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ABSTRACT
Plasminogen activator inhibitor 1 (PAI-1) is the main physiological inhibitor of tissue-type plas-
minogen activator. Thus PAI-1 plays an important role in decreasing the fibrinolytic activity in 
human blood. PAI-1 is present in high concentrations in platelets and also in low concentrations in 
plasma, but the source of plasma PAI-1 is not known. Previous studies have shown that the activity 
of PAI-1 in platelets is low and this finding is not in accordance with its observed role in clot sta-
bilisation. The aim of this thesis was to investigate the role of platelets in inhibition of fibrinolysis, 
and in particular the physiological regulation of platelet-derived PAI-1; its synthesis, activity, and 
potential contribution to plasma levels. 

Investigations of mRNA levels and PAI-1 protein synthesis showed that platelets, despite their lack 
of nucleus, have an on-going synthesis of PAI-1. The amount of PAI-1 increased on average by 25% 
in 24 hours and the synthesis could be further stimulated by thrombin. Importantly, the synthesized 
PAI-1 was active for at least 24 hours as shown by a functional assay. There were large inter-in-
dividual variations of the synthesis rate and we therefore studied if the common 4G/5G promoter 
polymorphism was the cause of the variations. However, the polymorphism did not influence the 
expression as showed by analysis of platelet PAI-1 mRNA and protein levels in 38 men homozy-
gous for either allele.

Previous studies reporting low platelet PAI-1 activities have been performed using different preana-
lytical preparatory procedures potentially causing an inactivation of PAI-1 before the activity analy-
sis. We reinvestigated the activity of platelet PAI-1 by lysis of platelets in the presence of tPA and 
subsequent detection of tPA-PAI-1 complex. Our results show that the choice of lysis method  and 
preparatory procedures is critical for the result and the activity was found to be approximately 70%. 
This result is in better agreement with the observed role of platelet PAI-1 in clot stabilisation.

The amount of PAI-1 synthesized in 24 hours in our in vitro experiments suggests that a release 
of as little as 3% of newly synthesized PAI-1 from platelets would be sufficient to maintain nor-
mal plasma levels. We therefore wanted to elucidate if the platelets could be the source of plasma 
PAI-1. Investigations of the glycosylation patterns of PAI-1 synthesized by different tissues were 
performed to elucidate if differences in this pattern could reveal the source of plasma PAI-1. The 
results suggest that platelets are the source since no glycans were found on PAI-1 from neither 
plasma nor platelets. Conversely, PAI-1 from the other tissues studied expressed heterogeneous 
glycosylation patterns. Interestingly, we also found that the raised plasma PAI-1 levels found in 
obese subjects is due to a contribution of PAI-1 from the adipose tissue. Obese subjects had highly 
glycosylated plasma PAI-1 and several of the identified glycans were found on PAI-1 from adipose 
tissue. 

In conclusion, these findings may clarify the previous irreconcilable findings of the role of platelet 
PAI-1 in clot stabilization. The high levels of active PAI-1 and the continuous production of large 
amounts of active PAI-1 in platelets could be a mechanism by which platelets contribute to stabi-
lization of blood clots. The results also suggest that platelets may contribute to the PAI-1 plasma 
levels.
Keywords: PAI-1, platelets, plasma, fibrinolysis, synthesis, polymorphism, glycosylation, activity, plate-
let mRNA..
 ISBN 978-91-633-2089-7                                                                                                    Göteborg 2008
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HISTORICAL BACKGROUND

Over the last few centuries, cardiovascular disease has, together with cancer, 
gradually replaced infectious disease as the leading cause of death in Western 
societies. The majority of ischemic cardiovascular events, such as myocardial 

infarction and ischemic stroke, are caused by atherothrombosis. A thrombotic event 
is a complex process, but its key pathogenetic element is activation of intravascular 
clotting mechanisms that, when unopposed, progress into formation of an occluding 
thrombus that arrests blood flow [Fuster 1994].

Already in the 1850s, the German pathologist Rudolf Virchow hypothesized that 
thrombus formation resulted from an untoward combination of three predisposing 
conditions: vessel wall abnormalities, blood flow, and coagulability of blood [Vir-
chow 1856, Owen 2001]. Remarkably, the significance of Virchow’s insights is now 
150 years later still valid and his classical triad covers the broad range of pathophysi-
ological processes leading to thrombogenesis [Chung and Lip 2003, Lowe 2003]. As 
noted by pathologists for centuries, the appearance of thrombi forming in arteries and 
veins are distinctly different; whereas thrombi in vessels with rapidly flowing blood 
are firm and palish (so-called white thrombi), those appearing in vessels with slow or 
stagnant blood flow are redish and gelatinous (red thrombi). These differences are due 
to variations in clot composition caused by differences in the relative contribution of 
the three Virchow components.

Thrombus formation in the arterial circulation, which is the scope of this thesis, pref-
erentially occurs on sites of structural vascular injury due to atherosclerotic plaques. 
In Virchow’s wording, such “vessel wall abnormalities” provide stimuli for activation 
of “blood coagulation” by exposing the blood to clotting-activating factors. However, 
as predicted by Virchow, the “blood flow” component was also important. We now 
know that although a rapid blood flow may prevent the stagnant type of blood coagu-
lation, it may instead promote formation of platelet-rich white thrombi by imposing 
high shear forces and turbulence phenomena of the blood that cause platelets to ag-
gregate and become activated.

However, the existence of the platelet was not known by Virchow by that time, and it 
was not until 1882 that the Italian researcher Giulio Bizzozero described “a constant 
blood particle, differing from red and white blood cells” [Bizzozero 1882]. Bizzozero 
recognized that the platelet played a role in thrombogenesis, and was the first to de-
scribe that white thrombi mainly consisted of platelets in contrast to red ones whose 
content was dominated by red blood cells and fibrin. However, the significance of the 
platelet was largely neglected until the 1960s, when the beneficial antiaggregatory ef-
fects of aspirin were demonstrated [Quick 1966, Weiss and Aledort 1967].

The “coagulability” of blood was not discovered by Virchow, but the actions of blood 
coagulation had been described already by Hippocrates and Aristotle who observed 
that freshly drawn blood usually clots within a few minutes. The “modern” history of 
coagulation begun during the 19th century when some enzymes involved in coagula-
tion were identified. However, it was not until 1905 when the German physiologist 
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Paul Morawitz described four coagulation factors that the “classic” theory of blood 
coagulation was formulated. The remainders of the biochemical factors in the com-
plex cascade reactions of the coagulation system were discovered in the 20th century 
by the concerted work of many scientists. 

However, it had been known for many years that human blood also possesses lytic 
activity to spontaneously resolve clots. In 1794, the British surgeon John Hunter re-
ported that in “animals killed by lightning or by electricity” or in animals “who are 
run very hard, and killed in such a state” the blood does not clot [Hunter 1794]. One 
hundred years later (1893), the phenomenon of spontaneous dissolution of blood clots 
was named “fibrinolysis” by the French physiologist Jules Dastre, who also discov-
ered a fibrin-degrading proteolytic enzyme in serum, plasminogen [Owen 2001]. The 
major discoveries of the other specific components of the fibrinolytic system were 
made in the 1940s and 50s, and the key fibrinolytic activator tissue-type plasminogen 
activator (tPA) was discovered in 1947 [Owen 2001]. Not until 40 years later, in 1983, 
a specific inhibitor of tPA was described and the inhibitor was subsequently named 
plasminogen activator inhibitor 1 (PAI-1).

The scope of this thesis 

Despite the fact that some 8,000 papers have been published since its discovery 25 
years ago, the role of the fibrinolysis inhibitor PAI-1 still remains partly unclear. In 
particular, two areas of controversy still exist; the first concerns the origin and func-
tion of PAI-1 in plasma, and the second the role of the large and supposedly inactive 
pool of PAI-1 in platelets. 

Of the total blood pool of PAI-1, 90% is stored in the platelets and only a small frac-
tion is present in plasma [Booth 1999]. The origin of plasma PAI-1 is unknown and 
its role in counteracting vascular fibrinolysis is uncertain. Furthermore, a substantial 
number of arterial thrombi undergo spontaneous lysis before they cause ischemic tis-
sue injury, probably as an effect of endogenous t-PA release. White platelet-rich clots 
are relatively resistant to degradation both by endogenous fibrinolysis and pharmaco-
logical thrombolysis [Kucia and Zeitz 2002]. The amount of platelets in clots and their 
content of the fibrinolytic inhibitor PAI-1 determine their resistance to thrombolysis 
[Potter van Loon, et al 1992]. The enigma is that most studies have shown that the 
vast majority (approximately 95%) of platelet PAI-1 is inactive and unable to inhibit 
fibrinolysis [Booth, et al 1988, Declerck, et al 1988a, Booth, et al 1990, Lang and 
Schleef 1996]. This observation has of course been very difficult to reconcile with its 
putative role in clot stabilization. 

The scope of the present work is to address these controvercies by investigating the 
hypotheses a) that there is a continuous production of PAI-1 in the platelet, b) that 
the platelet is the source of plasma PAI-1, and c) that the majority of platelet PAI-1 is 
stored in an active configuration that make clots resistant to lysis but that its activity 
state has been underestimated in previous studies. 
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INTRODUCTION

The fluidity of blood and integrity of the circulatory system is maintained by the he-
mostatic system comprising platelet aggregation, coagulation, and fibrinolysis also 
termed primary, secondary and tertiary hemostasis. Platelet aggregation and coagula-
tion function to prevent excessive bleeding after vessel injury, whereas fibrinolysis 
maintains a viable circulation by keeping the blood in an uncoagulated state. The 
functions of these physiological processes are tightly regulated by the endothelium, 
the platelets, and the coagulation and fibrinolytic plasma proteins.

To prevent blood loss when a vessel is injured, platelets adhere to collagen in the 
exposed subendothelial matrix [Siljander, et al 2004]. They become activated and re-
lease substances that cause propagation of the plug by recruiting more platelets, and a 
concurrent activation of the coagulation cascade results in a stabilizing fibrin network. 
Eventually, when the injury is restored, the blood clot is dissolved by the fibrinolytic 
system. There is a delicate balance between these counteracting systems; too much 
fibrinolysis will cause bleeding whereas too much coagulation and platelet aggrega-
tion will cause thrombosis.

Fibrinolysis 

The fibrinolytic system is involved in the lysis of clots and also acts to restrict throm-
bus propagation beyond the site of injury, as a counterregulatory mechanism to the 
coagulation cascade. The efficacy of fibrinolysis is demonstrated by the spontaneous 
reperfusion that occurs in about 30% of patients with myocardial infarction [DeWood, 
et al 1980, DeWood, et al 1983, Rentrop, et al 1989, Stone, et al 2001]. The key en-
zyme in fibrin lysis is the serine protease plasmin which circulates in plasma as an 
inactive precursor, plasminogen. Plasminogen is converted to plasmin by two differ-
ent activators, tissue-type (tPA) and urokinase-type (uPA) [Collen 1980, Lijnen and 
Collen 1995]. tPA is the most important activator of intravascular fibrinolysis [Collen 
1980, Brommer 1984, Fox, et al 1985, Lijnen and Collen 1997], whereas uPA appears 
to mainly be involved in cell movement and tissue remodelling [Dano, et al 1985, Li-
jnen and Collen 1997]. To prevent excessive and/or premature degradation, the blood 
clot is stabilized by different mechanisms. One level of regulation is the efficiency 
of the activation of plasminogen by tPA; in plasma this activation is very inefficient 
but when they both are bound to fibrin the activation rate increases several hundred-
fold [Collen 1980]. Plasmin and tPA are also regulated by specific serine protease 
inhibitors (serpins). The main inhibitor of plasmin is α2-antiplasmin [Lijnen and Col-
len 1995] and the main inhibitor of tPA is plasminogen activator inhibitor 1 (PAI-1) 
[Chmielewska, et al 1983, Kruithof, et al 1984, Verheijen, et al 1984].

PAI-1 

PAI-1 was first identified in 1983 as the principal inhibitor of tPA [Chmielewska, et 
al 1983, Loskutoff, et al 1983]. It occurs in low concentrations in plasma (20 ng/ml) 
[Declerck, et al 1988a, Booth 1999], but the platelets represent the major pool and 
contains approximately 90% of the circulating PAI-1. [Kruithof, et al 1987, Booth, et 
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al 1988, Declerck, et al 1988b, Urden, et al 1987]. PAI-1 is produced by a variety of 
cells in culture and is widely distributed in many tissues [Lucore, et al 1988, Sawdey 
and Loskutoff 1991, Simpson, et al 1991]. These findings raise the possibility that 
under normal conditions PAI-1 in plasma reflects the output from several sources. Ac-
cording to the present view, liver, endothelial cells, platelets, macrophages, and adi-
pocytes, are considered to be the most likely sources of PAI-1 in plasma [Dellas and 
Loskutoff 2005]. Beside its role in intravascular fibrinolysis, PAI-1 is also involved 
in cell associated proteolysis, cell migration, and tissue remodelling. Thereby it plays 
a role in pathological processes such as cancer invasion, metastasis and inflammation 
[Myohanen and Vaheri 2004, Dano, et al 2005]. 

