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ABSTRACT
The serine protease plasmin generated from its zymo-
gen plasminogen is best known for its function as a key
enzyme of the fibrinolytic cascade. However, beyond
fibrinolysis, plasmin has a number of crucial functions in
a variety of processes, including inflammation. Various
cells can bind plasminogen and plasmin via plasmino-
gen-binding sites exposing a C-terminal lysine. Plasmin,
generated as a result of plasminogen activation at the
cell surface, is protected from its physiological inhibi-
tors. Apart from its ability to facilitate cell migration in
tissues, plasmin is capable of triggering signaling,
which depends on cellular binding via its lysine-binding
sites and its proteolytic activity. Plasmin-induced sig-
naling affects various functions of monocytes, macro-
phages, DCs, and others, with the list of affected cells
still growing. In vitro and in vivo studies have demon-
strated the ability of plasmin to stimulate the production
of cytokines, ROS, and other mediators, thereby con-
tributing to inflammation. Plasmin-induced chemotaxis
of monocytes and DCs indicates that it is also a potent
chemoattractant for immune cells. Therefore, exces-
sive activation of plasmin in chronic inflammatory or au-
toimmune diseases might exacerbate the activation of
inflammatory cells and the pathogenesis of the disease.
This review focuses on the available evidence for physi-
ological and pathophysiological roles the serine pro-
tease plasmin in inflammatory processes. J. Leukoc.
Biol. 92: 509–519; 2012.

Introduction
The serine protease plasmin represents the key enzyme of the
fibrinolytic cascade and is generated by proteolytic cleavage of
its precursor plasminogen, which is synthesized by liver cells as
a 810 aa glycoprotein. After cleavage of a 19-aa-long signaling
peptide, plasminogen is released into plasma, where its con-
centrations reach 2.4 �M [1]. Under physiological or patho-
logical conditions, single-chain plasminogen is converted to
the two-chain plasmin molecule by cleavage between Arg561

and Val562. Both, plasmin as well as the plasminogen mole-
cule, contain five homologous kringle domains (Fig. 1). Crys-
tallographic structures are currently available of only the four
kringles, as well as of the B-chain of plasminogen or plasmin,
with the active site containing 3 aa—His603, Asp646, and
Ser741 [3–8] (Fig. 1). Both molecules bind via those kringle
structures to terminal lysine on substrates, inhibitors, and cell
surface-binding sites [1]. Although the kringle structures are
highly homologous, it is Kringle 1, followed by Kringles 4 and
5 that have the highest lysine-binding affinity. Kringles 1–3
bind to platelets and fibrinogen, whereas Kringle 4 does not
[1, 9, 10]. Proteolytic processing of plasminogen leads to ex-
posure of its active catalytic center, reflecting transition of the
zymogen plasminogen into the active serine protease plasmin.

Plasmin generation
Physiologic plasminogen activators are tPA and uPA, two ser-
ine proteases with high specificity toward plasminogen. tPA is
secreted by endothelial cells and exhibits higher proteolytic
activity when bound to cells or fibrin [11]. uPA is likewise pro-
duced by endothelial cells but also by monocytes and macro-
phages. Cell surface-bound uPA converts plasminogen to plas-
min much more efficiently than in solution [12]. Plasmin, in
turn, cleaves and converts tPA and uPA into two-chain pro-
teases, which exhibit higher proteolytic activity, implying a pos-
itive feedback on the fibrinolytic cascade [11]. In this context,
uPA, expressed by monocytes or endothelial cells, is believed
to be the major physiological activator of plasminogen bound
to biological surfaces via lysine-binding sites [13].

Kallikrein, a serine protease activated in the course of con-
tact activation, is another physiological activator of plasmin
[14]. Contact activation takes part in a range of pathological
conditions, including cardiovascular and renal disorders, in-
flammation, diabetes, asthma, and possibly cancer. Contact of
plasma with negatively charged surfaces, such as proteoglycans,
endotoxic LPS, or different types of crystals, triggers “contact”
activation of coagulation factor XII, which, in turn, activates
prekallikrein to kallikrein [14]. The components of the con-
tact activation cascade could also be assembled at the surface
of various cell, such as leukocytes, platelets, or endothelial
cells, initiating the kallikrein activation, as well as the kal-
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likrein-mediated activation of plasminogen [15]. Thus, contact
activation, which takes place during inflammation and other
pathological conditions, might result in the generation of plas-
min by kallikrein [14].

Regulation of plasmin activity
The major physiological inhibitor of plasmin is �2-antiplasmin.
It is present in plasma in concentrations high enough to al-
most immediately neutralize up to 1.2 �M unbound plasmin.
Further, 2.4 �M free plasmin could be neutralized by plasma
�2-macroglobulin [16]. As a result of rapid inactivation of plas-
min by its inhibitors, plasma levels of plasmin-�2-antiplasmin
complexes serve as a measure of plasmin generation and fi-
brinolytic activity [17]. However, plasmin synthesized or lo-
cated on biological surfaces is protected from the inhibition by
its physiological inhibitors [12]. Simultaneous binding of plas-
minogen and its activators to the cell surface concomitantly
increases the rate of plasmin generation by its activators and
protects plasmin from inactivation by �2-antiplasmin, leading
to enhanced pericellular plasmin concentrations on cells ex-
pressing plasminogen activators and plasminogen receptors.
This makes the pericellular plasmin generation an important
physiological or pathological factor influencing the cellular
microenvironment.

