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Abstract

The Fibrinolytic Enzyme System: New Markers of Potential Interest in Cardiovascular Dis-
ease.

Arvid Nordenhem

Department of Molecular Medicine and Surgery, Division of Clinical Chemistry and Blood
Coagulation, Karolinska University Hospital, Karolinska Institutet, SE-171 76 Stockholm,
Sweden

Impaired fibrinolytic function, mainly due to elevated plasma levels of PAI-1, is a common find-
ing in patients with coronary heart disease. Determination or evaluation of the plasma PAI-1 con-
centrations are complicated, due to a natural variation in blood plasma or due to other reasons,
such as a poor stability under physiological conditions.

A polymorphism is located 675 bp upstream of the transcriptional start site in the promoter region
of'the PAI-1 gene, consisting of a single guanosine (G) insertion/deletion variation, and resulting
in two alleles containing either 4 or 5 G in a row. Individuals who are homozygous for the 4 G
allele have increased PAI-1 concentrations in plasma. An increased risk for cardiovascular dis-
ease has also been hypothesized. We therefore elaborated and characterized a rapid and reliable
allele specific PCR method to determine this polymorphism.

The content of PAI-1 in platelets is quite high. Because of the rapid conversion of active PAI-1 to
the latent form under physiological conditions and due to that the normal turnover of platelets in
the circulation is 5-10 days, it would be expected that less than 1 % of PAI-1 in platelets would
be active. We found that platelet PAI-1in healthy individuals was about 10 % active, which is
much higher than expected. The reason for this is not understood, but it may indeed explain why
platelet rich thrombi are difficult to lyse by tPA.

The tPA activity constitutes a very small portion of tPA antigen in plasma. The major portion is
inactive and constitutes complexes with different serpins (antiplasmin, C1-inhibitor or PAI-1). A
method to specifically measure the complex between tPA and PAI-1 in plasma samples was de-
veloped. It was found that the concentration of this complex correlated well with PAI-1 activity
or with tPA antigen in plasma. However, no correlation was found between tPA activity and tPA
antigen in the plasma samples. It was considered important to further evaluate measurement of
this complex, especially in connection with myocardial infarction (MI).

In several prospective studies it has been found that elevated plasma PAI-1 or tPA antigen con-
centrations in patients with manifest coronary heart disease are linked to future cardiovascular
events such as MI. Distribution, correlation and interaction of plasma concentrations of tPA/PAI-
1 complex were analyzed in 886 MI patients and 1198 matched control individuals in the Stock-
holm Heart Epidemiological Program (SHEEP). Analysis of coagulation, other fibrinolytic, lipo-
protein and inflammatory compounds were also performed. The data clearly demonstrated that
the plasma concentration of tPA/PAI-1 complex was significantly associated with the risk of M1,
in both genders. Synergistic interactions were observed in men for the co-exposure to high
plasma concentrations of tPA/PAI-1 complex in combination with smoking (OR=4.6) or with
diabetes mellitus (OR=7.9).

Using a cohort within the SHEEP material, constituting the control individuals in this study, the
tPA/PAI-1 complex was prospectively evaluated as a predictor of MI. During a follow-up period
of 6-8 years, 58 out of the 1611 controls had suffered a first myocardial infarction. High plasma
concentrations of tPA/PAI-1 complex or of PAI-1 significantly predicted a forthcoming MI.
In conclusion, an impaired fibrinolytic function seems to be important in cardiovascular disease.
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INTRODUCTION

Haemostasis is a complex interaction between
the vessel wall and components of blood, and
has the function of preventing excessive blood
loss after vascular damage while maintaining
a viable circulation by preventing throm-
boembolic conditions. The haemostatic proc-
esses can be divided into primary and secon-
dary events. Primary events involve blood
vessel constriction after vessel injury, fol-
lowed by the adhesion and activation of plate-
lets. The formation of an aggregated platelet
plug stops blood flow temporarily, and is suf-
ficient for the control of bleeding in the small-
est vessels. However, these primary reactions
are not enough alone to maintain haemostasis
in larger vessels and additional activation of
secondary processes is needed. These proc-
esses involve the activation of the coagulation
system, causing generation of thrombin and
ultimately leading to the formation of a fibrin
matrix stabilising the platelet plug. In addi-
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tion, extensive regulation of the coagulation
system is necessary to avoid inappropriate
thrombus formation, as well as a fibrinolytic
system for the degradation and removal of
fibrin clots, or deposits.

The vessel wall produces and secretes sub-
stances with both procoagulant and anticoagu-
lant effects. The procoagulant factors include
von Willebrand factor, tissue factor, and plate-
let activating factor. The anticoagulant factors
are coagulation inhibitors such as tissue factor
pathway inhibitor, endothelium derived relax-
ing factor or nitric oxide, tPA and prostacyclin
(1). Exposure of subendothelial tissue is
highly thrombogenic and results in activation
of the platelets and the coagulation system.
Upon activation, the platelet receptors glyco-
protein Ib and glycoprotein IIb/Illa become
exposed at the cell surface and interact with
von Willebrand factor and fibrinogen, leading
to adhesion to the subendothelium and subse-
quently to aggregation.
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Figure 1. Schematic overview of the coagulation system. The extrinsic pathway (FVII and tissue factor)
is what we understand today the most important pathway for the in vivo initiation of blood coagulation.
Activation of FXII in the intrinsic pathway is initiated by exposure of high molecular mass kininogen and
prekallikrein to negatively charged surfaces such as glass or kaolin in vitro. In addition to the coagulation
factors shown here, the presence of phospholipids (from activated platelets) and Ca®" is essential for acti-
vation of the cascade. Arrows with broken lines indicate inhibition. Negatively charged phospholipids
become exposed on the surface of the activitated platelets where vitamin K-dependent coagulation factors
may bind in the presence of Ca*" ions. Activated platelets can release substances from three types of
granulae; alfa-granulae, dense granulae and lysosomes (acid hydrolases). Contraction of platelets releases
adenosine diphosphate, serotonin and thromboxane A,. These inducers of platelet aggregation are capable
of recruiting additional circulating platelets, which in turn adhere and form a platelet plug.



The fibrinolytic enzyme system is involved in
many physiological and pathophysiological
processes. Removal of fibrin deposits from
blood vessels and prevention of formation of
fibrin clots in the circulatory system are per-
haps the best-known functions. These proc-
esses have given the name fibrinolytic to this
proteolytic cascade system that operates
through plasminogen activation and plasmin
proteolysis. This system in a way counteracts
the coagulation system and has important
regulatory functions in haemostasis. Today,
however, it is known that degradation of fibrin
is only one of several important functions for
this system. Other important functions of this
system include activation of metallopro-
teinases, which in turn have the capacity to
degrade extracellular matrices. This mecha-
nism is important in remodeling of tissues as
needed in e.g., wound healing and for invasive
growth. The fibrinolytic system also seems to
have an important role in the mechanisms in-
volved in cell migration.

Activity in the fibrinolytic system may be-
come decreased due to several different dis-
turbances, such as plasminogen deficiency,
deficient activator production or storage, or
increased fibrinolysis inhibition, usually re-
sulting from elevated plasma levels of PAI-1.
There seems to be a connection between an
impaired fibrinolytic function and MI, as has
been described in a number of prospective
studies. This association is, however, compli-
cated by the strong correlation that seems to
exist between raised plasma PAI-1 levels or
tPA-antigen and insulin resistance, which is
also correlated to MI. Measurement and inter-
pretation of PAI-1 or tPA concentrations is not
easy, because of a natural variation in blood
plasma and due to other reasons, such as a
poor stability of PAI-1 under physiological
conditions. In this work, reasons for variation
of the PAI-1 concentrations have been studied.
In addition, a method for determination of
tPA/PAI-1 complex have been elaborated and
evaluated. Finally, some of the methods have
been used in a major clinical material, the
SHEEP study, to evaluate their clinical impor-
tance.

THE COAGULATION SYSTEM

Activation of the blood coagulation cascade
initiates a chain of reactions leading to the
formation of the enzyme thrombin, a potent
enzyme that converts soluble fibrinogen into
insoluble fibrin. Thrombin has also other ef-
fects of importance for regulation of the co-
agulation process (see below).

The coagulation system consists of a cascade
of enzymatic and non-enzymatic reactions (2-
5). Ca’" is necessary for membrane-binding of
the vitamin K-dependent coagulation factors
(protrombin, factors VII, IX and X) and anti-
coagulant factors (Protein C and Protein S).
Furthermore, Ca”' is needed for a correct or-
ganisation of the multimolecular complexes
formed during the cascade. The coagulation
cascade may be activated in two different
ways, “extrinsic”’ and “intrinsic”. The “extrin-
sic pathway” (tissue factor dependent) as we
understand it today is the most important for
the in vivo initiation of blood coagulation. The
“intrinsic”’pathway is still important when the
coagulation test APT time is used. Both path-
ways converge in the common pathway with
the activation of factor IX.