PAI-1 is a single chain protein with a molecular weight of ~45 kDa. The mature pro-
tein consists of 379 amino acids and is encoded on chromosome 7. The gene spans 
approximately 12 kb and is composed of nine exons and eight introns [Strandberg, et 
al 1988]. The PAI-1 promoter has been extensively characterized and many important 
regulatory elements have been identified [Chen, et al 1998, Eriksson, et al 1998, Du, 
et al 2000, Hou, et al 2004]. The promoter also contains a common polymorphism 
which appears to be of importance for its transcriptional activity and possibly also 
partly determines plasma PAI-1 levels. This polymorphism consists of a single base-
pair insertion/deletion (4G or 5G) located -675 base pairs upstream of the transcrip-
tion start site [Dawson, et al 1993]. It has been shown in expression experiments in 
HepG2 cells by Dawson et al that, when stimulated with IL-1, the 4G allele produces 
six times more PAI-1 mRNA [Dawson, et al 1993]. An association between the 4G/5G 
polymorphism and cardiovascular disease has been observed in some studies [Eriks-
son, et al 1995, Juhan-Vague, et al 2003]. However, although previous studies have 
suggested 42 to 60% heritability rates of PAI-1 levels [Hong, et al 1997, de Lange, et 
al 2001], a large number of the clinical studies that have evaluated the influence of the 
4G/5G polymorphism on plasma PAI-1 concentration have shown divergent results 
[Doggen, et al 1999, Jeng 2003, Nordt, et al 2003, Zietz, et al 2004, Martinez-Cala-
trava, et al 2007].

PAI-1 has three potential sites for N-linked glycosylation N232, N288 and N352 [Xue, 
et al 1998]. It has been shown that human PAI-1 expressed naturally, or recombinant 
PAI-1 expressed by human cell lines, has a heterogeneous glycosylation pattern on 
two of the three sites (N232 and N288) [Gils, et al 2003]. However, the glycan com-
position of PAI-1 synthesized by human tissues in vivo is not known.

PAI-1 is a member of the serine protease inhibitor (serpin) superfamily. The proteins 
of the serpin family share a common tertiary structure and they serve as pseudo-sub-
strate for their target serine protease by a reactive centre that mimics the natural sub-
strate. They form very stable 1:1 inactive complexes with their protease by complex 
mechanisms [Rau, et al 2007] and the complicated reaction cascade of binding and in-
hibition of tPA by PAI-1 is not completely understood [Lindahl, et al 1990, Bjorquist, 
et al 1994, Stromqvist, et al 1996, Komissarov, et al 2007]. The binding and inactiva-
tion of tPA by PAI-1 is very rapid with second-order rate constants in the magnitude 
of 107 M-1 s-1 [Chmielewska, et al 1988, Thorsen, et al 1988, Lawrence, et al 1989, 
Lijnen, et al 1991]. The ~110 kDa complex is remarkably stable under physiological 
conditions [Bjorquist, et al 1994] but dissociation can be accomplished with NH4OH 
[Lindahl, et al 1990] or SDS [Gaussem, et al 1993].
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PAI-1 exists in vivo in at least two different forms; active and latent or inactive [San-
cho, et al 1995]. Only the active form of PAI-1 is able to complex bind and inhibit tPA 
[Kooistra, et al 1986]. Regardless of tissue origin, PAI-1 is synthesized in an active 
configuration but spontaneously converts to the thermodynamically more stable inac-
tive form [Hekman and Loskutoff 1985, Levin 1986, Sprengers, et al 1986, Wagner, et 
al 1986]. The half-life of active PAI-1 is approximately 1-2 h at 37°C and pH 7,4 but 
is slower at lower temperature and pH [Levin and Santell 1987, Lindahl, et al 1989, 
Loskutoff, et al 1989]. In plasma the active form of PAI-1 is stabilized by binding to 
vitronectin which increases its half-life several-fold [Declerck, et al 1988b, Wiman, 
et al 1988, Mimuro and Loskutoff 1989, Seiffert and Loskutoff 1991]. PAI-1 can be 
reactivated in vitro by treatment with denaturants such as SDS, guanidine HCl, and 
urea [Hekman and Loskutoff 1985]. Whether PAI-1 also can be reactivated in vivo 
is uncertain, although a possible reactivation has been reported in a study of human 
recombinant PAI-1 in rabbits [Vaughan, et al 1990] and it has also been suggested that 
negatively charged phospholipids exposed on the surface of activated platelets could 
reactivate PAI-1 [Lambers, et al 1987]. 

PAI-1 and thrombosis

The association of decreased fibrinolytic activity with thrombotic events has been 
recognized for decades, but it was not until the 1990s, ten years after the discovery 
of PAI-1 that the essential function of PAI-1 in intravascular fibrinolysis was demon-
strated [Dieval, et al 1991, Fay, et al 1992, Carmeliet, et al 1993]. The importance 
is now evident as shown by numerous studies. It has been shown both in human 
studies and in studies on PAI-1 knockout mice that deficiencies or absence of PAI-1 
will cause accelerated fibrinolysis and bleeding [Dieval, et al 1991, Fay, et al 1997]. 
On the contrary, spontaneous thrombus formation is observed in mice over-express-
ing active PAI-1 [Erickson, et al 1990, Eren, et al 2002], and high levels of PAI-1 
are commonly observed in conditions with increased risk of thrombotic disease such 
as obesity, metabolic syndrome, and type 2 diabetes [Alessi, et al 2007, Aso 2007]. 
Furthermore, studies in transgenic mice have shown that PAI-1 not only influences 
the resistance to thrombolysis but also the rate of progression of thrombus formation 
following vascular injury [Konstantinides, et al 2001].

Arterial clots have been shown to contain 2-3-fold more PAI-1 than venous clots 
[Booth, et al 1992, Robbie, et al 1996], and there is a close correlation between the 
relative PAI-1 content of a clot and its resistance to thrombolysis [Potter van Loon, et 
al 1992]. It is likely that the major part of the PAI-1 in thrombi has been released from 
activated platelets, since platelets contain large amounts of the inhibitor in their a-
granules [Erickson, et al 1984]. The importance of platelet PAI-1 is further supported 
by in vitro clot assays on platelets from a patient with complete loss of PAI-1 expres-
sion [Fay, et al 1994], as well as by studies on thrombi generated in the Chandler loop 
experimental thrombosis model [Torr-Brown and Sobel 1993, Stringer, et al 1994].
 
On the other hand, the pathophysiological importance of platelet PAI-1 for inhibition 
of fibrinolysis has been difficult to reconcile with the fact that 95% of PAI-1 in plate-
lets is inactive [Schleef, et al 1985, Booth, et al 1988, Declerck, et al 1988a]. This 
enigmatic relation would seem to suggest that either data on the physiological role of 
platelet-derived PAI-1 are incorrectly interpreted, or that the activity of the platelet 
PAI-1 pool has been underestimated.
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Platelets

Platelets are anucleate cytoplasts mainly produced in the bone marrow by fragmenta-
tion of the cytoplasm of megakaryocytes [Chang, et al 2007]. They circulate in blood 
for approximately 10 days [Dale 1997], normally in a concentration of 150-400 x 109 
/L (inferring that approximately 1.5 million platelets are formed every second). The 
most abundant organelles in the platelet cytoplasm are the three different types of 
granules; α, dense, and lysosomal, that contain a large number of biologically active 
molecules crucial for platelet function. The most numerous ones are the α-granules 
which contain a large number of adhesion proteins, growth factors, cytokine-like pro-
teins and components of coagulation and fibrinolysis (and among them PAI-1) [Rendu 
and Brohard-Bohn 2001]. Upon activation, platelets expel the contents of the secre-
tory granules. The release of PAI-1 may theoretically protect the developing thrombus 
from premature lysis, at least if it is released in an active configuration.

Because platelets lack nucleus, they have traditionally not been considered to synthe-
size proteins. Even though Booyse et al showed already in 1967 that platelets retain 
megakaryocyte-derived translationally active mRNAs [Booyse and Rafelson 1967a, 
Booyse and Rafelson 1967b], it was not until the late 1990s that the interest of this 
mRNA was revived. Electron microscopy studies of platelets have revealed the pres-
ence of rough endoplasmic reticulum and polyribosomes and some studies reported 
protein synthesis in platelets [Belloc, et al 1987, Kieffer, et al 1987, Newman, et 
al 1988] but it was suggested that the synthesis was just a remnant from the mega-
karyocyte stage. However, in 1998 Weyrich et al identified regulated synthesis of 
a specific protein (BCL-3) [Weyrich, et al 1998]. During the last few years platelet 
mRNA have been extensively studied by quantitative PCR, microarray [Bugert, et al 
2003, Gnatenko, et al 2003, McRedmond, et al 2004] and SAGE (serial analysis of 
gene expression) [Gnatenko, et al 2003, Dittrich, et al 2006]. These studies have re-
vealed a platelet specific transcriptome with some 2500 different transcripts. Further-
more, recent studies have revealed synthesis of a number of specific proteins, some of 
which with a highly sophisticated regulation [Lindemann, et al 2001, Brogren, et al 
2004, Denis, et al 2005, Evangelista, et al 2006, Panes, et al 2007, Thon and Devine 
2007]. 
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AIMS

The overall objective of this thesis was to study the physiological importance of plate-
let PAI-1, and the specific aims were:

    -  to investigate if platelets contain mRNA for PAI-1 and, if so, if there is an on 
going synthesis of active PAI-1 in platelets

    -  to investigate if the 4G/5G promoter polymorphism is influencing the PAI-1 
expression in platelets

    - to investigate the activity of platelet PAI-1

    -  to investigate if platelets are the source of plasma PAI-1 and to elucidate if 
tissue-specific glycosylation patterns can reveal the origin of plasma PAI-1
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MATERIAL AND METHODS

Subjects

Blood samples for isolation of plasma and platelets were collected from apparently 
healthy male and female subjects with platelet counts of 150-350 x 109/L. Samples 
for studies of 4G/5G genotype and PAI-1 levels were only collected from male sub-
jects due to the known variations of plasma PAI-1 levels during the menstrual cycle 
[Siegbahn, et al 1989, Chung, et al 1998, Giardina, et al 2004]. All samples for in-
vestigations of levels of PAI-1 were collected between 09:00 and 10:00 a.m. because 
of the diurnal variation of plasma PAI-1 [van der Bom, et al 2003]. Blood from four 
obese subjects with body mass indexes from 36.6 to 40.7 kg/m2 (three males and one 
female, 47-74 years of age) was collected for analysis of the glycosylation pattern of 
PAI-1. 

All test subjects had been advised not to take aspirin or non-steroid anti-inflamma-
tory drugs 10 days prior to the blood sampling. They had also been asked to abstain 
from extreme physical activity and alcohol intake, and avoid high fat diet at least one 
day prior to the sampling. The protocols were approved by the Ethics committee of 
Göteborg University.

Preparation of plasma and platelets 

To minimize platelet activation during sampling, no stasis was used and blood was 
drawn through butterfly needles into syringes containing acid citrate dextrose (ACD) 
and prostaglandin E1 (PGE1). Platelet-rich plasma (PRP) was prepared by centrifu-
gation at 150 x g for 20 min. The PRP was re-centrifuged at 150 x g for 10 min and 
then pelleted at 800 x g for 15 min. Plasma was removed and the platelet pellet was 
resuspended in Pipes/saline/glucose buffer containing PGE1. Finally, platelets were 
pelleted (800 x g, 15 min) and the supernatant was discarded. Platelets were immedi-
ately used for subsequent preparations and analysis. For isolation of PAI-1 for studies 
of glycosylation pattern, plasma and platelets were collected concurrently. Plasma 
was removed after pelleting of the platelets and was re-centrifuged at 2000 x g for 20 
min at 4°C to remove residual platelets. 

For analysis of plasma PAI-1 concentrations, blood was collected in 0.129 M citrate 
and immediately put on ice. Samples were centrifuged at 2000 x g at 4°C for 15 min, 
and plasma was then collected and stored at -80°C until analysis. 

Cell lysis
In general, cell lysis was performed on ice by addition of lysis buffer to a final Triton 
X-100 concentration of 0.1%. After 30 min, cell debris was removed by centrifugation 
at 10 000 x g for 10 min at 4°C. Experiments of platelet lysis in the presence of tPA 
were performed at room temperature (RT).