Recently, plasmin generation has also been demonstrated
on endothelial cell-derived microparticles [18]. Microparticles
exhibiting a higher surface area to volume ratio compared
with that of cells represent a relatively larger surface for the
assembly of plasminogen activator/plasminogen complex and
can thus promote local plasmin generation. TNF-� stimulates
formation of endothelial cell-derived microparticles, which ex-
press uPA as well as uPAR on their surface. Such micropar-
ticles bind plasminogen in a lysine-dependent manner and
support efficient generation of plasmin, which in turn, influ-
ences tube formation by endothelial progenitor cells with low
amounts promoting tube formation and high amount having
an inhibitory effect [18].

Plasmin substrates
Plasmin is an endopeptidase that hydrolyzes peptide bonds
following arginine or lysine, similar to trypsin, although with a
higher specificity for lysine [19]. High-efficacy cleavage of in-
soluble fibrin molecules by plasmin denotes the central role of
plasmin in fibrinolysis. In addition to fibrin, plasmin cleaves
coagulation factors V and VIII, several hormones (adrenocorti-
cotropic and growth hormone, glucagon), metalloproteinases,
growth factors, and matrix proteins [17]. Likewise, plasmin
effectively cleaves complement factors C3 and C5, thereby re-
leasing the respective chemotactic anaphylatoxin fragments
[20]. Nonfibrin substrates of plasmin include the precursor of
BDNF, proBDNF, produced mainly by neurons. Interestingly,
it was found recently that proBDNF induces neuronal apopto-
sis, whereas cleaved BDNF elicits, as growth factor, the oppo-
site, namely, growth-promoting effects on neurons. BDNF lev-
els are abnormally reduced in manic and depressed states in
bipolar disorders, as well as in long-term depression [21]. In
addition, plasmin catalyzes cleavage of the carboxyl-terminal
heparin-binding domain of VEGF, VEGF165, resulting in loss
of its biological activity [22]. Plasmin can also cleave and de-
crease the biological activity of thrombopoietin, a hormone
that regulates the production and differentiation of mega-
karyocytes, the precursors of platelets. Further, plasmin in-
creases the local concentration of active TGF-�, which nega-
tively regulates erythropoiesis and myelopoiesis [23]. Along
with other proteases, plasmin cleaves the E-cadherin, leading
to disruption of adherent junctions and release of a fragment
of E-cadherin, soluble E-cadherin. Whereas, cell-bound E-cad-
herin is a well-documented tumor suppressor, soluble E-cad-
herin can promote cancer cell survival, migration, and inva-
sion. Enhanced levels of soluble E-cadherin have been de-
tected in fluids of tumor patients, in patients with viral and
bacterial infections, and during organ failure [24]. Plasmin
also induces post-translational modifications of the major hu-
man neutrophil attractant, IL-8 or CXCL8, cleaving it to 69–72
aa forms, which are highly potent neutrophil attractants in
vivo [25].

PLASMIN-INDUCED CELL ACTIVATION

Plasminogen binds to and can be activated on the surface of
various cell types through its lysine-binding sites [12]. Many
pericellular effects of plasmin are mediated by matrix proteins
or other mediators trapped by matrix and released proteolyti-
cally by plasmin [23, 26]. Initially, in vitro studies with distinct
cells and protein components, as well as later experiments
with genetically modified cells and animals, and the use of
more specific inhibitors and antibodies have demonstrated
that plasmin has profound, direct effects on monocytes and
macrophages, endothelial and epithelial cells, as well as plate-
lets [26], with the list of affected cells still growing (see
Table 1).

Considering the role of plasmin in pericellular proteolysis
and fibrinolysis, many cells express proteins on their surface,
which may bind plasminogen/plasmin but do not elicit any
intracellular signaling. Comprehensive reviews about plasmin/
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Figure 1. Schematic presentation of the plasminogen structure. The cleavage
site converting plasminogen into the two-chain plasmin molecule is marked
with a red arrow; amino acids of the catalytic site, H603, D646, and S741 are
shown. K, Kringles; modified according to ref. [2].
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ogen-binding sites and receptors reflecting different views have
been published [12, 27, 28]. More recent studies highlighted a
novel plasminogen receptor, called Plg-RKT, which carries a
C-terminal lysine, resides also on macrophages, and colocalizes
with uPA receptors [29, 30]. Generally, most of the authors
agree that the plasmin-induced intracellular signaling involves
binding to terminal lysines via kringle structures and a proteo-
lytic cleavage of a putative receptor, possibly similar to what
has been demonstrated for thrombin-activated PARs [31, 32].
Interestingly, plasmin can, indeed, activate the PAR4 receptor
expressed on platelets and induce platelet aggregation, al-
though rather high concentrations of plasmin are necessary to
activate human platelets [33, 34].

The signaling pathways induced in various cells by plasmin
are remarkably similar. Activation of prosurvival PI3K/Akt and
ERK1/2 signaling, of the chemotaxis-relevant Rho kinase path-
way, or of transcription factors NF-�B and STAT families have
been reported, which are all critically involved in the expres-
sion of many proinflammatory mediators [35]. Many studies
include elaborated set-ups to prove that the cellular effects
are, indeed, mediated by plasmin-induced proteolytic cleavage
of a putative plasmin receptor. Still, each cell type seems to
respond to plasmin stimulation quite differently.

Professional APCs
Monocytes, macrophages, and DCs serve as APCs, as well as
direct effector and cytokine-producing cells. Accordingly, they
play a central role in immune and inflammatory processes
[36]. In response to various chemoattractants, they accumulate
at the sites of inflammation as a result of directed migration,
i.e., chemotaxis. In chronic inflammation, in arthritis, and in
arteriosclerosis-associated inflammatory vascular injury, APCs
play a predominant pathophysiological role [37, 38].

