease. 
Arch Med Res. 2000; 31: 353-9. 

206. Hughes SD, Lou XJ, Ighani S, et al. 
Lipoprotein(a) vascular accumula-
tion in mice. In vivo analysis of the 
role of lysine binding sites using 
recombinant adenovirus. J Clin 
Invest. 1997; 100: 1493-500. 

207. Miles LA, Fless GM, Levin EG, et 
al. A potential basis for the 
thrombotic risks associated with 
lipoprotein(a). Nature. 1989; 339: 
301-3. 

208. Palabrica TM, Liu AC, Aronovitz 
MJ, et al. Antifibrinolytic activity of 
apolipoprotein(a) in vivo: human 
apolipoprotein(a) transgenic mice 
are resistant to tissue plasminogen 
activator-mediated thrombolysis. 
Nat Med. 1995; 1: 256-9. 

209. Grainger DJ, Kemp PR, Liu AC, et 
al. Activation of transforming 
growth factor-beta is inhibited in 
transgenic apolipoprotein(a) mice. 
Nature. 1994; 370: 460-2. 

210. Altieri DC, Plescia J, Plow EF. The 
structural motif glycine 190-valine 
202 of the fibrinogen gamma chain 
interacts with CD11b/CD18 integrin 



 

  Fibrinogen and Myocardial Infarction 73

(alpha M beta 2, Mac-1) and 
promotes leukocyte adhesion. J Biol 
Chem. 1993; 268: 1847-53. 

211. Bochkov VN, Mechtcheriakova D, 
Lucerna M, et al. Oxidized 
phospholipids stimulate tissue factor 
expression in human endothelial 
cells via activation of ERK/EGR-1 
and Ca(++)/NFAT. Blood. 2002; 99: 
199-206. 

212. Cui MZ, Penn MS, Chisolm GM. 
Native and oxidized low density 
lipoprotein induction of tissue factor 
gene expression in smooth muscle 
cells is mediated by both Egr-1 and 
Sp1. J Biol Chem. 1999; 274: 
32795-802. 

213. Khrenov A, Sarafanov A, Ananyeva 
N, et al. Molecular basis for 
different ability of low-density and 
high-density lipoproteins to support 
activity of the intrinsic Xase 
complex. Thromb Res. 2002; 105: 
87-93. 

214. Moyer MP, Tracy RP, Tracy PB, et 
al. Plasma lipoproteins support 
prothrombinase and other 
procoagulant enzymatic complexes. 
Arterioscler Thromb Vasc Biol. 
1998; 18: 458-65. 

215. Reilly CF, McFall RC. Platelet-
derived growth factor and 
transforming growth factor-beta 
regulate plasminogen activator 
inhibitor-1 synthesis in vascular 
smooth muscle cells. J Biol Chem. 
1991; 266: 9419-27. 

216. Naito M, Hayashi T, Kuzuya M, et 
al. Fibrinogen is chemotactic for 
vascular smooth muscle cells. FEBS 
Lett. 1989; 247: 358-60. 

217. Naito M, Stirk CM, Smith EB, et al. 
Smooth muscle cell outgrowth 
stimulated by fibrin degradation 
products. The potential role of fibrin 
fragment E in restenosis and 
atherogenesis. Thromb Res. 2000; 
98: 165-74. 

218. Naito M, Nomura H, Iguchi A, et al. 
Effect of crosslinking by factor 
XIIIa on the migration of vascular 
smooth muscle cells into fibrin gels. 
Thromb Res. 1998; 90: 111-6. 

219. Wassmann S, Stumpf M, Strehlow 
K, et al. Interleukin-6 induces 
oxidative stress and endothelial 
dysfunction by overexpression of 
the angiotensin II type 1 receptor. 
Circ Res. 2004; 94: 534-41. 

220. Huber SA, Sakkinen P, Conze D, et 
al. Interleukin-6 exacerbates early 
atherosclerosis in mice. Arterioscler 
Thromb Vasc Biol. 1999; 19: 2364-
7. 

221. Tezono K, Sarker KP, Kikuchi H, et 
al. Bioactivity of the vascular 
endothelial growth factor trapped in 
fibrin clots: production of IL-6 and 
IL-8 in monocytes by fibrin clots. 
Haemostasis. 2001; 31: 71-9. 

