
Until the 1990s investigations of the fibrinolytic system

were focused mainly on the study of the mechanisms of acti�

vation of plasminogen (Pg) and plasmin�mediated degrada�

tion of intravascular fibrin depositions, probably because for

a long time it was well�known that impairments in this sys�

tem are associated with bleedings or thrombotic complica�

tions in patients. However, in the last decade, when methods

of gene inactivation in mice were applied for the study of the

physiological role of proteins, it became evident that func�

tions of components of the fibrinolytic system are not

restricted to the dissolution of fibrin. Now the participation

of this system in the regulation of cellular activity and tissue

development is under intensive exploration.

It should be mentioned that although significant

progress has been achieved in the study of the struc�

ture–function relationships and mechanisms of activa�

tion and inhibition of the main components of fibrinolyt�

ic system, nevertheless some details of the regulation of

fibrinolysis in vivo remain to be elucidated. For example,

fibrin is a pathologic formation yet a structure that pro�

tects from bleeding at the site of vascular injury. Its

removal is necessary for the restoration of normal blood

flow, but this should occur only after the regeneration of

the vessel wall. At the same time, tissue�type plasminogen

activator (t�PA), which is thought to be the primary ini�

tiator of fibrinolysis in the circulation, is the only protease

of the hemostatic system that is continuously secreted by

the endothelium in active form. What does postpone the

lysis of fibrin for the time needed for the regeneration of

vessel wall? In the absence of fibrin, t�PA activates plas�

minogen at a very low rate, and because of high activity of

plasminogen activator inhibitor type�1 (PAI�1) in blood

t�PA is inactivated with half�time of about 2 min. It thus

appears that most of the secreted t�PA will be inactivated

by PAI�1 before it can bind with a fibrin clot. From this

point of view, t�PA and PAI�1 represent a “suicide pair”,

or one may assume that these components and/or “inac�

tive t�PA–PAI�1 complex” have some other function(s)

besides the regulation of fibrinolysis [1]. Obviously, fur�

ther studies are needed for the elucidation of mechanisms

that determine the stability of thrombi in vivo.

Impairment of these mechanisms may predispose to

bleeding or thrombosis in patients.

MAIN COMPONENTS 

OF THE FIBRINOLYTIC SYSTEM

The fibrinolytic system comprises of a proenzyme

(plasminogen), enzymes that proteolytically activate

plasminogen, and several inhibitors that regulate activa�

tion of plasminogen, activity of plasmin, and stepwise

degradation of fibrin (Fig. 1, table).
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Fig. 1. The fibrinolytic system. Solid arrows represent secretion and activation of the components, dotted arrows their inhibition. t�PA acti�

vates with high rate only fibrin bound plasminogen. tcu�AP can activate both free and fibrin bound plasminogen. Plasmin released from a

thrombus with fibrin degradation products is rapidly inactivated by α2�antiplasmin (FDP is a product of fibrinogen degradation).
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Plasminogen activators. Tissue�type plasminogen acti�

vator (t�PA) is synthesized and secreted by endothelial

cells as a single chain active enzyme with Mr of 70,000. t�

PA is composed of five domains: the N�terminal domain

homologous to the finger�like domain of fibronectin is

followed by a domain homologous to the epidermal

growth factor domain (EGF), two kringle�like domains of

plasminogen, and C�terminal domain homologous to

trypsin�like proteases (Fig. 2). The active site is composed

of His322, Asp371, and Ser478 [2]. The finger�like and

kringle�2 domains possess two distinct fibrin�binding

sites. The binding of t�PA with PAI�1 involves the inter�

actions with the active site as well as with regions of

residues 296�304 and kringle�2 domain [3]. Inactive com�

plex t�PA–PAI�1 retains some affinity to fibrin and there�

fore it can compete with free t�PA in the binding with fib�

rin. The application of recombinant technology has

allowed large�scale production of t�PA and its use for

thrombolytic therapy. Wide use of recombinant t�PA for

thrombolysis in patients with myocardial infarction stim�

ulated intensive studies of structure�function relation�

ships of t�PA and development of mutant forms of t�PA

with improved pharmacokinetic properties, i.e., with pro�

longed lifetime in the circulation and increased resistance

to inhibitors and to cleavage by plasmin (reviewed in [4,

5]).