Monocytes and monocytic cells carry binding sites for plas-
minogen and uPA and can support efficient generation of
plasmin on their surface [26]. We have studied extensively the
effects of plasmin on monocytes and provided compelling evi-
dence for the role of plasmin as a potent and specific activator
of human monocytes [26, 39–48]. Plasmin generated as a re-
sult of contact activation of the intrinsic coagulation cascade
or when added to cells kept in culture triggers biosynthesis of
cysteinyl-leukotrienes and leukotriene B4 by monocytes via the
5-lipoxygenase pathway. The effect is specific for plasmin, as a
number of other proteases, including coagulation factors and
other serine proteases, are unable to trigger a selective activa-
tion of the 5-lipoxygenase pathway in monocytes [44, 46, 48].
Plasmin binding to the monocyte surface occurs via kringle
structures and lysine-binding sites, and the cell activation is
dependent on the proteolytic activity of plasmin [48].

Moreover, plasmin elicits a PKC and cGMP-dependent che-
motaxis and actin polymerization in monocytes [43] and stim-
ulates a NF-�B-, AP-1-, and STAT-dependent expression of pro-
inflammatory cytokines, including TNF-�, IL-1, and MCP-1, as
well as tissue factor [41, 49]. The plasmin-induced chemotaxis,
leukotriene release, and gene expression are all dependent on
plasmin binding via the lysine-binding sites and on its proteo-
lytic activity. In fact, binding of plasmin to monocytes and the
induction of intracellular signaling are associated with proteo-

lytic cleavage and dissociation of the annexin A2 heterote-
tramer, a complex found on the surface of monocytes, macro-
phages, and endothelial cells [50]. Which part of the trun-
cated receptor is finally responsible for the initiation of
intracellular signaling is still under investigation. The plasmin-
induced chemotaxis is, however, not dependent on the activa-
tion of PAR1 or integrins �1, �V, �L, �M, �1, �2, �3, and �V�3,
all implicated in chemotactic response and “possible” signaling
partners for the plasmin receptor [50, 51].

Further, plasmin induces COX-2 and PGE2, as well as
MMP-1 production in monocytes, the latter clearly dependent
on the annexin A2 heterotetramer and MAPK signaling. Ac-
cordingly, plasmin-induced MMP-1 expression is inhibited by
neutralizing antibodies against the annexin A2 heterotetramer.
Although bound to the monocyte plasminogen/plasmin-bind-
ing site, inactive plasmin fails to mimic the effects of the CTA
plasmin [52]. Consistently, inactivated plasmin even acts as a
competitive antagonist, inhibiting the effect of active plasmin
on monocytes [43].

The half-life of monocytes in the circulation is rather short,
only �3 days. Blood monocytes act as a pool of progenitors,
continuously repopulating tissue macrophages and DCs [53].
As tissue macrophages and DCs perform many physiological
and pathological functions aimed to maintain tissue homeosta-
sis or to exacerbate an inflammatory response, elimination of
activated monocytes by apoptosis is of clinical relevance. On
monocytic cells undergoing apoptosis, plasminogen binding is
increased markedly [12]. Proteolytically active plasmin gener-
ated on the monocyte surface prevents apoptosis of monocytes
induced by proinflammatory agents. This effect is dependent
on PAR1 and is inhibited by an anti-PAR1 antibody [54].

Similar to monocytes, macrophages express the annexin A2
heterotetramer on their surface, which is likewise cleaved by
plasmin, and plasmin induces activation of proinflammatory
signaling in macrophages, e.g., activation of MAPKs, Akt, and
transcription factors NF-�B and STAT, leading to release of
the proinflammatory cytokines TNF-� and IL-6 [55]. Interest-
ingly, macrophage migration to tumors depends on the ex-
pression of a S100A10, a component of the annexin A2 het-
erotetramer complex [56]. In this context, S100A10 seems to
tether plasmin to the macrophage membrane, which will per-
mit digestion of extracellular proteins and subsequent tissue
penetration. Migration of macrophages into inflamed perito-
neum apparently also depends on a plasmin receptor. Simi-
larly, antibodies against Plg-RKT, a membrane protein with a
C-terminal lysine, which effectively binds plasminogen, block,
at least partially, the macrophage migration to the peritoneum
[30]. In this setting, extracellular plasmin is apparently essen-
tial for MMP activation and cleavage of different ECMs during
in vivo migration and invasion [30].

Several receptors have been implicated in the mediation of
plasmin signaling in monocytes and macrophages. The an-
nexin A2 heterotetramer and Plg-RKT have already been men-
tioned. Several interesting reports indicate that the annexin
A2 heterotetramer may use a TLR to elicit intracellular signal-
ing. Indeed, the signaling induced by the TLR4 ligand, endo-
toxic LPS, is similar to that elicited by plasmin, encompassing
activation of Akt, MAPK, and NF-�B, followed by release of a

Syrovets et al. Plasmin and inflammation

www.jleukbio.org Volume 92, September 2012 Journal of Leukocyte Biology 511



number of proinflammatory mediators [41, 50, 57, 58]. Solu-
ble annexin A2 heterotetramer activates in human macro-
phages MAPK and NF-�B and induces release of TNF-�, IL-6,
IL-1� and several chemokines, including MCP-1. This signaling
is abrogated in macrophages lacking TLR4, suggesting that
annexin A2 cooperates with TLR4 to activate macrophages
[59, 60]. In the RAW264.7 macrophage cell line, plasmin acti-
vates the NF-�B-dependent IL-8 promoter, as well as TNF-�
release and potentiates the LPS-induced activation of NF-�B
and TNF-� release. These effects critically depend on the pro-
teolytic activity of plasmin and occur independent from
PARs [61].