222. Sukhova GK, Schonbeck U, Rabkin 
E, et al. Evidence for increased 
collagenolysis by interstitial 
collagenases-1 and -3 in vulnerable 
human atheromatous plaques. 
Circulation. 1999; 99: 2503-9. 

223. Mauriello A, Sangiorgi G, Palmieri 
G, et al. Hyperfibrinogenemia is 
associated with specific 
histocytological composition and 
complications of atherosclerotic 
carotid plaques in patients affected 
by transient ischemic attacks. 
Circulation. 2000; 101: 744-50. 

224. Mallat Z, Tedgui A. Current 
perspective on the role of apoptosis 
in atherothrombotic disease. Circ 
Res. 2001; 88: 998-1003. 

225. Annex BH, Denning SM, Channon 
KM, et al. Differential expression of 
tissue factor protein in directional 
atherectomy specimens from 
patients with stable and unstable 
coronary syndromes. Circulation. 
1995; 91: 619-22. 

226. Kaikita K, Ogawa H, Yasue H, et al. 
Tissue factor expression on 
macrophages in coronary plaques in 
patients with unstable angina. 
Arterioscler Thromb Vasc Biol. 
1997; 17: 2232-7. 

227. Schneider DJ, Taatjes DJ, Howard 
DB, et al. Increased reactivity of 
platelets induced by fibrinogen 
independent of its binding to the IIb-
IIIa surface glycoprotein: a potential 
contributor to cardiovascular risk. J 
Am Coll Cardiol. 1999; 33: 261-6. 

228. Petzelbauer P, Zacharowski PA, 
Miyazaki Y, et al. The fibrin-
derived peptide Bbeta15-42 protects 
the myocardium against ischemia-
reperfusion injury. Nat Med. 2005; 
11: 298-304. 

229. Collet JP, Park D, Lesty C, et al. 
Influence of fibrin network 
conformation and fibrin fiber 
diameter on fibrinolysis speed: 



 

Maria Nastase Mannila 74 

dynamic and structural approaches 
by confocal microscopy. 
Arterioscler Thromb Vasc Biol. 
2000; 20: 1354-61. 

230. Siebenlist KR, Mosesson MW, 
Hernandez I, et al. Studies on the 
basis for the properties of fibrin 
produced from fibrinogen-
containing gamma' chains. Blood. 
2005; 106: 2730-6. 

231. Lovely RS, Falls LA, Al-Mondhiry 
HA, et al. Association of gammaA 
/gamma' fibrinogen levels and 
coronary artery disease. Thromb 
Haemost. 2002; 88: 26-31. 

232. Ajjan RA, Grant PJ. Role of clotting 
factors and fibrin structure in 
predisposition to atherothrombotic 
disease. Expert Rev Cardiovasc 
Ther. 2005; 3: 1047-59. 

233. Tuut M, Hense HW. Smoking, other 
risk factors and fibrinogen levels: 
Evidence of effect modification. 
Ann Epidemiol. 2001; 11: 232-8. 

234. Doll R, Peto R, Boreham J, et al. 
Mortality in relation to smoking: 50 
years' observations on male British 
doctors. Bmj. 2004; 328: 1519. 

235. Chrysohoou C, Panagiotakos DB, 
Pitsavos C, et al. Adherence to the 
Mediterranean diet attenuates 
inflammation and coagulation 
process in healthy adults: The 
ATTICA Study. J Am Coll Cardiol. 
2004; 44: 152-8. 

236. de Lorgeril M, Salen P, Martin JL, 
et al. Mediterranean diet, traditional 
risk factors, and the rate of 
cardiovascular complications after 
myocardial infarction: final report of 
the Lyon Diet Heart Study. 
Circulation. 1999; 99: 779-85. 

237. Michalsen A, Lehmann N, Pithan C, 
et al. Mediterranean diet has no 
effect on markers of inflammation 
and metabolic risk factors in patients 
with coronary artery disease. Eur J 
Clin Nutr. 2005. 

238. Mennen LI, Balkau B, Vol S, et al. 
Fibrinogen: a possible link between 
alcohol consumption and 
cardiovascular disease? DESIR 
Study Group. Arterioscler Thromb 
Vasc Biol. 1999; 19: 887-92. 