Plasmin, kallikrein, and factor Xa can split the

Arg275–Ile276 peptide bond with formation of a two�

chain form of t�PA. The splitting increases activities

towards synthetic chromogenic substrates and inhibitors

and the rate of activation of plasminogen in the absence

of fibrin, but in the presence of fibrin both forms of t�PA

activate plasminogen with similar rates [6].

In the absence of fibrin, t�PA activates plasminogen

with very low rate. The reaction is characterized by a low

rate constant of about 0.01�0.06 sec–1 and Km′ of about

60 µM, which is 30 times higher than the concentration of

plasminogen in blood. When fibrin is present, both t�PA

and plasminogen bind to fibrin. The formation of ternary

complex increases the catalytic efficiency of t�PA by

1000�fold [7]. The activation of plasminogen by t�PA can

be stimulated not only by fibrin. It has been shown that

cell membranes and proteins of extracellular matrix, such

as thrombospondin and collagen IV, increase the rate of

plasminogen activation, but their “cofactor” efficiency is

significantly less than that of fibrin [8].

Urokinase. This trypsin�like protease with the ability

to activate plasminogen was isolated first from urine and
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was thus named urokinase. The isolated enzyme consist�

ed of two polypeptide chains linked by a disulfide bond.

Later it was shown that many cell types synthesize and

secrete urokinase as a single chain 54�kD glycoprotein,

which does not hydrolyze synthetic chromogenic sub�

strates and does not react with acylating reagents. This

form of the activator was named prourokinase, but further

studies revealed that the single chain form of urokinase is

not a true proenzyme and it was recommended to desig�

nate two forms of enzyme as single�chain urokinase�type

plasminogen activator (scu�PA), and two�chain uroki�

nase�type plasminogen activator (tcu�PA). The scu�PA

molecule is composed of three domains: N�terminal

domain homologous to epidermal growth factor domain

(EGF) is followed by domain homologous to the kringle�

like domains of plasminogen, and C�terminal domain

homologous to trypsin�like proteases (Fig. 2). The active

site is formed by His204, Asp255, and Ser356.

The scu�PA molecule can be cleaved specifically at

several sites. Plasmin or kallikrein cleaves the

Lys158–Ile159 peptide bond producing fully active

urokinase consisting of two polypeptide chains connected

by a disulfide bond. Plasmin can cleave further the

Lys135–Lys136 peptide bond in tcu�PA with the libera�

tion of N�terminal fragment containing regulatory

domains and formation of a 33�kD variant of tcu�PA.

Stromelysin�1 cleaves the Glu143–Leu144 bond with

formation of a 32�kD variant of scu�PA. Thrombin

cleaves the Arg156–Phe157 peptide bond in scu�PA with

formation of a variant of tcu�PA that does not activate

plasminogen in purified systems, but can induce throm�

bolysis in vivo. The Lys158–Ile159 peptide bond in

thrombin�cleaved tcu�PA can be hydrolyzed by plasmin

with formation of active enzyme (reviewed in [4, 5]).

scu�PA does not bind specifically with fibrin; never�

theless, intravenous infusion of scu�PA induces lysis of

Fig. 2. Domain structure of t�PA, u�PA, and plasminogen. t�PA consists of the finger�like domain of fibronectin, epidermal growth factor

domain, two kringles, and the catalytic domain. The binding of t�PA to fibrin is mediated by the finger�like and kringle�2 domains, and

binding to PAI�1 is mediated by the kringle�2 domain and the residues 296�304 of the N�terminal region of the catalytic domain. scu�PA

consists of the epidermal growth factor domain and the kringle and catalytic domain. Plasmin and kallikrein splits scu�PA at Lys158 with

formation of fully active two�chain enzyme. Thrombin can split scu�PA at Arg156 with formation of a two�chain derivative that does not

activate free plasminogen, but can be slowly activated after splitting by plasmin at Lys158. Plasminogen consists of five kringle domains,

mediating binding with fibrin, α2�antiplasmin, and cell receptors and catalytic domain. Plasminogen activation occurs after splitting at