The "extrinsic pathway" is initiated by vascu-
lar injury. The integral membrane protein tis-
sue factor localized in the adventitia becomes
exposed and factor VII binds to tissue factor,
resulting in activation of factor VII to factor
VIla in the presence of Ca*". For the initial
activation of factor VII, factor Xa seems to be
of importance (6). Tissue factor in complex
with factor VIla then activates factor IX to
factor IXa and factor X to factor Xa. Factor
[Xa with membrane bound factor VIlIa acti-
vates factor X to factor Xa. Factor Xa together
with factor Va as a cofactor in the presence of
Ca®" and a phospholipid surface, converts
prothrombin to thrombin by cleavage and re-
leasing fragment 1+2 from protrombin.

The "intrinsic pathway" only uses factors con-
tained within the blood. The "intrinsic path-
way" is initiated upon exposure of factor XII,
factor XI, prekallikrein and high molecular
mass kininogen in the blood to a negatively
charged surface, e. g. connective tissue or col-



lagen. The activation of factor XII causes a
sequential activation of factors XI, IX and X.
Patients with deficiencies of factors XII,
prekallikrein or high molecular mass kinino-
gen, never have any bleeding symptoms, in
spite of very prolonged APT times (7).

Thrombin is a key enzyme with many differ-
ent functions. It splits off the fibrinopeptides
A and B from fibrinogen, thereby converting
soluble fibrinogen to fibrin monomers, which
spontaneously polymerizes. Thrombin also
activates factor XIII, which crosslinks fibrin
into a stable covalently stabilyzed fibrin clot.
In addition, thrombin activates platelets,
which provide the surface needed for an effi-
cient activation of the coagulation process.
Thrombin also activates factors V, VIII and
XI to their active forms, creating regulatory
very important positive feedbacks.

The complicated function of thrombin is illus-
trated by its role in activation of the protein C
system, which shuts off the coagulation sys-
tem by inactivation of factor Va and factor
VIII (8). This occurs after thrombin binding to
thrombomodulin, which dramatically changes
the specificity of this enzyme. Throm-
bin/thrombomodulin efficienly activates pro-
tein C, in the presence of protein S.

In addition to thrombin, additional compo-
nents serve as regulators of the coagulation
system. Tissue factor pathway inhibitor
(TFPI) inhibits the tissue factor - factor VlIla -
factor Xa complex (for a review see Broze and
Tollefsen) (9). Tissue factor pathway inhibi-
tor-2 (TFPI-2) is another recently discovered
inhibitor of the tissue factor - factor Vlla
complex (10). Antithrombin is an important
serine proteinase inhibitor (serpin) that inhib-
its mainly thrombin but also factors Xa, [Xa,
Xla, XIla and kallikrein. Serpins are a super-
family of proteins in human plasma, which are
involved in the regulation of serine pro-
teinases in coagulation, fibrinolysis and in-

flammation (11). They are suicidal inhibitors
which all react with their target proteinases in
a 1:1 molar ratio, forming tight complexes
which are quite rapidly cleared from the circu-
lation. Heparin cofactor II is another heparin-
dependent thrombin inhibitor in plasma but
the physiological importance is not known, for
a review see Broze and Tollefsen (9).

Fibrinogen is the final protein in the coagula-
tion cascade, which after polymerization
forms the blood clot or thrombus. It is also
important from the cardiovascular point of
view, since it has been reported as an inde-
pendent risk indicator for MI. The fibrinogen
molecule is a glycoprotein containing two
copies of three polypeptide chains (a, B, and y)
(12). Fibrinogen is encoded by three distinct
genes located on the long arm of chromosome
4 (q23-32). It is synthesized by hepatocytes,
and synthesis of the B-chain seems to be the
rate limiting step. The half-life of circulating
fibrinogen is 3 to 4 days in healthy individu-
als. Besides being a vital part of a clot, fi-
brinogen also participates in platelet activation
by binding to platelet GP IIb/Illa receptors,
resulting in platelet aggregation and release of
the platelet granulae contents. The plasma
level of fibrinogen is determined genetically
and by several lifestyle and metabolic factors.
Smoking, age, diabetes mellitus and hypercho-
lesteremia are associated with increased
plasma concentrations (13, 14). Fibrinogen is
an acute phase reactant and its plasma levels
are elevated in many conditions, such as infec-
tion, surgery and trauma. Several studies have
addressed the risk of cardiovascular disease
for high in comparison with low fibrinogen
levels in plasma (15-19). A meta-analysis of
22 of these studies (13 prospective, five cross-
sectional and four case-control) showed that
elevated plasma fibrinogen levels (within the
highest tertile) are associated with an overall
twofold increased risk of cardiovascular dis-
ease in both healthy subjects and high-risk
subjects (20).



Figure 2. A simplified diagram of the fibrinolytic system (adapted from Wiman, MFR informerar, 1987)

THE FIBRINOLYTIC SYSTEM

The fibrinolytic system is responsible for the
degradation and removal of fibrin clots,
thereby restoring eventually obstructed circu-
lation. This system is also involved in tissue
repair, macrophage function, ovulation and
malignant transformation. Plasminogen plays
a central role in fibrinolysis. It is an inactive
proenzyme, which upon activation to plasmin
may degrade fibrin. Activation of plasmino-
gen is catalysed by tPA or urokinase-type
plasminogen activator (uPA). uPA may also
be involved in pericellular proteolysis. Two
inhibitors of the fibrinolytic system are PAI-1
(21-23), which inhibits tPA and uPA, and an-
tiplasmin, which is the main inhibitor of plas-
min (24-26). Plasmin bound to the fibrin sur-
face is relatively protected from inactivation
by antiplasmin. Both tPA and uPA are serine
proteases, which exist as single- or two-chain
molecules. The role of uPA in thrombolysis is
less well-defined, but it is rather believed to
be involved in other physiological processes
such as cell migration, cell invasion and me-
tastasis (27).

Components

Plasminogen and plasmin

Plasminogen is the precursor molecule of
plasmin and is produced by the liver. The
plasma concentration of plasminogen is about
100-150 mg/L and the half-life in the circula-
tion about 2.8 days (28). Plasminogen is a
single chain glycoprotein of M; about 90,000,
consisting of 790 amino acid, and about 2%
carbohydrate. The plasminogen gene, located
on chromosome 6, spans 53.5 kb and consists
of 19 exons (29). Plasminogen is activated to
the two-chain proteolytically active plasmin
by tPA or urokinase by cleavage of a single
peptide bond, Argse-Valss; (30). The two
chains are held together by two disulphide
bonds. There is a heavy (A) chain (M, 60,000)
and a light (B) chain (M; 25,000). The light
chain contains the serine protease catalytic
triad (31). The heavy chain contains five
kringles and mediates interactions of plas-
min(ogen) with fibrin(ogen), inhibitors and
cell-surface receptors.

Tissue plasminogen activator (tPA)

The tPA molecule is synthesized by endothe-
lial cells (32, 33) and released into the blood
stream by various stimuli such as stress,
physical exercise and nicotinic acid (34). The
release of tPA is also stimulated by vasoactive



agents such as bradykinin (35), antiduretic
hormone and catecholamines (36, 37). How-
ever, the regulation of tPA synthesis and se-
cretion is far from clear.

The tPA molecule contains 530 amino acids
and has a molecular weight of about 67,000.
tPA is released in a single chain form, but can
be converted into a two-chain form by plasmin
(38). The A-chain (M, 38,000), is derived
from the NH-terminal portion, and the B-
chain (M; 30,000) containing the active site
from the COOH-terminal portion (39)). The
A-chain contains four domains; a finger do-
main, a growth factor-like domain and two
kringle domains. The finger and kringle 2 do-
mains seem to be involved in binding to fibrin
(40). The tPA gene is located on chromosome
8 (41), spans 33 kb and has 14 exons (42).

Plasma concentrations of tPA measured as
tPA antigen are low, about 5-10 pg/L and var-
ies greatly under different physiological and
pathological conditions. The half-life for un-

PA]1-1 mass concentration

10

bound tPA in plasma is short, about 5 minutes.
The tPA is mainly expressed in the vascular
endothelial cells. Most of the tPA in plasma is
present in a complex with its primary inhibitor
PAI-1 (22), or to some other protease inhibi-
tors in plasma (43, 44).

The regulatory processes for the occurrence of
active tPA in blood are: (a) secretion of tPA
from the endothelial cells within the blood
vessels; (b) inhibition of tPA by PAI-1 in
blood plasma; and (¢) elimination by the liver
(44-47). The difference in molar ratio between
tPA antigen concentration and tPA activity is
typically explained by the presence of PAI-1,
forming an inactive complex with tPA (48).
To some extent also antiplasmin and CI-
inhibitor contributes to this effect. It is possi-
ble that the complexes of tPA with these in-
hibitors have a longer half-life in the circula-
tion, as compared to free tPA, allowing the
complexes to accumulate (47).

tPA activity

L

+— PAI-1
tPA/PAI-1
tPA — tPA/AP |tPA/CIH
PAI-1 activity tPA mass concentration

Figure 3. A presentation of the different components constituting PAI-1 and tPA mass concentra-
tions. AP denotes antiplasmin and C1H C1-inhibitor.

Many studies have been devoted to the identi-

fication and characterization of potential tPA



receptors in the liver, as reviewed by Otter et
al. (49). The liver parenchymal cells express a
high affinity receptor for the uptake and deg-
radation of tPA/PAI-1 complexes, which have
been identified as low density lipoprotein re-
ceptor-related protein or ap-makroglobulin
receptor (50).