DCs are the most potent, professional APCs, strategically
located at the sites of antigen entry. Upon optimal maturation
and activation, DCs produce IL-12 and other cytokines and are
able to define immune responses by directing the T cell differ-
entiation into different T cell subsets. In this respect, soluble
as well as membrane-bound signals, delivered among DCs and
T cells, are essential for the initiation of the immune response
[62]. We investigated whether plasmin might alter the func-
tion of human DCs. Plasmin elicits a time-dependent actin po-
lymerization and chemotaxis in DCs. The plasmin-induced
chemotaxis is dependent on activation of Akt and ERK1/2 ki-
nases, which induce the phosphorylation and activation of the
chemotaxis-relevant regulatory myosin light chain. DCs express
Akt1 and Akt2; however, unexpectedly, plasmin activates exclu-
sively Akt2. Knockdown of Akt2 in DCs with short hairpin
RNA, but not of Akt1, blocks the plasmin-induced phosphory-
lation of ERK1/2 and the chemotactic response. Plasmin-stim-
ulated DCs induce polarization of CD4� T cells toward the
IFN-�-producing proinflammatory Th1 phenotype [55]. The
colocalization of plasmin and DCs in atherosclerotic lesions
suggests that plasmin generation in the atherosclerotic ves-
sel wall might contribute to infiltration of DCs, activation of
the adaptive immune response, and aggravation of athero-
sclerosis [55].

At variance to monocytes, macrophages, and DCs, plasmin
does not directly activate neutrophils [44, 48]. However, neu-
trophils can be indirectly activated by plasmin, for example,
through the plasmin-mediated activation of perivascular mast
cells and the secondary generation of lipid mediators. The
plasmin inhibitors, aprotinin, tranexamic, and �-aminocaproic
acid, interfere with the activation of mast cells/neutrophils
and effectively prevent postischemic neutrophil accumulation,
as well as remodeling of the vascular vessel wall [63]. Release
of platelet-activating factor by neutrophils after addition of
plasmin was also a result of the plasmin-mediated activation of
complement cascade [64], thus again, supporting the notion
that plasmin does not activate neutrophils directly.

Endothelial cells
The endothelium has many important functions, including
maintenance of homeostasis, inhibition of platelet aggregation,
and regulation of the vascular tone. It also serves as a platform
for leukocyte binding and the process of endothelial transmi-
gration. Yet, pathophysiological stimuli may convert the endo-
thelium into a proinflammatory state, promoting interaction
with blood leukocytes and resulting in imbalanced homeosta-

sis. Alterations in endothelial homeostasis promote atheroscle-
rosis and its complications [65]. Similar to monocytes, endo-
thelial cells express the annexin A2 heterotetramer, and they
are capable of binding and generating plasmin on their sur-
face [11]. Plasmin, in turn, induces a number of remarkable
effects in endothelial cells.

Similar to the situation in monocytes, in endothelial cells,
plasmin also specifically induces cleavage of annexin A2 and
activation of conventional PKC, and PKC actually phosphory-
lates two serine residues of annexin A2, leading to dissociation
of the heterotetramer complex. These events lead to reduced
plasminogen binding and plasmin generation at the endothe-
lial surface. In agreement with these findings, inhibition of
conventional PKC leads to a reduction of thrombotic events in
a carotid artery injury model, as this treatment maintains the
endothelial plasmin generation. Interestingly, plasmin-induced
phosphorylation of annexin A2 requires cleavage of A2 and
activation of TLR4 on the cell surface. Also the plasmin-in-
duced activation of ERK1/2 in endothelial cells is TLR4-de-
pendent, whereas an involvement of PAR1 has been excluded.
These data indicate that plasmin favors, directly or via annexin
A2, the activation of TLR4 in the absence of its coreceptor
CD14, which is not expressed on endothelial cells [66].

Further direct effects of plasmin on endothelial cells include
activation of PLC, stimulation of the arachidonic acid cascade,
including prostacyclin biosynthesis [67], as well as induction of
integrin �V�3-dependent stress fiber formation [51], cytosolic
Ca2� increase, and NO production, which were independent
of any PAR1 activation [68]. Moreover, plasmin was reported
to inhibit the thrombin-induced signaling via PAR1, implying
the proteolytic inactivation of the thrombin receptor [68]. At
high concentrations, plasmin induces detachment of the endo-
thelial cell monolayer and when the stimulation persists, initia-
tion of apoptosis [9, 69]. This effect could be mediated by a
rapid release of ROS by endothelial cells, as demonstrated in
Fig. 2A. In addition, similar to LPS, plasmin stimulated pro-
duction of chemotactic MCP-1 by endothelial cells (Fig. 2B).

