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Abstract
Vascular system is constituted by a complex and articulate network, e.g. arteries, arterioles, venules and veins, that requires a high degree of
coordination between different elemental cell types. Proteinase-activated receptors (PARs) constitute a recent described family of 7transmembrane G protein-coupled receptors that are activated by proteolysis. In recent years several evidence have been accumulated for an
involvement of this receptor in the response to endothelial injury in vitro and in vivo experimental settings suggesting a role for PAR2 in the
pathophysiology of cardiovascular system.
This review will deal with the role of PAR2 receptor in the cardiovascular system analyzing both in vivo and in vitro published data. In
particular this review will deal with the role of this receptor in vascular reactivity, ischemia/reperfusion injury, coronary atherosclerotic lesions
and angiogenesis.
D 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Vascular system is constituted by a complex and articulate
network that requires a high degree of coordination between
different elemental cell types. Undoubtedly, the endothelial
cells (EC) play a pivotal role in the vascular homeostasis being
located at the interface between blood and the underlying
smooth muscle cells. EC regulate complex functions compliant
to specific necessities in time and location. Protease-activated
receptor-2 (PAR2) has been shown to be involved in vessel
function. In particular it appears to play a role in pathological
conditions. Thus, PAR2 represents one of the most intriguing
receptor since its physiological and physiopathological activity
in the vasculature is not as yet well defined.
Proteinase-activated receptors (PARs) constitute a recent
described family of 7-transmembrane G protein-coupled
receptors that are activated by proteolysis (MacFarlane et al.,
2001; Hollenberg and Compton, 2002). All PARs share a
unique mechanism of activation where the serine proteases
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cleave at specific sites within the extracellular N-terminus to
unmask a tethered ligand domain that interacts with receptor in
the extracellular loop II initiating signalling. This process is
irreversible since once cleaved PARs they cannot longer be
used by the cell and are degraded terminating signalling
(Cottrell et al., 2003). Thus far, only four receptors belonging
to this family have been described: PAR1, PAR2, PAR3 and
PAR4 (Hollenberg, 1999). The thrombin receptor PAR1 was the
first PAR to be discovered and cloned (Vu et al., 1991). In
1994, Nystedt identified PAR2 cloning a mouse genomic DNA
encoding a proteolitically activated receptor, similar to PAR1
with a different sequence (Nystedt et al., 1994); successively
PAR3 and PAR4 have been identified (Ishihara et al., 1997;
Kahn et al., 1998). While the ligand of PAR1, PAR3 and PAR4
has been identified in thrombin, the physiological agonist of
PAR2 remains elusive, however trypsin seems to be the major
candidate as PAR2 specific ligand since it cleaves the receptor
within the sequence N34/P48 of its extracellular – NH2
terminus, unmasking the tethered sequence SLIGRLETQ. . .
responsible of the receptor autoactivation. Besides trypsin, it
has been shown that PAR2 can be activated by tryptase (Molino
et al., 1997a,b) and factor Xa (Fox et al., 1997), but it is not
activated by thrombin even at concentrations as high as 100
nM (Cicala, 2002). In absence of proteolysis all PARs, with the
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exception of PAR3, can be activated by specific synthetic
peptides (PARs-AP) which, mimicking the specific tethered
ligand sequence can activate the receptor without causing
proteolysis (Dery et al., 1998).
2. PAR2 signalling
Although it has been demonstrated a wide tissue distribution
of PAR2, in particular in mammalian tissue (Pearson et al.,
2001), there are not much studies examining PAR2-mediated
intracellular signalling compared to PAR1. An explanation of
this could be imputable to the relative low degree of expression
of PAR2 in basal condition when compared to PAR1. The
involvement of PAR2 activation is well documented much
more in physio-pathological than in physiological environment. Indeed, a role for PAR2 has been proposed in
proliferative (Mirza et al., 1996; Akers et al., 2000; Frungieri
et al., 2002; Gaca et al., 2002) and inflammatory processes
(Wakita et al., 1997; Cicala et al., 1999; Vergnolle et al., 1999,
2001; Ferrell et al., 2003). A linkage between PAR2, SAPkinase, JNK, and P38 MAP kinase has been found in cardiac
myocytes and in transfected skin epithelial cells (Belham et al.,
1996; Sabri et al., 2000), indicating that PAR2 activation can be
involved in proinflammatory responses (MacFarlane et al.,
2001). In addition, it has been also demonstrated that trypsin
and PAR2AP stimulate nuclear factor kB pathway in keratinocyte cell line and in coronary smooth muscle cells (Bretschneider et al., 1999; Kanke et al., 2001) further supporting a
direct involvement of PAR2 activation in proinflammatory
cellular signalling (Table 1). It is well established that PAR2
activation by trypsin or PAR2AP induces an increase of
intracellular calcium together with the production of IP3 and
DAG (Nystedt et al., 1995; Santulli et al., 1995). This pathway
acts through activation of PLC isoforms by using Gq/G11
coupled receptor modulating several intracellular targets
(Macfarlane and Plevin, 2003). The increase of intracellular
calcium upon PAR2 stimulation is fast in onset and returns to
baseline levels within 2 min (Kawabata et al., 1999; Laniyonu
and Hollenberg, 1995). This transient calcium response is
typical of PARs receptor (at least PAR1 and PAR2), since
Table 1
Pathways involved in PAR2 signal transduction
Cell type