Arg561. Plasmin can cleave peptide bonds after Arg67, or Lys76,77 producing truncated forms of plasminogen which have higher affinity

for fibrin and are activated by t�PA or u�PA more rapidly than the parent molecule.

t�PAH2N

Plasmin

s�s

Plasmin

s�s

s�s

H2N u�PA

Thrombin

Plasmin, kallikrein

NH2 t�PA, u�PA

Plasminogen



THE FIBRINOLYSIS SYSTEM 103

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 1    2002

thrombi without significant activation of plasminogen in

the circulation. It was suggested, that the clot�specific

action of scu�PA could be due to: 1) formation in blood of

a complex with reversible inhibitor, which dissociates in

the presence of fibrin; 2) local activation of scu�PA at the

surface of thrombus by kallikrein, factor XIIa, or plasmin;

3) inclusion into a clot of different proteins and cells that

may form a unique structure responsible for local activa�

tion of plasminogen [4, 5].

Many cell types express the specific receptors for u�

PA (u�PAR). u�PAR is a cysteine�rich 65�kD glycopro�

tein comprised of three homologous extracellular

domains. u�PAR is anchored to the cell surface by a cova�

lent bond between the C�terminus of the receptor and

membrane glycosylphosphatidylinositol. Binding of u�PA

with u�PAR involves the interaction between the EGF�

domain of the enzyme and the N�terminal domain of the

receptor and is characterized by high affinity (Kd ~10–9�

10–10 M) and specificity, since other EGF�containing

proteins do not interact with u�PAR. Binding of u�PA to

u�PAR activates local proteolysis and intracellular signal

transduction, processes which play a critical role in tissue

development (reviewed in [9�11]).

The presence of two different physiological activators

of plasminogen raises the question about their relative

roles in homeostasis. Studies of the viability and growth of

mice with individual and combined deficits of u�PAR, u�

PA, or t�PA provided evidence that u�PA and t�PA are

complementary activators of plasminogen with a high

functional overlap. Taking into account the difference of

functional properties of u�PA and t�PA, Bugge et al. [12]

suggested that u�PA can be of primary importance for cell�

mediated activation of plasminogen in tissues, whereas t�

PA, possessing a high affinity for fibrin, can be of primary

importance for the lysis of fibrin clots in the circulation.

Inhibitors of plasminogen activators. Four different

proteins belonging to the superfamily of serine protease

inhibitors (serpins) have been identified as plasminogen

activator inhibitors. In normal blood, t�PA and tcu�PA

are inhibited mainly by a 52�kD glycoprotein that is syn�

thesized by the endothelium and is named plasminogen

activator inhibitor type�1 (PAI�1). Plasminogen activator

inhibitor type�2 (PAI�2) inactivating with high rate tcu�

PA is synthesized by the placenta, monocytes, and

macrophages. In normal blood PAI�2 is not detected, but

it may appear in various diseases. Inhibitors described as

PAI�3 and PAI�4 were later identified as an inhibitor of

protein C and the protease nexin I, respectively (reviewed

in [13, 14]). The inhibition of plasminogen activators by

PAI�1 proceeds in two steps. In the first step a reversible

complex is formed with a high rate (kcat ~ 107 M–1·sec–1),

then the inhibitor is slowly cleaved at the reactive site

Arg346–Met347. The C�terminal peptide of the inhibitor

is released, but the carboxyl group of Arg346 remains

covalently bound with Ser of the active site of the activa�

tor [15].

A large amount of PAI�1 (~90% of the total content

in blood) is stored in the α�granules of platelets. Upon

activation, platelets release PAI�1, significantly increas�

ing the local concentration of PAI�1 at sites of thrombus

formation, and thus platelets may increase the proteolyt�

ic stability of fibrin matrix [16].