Smooth muscle cells
Smooth muscle cells play a key role in the initiation and pro-
gression of vascular inflammation. In early stages of atheroscle-
rosis, smooth muscle cells migrate from the media to the in-
tima, where they proliferate. At later stages, they acquire a
higher synthetic capacity, leading to exaggerated production
of ECM, particularly collagen, proteases, and cytokines, which
all contribute to the development of plaques. The stimuli initi-
ating smooth muscle cell migration and proliferation have not
been well-elucidated [70]. Plasmin induces proliferation of
smooth muscle cells, which is mediated by the GPCR G�i. Plas-
min induces activation of PI3K/Akt and ERK1/2 and p38
MAPKs in smooth muscle cells. The activation pattern induced
by plasmin was distinct from that induced by the uPA [71].
The plasmin-induced proliferation of smooth muscle cells
though might depend on the MMP-dependent release of the
tethered ligand heparin-binding EGF, which can, in turn, acti-
vate the EGFR [72]. Similar to endothelial cells, higher con-
centrations of plasmin induce detachment and a proteolysis-
mediated apoptosis of vascular smooth muscle cells [73].
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Platelets
Activated platelets amplify the inflammatory response through
the release of chemokines, cytokines, and other mediators of
inflammation, as well as exposure of immunomodulatory li-
gands on their surface. Platelets aid leukocyte recruiting to
sites of vascular injury and inflammation, and they help to
maintain and modulate inflammation in atherosclerosis, Alz-
heimer’s disease, and cancer [74]. Plasmin induces various
effects on platelets, some of them exhibiting a biphasic mecha-
nism. Thus, plasmin might promote platelet aggregation or
might inhibit it depending on concentration [26]. It has been
proposed for a long time that the plasmin-induced activation
of platelets involves thrombin receptors, supposedly PAR4
[33]. Recently, it has been demonstrated that direct effects of
plasmin on platelets, e.g., the intracellular Ca2� increase and
platelet aggregation, are mediated by the low-affinity thrombin
receptor PAR4. Murine platelets appear to be more sensitive
to activation by plasmin compared with human platelets as a
result of differences in the extracellular PAR4 sequence, the
cleavage of which initiates intracellular signaling events. Differ-
ent to thrombin-dependent activation of platelets, where PAR3
act as a coreceptor of PAR4, murine PAR3 inhibits a plasmin-
induced Ca2� increase and platelet aggregation mediated by
PAR4 cleavage and activation [34].

Brain cells
The majority of acute and chronic neurodegenerative diseases
is accompanied by local microglia-mediated inflammation

[75]. Similar to macrophages in other tissues, microglia, the
resident macrophages of the brain, can promote generation of
plasmin from plasminogen. The microglia-derived plasmin
might exhibit various effects on astrocytes. Thus, plasmin in-
duces activation of prosurvival the PI3K/Akt kinase pathway,
leading to production of TGF-�3 by astrocytes [76], which is
thought to be important for neuronal survival. As mentioned
earlier, plasmin also cleaves proBDNF, leading to generation
of the active neurotrophin BDNF, which stimulates neurite
outgrowth [77]. Plasmin also induces proteolysis of neuronal
NOS, reducing endogenous neuronal NO release, which dis-
plays a complex role in neurodegenerative processes, such as
neurotoxicity [78]. These data seem to indicate that plasmin
might mediate some neuroprotective effects in the CNS. On
the other hand, in brain astrocytes, as well as endothelial cells,
plasmin induces morphological changes with increased F-actin
staining intensity and Rho kinase-dependent elevation of phos-
phorylated myosin, thereby leading to an increased permeabil-
ity of the blood-brain barrier [79].

Plasmin triggers hydrolysis of phosphoinositides, an increase
in intracellular Ca2�, and an activation of ERK1/2 in cultures
of murine cortical astrocytes but not in primary-cultured hip-
pocampal neurons or in CA1 pyramidal cells in hippocampal
slices. Plasmin increases the NMDAR-mediated component of
miniature excitatory postsynaptic currents in CA1 pyramidal
neurons but has no effect on �-amino-3-hydroxy-5-methyl-4-
isoxazole propionate- or �-aminobutyric acid receptor-medi-
ated effects [80]. The effects induced by plasmin in astrocytes
are less pronounced in PAR1-deficient cells and could be in-
hibited by PAR1 antagonists, indicating that plasmin induces
activation of murine astrocytes via PAR1 [76, 80].

Keratinocytes
The skin as a primary barrier of the body to the environment
is often afflicted by inflammatory diseases. In mice, intrader-
mal injection of plasmin induced a psoriasiform skin inflam-
mation around the injection sites with several aspects of hu-
man psoriasis [81]. These effects might be a result of proin-
flammatory activation of dermal macrophages. However, direct
effects of plasmin on keratinocytes have also been docu-
mented. Keratinocytes bind plasminogen and plasminogen
activators and can initiate plasmin generation on their surface.
Plasmin induces directed migration of freshly isolated human
epidermal keratinocytes and HaCaT cells in an agarose gel,
which was blocked completely by the plasmin inhibitor �2-anti-
plasmin, whereas no chemokinesis was detected. Plasmin also
enhances the phagocytic killing of Candida albicans by freshly
isolated epidermal keratinocytes and reduces proliferation of
HaCaT keratinocytes, processes that were similarly antagonized
by �2-antiplasmin. These qualities of plasmin might facilitate
re-epithelialization following skin injury [82].

Epithelial cells
Plasmin seems to exert direct effects on epithelial cells. Thus,
plasmin activates lung epithelial cells to express COX-2 and to
produce antifibrotic PGE2, which modulates collagen deposi-
tion by fibrotic fibroblasts [83].
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Figure 2. Plasmin-induced activation of endothelial cells. (A) Time-
dependent ROS induction by plasmin. HUVECs were labeled with the
ROS-sensitive fluorescent dye carboxy-H2-dichlorofluorescein diacetate,
treated with plasmin (0.3 CTA U/ml) for the indicated time, and ana-
lyzed by fluorescence microscopy. (B) Human dermal microvascular
endothelial cells were stimulated with plasmin (0.143 CTA U/ml) or
the positive control LPS (100 ng/ml) for 24 h. The supernatants were
recovered, and the concentrations of the cytokines were measured by
ELISA (n�3).
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The proper function of epithelial sodium channels is critical
for the maintenance of the circulating plasma volume and
blood pressure. Proteolytic processing of epithelial sodium
channel subunits by plasmin positively modulates activation of
the channel current [84]. In patients suffering from nephrotic
syndrome, as well as in animal models of proteinuria, the pro-
tein-rich urine contains active plasmin, which can activate epi-
thelial sodium channels. These data suggest that a malfunc-
tioning glomerular filtration barrier allows passage of plasmin-
ogen, which is transformed to plasmin by uPA. At high
concentrations, plasmin directly activates the epithelial sodium
channels, whereas at low plasmin concentrations, the channels
become activated through an indirect mechanism involving
prostasin [85].

