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Serine proteases such as thrombin, mast cell tryptase, trypsin, or cathepsin G, for example, are highly
active mediators with diverse biological activities. So far, proteases have been considered to act pri-
marily as degradative enzymes in the extracellular space. However, their biological actions in tissues
and cells suggest important roles as a part of the body’s hormonal communication system during
inflammation and immune response. These effects can be attributed to the activation of a new subfam-
ily of G protein-coupled receptors, termed protease-activated receptors (PARs). Four members of the
PAR family have been cloned so far. Thus, certain proteases act as signaling molecules that specifi-
cally regulate cells by activating PARs. After stimulation, PARs couple to various G proteins and acti-
vate signal transduction pathways resulting in the rapid transcription of genes that are involved in
inflammation. For example, PARs are widely expressed by cells involved in immune responses and
inflammation, regulate endothelial-leukocyte interactions, and modulate the secretion of inflammatory
mediators or neuropeptides. Together, the PAR family necessitates a paradigm shift in thinking about
hormone action, to include proteases as key modulators of biological function. Novel compounds that
can modulate PAR function may be potent candidates for the treatment of inflammatory or immune
diseases.

1. Introduction

PARs belong to a new subfamily of G protein coupled
receptors (GPCRs) with seven transmembrane domains ac-
tivated via proteolytic cleavage by serine proteases (Derry
1998; Coughlin 2000; Macfarlane 2001; Hollenberg 2002).
PAR1, PAR3, and PAR4 are targets for thrombin, trypsin,
or cathepsin G (Vu 1991; Ishihara 1997; Kahn 1997; Xu
1998). In contrast, PAR2 is resistant to thrombin, but can
be activated by trypsin, mast cell tryptase, factor Xa, acro-
sin, gingipain, and neuronal serine proteases (Nystedt
1995a, b; Molino 1997; Lourbakos 1998; Steinhoff 1999;
Camerer 2000; Smith 2000; Lourbakos 2001). Interest-
ingly, PARs are activated by a unique mechanism: pro-
teases activate PARs by proteolytic cleavage within the
extracellular N-terminus of their receptors, thereby expos-
ing a novel “cryptic” receptor-activating N-terminal se-
quence that, remaining tethered, binds to and activates the
receptor within the same receptor (Vu 1991; Nystedt
1995a, b). Specific residues (about six amino acids) within
this tethered ligand domain are believed to interact with
extracellular loop 2 and other domains of the cleaved re-
ceptor (Verrall 1997), resulting in activation. This intramo-
lecular activation process is followed by coupling to G
proteins and the triggering of a variety of downstream sig-
nal transduction pathways (Dery 1998; Macfarlane 2001;

Hollenberg 2002). Thus, PARs are not activated like
“classical” receptors because the specific receptor-activat-
ing ligand is part of the receptor, whereas the circulating
agonist is a relatively nonspecific serine protease that does
not behave like a traditional hormonal regulator akin to
insulin.
Taken together, data obtained using the enzyme activators
themselves (trypsin, thrombin), and using PAR gene-defi-
cient mice provide compelling evidence that PARs play a
critical role in the regulation of various physiological and
pathophysiological functions in mammals, including hu-
mans. This review focuses on the biology and signaling
properties of PARs in various mammalian tissues and
highlights the current knowledge about the role of PARs.
Protease signaling in tissues depends on the generation
and release of proteases, availability of cofactors, presence
of protease inhibitors, and activation and inactivation of
PARs. Many proteases that activate PARs are produced
during tissue damage, and PARs make important contribu-
tions to tissue responses to injury, including hemostasis,
repair, cell survival, inflammation, and pain. Drugs that
mimic or interfere with these processes are attractive thera-
pies: selective agonists of PARs may facilitate healing, re-
pair, and protection, whereas protease inhibitors and PAR
antagonists can impede exacerbated inflammation and
pain. Major future challenges will be to understand the
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role of proteases and PARs in physiological control me-
chanisms and human diseases and to develop selective
agonists and antagonists that can be used to probe func-
tion and treat disease.

2. PARs and wound healing

Several findings suggest that PAR1 could play a role in
wound healing. Activation of PAR1 stimulates prolifera-
tion of keratinocytes (Thomas 1977; Corvera 1997) and
fibroblasts (Noorbakhsh 2003) and also induces angiogen-
esis (Seeliger 2003). Plasmin, thrombin, and PAR1 AP
(protease activated receptor 1 activated protein) induce ex-
pression of cysteine-rich angiogenic protein Cyr-61, a
growth factor-like gene implicated in angiogenesis and
wound healing, in fibroblasts from wild type but not
PAR1-deficient mice (Minami 2004). Moreover, the topical
application of thrombin and PAR1 AP to incisional
wounds in rats improves wound strength and increases an-
giogenesis, thereby promoting wound healing (Andrede-
Gorden 1999).

3. PARs and cardiovascular disease

The inappropriate aggregation of platelets makes an im-
portant contribution to occlusive vascular disorders such
as stroke, angina, and myocardial infarction, where accu-
mulation of atherosclerotic plaques promotes platelet-
mediated thrombus formation. Thrombin is a major media-
tor of platelet aggregation and fibrin deposition, and
thrombin inhibitors are useful antithrombotic agents. One
drawback of such inhibitors is their disruption of the nor-
mal hemostatic mechanism, and a selective suppression of
the effects of thrombin on platelets may be advantageous.
A difficulty of studying the role of PARs in thrombus for-
mation is that platelets express several thrombin receptors,
which vary among species. However, despite the redun-
dancy and interspecies differences, recent observations in
cynomologus monkeys, whose platelets, like those of hu-
mans, express PAR1 and PAR4, suggest that PAR1 antago-
nists may be useful therapeutic agents in humans (Carmeliet
2001). Thus the PAR1 antagonist RWJ-58259 markedly
inhibits thrombus formation and vessel occlusion in a
model of electrolytic injury of the carotid artery in cyno-
mologus monkeys. Despite the fact that platelets from
these animals possess the dual PAR1/PAR4 system, antag-
onism of a single receptor is effective, raising the possibi-
lity that antagonism of a PAR1 may be of use for treat-
ment of thrombosis disorders in humans.
PAR antagonists may also be of interest in treating vascu-
lar injury. In addition to its role in thrombus formation,
thrombin is also implicated in restenosis of the blood ves-
sels after vascular injury. Thus a PAR1 blocking antibody
or a PAR1 antagonist attenuates thickening of the neointi-
ma of the rat carotid artery, initiated by damage to the
endothelium by balloon angioplasty (Muehlenweg 2000).
Similarly, vascular injury is attenuated in PAR1-deficient
mice (Kaufmann 1999). The protective effect of PAR1 an-
tagonism or deletion occurs even though rat and mouse
platelets do not express PAR1 and thus exhibit normal ag-
gregation in the absence of functional PAR1. These effects
of thrombin on restenosis are therefore dependent on the
proliferative or proinflammatory effects of PAR1 on vascu-
lar smooth muscle.
PAR2 may contribute to injury that follows ischaemia and
reperfusion of tissues (Ohmori 1999). Ischaemia and re-
perfusion of the heart induces injury that is characterized