In plasma and other biological fluids, PAI�1 is pres�

ent in two forms, active and latent, differing in three�

dimensional structure. In the active form the reactive

center of PAI�1 is exposed on the surface, while in the

latent form it is immersed into the protein globule. In

plasma the active form of PAI�1 is spontaneously trans�

formed into the latent form that can be reactivated in vitro

by treatment with denaturing agents. The physiological

role and mechanism of in vivo activation of latent PAI�1

is not known. However, it should be mentioned that

Lambers et al. [17] showed the activation of latent PAI�1

by phospholipid vesicles containing phosphatidylserine or

phosphatidylinositol. This indicates that at sites of vessel

injury activated platelets or membranes of disrupted cells

may activate latent PAI�1 and thus increase the proteolyt�

ic stability of a thrombus. Active PAI�1 interacts specifi�

cally with vitronectin. The formation of the complex

alters the properties of both proteins. It stabilizes the

active conformation of PAI�1 and decreases binding of

vitronectin to cellular receptors [1].

The synthesis of PAI�1 is affected by a large number

of substances: insulin, cytokines, transforming growth

factor β, thrombin, atherogenic lipoproteins, and others.

The level of PAI�1 is rapidly increased several fold during

acute phase of disease. Therefore, the concentration and

activity of PAI�1 in plasma of healthy individuals and in

patients with various diseases vary greatly. Additionally,

the level of PAI�1 is subject to circadian variations: sea�

sonal with highest levels in the winter and lowest in the

summer, and diurnal with highest levels early in the

morning and lowest in the evening. Morning elevation of

PAI�1 precedes for a few hours the peak of onset of acute

myocardial infarction, sudden cardiac death, and

ischemic stroke, caused mainly by thrombotic occlusion

of ruptured atheromatous plaque. Variability of PAI�1

level in blood is higher than that of other components of

the fibrinolytic system. This indicates that PAI�1 may be

considered as a main determinant of fibrinolytic activity

in vivo. Direct evidence for the relationship between level

of PAI�1 expression and thrombosis was obtained in mice

transgenic for human PAI�1 cDNA attached to the pro�

moter, which provided temporal expression of this gene.

In these animals, venous thrombi were developed during

the period of enhanced synthesis of PAI�1 and resolved

after decline of PAI�1 expression [18].

Plasminogen. Plasminogen is secreted by the liver as

a single chain 92�kD glycoprotein consisting of 791

amino acid residues with Glu as the N�terminal amino

acid. The molecule is composed of five kringle�like

domains containing “lysine�binding sites” and C�termi�
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nal domain homologous to other trypsin�like proteases

(Fig. 2). The kringle�1 domain binds lysine with high

affinity (Kd ~ 9 µM), other domains bind lysine with low

affinity (Kd ~ 5 mM). The kringle domains mediate inter�

actions of plasminogen and plasmin with substrates,

inhibitors, and cell membranes, which are crucial for the

activation of plasminogen and localization of proteolytic

activity of plasmin. Plasminogen can be cleaved by plas�

min at peptide bonds between Arg67–Met68,

Lys76–Lys77, or Lys77–Val78 with the release of an 8�kD

N�terminal polypeptide and formation of Lys�plasmino�

gen, which in the absence of fibrin is activated with high�

er rate than Glu�plasminogen.

The splitting of the Arg561–Val562 peptide bond con�

verts plasminogen to the active enzyme plasmin consisting

of two polypeptide chains linked by a disulfide bond. The

N�terminal heavy A�chain possesses all the kringle

domains. The C�terminal light B�chain contains the cat�

alytic site composed of His602, Asp645, and Ser740. The

light chain isolated from plasmin after the reduction of the

disulfide bond displays substrate specificity similar to that

of trypsin. The specificity of plasmin is provided by

domains of its heavy chain (reviewed in [19, 20]).

Inhibitors of plasmin. α2�Antiplasmin (α2�AP) is a

member of the serpin superfamily of inhibitors. α2�AP is

secreted by the liver as a single chain 70�kD glycoprotein

consisting of 464 amino acid residues. In the blood, α2�

AP exists in the two molecular forms: Met�α2�AP and

Asn�α2�AP. Asn�α2�AP is formed after the splitting off a

12�amino acid peptide from the N�terminal end of Met�

α2�AP. Both forms of α2�AP inhibit plasmin with similar

rates, but Met�α2�AP has a lower affinity for fibrin than

Asn�α2�AP [21].