Signaling

G protein
involved

References

Cardiomyocytes
transfected skin
epithelial cells
Human keratinocytes

SAPk
JNK
P38MAPk
IP3
DAG
[Ca2+]i
[Ca2+]i
c-fos

Gq/G11

Belham et al., 1996;
Sabri et al., 2000

Gq/G11

Nystedt et al., 1995;
Santulli et al., 1995

Go/Gi
Go/Gi

Schultheiss et al., 1997
Yu and Hinkle, 1997;
MacFarlane et al., 2001
Bretschneider et al., 1999;
Kanke et al., 2001

Xenopus oocytes
Transfected HEK-293
Keratinocytes
cell line
Coronary smooth
muscle cells

NF-kB

activation of other G-protein-coupled receptors, such as aadrenoreceptor, give more prolonged responses (Hollenberg
and Compton, 2003). Activation of PAR2 leads also to G0/Gi
dependent transduction mechanism as demonstrated by the
PTX-sensitive calcium modulation in Xenopus oocytes stimulated with trypsin (Schultheiss et al., 1997) and in HEK-293
transfected with PAR2 stimulated with PAR2-AP (Yu and
Hinkle, 1997). The response of HEK-293 transfected with
PAR2 receptor leads to tyrosine phosphorylation of SHP-2, a
tyrosine phosphatase previously observed to play a role in
PAR1 mitogenic signalling (MacFarlane et al., 2001).
Another peculiar characteristic of PAR receptors consists in
a very rapid desensitization coupled to a receptor internalization processes (Bohm et al., 1996; De Fea et al., 2000). For
what concerns PAR2 it is known that the receptor is internalised
through clathrin-coated pits to the endosomes followed by
redistribution to lysosomes (Dery et al., 1999). This phenomenon seems to be coupled to specific signalling involving
MAPkinase/ERK1, 2 (De Fea et al., 2000). Signal desensitization and receptor internalization is also controlled by
phosphorylation of the C-terminal domain of the receptor by
kinase C (Ishii et al., 1994; Bohm et al., 1996) or by G-proteincoupled-receptor kinases (Krupnick and Benovic, 1998). The
phosphorylated receptor can thus interact with h-arrestin and
dynamin more efficiently and in turn cause desensitization/
internalization (Ishii et al., 1994; Bohm et al., 1996).
The presence of a putative N-linked glycosilation site in the
extracellular domain is a common characteristic of all PAR
members so far discovered (Compton, 2003). Glycosilation
shifts hPAR2 molecular weight from 45 kDa up to 60 kDa. At
least one of these N-linked sites appears to be required for
efficient cell surface expression of PAR2 (Compton et al.,
2002). Expression of hPAR2 is only partially inhibited in
HEK293 cells by using tunicamicin, an inhibitor of cellular
glycosilation machinery, suggesting that receptor glycosylation
is important but not essential for PAR2 expression in this
context (Compton et al., 2001). It has been speculated that Nlinked glycosylation, and in particular the sialylation (Kitagawa
and Paulson, 1994), plays a role in tryptase-induced PAR2
activation (Compton et al., 2001). Indeed, differentially
glycosylated PAR2 may be responsible for the failure of
tryptase responses observed in several previous studies
(Molino et al., 1997a,b; Schechter et al., 1998; Huang et al.,
2001).
3. Involvement of PAR2 in vascular homeostasis
PAR2 is widely expressed in several tissues such as kidney,
stomach, pancreas, intestine, bladder, exocrine glands, airway,
bones, epidermis and brain; in particular it is present in
endothelial and epithelial cells, myocytes, fibroblasts, neurons, glial cells and immune cells (for review see MacFarlane
et al., 2001). Northern blot analysis performed on murine
tissues demonstrated receptor transcripts in highly vascularized organs such as kidney, small intestine, and stomach
(Nystedt et al., 1994). In human species immunohistochemical studies provided a tissue-specific cellular localization of
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PAR2 in normal tissues by using a polyclonal antibody raised
against a peptide corresponding to the amino terminal
sequence SLIGKVDGTSHVTGKGV of PAR2 (D’Andrea et
al., 1998). Strong immunolabeling was observed in smooth
muscle of vascular and nonvascular origin from a variety of
tissues, in endothelial and epithelial cells independent of
tissue type, in epidermis, throughout the gastrointestinal tract
and, in central nervous system, in astrocytes and neurons
(D’Andrea et al., 1998).
3.1. In vitro pharmacology
Al-Ani and colleagues first described a functional role for
PAR2 on endothelial cells in 1995. They showed that trypsin
and the PAR2 peptide agonist SLIGRL-NH2 induced an
endothelium dependent vasorelaxation in rat aortic rings. The
vasorelaxant effect was reduced by l-NAME, an inhibitor of
nitric oxide (NO) synthases, supporting an involvement of
the l-arginine/NO pathway (Al Ani et al., 1995). Successively, endothelium NO dependent response following PAR2
activation has been demonstrated in several other blood
vessels such rabbit aorta (Roy et al., 1998), porcine coronary
(Hwa et al., 1996; Hamilton et al., 1998) and basilar arteries
(Sobey and Cocks, 1998; Sobey et al., 1999). Since
inhibitors of the l-Arginine/NO pathway did not abrogate
the vasodilatory response induced by PAR2 it has been
investigated the possible involvement of other mediators. On
this basis it has been proposed endothelin as second
messenger. Indeed, rapid release of nitric oxide induced by
stimulation of aortic rings with PAR2 agonist, SLIGRL-NH2,
was reduced by pre-treatment with BQ-788, an ETB
endothelin receptor-specific antagonist. Consistent with a
role for endothelin-1 receptor activation in PAR2AP-induced
NO release, endothelin-1 levels were increased significantly
after 5 min of treatment of aortic rings with PAR2AP. These
results strongly support an involvement of ET1B receptor in
PAR2 response (Magazine et al., 1996). Similarly, it has been
shown that NO production did not entirely account for
vasorelaxant action of PAR2AP in resistance vessels (Hamilton and Cocks, 2000) such as rat femoral artery, vein
(Emilsson et al., 1997; Roy et al., 1998) and isolated perfused
normal rat kidney (Trottier et al., 2002). In all these cases
PAR2-induced transient vasorelaxation persisted even after