When single-chain tPA is bound to fibrin and
plasminogen, the enzyme seems to be fully
active prior to the formation of the two-chain
molecule (39). This is the only known serine
protease with almost full activity in its single-
chain form. Only a small portion of the tPA in
the circulating blood is active. Most of it is
inactive and bound to the protease inhibitors
PAI-1, antiplasmin, or C1-inhibitor.

In an in vivo study no correlation was found
between circulating plasma levels and the lo-
cal tPA release from the endothelium. Base-
line measurements from venous plasma con-
centrations of tPA and PAI-1 cannot be used
for assessment of the fibrinolytic activity lo-
cally. Activity of tPA at the organ level is de-
pendent on the tPA release from the endothe-
lium rather than on the circulating tPA or in-
hibitor of tPA in blood (51).

Urokinase (uPA)

Urokinase was originally described in human
urine (52) at a concentration of 200-300 pg/L.
It was later found in plasma at a concentration
of 3.5 ug/L (53, 54). Urokinase is probably
important in keeping the urinary tract free
from fibrin deposits, but also in pericellular
proteolysis, such as tissue remodelling and
cell migration. The role of uPA in hemostasis
and fibrinolysis is still unclear. Single-chain
urokinase plasminogen activator (scuPA) has
a molecular weight of about 54,000. scuPA is
converted to the enzymatically active two-
chain uPA by plasmin and kallikrein (55).
Urokinase contains one growth factor-like
domain and one kringle domain but no finger
domain like tPA. The uPA gene located on
chromosome 10, spans 6.5 kb and has 11 ex-

ons. Urokinase does not display any affinity
for fibrin.

Plasminogen activator inhibitor-1 (PAI-1)
PAI-1 is the most important physiological
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inhibitor of tPA and u-PA in human plasma
and forms a 1:1 complex with the respective
activator. PAI-1 was discovered in condi-
tioned media from cultured cells (33, 56) and
was later found in plasma (22, 23). PAI-1 has
been demonstrated in a variety of cultured
cells including hepatocytes, platelets,
megacaryocytes and smooth muscle cells (57).
These cell-types are therefore candidates for
the biosynthesis or storage of PAI-1 (33, 56,
58, 59). Synthesis or release of PAI-1 by en-
dothelial cells is stimulated by factors such as
thrombin, endotoxin, dexamethasone, inter-
leukin-1, tumour necrosis factor and trans-
forming growth factor B, for a review see
Kruithof (60). Adipose tissue has also been
shown to be a potential source of PAI-1 (61,
62).

PAI-1 is a single chain glycoprotein with a
molecular weight of 52 000 consisting of 379
amino acid residues. It lacks cysteine residues
and has therefore no disulfide bridges (63, 64).
The PAI-1 gene, located on chromosome 7
(64) spans 12.2 kb and consists of 9 exons
(65).

PAI-1 is secreted as an active molecule (66),
but it is spontaneously transformed into a la-
tent form under physiological conditions (67).
Active PAI-1 is stabilized by its binding to
vitronectin in plasma as well in tissues (68-
70). The vitronectin-PAI-1 complex may work
as an inhibitor of thrombin (71). PAI-1 bound
to vitronectin in plasma has a half-life of
about 4 hours, compared to about 2 hours
when PAI-1 is not bound to vitronectin. The
concentration of PAI-1 in plasma under nor-
mal physiological conditions is low, about 10
pg/L (72). In plasma about 60% of the PAI-1
antigen is functionally active. It is also present
in platelets where the major pool of PAI-1
(100-200 pg/L) is inactive and found in the a-
granulae (73-75). The platelet and plasma
PAI-1 pools has been suggested to be inde-
pendent of each other (73). It is known that
platelets are the main source of PAI-1 in
blood, but there are conflicting data in litera-
ture regarding the actual specific activity of
platelet PAI-1. Published figures range from
almost completely inactive to very active. The
reaction between PAI-1 and plasminogen acti-



vators is fast with second order rate constant
above 10’ M's™ (76).

When plasma PAI-1 concentration is in-
creased, the half-life of functional tPA in the
circulation is considerably shortened. This
causes a decreased fibrinolytic potential (77).
A negative correlation has been found be-
tween the plasma concentration of PAI-1 and
levels of plasmin-antiplasmin complex in
plasma (78, 79).

Several polymorphisms have been identified
in the PAI-1 locus. An eight-allele (CA)n re-
peat polymorphism (80) in intron 3, and a
two-allele Hindlll restriction fragment length
polymorphism of the 3 flanking region of the
gene have been demonstrated to be associated
with the plasma PAI-1 levels (81). In young
postinfarction patients and matched controls
the 1/1 genotype of Hindlll correlated to
higher levels of PAI-1 activity in plasma than
the 2/2 genotype. Individuals with Hindlll
genotype 1/1 showed a two-three fold increase
in the plasma PAI-1 with an increase in VLDL
triglycerides as compared to individuals with
genotype 2/2.

An additional polymorphism has been located
675 basepairs upstream of the transcriptional
start site. It consists of a single guanosine in-
sertion/deletion variation (4G or 5G) (82).
Individuals, who are homozygous for the 4G
allele typically have higher PAI-1 activity in
plasma than individuals with other genotypes
(82-87). Several studies have been performed
regarding a possible association between the
4G/5G polymorphism in the PAI-1 gene and
the development of MI with varying results
(83, 85-94). However, the largest study pub-
lished so far did not display any significant
difference in the 4G/5G polymorphism in pa-
tients with MI as compared to the controls
(95). In patients with sepsis or multitrauma,
individuals homozygous for the 4G allele have
been reported to have a worse outcome than
individuals with the other genotypes (96, 97).

Plasminogen activator inhibitor-2 (PAI-2)
PAI-2 was first demonstrated in extracts of
human placenta (98). PAI-2 has also been
found in monocytes, leukocytes, macrophages
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and in monocyte-like cell-lines (99). PAI-2
has been purified from placenta and from
plasma of pregnant women (100). The plasma
concentration of PAI-2 increases during preg-
nancy, above 35 ug/L, and falls sharply after
delivery (101). This suggests that PAI-2 may
have a haemostatic role during pregnancy and
delivery. It has also in a few cases been
demonstrated in plasma from men and non-
pregnant women (100). PAI-2 exists in two
forms: a secreted glycosylated form with M,
70 000 and an intracellular non-glycosylated
form with M; 46 000. Pregnant women with
placental insufficiency have low concentration
of PAI-2 (102). Preeclampsia patients have
lower concentrations of PAI-2 and higher
concentrations of PAI-1 than women with a
normal pregnancy (103).

Thrombin-activatable fibrinolysis inhibitor
(TAFI)

TAFI is a glycoprotein with M; 60 000, con-
sisting of 417 amino acids. It is synthesised in
the liver and it is also known as procar-
boxypeptidase U or plasma procarboxypepti-
dase B. TAFI can be activated by thrombin,
trypsin, kallikrein or plasmin into the active
enzyme TAFIa. The most efficient activator
seems to be the complex of thrombin and
thrombomodulin (104, 105). TAFIa can poten-
tially decrease the fibrinolytic activity by re-
moving carboxyterminal lysine residues from
partially degraded fibrin, thereby decreasing
plasminogen binding to the surface of fibrin
(106). TAFI is therefore not an inhibitor, but
an enzyme that may modulate fibrinolytic ac-
tivity.

Antiplasmin

Antiplasmin was first described in 1976 (24-
26), as the principal plasmin inhibitor in
plasma. Antiplasmin is a single-chain glyco-
protein with M; 70 000. It is a member of the
serine protease inhibitor super family of pro-
teins (serpins). The plasma concentration is
about 70 mg/L and its half-life in the circula-
tion is about 2.6 days (107).

The reaction between plasmin and antiplasmin
in circulation is rapid, with a rate constant
above 10’ M's™ (108). In contrast, antiplas-
min reacts much slower with fibrin-bound



plasmin (109). Small amounts of antiplasmin
become cross-linked to fibrin during clotting
by the aid of factor XIIIa (110). This protects
the clot from premature lysis and problems
within this process may result in a bleeding
tendency (111). Deficiency or dysfunction of
the antiplasmin molecule may also cause a
bleeding tendency due to increased fibri-
nolytic activity (112).

The fibrinolytic system in disease

Impaired fibrinolysis in venous thrombosis
An impaired fibrinolytic function is a common
finding in patients with different kinds of
thrombotic disease, for a review see Wiman
(113). In deep vein thrombosis (DVT), an im-
paired fibrinolytic function has been found in
30-40% of the patients (114). The value of
many of these investigations is limited due to
that the data are retrospective and nonspecific
assays have frequently been used. Today we
know that the decreased fibrinolytic activity
mainly is caused by increased plasma levels of
PAI-1. Occasionally, this is observed together
with a poor release of tPA on venous occlu-
sion (115). An increased plasma concentration
of PAI-1 as seen in individuals with throm-
botic disease, results in a fast formation of the
inactive complex and shortens the half-life
time of tPA to <60 s (77). DVT patients often
have a long-lasting inflammatory response,
which contributes to the increased PAI-1 lev-
els in plasma. Retrospective studies therefore
give limited information and are difficult to
evaluate regarding the question of cause or
consequence. In a prospective study of recur-
rent DVT a weak but statistically significant
correlation between PAI-1 or tPA antigen lev-
els in plasma and recurrent DVT has been
reported (116). Some families with recurrent
DVT seem to have a combination of increased
levels of PAI- 1 and increased levels of his-
tidine-rich glycoprotein in plasma (117).