When plasmin is added to blood plasma it is rapidly

inactivated by α2�AP (t1/2 ~ 0.1�0.5 sec). The inactivation

proceeds in two steps: very rapid formation of a stoichio�

metric reversible complex (Kd ~ 2·10–10 M) followed by

slower cleavage of the Arg364–Met365 peptide bond at

the reactive center of α2�AP with formation of covalent

bond between Ser of the active site of plasmin and the

carboxyl group of Arg364 of the N�terminal part of α2�

AP. The C�terminal fragment of α2�AP remains associat�

ed noncovalently with the kringle�1 domain of plasmin.

The strong and specific interaction of α2�AP with a sub�

strate�binding site of plasmin provides the fibrin specifici�

ty of this enzyme. In the presence of fast�acting inhibitor,

plasmin retains its activity until it is bound to fibrin [22].

α2�AP plays an important role in the regulation of

lysis of fibrin matrix of a thrombus. When fibrin is

formed, it binds plasminogen and α2�AP in approximate�

ly equimolar quantities. It is noteworthy that α2�AP is

bound and then cross�linked by factor XIIIa to the C�ter�

minal part of the α�chain of fibrinogen, which is degrad�

ed by plasmin first [22].

Fibrinogen has symmetrical structure formed by

three pairs of non�identical polypeptide chains designat�

ed as Aα�, Bβ�, and γ�chains. Fibrin(ogen) is sequential�

ly digested by plasmin with formation of degradation

products designated as X�, Y�, D�, and E�fragments. The

sites most sensitive to proteolysis are Lys/Arg at positions

584, 425, and 207 of the α�chain and 42 of the β�chain of

fibrinogen. Cleavage at these sites may proceed asymmet�

rically in both halves of the fibrinogen molecule resulting

in a set of X�fragments with molecular masses ranged

from 330 to 240 kD. X�fragments possess central and

peripheral sites of polymerization; therefore, after these

initial cleavages fibrin still retains polymer structure.

Degradation of fibrin clots to soluble fragments (Y�, D�,

and E�fragments) occurs after the splitting off from fibrin

monomers of at least one D�fragment [23].

It seems likely that physiological role of α2�AP cross�

linked to fibrin consists in inactivation of plasmin, gener�

ating from plasminogen trapped during formation of fib�

rin clot, after initial cleavages, which do not destroy the

fibrin network, but open new high affinity binding sites

for plasminogen and t�PA. Final degradation of the fibrin

network is done by plasmin, generating from plasminogen

adsorbed from blood by partially degraded fibrin. Indeed,

Sakharov et al. [24] have shown superficial accumulation

of plasminogen and layer�by�layer reduction in size of

fibrin clots during the lysis. The presence of two sequen�

tial phases in lysis of fibrin may be one of the mechanisms

providing temporary stability of fibrin clots at sites of vas�

cular injury [19].

α2�Macroglobulin (α2�MG) is a 725�kD glycoprotein

composed of four identical polypeptide chains [25] con�

taining amino acid sequence Arg681�Val�Gly�Phe�Tyr�

Glu686 with polypeptide bonds that can be cleaved by

different types of proteases. Cleavage induces conforma�

tional changes in α2�MG resulting in the hydrolysis of an

intramolecular thioether bond between side chains of

Cys949 and Gln952 and introduction of a new intermol�

ecular covalent bond between the γ�carbonyl group of

Gln952 of α2�MG and the ε�NH2 group of a Lys residue

of the protease. Unlike serpins, α2�MG does not modify

the catalytic site of the protease. Therefore, the α2�

MG–protease complex can split low molecular weight

substrates, but binding and cleavage of proteins is

impaired because of hindrances created by an attached

inhibitor (reviewed in [19]). Inactivation of plasmin by

α2�MG proceeds with much slower rate than that by α2�

AP. Nevertheless, α2�MG can play an important role in

the inactivation of plasmin after consumption of α2�AP

that is present in plasma at a concentration two times

lower than that of plasminogen.