removal of the NO component of PAR2-induced vasodilatation,
by blocking nitric oxide synthase. This evidence has lead to
hypothesize an involvement of endothelium hyperpolarizing
factors (EDHFs) in PAR2-induced vasodilatation. This hypothesis is supported by the finding that afferent arterioles preconstricted with elevated concentration of KCl do not relax to
PAR2AP (Trottier et al., 2002). Consistent with this hypothesis,
on mouse second-order mesenteric arterioles, PAR2-induced
vasorelaxation is endothelium-dependent and inhibited by
either 30 mM KCl-precontraction, or pre-treatment with
apamin, charybdotoxin, or their combination. These results
further support a role for endothelium-dependent hyperpolarization factor in PAR2-induced relaxation that could involve
activation of an apamin/charybdotoxin-sensitive potassium
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channels (McGuire et al., 2002). More recently, it has been
shown that in isolated rat gastric artery receptor activating
peptides for both PAR1 and PAR2 produce endotheliumdependent vasorelaxation. The multiple mechanisms underlying the PAR1 and PAR2-mediated vasodilatation confirm the
involvement of NO, EDHF and prostanoids (Kawabata et al.,
2004). All these evidences indicate that redundant signalling
pathways contribute to the vasodilatory response following
PAR2 activation as it has been underlined by a recent study on
afferent arterioles (Wang et al., 2005). On the other hand, this
redundancy in PAR2 signalling cascade could play a role in
pathological settings such as inflammation or ischemia in
which PAR2 is thought to be activated. Conversely, while
originally it was shown that removal of endothelium caused the
loss of the vasodilatory effect of PAR2 subsequent studies have
shown that depending on the vascular district an effect can be
evidenced. Thus, while PAR2AP fails to cause contraction in
aortic rings without endothelium (Magazine et al., 1996;
Saiffedine et al., 1996; Emilsson et al., 1997) it contracts in
endothelium denuded rabbit aorta (Komuro et al., 1997). In
addition a vasoconstrictory effect PAR2 mediated (but not
PAR1APs) has been shown in vitro on rat pulmonary artery
(Roy et al., 1998) and human umbilical vein (Saiffedine et al.,
1998). These findings have lead to propose that contraction
could be mediated via a receptor distinct from PAR2 through a
release of a diffusible endothelial derived contracting factor
(EDCF) that is different from previously recognized smooth
muscle agonists such as prostanoid metabolites, endothelin,
noradrenaline, angiotensin-II, acetylcholine (Saiffedine et al.,
1998; MacFarlane et al., 2001).
All this in vitro work has been performed in order to define
the physiological role of PAR2 but the picture is rather
confusing, what can be said is that PAR2 activity is mainly
vasodilatory and it looks like to be district dependent.
Studies performed in vitro simulating pathological conditions have suggested a possible protective role for PAR2. A
protective role for PAR2 has also been proposed in
myocardial ischemia/reperfusion (I/R) injury (McLean et
al., 2002). In particular it has been shown a protective
effect, for PAR2 in the coronary vasculature. Indeed, in
isolated and perfused rat heart SLIGRL-NH 2 peptide
produced an endothelium-dependent coronary vasodilatation.
Following after I/R injury, PAR2AP-induced vasodilatation
was selectively preserved as opposite to acetylcholine
response. PAR2 response was not mediated by NO or
prostanoids, but involved the release of an EDHF, possibly
a lipoxygenase-derived eicosanoid, and the activation of
vanilloid receptors on sensory C-fibers (McLean et al.,
2002).
3.2. In vivo pharmacology
Intravenous injection of SLIGRL-NH2 or SLIGKV-NH2
causes hypotension in anesthetized rats (Emilsson et al., 1997;
Cicala et al., 1999) and mice (Cheung et al., 1998). The effect
is dose-dependent, and has been shown do not involve central
vasoregulatory systems, heart rate, or the kidneys. Systemic
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administration of l-NAME attenuates the hypotensive response
induced by PAR2APs further supporting PAR2AP-induced NO
release hypothesis. The relative role played by PAR2 and PAR1
in physiological conditions has been addressed by developing
mice deficient in PAR2 or PAR1. In this key paper, it has been
evaluated mean arterial pressure and heart rate (HR) changes in
response to PAR1 or PAR2 activation in anesthetized wildtype (WT), PAR1-deficient (PAR-1 / ), and PAR2-deficient
(PAR2 / ) mice. In WT mice, SLIGRL-NH2, a PAR2 selective
activating peptide, caused hypotension without changing HR
and this response was virtually absent in PAR2 / mice. In
addition, the hypotensive and bradycardic responses caused
by PAR1AP in WT mice resulted accentuated in PAR2( / ).
These data confirmed the in vivo specificity of PAR1 and PAR2
respective activating peptides, and the distinct hemodynamic
responses mediated by activation of PAR1 or PAR2. Moreover,
the accentuated response to PAR1 activation in PAR2 deficient
mice suggests that a compensatory response and a potential
receptor cross-talk exists (Damiano et al., 1999a).
As opposite to PAR1, the notion that PAR2 is involved in
pathological more than physiological conditions is supported
by recent literature, even if it is not well established if this
receptor has a protective or detrimental role. A role for PAR2 in
endotoxin shock has been suggested. Indeed, anesthetised rats
20 h from lypopolisaccharide treatment display a powerful
increase of the hypotensive response to PAR2AP and trypsin.
Immunohistochemistry showed a preferential and localised
increased expression of PAR2 in aorta and jugular vein
associated to endotoxin shock (Cicala et al., 1999). A role in
blood pressure control in pathological conditions has been also
shown in spontaneously hypertensive rats (SHR). In this strain
basilar artery displays, in vitro, an enhanced vasodilatation to
PAR2AP as opposite to normotensive. In both strains, response
to PAR2AP was abolished by inhibition of NO synthesis