by generalized inflammation and necrosis. PAR2 is up
regulated in a model of coronary ischaemia and reper-
fusion injury in rats, and administration of a PAR2 AP
markedly protects the heart from injury. PAR2 activation
also improves efficiency of ischaemic preconditioning and
reduces cardiac inflammation in the rat heart (Zhang
1995).

4. PARs and cancer

The microenvironment of tumors is replete with proteases
that can activate PARs, and tumor cells themselves ex-
press PARs. Malignant cells secrete thrombin and trypsin,
which can affect proliferation and mediate metastatic pro-
cesses such as cellular invasion, extracellular matrix degra-
dation, angiogenesis, and tissue remodeling.
PAR1 and PAR2 are expressed by a wide range of tumor
cells (Schultheiss 1997; Steinhoff 1999; Naldini 2000;
Covic 2000; Hirano 2002). In breast tumor tissues, PAR1

and PAR2 are expressed in the tumor cells, mast cells,
macrophages, endothelial cells, and vascular smooth mus-
cle cells of the metastatic tumor microenvironment (Hira-
no 2002). In particular, there is an up-regulation of PAR1

and PAR2 in proliferating stromal fibroblasts surrounding
the carcinoma cells. In pulmonary tumor alveolar walls,
the expression of PAR1 and PAR2 mRNA is increased by
10- and 16-fold, respectively, compared with normal al-
veolar tissues (Suidan 1996). Expression of trypsin is also
detected in this tumor tissue. Exposure of certain tumor
cells to thrombin and PAR1 AP also enhances their adhe-
sion to platelets, fibronectin, and von Willebrand factor in
vitro and promotes pulmonary metastasis when cells are
administered to mice in vivo (Shapiro 2000; Wang 2003).
Moreover, over expression of PAR1 in certain tumor cells
can enhance their metastatic potential in animal models.
In colon cancer cell lines, activation of PAR1 induces a
marked mitogenic response, which is dependent on activa-
tion of MAP kinase ERK1/2, and also stimulate motility
of wounded cells (Riewald 2002). Together, these results
suggest that antagonists of PAR1 may be useful treatments
for proliferation and metastasis of certain tumors. How-
ever, PAR1 AP has also reported to inhibit migration and
invasion of breast cancer cell lines when applied as a con-
centration gradient in the direction of movement (Macey
1998). PAR2 may also contribute to tumor formation and
metastasis since PAR2 AP stimulates proliferation of colon
tumor cell lines (Naldini 2000).

5. PARs and blood vessels

PAR1 can potentially regulate vascular function under both
physiological as well as pathophysiological conditions
(Coughlin 2000, 2001). A number of studies have revealed
that thrombin and other agonists of PAR1 can affect the
vascular tone. Before the discovery of PAR1, it was ob-
served that thrombin could regulate vascular tone by an
endothelial-dependent mechanism involving the release of
nitric oxide (NO) (Muramatsu 1992). It is now recognized
that this effect of thrombin is due to the activation of
PAR1. Moreover, thrombin and PAR1 agonists can con-
tract vascular smooth muscle cells (VSMC) by a direct
effect that requires extracellular Ca2þ. Thus, in isolated
coronary artery and aorta preparations, PAR1 mediates re-
laxation (Ku 1986; Muramatsu 1992).
Recent observations support a role of thrombin and PAR1

in regulation of normal functions (Weksler 1978; Kameda
1997; Kaplanski 1997, 1998) and atherosclerotic endothe-
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lium (Nelken 1992). In normal human arteries, PAR1 is
mostly confined to the endothelium, whereas during ather-
ogenesis, its expression is enhanced in regions of inflam-
mation associated with macrophage influx, smooth muscle
cell proliferation, and an increase in mesenchymal-like in-
timal cells.
These data suggest that PAR1 regulates proliferation and
accumulation of neointimal smooth muscle cells during
tissue repair (Takada 1998). Vascular wall cells respond to
the procoagulant factor Xa by an increase in intracellular
Ca2þ ([Ca2þ]i) and by assembly of this factor into pro-
thrombinase complexes that even enhance this effect. Ad-
ditionally, factor Xa stimulation of PAR1 leads to an in-
creased production of tissue factor, a prothrombotic agent,
underlining the important role of PAR1 for thrombosis
(Mclean 2001). Together, these results point to a pivotal
role of PAR1 in vascular homeostasis and thrombosis.
PAR1 agonists are also mitogenic, stimulating proliferation
of endothelial cells (Mirza 1996; Schaeffer 1997), mediat-
ing endothelium-dependent relaxation to thrombin and
trypsin in human pulmonary arteries (Hamilton 2001), and
causing the release of IL-6 from human microvascular en-
dothelial cells (HMEC) (Chi 2001). Because PAR1 up-reg-
ulates a-1(I)-procollagen synthesis in VSMC, one may
speculate that PAR1 plays a role in vascular wound heal-
ing (Dabbagh 1998).