Thrombin�activated fibrinolysis inhibitor. Investi�

gations of mechanisms of profibrinolytic effects of acti�

vated protein C and antifibrinolytic action of thrombin

have revealed a novel inhibitor of fibrinolysis named

thrombin�activated fibrinolysis inhibitor (TAFI). It was

soon found that TAFI is similar or identical to the earlier

described carboxypeptidase U and plasma procar�
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boxypeptidase B [26, 27]. The mechanism of antifibri�

nolytic action of TAFI consists in the removal of C�ter�

minal Lys or Arg residues exposed during initial cleavages

of fibrin by plasmin and forming new high affinity bind�

ing sites for plasminogen and t�PA. The removal of these

binding sites abrogates the acceleration of lysis rate

observed after initial cleavages of fibrin [24, 28].

TAFI is secreted by the liver as a single chain 58�kD

glycoprotein, consisting of 401 amino acid residues. It is

activated after the cleavage by trypsin�like proteases at

Arg92 yielding N�terminal activation peptide and a 35�kD

enzyme with carboxypeptidase B�like activity [29]. The

physiological activators of TAFI can be thrombin or plas�

min. Activation of TAFI by free thrombin proceeds with

low rate due to unfavorable kinetic parameters of the

reaction: kcat is about 0.002 sec–1, and Km′ ~ 2 µM, which

is 10 times higher than the concentration of TAFI in plas�

ma. Binding of thrombin to thrombomodulin increases

kcat to ~1.2 sec–1 and decreases Km′ to ~1 µM resulting in

1250�fold increase of the catalytic efficacy of the reaction

[30]. Plasmin also activates TAFI with low rate (kcat ~

0.0004 sec–1, and Km′ ~ 0.055 µM). Activation is marked�

ly stimulated by glycosaminoglycans and at therapeutic

concentrations of unfractionated heparin in blood the

catalytic efficacy of plasmin could reach 1/10 of that of

thrombin–thrombomodulin complex [31].

A physiological inhibitor of TAFI has not been iden�

tified. In solutions, the activity of TAFI decays sponta�

neously. Inactivation is associated with conformational

changes of TAFI. The rate of inactivation increases with

increasing temperature (t1/2 is about 3 h at 22°C and

~8 min at 37°C) and decreases in the presence of com�

petitive inhibitors (Lys and its analogs) and substrates.

Thus, in blood antifibrinolytic action of TAFI is limited

mainly by intrinsic instability of the free form of this

enzyme [32].

The discovery of TAFI and elucidation of the mech�

anism of its action explained why clots formed from blood

of patients with hemophilia are degraded more rapidly

that those from normal individuals. The amount of

thrombin formed during clotting of plasma deficient in

components of the intrinsic pathway of coagulation is not

sufficient for proper activation of TAFI and attenuation

of fibrinolysis provided by this component in normal

plasma [27, 30].

Components of the protein C system may exert

opposite effects on the activation of TAFI. On one hand,

binding of thrombin to thrombomodulin stimulates the

activation of protein C and subsequent degradation of

factors Va and VIIIa. This abrogates the generation of

thrombin and should decrease the extent of TAFI activa�

tion within clots. It is well known that both deterioration

of the protein C system and resistance of factor V�Leiden

to cleavage by protein C predispose patients to throm�

boembolic diseases [33]. On the other hand, thrombo�

modulin stimulates activation of TAFI by thrombin to the

same extent as that of protein C. Both protein C and

TAFI circulate in blood at concentrations which are 10

times lower than the corresponding Km′ values for the

thrombin–thrombomodulin complex. This means that

the extent of activation of both proenzymes depends on

concentrations of all components of the reaction.

Mosnier et al. [34] studied the influence of concentration

of added thrombomodulin on t�PA�stimulated lysis of

clots produced from normal plasma. They showed that at

low concentrations of thrombomodulin (from 0.05 to

5 nM) the activation of TAFI predominated, resulting in

the prolongation of lysis time. At higher concentrations of

thrombomodulin the activation of protein C predominat�

ed, leading to abrogation of thrombin generation and

TAFI activation and to increase of lysis rate. Thus, these

data indicate that thrombomodulin may exert anticoagu�

lant as well as antifibrinolytic (i.e., procoagulant) actions.

The balance between these activities of thrombomodulin

depends on many factors determining formation of

thrombi in vivo.