In cultured murine tubular epithelial cells, within minutes,
plasmin initiated a rapid phosphorylation of ERK1/2 MAPK,
followed by phenotypic transition to fibroblast-specific protein-
1�, �-smooth muscle actin�, and fibronectin-producing cells.
Both processes are apparently mediated by the thrombin re-
ceptor PAR1 and are blocked by PAR1 small interfering RNA
or by a PAR1 inhibitory peptide. Overexpression of PAR1 en-
hances the plasmin-mediated, epithelial-mesenchymal transi-
tion and ERK1/2 activation [86]. Plasminogen-deficient mice
subjected to unilateral ureteral obstruction exhibit significantly
lower levels of phosphorylated ERK1/2 and active TGF-� and
have reduced total kidney collagen compared with that of WT
mice. Epithelial-mesenchymal transition, as typified by tubular
loss of E-cadherin and acquisition of �-smooth muscle actin, is
also impaired significantly in plasminogen-deficient mice, indi-
cating that plasmin might influence the renal function [86].

Fibroblasts
Mechanical, chemical, and microbial irritation of the dental
pulp can provoke inflammatory processes. It has been claimed
that plasmin plays an important role in pulpal disease, which
is associated with tissue degradation. In human dental pulp
fibroblast-like cells, plasmin increases the cytosolic calcium
concentration and the expression of the proinflammatory me-
diators PGE2 and IL-8 [87]. The concentrations of plasmin
used in this study were high enough (100 �M) to induce
cleavage and activation of the thrombin receptor PAR1. Ac-
cordingly, the plasmin-induced effects were inhibited by a
PAR1 inhibitor. However, the relevance of these findings for
pulpitis remains to be established. As to pulmonary diseases,
plasmin might stimulate fibroblasts, as well as alveolar epithe-
lial cells, to express COX-2 and to release antifibrotic PGE2

protecting from lung fibrosis [83]. This process is indeed me-
diated by plasmin and is amplified in cells from plasminogen
activator inhibitor-deficient mice. In this setting, the plasmin-
induced activation of human fibroblasts is independent of any
PAR1 signaling. Fibroblasts from patients with idiopathic pul-
monary fibrosis are defective in their ability to induce COX-2
and to up-regulate PGE2 synthesis in response to plasmin [83].
The median survival of these patients is only approximately 3
years. They exhibit low lung levels of PGE2, and their fibro-
blasts are resistant to the PGE2-mediated inhibition of collagen
synthesis by fibroblasts. Further studies by the same authors
demonstrated that plasmin induces PKA activation and inhibi-

tion of protein phosphatase 2A, which restores the sensitivity
of fibrotic lung fibroblasts from humans and mice to PGE2

[88], suggesting plasmin as a new therapeutic strategy to con-
trol collagen deposition by fibrotic fibroblasts (Table 1).

PLASMINOGEN-PLASMIN BALANCE IN
DISEASES

Consistent with the central role of plasmin in dissolution of
fibrin clots, plasma hypofibrinolysis is a risk factor for venous
thrombosis, whereas enhanced fibrinolysis is associated with
bleeding disorders [11]. No significantly increased risk of deep
venous thrombosis was, however, observed in hypoplasmino-
genemia, indicating that up to certain levels, the fibrinolytic
imbalance could be well-compensated [89]. In addition to dis-
solution of fibrin clots, plasmin has many other substrates and
functions, which might be impaired when the blood fibrino-
lytic activity is severely affected. Thus, the fibrinolytic equilib-
rium is shifted during various pathological conditions. Plasmin
activity is, for example, decreased in infection, and a low plas-
min activity correlates with poor prognosis in severe sepsis [90,
91]. Additional inhibition of plasmin activity by a plasmin in-
hibitor aggravates severity and mortality in a murine model of
staphylococcal arthritis and sepsis [90]. These findings are
somewhat unexpected, as the dissemination of bacteria, as has
been shown in Borrelia burgdorferi infection in plasminogen-
deficient mice and in group A Streptococci-infected mice, criti-
cally depends on plasmin activity [11, 89]. Accordingly, plas-
minogen-deficient mice exhibit increased resistance to Yersinia
pestis (plague) compared with WT mice [89].