6. PARs and platelets

Activation of platelets by thrombin or activating proteins
(APs) specific for PAR1 is characterized by calcium influx;
cytoskeletal reorganization; platelet aggregation; degranu-
lation (Vu 1991; Hung 1992; Vassallo 1992); thrombox-
ane production (Ma 2001); mobilization of the adhesion
molecule P-selectin and the CD40 ligand to the platelet
surface (Henn 1998); stimulation of serotonin and epi-
nephrine release (Smith 1986); enhanced expression of
CD62, PDGF (AB) and PDGF (BB) (Graff 2002); and
exposure of anionic phospholipids (phosphatidylserine,
phosphatidylethanolamine) that support blood clotting
(Anderson 1999).

7. PARs and immune cells

It is well documented that PARs influence monocyte moti-
lity and chemotaxis, modulate pleiotropic cytokine re-
sponses, contribute to mononuclear cell proliferation, and
induce apoptosis in various immune cells (Naldini 1998;
Szaba 2002). Recently, it has been shown that PAR1 is
capable of stimulating elastase secretion from macro-
phages (Raza 2000). Moreover, functional thrombin recep-
tors are expressed on human T lymphoblastoid cells (Tor-
dai 1993).
PAR1 modulates chemotaxis in inflammatory cells. Besides
IL-8 secretion (Kaplanski 1997), thrombin induces produc-
tion of monocyte chemoattractant protein-1 (MCP-1) in
monocytes, probably via PAR1 (Colotta 1994).
Furthermore, PAR1 is capable of inducing IL-1 as well as
IL-6 production in monocytes (Naldini 2000). These cyto-
kines are known to be proangiogenic, implicating PAR1 in
angiogenesis and tissue repair.

8. PARs and nervous system

Recent studies are in favor of an important role of thrombin
and PARs in the brain under normal and pathophysiologi-
cal conditions such as trauma, inflammation, or tumori-

genesis (Festoff 1996; Grand 1996). Under pathophysiolo-
gical conditions, i.e., during breakdown of the blood-brain
barrier, circulating thrombin in the bloodstream may enter
the central nervous system (CNS), leading to activation of
PAR1 or PAR4. In human brain, PAR1 is expressed in neu-
rons and astrocytes (Striggow 2001).
Moreover, PAR1 agonists induce up-regulation of induci-
ble NO synthase (iNOS) in these cells and promote neuro-
nal survival after ischaemia (Striggow 2000) or brain trau-
ma (Xi 1999). PAR1 also protects astrocytes and neurons
from apoptosis induced by hypoglycemia and oxidative
stress during inflammation (Vaughan 1995). In contrast,
thrombin may also exert cytotoxic effects on neurons and
induce neurite retraction (Gurwitz 1988; Suidan 1992),
which may be at least in part due to PAR1. Functional
studies further revealed that PAR1 agonists cause retrac-
tion of neurites by neuroblastoma cells and induce Ca2þ

mobilization by hippocampal neurons (Striggow 2000).
In astrocytes, thrombin stimulates aggregation, morpholo-
gical changes, and proliferation via PAR1 and induces in-
tracellular caspase pathways leading to apoptosis in a cul-
tured motor neuron cell line (NSC19) (Donovan 1997;
Smirnova 1998). Both PAR1 and PAR2 stimulate enhanced
proliferation of astrocytes (Wang 2002). It is now well
accepted that NMDA receptor over activation plays a role
in expanding the region of neuronal injury after experimen-
tal ischaemia (Whetsell 1996; Dirnagl 1999; Lee 1999).
Thus, it is possible that thrombin entry into the brain dur-
ing hemorrhagic stroke and penetrating head wound may
contribute to neuronal damage through potentiation of
NMDA receptor function.
The recent demonstration that thrombin entry into the
brain can evoke seizures (Lee 1997) together with the
thrombin-mediated potentiation of NMDA receptor re-
sponses described here suggests that thrombin together
with heme-derived iron (Willmore 1978) could be a con-
tributing factor to post-traumatic seizures. Data showing
thrombin potentiation of NMDA receptor function plus
plasmin-induced reductions in GABAergic transmission
(Mizutani 1997) are consistent with the idea that serine
proteases can control neuronal excitability (Luthi 1997).
Taken together, these data clearly indicate a functional
role of PAR1 during inflammation and injury in the CNS.
Thus, future studies taking into account all CNS-derived
PARs, their proteases, and protease inhibitors are neces-
sary to fully explore the role of PARs in the brain.