Three separate experiments were performed to evaluate the effect of different platelet 
lysis methods on the activity of PAI-1, and platelets were lysed in accordance with 
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different previously described protocols. The platelets were lysed either by freezing 
and thawing [Declerck, et al 1988a, Lang, et al 1992], or by sonication [Booth, et al 
1988, Booth, et al 1990, Lang and Schleef 1996]. Sonication was performed using a 
Branson Sonifier® 250 (Branson Ultrasonic Corporation) equipped with a microtip. 
The instrument frequency was 20 kHz and sonication was performed on ice 5 or 10 x 
5 s in one min intervals with the instrument on setting 2 or 7. 

Platelet and leukocyte counts
Platelets were manually counted in all studies after dilution in Stromatol solution, us-
ing a Bürker chamber. In Study II, platelets were also counted automatically by flow 
cytometry (Celldyn 2000, Abbot). However, all the calculated results presented are 
based on manual counts. Analysis of leukocyte contamination was made in all prepa-
rations for subsequent platelet RNA analysis. In Study I, leukocytes were automati-
cally counted by flow cytometry on a FACSCalibur (Becton Dickinson) using Leuco-
COUNT™ (Becton Dickinson) and the contamination was less than 3 leukocytes per 
106 platelets (Figure 1). In Study II, leukocytes were manually counted in a Nageotte 
chamber after dilution of samples in Türk’s reagent and the number of leukocytes was 
less than 3 per 105 platelets in all samples.

Methodological comment: Evaluation of leukocyte contamination is especially im-
portant for studies of platelet mRNA, since the relatively high amount of RNA in leu-
kocytes potentially could interfere with the results. Hence, the number of leukocytes 
has to be kept at a minimum to ensure that the RNA studied only represents platelet 
RNA. By analyzing the presence of leukocyte specific transcripts, a previous study 
has evaluated the influence of contamination and found that less than 3-5 leukocytes 
in 105 platelets could be considered to be below interfering leukocyte RNA levels 
[Gnatenko, et al 2003]. Also, since monocytes are known to synthesize PAI-1 [Ham-
ilton, et al 1993, Tipping, et al 1993, Ishibashi, et al 2002], it was important to rule 
out the possibility that contaminating monocytes could be the source of the newly 
synthesized PAI-1 in Study I.

A B

Figure 1. Detection and enumeration of residual white blood cells in platelet-rich 
plasma using LeucoCOUNT™ and flow cytometry. A. Platelet-rich plasma (PRP) pre-
pared by repeated centrifugation contained 2-3 contaminating leukocytes per 10 mil-
lion platelets. B. Buffy coat contaminated PRP used as control.
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Preparation of cell lysates and conditioned media

Preparation and incubation of adipose tissue
Omental adipose tissue for studies of adipose tissue PAI-1 glycosylation was obtained 
from three obese women (20, 25, and 46 years old) undergoing laparoscopic gastric 
by-pass. Their BMIs were 31.7, 41.5, and 34.9 kg/m2, respectively. Connective tissue 
and blood vessels were removed and 500 mg tissue was incubated in Medium 199 
with Hank’s salts (Gibco), supplemented with 30 mM NaHCO3, 1% human serum 
albumin (Immuno AG), 150 nM adenosine, 7175 pM insulin (Novo Nordisk), and 
0.1 mg/mL cephalothin (Lilly France), during 1-3 days and the medium was changed 
daily [Ottosson, et al 1994]. In total, 150-300 ml conditioned medium from each of 
the three incubations were collected. 

Preparation and culturing of human umbilical vein endothelial cells
Fresh umbilical cords were obtained from the maternity ward, Sahlgrenska Univer-
sity Hospital/Östra. Human umbilical vein endothelial cells (HUVEC) were isolated 
by collagenase digestion according to the method of Jaffe et al [Jaffe, et al 1973]. In 
brief, the umbilical vein was catheterized under sterile conditions and the blood was 
removed by infusion of phosphate buffered saline (PBS pH 7.4) at 37°C. Endothe-
lial cells were explanted by incubation with 0.1% collagenase following gentle ma-
nipulation of the umbilical cord. Isolated cells were maintained in EGM-2 complete 
culture medium (Cambrex/Clonetics) at 37°C in a humidified 5% CO2 incubator. 
Medium was collected after two days.  

Preparation and culturing of monocytes/macrophages
Buffy coat prepared from 500 ml whole blood was obtained from 3 healthy blood 
donors at the hospital blood centre. Preparation of mononuclear cells (PBMCs) was 
performed using Ficoll-Paque™ PLUS (GE Healthcare). After separation and wash-
ing, the PBMCs were resuspended in RPMI 1640 (Invitrogen) containing PEST 
(penicillin 100 U/ml and streptomycin 100 μg/ml), 2 mM non-essential amino acids, 
20 mM sodium pyruvate, and 2 mM glutamine. The cells were allowed to adhere 
for 1 h at 37°C in a humidified 5% CO2 incubator, and after removal of the non-             
adherent cells, macrophage-specific medium (Invitrogen) containing 5 µg/ml human 
GM-CSF (R&D Systems) and PEST was added. The cells were washed and macro-
phage-specific medium without GM-CSF was added every three days. On day seven, 
macrophages were stimulated with 10 ng/ml TGF-β (Sigma-Aldrich), and medium 
was collected after 3 days for PAI-1 isolation. In one of the three preparations, mac-
rophages were stimulated with both 10 ng/ml TGF-β and 400 ng/ml dexamethasone 
(Sigma-Aldrich). 

Preparation and incubation of hepatocytes
Human primary hepatocytes and conditioned media were a kind gift from Annika 
Janefeldt and Sara Leandersson at AstraZeneca R&D Mölndal. In brief, hepatocytes 
were cultured in suspension (Williams E+, supplemented with 2 mM L-glutamine 
and 25 mM HEPES) for 4 hours, subsequently cells were pelleted by centrifuga-
tion, medium was collected and hepatocytes were lysed in lysis buffer as described 
above.
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Analyzing techniques

Quantitative reverse transcriptase real-time PCR
Total RNA was extracted using Trizol® and the total RNA concentrations were de-
termined by RiboGreen® RNA Quantitation Kit. Fluorescence was measured using a 
FLUOstar Galaxy microplate reader (BMG Labtechnologies). mRNA was converted 
to cDNA by reverse transcription (GenAmp RNA PCR kit, Applied Biosystems Inc).

Relative quantification was performed on an ABI PRISM® 7700 Sequence Detector 
(Applied Biosystems Inc). The principle of the assay is that when a fluorescent probe 
is hybridized to its target sequence during the PCR, the Taq polymerase cleaves the re-
porter dye from the non-extendable probe. The reporter dye is thereby released to the 
solution and the increase in the dye emission is monitored in real-time. The threshold 
cycle (CT) is defined as the cycle number at which the reporter fluorescence reaches 
a fixed level, and there is a linear relationship between CT and the initial target copy 
number [Higuchi, et al 1993]. Expression levels of the target gene was analyzed using 
the relative standard curve method (User Bulletin #2, Applied Biosystems Inc). 

Oligonucleotide primers and TaqMan probes were designed using the Primer Express 
version 1.0 software (Applied Biosystems Inc). Each primer pair was selected so that 
the amplicon spanned an exon junction, to ensure that amplification of genomic DNA 
was avoided. GAPDH and cyclophilin were selected as endogenous controls and the 
sequence of primers and probes are listed in Table 1. 

Table 1. Oligonucleotide primers and probes used for real-time quantitative PCR

Typically, PCR was carried out in a 25 μl reaction mixture containing cDNA from 
6.25 ng total RNA, TaqMan® Universal PCR mastermix (Applied Biosystems Inc), 
10 pmol of each primer, and 5 pmol probe. All samples were analyzed in triplicate.

Methodological comment: RNA from nucleated cells is commonly measured in com-
parison with certain constitutively expressed genes, for example so-called house-
keeping genes [Thellin, et al 1999]. Expression of these control genes should be in-
sensitive to the experimental conditions [Karge, et al 1998] and are used to correct 
for potential variation in RNA loading or efficiencies of the reverse transcription. To 
evaluate platelet PAI-1 mRNA levels, we used the traditional house-keeping gene ap-
proach with GAPDH and cyclophilin as endogenous controls. However, once mRNA 

Gene Oligonucleotid Sequence Position

Sense primer 5´ - ggc tga ctt cac gag tct ttc a - 3´ 11616-11637
Antisense primer 5´ - ttc act ttc tgc agc gcc t - 3´ 11782-11800
Probe 5 ´- (FAM)acc aag agc ctc tcc acg tcg cg(TAMRA) - 3´ 11758-11780

Sense primer 5´ - gta cta tta gcc atg gtc aac ccc - 3´ 1648-1671
Antisense primer 5´ - cag tca aag gag acg cgg cc - 3´ 1711-1727, 4178-4180
Probe 5 ´- (FAM)cgt cga cgg cga gcc ctt g(TAMRA) - 3´ 1692-1710

Sense primer 5´- cca cat cgc tca gac acc at - 3´ 2171-2190
Antisense primer 5´- cca ggc gcc caa tac g - 3´ 3857-3872
Probe 5´- (FAM)aag gtg aag gtc gga gtc aac gga ttt g(TAMRA) -3´ 2195-2217, 3850-3854

PAI-1

Cyclophilin

GAPDH
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is packed within the platelets, the lack of transcription makes mRNA levels solely 
dependent on degradation. In previous studies, we have shown that degradation rates 
of different platelet mRNA species vary substantially [Wang, et al 2003], and more 
specifically that platelet PAI-1 mRNA has a degradation rate which is 4- and 8-fold 
higher than that of GAPDH and cyclophilin, respectively [Brogren, et al 2004]. There-
fore, differences in platelet PAI-1 mRNA content depend not only on its transcription 
rate in the megakaryocyte but also on differences in platelet age distribution. Hence, 
the use of GAPDH and cyclophilin might not be the optimal reference genes and al-
though one is to assume that platelets also contain stable transcripts, no such are cur-
rently known and future identification of stable RNA species could possibly facilitate 
studies of mRNA in platelets. 

Genotyping of the 4G/5G polymorphism 
In order to identify homozygous subjects for the 4G/5G promoter polymorphism, 
EDTA-blood was collected and DNA was extracted using QIAamp® 96 DNA Blood 
Kit and QIAamp® DNA Blood mini Kit (Qiagen) according to the manufacturer’s 
instructions. Genotyping was performed using a 5′ nuclease Taqman genotype assay 
and the ABI PRISM® 7700 Sequence Detection System (Applied Biosystems Inc). 
The principle of this assay is similar to the real-time PCR described above. The poly-
morphic site is amplified in the presence of two differently labeled probes comple-
mentary to the two alleles (forward primer: TCT TTC CCT CAT CCC TGC C, reverse 
primer: CCA ACC TCA GCC AGA CAA GG, 4G-probe: (VIC)ACA CGG TGA CTC 
CCC ACG T, 5G-probe: (FAM)ACG GCT GAC TCC CCC ACG T) [Tjarnlund, et 
al 2003]. Directly after PCR, the allelic content of a sample can be determined by 
comparing the fluorescent contribution of each dye. 

Enzyme-linked immunosorbent assay 
PAI-1 antigen levels in plasma and platelets as well as the amount of PAI-1 synthe-
sized in vitro by platelets during 24 hours was determined by enzyme-linked immuno-
sorbent assays (ELISA). The principle of this method is that sample and standard are 
added to wells coated with PAI-1 specific antibodies. After binding and subsequent 
washing, a second PAI-1 specific enzyme-labeled antibody is added and after binding 
and a final wash of the wells to remove unbound antibody, a substrate is added which 
is converted by the enzyme to a coloured product. The product is spectrophotometri-
cally measured, and the amount of converted substrate is directly proportional to the 
amount of PAI-1 in the sample. All samples were analyzed in duplicate. Four differ-
ent commercially available ELISA kits were used; Coaliza® PAI-1 (Chromogenix) 
in Study I and III, TintElize® PAI-1 (Biopool) in Study III, Imubind® Plasma PAI-1 
(American Diagnostica) in Study III, and Zymutest PAI-1 (Hyphen BioMed) in Study 
II and III. 

Methodological comment: When studying absolute amounts of PAI-1 antigen the 
choice of assay is critical. In a multicenter study of seven different ELISA kits, con-
siderable variation in the absolute values was observed [Declerck, et al 1993]. How-
ever, as concluded in that study, inter-assay variations are most likely due to the cali-
bration of the standard and there were good correlations between the kits. Since we 
compared paired samples in Study I and differences between groups in Study II, the 
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need for an exact absolute level was limited in these studies and the choice of assay 
was therefore not considered critical. However, to adequately determine the level of 
activity in Study III the absolute antigen determination was crucial. For this reason, 
we used four different assays for confirmation of the results. 