Plasmin-induced activation of immune cells, such as macro-
phages and monocytes, might be important for the successful
elimination of the bacterial burden. This hypothesis was sup-
ported by studies of Staphylococcus aureus-induced bacterial ar-
thritis and infection in plasminogen-deficient mice [92, 93].
Thus, activation of neutrophils and macrophages as well as
expression of IL-6 and IL-10 in plasminogen-deficient mice are
markedly reduced. This is associated with an increased bacte-
rial burden in joints of plasminogen-deficient mice, whereas in
WT littermates, the bacteria are eliminated by Day 28. Supple-
mentation with plasminogen reverses the reduced release of
IL-6. Interestingly, recruitment of macrophages and neutro-
phils to infected joints is not affected by plasminogen
deficiency; only the activation of immune cells and the cyto-
kine release are impaired [92]. Similarly, plasminogen-defi-
cient mice exhibit higher mortality in S. aureus infection, possi-
bly as a result of the reduced release of proinflammatory cyto-
kines, which aid the elimination of bacteria [93]. However,
when high amounts of bacteria are injected i.v. in this murine
sepsis model, the reduced cytokine levels in plasminogen-defi-
cient mice are protective, cause less tissue destruction, and
reduce markedly the mortality of these mice [93]. Likewise,
plasmin may have protective effects in specific murine arthritis
models associated with local joint trauma, where plasmin ap-
pears to promote wound healing and remodeling [94]. In col-
lagen type II-induced arthritis though, plasmin is indispensable
for the disease progression [95]. The equivocal role of plasmin
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in different mouse models of arthritis has been summarized
comprehensively elsewhere [96].

It should be noted that in LPS-induced inflammation in vivo
in human subjects, plasmin inhibition by the lysine analog
tranexamic acid had almost no effect on the plasma levels of
cytokines (TNF-�, IL-6, IL-10, and IL-8), although plasmin
generation and fibrin degradation were inhibited successfully
[97]. The obvious discrepancy to the experiments with the
plasminogen-deficient mice might be explained by the nature
of plasmin generation and inhibition by the lysine analog. It is
plausible that tranexamic acid in the concentration used effec-
tively inhibits free plasmin and plasmin-mediated fibrin cleav-
age but may have less effect on the cell-bound, especially the
monocyte membrane-bound, plasmin. Monocytes are the ma-
jor source of blood cytokines, and they express the machinery
required for plasmin activation on their cell surface [26].

Moreover, stimulation with LPS or cytokines leads to increased
expression of the uPAR on the monocyte surface [98]. Ap-
proximately 10 �g/ml tranexamic acid is sufficient to inhibit
fibrinolysis [99]. In our studies, up to 80 �g/ml tranexamic
acid was not sufficient to completely inhibit the plasmin-in-
duced cysteinyl-leukotriene synthesis [44] and chemotaxis [43]
of human monocytes. In addition, plasma concentrations of
tranexamic acid decrease rapidly after infusion (t½�1 h)
[100], whereas the plasmin generation on the monocyte sur-
face may be delayed.

Plasmin is important for the infiltration of immune cells and
the progression of inflammation. Thus, no inflammation was
observed in plasminogen-deficient mice injected with collagen
type II and anticollagen type II mAb to induce autoimmune
arthritis, unless the mice were substituted i.v. with plasmino-
gen [95]. These examples illustrate the role of plasmin in lo-

TABLE 1. Plasmin-Induced Cell Activation

Cell type Effect on cellular function Receptor Plasmin concentration Reference

Monocytes Chemotaxis Annexin A2 heterotetramer 0.01–1.1 �M; 0.01–1.4
CTA U/ml

[43, 50]
PAR1-independent

Monocytes TNF-�, IL-1�, IL-1�, CD40,
tissue factor, MCP-1

— 0.03–1.1 �M; 0.04–1.4
CTA U/ml

[41, 49]

Monocytes Cysteinyl-leukotriene — 0.001–1.0 casein units/ml [44, 48]
Monocytes Antiapoptotic PAR1 0.5–2 �M plasminogen [54]
Monocytes COX-2, PGE2, MMP-1 Annexin A2 heterotetramer 0.1–0.36 �M [52]
Macrophages Chemotaxis, TNF-�, IL-6 Annexin A2 heterotetramer 0.33 �M; 0.4 CTA U/ml [58]
U937 monocytic

cells
Chemotaxis, invasion Plg-RKT (partially) 0.2–2.0 �M plasminogen [30]

RAW264.7
macrophages

TNF-�, IL-8 PAR-independent 0.01–1.0 U/ml [61]

DCs Chemotaxis Annexin A2 heterotetramer 0.01–1.1 �M; 0.01–1.4
CTA U/ml

[55]

Endothelial cells PKC-dependent cell-surface
plasmin generation

Annexin A2 heterotetramer; TLR4 0.04–0.86 �M [66]
PAR1-independent

Endothelial cells [Ca2�]i, prostacyclin,
arachidonic acid

— 0.01–1.0 �M [67]

Endothelial cells Stress fiber formation �V�3 0.05–0.2 �M [51]
Endothelial cells [Ca2�]i, NO PAR1-independent 0.01–1.0 �M [68]
Endothelial cells Apoptosis — 0.1–2.0 �M plasminogen [69]
Smooth muscle

cells
Proliferation G�i 100.0 U/ml [71]

uPAR-independent
Smooth muscle

cells
Apoptosis — 1.25 �M plasminogen [73]

Platelets Aggregation, low [Ca2�]i PAR4 1.0 U/ml [33]
PAR1-independent

Platelets Aggregation, [Ca2�]i PAR4 0.01–1.0 U/ml [34]
PAR3-independent

Astrocytes [Ca2�]i, TGF-�3 PAR1 0.01–0.1 �M plasminogen [76]
Astrocytes Actin polymerization — 0.02 �M plasminogen [79]
Astrocytes [Ca2�]i, changes in excitatory

postsynaptic currents
PAR1 0.1–1.0 �M [80]

Keratinocytes Chemotaxis, phagocytic
killing C. albicans

— 0.01–0.05 U/ml [82]

Epithelial cells COX-2, PGE2 — 0.01–0.1 U/ml [83]
Epithelial cells Activation of Na� channels — 0.03–0.3 �M [84, 85]
Epithelial cells Epithelial-mesenchymal

transition
PAR1 0.22 �M [86]

Fibroblasts [Ca2�]i, PGE2, IL-8 PAR1 100.0 �M [87]
Fibroblasts COX-2, PGE2 PAR1-independent 0.01–0.1 U/ml [83]
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cal and systemic inflammatory responses. Hence, inhibition of
plasmin and kallikrein with aprotinin after cardiopulmory by-
pass attenuates the overall systemic inflammatory reaction in
the patients associated with cardiac surgery [101].