9. PARs and interstitial fibrosis

An increasing body of evidence suggests that proteases
may play a key role in the pathogenesis of tissue fibrosis.
Several of these enzymes, including metalloproteases, col-
lagenases, gelatinases, plasmin, and plasminogen activa-
tors (PA), can directly catalyze the degradation of extracel-
lular matrix (ECM) components (Kotani 1995; Norman
1996; Heidland 1997). Thus, an imbalance between these
proteases and their specific inhibitors may promote ECM
deposition. In the large family of protease inhibitors, plas-
minogen activator inhibitor-1 (PAI-1) is the most heavily
involved in tissue fibrosis (Rerolle 2000). PAI-1 gene ex-
pression is strikingly induced by TGF-b and may play a
key role in the powerful profibrotic action of this growth
factor. Interestingly, an increased expression of this inhibi-
tor of plasminogen activation has been demonstrated in
several progressive renal diseases, including IgA nephro-
pathy (IgAN) (Yamamoto 1996, Wang 1997, Grandaliano
2000).
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Recently, different investigators reported that PAR-2 might
also represent the cell-surface receptor for activated coagu-
lation factor X (FXa) (Bono 2000; Kawabata 2001). Coa-
gulation cascade activation is a prominent feature of both
acute and chronic inflammatory processes. Several reports
support the hypothesis of a key role for coagulation fac-
tors in the pathogenesis of tissue fibrosis, particularly
within the kidney (Grandaliano 2000). Interestingly, earlier
works suggested that FXa, the enzymatically active consti-
tuent of the prothrombinase complex, triggers complex
pathways involved in the regulation of cellular growth (Ko
1996; Camerer 1999). Binding of FXa to vascular endo-
thelial cells induces the release of PDGF-like molecules,
thus providing a paracrine mechanism for cell prolifera-
tion (Gajdusek 1986). Moreover, we have recently demon-
strated that FXa directly stimulates proliferation of human
mesengial cells, an event that has been shown to precede
the development of glomerulosclerosis (Monno 2001).
However, recent observations would support the hypoth-
esis that coagulation factor Xa (FXa) may induce cell acti-
vation primarily through the interaction with PAR-2 (Ca-
merer 2002; Koo 2002). It has been observed for the first
time that activation of PAR-2 by FXa as well as trypsin
could induce a significant increase in PAI-1 gene expres-
sion. An increasing body of evidence suggests that inhibi-
tion of plasminogen activator by plasminogen activator in-
hibitor-1 (PAI-1) may play a central role not only in
preserving fibrin deposits, but also in the development of
interstitial fibrosis and glomerular sclerosis (Rerolle 2000).
Indeed, plasmin as well as plasminogen activators can in-
duce extracellular matrix (ECM) degradation directly or
through the activation of metalloproteases. Thus, an in-
creased PAI-1 expression reducing the turnover of ECM
components may cause their abnormal accumulation, lead-
ing to tissue fibrosis. Disruption of the PAI-1 gene was
shown to decrease the accumulation of fibrin in the lungs
of experimental animals and to prevent most of the pul-
monary fibrosis (Eitzmen 1996).
Several groups of investigators reported the ability of
thrombin to cause an increased PAI-1 gene expression in a
variety of cell lines, potentially reducing the activity of
the fibrinolytic system (Villamediana 1990; He 1991).
However, thrombin was reported to increase also the ex-
pression of plasminogen activators (Wojta 1993; Hayaka-
wa 1995). Indeed, it has been observed that thrombin in-
duced urinary plasminogen activator (u-PA) gene
expression in proximal tubular cells, respectively, confirm-
ing previous observations. On the other hand, it was de-
monstrated for the first time that PAR-2 activation caused
a marked increase in PAI-1 mRNA levels without modify-
ing the expression level of u-PA. Thus, it is conceivable
that the overall effect might be an inhibition of fibrinolysis
as well as of the physiologic ECM turnover significantly
stronger than the one induced by thrombin. In addition,
the different expression profile induced by thrombin and
FXa rules out the possibility, recently suggested, that FXa
may interact and cause the activation of PAR-1, the main
known thrombin receptor. Indeed, FXa effects were repro-
duced by direct PAR-2 activation by its specific agonist
peptide
Finally, a significant increase in TGF-b gene and protein
expression in proximal tubular cells exposed to PAR-2
agonists has been reported. Because TGF-b is the well-
established mediator of interstitial fibrosis, observation
strongly supports the hypothesis that activation of PAR-2
may play a pathogenic role in the progression of renal
damage in IgAN. Interestingly, this powerful profibrotic

factor can induce PAI-1 gene expression in several cell
lines (Rerolle 2000). However, PAI-1 gene expression in-
duced by PAR-2 activation in tubular cells does not de-
pend on the autocrine effect of TGF-b. Indeed, the time
courses for PAI-1 and TGF-b gene expression do not dif-
fer significantly, suggesting that newly synthesized TGF-b
cannot play a significant role in the PAI-1 gene expression
induced by PAR-2 activation. In addition, trypsin-induced
PAI-1 gene expression was not inhibited by preincubation
with a specific neutralizing anti-TGF-b antibody.
In conclusion, we can suggest that PAR-2 expressed by
renal resident cells and activated either by mast cell tryp-
tase or by FXa may induce an increased ECM deposition
modifying the PAI-1/PA balance and inducing TGF-b ex-
pression. These molecular mechanisms may underlie inter-
stitial fibrosis and renal damage progression in IgAN.

10. PARs and inflammation

Mast cells release tryptase as part of an inflammatory re-
sponse and PAR2 is up regulated by several inflammatory
mediators such as tumor necrosis factor-a (TNF-a) and
interleukin-1 (IL-1), PAR2 has been suggested to partici-
pate in inflammatory responses (Nystedt 1996).
PAR2 is expressed in vascular endothelial cells, where it
mediates proliferation (Mirza 1997) and nitric oxide (NO)
release and in vascular smooth muscle cells (Saiffedine
1996), where it appears to induce proliferation (Bono
1997). Moreover, the accumulation of mast cells in human
atherosclerotic lesions (Kaartinen 1994; Jeziorska 1997)
may activate these vascular PAR2 receptors, suggesting a
potential role for this receptor in vascular injury and in-
flammatory responses.

11. PARs and blood pressure

Studies in rats (Hwa 1996; Emilsson 1997) and mice
(Cheung 1998) have shown that activation of PAR2 de-
creases arterial pressure, presumably as a result of arterial
vasodilatation. This in vivo response is similar to that
caused by PAR1 activation in vivo. However, the PAR1
response is more complex, consisting of an initial arterial
pressure decrease followed by an arterial pressure in-
crease.
Using mouse strains deficient in PAR1 or PAR2, it has
been found that PAR2 activation results exclusively in hy-
potension without consistent changes in heart rate. The
hypotension is presumably mediated by vasodilatation. In
contrast, PAR1 activation induces both an initial hypoten-
sive response and heart rate decrease followed by hyper-
tension. These changes in arterial pressure reflect both
vasodilatation and vasoconstriction. Furthermore, the ac-
centuated PAR1 response in PAR2 deficient mice suggests
possible compensatory changes in PAR1 expression or in-
tracellular signaling, or other changes downstream from
PAR1 receptor activation. It suggests that PARs play a sig-
nificant role in regulating blood pressure.

12. PARs and respiratory system

It has been demonstrated that both thrombin and trypsin
induced both time and concentration dependent cytokine
release. Exposure of cells to increasing concentrations of
peptidases resulted in diminished cytokine release, sug-
gests susceptibility of individual cytokines to proteolysis
(Ruef 1993; King 1998). Both thrombin and the trypsin
related mast cell peptidase, tryptase, have been shown to
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be elevated in sputum from asthmatic patients compared
with controls and, in the case of tryptase, enzyme concen-
tration correlated with disease severity (Gabazza 1999;
Louis 2000). Similarly, protease inhibitors have been
shown to modulate bronchial activity, suggests that pro-
teases per se are important in the pathogenesis of this dis-
ease (Forteza 2001).
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Déry O, Corvera CU, Steinhoff M, Bunnett NW (1998) Proteinase-acti-
vated receptors: novel mechanisms of signaling by serine proteases. Am
J Physiol 274: C1429–C1452.