Impaired fibrinolysis in coronary heart
disease

The history of atherosclerosis often starts
early in life and involves several components
such as lipid deposition in the subendothelial
layer, inflammation and endothelial dysfunc-
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tion, eventually followed by thrombosis. The
atheroma precedes fatty streaks that may
cause symptoms by it self or develops into
vulnerable plaques at risk to rupture (118). If
that happens thrombotic stimulating factors
are released and as a consequence thrombosis
may occur. Atherothrombosis is a progressive
disease, causing clinical problems, such as,
acute myocardial infarction, stroke and pe-
ripherial arterial disease. Atherothrombosis of
the coronary arteries is the major cause of
death and disability in the western world
(119).

In European community as a whole, age stan-
dardized mortality from coronary heart disease
increased from 146.2/100 000 in the second
half of the 1960s to 158.9/100 000 at the end
of 1970, but declined thereafter to reach
99.6/100 000 in 1995-97, corresponding to a
decline of 37 % since the late 1970s (120).

As mentioned above, a decreased fibrinolytic
activity in blood is mainly due to increased
plasma PAI-1 levels (115). Also elevated
plasma concentrations of tPA antigen, mostly
tPA/PAI-1 complex, correlates with a de-
creased fibrinolytic activity. Thus, there is a
strong correlation between plasma PAI-1 lev-
els and tPA antigen or tPA/PAI-1 complex,
but there is no correlation between tPA activ-
ity and tPA antigen (44, 121, 122).

The first report demonstrating that elevated
plasma PAI-1 concentrations was connected
with MI was a case control study of of men
who had survived an MI occurring before the
age of 45 years (123). In a follow-up study it
was demonstrated that plasma concentration
of PAI-1 activity independently correlated
with reinfarction occurring within 3 years of
the primary event (124). In addition, PAI-I
remained an independent predictor of cardiac
death within 6 to 9 years of follow-up (125).
Since then many prospective studies have
been published indicating that a decreased
fibrinolytic activity, due to increased PAI-1
concentrations (85, 89, 95, 121, 126-132) or
increased tPA antigen in plasma (127, 130,
133-144) predicts MI. Later on it was demon-
strated that tPA antigen to a large extent con-
stitutes the complex between tPA and PAI-1



(44). In this thesis a method to specifically
measure this complex in plasma was devel-
oped and later evaluated in clinical materials
(121, 145). Impaired fibrinolysis activity
measured as increased PAI-1 concentrations
or tPA/PAI-1 concentrations correlates with
insulin concentrations, triglycerides and body
mass index.

Impaired fibrinolysis and insulin resistance
syndrome

There is an association of impaired fibri-
nolytic function caused by increased plasma
PAI-1 concentrations and insulin resistance
syndrome (146, 147), which has been identi-
fied in several studies (148-153). The insulin
resistance syndrome comprises central obe-
sity, hyperinsulinaemia, impaired glucose tol-
erance, dyslipidaemia and hypertension.

It has been demonstrated that PAI-1 in plasma
is correlated with serum triglycerides, blood
glucose, insulin levels, body mass index
(BMI), waist-to-hip circumference ratio and
hypertension. Increased plasma PAI-1 levels
have also been found to correlate with the
amount of visceral fat in obese humans (154),
and PAI-1 is commonly and predictably ele-
vated in individuals with insulin resistance or
type II diabetes (155). It has prospectively
been found that PAI-1 also predicts the
development of type II diabetes mellitus
(156).

The biological mechanisms underlying the
association between insulin resistance and
haemostatic variables are not yet completely
clear. The effect of diabetes on PAI-1 levels
has been studied on blood samples and small
tissue specimens from the mammary artery,
obtained from diabetic and non-diabetic indi-
viduals in connection with coronary artery
bypass graft surgery (157). PAI-1 related im-
munofluorescence was elevated in the arterial
wall and reduced fibrinolytic activity was
found in plasma in diabetic patients.
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Increased fibrinolytic activity and bleeding
tendency

A bleeding problem has been observed in pa-
tients with absent or reduced plasma antiplas-
min activity (158-160). In patients with absent
or reduced plasma PAI-1 concentrations, a
weak bleeding tendency has been observed
(161-163). An excessive fibrinolysis due to
increased tPA activity levels may also be as-
sociated with a bleeding tendency, which has
been described in a few patients (164, 165). In
a study of patients referred to a hospital co-
agulation unit due to bleeding symptoms, a
low PAI-1 activity were more frequently
found among these patients as compared to
matched controls (166).

The fibrinolytic system in cancer

The role of the fibrinolytic system in cancer
has attracted considerable interest during
many years. In this respect, focus at present,
is at the urokinase pathway of this system.
The main components of the urokinase
plasminogen activator (uPA) system include;
uPA, PAI-1 and uPAR (167). Data has
shown that the uPA system plays an impor-
tant role in cancer invasion and metastasis. It
has been suggested that the uPA system
plays a broad role in cancer and is involved
at multiple stages in the formation and pro-
gression of the disease (168). The impor-
tance of the fibrinolytic system in breast
cancer is well documented and it has been
shown that high levels of uPA antigen and
PAI-1 in the primary tumour are associated
with poor prognosis of the patient (169,
170).



THE PRESENT INVESTIGATION

AIMS OF THE STUDY

1. To elaborate a simple and reliable al-
lele-specific PCR method to determine
the 4G/5G polymorphism in the PAI-1
gene promoter region.

To perform a systematic study measur-
ing PAI-1 activity and antigen content
in platelets in order to investigate the
degree of PAI-1 activity in platelets.

To develope specific ELISA methods
for determination of the prote-
ase/inhibitor complexes constituting
tPA antigen in plasma. To investigate
if tPA/PAI-1 complex in plasma is a
better discriminator for arterial throm-
botic disease as compared to tPA anti-
gen.

To explore the distribution, correlation
and interaction of plasma concentra-
tions of tPA/PAI-1 complex in MI pa-
tients and matched controls in the
Stockholm Heart Epidemiology Pro-
gram (SHEEP).

To evaluate the role of plasma concen-
trations of tPA/PAI-1 complex as pre-
dictor of MI in healthy individuals
(SHEEP controls) in the SHEEP
study.

MATERIALS AND METHODS

A PCR method for the 4G/5G polymor-
phism in the promoter region of the PAI-1
gene

In paper I, we present a simple and reliable
PCR method, utilizing allele specific primers,
to determine the 4G/5G polymorphism in the
PAI-1 gene promoter region. Our allele spe-
cific PCR method uses two 17-mer allele spe-
cific primers, 5’-GTCTGGAC AGTGGGGG-
3'(PAI-5G) and 5'-GTCTGGACAGTGGG
GA-3’" (PAI-4G) in combination with a down-
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stream primer 5 -TGCAGCCAGCCACGTG
ATTGTCTAG-3" (PAI-2d), resulting in DNA
fragments of 140 and 139 bp, respectively. A
fourth primer located upstream of the poly-
morphic region, 5'-AAGCTTTTACCATGG
TAACCCCTGGT-3" (PAI-u), was used as a
positive control in the PCR reaction and re-
sults in a DNA fragment of 257 bp in combi-
nation with the downstream primer (PAI-2d).
The PCR amplification was performed in a
total volume of 50 pl using 1 pg of genomic
DNA. The reaction mixture contained 10
mmol/L. Tris-HCL, pH 8.8, 1.5 mmol/L
MgCl,, 50 mmol/L of each nucleoside
triphosphate, 0.2 umol/L of each primer, ex-
cept for the upstream control primer which
where a concentration of 0.05 mmol/L was
used and 2 units of Dynazyme (a thermostable
DNA polymerase purchased from Finnzymes
Oy, Espoo, Finland). The mixture was sub-
jected to 30 cycles of 94 'C (45s), 65 'C (45s)
and 72 'C (75s). Amplified DNA fragments
were analysed by 4% agarose gel electropho-
resis. Using the described method, 308 healthy
blood donors were genotyped regarding this
polymorphism. In order to establish the reli-
ability of the assay, 120 of these samples were
reanalysed in a random and blind fashion,
with identical results.

PAI-1 activity and PAI-1 antigen measure-
ments
For determination of PAI-1 activity in plasma

Spectrolyse®/pL PAI (Biopool) was used. The
method is a two-stage, indirect enzymatic as-
say. In stage one, a fixed amount of tPA is
added to the plasma sample and allowed to
react with the PAI-1 present. Then the sample
is acidified to destroy alpha-2-antiplasmin and
other potential plasmin inhibitors that would
otherwise interfere with the tPA assay. Subse-
quently, the sample is diluted. In stage two,
the residual tPA activity is measured by add-
ing the sample to a mixture of Glu-
plasminogen, poly-D-lysine and chromogenic
substrate at neutral pH. The residual tPA ac-
tivity in the sample will catalyse the conver-
sion of plasminogen to plasmin, which in turn
will hydrolyse the chromogenic substrate. The
amount of colour developed is proportional to
the amount of tPA activity in the sample.
Poly-D-lysine is present as a stimulator of the



tPA catalysed conversion of plasminogen to
plasmin. The PAI-1 content of the sample is
then identified as the difference between the
amount of tPA added and the amount of tPA
recovered. One unit of PAI-1 activity is de-
fined as the amount of PAI-1 that inhibits one
international unit of human single chain tPA.
Highest PAI-1 activity value accurately meas-
ured is 28 1U/ml. Samples with PAI-1 levels
above 28 1U/ml had to be diluted and reas-
sayed. According to the manufacturer, at the
level 9 IU/ml, the within assay CV and be-
tween assay CV are 11.4% and 9.4%, respec-
tively.