239. Fox KM. Efficacy of perindopril in 
reduction of cardiovascular events 
among patients with stable coronary 
artery disease: randomised, double-
blind, placebo controlled, multi-

centre trial (the EUROPA study). 
Lancet. 2003; 362: 782-8. 

240. Soejima H, Ogawa H, Yasue H, et 
al. Angiotensin-converting enzyme 
inhibition reduces monocyte 
chemoattractant protein-1 and tissue 
factor levels in patients with 
myocardial infarction. J Am Coll 
Cardiol. 1999; 34: 983-8. 

241. Napoleone E, Di Santo A, Camera 
M, et al. Angiotensin-converting 
enzyme inhibitors downregulate 
tissue factor synthesis in monocytes. 
Circ Res. 2000; 86: 139-43. 

242. Makris TK, Stavroulakis GA, 
Krespi PG, et al. 
Fibrinolytic/hemostatic variables in 
arterial hypertension: response to 
treatment with irbesartan or 
atenolol. Am J Hypertens. 2000; 13: 
783-8. 

243. Fogari R, Zoppi A, Lazzari P, et al. 
ACE inhibition but not angiotensin 
II antagonism reduces plasma 
fibrinogen and insulin resistance in 
overweight hypertensive patients. J 
Cardiovasc Pharmacol. 1998; 32: 
616-20. 

244. Spencer CG, Gurney D, Blann AD, 
et al. Von Willebrand factor, soluble 
P-selectin, and target organ damage 
in hypertension: a substudy of the 
Anglo-Scandinavian Cardiac 
Outcomes Trial (ASCOT). 
Hypertension. 2002; 40: 61-6. 

245. Shepherd J, Cobbe SM, Ford I, et al. 
Prevention of coronary heart disease 
with pravastatin in men with 
hypercholesterolemia. West of 
Scotland Coronary Prevention Study 
Group. N Engl J Med. 1995; 333: 
1301-7. 

246. Downs JR, Clearfield M, Tyroler 
HA, et al. Air Force/Texas Coronary 
Atherosclerosis Prevention Study 
(AFCAPS/TEXCAPS): additional 
perspectives on tolerability of long-
term treatment with lovastatin. Am J 
Cardiol. 2001; 87: 1074-9. 

247. Randomised trial of cholesterol 
lowering in 4444 patients with 
coronary heart disease: the 
Scandinavian Simvastatin Survival 
Study (4S). Lancet. 1994; 344: 
1383-9. 

248. Ericsson CG, Hamsten A, Nilsson J, 
et al. Angiographic assessment of 
effects of bezafibrate on progression 
of coronary artery disease in young 



 

  Fibrinogen and Myocardial Infarction 75

male postinfarction patients. Lancet. 
1996; 347: 849-53. 

249. Kockx M, Gervois PP, Poulain P, et 
al. Fibrates suppress fibrinogen gene 
expression in rodents via activation 
of the peroxisome proliferator-
activated receptor-alpha. Blood. 
1999; 93: 2991-8. 

250. Jamshidi Y, Flavell DM, Hawe E, et 
al. Genetic determinants of the 
response to bezafibrate treatment in 
the lower extremity arterial disease 
event reduction (LEADER) trial. 
Atherosclerosis. 2002; 163: 183-92. 

251. Tessari P, Kiwanuka E, Millioni R, 
et al. Albumin and fibrinogen 
synthesis and insulin effect in type 2 
diabetic patients with 
normoalbuminuria. Diabetes Care. 
2006; 29: 323-8. 

252. Dunn EJ, Ariens RA. Fibrinogen 
and fibrin clot structure in diabetes. 
Herz. 2004; 29: 470-9. 

253. UKPDS. Effect of intensive blood-
glucose control with metformin on 
complications in overweight patients 
with type 2 diabetes (UKPDS 34). 
UK Prospective Diabetes Study 
(UKPDS) Group. Lancet. 1998; 
352: 854-65. 

254. Fanghanel G, Silva U, Sanchez-
Reyes L, et al. Effects of metformin 
on fibrinogen levels in obese 
patients with type 2 diabetes. Rev 
Invest Clin. 1998; 50: 389-94. 

255. Derosa G, Mugellini A, Ciccarelli L, 
et al. Comparison of glycaemic 
control and cardiovascular risk 
profile in patients with type 2 
diabetes during treatment with either 
repaglinide or metformin. Diabetes 
Res Clin Pract. 2003; 60: 161-9. 