Dirnagl U, Iadecola C, Moskowitz MA (1999) Pathobiology of ischaemic
stroke: an integrated view. Trends Neurosci 22: 391–397.

Donovan FM, Pike CJ, Cotman CW, Cunningham DD (1997) Thrombin
induces apoptosis in cultured neurons and astrocytes via a pathway re-
quiring tyrosine kinase and RhoA activities. J Neurosci 17: 5316–5326.

Eitzman DT, McCoy RD, Zheng X, Fay WP, Shen T, Ginsburg D, Simon RH
(1996) Bleomycin-induced pulmonary fibrosis in transgenic mice that
either lack or overexpress the murine plasminogen activator inhibitor-1
gene. J Clin Invest 97: 232–237.

Emilsson K, Wahlestedt C, Sun MK, Nystedt S, Owman C, Sundelin J
(1997) Vascular effects of proteinase-activated receptor 2 agonist pep-
tide. J Vasc Res 34: 267–272.

Festoff BW, Smirnova IV, Ma J, Citron BA (1996) Thrombin, its receptor
and protease nexin I, its potent serpin, in the nervous system. Semin
Thromb Hemost 22: 267–271.

Forteza, RM, Ahmed A, Lee T, Abraham WM (2001) Secretory leukocyte
protease inhibitor, but not a-1 protease inhibitor, blocks tryptase-induced
bronchoconstriction. Pulm Pharmacol Ther 14: 107.

Gabazza EC, Taguchi O, Tamaki S, Takeya H, Kobayashi H, Yasui H
(1999) Thrombin in the airways of asthmatic patients. Lung 177: 253.

Gajdusek C, Carbon S, Ross R, Nawroth P, Stern DM (1986) Activation
of coagulation releases endothelial cell mitogens. J Cell Biol 103: 419–
420.

Graff J, Klinkhardt U, Schini-Kerth VB, Harder S, Franz N, Bassus S,
Kirchmaier CM (2002) Close relationship between the platelet activation
marker CD62 and the granular release of platelet-derived growth factor.
J Pharmacol Exp Ther 300: 952–957.

Grand RJ, Turnell AS, Grabham PW (1996) Cellular consequences of
thrombin-receptor activation. Biochem J 313: 353–368.

Grandaliano G, Gesualdo L, Ranieri E, Monno R, Schena FP (2000) Tis-
sue factor, plasminogen activator inhibitor-1, and thrombin receptor ex-
pression in human crescentic glomerulonephritis. Am J Kidney Dis 35:
726–738.

Gurwitz D, Cunningham DD (1988) Thrombin modulates and reverses
neuroblastoma neurite outgrowth. Proc Natl Acad Sci USA 85: 3440–
3444.

Hamilton JR, Moffatt JD, Frauman AG, Cocks TM (2001) Protease-acti-
vated receptor (PAR) 1 but not PAR2 or PAR4 mediates endothelium-
dependent relaxation to thrombin and trypsin in human pulmonary ar-
teries. J Cardiovasc Pharmacol 38: 108–119.

Hayakawa Y, Tazawa S, Ishikawa T, Niiya K, Sakuragawa N (1995) Tran-
scriptional regulation of tissue- and urokinase-type plasminogen activa-
tor genes by thrombin in human fetal lung fibroblasts. Thromb Haemost
74: 704–710.

He CJ, Rondeau E, Medcalf RL, Lacave R, Schleuning WD, Sraer JD
(1991) Thrombin increases proliferation and decreases fibrinolytic activ-
ity of kidney glomerular epithelial cells. J Cell Physiol 146: 131–140.

Heidland A, Sebekova K, Paczek L, Teschner M, Dammrich J, Gaciong Z
(1997) Renal fibrosis: role of impaired proteolysis and potential thera-
peutic strategies. Kidney Int Suppl 62: S32–S35.

Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, Muller-Berg-
haus G, Kroczek RA (1998) CD40 ligand on activated platelets triggers
an inflammatory reaction of endothelial cells. Nature 391: 591–594.

Hirano F, Kobayashi A, Hirano Y, Nomura Y, Fukawa E, Makino I (2002)
Thrombin-induced expression of RANTES mRNA through protease acti-
vated receptor-1 in human synovial fibroblasts. Ann Rheum Dis 61:
834–837.

Hollenberg MD, Compton SJ (2002) International union of pharmacology.
XXVIII. Proteinase-activated receptors. Pharm Rev 54: 203–217.

Hung DT, Wong YH, Vu TK, Coughlin SR (1992) The cloned platelet
thrombin receptor couples to at least two distinct effectors to stimulate
phosphoinositide hydrolysis and inhibit adenylyl cyclase. J Biol Chem
267: 20831–20834.

Hwa JJ, Ghibaudi L, Williams P, Chintala M, Zhang R, Chatterjee M,
Sybertz E (1996) Evidence for the presence of a proteinase-activated
receptor distinct from the thrombin receptor in vascular endothelial cells.
Circ Res 78: 581–588.

Ishihara H, Connolly AJ, Zeng D, Kahn ML, Zheng YW, Timmons C,
Tram T, Coughlin SR (1997) Protease-activated receptor 3 is a second
thrombin receptor in humans. Nature 386: 502–506.

Jeziorska M, McCollum C, Woolley DE (1997) Mast cell distribution, acti-
vation, and phenotype in atherosclerotic lesions of human carotid ar-
teries. J Pathol 182: 115–122.

Kaartinen M, Penttila A, Kovanen PT (1994) Mast cells of two types dif-
fering in neutral protease composition in the human aortic intima. De-
monstration of tryptase- and tryptase/chymase-containing mast cells in
normal intimas, fatty streaks, and the shoulder region of atheromas. Ar-
terioscler Thromb 14: 966–972.

Kahn ML, Zheng YW, Huang W, Bigornia V, Zeng D, Moff S, Farese Jr RV,
Tam C, Coughlin SR (1998) A dual thrombin receptor system for platelet
activation. Nature 394: 690–694.

Kameda H, Morita I, Handa M, Kaburaki J, Yoshida T, Mimori T, Murota S,
Ikeda Y (1997) Re-expression of functional P-selectin molecules on the
endothelial cell surface by repeated stimulation with thrombin. Br J Hae-
matol 97: 348–355.

