
PLASMINOGEN ACTIVATORS 

IN EXTRACELLULAR PROTEOLYSIS 

AND CELL MIGRATION AND PROLIFERATION

Extracellular proteolysis is one of many ways the cell

influences its environment, this being responsible for

structural and functional plasticity of tissues, remodeling

of the extracellular matrix and of intercellular spaces,

lysis of fibrin clots, and development of vascular bed,

ducts, and cavities of the body. Virtually all cells of the

body at some stage in their life use extracellular proteoly�

sis to modify environmental structures [1, 2].

Disorders in extracellular proteolysis resulting in its

excessive or insufficient activation can cause serious dis�

orders in tissue structure and functions and be primary

etiological factors or important links in the genesis of

many diseases. The regulation of extracellular proteolysis

includes a great number of various mechanisms that

should be known for both the understanding of features in

the course of many diseases and the elaboration of new

therapeutic approaches. The achievements of throm�

bolytic therapy are a promising example of the successful

use of findings on the control mechanisms in the activity

and functions of extracellular proteases in the develop�

ment of a new direction in therapy [2, 3].

The enzyme systems that can degrade extracellular

matrix components or activate latent forms of growth

factors play the main role in many events during early

embryogenesis (fertilization and the subsequent reac�

tions, determination of the developmental axes, mam�

malian embryo implantation, blood vessel formation,

cell migration during organogenesis) and also in the

adult organism (inflammation, wound healing, angio�

genesis, tissue remodeling, tumor growth, metastasis,

etc.) [1, 2].

The plasminogen activator–plasmin system seems to

deserve the greatest attention among the active proteolyt�

ic cascades of the cell environment. Initially, this system

was considered as the main system responsible for fibri�

nolysis. However, the increasing amount of data on a wide

spectrum of physiological and pathological conditions

associated with the expression of this system contributed

to development of the concept on its involvement in the

regulation of turnover of a wide spectrum of extracellular

matrix components [2, 4]. The cascade of proteolytic

reactions triggered by the plasminogen activators is start�

ed by the conversion of the inactive proenzyme plasmino�

gen into the active enzyme plasmin, a protease of wide

specificity, which can directly cleave fibrin/fibrinogen,

blood coagulation factors V/Va and VIII/VIIIa, some

growth factors, and extracellular matrix components, and

can also catalyze the degradation of plasmin�resistant
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matrix proteins, such as natural collagens, due to activa�

tion of inactive zymogens of collagenases (matrix metal�

loproteinases); thus, it can play the dominant role in

extracellular proteolysis throughout the body [2]. The

dominant role of plasmin was confirmed only within the

last 15 years, when plasminogen synthesis and plasmin

activation were reported to occur everywhere in the body

[5�7].

In addition to the widely expressed plasminogen

activator–plasmin system in the body, suggesting its

involvement in many biological processes, the organiza�

tion of this system is an example of a complex extracellu�

lar proteolytic cascade. The conversion of the inactive

plasminogen into plasmin is controlled by two plasmino�

gen activators found in virtually all mammals: the tissue

plasminogen activator (tPA) and the urokinase plasmino�

gen activator (uPA) [1, 4]. These activators of the serine

protease family are products of two different genes, but

they have in common the same substrate, plasminogen,

and two specific inhibitors: the first and the second type

inhibitors of the plasminogen activators (PAI�1 and PAI�

2, respectively) which are of the family of serine protease

inhibitors, serpins [8, 9].

The existence of two plasminogen activators in

mammals inevitably suggests the question whether these

enzymes have the same or different functions. Some cells

are known to synthesize only one plasminogen activator,

tPA or uPA, whereas other cells can synthesize both

enzymes [10�12]. tPA is most usually believed to be syn�

thesized when fibrinolysis is needed, whereas uPA syn�

thesis is associated with cell migration [1, 3]. Note, that

in the granulosa cells of rat ovary tPA is produced,

whereas in their close relatives, mice, similar cells pro�

duce uPA [13]; this shows that the two enzymes can exe�

cute the same function and replace each other. This is

indirectly supported by the finding that birds have only

one plasminogen activator similar to uPA in structure

[14].

The plasminogen activators are synthesized and

secreted by various cells: smooth muscle cells (SMC)

[10], endothelial cells [11], monocytes/macrophages

[12], epithelial cells [15], fibroblasts, and by malignant

tumor cells [16]. tPA synthesis by vascular endothelial

cells is responsible for adequate fibrinolysis required to

maintain vessel patency. uPA, which is synthesized,

secreted, and bound on the apical surface of epithelial

cells, is important for provision of an adequate proteol�

ysis required to maintain tubular patency [15, 16]. In

these cases, the role of urokinase is similar to the role of

tPA in the vascular bed. Moreover, urokinase is actively

expressed under circumstances associated with cell

migration (reparation, inflammation, angiogenesis,

metastasizing) [1, 3, 10, 17�19] providing efficient and

spatially restricted extracellular proteolysis that is nec�

essary for the cell to move through anatomical bound�

aries.

Similarly to the majority of serine proteases, the

plasminogen activators are secreted as glycosylated sin�

gle�chain proteins consisting of several domains. uPA

consists of three domains: the N�terminal domain similar

in the structure to the epidermal growth factor, the

growth factor domain (GFD) (amino acids 9�45), the

kringle�domain (amino acids 46�143), and the C�termi�

nal proteolytic domain (amino acids 144�411) [20]. The

function of the GFD is high affinity interaction with the

specific urokinase receptor (uPAR) on the cell surface

[21]. The proteolytic domain converts the plasminogen

into plasmin and activates some growth factors and

matrix metalloproteinases [1, 3]. It contains an active site

that includes a catalytic triad of amino acids (His204,

Asp255, and Ser356) specific for all serine proteases. The

functions of the kringle domain are far from being fully

understood. It mediates the binding to heparin through

three sequential amino acid residues, Arg108�Arg109�

Arg110 [22]. According to the data obtained in our labo�

ratory, it is involved in the urokinase�induced stimulation

of cell migration [23].

The two plasminogen activators are mainly different

in the structural determinants located in the noncatalytic

regions of the proteins that are responsible for the enzyme

binding to various components of the cell surface and of

the cell environment. Thus, in the noncatalytic N�termi�

nal region of the tPA molecule there are two additional

domains as compared to the uPA molecule: a finger�

domain and the second kringle�domain, which are

responsible for specific binding to fibrin [24].

Precise timing and location of adequate extracellu�

lar proteolysis is provided by multiple mechanisms

among which the mechanisms regulating the expression

of plasminogen activators and of their inhibitors are

especially important. A wide spectrum of hormones,

growth factors, and cell environment factors are involved

in the regulation of expression of the genes of plasmino�

gen activators and of their inhibitors. The expression of

uPA is activated by various inflammatory factors:

cytokines [25], growth factors [26], and tumor promo�

tors, such as phorbol�12�myristate�13�acetate [27],

whereas antiinflammatory agents, such as glucocorti�

coids, inhibit the expression of uPA [28]. tPA expression

is regulated by growth factors, thrombin, and also by

angiotensin II [29, 30]. The regulation usually occurs on

the level of gene transcription and mRNA stability [26,

27], but it can also occur on the level of translation and

protein secretion [31].