Metabolic radio-labeling and immunoprecipitation
To study synthesis of PAI-1 in platelets, metabolic radio-labeling and immunopre-
cipitation was performed to distinguish newly synthesized from pre-formed proteins. 
Cells were incubated in medium with radio-labeled 35S-methionine. This amino acid is 
incorporated during synthesis and the resulting proteins will be radioactive. To isolate 
PAI-1 from medium and platelet lysate, immunoprecipitation was performed using 
two different monoclonal antibodies (MAI-12, Biopool and PAI-1 (ab1), Calbiochem) 
and protein G-agarose beads. The precipitates were separated by polyacrylamide gel 
electrophoresis and analyzed by autoradiography.

PAI-1 activity assay 
Activity of the PAI-1 present in platelets was evaluated by studying tPA-PAI-1 com-
plex formation by two different methods. Western blot analysis was first used, and 
to verify the results a non-immunologic assay using 125I-labeled tPA was performed. 
Platelets were lysed in the presence of increasing concentrations of single chain tPA 
(Biopool), or, alternatively, a constant amount of tPA was used in the presence of in-
creasing numbers of platelets. To determine the amount of active PAI-1, we identified 
the sample with the highest tPA concentration added without further increase of the 
complex formed. This was also the highest tPA concentration without detection of free 
tPA at 68 kDa in the Western blot analysis. 

Detection of tPA-PAI-1 complex by Western blot analysis
After lysis, platelet proteins were loaded on 10% Tris-Glycine-polyacrylamide gels 
and immediately separated. Following electrophoresis, proteins were blotted onto 
PVDF (polyvinylidene fluoride) membranes (Hybond™-P Amersham Biosciences). 
The membranes were incubated in blocking buffer (Invitrogen) for 30 min and subse-
quently incubated with either PAI-1 monoclonal antibody (mab) MAI-12 or tPA mab 
PAM-3 (Biopool). After incubation with a peroxidase labeled secondary antibody, 
bands were visualized with Super Signal® West Pico Chemiluminescent Substrate 
(Pierce Perbio) and photographed. 

In the comparison of lysis methods in Study III, results of the western blot analysis 
were further analyzed by quantitative scanning densitometry. Photographed mem-
branes were analyzed using Kodak 1D Image Analysis software to estimate the rela-
tive differences in tPA-PAI-1 complex concentration in samples prepared with differ-
ent lysis methods. The model net intensity (a mathematical approximation of the net 
intensity using a Gaussian model) of tPA-PAI-1 in sonicated or freeze/thawed samples 
were related to that of the tPA-PAI-1 from platelets lysed with Triton X-100. 

Detection of tPA-PAI-1 complex by 125I labeled tPA 
Labeling was performed using the Iodogen method [Fraker and Speck 1978]. The 
concentration of tPA after labeling was determined using both total protein assay 
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(Bio-Rad) and ELISA (Tintelize® tPA, Biopool). Recovery of functional tPA (i.e. 
the ability to complex PAI-1) was evaluated by addition of a molar excess of active 
PAI-1, and labeling with 125I was shown to reduce the activity of tPA by 40%. Platelet 
lysates were prepared as described above but in the presence of labeled tPA. After 
electrophoresis, gels were dried and analyzed by autoradiography. tPA and tPA-PAI-1 
complex were cut out and quantified by analysis on a Packard Cobra II Auto Gamma 
counter (Perkin-Elmer). 

Affinity chromatography
To analyze the glycosylation pattern of PAI-1 with mass spectrometry (MS), purifica-
tion and concentration of the protein is crucial. Isolation of PAI-1 from conditioned 
media and cell lysates were made by affinity chromatography. The principle of this 
technique is to separate proteins on the basis of a reversible interaction between a 
protein and a specific ligand coupled to a chromatography matrix. The ligand in this 
case was a PAI-1 specific monoclonal antibody MAI-12 (Biopool), which previously 
has been shown to bind all different forms of PAI-1 with high affinity [Bjorquist, et al 
1994]. MAI-12 was coupled over night to CNBr-activated Sepharose 4B (GE Health-
care) according to the manufacturers instructions. Samples were thawed and Triton 
X-100 was added, or samples were diluted to a final concentration of Triton X-100 
of 0.025%. Samples were mixed end-over-end with MAI-12-Sepharose for 4 hours. 
The Sepharose was subsequently washed with 2 x 10 ml Pipes buffer containing 
0.025% Triton X-100, the Sepharose was transferred to Poly-Prep® Chromatography 
columns (Bio-Rad Laboratories) and further washed with 20 x 500 µl Pipes-buffer. 
PAI-1 was eluted by 500 µl fractions of 0.2 M glycine-HCl pH 2.5. Identification of 
PAI-1 was made with Western blot analysis and PAI-1 containing fractions from each 
preparation were pooled and concentrated on Amicon Ultra filter (Millipore). 

Mass spectrometry 
To study glycosylation patterns of PAI-1 from different cellular origins, high mass 
accuracy mass spectrometry was used. Isolated and purified PAI-1 samples from the 
different sources were separated by polyacrylamide gel electrophoresis and the gel 
was subsequently stained with SYPRO® Ruby or Coomassie blue. Gel bands cor-
responding to the MW of PAI-1 were cut and in-gel trypsin digestion of protein was 
performed as previously described [Shevchenko, et al 1997] and peptides were ex-
tracted. 

NanoLC-MS/MS was performed on a C18 – fused silica column, connected to a hy-
brid linear ion trap-Fourier Transform Ion Cyclotron mass spectrometer (FT-ICR 
MS) (LTQ-FT, Thermo Electron), equipped with a 7 T magnet. The principle of mass 
spectrometry is that by determining the specific masses it is possible to identify the 
molecules present in a sample. The molecules are ionized and vaporized, separated in 
an electric field, and detected according to their mass-to-charge ratio. Ion cyclotron 
resonance (ICR) offers a high mass resolving power and high mass accuracy. Accu-
rate mass determination is necessary to characterize an exact modification whereas 
high mass resolving power is necessary to distinguish between related forms of the 
peptide or protein with different degrees of modification. 
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Sample injections were made (HTC-PAL auto sampler, CTC Analytics AG) and the 
tryptic peptides were trapped on a C18-precolumn (4.5 cm x 100 μm i.d.) and sepa-
rated in a 20 cm x 50 μm i.d. fused silica column packed with ReproSil-Pur C18-AQ 
3 μm porous particles (Dr. Maisch GmbH). After 3 min linear run, loading the pre-
column, the gradient was 0-50% CH3CN, starting with 0.2% formic acid for 40 min 
and the eluent was electrosprayed into the mass spectrometer. The mass spectrom-
eter was operated in the data-dependent mode to automatically switch between MS 
and MS/MS acquisition. Survey MS spectra (from m/z 400–1600) were acquired in 
the FT-ICR and the three most abundant doubly, triply or quadruply protonated ions 
in each FT-scan were selected for MS/MS in the linear ion trap. The monoisotopic 
precursor selection was turned off to enable selection of large, multiply protonated 
glycopeptides. The typical mass accuracy is <2 ppm in MS mode and 300-400 ppm 
in MS/MS mode.

Measured peptide masses and their CID spectra were analyzed by MASCOT database 
search software version 2.1.6 (Matrix Science, www.matrixscience.com), which in-
corporates a probability-based scoring. The Swiss-Prot database, 5 ppm precursor-ion 
mass tolerance window, 0.5 Da fragment-ion mass tolerance window and one allowed 
missed tryptic cleavage was used for protein identification. Mass values for peptides 
that could not be matched to the identified protein sequence by Mascot, were exam-
ined for the presence of glycosylation by use of the GlycoMod tool (http://us.expasy.
org/tools/glycomod). The SwissProt accession number corresponding to the protein 
identity and unmatched monoisotopic masses were entered, and a mass deviation of 5 
ppm was tolerated. Predicted glycopeptides were checked for the mass-to-charge (m/
z) 366 and/or 657 oxonium ions of the oligosaccharides HexHexNAc and HexHexN-
AcNeuAc in the corresponding MS/MS spectrum, and thus confirming the presence 
of glycosylation. 

Methodological comment: In this study, we used a mass spectrometry-based meth-
od without release of the glycans before analysis. The advantage of analyzing intact 
glycopeptides is that important information about which glycans are linked to the 
protein at a specific glycosylation site can be preserved. If the protein or peptide is 
deglycosylated prior to analysis, information can be obtained about the glycan pool, 
but these may not be assigned to their original glycosylation sites [Hakansson, et al 
2003, Haslam, et al 2006]. To obtain information both on glycan position and compo-
sition, MS with a mass accuracy of about 2 ppm together with tandem MS fragment 
information and database interrogations were used. High mass accuracy is crucial in 
distinguishing different isoforms of glycopeptides, because the number of possible 
compositions with small mass differences decreases with increasing mass accuracy. 

In tandem MS analysis of a glycopeptide, glycosidic bonds are more susceptible to 
CID fragmentation than peptide bonds, resulting in a sequential loss of glycan com-
ponents from the terminal end of the attached glycan and leaving the peptide intact. 
The MS/MS spectra of a glycopeptide (Figure 2) is therefore easier to annotate than 
the complex spectra of a glycan moiety detached from its protein. Due to the low 
order of glycopeptides in a mixture of tryptic digests from a gel band and the typical 
microheterogeneity of glycosylation, very sensitive MS instruments with capability 
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of high molecular mass detection are needed, as for example Q-TOF or FT-ICR mass 
spectrometers [Wuhrer, et al 2007]. Glycopeptide analysis depends on the ionization 
efficiency of the peptide composition and the mixture of the tryptic digest. By using 
nanoLC separation directly coupled to the MS instrument, the low abundant glyco-
peptides are more frequently detected. The sensitivity of the described nanoLC-MS/
MS is in the range of a few femtomoles loaded onto the column. 

Figure 2. NanoLC-LTQ-FT-ICR MS analysis of plasma PAI-1 from an individual with 
BMI>35. The same molecular mass eluting at 33.7 min (MH+ 5162.323) corresponding 
to the glycopeptide with the attached glycan (Hex)3(HexNAc)2(NeuAc)2(Man)3(GlcN
Ac)2  was also found in adipose tissue. The quadruply protonated ion m/z 1291.339 
(MH+ 5162.323) is analyzed with high resolution and a mass accuracy of about 2 ppm 
in the ICR cell. The bottom spectra shows the fragmentation (MS/MS) pattern of the 
saccharides attached to the peptide (P) and the diagnostic glycan ions at m/z 366 (Hex-
HexNAc) and 657 (HexHexNAcNeuAc).
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Glycoprotein specific staining 
To verify presence or absence of glycosylation, ProQ Emerald 300 glycoprotein 
gel stain kit (Molecular Probes) was used. The Pro-Q emerald stain reacts with per-
oxidate-oxidized carbohydrate groups, creating a bright green-fluorescent signal on 
glycoproteins. The detection limit of the Pro-Q emerald stain was investigated by 
SDS-PAGE of serial dilutions of recombinant human glycosylated PAI-1 expressed in 
Chinese hamster ovary cells (CHO) [Stromqvist, et al 1994] subsequently SYPRO® 
Ruby stain was performed for total protein staining. PAI-1 isolated from platelets and 
plasma both from lean and from obese subjects was separated by SDS-PAGE and the 
gels were stained with Pro-Q according to the manufacturer’s instructions. As posi-
tive controls PAI-1 from adipose tissue and also 50 ng CHO PAI-1 was used. After 
scanning (Fluor-S MultiImager® Bio-Rad Laboratories), the gel was stained for total 
protein by SYPRO ruby. 

Statistical methods

Standard statistical methods were used. Data are presented as mean and standard error 
of the mean, unless otherwise stated. Paired Student’s t-test was used after log-trans-
formation for evaluation of the changes in platelet PAI-1 concentration in 24 hours. 
Comparisons of results between groups were performed with unpaired student’s t-test 
(two-tailed), and significance tests were considered significant at p<0.05 (two-tailed 
test). Pearson correlation coefficients were calculated to determine the associations 
between PAI-1 mRNA and PAI-1 antigen in plasma and platelets as well as to study 
the associations between the three ELISA kits. 
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RESULTS

Synthesis of active PAI-1 

To investigate if platelets are able to de novo synthesize PAI-1 we studied the mRNA 
content and protein synthesis in platelets. Platelet PAI-1 mRNA was quantified by real-
time PCR and substantial amounts were consistently detected in all platelet samples. 
At baseline, the expression level of PAI-1 mRNA was approximately 6% compared 
to GAPDH and 7% compared to cyclophilin. The degradation rate of PAI-1 mRNA 
compared to GAPDH and cyclophilin was analyzed by incubation of platelets for 0, 3, 
8, and 24 hours followed by analysis of mRNA by real-time PCR. As shown in Figure 
3, the degradation rate was found to be 4 and 8-fold higher than that of GAPDH and 
cyclophilin, respectively. 