indicating that NO-mediated vasodilatation to PAR2 activation
is selectively activated and augmented in SHR. These results
suggest a protective role for PAR2 in the cerebral circulation
during chronic hypertension (Sobey et al., 1999). A protective
role for PAR2 has been shown also in experimental myocardial
ischemia – reperfusion injury. Indeed, PAR2AP infusion causes
a recovery of myocardial function and decrease in oxidation at
reflow coupled to a reduction of the ischemic risk zone and of
creatine kinase release (Napoli et al., 2000). An enhanced
expression of PAR2 has been also shown in human coronary
atherosclerotic lesions implying that PAR2 dependent cellular
trafficking could play a role in regulating signalling to the
vascular injury (Napoli et al., 2004). A role for PAR2 in
proliferation has been also evaluated in rat carotid artery
subjected to balloon-catheter injury. Following the injury there
was a clear increase in damaged or necrotic smooth muscle
cells when compared to normal vessels. In addition, proliferating adventitial myofibroblasts and the media and neointima
of injured vessels labelled strongly for PAR2 (Damiano et al.,
1999b). These data further suggest a possible protective or
compensatory role for PAR2 in damaged vessels.
In line with this hypothesis it has been shown that in mouse
model of hind limb ischemia PAR2AP and trypsin administration increased the reparative angiogenic response with an
accelerated hemodynamic recovery and enhanced limb salvage.
These data also are suggestive of a potential angiogenic property
of PAR2 (Milia et al., 2002). Recently, the involvement of PAR2
in angiogenesis has been also demonstrated by Belting and
colleagues (2004). In particular, it has been shown that PAR2
signalling is downstream to tissue factor (TF)-VIIa protease
complex and it is involved in promoting tumour and angiogenesis in mice and human ocular tissue (Belting et al., 2004).
Overall these data suggest a possible role for PAR2 as an
accessory receptor in cardiovascular inflammation; indeed it is
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Fig. 1. In vitro and in vivo effects of PAR2 activation.
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silent in normal, basal physiological conditions while it is
induced and active when endothelial damage occurs. However,
it must be pointed out that in other context this receptor has
been shown to be pro-inflammatory. Kawabata et al. (1998)
firstly showed that PAR2AP causes inflammation in rat paw
(Kawabata et al., 1998). This original observation was
confirmed in a more complete study by Vergnolle et al.
(1999). In this study pre-treatment of rats with a cyclooxygenase inhibitor or a nitric oxide synthase inhibitor had no
effect on the PAR2AP-induced oedema demonstrating that the
PAR2-induced inflammatory response occurred through a
mechanism largely independent of mast cell activation, and
of the production of prostanoids and nitric oxide (Vergnolle et
al., 1999). The same authors, by intravital microscopy, also
showed that topical addition of PAR2AP to rat mesenteric post
capillary venules induced leukocytes rolling and adherence
(Vergnolle et al., 1999). This effect was not affected by pretreatment with a mast cell stabilizer or by prior degranulation of
mast cells but was completely inhibited by pre-treatment with a
platelet-activating factor receptor antagonist WEB 2086
(Vergnolle, 1999). These data suggest that PAR2 activation
could contribute to several early events in the inflammatory
reaction, including leukocyte rolling, adherence, and recruitment, by a mechanism dependent on platelet-activating factor
release. Recently it has been demonstrated an important role for
PAR2 in mediating chronic inflammation; in particular, using
an adjuvant monoarthritis model, Ferrell et al. (2003) show that
joint swelling is substantially inhibited in PAR2 deficient mice
( / ) with a complete lack of joint damage. Overall these
experimental data identifies in PAR2 a potential novel target for
the management of inflammation (Fig. 1).
4. Concluding remarks
At the present stage of the research no definitive conclusions can be drawn. However PAR2 activation in the
cardiovascular system appears to be a compensatory response
rather than pathological event. Its tight linkage with l-arginineNO pathway, demonstrated in several in vitro and in vivo
setting, suggests a possible cross-talk between these systems.
Indeed, in conditions where a vascular damage occurred PAR2
expression has been shown to be enhanced. On the functional
side PAR2 stimulation, in these cases, causes a beneficial effect
rather than a worsening of the disease. Conversely, activation
of this receptor in other context appears to drive inflammation.
These apparently contrasting results could be explained by the
presence of another receptor or subtype of PAR2, as it has been
already proposed. Alternatively, it may be possible that PAR2 is
a receptor context-sensitive that depending upon the organ
involved and/or the pathological conditions could be either
detrimental or beneficial. This hypothesis is supported by the
fact that different signal transduction have been proposed for
this receptor depending on the experimental setting.
In conclusion ‘‘intriguing receptor’’ remains the most
appropriate appellative for PAR2 since its distribution, activation and signalling cascade are not unique but variable upon the
environment.