The evolutionary advantage of mammals provided by

the existence of two plasminogen activators which can

“replace” each other is most likely associated with differ�

ent regulatory sequences of the genes encoding uPA and

tPA [31]. This provides a significant enrichment in the

potential for the transcriptional and post�transcriptional

regulation of their expression. Moreover, the different

structure of the noncatalytic regions of the tPA and uPA
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molecules and different binding sites on the cell surface

or on the extracellular matrix components provide differ�

ent locations of extracellular proteolysis depending on

what plasminogen activator is activated under the specif�

ic situation.

The single�chain urokinase (scuPA) secreted by cells

has a low enzymatic activity which increases ~300�fold

after the proteolytic cleavage of the Lys158–Ile159 bond

[32] that results in uPA conversion into the two�chain

form consisting of two polypeptide chains joined via the

Cys148–Cys279 disulfide bond. The N�terminal A�chain

includes the GFD and kringle domain; the B�chain con�

tains the proteolytic domain. Plasmin is the most efficient

activator of scuPA, although the other enzymes

(kallikrein, trypsin, blood coagulation factor XIIa, and

cathepsin in tumor cells [32]) could potentially compen�

sate for any loss of plasmin function.

Of the two plasminogen activators, only urokinase

has a specific high affinity receptor that has been found

in various cells (monocytes, neutrophils, endothelial

and smooth muscle cells of blood vessels, keratinocytes,

and also various tumor cell lines), and this determines

its key role in plasminogen activation on the cell surface

[1]. The urokinase receptor is a glycosyl phosphatidyl�

inositol�anchored receptor (GPI�receptor) and lacks

both cytoplasmic and transmembrane domains [33].

Therefore, it has great lateral mobility in the mem�

brane, its location and the location of urokinase bound

to it are very movable and closely associated with the

functional state of the cell. Thus, in a migrating cell the

uPAR is clustered on the leading edge and focuses the

proteolytic potential on the cell–substrate and cell–cell

contact sites that is necessary for directed cell move�

ment [34].

In addition to spatial control of extracellular prote�

olysis, the urokinase receptor is involved in the activa�

tion and inactivation of urokinase. The binding of the

secreted single�chain urokinase to the uPAR makes it

more sensitive to proteolytic activation by plasmin than

the free urokinase [35]. The plasminogen activator

activity is regulated by serpins (the serine protease

inhibitors) and the most important of them is the first

type inhibitor of plasminogen activators (PAI�1), which

is a 45�50 kD glycoprotein interacting with both free

and bound plasminogen activators [8, 9]. On binding to

the two�chain uPA, this inhibitor inactivates it by gen�

erating a 1 : 1 covalent complex. The binding of PAI�1

to uPA bound to uPAR results in fast endocytosis of the

uPA–uPAR–PAI�1 complex. This endocytosis is pro�

vided by several proteins: the α2�macroglobulin recep�

tor (LRP), which is a multiligand receptor homologous

to the receptor of low density lipoproteins and is

involved in the internalization of many proteins  [36],

megalin, or the glycoprotein 330 [37], and also the

receptor of very low density lipoproteins [38]. In the

acidic medium of endosomes, urokinase and PAI�1 dis�

sociate and are degraded. However, the urokinase

receptor comes back to the cell surface and continues to

function.

Pericellular proteolysis can also be regulated by

changes in the ratio of the plasminogen activator

inhibitors to urokinase and its receptor. Thus, the basic

fibroblast growth factor (bFGF) increases the ratio of

uPA mRNA to PAI�1 mRNA, and thus increases cell�

induced proteolysis [39].

Although tPA binding sites of high and low affinity

have been found on vascular SMC and endothelial cells

[40], no specific receptor for this protease similar to

uPAR has been identified on the cell surface yet. tPA

specifically binds to fibrin [2] and activates plasminogen

preferentially at the fibrin surface [41]. Unlike tPA, two�

chain uPA activates similarly both circulating and fibrin�

bound plasminogen, this causing extensive systemic acti�

vation of fibrinolysis and possibly resulting in bleeding.

Therefore, tPA is more widely used in clinical practice

than urokinase [41].

The main role of uPA in extracellular proteolysis is

a generation of cell surface associated plasmin cleaving

the main components of the basement membrane and

of the extracellular matrix and activating matrix metal�

loproteinases, which degrade the components resistant

to plasmin [1, 3, 42]. Essential for the proteolytic func�

tion of uPA is its ability to directly or via plasmin pro�

duction activate latent or release matrix�bound growth

factors. Thus, uPA itself proteolytically activates pro�

forms of hepatocyte growth factor (HGF), of

macrophage�stimulating protein (MSP), and of an iso�

form of vascular endothelial growth factor (VEGF189)

[43, 44]. Urokinase�generated plasmin activates latent

transforming growth factor�β (TGF�β) and other

VEGF isoforms [45] and promotes the release of basic

fibroblast growth factor (bFGF) inactivated by binding

to matrix proteins sequestered by the extracellular

matrix [42]. Moreover, uPA can directly cleave certain

matrix proteins (fibronectin) and activate certain

matrix metalloproteinases [46] and, thus, independ�

ently of plasmin, affect extracellular matrix remodel�

ing.

However, the functions of uPA are not limited to the

proteolytic activation of plasmin and of the growth fac�

tors on the cell surface. Recently accumulated data sug�

gest  that binding of uPA to membrane receptors on cer�

tain cells also directly initiates signaling cascades

involved in the regulation of cell migration and prolifer�

ation independently of the ability of uPA to activate the

growth factors. Thus, uPA�induced cell migration is

associated with the activation of Janus kinases and of

nonreceptor Src�kinases in certain cells [47�49]. In sev�

eral cell lines uPA activates signal pathways involved in

cytoskeleton reorganization: Hsk�kinases, kinases of

focal contacts, paxillin, the p130CAS protein, MAP�

kinases, the transcription activators STAT1 and STAT2,
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protein kinase Cε responsible for cytokeratin phosphory�

lation [48, 50�53]. In addition to the influence on the

protein kinase system, uPA can regulate gene expression.

The binding of uPA to uPAR has been shown to stimu�

late downstream up�regulation of various transcription

factors: AP1 in the HT�1080 cell line [54] and c�Jun, c�

Myc, and c�fos factors in SaOS2 cells [55]. Recently, the

possibility of signal transduction into the cell by the

receptor systems associated with urokinase endocytosis

was shown [56].

Because uPAR is a GPI�anchored protein, the signal

transduction from the uPA–uPAR onto the intracellular

effector systems needs a transmembrane adaptor.

Integrins and also the transmembrane glycoprotein gp130

are considered as candidates for this role [47, 57].

In addition to urokinase, uPAR interacts with the

extracellular matrix protein vitronectin, in this case in the

role of a high affinity adhesion molecule [58, 59].