Figure 3. The relative degradation rate of platelet PAI-1 mRNA in 
comparison to GAPDH and cyclophilin. mRNA extracted from plate-
lets incubated 0, 3, 8, and 24 hours was determined by real-time PCR 
and the degradation rate of PAI-1 mRNA was 4-fold higher than that of 
GAPDH and 8-fold higher than cyclophilin.

To study if there is an on-going synthesis and to estimate the PAI-1 protein synthesis 
rate, platelets were incubated and the total amount of PAI-1 antigen was analyzed by 
ELISA at baseline and after 24 hours. In fresh platelets, the average content of PAI-
1 was 1.00 ± 0.33 (mean and SD) ng/106 platelets. After 24 hours of incubation, the 
concentration of PAI-1 increased in 16 out of 18 samples with individual responses 
ranging between 2 and 52%. On the average, the PAI-1 content increased by 25% to 
1.25 ± 0.54 (mean and SD) ng per million platelets (p=0.001).

To confirm that there was an on-going de novo synthesis of PAI-1 in platelets, meta-
bolic radio-labeling was performed. Following 35S-methionine incorporation for 1, 
3, and 6 hours, immunoprecipitation was performed, which yielded a protein of the 
expected molecular mass of approximately 45 kDa. The protein was detected with 
two different antibodies, MAI-12 and PAI-1 (ab-1). Figure 4A shows the results of the 
immunoprecipitation with PAI-1 (ab-1) of 35S-labeled PAI-1. The increasing amount 
of radioactive PAI-1 over time confirms that there is an on-going synthesis of PAI-1 
in platelets. 
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To inhibit protein translation, puromycin was added and as shown in Figure 4B, this 
resulted in a partial inhibition of protein synthesis. We also investigated if the synthe-
sis could be stimulated by a platelet agonist. Thrombin was added and platelets were 
incubated for 1, 3, and 6 hours and as shown in Figure 5 thrombin activation was 
found to increase the rate of de novo synthesis of PAI-1. 

Figure 4. Metabolic radio-labeling and immunoprecipitation of platelet 
PAI-1. A. Isolated platelets incubated in the presence of 35S-methionine 
for 1, 3, and 6 hours. Platelet lysate and medium immunoprecipitated with 
PAI-1 (ab-1). The increasing amount of radioactive PAI-1 over time con-
firmed an on-going synthesis. B. Platelets incubated for 6 hours in the 
presence of 1 mM puromycin, which resulted in attenuated PAI-1 expres-
sion.

Figure 6. Functional analysis of the activity 
of newly synthesized PAI-1. Platelets were 
incubated in the presence of 1, 10, and 100 
ng tPA for 6 hours. A. Addition of 100 ng 
tPA resulted in a shift in molecular weight 
corresponding to the expected ~110 kDa 
of tPA-PAI-1 complex, indicating that newly 
synthesized PAI-1 is active. B. Addition of 
increasing concentrations of tPA reduced 
the free PAI-1 protein and increased the 
tPA-PAI-1 complex. 

Investigation of the activity of the newly synthesized PAI-1 was performed using a 
functional assay in which platelets were incubated with 35S-methionine in the pres-
ence of increasing tPA concentrations. PAI-1 as well as the tPA-PAI-1 complex was 
detected by immunoprecipitation with MAI-12. Incubations with tPA resulted in a 
shift of molecular weight corresponding to the expected weight of the tPA-PAI-1 com-
plex Figure 6A. This finding indicated that the newly formed PAI-1 was in an active 
configuration, and, as shown in Figure 6B, addition of increasing concentrations of 
tPA resulted in a gradual diminution of free PAI-1 protein. 

Figure 5. Stimulation of PAI-1 synthesis with thrombin. To investigate if the 
platelets could be stimulated to increase the synthesis rate, platelets were 
incubated for 1, 3, and 6 hours as described in Figure 4 in the absence or 
presence of 0.1 U/ml thrombin. Thrombin activation was found to increase 
the rate of PAI-1 synthesis.

1h 3h 6h

45kDa

A B

Control Puromycin1h 3h 6h

45kDa

A B

Control Puromycin

37

50

kDa
1h       3h        6h 1h        3h         6h

ThrombinControl

37

50

kDa
1h       3h        6h 1h        3h         6h

ThrombinControl

1 ng
tPA

10 ng
tPA

100 ng
tPA

37

50

75

100

kDakDa

37

50

75

100

100 ng
tPAcontrol

A B
1 ng
tPA

10 ng
tPA

100 ng
tPA

37

50

75

100

kDakDa

37

50

75

100

100 ng
tPAcontrol

A B



�0

Influence of the 4G/5G polymorphism on platelet PAI-1 expression 

To investigate if the PAI-1 promoter polymorphism influences PAI-1 expression in 
platelets, healthy male subjects were genotyped for the 4G/5G polymorphism. Sub-
jects homozygous for either the 4G or 5G allele were investigated regarding PAI-1 
mRNA and protein levels in platelets. Eighty-six male subjects were genotyped us-
ing the Taqman-based allelic discrimination 5´ nuclease assay and 21 (24.4%) were 
homozygous for the 4G allele, 48 (55.8%) were heterozygotes, and 17 (19.8%) were 
5G homozygotes. Homozygous subjects (n=38) were selected for further analysis of 
platelet PAI-1 mRNA as well as PAI-1 antigen in plasma and platelets. Parameters 
analyzed and compared between the two groups are summarized in Table 2. The mean 
plasma PAI-1 concentration in the 4G homozygotes was on the average 25% higher 
than in 5G (6.53 versus 5.22 ng/ml, respectively), but the difference between the gen-
otypes was not significant. Also, there was no significant difference in platelet PAI-1 
concentration between the groups (0.23 ng/106 platelets throughout).

Table 2. Summary of observed parameters. Results are presented as mean and standard 
error of the mean.

The expression level of PAI-1 mRNA was 2 - 10% of GAPDH and cyclophilin in 
all samples. No significant differences in mRNA levels between the genotypes were 
found, irrespective of whether PAI-1 mRNA was normalized to GAPDH, cyclophilin, 
or total RNA. However, as shown in Table 3, significant correlations appeared be-
tween platelet PAI-1 antigen and mRNA both when normalizing to GAPDH and cy-
clophilin and also when related to total RNA.

4G/4G         
(n=21)

5G/5G                
(n=17)

Significance 
hmmm

Age (years) 27.8 (1.6) 32.5 (2.1) ns

BMI (kg/m2) 23.2 (0.5) 24.1 (0.7) ns

TPK (plt/l) 242 (12.1) 238 (11.0) ns

Triglyceride (mmol/l) 1.25 (0.13) 1.18 (0.16) ns

Plasma PAI-1 (ng/ml) 6.53 (1.09) 5.22 (1.08) ns

Platelet PAI-1 (ng/milj plt) 0.229 (0.022) 0.230 (0.027) ns

Platelet PAI-1 (ng/ml) 56.29 (6.64) 57.28 (8.20) ns

mRNA PAI-1/GAPDH 0.0281 (0.0023) 0.0255 (0.0024) ns

mRNA PAI-1/cyclophilin 0.0245 (0.0018) 0.0265 (0.0030) ns

mRNA PAI-1 (CT) 27.9 (0.15) 28.0 (0.24) ns
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PAI-1/         
GAPDH

PAI-1/          
Cyclophilin

PAI-1/          
total RNA

Platelet PAI-1 0.377* 0.445** 0.556**

Plasma PAI-1 0.174 0.113 0.067

Table 3. Associations between platelet PAI-1 mRNA and PAI-1 antigen in platelets 
and plasma.  

There was no significant correlation between platelet PAI-1 and plasma PAI-1 concen-
trations, but a significant correlation was observed between platelet count and PAI-1 
in plasma (r = 0.32, p < 0.05). As expected, there was a close correlation between BMI 
and plasma PAI-1 (r = 0.61, p < 0.001), and also a significant correlation between 
plasma PAI-1 and triglycerides (r = 0.40, p = 0.01). 

Analysis of platelet PAI-1 activity 

In order to evaluate the activity of platelet PAI-1, serial dilutions of platelets and tPA 
were performed followed by studies of tPA-PAI-1 complex formed. After lysis of 
platelets with Triton X-100 in the presence of tPA, tPA-PAI-1 complex was detect-
ed by Western blot analysis. To confirm the results using a non-immunologic assay, 
tPA was labeled with 125I and 125I-tPA-PAI-1 was detected with autoradiography and 
quantified by scintigraphy.

Western blot analysis of lysates was performed with specific antibodies directed 
against PAI-1 and tPA. PAI-1 mab MAI-12 detected both free PAI-1 at ~47 kDa and 
the ~110 kDa complex with tPA but with higher affinity for the tPA-PAI-1 complex, as 
previously reported [Huisman L.G.M 1992]. With increasing tPA concentrations, the 
amount of tPA-PAI-1 complex increased until a molar excess of tPA was reached. Us-
ing tPA mab, the same dose-dependent response of the complex was observed. When 
the amount of tPA added to the platelets exceeded the amount of active PAI-1, a 68 
kDa band appeared representing free tPA (Figure 7). The highest concentration of tPA 
added without detection of free tPA was used to calculate the concentration of active 
PAI-1, assuming a 1:1 stoichiometry complex and a molecular weight of 47 kDa and 
68 kDa for PAI-1 and tPA, respectively. 

To determine the total amount of PAI-1 antigen in platelets, we used three different 
commercially available PAI-1 ELISA kits. The average PAI-1 antigen level was 0.48 
(±0.08), 0.79 (±0.13), and 0.64 (±0.23) ng/106 platelets with TintElize, Coaliza, and 
Imubind respectively and mean was 0.64 ng/106 platelets. 

The calculated amount of functionally active PAI-1 was related to the total PAI-1 an-
tigen determined by each assay. This resulted in an activity of 117% (±9), 65% (±5), 
and 73% (±11) related to the results with TintElize, Coaliza, and Imubind, respec-

* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)
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tively. This suggests an underestimation of total platelet PAI-1 antigen by TintElize. 
When using the average PAI-1 antigen concentration from the three ELISA kits, the 
amount of functionally active PAI-1 was estimated to 81%. 

tPA

tPA-PAI-1 

TPK tPA 

Figure 8. Platelets lysed in the presence of 125I labeled tPA. 
Lane 1-11 shows a constant amount of tPA in the presence of in-
creasing numbers of platelets. In lane 12-20 a constant amount 
of platelets with decreasing concentrations of tPA.

MAI-12

PAM-3

tPA

tPA-PAI-1
complex

tPA-PAI-1
complex

PAI-1

tPA 

TPK Figure 7. Platelets lysed in the 
presence of tPA. Lane 1-5; con-
stant number of platelets lysed 
in the presence of increasing 
tPA concentration. Lane 5-8; 
constant tPA and increasing 
number of platelets. The upper 
membrane is incubated with 
PAI-1 mab MAI-12 and the low-
er membrane is incubated with 
the tPA mab PAM-3.

Using 125I-tPA and scintigraphy, it was possible to determine the amount of 125I-tPA 
added without any further increase of the tPA-PAI-1 complex (Figure 8). The highest 
concentration of 125I-tPA added without reaching maximum binding was compared to 
the total PAI-1 in the samples determined by the three ELISA kits as described above. 
The mean PAI-1 activity in the samples was 72%. Using the total PAI-1 antigen de-
termined by TintElize, the calculated activity was 82% (±5,6). The correspondings 
figures for Coaliza and Imubind were 53% (±3,2) and 82% (±13.4), respectively. 
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Analysis of the effect of different lysis methods on PAI-1 activity

To assess whether the method of platelet disruption affects the activity of PAI-1, we 
performed a series of experiments with sonication and freezing/thawing to compare 
with the results from lysis in the presence of Triton X-100. As shown in Figure 9, 
the results demonstrate that sonication dramatically reduced the activity of PAI-1. 
Furthermore, there appeared to be a dose-response relationship between sonication 
energy and degree of inactivation, since the activity in samples sonicated with high 
energy was considerably lower (Figure 9 A) compared to samples prepared with low 
energy (Figure 9 B). Analyzing the ratio between densitometric intensity of the tPA-
PAI-1 bands, sonication with high energy reduced the activity by approximately 90% 
whereas with low energy there was a 50 - 60% reduction.  