256. Chu NV, Kong AP, Kim DD, et al. 
Differential effects of metformin 
and troglitazone on cardiovascular 
risk factors in patients with type 2 
diabetes. Diabetes Care. 2002; 25: 
542-9. 

257. Haffner S, Temprosa M, Crandall J, 
et al. Intensive lifestyle intervention 
or metformin on inflammation and 
coagulation in participants with 
impaired glucose tolerance. 
Diabetes. 2005; 54: 1566-72. 

258. Jörneskog G, Hansson LO, Wallen 
NH, et al. Increased plasma fibrin 
gel porosity in patients with Type I 
diabetes during continuous 
subcutaneous insulin infusion. J 

Thromb Haemost. 2003; 1: 1195-
201. 

259. Hansson L, Zanchetti A, Carruthers 
SG, et al. Effects of intensive blood-
pressure lowering and low-dose 
aspirin in patients with 
hypertension: principal results of the 
Hypertension Optimal Treatment 
(HOT) randomised trial. HOT Study 
Group. Lancet. 1998; 351: 1755-62. 

260. Collaborative meta-analysis of 
randomised trials of antiplatelet 
therapy for prevention of death, 
myocardial infarction, and stroke in 
high risk patients. Bmj. 2002; 324: 
71-86. 

261. Pinckard RN, Hawkins D, Farr RS. 
In vitro acetylation of plasma 
proteins, enzymes and DNA by 
aspirin. Nature. 1968; 219: 68-9. 

262. Fatah K, Beving H, Albage A, et al. 
Acetylsalicylic acid may protect the 
patient by increasing fibrin gel 
porosity. Is withdrawing of 
treatment harmful to the patient? 
Eur Heart J. 1996; 17: 1362-6. 

263. Williams S, Fatah K, Ivert T, et al. 
The effect of acetylsalicylic acid on 
fibrin gel lysis by tissue 
plasminogen activator. Blood 
Coagul Fibrinolysis. 1995; 6: 718-
25. 

264. Keeley EC, Boura JA, Grines CL. 
Primary angioplasty versus 
intravenous thrombolytic therapy for 
acute myocardial infarction: a 
quantitative review of 23 
randomised trials. Lancet. 2003; 
361: 13-20. 

265. Clauss A. Gerinnungsphysiologische 
Schnellmethode zur Bestimmung 
des Fibrinogens. Acta Haematol. 
1957; 17: 237-46. 

266. Vermylen C, De Vreker RA, 
Verstraete M. A rapid enzymatic 
method for assay of fibrinogen 
fibrin polymerization time (FPT 
test). Clin Chim Acta. 1963; 8: 418-
24. 

267. Uitte de Willige S, de Visser MC, 
Houwing-Duistermaat JJ, et al. 
Genetic variation in the fibrinogen 
gamma gene increases the risk of 
deep venous thrombosis by reducing 
plasma fibrinogen gamma' levels. 
Blood. 2005; 106: 4176-83. 

268. Mohamed-Ali V, Gould MM, 
Gillies S, et al. Association of 
proinsulin-like molecules with lipids 



 

Maria Nastase Mannila 76 

and fibrinogen in non-diabetic 
subjects--evidence against a 
modulating role for insulin. 
Diabetologia. 1995; 38: 1110-6. 

269. Miller SA, Dykes DD, Polesky HF. 
A simple salting out procedure for 
extracting DNA from human 
nucleated cells. Nucleic Acids Res. 
1988; 16: 1215. 

270. den Dunnen JT, Antonarakis SE. 
Nomenclature for the description of 
human sequence variations. Hum 
Genet. 2001; 109: 121-4. 

271. Jurinke C, van den Boom D, Cantor 
CR, et al. Automated genotyping 
using the DNA MassArray 
technology. Methods Mol Biol. 
2002; 187: 179-92. 

272. Lewis PO, Zaykin D, Genetic Data 
Analysis, Version 1.0 (d16c). 1999. 

273. Raymond M, Rousset F. An exact 
test for population differentiation. 
Evolution. 1995; 49: 1280-83. 

274. Chakravarti A, Buetow KH, 
Antonarakis SE, et al. Nonuniform 
recombination within the human 
beta-globin gene cluster. Am J Hum 
Genet. 1984; 36: 1239-58. 