Urokinase stabilizes the “vitronectin�binding” confor�

mation of the receptor and thus stimulates a “vitronectin�

dependent” adhesion of some cells. PAI�1 and uPAR

have a common binding site on vitronectin and the com�

petition of PAI�1 with uPAR for the binding to this matrix

protein prevents the cell adhesion [58�60]. uPAR can also

interact with integrins, such as the leukocyte β2�integrin

Mac�1 (CD11b/CD18) [61] and also β1�, β3�integrins

and with the vitronectin α(v)β5 receptor [61, 63].

Urokinase modifies the interaction of uPAR with inte�

grins [53, 62].

Both the uPA proteolytic function and signaling

pathways activation are closely associated with the stimu�

lation by uPA of cell migration and proliferation—the key

processes in tissue remodeling.

uPA and uPAR are involved in the regulation of cell

migration during various physiological and pathological

processes, such as angiogenesis, the implantation of the

embryo into the uterus wall, embryonic development,

monocyte invasion in tissues, inflammatory reactions,

wound healing, and metastasis [1, 18, 19, 64].

The pivotal role of uPA and uPAR in cell migration

is shown by both in vitro migration assays [11, 65�71]

and by in vivo studies [10, 72, 73]. In migrating cells

there is a coordinated expression of uPA and uPAR

accumulated at cell–substrate and cell–cell contact

sites [11, 65�69, 74, 75] where they concentrate the

plasmin production providing extracellular matrix pro�

teolysis, cell–cell contact weakening, activation of

growth factors and matrix metalloproteinases, and thus

promoting cell motility. Plasmin inhibitors can suppress

cell migration both in vitro [75, 76] and in vivo [77, 78],

suggesting an important role of plasmin�induced prote�

olysis in this process.

However, there is also much evidence suggesting the

existence of plasmin�independent mechanisms of uPA�

induced cell migration. In some cases, to stimulate

migration only occupation of uPAR is required, and uPA

proteolytic activity is not needed. Thus, urokinase forms

that can bind with high affinity to uPAR but are prote�

olytically inactive or lacking the proteolytic domain stim�

ulated in vitro migration of certain cells [75, 79, 80].

Additionally, antibodies to uPAR or selective blockade of

uPAR expression by use of antisense oligonucleotides also

completely abrogates monocyte chemotaxis [75, 81].

uPA�induced monocyte migration was shown to require

the interaction of uPAR with integrins [61, 76, 81].

Precise temporal and spatial coordination of prote�

olytic and nonproteolytic mechanisms is responsible for

the succession of events during cell migration. With a

non�proteolytic mechanism, uPA would stimulate cell

migration by enhancing adhesion at the leading edge,

through stimulation of binding of uPAR to vitronectin,

modulation of uPAR/integrin interaction and/or by ini�

tiation of signal�transduction cascade that results in the

cytoskeleton reorganization and in the cell “dragging

up” to the leading edge. The proteolytic mechanisms

include uPA catalyzed plasmin generation at focal adhe�

sion sites that results in extracellular matrix degradation

and thus facilitate detachment of the trailing edge. Both

mechanisms could be operating simultaneously in the

individual migrating cell. The role of PAI�1 in migration

depends on its pericellular localization. The anti�migra�

tional effect of PAI�1 seems to be associated with sup�

pression of plasmin generation on the ventral surface of

the cell, preventing its unfastening, with an inhibition of

vitronectin binding to integrins and to uPAR on the lead�

ing edge. However, in an environment with high uPA

activity, PAI�1 can protect vitronectin against destruc�

tion by urokinase and thus promote the adhesion on the

leading edge that is necessary for the “dragging up” of

the cell in the migration direction. The pro�migrational

effect of PAI�1 can also be caused by stimulation of uPA

and uPAR endocytosis and by elimination from the sur�

face of the “dragged up” cell part of adhesion signals

induced by the uPA and uPAR binding. Moreover, the

endocytosis ensures uPAR recovery on the leading edge,

which accelerates a new cycle of adhesion and of

cytoskeleton reorganization that are required for cell

movement along the substrate. The relative significance

of the proteolytic and nonproteolytic mechanisms of the

urokinase effect on cell migration and also the effect of

PAI�1 depend on the expression in the migrating cells of

uPA, uPAR, integrins, and of the endocytosis receptors,

on the extracellular matrix composition, and on the plas�

minogen concentration.

The involvement of urokinase in tissue morpho�

genesis is also due to its ability to stimulate the cell

proliferation. A mitogenic effect of uPA has been

shown for various cells; however, its mechanism

remains unclear in detail and seems to vary depending

on the cell type. It was originally conceived that uPA

can affect mitogenesis by a direct proteolytic� or plas�

min�mediated activation of latent growth factors, such
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as HGF, bFGF, and TGF�β [42�45]. However, the

mitogenic effect of urokinase on certain cells such as

prostate cancer cells (PC3), human glomerular epithe�

lial cells, osteoblasts was found to be mediated simply

via uPAR occupancy and does not require its catalytic

activity [82, 83]. To stimulate proliferation of human

fibroblasts, human kidney cells, and mesothelial cells,

the interaction of uPA with uPAR and its proteolytic

activity is necessary, although the effect of urokinase in

these cases is not mediated by plasminogen activation

[84�86]. In our laboratory, it was shown that a catalyt�

ically active uPA and plasmin generation were required

for the stimulation of DNA synthesis in vascular SMC

[87]. In some cases, the mitogenic effect of urokinase

was seen only upon the fucosylation of its GFD at

Thr18 [88]. To maintain the certain tumor cell in vivo

proliferation, uPAR complexing with fibronectin and

the integrin receptor of fibronectin is required [89].

Recently it was demonstrated that uPA stimulates the

proliferation of fibrosarcoma HT 1080 cells by interac�

tion with a signal complex that includes nucleolin and

casein kinase 2 and by a subsequent activation of casein

kinase 2 [90].

Thus, urokinase and its receptor are multifunctional

proteins involved in the regulation of cell proliferation,

migration, and adhesion on multiple molecular levels. At

present, the available data conclusively show that many

pericellular molecular and functional interactions

between urokinase, its receptor, the plasminogen activa�

tor inhibitor, matrix proteins, integrins, endocytosis

receptors, and also the activation of intracellular signal

pathways provide strict temporal and spatial reorganiza�

tion of the uPA system during cell migration. A detailed

knowledge of these processes is necessary for develop�

ment of the approaches for intervention in the action of

this system in various diseases.