A
1      2       3      4      5      6 

B

1      2       3      4      5      6      7      8 

A
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B

1      2       3      4      5      6      7      8 

Figure 9. Western blot analysis showing the differences of PAI-1 activity depending on 
lysis method. tPA-PAI-1 complex is detected by MAI-12. Membrane A shows the sam-
ples sonicated with setting 7 and membrane B represents the samples sonicated with 
setting 2. Same number of platelets is lysed and the same amount of tPA is added in all 
samples. The results of the densitometry are presented in brackets. Lane 1: Platelets 
lysed with 0.1% Triton X-100 in the presence of tPA (100%). Lane 2: Platelets lysed by 
sonication in homogenization buffer (A 8%, B 44%). Lane 3: Platelets sonicated in Pipes 
buffer (A 12%, B 51%). Lane 4: Platelets lysed in Pipes buffer by freezing and thawing 
(A 21%, B 53%). Lane 5: Platelets lysed by sonication in Pipes buffer with tPA present 
(A 16%, B 54%). Lane 6 on membrane A: Platelets lysed by freezing and thawing in the 
presence of tPA (39%). Lane 6 (100%), 7 (58%) and 8 (54%) on membrane B represent 
sample 1, 3 and 4 with the addition of 0.1% Triton X-100 to sample 3 and 4 after sonica-
tion or freezing/thawing.

There was no major difference in complex formation between samples sonicated with 
or without tPA present, indicating that sonication alone causes the reduction in activity 
and it is not merely an effect of freezing and thawing of the samples. The reduction 
in activity was similar between samples sonicated and lysed by freezing and thawing. 
However, samples freeze/thawed with tPA present had a higher activity than samples 
to which tPA was added after lysis. Addition of 0.1% Triton X-100 to the sonicated 
and freeze/thawed samples did not affect the results of the Western blot analysis. The 
effect of sonication on control plasma from Biopool was determined by Chromolize 
activity assay and sonication with setting 7 resulted in a 50% reduced activity. In con-
trast, with sonication at setting 2 there was no significant decrease. 
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Mass spectrometry analysis of glycosylation patterns of PAI-1

Next, we investigated if it would be possible to reveal the source of plasma PAI-1 by 
studying tissue specific glycosylation patterns. PAI-1 was purified and concentrated 
by affinity chromatography from plasma, platelets, adipose tissue, HUVEC, hepato-
cytes, and macrophages. The amount obtained from the different sources, as well as 
the purity of the retrieved PAI-1, varied considerably. Significant amounts of PAI-1 
were purified from pooled plasma PAI-1 from lean subjects as well as from platelets, 
adipose tissue, and HUVEC and were all visible with Coomassie blue staining. How-
ever, the more sensitive SYPRO Ruby stain had to be used for detection of PAI-1 from 
macrophages and the plasma samples from each of the four obese subjects because 
of the limited amount of protein obtained from these sources. Figure 10 shows typi-
cal gel images of PAI-1 from the different sources. Gel bands corresponding to the 
MW of PAI-1 were analyzed and identified as PAI-1 using several significant MS/MS 
spectra of unmodified PAI-1 peptides.
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Figure 10. Gel images of PAI-1 isolated from the different sources. 
The upper gels are stained with Coomassie and a pre-stained mo-
lecular weight protein standard was used. The lower gels are stained 
with the more sensitive SYPRO Ruby stain without staining of the 
protein standard. The lanes represent the different sources as follows                        
A: platelets, B: plasma from lean subjects, C: HUVEC, D: adipose 
tissue, E: plasma from subjects with BMI >35, F: macrophages and,       
G: hepatocytes. PAI-1 was identified by several significant MS/MS 
spectra of unmodified peptides in the bands of ~45 kDa. PAI-1 was not 
identified in any of the bands isolated from hepatocytes.

Table 4 summarizes glycopeptides and predicted glycan compositions at the two 
N-linked glycosylation sites found in the nanoLC-MS and MS/MS analysis of 
PAI-1 from the specific sources. For some of the glycopeptide masses, there are 
two different explanations of glycan moieties with different compositions but the 
same mass. For example, the mass 2654.016 of one of the glycopeptides can be ex-
plained as (Hex)2(HexNAc)2(Deoxyhexose)1(NeuAc)1 + (Man)3(GlcNAc)2 or as 
(Hex)3(HexNAc)2(NeuAc)1+ (Man)3(GlcNAc)2.
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Table 4. Summary of the masses and possible compostions of glycans found at the two sites on 
PAI-1 (N232 and N288) from the different sources. Glycans found in more than one tissue are in-
dicated in bold type and masses with two possible glycan compositions are indicated in italic. The 
mass accuracy is specified in ppm, number of missed proteolytic cleavage is presented as well as 
presence of oxidised methionine (Y=yes). 
Glycostructures at position N288 at peptide position GNMTR
Adipose tissue

MH+
Glycan ppm

Missed 
cleavage Mox

2929.107 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 1.9
2784.075, 5001.303 (Hex)2 (HexNAc)2 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)2 3.8, 4.6 1 Y
5162.323 (Hex)3 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2 2.1 Y
5001.303 (Hex)3 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 4.6 1 Y
2962.131 (Hex)3 (HexNAc)2 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)2 6.3 Y
5017.303, 5033.286 (Hex)4 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 5.5, 3.2 1, 1 ,
2962.131 (Hex)4 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 6.3
3365.253 (Hex)2 (HexNAc)2 (NeuAc)4 + (Man)3(GlcNAc)2 5.5 ־ ־

2638.013, 2654,016 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 2.5, 5.5 ־٫־ ٫Y־

2566.000 (Hex)2 (HexNAc)3 (Deoxyhexose)1 + (Man)3(GlcNAc)2 5.7 ־ Y

2841.080 (Hex)2 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 1.9, 5.5 ־ Y

2654.016 (Hex)3 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 5.5 ־ Y

2566.000 (Hex)3 (HexNAc)3 + (Man)3(GlcNAc)2 5.7 ־ ־

5074.311 (Hex)3 (HexNAc)3 (NeuAc)1 + (Man)3(GlcNAc)2 2.9 1 Y

Plasma BMI >35 

MH+
Glycan ppm

Missed 
cleavage Mox

2929.103, 5146.327, 5130.318 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 0.5, 1.9, 0.8 1,1,1 Y,
2800.062 (Hex)2 (HexNAc)2 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)2 1.0 Y
5146.327 , 5162.334 (Hex)3 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2 1.9, 4.2 1, 1 Y
2800.062 (Hex)3 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 1.0
3312.363 (Hex)3 (HexNAc)2 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)2 2.3 1
3182.310, 5017.258 (Hex)4 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 5.5, 3.4 1 Y
5179.306 (Hex)4 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 4.3 1 Y
4984.262 (Hex)1 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 0.5 1 ־

2783.046, 3165.290,                    
4984.262 , 5000.262 (Hex)2 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2

0.9, 4.2,      
0.5, 0.6 ٫1,1־٫־ ־٫Y٫־٫־

Macrophage

MH+
Glycan ppm

Missed 
cleavage Mox

2872.046 (Hex)2 (HexNAc)1 (Deoxyhexose)2 (NeuAc)2 + (Man)3(GlcNAc)2 12 ־ Y

Glycostructures at position N232 at peptide position FNYTE
HUVEC

MH+
Glycan ppm

Missed 
cleavage Mox

5637.45 (Hex)3 + (Man)3(GlcNAc)2 2.0 ־ ־

5799.49 (Hex)4+ (Man)3(GlcNAc)2 0.2 ־ ־



��

Figure 11. Summary of the possible glycan compositions at the two sites on PAI-1 from the 
analyzed cell types and plasma. Because of the heterogeneity of the glycan compositions on 
PAI-1 from adipose tissue and from plasma from obese subjects, three structures had to be 
made to summarize the possible compositions. The dashed lines indicate the different glycan 
compositions at that site.

After gel electrophoresis, protein bands were identified as PAI-1 in the platelet as well 
as in the plasma preparations but no glycopeptides were detected. The largest numbers 
of glycans were found on PAI-1 from adipose tissue and 14 suggested glycans were 
identified. However, four of the detected masses had two possible glycan composi-
tions. There were different numbers of glycans identified at N288 in the three different 
preparations with the highest amount of glycans in the preparation were the highest 
amount of PAI-1 was obtained. Seven of the glycan compositions found in adipose 
PAI-1 were also found on plasma PAI-1 from obese subjects. The total number of 
glycans at N288 on plasma PAI-1 from the subjects with BMI >35 subjects was 9, 
but three of the masses had two possible compositions. PAI-1 was isolated separately 
from the four obese subjects and as can be seen in Figure 10 (lane E1 to E4) the 
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Figure 12. Gel image showing the results of glyco-specific staining with A: Pro-
Q Emerald and B: same gel subsequently stained with SYPRO Ruby. PAI-1 from 
adipose tissue and from CHO cells were used as positive controls. Samples with 
PAI-1 from the different sources are in the following order; lane 1: plasma PAI-1 
from lean subjects, lane 2: plasma PAI-1 from subject with BMI>35, lane 3: PAI-1 
from adipose tissue, lane 4: platelet PAI-1 and lane 5: 50 ng of CHO PAI-1. PAI-1 
from platelets and plasma from lean subjects was not positive in gel A stained 
with Pro-Q but visible in gel B stained with total protein stain SYPRO Ruby.

amount of plasma PAI-1 from the subjects differed substantially. As in the prepara-
tions of PAI-1 from adipose tissue, the largest number of detected glycans was found 
on PAI-1 from the subject from which the largest amount of PAI-1 was isolated (E2). 
In sample E1, E3, and E4 only three glycans were identified, but they were identical 
and also present in E2. 

The limited amount of PAI-1 obtained from macrophages made precise identification 
of the composition of the glycans difficult. However, diagnostic glycan ions were 
detected, excluding the possibility of no glycosylation. 

HUVEC was the only cell type where glycans were detected on N232 at peptide posi-
tion FNYTE. Two different compositions were detected at this position, but the other 
site was not utilized.

Figure 10G shows the preparation from hepatocytes and as indicated by the absence 
of bands at 45 kDa, no PAI-1 was detected with MS/MS in this sample.

In Figure 11, a summary of the glycosylation pattern of PAI-1 from the different ori-
gins is shown. 

To verify the MS results of the absence or presence of glycosylated PAI-1 from differ-
ent tissues, we used 1D gel electrophoresis and Pro-Q glycoprotein gel stain. The re-
sults of the glycoprotein staining verified the MS/MS results, and as shown in Figure 
12A, we did not detect glycosylated PAI-1 in platelets or plasma from lean subjects. 
However, plasma PAI-1 from obese subjects as well as adipose tissue and CHO were 
all positive with the glycoprotein stain. Subsequent staining with total protein SYPRO 
ruby showed the presence of PAI-1 in all samples (Figure 12B). 
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DISCUSSION

The present studies were performed to investigate the role of platelets in inhibition of 
fibrinolysis by synthesis and release of PAI-1. The thesis presents three major find-
ings.

First, our studies showed that platelets contain substantial amounts of PAI-1 mRNA, 
as detected by real-time PCR, and incorporation studies with radioactive methionine 
followed by immunoprecipitation confirmed that this mRNA was translationally ac-
tive. The total amount of PAI-1 protein increased by an average of 25% in 24 hours, 
and the synthesis rate could be further stimulated by activation of platelets with 
thrombin. Importantly, the newly formed protein was active as shown by its ability 
to complex-bind tPA. However, the 4G/5G promoter polymorphism did not seem to 
influence the expression since there were no associations between genotype and levels 
of platelet PAI-1 mRNA or protein. These observations show that platelets synthesize 
large amounts of active PAI-1.

Second, the controversial issue of the activity of the total pool of PAI-1 in platelets was 
reinvestigated with a simple and direct functional approach using two assays based on 
reciprocating serial dilutions of tPA and platelets. Using this approach, it was found 
that the activity of platelet PAI-1 is considerably higher than previously reported in 
most studies. The average PAI-1 activity was estimated to 81% in samples analyzed 
by Western blot and 72% in samples analyzed with 125I-labeled tPA. Our results show 
that both sonication and freezing/thawing of the samples substantially reduced the de-
tected PAI-1 activity, which may explain the low activity observed in previous studies 
using these lysis protocols. The results suggest that, in contrast to the traditional view, 
the majority of PAI-1 in platelets is active and can inhibit fibrinolysis.

Third, high mass accuracy mass spectrometry was used to study glycosylation of 
PAI-1 expressed in human plasma, platelets, adipose tissue, endothelial cells, and 
macrophages. Both PAI-1 from platelets and plasma from lean subjects were found to 
be unglycosylated. In contrast, PAI-1 from all other tissues as well as plasma PAI-1 
isolated from subjects with BMI >35 was glycosylated with heterogeneous tissue-
specific glycosylation patterns. This finding suggested that the platelets may be the 
hitherto unknown source of plasma PAI-1.