275. Ott JS. Analysis of Human Genetic 
Linkage. Rev. edition. Johns 
Hopkins University Press, 
Baltimore, MD. 1991. 

276. Stephens M, Smith NJ, Donnelly P. 
A new statistical method for 
haplotype reconstruction from 
population data. Am J Hum Genet. 
2001; 68: 978-89. 

277. Li N, Stephens M. Modeling linkage 
disequilibrium and identifying 
recombination hotspots using single-
nucleotide polymorphism data. 
Genetics. 2003; 165: 2213-33. 

278. Tregouet DA, Escolano S, Tiret L, 
et al. A new algorithm for 
haplotype-based association 
analysis: the Stochastic-EM 
algorithm. Ann Hum Genet. 2004; 
68: 165-77. 

279. Cheverud JM, Routman EJ. 
Epistasis and its contribution to 
genetic variance components. 
Genetics. 1995; 139: 1455-61. 

280. Hahn LW, Ritchie MD, Moore JH. 
Multifactor dimensionality reduc-
tion software for detecting gene-
gene and gene-environment inter-
actions. Bioinformatics. 2003; 19: 
376-82. 

281. Kelberman D, Hawe E, Luong LA, 
et al. Effect of Interleukin-6 
promoter polymorphisms in 
survivors of myocardial infarction 
and matched controls in the North 
and South of Europe. The 
HIFMECH Study. Thromb 
Haemost. 2004; 92: 1122-8. 

282. Marin F, Corral J, Roldan V, et al. 
Factor XIII Val34Leu 
polymorphism modulates the 
prothrombotic and inflammatory 
state associated with atrial 
fibrillation. J Mol Cell Cardiol. 
2004; 37: 699-704. 

283. Scarabin PY, Arveiler D, Amouyel 
P, et al. Plasma fibrinogen explains 
much of the difference in risk of 
coronary heart disease between 
France and Northern Ireland. The 
PRIME study. Atherosclerosis. 
2003; 166: 103-9. 

284. Mohamed-Ali V, Goodrick S, 
Rawesh A, et al. Subcutaneous 
adipose tissue releases interleukin-6, 
but not tumor necrosis factor-alpha, 
in vivo. J Clin Endocrinol Metab. 
1997; 82: 4196-200. 

285. Naski MC, Lorand L, Shafer JA. 
Characterization of the kinetic 
pathway for fibrin promotion of 
alpha-thrombin-catalyzed activation 
of plasma factor XIII. Biochemistry. 
1991; 30: 934-41. 

286. Gaffney PJ, Whitaker AN. Fibrin 
crosslinks and lysis rates. Thromb 
Res. 1979; 14: 85-94. 

287. Siebenlist KR, Mosesson MW. 
Progressive cross-linking of fibrin 
gamma chains increases resistance 
to fibrinolysis. J Biol Chem. 1994; 
269: 28414-9. 

288. Moaddel M, Falls LA, Farrell DH. 
The Role of gammaA/gamma' 
Fibrinogen in Plasma Factor XIII 
Activation. J Biol Chem. 2000; 275: 
32135-40. 

289. Collet JP, Nagaswami C, Farrell 
DH, et al. Influence of gamma' 
fibrinogen splice variant on fibrin 
physical properties and fibrinolysis 
rate. Arterioscler Thromb Vasc Biol. 
2004; 24: 382-6. 

290. Podor TJ, Campbell S, Chindemi P, 
et al. Incorporation of vitronectin 
into fibrin clots. Evidence for a 
binding interaction between 
vitronectin and gamma A/gamma' 



 

  Fibrinogen and Myocardial Infarction 77

fibrinogen. J Biol Chem. 2002; 277: 
7520-8. 

291. Podor TJ, Peterson CB, Lawrence 
DA, et al. Type 1 plasminogen 
activator inhibitor binds to fibrin via 
vitronectin. J Biol Chem. 2000; 275: 
19788-94. 

292. Meade TW, Ruddock V, Stirling Y, 
et al. Fibrinolytic activity, clotting 
factors, and long-term incidence of 
ischaemic heart disease in the 
Northwick Park Heart Study. 
Lancet. 1993; 342: 1076-9. 