Determination of PAI-1 antigen in plasma was
performed by an ELISA method (TintElize®,
Biopool). For capturing purpose a monoclonal
antibody against PAI-1 were used, while
horseradish peroxidase (HRP)-conjugated
polyclonal anti-PAI-1 antibodies were used
for measuring purpose. The minimal detect-
able concentration was 0.5 ng/ml of PAI-1
antigen. The within assay CV and between
assay CV are typically less than 5 % at 40
ng/ml.

Determination of tPA antigen utilizes the dou-
ble antibody principle (TintElize, Biopool).
Plasma sample or standard containing tPA is
added to a microtiter plate well which is
coated with goat anti-tPA IgG. After an incu-
bation to bind tPA, HRP-labelled Fab frag-
ments from anti-tPA IgG are used for measur-
ing purpose. According to the manufacturer
the within assay CV and between assay CV
are 5.5 % and 3.5%, respectively at a tPA an-
tigen concentration of 6 ng/ml.

To measure tPA/PAI-1 complex we combined
the two kits for measuring PAI-1 and tPA anti-
gen (kits from Biopool). Thus microtiter plates
coated with polyclonal antibodies against hu-
man tPA was used in combination with a HRP-
conjugated monoclonal antibody (MAI-12) to
PAI-1. The colour developed was found to be
directly proportional to the concentration of
tPA/PAI-1 complex in the sample. The detec-
tionlimit of was about 0.25 pg/L. Samples with
tPA/PAI-1 complex levels above 20 pg/L. had
to be diluted in tPA/PAI-1 free plasma or PET
buffer. Later a commercially available kit (Tin-
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tElize tPA/PAI-1°, Biopool) was used. Using
this kit at a level of 9.1 ng/L a within-assay CV
of 4.0 % and between-assay CV of 3.5% was
achieved (according to the manufacturer). This
kit was used in papers IV and V. Standardiza-
tion of the commercial kit was somewhat dif-
ferent as compared to the method described in
paper III, which is most likely the reason for
that discrepant levels was measured in plasma
from healthy individuals with the two methods.

Quantification of the specific complexes be-
tween tPA and the different inhibitors (PAI-1,
antiplasmin and Cl-inhibitor) was performed
by classical two-site ELISA methods. Goat
anti-tPA IgG was used as capture antibodies in
all systems (identical microtiter plates as used
in Tintelize tPA a kind gift from Biopool). For
detection, HRP-conjugated polyclonal antibod-
ies towards the different inhibitors (PAI-1, an-
tiplasmin and Cl-inhibitor) were used. Immu-
nization was performed with purified proteins
as described (171-173). The antibodies was
conjugated with HRP according to Tijssen
(174).

The rate constants for the reactions between
tPA and antiplasmin or C1 inhibitor have not
been reported previously and were therefore
determined using pseudo first-order conditions.
The experiments were performed as follows:
tPA at a final concentration of 0.38 mmol/L
(16000 IU/ml) was mixed with antiplasmin
(final concentration 14 mmol/L) or C1 inhibi-
tor (final concentration 14 mmol/L). After
various incubation times (0 - 6 h), samples
were taken for measurement of residual tPA
activity, utilizing the chromogenic substrate
Flavigen tPA (final concentration 0.5 mmol/l).
The buffer used in these experiments was 0.04
mol/l sodium phosphate buffer pH 7.3, contain-
ing 0.1 mol/l NaCl, 0.1 g/l Tween 80 and 0.01
mmol/L NaN3. In the experiments with C1 in-
hibitor, heparin (final concentrations 0 or 20
U/ml) was occasionally added to the buffer.
The decline in tPA activity was plotted in a
semilogarithmic graph and used to calculate
the half-lives, which subsequently were used to
calculate the reaction rate constants.

In order to clarify the role of vitronectin in sta-
bilizing PAI-1 activity within the platelets, an
ELISA method was developed to specifically



determine the concentration of PAI-1/vitro-
nectin complex in platelet lysates. This was
performed by a classical two-site ELISA
method, utilizing polyclonal monospecific vi-
tronectin IgG for coating microtitre plates and
an HRP-labelled monoclonal antibody towards
PAI-1 (MAI-12, Biopool) for detection (175).

Extraction of PAI-1 from fresh platelets from
5 mL citrated or acidified (Stabilyte tubes)
blood was performed as described below. To
obtain platelet rich plasma, blood was first
centrifuged for 15 minutes at 140 x g (4 °C),
followed by a second centrifugation at 2750 x
g for 15 min (4 °C) to collect the platelets.
These were then resuspended and washed
once with either 5 mL of 0.01 mol/L sodium
phosphate buffer, pH 7.0, containing 0.15
mol/L NacCl (citrated tubes) or 5 mL of 0.02
mol/L sodium acetate buffer, pH 5.5, contain-
ing 0.15 mol/L NaCl (Stabilyte tubes). After
centrifugation, the platelets in the pellet were
completely lysed by treatment with 1 mL of
50 mL/L Triton X 100 for 15 minutes at room
temperature. The lysates were centrifuged for
15 minutes at 2750 x g (+ 4 °C) and the su-
pernatants stored at -70 °C in aliquots. By this
procedure we have avoided activation of the
platelets and release of PAI-1, since this might
lead to a decrease in PAI-1 activity concentra-
tions due to thrombin formation and subse-
quent inactivation of PAI-1 (176).

Other biochemical analyses

Total cholesterol, HDL cholesterol and
triglycerides were analysed in serum from
fresh serum samples with a colometric method
(Kodak Echtachem). LDL cholesterol was
calculated according to the Fridewald formula
(177, 178). Serum insulin was measured using
commercial RIA kits, RIA 100, Pharmacia
(Uppsala, Sweden). C-reactive protein (CRP)
levels were measured in plasma using a highly
sensitive  immunonephelometric  system
(Dade-Behring, Marburg, Germany) and an
automated BN II nephelometer. Apolipopro-
tein A1 and apolipoprotein B were determined
by immunochemical techniques. Plasma fi-
brinogen was determined in samples that had
been kept frozen at -70 °C and analysed by
polymerisation test according to the method
described by Vermylen et al. (179).
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Patients and controls in the SHEEP study

In papers IV and V, the Stockholm Heart Epi-
demiology Program (SHEEP), a large popula-
tion based case-control study, is used. Cases
were all first-time acute MI occurrences and
diagnosed according to standardized criteria
by the Swedish Association of Cardiologists
in 1991. All acute MI were diagnosed accord-
ing to (1) certain symptoms according to case
history information; (2) specified changes in
blood levels of the enzymes serum creatine
kinase (CK) and serum lactate dehydrogenase
(LD); and (3) specified electrocardiogram
changes. All hospitalised cases were diag-
nosed according to these criteria. To certify
that only cases with first-time MI events were
selected in the study, each case was checked
for previous MI’s from 1975 and forward in
the hospital discharge registry. Male cases
were identified during a 2 years period (1992-
1993), while female cases were collected dur-
ing a 3-year period (1992-1994). During the
period January 1 to October 31, 1992, the up-
per age limit for subjects was 65 years; from
November 1, 1992, and onwards it was 70
years. Cases were recruited from three
sources; (i) all coronary and intensive care
units at the internal medicine departments of
the 10 emergency hospitals within the county
of Stockholm (89% of male cases and 80% of
female cases, or 97% of all non-fatal cases),
(i1) the computerized Hospital Discharge Reg-
ister for the County, and (iii) death certificates
form the National Register for Causes of
Death maintained by Statistics Sweden (SCB).
Cases were included at time of disease onset.
The cases identified in SHEEP were classified
as non-fatal if they survived at least 28 days
after the day of their diagnosis (an interna-
tionally accepted definition), and as fatal if
they did not. One control per case was ran-
domly sampled from the computerized register
of the Stockholm County population within 2
days of the case occurrence. The controls (in-
dividuals with a history of coronary heart dis-
ease were excluded) were matched to cases by
sex, age (within a 5-year interval) and residen-
tial area within the Stockholm County. Five
control candidates were identified at the same
time, so that another one could simply replace
potentially non-responding controls. Occa-



sionally both the initial and a substitute con-
trol were included, due to a late response from
the initial one. Therefore, somewhat more
controls than cases were finally included.