Kaplanski G, Fabrigoule M, Boulay V, Dinarello CA, Bongrand P, Ka-
planski S, Farnarier C (1997) Thrombin induces endothelial type II acti-
vation in vitro: IL-1 and TNF-a-independent IL-8 secretion and E-selec-
tin expression. J Immunol 158: 5435–5441.

Kaplanski G, Marin V, Fabrigoule M, Boulay V, Benoliel AM, Bongrand P,
Kaplanski S, Farnarier C (1998) Thrombin-activated human endothelial
cells support monocyte adhesion in vitro following expression of inter-
cellular adhesion molecule-1 (ICAM-1; CD54) and vascular cell adhe-
sion molecule-1 (VCAM-1; CD106). Blood 92: 1259–1267.

Kaufmann R, Patt S, Zieger M, Kraft R, Nowak G (1999) Presence of the
proteinase-activated receptor-2 (PAR-2) in human brain tumor cells-tryp-
sin- and SLIGRL-induced calcium response in primary cultured menin-
giomas. Cancer Lett 139: 109–113.

REVIEW

Pharmazie 62 (2007) 3 167



Kawabata A, Kuroda R, Nakaya Y, Kawai K, Nishikawa H, Kawao N
(2001) Factor Xa-evoked relaxation in rat aorta: involvement of PAR-2.
Biochem Biophys Res Commun 282: 432–435.

King C, Brennan S, Thompson PJ, Stewart GA (1998) Dust mite proteo-
lytic allergens induce cytokine release from cultured airway epithelium.
J Immunol 161 : 3645.

Ko FN, Yang YC, Huang SC, Ou JT (1996) Coagulation factor Xa stimu-
lates platelet-derived growth factor release and mitogenesis in cultured
vascular smooth muscle cells of rat. J Clin Invest 98: 1493–1501.

Koo BH, Chung KH, Hwang KC, Kim DS (2002) Factor Xa induces mito-
genesis of coronary artery smooth muscle cell via activation of PAR-2.
FEBS Lett 523: 85–89.

Kotani I, Sato A, Hayakawa H, Urano T, Takada Y, Takada A (1995) In-
creased procoagulant and antifibrinolytic activities in the lungs with idio-
pathic pulmonary fibrosis. Thromb Res 77: 493–504.

Ku DD (1986) Mechanism of thrombin-induced endothelium-dependent
coronary vasodilation in dogs: role of its proteolytic enzymatic activity.
J Cardiovasc Pharmacol 8: 29–36.

Lee J-M, Zipfel GJ, Choi DW (1999) The changing landscape of ischae-
mic brain injury mechanisms. Nature 399[Suppl]: A7–A14.

Lee KR, Drury I, Vitarbo E, Hoff JT (1997) Seizures induced by intracer-
ebral injection of thrombin: a model of intracerebral hemorrhage. J Neu-
rosurg 87: 73–78.

Louis R, Lau LC, Bron AO, Roldaan AC (2000) The relationship between
airways inflammation and asthma severity. Am J Respir Crit Care Med
161: 9.

Lourbakos A, Chinni C, Thompson P, Potempa J, Travis J, Mackie EJ,
Pike RN (1998) Cleavage and activation of proteinase-activated receptor-
2 on human neutrophils by gingipain-R from Porphyromonas gingivalis.
FEBS Lett 435: 45–48.

Lourbakos A, Potempa J, Travis J, D’Andrea MR, Andrade-Gordon P,
Santulli R, Mackie EJ, Pike RN (2001) Arginine-specific protease from
Porphyromonas gingivalis activates protease-activated receptors on hu-
man oral epithelial cells and induces interleukin-6 secretion. Infect Im-
mun 69: 5121–5130.

Luthi A, van der Putten H, Botteri FM, Mansuy IM, Meins M, Frey U,
Sansig G, Portet C, Schmutz M, Schroder M, Nitsch C, Laurent J-P,
Monard D (1997) Endogenous serine protease inhibitor modulates epi-
leptic activity and hippocampal long-term potentiation. J Neurosci 17:
4688–4699.

Ma L, Hollenberg MD, Wallace JL (2001) Thrombin-induced platelet en-
dostatin release is blocked by a proteinase activated receptor-4 (PAR4)
antagonist. Br J Pharmacol 134: 701–704.

Macey MG, McCarthy DA, Gaffney K, Perry JD, Brown KA, Newland AC
(1998) CD11b positive blood lymphocytes correlate with disease activity
in patients with RA. Clin Exp Rheumatol 16: 108–109.

Macfarlane SR, Seatter MJ, Kanke T, Hunter GD, Plevin R (2001) Protein-
ase-activated receptors. Pharmacol Rev 53: 245–282.

McLean K, Schirm S, Johns A, Morser J, Light DR (2001) FXa-induced
responses in vascular wall cells are PAR-mediated and inhibited by ZK-
807834. Thromb Res 103: 281–297.

Minami T, Sugiyama A, Wu SQ, Abid R, Kodama T, Aird WC (2004)
Thrombin and phenotypic modulation of the endothelium. Arterioscler
Thromb Vasc Biol 24: 41–53.

Mirza H, Schmidt VA, Derian CK, Jesty J, Bahou WF (1997) Mitogenic
responses mediated through the proteinase-activated receptor-2 are in-
duced by expressed forms of mast cell a- or b-tryptases. Blood 90:
3914–3922

Mirza H, Yatsula V, Bahou WF (1996) The proteinase activated receptor-2
(PAR-2) mediates mitogenic responses in human vascular endothelial
cells. J Clin Invest 97: 1705–1714.

Mizutani A, Tanaka T, Saito H, Matsuki N (1997) Postsynaptic blockade
of inhibitory postsynaptic currents by plasmin in CA1 pyramidal cells of
rat hippocampal slices. Brain Res 761: 93–96.

Molino M, Barnathan ES, Numerof R, Clark J, Dreyer M, Cumashi A,
Hoxie JA, Schechter N, Woolkalis M, Brass LF (1997) Interactions of
mast cell tryptase with thrombin receptors and PAR-2. J Biol Chem 272:
4043–4049.