293. Yu S, Sher B, Kudryk B, et al. 
Intracellular assembly of human 
fibrinogen. J Biol Chem. 1983; 258: 
13407-10. 

294. Roy SN, Mukhopadhyay G, 
Redman CM. Regulation of 
fibrinogen assembly. Transfection 
of Hep G2 cells with B beta cDNA 
specifically enhances synthesis of 
the three component chains of 
fibrinogen. J Biol Chem. 1990; 265: 
6389-93. 

295. Roy S, Overton O, Redman C. 
Overexpression of any fibrinogen 
chain by Hep G2 cells specifically 
elevates the expression of the other 
two chains. J Biol Chem. 1994; 269: 
691-5. 

296. Doggen CJ, Bertina RM, Cats VM, 
et al. Fibrinogen polymorphisms are 
not associated with the risk of 
myocardial infarction. Br J 
Haematol. 2000; 110: 935-8. 

297. Gardemann A, Schwartz O, 
Haberbosch W, et al. Positive 
association of the beta fibrinogen 
H1/H2 gene variation to basal 
fibrinogen levels and to the increase 
in fibrinogen concentration during 
acute phase reaction but not to 
coronary artery disease and 
myocardial infarction. Thromb 
Haemost. 1997; 77: 1120-6. 

298. Dardik R, Loscalzo J, Eskaraev R, et 
al. Molecular mechanisms under-
lying the proangiogenic effect of 
factor XIII. Arterioscler Thromb 
Vasc Biol. 2005; 25: 526-32. 

299. Blomback B, Carlsson K, Hessel B, 
et al., Native fibrin gel networks 
observed by 3D microscopy, 
permeation and turbidity [published 
erratum appears in Biochim Biophys 
Acta 1989 Nov 30;999(2):225], in 
Biochim Biophys Acta. 1989. p. 96-
110. 

300. Gabriel DA, Muga K, Boothroyd 
EM. The effect of fibrin structure on 
fibrinolysis. J Biol Chem. 1992; 
267: 24259-63. 

301. Standeven KF, Grant PJ, Carter 
AM, et al. Functional analysis of the 
fibrinogen Aalpha Thr312Ala 
polymorphism: effects on fibrin 
structure and function. Circulation. 
2003; 107: 2326-30. 

302. Carter AM, Catto AJ, Kohler HP, et 
al. Alpha fibrinogen Thr312Ala 
polymorphism and venous 
thromboembolism. Blood. 2000; 96: 
1177-9. 

303. Carlborg O, Haley CS. Epistasis: too 
often neglected in complex trait 
studies? Nat Rev Genet. 2004; 5: 
618-25. 

304. Schieffer B, Selle T, Hilfiker A, et 
al. Impact of interleukin-6 on plaque 
development and morphology in 
experimental atherosclerosis. 
Circulation. 2004; 110: 3493-500. 

305. Maier W, Altwegg LA, Corti R, et 
al. Inflammatory markers at the site 
of ruptured plaque in acute 
myocardial infarction: locally 
increased interleukin-6 and serum 
amyloid A but decreased C-reactive 
protein. Circulation. 2005; 111: 
1355-61. 

306. Biasucci LM, Vitelli A, Liuzzo G, et 
al. Elevated levels of interleukin-6 
in unstable angina. Circulation. 
1996; 94: 874-7. 

307. Ridker PM, Rifai N, Stampfer MJ, 
et al. Plasma concentration of 
interleukin-6 and the risk of future 
myocardial infarction among 
apparently healthy men. Circulation. 
2000; 101: 1767-72. 

308. Smith EB, Thompson WD. Fibrin as 
a factor in atherogenesis. Thromb 
Res. 1994; 73: 1-19. 

309. Robson SC, Shephard EG, Kirsch 
RE. Fibrin degradation product D-
dimer induces the synthesis and 
release of biologically active IL-1 
beta, IL-6 and plasminogen activator 
inhibitors from monocytes in vitro. 
Br J Haematol. 1994; 86: 322-6. 

310. Mendelsohn ME, Karas RH. 
Molecular and cellular basis of 
cardiovascular gender differences. 
Science. 2005; 308: 1583-7. 

311. Bennet AM, Prince JA, Fei GZ, et 
al. Interleukin-6 serum levels and 
genotypes influence the risk for 



 

Maria Nastase Mannila 78 

myocardial infarction. Athero-
sclerosis. 2003; 171: 359-67. 