Postal questionnaires covering a large set of
life style, behaviour or occupation questions
were distributed to non-fatal cases and to their
controls. The non-fatal cases and their con-
trols were subjected to a physical examination
(in the morning), which also included blood
sampling (fasting samples), blood pressure
measurements and anthropometrical tests.
Examination took place about 3 months after
the disease onset (and inclusion in SHEEP).
This time interval was chosen in order to al-
low for cases to regain a metabolically stable
state (123, 180). The examination date for the
controls was set as close as possible to that of
the corresponding case in order to avoid bias
due to seasonal variation in the blood parame-
ters.

Collection of blood samples and analyses
performed

After 10 minutes of rest in the supine position,
the patients had blood drawn from an antecu-
bital vein into evacuated tubes (0.129 mol/L
sodium citrate, EDTA, or nothing for serum
samples) using minimal stasis. Many of the
routine biochemical analyses were performed
immediately at the local laboratories within
the different participating hospitals. For stor-
age, the blood samples were typically centri-
fuged within 30 minutes, and plasma or serum
were immediately frozen in aliquots and
stored at -70 °C until used. The samples were
then analysed at the Department of Clinical
Chemistry, Karolinska Hospital. Due to an
unfortunate break down of one of the freezers
about 15% of the samples of the SHEEP mate-
rial were destroyed.

Definition of standard risk factor and expo-
sures

One definition of the word, risk factor is:
“Risk factor: an environmental, behavioral, or
biologic factor confirmed by temporal se-
quence, usually in longitudinal studies, which
if present directly increases the probability of
a disease occurring, and if absent or removed
reduces the probability. Risk factors are part
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of the causal chain, or expose the host to the
causal chain. Once disease occurs, removal of
a risk factor may not result in a cure” (181).
Risk factors can be divided into two groups;
modifiable and fixed. In the modifiable group
lifestyle and behavioural factors are catego-
rized for and contains cholesterol, blood pres-
sure, diabetes, smoking and physical activity.
The fixed group represents sex and age. In
Sweden, cardiovascular disease accounts for
about 21% of death in women and 26% in
men (182).

Smoking

Subjects who smoked when included in the
study, or who had stopped smoking within the
last two years, were classified as current
smokers. Subjects who had stopped smoking
more than two years before inclusion in the
study were classified as ex-smokers. Subjects
who had never smoked regularly for at least
one year were considered never-smokers. In
the analyses of potential interaction between
smoking and the concentration of tPA/PAI-1
complex, never- and ex-smokers were com-
pared with current smokers.

Overweight

The individual Body Mass Index (BMI) value
was calculated from height and weight meas-
urements from the health examination. Sub-
jects with BMI values >28kg/m” were classi-
fied as suffering from overweight.

Waist-Hip ratio

The waist-hip ratio (W/H) was calculated at
the health examination to estimate distribution
of adipose tissue. W/H was calculated as the
circumference midway between the lower rib
margin and the iliac crest (waist) divided by
the circumference at the widest point between
hip and buttock (hip). Women with a W/H
ratio >0.82 were categorized as exposed. For
men the cut-off ratio used was >1.0.

Diabetes mellitus

Subjects were classified as diabetics if they
were controlling the diabetes with insulin
treatment, drug treatment, or diet at the time
of inclusion in the study.



Hypertension

The blood pressure was recorded during the
health examination and taken as the mean of
two readings in supine position after five min-
utes of rest. Subjects fulfilling one or more of
the following criteria were classified as hyper-
tensives: (1) on antihypertensive drug therapy
(for reason of hypertension); (2) a history of
regular antihypertensive drug therapy during
the last five years (or a part of that time); (3) a
systolic blood pressure >160mm Hg or a dia-
stolic blood pressure >90mm Hg without his-
tory of anti-hypertensive drug therapy.

Physical inactivity

Questions about physical activity included
conditions at work, household, homework and
leisure time activities. In this work, subjects
who reported inactive leisure time, including
occasional walks, during the last 5-10 years
were categorized as exposed to physical inac-
tivity.

Hypertriglyceridemia
Subjects with fasting serum triglyceride levels
>2.3mmol/L were classified as exposed.

Hypercholesterolemia

Subjects with fasting levels of total cholesterol
>6.5mmol/L or receiving lipid lowering medi-
cation were classified as exposed.

Blood parameters

All variables were dichotomized. The 75"
percentile was used as cut-off for male and
female control group, respectively, when de-
terminig exposure to high apolipoprotein B,
high LDL cholesterol, high CRP, high von
Willebrand factor, high PAI-1 activity, high
homocystein, high tPA/PAI-1 complex and
high insulin. The 25" percentile was used as
cut-off for the male and female control groups,
respectively, when determinig exposure to low
apolipoprotein Al and low HDL cholesterol.

Statistical methods

Statistical analysis in paper I was performed
using non parametric methods (Statistica for
Windows, StatSoft Inc, Tulsa, OK USA). In
paper II, comparison within or between groups
were performed with paired or unpaired Stu-
dent’s t-tests (two tailed), respectively. Since
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PAI-1 concentrations (activity or antigen) in
plasma are not normally distributed, logarith-
mic transformations were performed for these
analytes prior to statistical calculations. Re-
gressions were calculated by the least square
method using a computer program (Sigmaplot,
Jandel Scientific). Statistical analysis in paper
IV and V were performed using SAS (versions
6.11; 6.12; 8e). The relationship between con-
tinuous variables was quantified by Spear-
man's rank-order correlation coefficient. Be-
cause the distributions of plasma concentra-
tions of tPA/PAI-1 complex and PAI-1 were
skewed, the non- parametric Kruskal-Wallis
test was applied when comparing these values
between different groups. In paper IV the rela-
tive risk of MI for the exposure to high plasma
tPA/PAI-1 complex levels was calculated as
odds ratios (OR). The influence of confound-
ers was adjusted for using unconditional logis-
tic regression when calculating OR with 95%
confidence intervals (CI). In paper V the haz-
ard ratios (HR) for developing MI due to the
exposure to different risk factors were calcu-
lated. The influence of confounders was ad-
justed for using the Cox proportional hazards
model when calculating HR with 95% confi-
dence intervals (CI). Age (in five-year age
groups), residential area, and smoking were
controlled for by means of dummy variables.
SAS 8e under Windows NT was used for the
epidemiological and statistical analyses (183).
Interaction between two risk factors was de-
fined in accordance with Rothman and
Greenland (1998) (184). Thus, the empirical
criterion of interaction is deviation from addi-
tive effects of the compared risk factors. To
evaluate possible interactions, we calculated
Synergy index scores (S), which give the ratio
of the combined effects to the sum of the ef-
fects of two risk factors. A Synergy index
score exceeding 1.0 indicates a synergistic
interaction and an index below 1.0 indicates
an antagonistic interaction. Synergy index
scores with 95% CI were calculated using a
SAS program, which also allowed for con-
founding control (185). Missing values, how-
ever, were deleted in the analyses.



RESULTS AND DISCUSSION

Paper I

The occurence of the 4G/5G polymorphism in
the PAI-1 promoter region, 675 basepair (bp)
upstream of the transcriptional start site, con-
sisting of a single guanosine insertion/deletion
variation, resulting in two alleles containing
either 4 or 5 guanosines in a row, correlates to
the plasma PAI-I concentration. In paper I, a
simple and reliable PCR method, utilizing
allele specific primers, to determine the
4G/5G polymorphism in the PAI-1 gene pro-
moter region is presented.

Using this method, more than 300 blood do-
nors of varying age and sex (about 70% were
men) were genotyped. The following allele
distribution was found: 52.3% 4G and 47.7%
5G. The genotype distribution was: 4G/4G,
28.2 %, 4G/5G, 48.1% and 5G/5G, 23.7%.
This is in agreement with what would be ex-
pected if the data are in Hardy-Weinberg equi-
librium. A closer examination of the data by
dividing the material into two age groups, one
19-51 and the other 52-71 years of age gave
interesting results. The frequency of individu-
als homozygous for the 4G allele was much
higher in the younger group (34.7%) as com-
pared to the older (22.1%, p=0.014). The rea-
son for this difference between the age groups
is not known. The result from this analysis
was still based on relatively few individuals.
Therefore it is not possible to draw far-
reaching conclusions. Also, a study of 4G/5G
polymorphism in 124 healthy centenarians
compared to an equally large group of young
individuals did not reveal any major differ-
ences in allele distribution (186). In another
study this polymorphism was investigated in
different ethnic groups, such as Blacks, His-
panics, and Non-Hispanic Whites. The allele
frequencies were significantly different among
the 3 ethnic groups: the frequencies for the 4G
and the 5G alleles were 0.52 and 0.48 in non-
Hispanic whites, 0.38 and 0.62 in Hispanics,
and 0.28 and 0.72 in blacks, respectively
(187).

A meta analysis regarding the 4G allele in the
PAI-1 gene and its relation to acute myocar-
dial infarction has been performed (188). This
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study included 7 case control studies with a
total of 2813 patients. The results indicated a
weak, but significant association between the
4G allele and increased risk of myocardial
infarction with OR 1.20, 95% CI 1.04 to 1.39,
(P =0.04) (188). Thereafter, two large case
controls studies have been published (95,
189). One study of 2819 Japanese myocardial
infarction patients (2003 men and 816
women) and 2242 controls (1306 men and 936
women) demonstrated a significant correlation
of the occurrence of the 4G allele and myo-
cardial infarction only in women, but not in
men (189). The other large study with 1212
(851 men and 361 women) with first-time MI
and 1556 controls (1051 men and 505 women)
demonstrated similar results (95).