The mean plasma concentration of TAFI is about

200 nM [35]. Large variations (4�6�fold) of concentration

of TAFI were found even among healthy individuals, and

time of t�PA�induced lysis of normal plasma clots corre�

lated positively with the content of TAFI [36, 37]. It

should be mentioned that the half�maximal inhibition of

fibrinolysis in vitro was observed at 1 nM TAFI and max�

imal at 10 nM. This means that in spite of low kcat and

high Km′ values TAFI is activated during clotting of normal

plasma to an extent sufficient for downregulation of fibri�

nolysis [32, 36, 38].

Data confirming a significant role of TAFI in the sta�

bilization of thrombi were obtained in experiments on

thrombolysis. Infusion of specific inhibitor of car�

boxypeptidase B from potato tubes (Ki ~ 0.4 nM)

enhanced 2�4�fold the efficacy of t�PA in lysis of arterial

thrombi in rabbits [39�41]. However, it should be men�

tioned that in vitro inhibitory effect of TAFI gradually

decreased when the concentration of t�PA increased.

This may be due to pronounced activation of plasmino�

gen causing consumption of α2�AP, degradation of fib�

rinogen, and formation of Lys�plasminogen, which has

higher affinity to fibrin and is activated by t�PA in the

absence of fibrin at higher rate than Glu�plasminogen.

This suggestion is supported by the observation that when

clot lysis was stimulated by activator from the saliva of the

vampire bat, possessing much higher fibrin�specificity

than t�PA, an inhibitory effect of TAFI was observed at all

studied concentrations of this activator [42].

The role of TAFI may not be restricted to the inhibi�

tion of fibrinolysis. By splitting off C�terminal Lys and

Arg residues it may participate in the regulation of activi�

ty of different proteins and bioactive peptides [43].

Clinical study of the (patho)physiological role of TAFI

are now in progress. Van Tilburg et al. [44] showed that

increased levels of TAFI predispose to deep vein throm�
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bosis. The concentration of TAFI increases with age and

in women below 50 years receiving oral contraceptives or

hormone replacement therapy [35, 37]. Significant

decrease of TAFI was observed in patients with chronic

liver disease [45] and in patients with acute promyelocyt�

ic leukemia, diseases associated with high rate of hemor�

rhages [46].

COMPONENTS OF THE FIBRINOLYTIC SYSTEM

IN PATIENTS WITH CARDIOVASCULAR DISEASES

Morphological and angiographic studies have

demonstrated that formation of thrombi at sites of ather�

osclerotic lesions is the major cause of development of

clinical complications of atherosclerosis, which are lead�

ing contributors to morbidity and mortality throughout

the industrialized world. The thrombogenicity of athero�

sclerotic plaque is determined mainly by the stability of

fibrous cap and contents of tissue factor in its core [47],

which activates the coagulation cascade when exposed to

flowing blood [48].

Thrombotic occlusion at the site of vessel injury

occurs when the growth rate of thrombus exceeds that of

its lysis. Indeed, several prospective studies showed that

impairments of fibrinolysis predispose to complications

of atherosclerosis [49�53]. PAI�1 is considered as a main

determinant of fibrinolytic activity; therefore, association

of increased levels of this inhibitor with thrombotic com�

plications observed in many studies is not surprising.

However, it should be mentioned that in multivariate

analysis predictive value of PAI�1 is attenuated indicating

association of PAI�1 level with other risk factors, such as

markers of insulin resistance and hypercholesterolemia

[54, 55].

Moreover, PAI�1 is an acute phase protein that may

increase several�fold in response to illness. For example,

in patients hospitalized with acute myocardial infarction

we observed a direct relationship between PAI�1 activity

and time elapsed from the symptom onset [56]. Moreover,

duration of PAI�1 increase and its magnitude were higher

in patients with occluded arteries than in those with coro�

nary reperfusion within 6 h after admission. These data

are consistent with those of Paganelli et al. [57]. Indirect

evidence of the significance of PAI�1 in conferring prote�

olytic stability of thrombi may be drawn from the obser�

vation that thrombolytic efficacy of t�PA displays circadi�

an variation opposite to that of PAI�1 activity [58]. It

should be mentioned that increased stability of thrombi in

the morning might also be due to the phenomenon of

“morning hypercoagulability”. Enhanced generation of

thrombin may result in higher extent of TAFI activation

that inhibits fibrinolysis; however, this remains to be

explored.