251

References
Akers, I.A., Parson, M., Hill, M.R., Hollenberg, M.D., Sanjar, S., Laurent, G.J.,
McAnulty, R.J., 2000. Mast cell tryptase stimulates human lung fibroblast
proliferation via protease-activated receptor-2. Am. J. Physiol., Lung Cell.
Mol. Physiol. 278, L193 – L201.
Al Ani, B., Saiffedine, M., Hollenberg, M.D., 1995. Detection of functional
receptors for the proteinase-activated receptor-2-activating polypeptide,
SLIGRL-NH2 in rat vascular and gastric smooth muscle. Can. J. Physiol.
Pharmacol. 73, 1203 – 1207.
Belham, C.L., Tate, R.J., Scott, P.H., Pemberton, A.D., Miller, H.R.P.,
Wadsworth, R.M., Gould, G.W., Plevin, R., 1996. Trypsin stimulates
proteinase-activated receptor-2-dependent and -independent activation of
mitogen-activated protein kinases. Biochem. J. 320, 939 – 946.
Belting, M., Dorrell, M.I., Sandgren, S., Aguilar, E., Ahamed, J., Dorfleutner,
A., Carmeliet, P., Mueller, B.M., Friedlander, M., Ruf, W., 2004.
Regulation of angiogenesis by tissue factor cytoplasmatic domain signalling. Nat. Med. 10 (5), 502 – 509.
Bohm, S.K., Kong, W., Bromme, D., Smeekens, S.P., Anderson, D.C., Connolly,
A., Kahn, M., Nelken, N.A., Coughlin, S.R., Payan, D.G., Bunnett, N.W.,
1996. Molecular cloning, expression and potential functions of the human
proteinase-activated receptor-2. Biochem. J. 314, 1009 – 1016.
Bretschneider, E., Kaufmann, R., Braun, M., Wittpoth, M., Glusa, E., Nowak,
G., Schror, K., 1999. Evidence for proteinase-activated receptor-2 (PAR-2)mediated mitogenesis in coronary artery smooth muscle cells. Br. J.
Pharmacol. 126 (8), 1735 – 1740 (Apr.).
Cheung, W.M., Andrade-Gordon, P., Derian, C.K., Damiano, B.P., 1998.
Receptor-activating peptides distinguish thrombin receptor (PAR-1) and
protease activated receptor 2 (PAR-2) mediated hemodynamic responses in
vivo. Can. J. Physiol. Pharmacol. 76 (1), 16 – 25.
Cicala, C., 2002. Protease activated receptor 2 and the cardiovascular system.
Br. J. Pharmacol. 135 (1), 14 – 20 (Jan.).
Cicala, C., Pinto, A., Bucci, M., Sorrentino, R., Walker, B., Harriot, P.,
Cruchley, A., Kapas, S., Howells, G.L., Cirino, G., 1999. Protease-activated
receptor-2 involvement in hypotension in normal and endotoxemic rats in
vivo. Circulation 99 (19), 2590 – 2597.
Compton, S.J., 2003. Glycosylation and proteinase-activated receptor function.
Drug Dev. Res. 59, 350 – 354.
Compton, S.J., Renaux, B., Wijesuriya, S.J., Hollenberg, M.D., 2001.
Glycosylation and the activation of proteinase-activated receptor 2
(PAR(2)) by human mast cell tryptase. Br. J. Pharmacol. 134 (4), 705 – 718.
Compton, S.J., Sandhu, S., Wijesuriya, S.J., Hollenberg, M.D., 2002.
Glycosylation of human proteinase-activated receptor 2 (PAR2): role in
the cell surface expression and signalling. Biochem. J. 368, 495 – 505.
Cottrell, G.S., Amadesi, S., Schmidlin, F., Bunnett, N., 2003. Protease-activated
receptor 2: activation, signalling and function. Biochem. Soc. Trans. 31,
1191 – 1197.
Damiano, B.P., Cheung, W.M., Santulli, R.J., Fung-Leung, W.P., Ngo, K., Ye,
R.D., Darrow, A.L., Derian, C.K., de Garavilla, L., Andrade-Gordon, P.,
1999. Cardiovascular responses mediated by protease-activated receptor-2
(PAR-2) and thrombin receptor (PAR-1) are distinguished in mice deficient
in PAR-2 or PAR-1. J. Pharmacol. Exp. Ther. 288 (2), 671 – 678.
Damiano, B.P., D’Andrea, M.R., De Garavilla, R., Cheung, W.M.,
Andrade-Gordon, P., 1999. Increased expression of protease activated
receptor-2 (PAR-2) in balloon-injured rat carotid artery. Thromb.
Haemost. 81, 808 – 814.
D’Andrea, M.R., Derian, C.K., Leturcq, D., Baker, S.M., Brunmark, A., Ling,
P., Darrow, A.L., Santulli, R.J., Brass, L.F., Andrade-Gordon, P., 1998.
Characterization of protease activated receptor-2 immunoreactivity in
normal human tissues. J. Histochem. Cytochem. 46 (2), 157 – 164.
De Fea, K.A., Zalewsky, J., Thoma, M.S., Dery, O., Mullins, R.D., Bunnett,
N.W., 2000. Beta-arrestin dependent endocytosis of proteinase receptor-2 is
required for intracellular targeting of activated ERK1/2. J. Cell Biol. 148,
1267 – 1281.
Dery, O., Corvera, C.U., Steinhoff, M., Bunnett, N.W., 1998. Proteinaseactivated receptors: novel mechanisms of signaling by serine proteases.
Am. J. Physiol. 274 (6 Pt. 1), C1429 – C1452.