Paper 11

Platelets are the main source of PAI-1 in
blood, but there are conflicting data in litera-
ture regarding the specific activity of platelet
PAI-1. Published data range from almost
completely inactive to very active (57, 58, 73,
74, 190-196). Some studies have indicated
that platelet PAI-1 could be of pathophysi-
ological importance, especially regarding the
sensitivity of a thrombus to thrombolytic
treatment with tPA (197-199). Our data sug-
gested that PAI-1 in platelets in most indi-
viduals is about 10 % active, but occasionally
itis almost as active as in plasma. We avoided
activation of platelets during preparation and
extraction of PAI-1, since this may cause inac-
tivation of PAI-1 by the action of thrombin, if
formed. Nevertheless, even if small standardi-
zation problems are taken into account, the
PAI-1 activity found in the platelets was
higher than expected, if conversion into the
latent form had occurred normally. Vi-
tronectin could be detected in the platelet lys-
ates in low concentrations and a negative cor-
relation was found between vitronectin and
PAI-1 in the platelet lysates. In order to clarify
the role of vitronectin in stabilizing PAI-1
activity within the platelets, attempts were
performed to specifically determine the con-
centration of PAI-1/vitronectin complex in the
platelet lysates. However, we were not able to
find detectable concentrations of this complex
in the platelet lysates. The reason for that PAI-
1 within the platelets is more active than ex-



pected is therefore so far not well understood.
A possible mechanism could be a continuous
de novo synthesis of PAI-1 (200). It is known
that platelets lack nuclear DNA. However,
they still contain mRNA from the megakaryo-
cytes and it has been demonstrated that protein
synthesis still may occur for some proteins
(201). It has also been proposed that the in-
creased activity of PAI-1 in the platelets could
be due to that active PAI-1 molecules are
packed with other large a-granule proteins in a
calcium-dependent process (202).

We also demonstrated that the 4G/5G poly-
morphism influences the PAI-1 activity con-
tent in platelets in the same way as previously
has been shown for PAI-1 in plasma (82). The
content of PAI-1 antigen in platelets was not
significantly different among the different
genotypes, although a tendency in the same
direction was observed. However, as was ex-
pected, the PAI-1 levels in platelets were not
subjected to any diurnal variation, in contrast
to what has been found in plasma (203). Also,
our data suggested that a diurnal variation of
PAI-1 in plasma may exist independently of
genotype regarding the 4G/5G polymorphism.
In a much larger study it was subsequently
demonstrated that the diurnal variation with
very high levels of plasma PAI-1 in the early
morning was much more pronounced in indi-
viduals with the 4G/4G genotype (204). In the
same study, tPA antigen showed a weak diur-
nal variation, which did not differ among the
genetic variants regarding the 4G/5G-
polymorphism. These results have been con-
firmed in another and independent study
(205).

The plasma PAI-1 diurnal variation seems to
be dependent on a transcription factor CLIF
(cyclelike factor), which has been recognized
in regulating the circadian variation of PAI-1
gene expression (206). In the PAI-1 promoter,
2 E-box elements (CACGTG) are responsible
for the activation of the PAI-1 gene by CLIF.
One of the E-boxes is located at -677 to -672,
overlapping the sequence of the 4G/5G poly-
morphism in the PAI-1 promoter, explaining
why the different PAI-1 genotypes behave
differently regarding the diurnal variation.

A strong correlation was found between the
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content of PAI-1 and B-thromboglobulin in
platelets. The reason for this is unclear. One
suggestion could be a co-regulation of the
genes for the two proteins. Another possibility
is that B-thromboglobulin or PAI-1 content
merely reflects the number of a-granulaes
within the platelets. In addition, no correlation
was found between plasma PAI-1 activity,
plasma PAI-1 antigen or PAI-1 in platelet lys-
ates with platelet counts or mean platelet vol-
umes. This is most likely due to that the stud-
ies were performed on healthy individuals
with a very limited variation in platelet counts
(252 + 42 x 10°/L) or in mean platelet vol-
umes (8.6 £ 1.4 fL).

Paper 111

The concentration of tPA antigen in plasma
has attracted considerable interest due to its
correlation with development of cardiovascu-
lar disease (128, 131, 135-137, 139, 140, 143).
The plasma concentration of tPA antigen typi-
cally correlates well with PAI-1 activity rather
than with tPA-activity. Thus, an increased
plasma tPA antigen concentration reflects a
decreased fibrinolytic activity rather than an
increased fibrinolytic activity. Plasma tPA
antigen is a heterogeneous mixture consisting
of low concentration of active tPA (only a few
percent), but mainly of tPA in complex with
various inhibitors, such as PAI-1 (43, 45,207,
208), antiplasmin (209) or Cl-inhibitor (43,
45, 207, 208).

In plasma samples from 30 healthy individuals
we found no correlation between tPA antigen
on the one hand and tPA/C1-inhibitor com-
plex or tPA/antiplasmin complex on the other
hand. The tPA/C1-inhibitor complex seems to
be present in plasma in quite high concentra-
tions, which is somewhat surprising since the
reaction rate between tPA and C1-inhibitor is
low (3 to 5 mol™'s™). This has been reported
earlier (208) and it is likely that the reaction
rate in circulating blood is increased e.g. at the
endothelial surface, due to the presence of
heparane-sulphate. The tPA/C1-inhibitor con-
centrations might also have been overesti-
mated, to some extent, because of standardiza-
tion problems. It is possible that some of the
tPA/inhibitor complexes partly dissociates
after binding to the tPA antibodies in the mi-



crotiter plates, thereby causing measuring
problems. Such problems might be worse for
the complex with C1-inhibitor, as compared to
the complexes with the other inhibitors. How-
ever, as could be expected a strong positive
correlation was found between tPA antigen
and tPA/PAI-1 complex in plasma samples.
For this reason it is possible that the concen-
tration of tPA/PAI-1 complex in plasma
would have the edge over tPA antigen regard-
ing the power to predict thrombotic events.

In an unpublished study together with Dr.
Elisabeth Moor (Dept of Cardiology, Karolin-
ska University Hospital in Solna) we have
measured plasma tPA/inhibitor complexes

22

from 100 men who underwent elective coro-
nary artery bypass grafting and compared the
data with data from matched controls (Table
1). These patients had significantly higher
concentrations of tPA/PAI-1 complex (p <
0.005) and also of tPA/C1-inhibitor complex
(p <0.05) in plasma as compared to matched
controls. The results regarding tPA/antiplas-
min complex and tPA antigen were not differ-
ent between the patients and the matched con-
trols. There were no differences in any of the
tPA/inhibitor complexes between patients
without occlusions and patients with occlu-
sions of one or more vein grafts within three
months of surgery.

Table 1. Plasma tPA antigen (ug/L) and tPA/inhibitor complexes (pg/L) in 100 men, who subse-
quently were subjected to elective coronary artery bypass grafting. The data for 107 matched controls
are also shown. The values are given as mean + SD. Student's t test has been used for calculation of p-

values.
Patients Controls p-value
(n=100) (n=107)
tPA antigen 9.6+2.8 10.2+3.5 0.119
tPA/PAI-1 29+1.7 1.6+1.0 0.003
tPA/antiplasmin 0.8+1.1 0.6+0.5 0.08
tPA/C1-inhibitor 6.8£11.6 46+4.6 0.038

Paper IV

Today many different types of risk factors for
MI has been described including several labo-
ratory parameters, such as serum cholesterol
fractions, apolipoproteins and fibrinogen. In-
flammatory markers have also become in-
creasingly interesting. In addition to this, an
impaired fibrinolytic function due to increased
plasma levels of PAI-1, the most important
inhibitor of the physiological plasminogen
activator tPA, has been demonstrated to corre
late to the development of MI in several pro-
spective studies(123, 127, 134, 210-212). In
other studies it was found that tPA antigen

(about 40% of which constitutes tPA/PAI-1
complex) or specifically analysed tPA/PAI-1
complex was an even better predictor of MI
than PAI-1 (122, 134, 139, 143).

In paper IV we explored the distribution, cor-
relation and interaction of plasma tPA/PAI-1
complex in patients and matched controls in
the SHEEP study. About 3 months after the
primary event, 1267 (893 men and 374
women) survivors of the initial MI had been
subjected to blood sampling. At this time most
of the patients were considered to be in a me-
tabolically stable condition. In other studies
the blood sampling have been further delayed
(213, 214), but then patients with an early
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reinfarction would have been excluded from
the study. An equal number of matched indi-
viduals served as controls. In the present study
886 patients (591 men and 295 women) and
1198 matched controls (753 men and 445
women)was included, and all had been ana-
lysed for plasma tPA/PAI-1 complex concen-
tration. The result showed that the plasma
concentration of tPA/PAI-1 complex was sig-
nificantly associated with the risk of MI, for
both genders. Synergistic interactions were
observed in men for the co-exposure to high
plasma tPA/PAI-1 complex concentrations in
combination with smoking (OR=4.6) or diabe-
tes mellitus (OR=7.9). Synergisms were also
found in combination with exposure to serum
hypercholesterolemia or increased levels of
apolipoprotein B. Among men an antagonistic
effect of the co-exposure to high tPA/PAI-1
complex and hypertension was found. A simi-
lar tendency was found among women. An
antagonistic effect of increased waist/hip ratio
and increased tPA/PAI-1 complex was only
observed among the women.