THE ROLE OF PLASMINOGEN ACTIVATORS 

IN VASCULAR REMODELING

Atherosclerosis. Structural remodeling of the vas�

cular wall, both general and local, underlies the devel�

opment of many cardiovascular disorders: atherosclero�

sis, arterial hypertension, and post�angioplasty

restenoses [91]. The key processes resulting in vascular

remodeling are as follows: monocyte and platelet adhe�

sion to damaged vascular wall, invasion of the subintima

by monocytes (which later differentiate into

macrophages and foam cells), proliferation of vascular

SMC, their migration from the media into the intima,

phenotypic modulation from a contractile to the secret�

ing state, apoptosis of vascular cells, and excessive accu�

mulation and remodeling of extracellular matrix [92,

93]. All these processes result in a local thickening of the

artery internal layer and, finally, in development of an

atherosclerotic plaque or of neointima in restenosis. The

plasminogen activators and their inhibitors can promote

the development of all phases of atherosclerotic damage

because extracellular proteolysis is involved in many

aspects of atherogenesis and in the development of such

complications as stroke and myocardial infarction.

Extracellular proteolysis is involved in the migration of

macrophages and of SMC into the intima [94, 96]; in

the activation of bFGF and TGF�β, which play impor�

tant roles in atherogenesis [95, 97]; in the destruction of

matrix proteins that weakens the fibrous cap of the ath�

erosclerotic plaque [98]; in the lysis of intravascular

thrombi [94, 95].

Considerable evidence supports the idea that disor�

ders in the fibrinolytic system promote the progression

of atherosclerosis [2]. Coronary artery disease is, as a

rule, associated with a decrease in the blood plasma fib�

rinolytic capacity [2, 99], which is determined by the

ratio between the plasminogen activators and their

inhibitors that regulates plasmin generation.

Epidemiological studies have revealed a direct correla�

tion between PAI�1 activity and the incidence of repeat�

ed myocardial infarctions and also the severity of ather�

osclerotic lesions of coronary arteries [100]. A disbal�

ance between tPA and PAI�1 seems to be associated with

development of coronary artery stenosis and an increase

in PAI�1 activity seems to characterize the “activity” of

atherosclerotic lesions [101]. Moreover, risk factors for

the development of atherosclerosis, such as obesity,

insulin�independent diabetes mellitus, hyperlipidemia,

and arterial hypertension are found to correlate with an

increased level of PAI�1 [102]. The genetic analysis of

patients with myocardial infarction has revealed a poly�

morphism in the PAI�1 gene promotor that can influ�

ence the frequency of thrombotic complications in these

patients [100]. Our studies indicate that plasma PAI�1

activity in patients with coronary artery disease

increased compared to healthy subjects of the same sex

and age [103].

PAI�1 expression is also increased in atherosclerotic

plaques. It is expressed by smooth muscle cells of the inti�

ma, macrophages, and foam cells concurrently with an

increased expression of tissue factor, thrombin, and vit�

ronectin [94, 104, 105]. And the level of PAI�1 mRNA

correlates with the severity of atherosclerotic lesion [104].

Using immunohistochemistry, we have demonstrated the

intense expression of PAI�1 by the endothelium and by

the intercellular matrix in a lipid stripe [106]. The more

severe lesions, such as lipofibrous plaques also display a

high level of the PAI�1 expression by the endothelium

that covers the plaque, and also by SMC and foam cells

[94, 106]. This expression seems to be stimulated by oxi�

dized LDL [107], native LDL, and Lp(a) [108], and also

by growth factors and cytokines which are present in ath�

erosclerotic plaques [100]. The increased PAI�1 expres�

sion by endothelial cells in atherosclerotic lesions can
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locally suppress fibrinolysis and thus promote thrombo�

sis�associated complications [109], and the increased

PAI�1 content inside atherosclerotic plaques seems to

promote collagen deposition [95].

Thus, the suppression of fibrinolytic activity due to

increased levels of PAI�1 in atherosclerotic plaques and

in the blood plasma can stimulate the development

and/or progression of atherosclerosis promoting throm�

bogenesis.

However, there is much evidence confirming an

increase in plasmin�dependent proteolysis in atheroscle�

rotic plaques. Even at the early reversible stage of the lipid

stripe a sufficient number of monocyte/macrophages and

of T�lymphocytes are detected in the intima [110]. These

cells enter the intima by adhesion to the endothelium and

migration through it into the intima. The intensity of

these processes depends on the uPA system activity in

these cells [111]. By our data and by data of other authors,

expression of uPA and its receptor in atherosclerotic

plaques is located on monocytes/macrophages and SMC

of the intima and is markedly higher than their expression

in a vessel region free of atherosclerotic lesions [96, 106].

Modified LDL, such as acetylated LDL, can stimulate

uPA secretion by monocytes/macrophages [112]. Foam

cells generated from macrophages are also characterized

by high expression of uPA mRNA and by high levels of

membrane�bound and of intracellular uPA [113]. These

cells generate an increased “proteolytic potential” in ath�

erosclerotic lesions. This results in releasing of matrix�

bound growth factors and the activation of latent growth

factors (interleukin�3, TGF�β, granulocyte�macro�

phage�colony�stimulating factor (GM�CSP) [42�45])

and in the activation of zymogens of matrix metallopro�

teinases [46]. As a chemotactic agent, TGF�β can stim�

ulate the monocyte invasion into atherosclerotic lesion,

whereas GM�CSP can maintain the viability of these

cells. Moreover, activated TGF�β can increase uPAR

expression in monocyte/macrophages and in SMC

[97].

Because binding of uPA to uPAR stimulates SMC

chemotaxis [80, 87, 111], increased expression of these

proteins in early atherosclerotic lesions seems to be an

important factor promoting the remodeling of the vascu�

lar wall by accelerating of SMC migration. uPA mRNA

expression is significantly increased in SMC of growing

plaques [96].

tPA expression (mRNA and the protein) is also

increased in macrophages and SMC in atherosclerotic

lesions, its intensity correlating with the severity of the

atherosclerotic lesions [96, 114]. The mechanism of tPA

expression by intimal macrophages is unclear.

Unstimulated macrophages do not produce tPA but,

under certain conditions (for instance, on stimulation by

lipopolysaccharide or interleukins) [94�96], they began to

express tPA. The significance of this increased tPA

expression remains unclear. As tPA has features of a mito�

gen for SMC [115], it is suggested that tPA expression

should provide plaque growth. However, in tPA deficient

transgenic mice with overexpression of apolipoprotein the

lipid stripe development induced by a cholesterol�rich

diet was the same as in the wild type animals [64].

Plaque rupture with subsequent thrombosis is the

main mechanism of development of acute complica�

tions of atherosclerosis, such as myocardial infarction

and unstable angina [116]. The ruptured plaques are

characterized by an increased concentration of lipids

and by macrophagal infiltration compared to “stable”

plaques (without ruptures) [117]. Macrophages produce

large amounts of tPA and uPA that may result in

increased proteolytic activity on these cells and in the

activation of matrix metalloproteinases with subsequent

degradation of collagens and other matrix proteins. The

expression of these proteases is increased in the regions

of atherosclerotic plaques that are the most prone for

rupture [118].

High contents of urokinase, its receptors, and of

matrix metalloproteinases in macrophage�enriched

“unstable” plaques suggest the pivotal role of these pro�

teases in the proteolytic mechanisms of plaque “destabi�

lization”. Proteolytic degradation of the extracellular

matrix proteins  (collagens, elastin, proteoglycans) can

weaken the fibrous caps of the plaques, which can rupture

under certain conditions that will cause the development

of occlusive thrombosis and of its consequences.