De novo synthesis of PAI-1 in platelets 

Platelets have traditionally been considered to be devoid of capacity for protein syn-
thesis. However, even though circulating platelets are anucleate and cannot synthe-
size mRNA, they retain mRNA from the megakaryocyte stage [Booyse and Rafel-
son 1967a, Booyse and Rafelson 1967b, Newman, et al 1988, Gnatenko, et al 2003, 
McRedmond, et al 2004, Dittrich, et al 2006 ]. In this study we found that they also 
contain PAI-1 mRNA in considerable amounts. The level of PAI-1 mRNA at baseline 
was approximately 5 - 10% of GAPDH and cyclophilin. As shown previously, the 
degradation rates of different platelet mRNA species vary substantially [Wang, et al 
2003], and this was found to be true also for PAI-1 mRNA. During the 24-hour incu-
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bation period the degradation rate of PAI-1 mRNA was approximately 4-fold higher 
than that of GAPDH and 8-fold higher than cyclophilin. The finding suggests that 
the PAI-1 mRNA content of young, newly released platelets may be considerably 
higher. 

The question that immediately arose from these studies was if this PAI-1 mRNA also 
could be translated into protein. Platelets have both rough endoplasmic reticulum 
and polyribosomes [Kieffer, et al 1987], and some occasional previous reports have 
found evidence of protein synthesis in platelets [Kieffer, et al 1987, Weyrich, et al 
1998, Lindemann, et al 2001]. Prompted by these observations, we investigated if the 
platelets had the ability to de novo synthesize PAI-1 and found this to be the case. At 
baseline, the content of PAI-1 was approximately 1 ng per million platelets, which 
is comparable to what has been reported earlier [Booth, et al 1988, Declerck, et al 
1988a]. During a 24-hour incubation period, the total amount of PAI-1 increased 
by 25%, showing that despite its decay rate considerable amounts of translationally 
active mRNA were still present. Metabolic radio-labeling with 35S-methionine and 
immunoprecipitation confirmed that there was an on-going de novo synthesis of the 
protein in the platelets. Also, the synthesis could be blocked by the protein synthesis 
blocker puromycin. However, our data also showed that the synthesis rate of PAI-1 
varied considerably among individuals, possibly as an effect of the age distribution 
of the platelet population.

No effect of the 4G/5G polymorphism on platelet PAI-1 expression

Besides an effect of platelet age, another interesting possibility is that the synthesis 
of PAI-1 could be influenced by genetic factors, such as the 4G/5G polymorphism 
in the PAI-1 promoter. In vitro promoter studies have shown that the 4G allele has a 
higher transcriptional activity than the 5G one, which has been suggested to be due to 
a differential binding of a repressor to the latter [Eriksson, et al 1995]. The influence 
on plasma PAI-1 antigen and activity levels is controversial and many studies have 
been performed to shed light on this issue. Some studies have found associations 
both in healthy subjects and in patients with hypertension, myocardial infarction, 
or atherosclerosis [Eriksson, et al 1995, Jeng 2003, Juhan-Vague, et al 2003, Mar-
tinez-Calatrava, et al 2007], whereas others have failed to demonstrate associations 
between PAI-1 antigen or activity levels and the 4G/5G polymorphism [Doggen, et 
al 1999, Nordt, et al 2003, Zietz, et al 2004]. Thus, it has been shown that the basal 
transcription might not be affected [Dawson, et al 1993, Zhan, et al 2004], and vari-
ous influences of this putative repressor might explain why some studies have found 
an association of the 4G/5G genotype with PAI-1 levels whereas others have not.

In our study, we did not find any significant associations between genotype and levels 
of PAI-1 mRNA or protein in platelets. Moreover, no correlations between the cir-
culating plasma PAI-1 levels and the levels of platelet PAI-1 protein or mRNA was 
found. As expected, however, irrespective of genotype, platelet PAI-1 mRNA and 
PAI-1 antigen levels were found to correlate, regardless of to which of the controls 
the mRNA level was normalized. To validate the representativity of our results we 
looked for the known correlation between BMI or triglycerides and plasma PAI-1 
[Cigolini, et al 1994, Hong, et al 1997] and found, as expected, highly significant cor-
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relations. A potential limitation of this study is obviously that the limited number of 
subject has caused a Type II statistical error. However, since the average PAI-1 mRNA 
levels were almost identical among the two genotypes, it seems unlikely that there is 
a major physiological impact of the polymorphism on platelet (or megakaryocyte) 
PAI-1 synthesis in healthy subjects.

Activity of platelet PAI-1

Following our initial discovery of a de novo synthesis of PAI-1 in the platelets, the 
next important issue was whether the newly formed protein was enzymatically ac-
tive. Since it is difficult to directly determine the activity of PAI-1, in our first series 
of experiments we used a functional assay to address this question. The basis for this 
approach is that only active PAI-1 is capable of forming a stoichiometric 1:1 complex 
with tPA [Kooistra, et al 1986]. This analysis confirmed that both during basal con-
ditions and when protein synthesis was stimulated by thrombin, the new PAI-1 was 
active. Unexpectedly, platelets lysed in the presence of tPA after 24 hours of radio-
labeling showed that almost all of the PAI-1 synthesized was active. This observation 
indicated that the protein could be kept in an active configuration in the platelet for a 
much longer period of time that previously thought.

The activity of the total pool of PAI-1 in platelets has generally been considered to be 
as low as 5% [Booth, et al 1990, Booth, et al 1988, Declerck, et al 1988a, Lang and 
Schleef 1996]. It has been assumed that the low activity of platelet PAI-1 observed in 
most studies is explained by the rapid spontaneous inactivation of PAI-1 (half-life 1-2 
hours)[Loskutoff, et al 1989]. However, occassional previous studies have reported 
unexpectedly high proportions of active PAI-1[Fay and Owen 1989, Nordenhem and 
Wiman 1997], and it has been suggested that platelets may possess a specific mecha-
nism to preserve PAI-1 in an active configuration [Lang and Schleef 1996]. If so, this 
would provide an explanation for our previous observations of an surprisingly high 
activity of platelet PAI-1 [Brogren, et al 2004].

We therefore readdressed this issue with a similar functional approach as we used 
in the studies of activity of newly synthesized PAI-1. To carefully investigate the 
hypothesis, it was considered crucial that the method used to isolate PAI-1 from the 
platelet was able to capture the molecule in its active configuration (if that was the 
form in which it was present) and that spontaneous inactivation during the prepara-
tory procedure was prevented. To ensure an immediate capture of active PAI-1 at the 
time of lysis and to circumvent the limitations of enzymatic methods [2000, Gram, et 
al 1993], we used a method in which tPA was present already when the platelets were 
lysed and subsequent direct detection of tPA-PAI-1 complex formation with antibod-
ies and 125I-tPA. Interestingly, both these functional assays indicated that 70 – 80% of 
platelet PAI-1 was present in an active configuration that was biologically functional 
and could bind tPA. The findings indicate that a much larger proportion of platelet 
PAI-1 is active than previously assumed.

How, then, could the activity of PAI-1 be preserved for such a prolonged period of 
time in the platelet? A potential mechanism to explain the preserved activity has been 
suggested by Lang and Schleef [Lang and Schleef 1996], who have shown that plate-
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lets have a unique mechanism for stabilization of PAI-1 in its active configuration 
by packaging together with other large a-granule proteins in a calcium-dependent 
manner. In plasma, active PAI-1 is stabilized by binding to vitronectin [Declerck, et 
al 1988b, Wiman, et al 1988] and vitronectin has also been detected in platelet a- 
granules. However, some studies have failed to detect a vitronectin-PAI-1 complex in 
platelets [Lang and Schleef 1996, Nordenhem and Wiman 1997], and it is therefore 
controversial whether vitronectin is the stabilizing factor of PAI-1 in platelets. This 
issue remains to be evaluated. 

However, a potential flaw of our study is that if the procedures we used in some way 
could have reactivated latent PAI-1. It is known that PAI-1 can be reactivated under 
extreme in vitro conditions by denaturants such as SDS, guanidine HCl, or urea [Hek-
man and Loskutoff 1985]. To make sure that our results were not due to a potential 
reactivation and/or dissociation [Gaussem, et al 1993] of tPA-PAI-1 complex by the 
SDS used in the gel electrophoresis, we performed a series of experiments both with 
and without SDS in the loading buffer. However, these studies showed no detectable 
differences in PAI-1 activity whether SDS was present or not. 

Underestimation of platelet PAI-1 activity due to preparatory proce-
dures

To shed light on possible mechanisms behind the discrepancy between our new results 
and those of previous studies, we studied the effect of commonly used preanalytic pro-
cedures to investigate if inadequate treatment of PAI-1 during the preparation might 
have inactivated it unintentionally. First, we studied the effect of sonication, since a 
recent study had demonstrated that energy levels as low as 30 W may cause protein 
damage [Stathopulos, et al 2004], and it is conceivable that a thermodynamically 
unstable molecule such as active PAI-1 is more susceptible to inactivation. Indeed, 
our results showed that even reactivated plasma PAI-1 stabilized by low pH was very 
sensitive to sonication and its activity was reduced by 50% with an energy load of ap-
proximately 30 W, which is 5-fold lower than the energy previously used for platelet 
lysis [Booth, et al 1988]. Taken together with the activity rates observed in the present 
study, one would expect sonication to reduce platelet PAI-1 activity to 5 – 10%, i.e. to 
similar levels as reported in previous studies. 

The magnitude of the reduction in PAI-1 activity was similar when freezing/thawing 
was used for platelet lysis instead of sonication. However, whereas the reduced activ-
ity by sonication was independent of whether tPA was added before or after stimula-
tion, the underestimation of activity by freezing/thawing could be prevented by add-
ing tPA before lysing the platelets. Another common procedure for platelet disruption 
is to use detergents such as Triton X-100 [Lang, et al 1992, Nordenhem and Wiman 
1997]. However, it has been shown that Triton X-100 decreases the half-life of PAI-1 
markedly, and 0.2% Triton X-100 decreases the functional half-life of PAI-1 to less 
than 1 minute at 37°C [Gils and Declerck 1998, Andreasen, et al 1999]. Therefore, 
also with such protocols it is crucial to add tPA before lysis. Unfortunately, this has not 
been the case in the above-mentioned studies and could potentially have contributed 
to the low activity estimations. 
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Are platelets the unknown source of plasma PAI-1?

PAI-1 is expressed in many types of cells, and both PAI-1 mRNA and protein can be 
retrieved from many tissues. Despite this, the source of circulating plasma PAI-1 is 
not known. The main pool of PAI-1 is found in the platelets [Erickson, et al 1985, 
Booth, et al 1988]. However, since no association between the content of PAI-1 in 
platelets and plasma concentration has been found, platelets have generally not been 
considered to contribute to the plasma levels [Booth, et al 1988, Simpson, et al 1990]. 
On the other hand, considering our findings that there is a large continuous synthesis 
of PAI-1 in the platelets, it is obvious that a very small fraction of this de novo syn-
thesized protein would need to be released in order to maintain normal plasma levels 
[Brogren, et al 2004]. Indeed, a rough estimation based on these observations indi-
cated that a release of as little as 3% of the newly synthesized PAI-1 would be suffi-
cient to keep plasma levels within the normal range, even if the platelet were the only 
source of plasma PAI-1. In support of this view, it has been shown that the platelet 
count correlates with plasma PAI-1 [Cancelas, et al 1994, Soeki, et al 2000, Birdane, 
et al 2005, Brogren, et al 2007], a finding that may suggest that a constant low-rate 
release of PAI-1 from platelets could contribute to the plasma levels. 

To investigate the hypothesis that platelets are the source of plasma PAI-1, we sought 
to find a new approach to reinvestigate this issue. In general it is difficult to determine 
the cellular origin of a plasma protein. However, many proteins are subjected to post-
translational modifications that may alter its composition or structure. Such modifi-
cations may be tissue or cell-type specific. Of particular interest is the glycosylation 
pattern, which shows a considerable heterogeneity. Theoretically, such microhetero-
geneity may be used to reveal the origin of a plasma protein since a range of variations 
can be found in the precise structure of the glycan at any given glycosylation site on a 
given protein synthesized by a particular cell type. Even the extent of this heterogene-
ity can vary considerably, resulting in an almost infinite variability in glycosylation 
patterns [Varki 1999]. 

According to the contemporary view, platelets, endothelial cells, macrophages, liver, 
and adipocytes, are considered to be most likely contributors to plasma PAI-1 [Dellas 
and Loskutoff 2005]. We therefore investigated the glycosylation patterns of PAI-1 
produced in these cells/tissues, and compared these patterns with that of plasma PAI-1. 
Interestingly, the results showed that PAI-1 isolated from platelets as well as plasma 
was not glycosylated at all, whereas PAI-1 from endothelial cells, macrophages, and 
adipose tissue was glycosylated with heterogeneous glycosylation patterns. These 
findings support the hypothesis that platelets could be the source of PAI-1 in plasma, 
at least in healthy subjects.