In successive blood samples, intraindividual
tPA antigen levels are relatively constant
when not taken in the acute phase (215), while
intraindividual PAI-1 levels vary considerably
over time (215). This may at least partly ex-
plain why tPA antigen levels were signifi-
cantly better associated with cardiovascular
events than PAI-1 levels.

Both tPA and PAI-1 are subject to diurnal
variation with highest levels in the early
morning for PAI-1 activity and highest con-
centrations in the afternoon for tPA activity.
This may offer an explanation to the higher
incidence of myocardial infarction in the early
morning (216, 217).

The definition of diabetes mellitus used in the
study is a conservative one, as it does not con-
sider blood glucose values. It has been revealed
that “unknown” diabetes may occur commonly
in patients with MI (218). It could be expected
that with measuring the blood glucose values in
the MI patients to find more diabetes mellitus
patients. Impaired fibrinolysis as elevated
plasma levels of PAI-1 and tPA are docu-
mented as an integral feature of the insulin

resistance syndrome (146, 219, 220). An in-
creased abdominal adipose tissue is hypothe-
sised to be responsible for a mild chronic in-
flammatory state, which may induce insulin
resistance and endothelial dysfunction, markers
of which include t-PA antigen levels (220,
221).

In some instances a decreased fibrinogen con-
centratin in plasma could be due to that pa-
tients stopped smoking after MI, or because of
treatment with statins. Statins were a rela-
tively new drug when the SHEEP study
started and only few patients were treated with
this type of drug.

ACE-inhibitors, which have been suggested to
lower plasma PAI-1 concentrations, were used
only by about 200 MI patients and a about 50
controls.

Blood pressure usually falls after a MI and
may still be affected 3 months afterwards due
to the damage of the heart muscle. Thus, the
fraction of patients with hypertension in the
material is probably underestimated.

Life style changes in patients with MI and the
prescribed medication may affect blood pres-
sure levels. Prior to the MI in the cases, medi-
cations that lower blood pressure were around
30% in the MI cases and 20 in the controls.
Medications for lowering blood lipids were
scares, 5% in the MI cases and 4% in controls.

Paper V

It has previously been described that the
tPA/PAI-1 complex is an important biochemi-
cal marker for myocardial reinfarction in the
SHEEP study (122). In the present work we
have prospectively followed a cohort consti-
tuting the control group in the SHEEP study
for about 6-8 years. During that time 58 of
those individuals (48 men and 10 women),
who at the time of inclusion were considered
to be healthy regarding cardiovascular disease,
developed a first MI. The results clearly dem-
onstrated that the individuals with increased
plasma concentrations of tPA/PAI-1 complex
(or PAI-1) had a significantly increased risk of
developing MI during the follow-up period. In
addition, CRP and HDL cholesterol, as well as



smoking, the occurrence of diabetes mellitus
or hypertension also predicted MI. However,
regarding the parameters hypercholes-
terolemia, high LDL cholesterol, high apoli-
poprotein B, low apolipoprotein Al, high fi-
brin D-dimer, high von Willebrand factor,
hypertriglyceridemia, or high fibrinogen did
not predict MI in this study. The material was
too small to be divided according to gender or
to analyse synergisms.

Prospective studies of initially healthy indi-
viduals regarding an impaired fibrinolytic
function and MI are very limited. Ridker et al
followed 231 healthy men from the Physi-
cians' Health Study cohort who developed MI
within 5 years, demonstrating that the baseline
concentrations of tPA antigen were higher in
MI than controls (139). Thogersen et al. (129)
demonstrated significantly higher concentra-
tions of PAI-1 and tPA antigen in predicting
the occurrence of a first MI, but in a popula-
tion with a high prevalence of CHD in both
genders. Another study (Caerphilly) (133), in
wich nearly 2000 middle aged men were fol-
lowed for a period of 5 years, it was demon-
strated that tPA antigen, but not PAI-1 activ-
ity, was associated with the development of
major CHD. Recently, from the same study,
with a longer follow-up period of 13 years, it
was demonstrated that both tPA antigen and
PAI-1 activity were risk factors for major
CHD (222). Our study constituting the control
subjects within the SHEEP study is however
the first prospective investigation of previ-
ously “healthy” individuals with respect to
specifically measured tPA/PAI-1 complex as
risk indicator for MI. The results suggest that
measurements of this complex, especially in
individuals suffering from diabetes mellitus or
in those who smoke, could be of practical
value to assess the future risk of ML

GENERAL DISCUSSION

The fibrinolytic enzyme system is involved in
many physiological and pathophysiological
processes. Removal of fibrin deposits from
blood vessels and prevention of formation of
fibrin clots in the circulatory system are per-
ists (220). It has prospectively been demon-
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haps the best-known functions. These proc-
esses have given the name fibrinolytic system
to this proteolytic cascade system that oper-
ates through plasminogen activation and
plasmin proteolysis. A number of prospective
studies of fibrinolytic parameters associated
with MI have appeared. Most of them demon-
strate a clear association between an impaired
fibrinolytic function and development of MI.

The 4G/5G polymorphism in the PAI-1 pro-
moter region correlates to the individual
plasma PAI-I concentration. However, the
association of this polymorphism to MI is
weak and only significant in women (95, 188,

189).

Studies have shown that increased plasma
PAI-1 concentrations diminish the efficiency
of thrombolytic therapy in connection with MI
in the acute stage, by preventing or delaying
clot dissolution (223, 224).

Overweight and obesity assessed as BMI or
WH-ratio are associated with increased car-
diovascular morbidity and mortality (225,
226). Even a moderate weight loss results in
regression of coronary arterial lesions and
significantly reduces cardiac events and total
mortality (227). In most studies (228-231), an
association between the change in weight,
BMI or body fat and the changes in PAI-1
levels has been found. The reduction in
plasma PAI-1 concentrations in weight reduc-
tion appears to be more closely related to
changes in adipose tissue than to changes in
metabolic variables. In most studies a relation
between alterations in plasma PAI-1 concen-
trations and changes in triglycerides or insulin
has been found (229, 231, 232). It has been
demonstrated that the occurrence of the
4G/4AG genotype of PAI-1 is associated with
an increased risk of obesity (233).

The insulin resistance syndrome is associated
with increased cardiovascular morbidity and
mortality. PAI-1 is an acute-phase protein
regulated by the cytokines interleukin-6, TNF-
a and TGF-B. An association between plasma
PAI-1 and hormones, such as insulin also ex

strated that PAI-1 predicts the development of



type II diabetes mellitus (156). The disruption
of the PAI-1 gene in genetically obese ob/ob
mice was associated with reduced adiposity
and improvement of the metabolic profile
(234). These data indeed suggest a direct role
of PAI-1 in obesity and insulin resistance.
Accelerated atherothrombotic processes in the
insulin resistance syndrome are attributed to
metabolic abnormalities, inflammation and to
impaired fibrinolysis due to increased plasma
PAI-1 levels.

Decreasing PAI-1 activity may reduce the
incidence of cardiovascular events and may
increase the effectiveness of thrombolytic
therapy. Research has resulted in a number of
different compounds that inhibit PAI-1 activ-
ity i.e. monoclonal antibodies (235), peptides
(236) and low molecular weight compounds
(237). Even though extensive research has
been carried out with respect to PAI-1 inhibi-
tion no positive clinical results have been re-
ported so far. In addition some pharmaceutical
drugs indirectly may lower plasma PAI-1 con-
centrations. These are ACE inhibitors, pravas-
tatin and oestrogens.

Ramipril is one ACE inhibitor that decreases
the concentration of plasma PAI-1. In a study
with post-MI patients treated with this drug, a
decrease of 44% regarding PAI-1 antigen and
22% of plasma PAI-1 activity was found
(238).. In another large study (n = 9297), the
outcome demonstrated that this ACE inhibitor
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significantly decreased the incidence of MI
and cardiovascular death (239). The results
were most likely independent of the blood
pressure—lowering effects of ramipril, since
most patients were not hypertensive and only
limitedblood pressure reductions were ob-
served. Thus, it is possible that one of the
mechanisms for decreasing MI and cardiovas-
cular death is indeed decreased plasma PAI-1
concentrations. As mentioned above, a weight
loss is also accompanied by both decreased
plasma PAI-1 concentrations and a diminished
risk of M1

In summary, an impaired fibrinolytic function
cannot yet be considered as a fully established
risk factor for MI in an epidemiological mean-
ing, since prospective studies of initially
healthy individuals including measurements of
fibrinolytic parameters are very few. The data
produced in this study emphasize the impor-
tance of further evaluation of the parameters
of'the fibrinolytic system (PAI-1, tPA antigen,
or tPA/PAI-1 complex) as risk factors in fu-
ture prospective studies. However, data are
accumulating that an impaired fibrinolytic
function may very well become a true risk
factor for MI. In addition, our data suggest
that measurement of the tPA/PAI-1 complex
could be of practical value in assessing the
risk for developing MI in smokers or in indi-
viduals with type II diabetes mellitus.
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