In acute and chronic inflammatory lung diseases, the hemo-
static balance is compromised, and the fibrinolytic activity is
decreased as a result of inhibition of plasminogen activators by
the plasminogen activator inhibitor, as well as blockage of plas-
min by the �2-plasmin inhibitor, leading to excessive deposi-
tion of intra-alveolar fibrin [102]. However, in experimental
asthma, lung inflammation, IL-5, and TNF-� in BAL fluid,
perivascular leukocytosis, mucus production, and collagen de-
position are all reduced in plasminogen-deficient mice [103].

Plasmin appears to have equivocal roles in cardiovascular
diseases. It is well-established that the expression of fibrinolytic
genes is increased in the atherosclerotic aorta, and the up-reg-
ulated fibrinolytic activity correlates with the severity of coro-
nary lesions [26]. A recent study revealed enhanced plasmin
activity in human carotid plaques, which correlates with the
degree of lesion complexity [104]. Although the presence of
proteases and plasmin in atherosclerosis has been regarded
mainly in terms of plaque destabilization, plasmin-activated
macrophages play an important role in the pathogenesis of
cardiovascular disease. A clinical case report presented a pa-
tient with heterozygous �2-antiplasmin deficiency, who devel-
oped atherosclerosis and myocardial ischemia [105], suggest-
ing that aggravated plasmin generation might indeed lead to
cardiovascular complications. However, the effects of plasmin
might be versatile [11, 26]. Also, deficiency in the plasmino-
gen activator inhibitor may enhance lesion formation, as cells
that invade the developing plaque may require plasmin activity
for their directed migration. For example, in mouse models,
atherosclerotic plague formation is increased in plasminogen-
deficient animals. On the other hand, the development of ath-
erosclerosis is reduced markedly in a transplant model in the
plasminogen-deficient mice [11, 26]. Similarly, �2-antiplasmin
deficiency, which leads to enhanced plasmin generation in

vivo, has no effect on neointima formation in mice [106].
These effects might, however, be mediated by various plasmin
substrates, such as TGF-�1, MMPs, and others [26, 106]. The
lack of consistency in studies performed on vascular remodel-
ing and atherosclerosis in animal models could also be a result
of opposing effects of plasmin on different cell types involved
in tissue repair and remodeling, as well as genetically modified
mice models with entire deficiency of various fibrinolytic fac-
tors. The former consideration is supported by a study, where
the macrophage-targeted overexpression of uPA accelerated
atherosclerosis, although as mentioned above, studies in genet-
ically modified mice may favor an antiatherogenic role of plas-
min/ogen and its activator [106, 107].

There might be another substantial difference between plas-
min-induced effects in animal models and humans. Most ef-
fects, mediated by plasmin in human cells, occur independent
of PAR activation, and plasmin is known to cleave and desensi-
tize human PAR1 [108]. However, higher plasmin concentra-
tions might also lead to PAR1 activation on human monocytes
[54] and PAR4 on human platelets [33, 34]. In mice, the situ-
ation might be different. Low plasmin concentrations are suffi-
cient to activate PAR4 on murine platelets, which at variance
to human platelets, do not express PAR1 [34], as well as PAR1
on murine astrocytes [80]. Although in many studies, human
plasmin was used to activate murine cells, which may not truly
reflect the in vivo situation, in the latter study, murine plasmin
and PAR1-deficient mice were used to confirm the conclusions
[80]. In the context of renal fibrosis, plasmin-induced
epithelial-to-mesenchymal transition in mice is also dependent
on PAR1signaling [86]. Similarly, in rat astrocytes, rat plasmin
induces TGF-�3 release, which is inhibited by a PAR1 inhibitor
[76]. These data suggest that in rodent models, plasmin-in-
duced effects might be mediated by receptor(s) different from
those in humans. Indeed, significant differences between mu-
rine and human plasminogen activation systems have been
discussed previously [11, 106]. Therefore, any extrapolation of
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Figure 3. Plasmin-induced proinflamma-
tory cell activation. (A) Signaling path-
ways and mediators activated by plasmin.
(B) Plasmin-induced kinase cascade lead-
ing to chemotaxis of human DCs. PDK1,
Phosphoinositide-dependent kinase-1;
MLCK, myosin light-chain kinase; P,
phosphorylated.
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data from transgenic murine models to humans requires very
careful consideration.

CONCLUDING REMARKS

Data from in vitro and in vivo studies imply the ability of plas-
min to induce activation of inflammatory cells and to stimulate
the production of cytokines, free radical species, and other
mediators. The plasmin-induced activation of monocytes, mac-
rophages, and DCs reveals that it is a potent stimulus and che-
moattractant of cells playing a central role in immune cell re-
sponse, which aids elimination of infectious organisms, tissue
regeneration, and healing (Fig. 3). However, excessive activa-
tion of plasmin in chronic inflammation or autoimmune dis-
eases might contribute to maintain or exacerbate the patho-
genesis of the respective disease.
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