252

M. Bucci et al. / Vascular Pharmacology 43 (2005) 247 – 253

Dery, O., Thoma, M.S., Wong, H., Grady, E.F., Bunnett, N.W., 1999.
Trafficking of proteinase-activated receptor-2 and beta arrestin-1 tagged
with green fluorescent protein beta arrestin-dependent endocytosis of
proteinase receptor. J Biol. Chem. 274 (26), 18524 – 18535.
Emilsson, K., Wahlestedt, C., Sun, M., Nystedt, S., Owman, C., Sundelin, J.,
1997. Vascular effects of proteinase activated receptor 2 agonist peptide. J.
Vasc. Res. 34, 267 – 272.
Ferrell, W.R., Lockhart, J.C., Kelso, E.B., Dunning, L., Plevin, R., Meek, S.E.,
Smith, A.J.H., Hunter, G.D., McLean, J.S., McGarry, F., Ramage, R., Jiang,
L., Kanke, T., Kawagoe, J., 2003. Essential role for proteinase activated
receptor-2 in arthritis. J. Clin. Invest. 111, 35 – 41.
Fox, M.T., Harriot, P., Walker, B., Stone, S.R., 1997. Identification of potential
activators of proteinase activated receptor 2. FEBS Lett. 417, 267 – 269.
Frungieri, M.B., Weidinger, S., Meineke, V., Kohn, F.M., Mayerhofer, A.,
2002. Proliferative action of mast-cell tryptase is mediated by PAR2,
COX2, prostaglandins, and PPARg: possible relevance to human fibrotic
disorders. Proc. Natl. Acad. Sci. U. S. A. 99 (23), 15072 – 15077.
Gaca, M.D., Zhou, X., Benyon, R.C., 2002. Regulation of hepatic stellate
cell proliferation and collagen synthesis by proteinase-activated receptors.
J. Hepatol. 36 (3), 362 – 369.
Hamilton, J.R., Cocks, T.M., 2000. Heterogeneous mechanism of endotheliumdependent relaxation for thrombin and peptide activators of proteaseactivated receptor-1 in porcine isolated coronary artery. Br. J. Pharmacol.
130, 181 – 188.
Hamilton, J.R., Nguyen, P.B., Cocks, T.M., 1998. Atypical protease-activated
receptor mediates endothelium-dependent relaxation of human coronary
arteries. Circ. Res. 82 (12), 1306 – 1311.
Hollenberg, M.D., 1999. Protease-activated receptors: PAR4 and counting: how
long is the course? Trends Pharmacol. Sci. 20 (7), 271 – 273.
Hollenberg, M.D., Compton, S.J., 2002. International Union of Pharmacology,
XXVIII. Proteinase-activated receptors. Pharmacol. Rev. 54, 203 – 217.
Hollenberg, M.D., Compton, S.J., 2003. Proteinase-activated receptor domains
and signalling. Drug Dev. Res. 59, 344 – 349.
Huang, Y.Q., Li, J.J., Hu, L., Lee, M., Karpatkin, S., 2001. Thrombin induces
increased expression and secretion of VEGF from human FS4 fibroblasts,
DU145 prostate cells and CHRF megakaryocytes. Thromb. Haemost. 86
(4), 1094 – 1098 (Oct.).
Hwa, J.J., 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 (4), 581 – 588.
Ishihara, H., Connolly, A.J., Zeng, D., Kahn, M.L., Zheng, Y.W., Timmons, C.,
Tram, T., Coughlin, S.R., 1997. Protease-activated receptor 3 is a second
thrombin receptor in humans. Nature 386, 502 – 506.
Ishii, K., Chen, J., Ishii, M., Koch, W.J., Freedman, N.J., Lefkowitz, R.J.,
Coughlin, S.R., 1994. Inhibition of thrombin receptor signalling by a Gprotein coupled receptor kinase. Functional specificity among G-protein
coupled receptor kinases. J. Biol. Chem. 269, 1125 – 1130.
Kahn, M.L., Zheng, Y.W., Huang, W., Bigornia, V., Zeng, D., Moff, S., Farese
Jr., R.V., Tam, C., Coughlin, S.R., 1998. A dual thrombin receptor system
for platelet activation. Nature 394, 690 – 694.
Kanke, T., Macfarlane, S.R., Setter, M.J., Davenport, E., Paul, A., McKenzie,
R.C., Plevin, R., 2001. Proteinase activated receptor 2-mediated activation
of stress activated protein kinases and inhibitory kappa B kinases in NCTC
2544 keratinocytes. J. Biol. Chem. 276, 31657 – 31666.
Kawabata, A., Kuroda, R., Minami, T., Kataoka, K., Taneda, M., 1998. Increase
vascular permeability by a specific agonist of protease-activated receptor-2
in rat hindpaw. Br. J. Pharmacol. 125 (3), 419 – 422.
Kawabata, A., Saifeddine, M., Al Ani, B., Leblond, L., Hollenberg, M.D.,
1999. Evaluation of proteinase activated receptor 1 (PAR1) agonists and
antagonists using a cultured cell receptor desensitization assay: activation of
PAR2 by PAR1 targeted ligands. J. Pharmacol. Exp. Ther. 288, 358 – 370.
Kawabata, A., Nakaya, Y., Ishiki, T., Kubo, S., Kuroda, R., Sekigychi, F.,
Kawao, N., Nishikawa, H., Kawai, K., 2004. Receptor-activating peptides
for PAR-1 and PAR-2 relax rat gastric artery via multiple mechanisms. Life
Sci. 75 (22), 2689 – 2702.
Kitagawa, H., Paulson, J.C., 1994. Differential expression of five sialyltransferase genes in human tissues. J. Biol. Chem. 269 (27), 17872 – 17878.