Monno G, Grandaliano R, Faccio E, Ranieri R, Martino L, Gesualdo C,
Schena FP (2001) Activated coagulation factor X: a novel mitogenic
stimulus for human mesangial cells. J Am Soc Nephrol 12: 891–899.

Muehlenweg B, Assfalg-Machleidt I, Parrado SG, Burgle M, Creutzburg S,
Schmitt M, Auerswald EA, Machleidt W, Magdolen V (2000) A novel
type of bifunctional inhibitor directed against proteolytic activity and
receptor/ligand interaction. Cystatin with a urokinase receptor binding
site. J Biol Chem 275: 33562–33566.

Muramatsu I, Laniyonu A, Moore GJ, Hollenberg MD (1992) Vascular
actions of thrombin receptor peptide. Can J Physiol Pharmacol 70: 996–
1003.

Naldini A, Carney DH, Pucci A, Pasquali A, Carraro F (2000) Thrombin
regulates the expression of proangiogenic cytokines via proteolytic acti-
vation of protease-activated receptor-1. Gen Pharmacol 35: 255–259.

Naldini A, Sower L, Bocci V, Meyers B, Carney DH (1998) Thrombin
receptor expression and responsiveness of human monocytic cells to

thrombin is linked to interferon-induced cellular differentiation. J Cell
Physiol 177: 76–84.

Nelken NA, Soifer SJ, O’Keefe J, Vu TK, Charo IF, Coughlin SR (1992)
Thrombin receptor expression in normal and atherosclerotic human ar-
teries. J Clin Invest 90: 1614–1621.

Noorbakhsh F, Vergnolle N, Hollenberg MD, Power C (2003) Proteinase-
activated receptors in the nervous system. Nat Rev Neurosci 4: 981–
990.

Norman JT, Lewis MP (1996) Matrix metalloproteinases (MMPs) in renal
fibrosis. Kidney Int Suppl 54: S61–S63.

Nystedt S, Emilsson K, Larsson AK, Strombeck B, Sundelin J (1995)
Molecular cloning and functional expression of the gene encoding the
human proteinase-activated receptor 2. Eur J Biochem 232: 84–89.

Nystedt S, Larsson AK, Aberg H, Sundelin J (1995) The mouse protein-
ase-activated receptor-2 cDNA and gene. Molecular cloning and func-
tional expression. J Biol Chem 270: 5950–5955.

Nystedt S, Ramakrishnan V and Sundelin J (1996) The proteinase-activated
receptor 2is induced by inflammatory mediators in human endothelial
cells. Comparison with the thrombin receptor. J Biol Chem 271: 14910–
14915.

Ohmori T, Yatomi Y, Asazuma N, Satoh K, Ozaki Y (1999) Suppression
of protein kinase C is associated with inhibition of PYK2 tyrosine phos-
phorylation and enhancement of PYK2 interaction with Src in thrombin-
activated platelets. Thromb Res 93: 291–298.

Raza SL, Nehring LC, Shapiro SD, Cornelius LA (2000) Proteinase-acti-
vated receptor-1 regulation of macrophage elastase (MMP-12) secretion
by serine proteinases. J Biol Chem 275: 41243–41250.

Rerolle JP, Hertig A, Nguyen G, Sraer JD, Rondeau EP (2000) Plasmino-
gen activator inhibitor type 1 is a potential target in renal fibrogenesis.
Kidney Int 58: 1841–1850.

Riewald M, Petrovan RJ, Donner A, Mueller BM, Ruf W (2002) Activa-
tion of endothelial cell protease activated receptor 1 by the protein C
pathway. Science 296: 1880–1882.

Ruef C, Jefferson DM, Schlegel-Haueter SE, Suter S (1993) Regulation of
cytokine secretion by cystic fibrosis airway epithelial cells. Eur Respir J
6: 1429.

Saifeddine M, Alani B, Cheng CH, Wang L, Hollenberg MD (1996) Rat
proteinase-activated receptor-2 (PAR-2): cDNA sequence and activity of
receptor-derived peptides in gastric and vascular tissue. Br J Pharmacol
118: 521–530.

Schaeffer P, Riera E, Dupuy E, Herbert JM (1997) Nonproteolytic activa-
tion of the thrombin receptor promotes human umbilical vein endothelial
cell growth but not intracellular Ca2þ, prostacyclin, or permeability. Bio-
chem Pharmacol 53: 487–491.

Schultheiss M, Neumcke B, Richter HP (1997) Endogenous trypsin recep-
tors in Xenopus oocytes: linkage to internal calcium stores. Cell Mol
Life Sci 53: 842–849.

Seeliger S, Derian C, Vergnolle N, Bunnett N, Nawroth R, Schmelz M,
von der Weid P, Buddenkotte J (2003) Proinflammatory role of protein-
ase-activated receptor-2 in humans and mice during cutaneous inflamma-
tion in vivo. FASEB J 17: 1871–1885.

Shapiro MJ, Weiss EJ, Faruqi TR, Coughlin SR (2000) Protease-activated
receptors 1 and 4 are shut off with distinct kinetics after activation by
thrombin. J Biol Chem 275: 25216–25221.

Smirnova IV, Zhang SX, Citron BA, Arnold PM, Festoff BW (1998)
Thrombin is an extracellular signal that activates intracellular death pro-
tease pathways inducing apoptosis in model motor neurons. J Neurobiol
36: 64–80.

Smith CC, Wilson AP, Prichard BN, Betteridge DJ (1986) Stimulus-in-
duced release of endogenous catecholamines from human washed plate-
lets. Clin Sci (Lond) 70: 495–500.

Smith R, Jenkins A, Lourbakos A, Thompson P, Ramakrishnan V, Tomlin-
son J, Deshpande U, Johnson DA, Jones R, Mackie EJ, Pike RN (2000)
Evidence for the activation of PAR-2 by the sperm protease, acrosin:
expression of the receptor on oocytes. FEBS Lett 484: 285–290.

Steinhoff M, Corvera CU, Thoma MS, Kong W, McAlpine BE, Caughey GH,
Ansel JC, Bunnett NW (1999) Proteinase-activated receptor-2 in human
skin: tissue distribution and activation of keratinocytes by mast cell tryp-
tase. Exp Dermatol 8: 282–294.