Moreover, activation of plasmin�dependent proteo�

lysis in an atherosclerotic plaque can promote its growth

also due to stimulation of the plaque neovascularization.

The neointima of atherosclerotic and restenotic lesions is

shown to be provided by many microvessels, and this

increased blood supply promotes the plaque growth [119].

In an atherosclerotic lesion the main angiogenic growth

factors VEGF and bFGF are expressed [120]. The

increased content and activity of the plasminogen activa�

tors in an atherosclerotic plaque can be favorable for

angiogenesis via activation of the main angiogenic growth

factors and stimulation of SMC and endothelial cell

migration and proliferation.

Thus, increased expression of the plasminogen acti�

vators in early atherosclerotic lesions can promote their

growth and in  the advanced plaques it promotes their

“destabilization” and rupture and is promising as a new

target for treatment. Moreover, both the activation and

the suppression of plasmin�dependent proteolysis can be

involved in various mechanisms and on various stages of

atherosclerotic lesion development.

Restenosis. Vascular reconstruction including coro�

nary angioplasty, endarterectomy, bypass surgery and vas�

cular stents have become succcessful and widely used

treatments for patients with atherothrombotic disease.

However, chronic restenosis in 30 to 50% of patients

remains one of the major limitations of these procedures

[121, 122]. 
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The key processes in the development of restenosis

are blood monocyte adhesion and migration into the

damaged vascular wall, proliferation and migration of

vascular smooth muscle cells and of fibroblasts from the

media and adventitia into the intima, and remodeling of

the extracellular matrix. These processes result in the

development of a neointima narrowing the vascular

lumen [93, 123]. In addition to the growth factors, these

processes are regulated by protease systems, with the

plasminogen activator–plasmin system playing the lead�

ing role [123, 124].

In uninjured arteries the plasminogen activating sys�

tem components are expressed very weakly. The mRNA

of uPA, its receptor, tPA, PAI�1, and PAI�2 are not

detected in SMC or in endothelial cells of an uninjured

rat artery [10, 72, 78]. But after balloon�catheter injury

associated with overstretching and deendothelization of

an artery, the expression of plasminogen activators is rap�

idly increased, with the maximum coincident with the

most intense migration of SMC from the media into the

neointima (4�7 days after the injury) [72, 77, 94, 95].

Both plasminogen activators and uPAR were found to be

expressed also by the endothelial cells proliferating and

migrating at the lesion edge. This expression ended when

the migration and proliferation terminated [72].

Using immunohistochemistry we have found that the

expression of uPA and uPAR in the media around SMC

was very low in uninjured rat arteries [125�127]. But even

6 h after injury, the expression of these proteins increased

in both the media and adventitia up to its maximum at the

first proliferation wave (on the second day) and the

migration of SMC (on the fourth day). It then gradually

decreased to the initial level by the fourteenth day, when

the proliferation and migration of vascular cells terminat�

ed and the neointima was formed. The most intense

expression of uPA and uPAR by the neointimal cells was

observed during the initial stage of neointima formation

(4�7 days).

In an injured blood vessel, various growth factors

(bFGF, PDGF, EGF, and TGF�β) are released from

damaged endothelial cells and SMC, activated  mono�

cytes/macrophages, and also from platelets adhered to

the subendothelial surface [93, 123]. These growth factors

can stimulate uPA expression, which is increased in the

media even on the first day after the injury. uPA also can

activate TGF�β via plasmin formation and promote

bFGF release from the extracellular matrix. These two

factors are essential for proliferation and migration of

vascular SMC and for the synthesis of matrix proteins

required for reconstruction of the damaged vascular wall

[97]. Furthermore the chemotactic effect of bFGF seems

to be mediated by uPA because uPA�neutralizing anti�

bodies suppress bFGF�induced migration of SMC in vitro

[128].

Understanding of the role of the plasminogen sys�

tem components in the neointima formation has been

significantly improved by studies on uPA, tPA, PAI�1,

uPAR and plasminogen knockout mice [46, 73, 129�

133]. These studies have demonstrated that the rate of

neointima formation after vessel injury is significantly

reduced in uPA deficient mice [73, 129, 130]. The migra�

tion ability of SMC in these animals was also significant�

ly reduced, whereas the proliferative response was

unchanged. These findings suggest that the role of uroki�

nase in the neointima formation should be mainly asso�

ciated with its influence on the migration of vascular

cells. Interestingly, in uPA knockout mice the expression

of matrix metalloproteinases of types 2, 3, 9, 12, and 13

was less pronounced in all vessel wall layers after the

injury to the artery, suggesting the involvement of uroki�

nase in the regulation of expression of the matrix metal�

loproteinases, which can also influence cell migration

[46, 131]. uPAR deficiency failed to affect neointima

formation after vessel injury [73, 129]. Moreover, these

animals were not different from animals of the wild

genotype in proliferation, migration, and fibrinolytic

properties of the vascular wall cells and also by the reen�

dothelization rate. These findings show that binding uPA

to uPAR is not essential for the stimulation of neointima

formation.

Plasminogen�deficient mice display impaired vas�

cular wound healing and reduced arterial neointima for�

mation after arterial injury, suggesting that inhibition of

plasmin generation might reduce arterial neointima for�

mation. However α2�antiplasmin deficiency had no

influence on neointima development [133]. Interes�

tingly, that PAI�1 deficiency stimulated neointima

growth after injury while not affecting cell proliferation

and the reendothelization rate [132]. Concurrently the

migration of smooth muscle cells was increased, and this

confirms the great significance of migration in  neointi�

ma formation. Surprisingly, tPA deficiency had no influ�

ence on neointima formation [130], suggesting the dif�

ferent roles of the two plasminogen activators in vascu�

lar wound healing.

We obtained similar results using another approach

for studies on the role of plasminogen activators in ves�

sel remodeling after intravascular trauma. In an attempt

to understand the contribution of uPA proteolytic prop�

erty and uPA receptor binding property to it’s ability to

augment early neointima formation we used perivascu�

lar application to the balloon injured rat carotid artery of

pluronic gel with proteolytically active and proteolyti�

cally inactive forms of recombinant uPA (r�uPA). These

forms were produced in the Laboratory of Gene

Engineering of the Cardiology Center by expression in

E. coli and then purified and characterized in our labo�

ratory [23, 87, 125�127]. The following forms of r�uPA

were used: wild�type r�uPA, catalytically inactive r�uPA

with Glu instead of His in the active center (r�uPA

H/Q), proteolytically active r�uPA containing multiple

mutations in its growth factor domain, which function�
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ally does not induce cell migration via receptor�depend�

ent mechanisms. The effects of other proteins such as

tPA, α2�antiplasmin, anti�uPA antibodies were also

studied. Perivascular application of wild�type r�uPA or

r�uPA containing multiple mutations in its growth fac�

tor domain doubled the size of the neointima, induced a

thickening of the media and adventitia, and caused

greater reductions in vessel lumen size than injury alone

(figure). In contrast to these two proteolytically active

forms, the proteolytically inactive r�uPA did not stimu�

late the neointima and neoadventitia formation and pre�

vented the media thickening and the decrease in the

artery lumen in response to the injury. The effect of this

proteolytically inactive r�uPA resembled the effect of

the uPA neutralizing antibodies that suppressed neointi�

ma growth and prevented the narrowing of the artery

lumen after ballooning. The stimulation of the neointi�

ma development by uPA seems to be due to its effect on

vascular cell migration because the cell number in the

neointima was doubled during the most intense migra�

tion from the media. The importance of endogenous

uPA for the SMC migration from the media into the

neointima is confirmed by the effect of uPA�neutraliz�

ing antibodies, which caused twofold decrease in the

neointimal cell number without affecting the prolifera�

tion index [125�127]. Thus, our findings show in vivo

that the proteolytic property of uPA is the major con�

tributor to its ability to augment neointima formation

early after balloon catheter injury to the artery.

The development of restenosis after angioplasty is a

result not only of an excessive neointima growth but also

of changes in the artery diameter, i.e., of the geometric

remodeling of the artery, which can vary at the same size

of the neointima [93, 134]. Clinical and experimental

studies have shown that the remodeling of the artery

mainly determines the development of restenosis after

angioplasty [93]. The compensatory vessel enlargement

(positive remodeling) limits the effect of neointima

growth on lumen narrowing. Whereas failure of the artery

to enlarge adequately after angioplasty or reduction in the

artery diameter (“late recoil”, negative or constrictive

remodeling) is sufficient to produce restenosis [134].  The

mechanisms of the geometric remodeling of injured

artery are far from being fully understood. Changes in the

vascular adventitia and in the structure and composition

of the extracellular matrix probably play an important

role in this remodeling [135, 136].

We have demonstrated that uPA induces early nega�

tive remodeling of injured vessel additionally to its stimu�

latory effect on early neointima formation. This is shown

by the decrease in the area encircled by the external elas�

tic lamina (figure). A putative mechanisms of this unfa�

vorable remodeling may be represented by the adventitial

response to the injury and to the uPA application, name�

ly by generation of a rigid fibrous neoadventitia that

squeezes the vessel, preventing its compensatory enlarge�

Changes in the structure of rat carotid artery after balloon

catheter injury and application of recombinant forms of uPA

(wild�type uPA (uPA) and inactive uPA (uPA H/Q)), of uPA�

neutralizing antibodies, and of recombinant tissue plasmino�

gen activator (tPA) (in the control the pure gel was applied): a)

effects of the substances on changes in the neointimal area; b)

on changes in the artery lumen area; c) on changes in the area

encircled by the external elastic lamina (EEL); *p < 0.05 (dif�

ference from control)

In
cr

e
as

e
 in

 t
h

e
 n

e
o

in
tim

a
ar

e
a,

 m
m

2
0.04

0
Control

a
*

0.02

*
*

u�PA u�PA
H/Q

antibodies t�PA

b0.07

0.05

0.03

0.01

–0.01

–0.03

–0.05

*

*

Control u�PA u�PA
H/Q

anti�
bodies

t�PA

c

0.04

0

–0.04

–0.08
Control u�PA u�PA

H/Q

anti�
bodies

t�PA

*

*

*

N
ar

ro
w

in
g

 o
f 

th
e

 lu
m

e
n

, 
m

m
2

In
cr

e
as

e
 in

 t
h

e
 E

E
L 

ar
e

a,
m

m
2



PLASMINOGEN ACTIVATORS 127

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 1    2002

ment. We have found that r�uPA application stimulates

the accumulation of α�actin positive cells in injured

adventitia and increases the size of the adventitia [137],

whereas the uPA�neutralizing antibodies decreased the

number of cells with contractile phenotype and sup�

pressed the adventitia growth in response to the injury. In

fibroblast culture, r�uPA stimulates α�actin expression in

dose�dependent manner.

All these findings show that uPA that is expressed in

the vessel after injury plays an important and possibly the

key role in the development of artery stenosis due to its

influence on both the formation of excessive  neointima

and the formation of neoadventitia enriched with con�

tractile phenotype cells.

How specific are the effects of uPA in vascular

wound healing? Studies with tPA knockout mice suggest

that tPA is not essential for neointima development [130].

Using our experimental approach we have found that uPA

and tPA had the opposite effect on early neointima for�

mation and vessel remodeling. In contrast to uPA effects,

tPA application reduced neointimal growth, attenuated

lumen stenosis, and caused positive vessel remodeling

[138] (figure). The mechanism underlying this difference

is not clear and needs to be studied. However, together

with data obtained on transgenic mice, these findings

support the specific significance of uPA for the formation

of artery stenoses after injury and suggest that uPA and its

proteolytic activity should be a promising new target for

measures to prevent restenoses. Our clinical data [139]

and data of other authors [140] are in good agreement

with these experimental results. According to these data,

an increased plasma level of uPA in patients with coro�

nary artery disease is an independent predictor of the

restenosis development after coronary angioplasty and

stenting.

It has been recently reported that the administration

of replication�defective adenovirus expressing chimeric

protein consisting of the amino terminal fragment of

urokinase and of bovine inhibitor of trypsin markedly

suppressed neointima development in mice [141]. The

resulting protein bound to the uPAR and inhibited the

activation of plasminogen on the cell surface and also

prevented the binding of endogenous uPA to the receptor.

These findings seem promising for the development of a

genetic approach for restenosis prevention using cDNA

of the mutant urokinase forms, e.g., of the proteolytically

inactive urokinase.

Angiogenesis. Tissue neovascularization provided by

generation of new vessels is important in various physio�

logical processes and characterizes various diseases:

malignant tumors, hemangiomas, arthritis, retinopathy

[142�144]. Tissue neovascularization includes vasculoge�

nesis, i.e., vessel formation by differentiation of cell pre�

cursors, angioblasts and stem cells into endothelial cells,

angiogenesis, i.e., the sprouting of new capillaries from

the preexisting vasculature, and arteriogenesis, i.e., the

remodeling of capillaries or of pre�existing collateral ves�

sels into muscle arteries. Until recently, neovasculariza�

tion by differentiation of cell precusors was thought to

occur only during embryogenesis, but it has now been

shown that all three processes may be involved in tissue

revascularization in the adult organism [145]. To initiate

angiogenesis, vessel destabilization is necessary that

includes the weakening of intercellular contacts between

the endothelial cells, basement membrane destruction,

and also local proteolysis of the matrix proteins to allow

the endothelial cells to migrate and produce new capil�

laries.