Komuro, T., Miwa, S., Minowa, T., Okamoto, Y., Enoki, T., Ninomiya,
H., Zhang, X.F., Uemura, Y., Kikuchi, H., Masaki, T., 1997. The
involvement of a novel mechanism distinct from the thrombin
receptor in the vasocontraction induced by trypsin. Br. J. Pharmacol.
120, 851 – 856.
Krupnick, J.G., Benovic, J.L., 1998. The role of receptor kinases and arrestins
in G protein-coupled receptor regulation. Annu. Rev. Pharmacol. Toxicol.
38, 289 – 319.
Laniyonu, A.A., Hollenberg, M.D., 1995. Vascular actions of thrombin
receptor-derived polypeptides: structure – activity profiles for contractile
and relaxant effects in rat aorta. Br. J. Pharmacol. 114, 1680 – 1686.
Macfarlane, S.R., Plevin, R., 2003. intracellular signalling by the G-protein
coupled proteinase-activated receptor (PAR) family. Drug Dev. Res. 59,
367 – 374.
MacFarlane, S.R., Seatter, M.J., Kanke, T., Hunter, G.D., Plevin, R., 2001.
Pharmacol. Rev. 53, 245 – 282.
Magazine, H.I., King, J.M., Srivastava, K.D., 1996. Protease activated
receptors modulate aortic vascular tone. Int. J. Cardiol. 53, S75 – S80.
McGuire, J.J., Hollenberg, M.D., Andrade-Gordon, P., Triggle, C.R., 2002.
Multiple mechanisms of vascular smooth muscle relaxation by the
activation of proteinase-activated receptor 2 in mouse mesenteric arterioles.
Br. J. Pharmacol. 135, 155 – 169.
McLean, P.G., Aston, D., Sarkar, D., Ahluwalia, A., 2002. Protease-activated
receptor-2 activation causes EDHF-like coronary vasodilation: selection
preservation in ischemia/reperfusion injury: involvement of lipoxygenase
products, VR1 receptors and C-fibers. Circ. Res. 90, 465 – 472.
Milia, A.F., Salis, M.B., Stacca, T., Pinna, A., Madeddu, P., Trevisani, M.,
Geppetti, P., Emanueli, C., 2002. Protease-activated receptor-2 stimulates
angiogenesis and accelerates hemodynamic recovery in a mouse model of
hindlimb ischemia. Circ. Res. 91, 346 – 352.
Mirza, H., Yatsula, V., Bahou, W.F., 1996. The proteinase activated receptor
(PAR2) mediates mitogenic responses in human vascular endothelial
cells—molecular characterization and evidence for functional coupling to
the thrombin receptor. J. Clin. Invest. 97, 1705 – 1714.
Molino, M., Barnathan, E.S., Numerof, R., Clark, J., Dreyer, M., Cumashi, A.,
Hoxie, J.A., Schechter, N., Woolkalis, M., Brass, L.F., 1997. Interaction on
mast cell tryptase with thrombin receptors and PAR2. J. Biol. Chem. 272,
4043 – 4049.
Molino, M., Barnathan, E.S., Numerof, R., Clark, J., Dreyer, M., Cumashi, A.,
Hoxie, J.A., Schechter, N., Woolkalis, M., Brass, L.F., 1997. Interactions of
mast cell tryptase with thrombin receptors and PAR-2. J. Biol. Chem. 272
(7), 4043 – 4049.
Napoli, C., Cicala, C., Wallace, J.L., de Nigris, F., Santagada, V., Caliendo, G.,
Franconi, F., Ignarro, L.J., Cirino, G., 2000. Protease-activated receptor-2
modulates myocardial ischemia – reperfusion injury in the rat heart. Proc.
Natl. Acad. Sci. U. S. A. 97 (7), 3678 – 3683.
Napoli, C., de Nigris, F., Wallace, J.L., Hollenberg, M.D., Tajana, G., De Rosa,
G., Sica, V., Cirino, G., 2004. Evidence that protease activated receptor 2
expression is enhanced in human coronary atherosclerotic lesions. J. Clin.
Pathol. 57, 513 – 516.
Nystedt, S., Emilsson, K., Wahlestedt, C., Sundelin, J., 1994. Molecular
cloning of a potential proteinase activated receptor. Proc. Acad. Sci. U. S.
A. 91, 9208 – 9212.
Nystedt, S., Larsson, A.K., Aberg, H., Sundelin, J., 1995. The mouse
proteinase-activated receptor-2 cDNA and gene. Molecular cloning and
functional expression. J. Biol. Chem. 270 (11), 5950 – 5955.
Pearson, G., Robinson, F., Gibson, T.B., Xu, B.-E., Karandikar, M., Berman,
K., Cobb, M.H., 2001. Mitogen-activated protein (MAP) kinase pathways:
regulation and physiological functions. Endocr. Rev. 22, 53 – 183.
Roy, S., Saiffedine, M., Loutzenisher, R., Triggle, C.R., Hollenberg, M.D.,
1998. Dual endothelium-dependent vascular activities of proteinaseactivated receptor-2-activating peptides: evidence for receptor hereogeneity.
Br. J. Pharmacol. 123, 1434 – 1440.
Sabri, A., Muske, G., Zhang, H., Pak, E., Darrow, A., Andrade-Gordon, P.,
Steinberg, S.F., 2000. Signaling properties and functions of two distinct
cardiomyocyte protease-activated receptors. Circ. Res. 86 (10), 1054 – 1061.
Saiffedine, M., Al-Ani, B., Cheng, C.H., Wang, L., Hollenberg, M.D., 1996.
Rat proteinase activated receptor 2 (PAR2): cDNA sequence and activity of