Striggow F, Riek M, Breder J, Henrich-Noack P, Reymann KG, Reiser G
(2000) The protease thrombin is an endogenous mediator of hippocam-
pal neuroprotection against ischemia at low concentrations but causes
degeneration at high concentrations. Proc Natl Acad Sci USA 97:
2264–2269.

Striggow F, Riek-Burchardt M, Kiesel A, Schmidt W, Henrich-Noack P,
Breder J, Krug M, Reymann KG, Reiser G (2001) Four different types
of protease-activated receptors are widely expressed in the brain and are
up-regulated in hippocampus by severe ischemia. Eur J Neurosci 14:
595–608.

Suidan HS, Niclou SP, Monard D (1996) The thrombin receptor in the
nervous system. Semin Thromb Hemost 22: 125–133.

Suidan HS, Stone SR, Hemmings BA, Monard D (1992) Thrombin causes
neurite retraction in neuronal cells through activation of cell surface re-
ceptors. Neuron 8: 363–375.

REVIEW

168 Pharmazie 62 (2007) 3



Szaba FM, Smiley ST (2002) Roles for thrombin and fibrin(ogen) in cyto-
kine/chemokine production and macrophage adhesion in vivo. Blood 99:
1053–1059.

Takada M, Tanaka H, Yamada T, Ito O, Kogushi M, Yanagimachi M,
Kawamura T, Musha T, Yoshida F, Ito M, Kobayashi H, Yoshitake S,
Saito I (1998) Antibody to thrombin receptor inhibits neointimal smooth
muscle cell accumulation without causing inhibition of platelet aggrega-
tion or altering hemostatic parameters after angioplasty in rat. Circ Res
82: 980–987.

Thomas CA, Yost Jr FJ, Snyderman R, Hatcher VB, Lazarus GS (1977)
Cellular serine proteinase induces chemotaxis by complement activation:
proteinases of human epidermis; a possible mechanism for polymorpho-
nuclear leukocyte chemotaxis. Nature 269: 521–522.

Tordai A, Fenton JW, Andersen T, Gelfand EW (1993) Functional thrombin
receptors on human T lymphoblastoid cells. J Immunol 150: 4876–4886.

Vassallo Jr RR, Kieber-Emmons T, Cichowski K, Brass LF (1992) Struc-
ture-function relationships in the activation of platelet thrombin recep-
tors by receptor-derived peptides. J Biol Chem 267: 6081–6085.

Vaughan PJ, Pike CJ, Cotman CW, Cunningham DD (1995) Thrombin
receptor activation protects neurons and astrocytes from cell death pro-
duced by environmental insults. J Neurosci 15: 5389–5401.

Verrall S, Ishii M, Chen M, Wang L, Tram T, Coughlin SR (1997) The
thrombin receptor second cytoplasmic loop confers coupling to Gq-like
G proteins in chimeric receptors. Additional evidence for a common
transmembrane signaling and G protein coupling mechanism in G pro-
tein-coupled receptors. J Biol Chem 272: 6898–6902.

Villamediana LM, Rondeau E, He CJ, Medcalf RL, Peraldi MN, Lacave R,
Delarue F, Sraer JD (1990) Thrombin regulates components of the fibri-
nolytic system in human mesangial cells. Kidney Int 38: 956–961.

Vu TK, Hung DT, Wheaton VI, Coughlin SR (1991) Molecular cloning of
a functional thrombin receptor reveals a novel proteolytic mechanism of
receptor activation. Cell 64: 1057–1068.

Wang H, Reiser G (2003) Thrombin signaling in the brain: the role of
protease-activated receptors. Biol Chem 384: 193–202.

Wang H, Ubl JJ, Reiser G (2002) Four subtypes of protease-activated re-
ceptors, co-expressed in rat astrocytes, evoke different physiological sig-
naling. Glia 37: 53–63.

Wang Y, Pratt JR, Hartley B, Evans B, Zhang L, Sacks SH (1997) Expres-
sion of tissue type plasminogen activator and type 1 plasminogen activa-
tor inhibitor, and persistent fibrin deposition in chronic renal allograft
failure. Kidney Int 52: 371–377.

Weksler BB, Ley CW, Jaffe EA (1978) Stimulation of endothelial cell
prostacyclin production by thrombin, trypsin, and the ionophore A
23187. J Clin Invest 62: 923–930.

Whetsell WO (1996) Current concepts of excitotoxicity. J Neuropathol
Exp Neurol 55: 1–13.

Willmore LJ, Sypert GW, Munson JB, Hurd RW (1978) Chronic focal
epileptiform discharge induced by injection of iron into rat and cat cor-
tex. Science 200: 1501–1503.

Wojta J, Gallicchio M, Zoellner H, Hufnagl P, Last K, Filonzi EL, Binder BR,
Hamilton JA, McGrath K (1993) Thrombin stimulates expression of tis-
sue-type plasminogen activator and plasminogen activator inhibitor type
1 in cultured human vascular smooth muscle cells. Thromb Haemost 70:
469–474.

Xi G, Keep RF, Hua Y, Xiang J, Hoff JT (1999) Attenuation of thrombin-
induced brain edema by cerebral thrombin preconditioning. Stroke 30:
1247–1255.

Xu WF, Andersen H, Whitmore TE, Presnell SR, Yee DP, Ching A, Gil-
bert T, Davie EW, Foster DC (1998) Cloning and characterization of
human protease-activated receptor 4. Proc Natl Acad Sci USA 95:
6642–6646.

Yamamoto T, Noble NA, Cohen AH, Nast CC, Hishida A, Gold LI, Bor-
der WA (1996) Expression of transforming growth factor-beta isoforms
in human glomerular diseases. Kidney Int 49: 461–469.

Zhang J, Zhang J, Benovic JL, Sugai M, Wetzker R, Gout I, Rittenhouse
SE (1995) Sequestration of a G-protein b csubunit or ADP-ribosylation
of Rho can inhibit thrombin-induced activation of platelet phosphoinosi-
tide 3-kinases. J Biol Chem 270: 6589–6594.

REVIEW

Pharmazie 62 (2007) 3 169