We studied relationships between markers of activa�

tion of blood coagulation and fibrinolysis in patients with

various degrees of atherosclerosis who did not have clini�

cal symptoms of acute thrombosis at admission [59, 60].

In these patient we observed increase of plasma levels of

β�thromboglobulin, fragment 1+2 of prothrombin, and

D�dimer with increase of the extent of atherosclerotic

lesions. D�dimer correlated positively with activity of t�

PA and concentration of plasmin–antiplasmin complex

and negatively with activity of PAI�1. This agrees with

data of van der Bom et al. [61] that among patients with

peripheral atherosclerosis high levels of D�dimer were

found in those who had low PAI�1 activity. Thus, in

patients with atherosclerotic lesions but without symp�

toms of acute thrombosis, fibrin formation may be limit�

ed to some extent by active fibrinolysis that protects from

total occlusion of injured vessels. However, this state is

not stable. In our prospective study of 121 patients with

peripheral atherosclerosis, 32 thrombotic events (half of

them with fatal outcome) were identified during five years

of follow�up. Multivariate analysis revealed that high level

of D�dimer in plasma is an independent risk factor of

thrombotic complications in patients with atherosclerot�

ic lesions of peripheral arteries [62].

The concentration of t�PA in plasma is much lower

than that of PAI�1 and other proteases. Therefore, precise

measurement of its activity in plasma is difficult.

Measurement of t�PA by immunoassay revealed “paradox�

ical” results—association of elevated levels of t�PA antigen

in plasma with the risk of cardiovascular events, positive

correlation of t�PA antigen with PAI�1 activity, and nega�

tive correlation between antigen of t�PA and its activity

[50, 63, 64]. This associations may be explained by data of

Chandler et al. [65] that inactive t�PA–PAI�1 complex is

cleared from circulation with lower rate than free t�PA.

Thus, elevation of t�PA antigen in plasma may be expected

when the rate of t�PA inactivation is increased. Recently

Wiman et al. [66] using immunoassays discriminating

between free t�PA and its complexes with inhibitors

showed that more than half of total t�PA antigen in plasma

is present as t�PA–PAI�1 complex, and that concentration

of the former is a stronger predictor for recurrent myocar�

dial infarction than that of total t�PA antigen.

High rate of thrombotic complications in patients

with atherosclerosis determined intensive studies of

methods of their prevention, which should be directed

toward stabilization of atheroma (ideally its regression)

and prevention of thrombi growth.

Large trials showed that the use of inhibitors of

platelet aggregation (aspirin, ticlopidine) can reduce the

risk of cardiovascular events by 25�30% [67, 68]. Now

new antiplatelet drugs, antagonists of IIb/IIIa receptors

inhibiting the final step of platelet aggregation and conse�

quently the action of all platelet agonists, are under inten�

sive exploration (reviewed in [69]).

Thrombin generated during activation of clotting

activation participates not only in formation and stabi�

lization of thrombi, but also in activation of different cells
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involved in processes of inflammation and tissue regener�

ation (reviewed in [70]). Therefore, the use of drugs

inhibiting activity and/or generation of thrombin could

influence the stability of plaques. Development of low

molecular weight heparins that could be used for relative�

ly long�term treatment of outpatients provided new

opportunities for prevention of thrombotic complications

in patients with atherosclerosis [71].

Large placebo�controlled trials have shown that lipid

lowering therapy significantly reduces the risk of cardio�

vascular complications of atherosclerosis (reviewed in

[72]). It is noteworthy that the most effective is treatment

with statins, which lower cholesterol by inhibiting synthe�

sis of mevalonic acid. Recent studies demonstrated that

protective action of statins may consist not only in lower�

ing of atherogenic lipoproteins, but also in regulation of

the synthesis of other factors including vasoactive com�

pounds, tissue factor, PAI�1, and matrix metallopro�

teinases, which may influence the stability and thrombo�

genicity of atheroma [73�76].

The multifactorial nature of atherosclerosis with

complex relationships between participating factors sug�

gests that for effective treatment of patients identification

of predisposing factor and search for optimal combina�

tions of drugs affecting different mechanisms of disease

are needed.
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