M. Bucci et al. / Vascular Pharmacology 43 (2005) 247 – 253
receptor derived peptides in gastric and vascular tissue. Br. J. Pharmacol.
118, 521 – 530.
Saiffedine, M., Roy, S.S., Al-Ani, B., Triggle, C.R., Hollenberg, M.D., 1998.
Endothelium dependent contractile actions of proteinase-activated receptor2-activating peptides in human umbilical vein: release of a contracting
factor via a novel receptor. Br. J. Pharmacol. 125, 1445 – 1454.
Santulli, R.J., Derian, C.K., Darrow, A.L., Tomko, K.A., Eckardt, A.J., Seiberg,
M., Scarborough, R.M., Andrade-Gordon, P., 1995. Evidence for the
presence of a protease-activated receptor distinct from the thrombin
receptor in human keratinocytes. Proc. Natl. Acad. Sci. U. S. A. 92 (20),
9151 – 9155.
Schechter, N., Brass, L.F., Lavker, R.M., Jensen, P.J., 1998. Reaction of mast
cell proteases tryptase and chymase with protease activated receptor (PARs)
on keratinocytes and fibroblasts. J. Cell. Physiol. 176, 365 – 373.
Schultheiss, M., Neumcke, B., Richter, H.P., 1997. Endogenous trypsin
receptors in Xenopus oocytes: linkage to internal calcium stores. Cell.
Mol. Life Sci. 53, 842 – 849.
Sobey, C.G., Cocks, T.M., 1998. Activation of protease-activated receptor-2
(PAR-2) elicits nitric oxide-dependent dilatation of the basilar artery in
vivo. Stroke 29 (7), 1439 – 1444.
Sobey, C.G., Moffatt, J.D., Cocks, T.M., 1999. Evidence for selective effects of
chronic hypertension on cerebral artery vasodilatation to protease-activated
receptor-2 activation. Stroke 30 (9), 1933 – 1940.
Trottier, G., Hollenberg, M.D., Wang, X., Gui, Y., Loutzenhiser, K.,
Loutzenhiser, R., 2002. PAR-2 elicits afferent arteriolar vasodilation by
NO-dependent and NO-independent actions. Am. J. Physiol. Renal Physiol
282, F891 – F897.

253

Vergnolle, N., 1999. Proteinase-activated receptor-2-activating peptides induce
leukocyte rolling, adhesion, and extravasation in vivo. J. Immunol. 63 (9),
5064 – 5069.
Vergnolle, N., Hollenberg, M.D., Sharkey, K.A., Wallace, J.L., 1999.
Characterization of the inflammatory response to proteinase-activated
receptor-2 (PAR2)-activating peptides in the rat paw. Br. J. Pharmacol.
127 (5), 1083 – 1090.
Vergnolle, N., Wallace, J.L., Bunnett, N.W., Hollenberg, M.D., 2001. Proteaseactivated receptors in inflammation, neuronal signaling and pain. Trends
Pharmacol. Sci. 22 (3), 146 – 152.
Vu, T.K., Hung, D.T., Wheaton, V.I., Coughlin, S.R., 1991. Molecular cloning
of a functional thrombin receptor reveals a novel proteolytic mechanism of
receptor activation. Cell 64, 1057 – 1068.
Wakita, H., Furukawa, F., Takigawa, M., 1997. Thrombin and trypsin induce
granulocyte macrofage colony-stimulating factor and interleukin-6 gene
expression in cultured normal human keratinocytes. Proc. Assoc. Am.
Physicians 109, 190 – 207.
Wang, X., Hollenberg, M.D., Loutzenhiser, R., 2005. Redundant signalling
mechanisms contribute to the vasodilatory response of the afferent arteriole
to proteinase-activated receptor-2. Am. J. Physiol. Renal Physiol. 288 (1),
F65 – F75.
Yu, R., Hinkle, P.M., 1997. Desensitization of thyrotropin-releasing hormone
receptor-mediated responses involves multiple steps. J. Biol. Chem. 272
(45), 28301 – 28307 (Nov. 7).