Under natural conditions, ischemia (hypoxia) and

inflammation [146] are the major triggers of angiogenesis,

and the angiogenic factors, especially VEGF, bFGF,

HGF, TGF�β, and PDGF inducing endothelial cell pro�

liferation and migration, play the key role in the process

[145�147]. Angiogenesis is impossible without activation

of extracellular proteolysis that occurs due to uPA�cat�

alyzed generation of plasmin on the cell surface. Plasmin

and uPA located in certain regions of the endothelial cell

surface initiate a directed degradation of the basement

membrane proteins such as fibronectin and laminin. Both

uPA itself and uPA�generated plasmin can activate the

latent matrix metalloproteinases and elastase [46, 148],

which are responsible for the subsequent degradation of

the extracellular matrix, during the endothelial cell

migration and invasion. Moreover these two proteases

activate virtually all growth factors involved in angiogen�

esis [42�45, 147, 149]. Hypoxia has been shown to

increase the expression of angiogenic growth factors, but

uPA and plasmin are required to provide proteolytic acti�

vation of the latent forms or release of matrix�bound

growth factors.

The infiltration of tissue by monocytes/macrophages

secreting growth factors and proteases is known to stimu�

late angiogenesis [150, 151]. Macrophage invasion is also

regulated by urokinase and its receptor [61, 76, 81].

The role of uPA in angiogenic processes was initial�

ly observed in 1982 in models of corneal revasculariza�

tion [152]. During the last decade, the involvement of

uPA and uPAR in angiogenesis was shown both clinical�

ly and experimentally. Quiescent endothelial cells did

not normally express uPAR, but being “activated” in

vitro by dispersing and plating them onto plastic they

started the expression of various genes including the

uPAR gene [149]. Endothelial cells engineered to over�

express uPA are characterized by higher in vitro invasive�

ness than intact cells [153].

Urokinase receptor expression by endothelial cells

localizing uPA on cell surface is an important moment in

the initiation of angiogenesis. Hypoxia, which is impor�

tant for the in vivo stimulation of angiogenesis, has been

shown to induce both the expression VEGF receptors and

of urokinase receptor in umbilical vein endothelial cell

culture (HUVEC) [154, 155]. The pro�angiogenic growth
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factors bFGF and VEGF induce in vitro migration of

endothelial cells and up�regulate uPAR [155�157]. To

induce angiogenesis, growth factors need the proteolyti�

cally active uPA bound to uPAR [158, 159]. Urokinase

can mediate the angiogenic effect of some growth factors

not only by the localization of cell surface proteolysis but

also by non�proteolytic mechanisms [160]. A fusion pro�

tein consisting of the amino terminal fragment of uroki�

nase  and of human serum albumin  inhibits endothelial

cell in vitro  migration induced by bFGF and by VEGF

[161], whereas a fusion protein consisting of the mouse

uPA GFD and of the Fc�fragment of IgG inhibits bFGF

and VEGF�stimulated branching morphogenesis in an

endothelial cell tube formation assay on a fibrin matrix

[162].

Retinoids stimulate endothelial cell tube formation

also on fibrin matrices and addition of uPA to this system

enhances this stimulation, whereas  an antibody that

blocked urokinase binding to the receptor inhibits the

effects of uPA. In the same system, steroid hormones

(testosterone, dexamethasone) inhibit tube formation

and addition of uPA to the system prevents the effect of

steroids [163].

Hormone�dependent tumors are known to become

hormone�independent after hormone�ablation therapy

and, as a rule, more aggressive, and this is associated with

increased expression of uPA and uPAR [164]. Thus, the

viability of Shionogi carcinoma cells grown in a dorsal

skinfold chamber in immunodeficient mice is supported

by androgens. Castration of the animals results in apopto�

sis of the tumor cells and in a diminution of the tumor

vascularization. However, some weeks later the tumor

begins to actively grow again, and urokinase and its

receptor expression in it increase concurrently with the

activation of angiogenesis [165].

It was shown that the soluble uPAR or uPA�neutral�

izing antibody nearly completely suppressed the forma�

tion of capillary�like tubes in a fibrin matrix [166].

Moreover, an antibody that blocked the binding of uPA to

uPAR suppressed bFGF� and VEGF�induced tube for�

mation in fibrin matrix, despite the fact that sufficient

uPA was present in the conditioned medium around the

cells. The  amino terminal fragment of urokinase, which

binds to uPAR with high affinity but lacks proteolytic

activity, also suppressed tube formation in fibrin matrix,

possibly due to competition with the endogenous uPA for

the binding to uPAR [167].

Taken together, these findings have demonstrated

that the uPAR localized cell surface proteolysis plays an

important role in tubular angiogenesis. Targeting the

uPA–uPAR system may be useful to affect these early

events in angiogenesis. This viewpoint is in accordance

with the finding that angiogenesis occurring in certain

tumors in vivo can be reduced by administration of a cat�

alytically inactive uPA, which retains receptor binding

and thus competes for binding of native uPA [168].

The expression of urokinase and its receptor have

been shown immunohistochemically in endothelial cells

involved in formation of tubules in fibrin matrices [167].

The fact that a few cells in the unstimulated monolayer

are positive for uPAR may reflect the existence of a sub�

population of cells that are more able to invade the fibrin

matrix if adequate stimuli, which induce uPA expression

are provided [169].

Beside a function in controling of spatially focal�

ized degradation of the basement membrane uPA

bound to uPAR influences angiogenesis also by the

activation of intracellular signal systems in endothelial

cells. Thus, it activates MAP�kinases and the phospho�

rylation of focal adhesion proteins [170]. Recently it

was shown that urokinase�dependent angiogenesis in

vitro and diacylglycerol production are blocked by anti�

sense oligonucleotides which target uPAR expression

[171]. In this study, the down�regulation of the uPAR

expression seemed to inhibit signaling pathways

depending on the uPA proteolytic activity and also on

the binding to the uPAR. The uPA catalytic activity

seemed to activate protein kinase C through the matrix

destruction and the disruption of integrin ligation,

whereas the uPAR occupation activated the MAP�

kinase pathway. The two pathways can be simultaneous�

ly  involved during the migration and invasion of

endothelial cells. Therefore, an antagonist capable of

inhibiting these two pathways is suggested to display an

anti�angiogenic activity.