312. Tuomisto K, Jousilahti P, Sundvall 
J, et al. C-reactive protein, 
interleukin-6 and tumor necrosis 
factor alpha as predictors of incident 
coronary and cardiovascular events 
and total mortality. A population-
based, prospective study. Thromb 
Haemost. 2006; 95: 511-8. 

313. Lieb W, Pavlik R, Erdmann J, et al. 
No association of interleukin-6 gene 
polymorphism (-174 G/C) with 
myocardial infarction or traditional 
cardiovascular risk factors. Int J 
Cardiol. 2004; 97: 205-12. 

314. Warner D, Mansfield MW, Grant 
PJ. Coagulation factor XIII and 
cardiovascular disease in UK Asian 
patients undergoing coronary angio-
graphy. Thromb Haemost. 2001; 85: 
408-11. 

315. Georges JL, Loukaci V, Poirier O, et 
al. Interleukin-6 gene polymor-
phisms and susceptibility to 
myocardial infarction: the ECTIM 
study. Etude Cas-Temoin de 
l'Infarctus du Myocarde. J Mol Med. 
2001; 79: 300-5. 

316. Mackie IJ, Kitchen S, Machin SJ, et 
al. Guidelines on fibrinogen assays. 
Br J Haematol. 2003; 121: 396-404. 

317. Mackie J, Lawrie AS, Kitchen S, et 
al. A performance evaluation of 
commercial fibrinogen reference 
preparations and assays for Clauss 
and PT-derived fibrinogen. Thromb 
Haemost. 2002; 87: 997-1005. 

318. Kallner A, Egberg N, Yu A, et al. 
Are results of fibrinogen 
measurements transferable? Clin 
Chem Lab Med. 2003; 41: 804-8. 

319. Hinds DA, Stuve LL, Nilsen GB, et 
al. Whole-genome patterns of 
common DNA variation in three 
human populations. Science. 2005; 
307: 1072-9. 

320. Morley M, Molony CM, Weber 
TM, et al. Genetic analysis of 
genome-wide variation in human 
gene expression. Nature. 2004; 430: 
743-7. 

 


	 CONTENTS 
	 
	 LIST OF ABBREVIATIONS 
	 
	 INTRODUCTION 
	Fibrinogen 
	Fibrinogen heterogeneity 
	Environmental determinants 
	Genetic determinants 

	Fibrin(ogen) functions 
	Blood coagulation 
	The cell-based coagulation pathway 
	The initiation phase 
	The amplification phase 
	The propagation phase 

	Formation and stabilization of the fibrin clot  
	Anticoagulant mechanisms 

	Fibrinolysis 
	Fibrin degradation 
	Inhibitors of the fibrinolytic system 

	Pleiotropic effects 

	Fibrin clot structure 
	Environmental determinants 
	Genetic determinants 

	Role of fibrin(ogen) in atherothrombosis 
	Epidemiological evidence 
	Clinical studies 
	Mechanisms 
	Treatment 

	 AIMS OF THE THESIS 
	MATERIAL AND METHODS 
	Subjects 
	 
	The HIFMECH study (paper I) 
	The SCARF study (papers II-IV) 
	Coronary angiography 

	The SHEEP study (paper V) 

	Biochemical analyses 
	Genetic analyses 
	Sequencing 
	Genotyping 

	Determination of fibrin clot structure. 
	Statistical analyses 

	RESULTS 
	Fibrinogen and MI in a cross-cultural context (paper I) 
	Fibrinogen haplotypes and MI (paper II) 
	Fibrinogen, fibrinogen SNPs, fibrin clot structure and MI (paper III) 
	Plasma fibrinogen (’ concen-tration and MI (paper IV) 
	Pleiotropic effects on IL6 may partly explain the relationship between fibrinogen haplotypes and MI (paper V) 

	 GENERAL DISCUSSION 
	Plasma fibrinogen concentration and MI  
	Plasma fibrinogen (’ concentration and MI 
	Fibrinogen SNPs and MI 
	Effects of fibrinogen SNPs on intermediate phenotypes 
	Fibrin clot structure 
	Epistatic effects on plasma fibrinogen (’ concentration 
	Pleiotropic effects on serum IL6 concentration 


	Gene-gene and gene-environment interactions in relation to MI 
	Methodological considerations 
	Future perspectives 

	 CONCLUSIONS 
	 ACKNOWLEDGEMENTS 
	 REFERENCES 