Endothelial cells produce large amounts of PAI-1 in vitro [MacGregor and Booth 
1988], but this has been suggested that it may be an in vitro artefact [Fearns and Los-
kutoff 1997]. It has also been shown that endothelial PAI-1 is released basolaterally 
to the extracellular matrix, suggesting that it is not mainly involved in intravascular 
fibrinolysis [Schleef, et al 1990]. This conclusion is also supported by our study since 
we found that endothelial PAI-1 is glycosylated with two different glycans on N232, 
and it is therefore unlikely that the endothelium is a major source of plasma PAI-1 in 
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healthy individuals. Even though PAI-1 has been detected in macrophages in several 
tissues [Quax, et al 1990, Simpson, et al 1991, Bastelica, et al 2002] as well as in 
blood monocytes and macrophages in the wall of atherosclerotic vessels [Tipping, et 
al 1993], the amounts synthesized in vitro are very low [Hamilton, et al 1993, Tip-
ping, et al 1993]. Furthermore, the presence of diagnostic ions and the suggested gly-
can found on macrophage PAI-1 indicate that it is unlikely that these cells contribute 
significantly to the plasma levels, at least not in healthy individuals. 

Unfortunately, we were not able to obtain adequate amounts of PAI-1 from hepato-
cytes. Since PAI-1 is an acute phase protein [Kruithof, et al 1988] it might be necessary 
to add inflammatory stress to obtain sufficient amounts [Quax, et al 1990, Sawdey and 
Loskutoff 1991]. The liver might be an important source of plasma PAI-1 in inflam-
matory disease, sepsis, and stress. This study suggests that unstimulated hepatocytes 
synthesize very low amounts of PAI-1 and further studies with larger samples have to 
be performed to enable evaluation of its glycosylation pattern.

It has been shown that body mass index (BMI) correlates with plasma PAI-1 lev-
els, and PAI-1 mRNA is up-regulated in adipose tissues of obese mice and humans 
[Sawdey and Loskutoff 1991, Loskutoff and Samad 1998, Alessi, et al 2000]. In ad-
dition, the elevated plasma levels of PAI-1 in obese subjects can be normalized by 
removal of adipose tissue both by surgery or dieting [Primrose, et al 1992, Mavri, et al 
2001]. However, the notion of a release of PAI-1 from adipose tissue is controversial 
and diverging results have been reported [Morange, et al 1999, Yudkin, et al 1999, 
Lindeman, et al 2007]. Interestingly, the present study showed major differences in 
the glycosylation of plasma PAI-1 from lean and obese subjects. Ten glycans were 
identified on N288 in PAI-1 from plasma from obese subjects with a typical compo-
sition similar to that found on PAI-1 isolated from visceral adipose tissue, but none 
was found in the other tissues studied. Raised plasma PAI-1 levels are associated with 
an increased risk for cardiovascular events and elevated plasma PAI-1 has also been 
identified as a predictor of myocardial infarction [Hamsten, et al 1987, Collet, et al 
2003, Hoekstra, et al 2004]. The results from this study suggest that the composition 
of the plasma PAI-1 profile is altered in obesity, leading to a highly glycosylated pool 
of the protein. Potentially with a prolonged activity half-life, leading to increased lev-
els of active PAI-1 [Gils 2000, Gils, et al 2003]. 
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CONCLUDING REMARKS

The results of the series of studies presented in this thesis indicate that the platelet 
pool of PAI-1 may be of greater importance than previously believed. This may not 
only call for a redefinition of its physiological and pathophysiological function, but 
may also help to reconcile some of the previous seemingly contradictory findings of 
its role in stabilization of blood clots.
From a clinical perspective, there is compelling evidence that platelet-derived PAI-1 
is pivotal for making platelet-rich blood clots resistant to both endogenous and phar-
macological thrombolysis [Torr-Brown and Sobel 1993, Fay, et al 1994, Stringer, et 
al 1994, Konstantinides, et al 2001]. Despite this, most previous studies have reported 
activity levels of platelet PAI-1 that are probably far too low to explain its putative 
functional role. It was therefore of interest to find that the platelets contain consider-
able amounts of translationally active PAI-1 mRNA, and that there is an on-going de 
novo synthesis of PAI-1. Importantly, the majority of the newly formed protein was 
found to be active, and its production could be further stimulated by thrombin. It is 
likely that the PAI-1 synthesis may make more active PAI-1 available in a thrombin-
rich environment, such as during formation of a blood clot. 
However, our studies also indicate that the platelet possesses a mechanism for keep-
ing preformed PAI-1 active for a long time. In the functional activity assays we per-
formed, the activity of platelet PAI-1 was found to be much higher than previously 
suggested. This underestimation may have been due to unintentional inactivation of 
the protein during the preanalytic preparatory procedures. Hence, it is conceivable 
that the contribution of platelets for clot stabilization not only depends on their capac-
ity for de novo synthesis of active PAI-1, but also on their large content of preformed 
PAI-1 that is in an active configuration. 
Another important unresolved question has been from which source the circulating 
pool of PAI-1 in plasma originates. Since plasma PAI-1 is a cardiovascular risk factor 
and may theoretically reflect the output of several different tissues, increased knowl-
edge of the specific source of plasma PAI-1 in different conditions with increased lev-
els might facilitate targeted risk prevention. The new strategy to address this issue by 
investigating the specific glycosylation pattern of PAI-1 from different cellular sourc-
es appears to be a feasible approach to this problem. Our results show that platelets 
potentially could be the source of plasma PAI-1 in healthy individuals. Interestingly, 
however, the high levels of plasma PAI-1 in obese individuals seem to depend on a 
contribution from adipose tissue, which suggests that pathophysiological conditions 
may shift the relative contribution from different cellular sources. 
In conclusion, our studies have put focus on the platelet as a potent, dynamic cyto-
plast with an unexpected capacity of de novo synthesis of the fibrinolysis inhibitor 
PAI-1 despite their lack of DNA and RNA synthesis. The likely consequences of this 
capability are well in line with the presumed role of the platelet in thrombogenesis 
predicted by Bizzozero more than a century ago. Moreover, despite the fact that the 
discoveries of the large number of enzymatic components of the hemostatic systems 
have shown that “blood coagulability” was by far more complex than foreseen by Vir-
chow, the overall pathogenetic mechanisms as well as the action of the specific factors 
still fits remarkably well into his triad hypothesis of thrombogenesis. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

När ett blodkärl skadas aktiveras blodplättarna (trombocyterna) i blodet och fäster 
i kärlväggen och till varandra. Samtidigt aktiveras blodets koagulationskaskad och 
bildar ett nätverk av fibrin i vilket trombocyterna också kan fästa. Tillsammans bildar 
detta den propp som ska förhindra blodförlust. När kärlskadan är läkt löses proppen 
upp av kroppens eget proppupplösningssystem, fibrinolysen. Hjärtinfarkt och stroke 
uppstår när blodproppar bildas, ofta pga kärlskador orsakade av åderförkalkning, och 
leder till att blodflödet förhindras. Dessa arteriella proppar är rika på trombocyter och 
mer resistenta mot upplösning än venösa proppar. Denna resistens har antagits bero på 
att trombocyterna innehåller stora mängder av proteinet plasminogen aktivator inhibi-
tor 1 (PAI-1) som motverkar fibrinolysen. Tidigare studier har visat att trombocyter-
nas PAI-1 bara är funktionellt till ungefär 5% varför PAI-1 och trombocyternas roll i 
proppstabiliteten varit svårförklarad. Syftet med denna avhandling var att undersöka 
de bakomliggande orsakerna till de här motsägelsefulla fynden.

I det första delarbetet undersöktes om trombocyterna har förmåga att syntetisera PAI-
1. Trombocyterna bildas i benmärgen och är små fragment av en gigantisk cell (mega-
karyocyt), de är såtillvida inga kompletta celler eftersom de saknar kärna och därmed 
DNA. Man har därför länge ansett att trombocyterna inte kan syntetisera proteiner. 
Intressant nog har man nyligen visat att de innehåller mRNA dvs de DNA kopior som 
används som mall för proteinsyntes och man har funnit att trombocyterna syntetiserar 
några proteiner. Vi undersökte därför om så även var fallet för PAI-1. PAI-1 mRNA 
kunde detekteras och efter inkubering av trombocyterna i 24 timmar sågs en 25% 
ökning av mängden PAI-1 protein. Vi undersökte även i vilken utsträckning det ny-
syntetiserade PAI-1 var aktivt och fann att majoriteten var aktivt i minst 24 timmar.

I befolkningen finns en vanligt förekommande genetisk variation, så kallad polymorfi, 
i genen för PAI-1 och tidigare studier har visat att den kan vara av betydelse för hur 
mycket PAI-1 som bildas. Fyndet att trombocyter kan syntetisera PAI-1 resulterade 
i frågan om trombocyternas syntes var påverkad av polymorfin. För att studera detta 
undersöktes i delarbete II 38 friska män, 17 st med den ena genetiska varianten och 
21 st med den andra, men inga signifikanta skillnader i mängden PAI-1 mRNA eller 
PAI-1 protein kunde ses mellan grupperna. 

Aktivt PAI-1 är en instabil spänd molekyl, ungefär som en råttfälla och den inakti-
veras av sig själv genom att övergå till ett mer avslappnat tillstånd och halveringstiden 
är 1-2 timmar. Bara aktivt PAI-1 kan binda till och hämma sitt substrat tPA (vävnads 
plasminogen aktivator) och tidigare studier har visat att aktiviteten på PAI-1 i trom-
bocyter är ca 5%. Fyndet i delarbete I, att nysyntetiserat PAI-1 var aktivt i 24 timmar, 
tyder på att proteinet kan hållas aktivt längre tid i trombocyterna. I de tidigare studi-
erna av PAI-1 aktivitet har man använt metoder för att spränga (lysera) trombocyterna 
som potentiellt kan inaktivera PAI-1. I delarbete III ville vi därför studera aktiviteten 
på PAI-1 med alternativa metoder och undersöka effekten av de tidigare använda ly-
serings-metoderna. Genom att undvika inaktivering fann vi att PAI-1 var aktivt till 
ca 80%. Studien visade även att lysering av trombocyter med ultraljud eller genom 
frysning och tining, sänker aktiviteten. 
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PAI-1 finns inte bara i trombocyterna utan även cirkulerande fritt i blodet. Höga nivåer 
av PAI-1 i blodet ses ofta hos individer med ökad risk att drabbas av hjärt-kärlsjuk-
dom. Man vet dock inte vilka celler i kroppen som är ursprung till plasma-PAI-1. 
Fyndet i den första studien, att trombocyterna själva kan syntetisera aktivt PAI-1, gav 
upphov till frågan om trombocyterna kan vara den hittills okända källan till plasma-
PAI-1. Det är generellt ganska svårt att ta reda på var plasmaproteiner kommer ifrån, 
men ett sätt är att titta på modifieringar av proteinerna. En proteinmodifiering är så 
kallad glykosylering som innebär att proteinet har sockermolekyler på sig. Genom 
att analysera hur olika celltyper glykosylerar PAI-1 kunde vi skilja ut olika mönster 
och fick på så sätt ett ”fingeravtryck” för att kunna avslöja källan till plasma-PAI-1. 
I delarbete IV undersöktes PAI-1 från lever, fettväv, blodkärl, vita blodkroppar, och 
trombocyter som alla är potentiella källor, och dessa jämfördes med plasma-PAI-1. 
Plasma-PAI-1 och trombocyt-PAI-1 var inte glykosylerat, medan PAI-1 från alla de 
andra undersökta vävnaderna uppvisade ett heterogent sockermönster. Detta fynd ta-
lar för att trombocytena skulle kunna vara källan till plasma-PAI-1.

Eftersom plasma-PAI-1 nivåerna är höga hos överviktiga individer har det spekulerats 
i om PAI-1 hos dessa individer kommer från fettväven. För att undersöka detta jäm-
förde vi glykosyleringsmönstret på PAI-1 från fettväv med plasma-PAI-1 från fyra 
individer med body mass index (BMI) över 35. Intressant nog skilde sig glykosyl-
leringsmönstret för PAI-1 i plasma mellan normalviktiga och överviktiga individer. 
De glykosyleringar som detekterades på plasma-PAI-1 från överviktiga detekterades 
även i stor utsträckning på PAI-1 från fettväv. Dessa fynd talar för att PAI-1 i blodet 
huvudsakligen kommer från trombocyter medan de höga nivåer som ses hos övervik-
tiga beror på ett tillskott av PAI-1 från fettväv. 

Sammantaget visar resultaten i denna avhandling en ny roll för trombocyterna i hämn-
ingen av fibrinolysen. Dels genom att det PAI-1 som finns i trombocyterna till största 
delen är aktivt och dels genom att trombocyterna dessutom kan nysyntetisera aktivt 
PAI-1. Vi visar även att trombocyterna kan vara källan till plasma PAI-1 medan de 
höga nivåer som ses hos överviktiga individer troligen beror på ett tillskott av PAI-1 
från fettväv.
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