A complicated and multistep formation of new ves�

sels requires the balance between a protease and its

inhibitor to be strictly regulated in time and space

because excessive proteolytic activity in endothelial cell

would more likely lead to hemangioma rather than cap�

illary formation [172]. In some studies, the pro�angio�

genic role of the plasminogen activator inhibitor (PAI�1)

is shown. It is also expressed by endothelial cells placed

into the matrigel (a reconstituted basement membrane)

and is required for proper tube formation. [172]. The

pro�angiogenic role of PAI�1 is mainly based on the pro�

motion of fibrin deposition by inhibiting plasminogen

activation. Fibrin production and deposition in tumors

and during inflammation is associated with angiogenesis

providing a matrix for the migration of endothelial cells

[149, 173]. PAI�1 is actively expressed in fibroblasts con�

tacting endothelial cells [174]. Such contact during

angiogenesis can only occur after the degradation of the

basement membrane in the process of endothelial cell

migration. Tumor growth and angiogenesis are also sup�

pressed in vivo in PAI�1 deficient mice, suggesting the

potential importance of PAI�1 in tumor angiogenesis

[173]. In various malignant tumors including breast can�

cer, the combination of high levels of uPA and PAI�1

indicates the poorest prognosis [175]. This suggests that

synergic effects of PAI�1 and uPA can promote tumor

angiogenesis and metastasis. It seems that the tumor
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growth and invasion need both the profibrinolytic and

procoagulant activities triggered simultaneously in dif�

ferent regions of the tumor or in different cells. PAI�1

expression in tumor cells is stimulated by TGF�β which

is itself activated by uPA�generated plasmin. The TGF�β
inhibits in vitro proliferation of endothelial cells  induc�

ing their apoptosis but stimulates in vivo angiogenesis

[176]. TGF�β also stimulates VEGF expression in

fibroblasts, especially under conditions of hypoxia that

often occurs in tumors or in tissue ischemia caused by

disorders in the main blood flow [177]. The combination

of VEGF with fibrin generated by PAI�1�induced sup�

pression of uPA�dependent fibrinolysis can also stimu�

late migration and proliferation of endothelial cells and

angiogenesis.

Recanalization of a mural thrombus associated with

an atherosclerotic plaque is a pathological conditions in

which neovascularization occurs upon fibrin degradation

[178]. Indeed, the uPAR and uPA are expressed in the

neovessels supplying an organized fibrin�enriched neoin�

tima.

During physiological non�inflammatory angiogene�

sis in women’s reproductive tract the concurrent expres�

sion of the uPA and PAI�1 promotes the growth of new

vessels and the protection of neovascularized tissues

against excessive proteolysis [179]. This also suggests that

during the new vessel formation procoagulant and fibri�

nolytic activities can concurrently exist in different

regions of a tissue or of a cell or cyclically replace each

other.

In uPA deficient mice, wound healing is impaired at

least partly due to suppressed migration of leukocytes,

fibroblasts, and smooth muscle cells. However, the

denuded vessel re�endothelization in mice deficient in

urokinase, its receptor, PAI�1 and plasminogen is

unchanged [129�133], suggesting that a lack of fibri�

nolytic components in transgenic mice probably results

in fibrin deposition that stimulates angiogenesis [180].

This finding is often used as an argument in favor of lim�

ited importance of the uPA system as a target for treat�

ment pointed to angiogenesis. However, this is not

equivalent to effects of inhibition of the same protease

activity or receptor in an adult organist because the

compensatory mechanisms can be activated during ani�

mal development and providing animal’s survival.

Moreover, the importance of uPA for myocardial angio�

genesis has been recently shown. Thus, the peri�infarc�

tion angiogenesis was significantly impared in uPA�defi�

cient mice and failed to be stimulated by VEGF, where�

as in the wild type mice VEGF displayed a stimulating

effect [181].

However, the key significance of the uPA system has

been best established for tumor angiogenesis. Recently,

adenovirus�mediated delivery of murine ATF directly

into the human tumor transplanted into mice suppressed

the neovascularization of this tumor and arrested its

growth [182]. Because the murine ATF fails to bind to the

uPAR of human tumor cells but can interact only with

endothelial cells and leukocytes of the host, the tumor

growth suppression seems to be mediated only by sup�

pression of angiogenesis of the host (mouse).

Immunohistochemical studies have also shown that the

uPAR expression may be associated with the most

“aggressive” cells within a tumor and detected mostly at

the invasive edges of a tumor and, might therefore be a

marker of invasive disease, tumor angiogenesis, and

metastasis [183, 184].

However, uPA can be also involved in the processes

supressing angiogenesis. Thus, the proteolytic cleavage of

urokinase between Lys135–Lys136 by plasmin or by tc�

uPA or the cleavage of the Glu143–Leu144 bond by some

metalloproteinases results in the generation of a so�called

connecting peptide consisting of residues 136�143 [185].

This peptide inhibits the interaction of uPA with uPAR,

suppresses endothelial cell migration stimulated by

bFGF, and markedly suppresses in vivo angiogenesis. This

peptide also inhibits tumor cell invasion and, as a result,

markedly attenuates the growth and metastasizing of

tumors [186]. This peptide is especially effective when

used together with cytotoxic agents inhibiting endothelial

cell proliferation [187].

The involvement of uPA in plasmin proteolytic

degradation with the generation of an angiogenesis

inhibitor angiostatin was recently shown in human pan�

creatic cancer cells [188]. Angiostatin (plasminogen

kringles 1�4) is produced in vivo in primary tumors and,

entering the blood circulation, it is believed to suppress

metastasizing [189]. The induction of apoptosis and the

inhibition of endothelial cells migration by angiostatin

has recently been described [190]. However, molecular

mechanisms of its effect remain unclear. It is well known

that the primary tumor ablation often results in increasing

metastasis growth. This is probably due to disappearance

of angiostatin produced by the primary tumor from the

circulation. Quite recently, it has been shown that the

fifth kringle domain of plasminogen inhibits the prolifer�

ation and migration of endothelial cells even more

potently than angiostatin. This fragment of plasminogen

is generated under the influence of macrophages elastase

[191, 192].

The findings presented suggest the involvement of

uPA, uPAR, and PAI�1 in the regulation of various events

that determine the new vessel formation in inflammation,

tissue ischemia, and in malignant tumors. Intervention in

the functions of this system seems promising for suppres�

sion of angiogenesis in tumors and in atherosclerotic

plaques and also for stimulation of angiogenesis in an

ischemia region. But for such intervention the complicat�

ed interactions of profibrinolytic and procoagulation

mechanisms must be taken into account.

Conclusion. The uPA�system is a key system

responsible for a strict temporal and spatial extracellular
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proteolysis necessary for tissue remodeling under vari�

ous physiological and pathological conditions. It regu�

lates the migration and proliferation of vascular smooth

muscle and endothelial cells, the adhesion and migra�

tion of blood monocytes, and the remodeling of the

extracellular matrix. It is involved in vascular remodel�

ing during the development of atherosclerosis and

restenosis and also in the regulation of angiogenesis. An

excessive local activation of this system in the damaged

region of a vessel after angioplasty can promote the

development of restenosis. Its activation in advanced

atherosclerotic plaques enriched with lipids can pro�

mote the rupture of such plaques and the development

of thrombotic complications, such as myocardial infarc�

tion and unstable angina. An excessive expression of this

system in tumors can stimulate tumor neoangiogenesis,

which promotes the tumor growth and metastasis. In all

these cases the uPA system seems to be a promising tar�

get for therapeutic interventions designed to locally sup�

press its activity in a vascular wall or in tumors. On the

other hand, the role of urokinase in angiogenesis sug�

gests that a transgenic overexpression of uPA probably

can be used together with growth factors to stimulate the

development of new vessels in ischemic regions.

Significant recent progress in the comprehension of the

molecular mechanisms of the involvement of plasmino�

gen activators–plasmin system in tissues remodeling is

promising for therapeutic interventions of the activity of

this system in various diseases.
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