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ABSTRACT

Protease-activated receptors (PARs) comprise a family of G
protein-coupled receptors with a unique proteolytic activation
mechanism. PARs are activated by thrombin or other coagula-
tion or inflammatory proteases formed at sites of tissue injury.
PARs play a particularly important role in the pathogenesis of
clinical disorders characterized by chronic inflammation or
smoldering activation of the coagulation cascade. Individual
PARs have been linked to the regulation of a broad range of
cellular functions. Recent studies identify PAR family members

in the vasculature (including within atherosclerotic lesions) and
in the heart. Here, PAR-triggered responses contribute to va-
soregulation and influence cardiac electrical and mechanical
activity. PAR activation also is linked to structural remodeling of
the vasculature and the myocardium. This review focuses on
the cardiovascular actions of PARs that play a role in normal
cardiovascular physiology and that are likely to contribute to
cardiovascular diseases.

Thrombin was first identified as a trypsin-like serine pro-
tease produced at sites of vessel injury or tissue damage,
which plays a key role in blood coagulation by converting
fibrinogen to fibrin (the fibrous matrix of blood clots). How-
ever, early studies exposed an additional effect of thrombin to
promote platelet aggregation, even in the absence of any
other coagulation factors. The molecular basis for the cellular
actions of thrombin, distinct from its role in clot formation,
was first elucidated by the Coughlin laboratory with the
cloning of PAR-1 in 1991 (Coughlin, 2000). Subsequent re-
search identified PAR-1 as a prototype of a family of related
PARs that have important nonhemostatic functions in devel-
opment, play a role in tumor biology, and orchestrate a series
of highly regulated responses that are integral to the inflam-
matory response and are vital for normal tissue repair. The
broad scope of cellular processes regulated by PARs is evi-
dent from the recent excellent reviews that consider roles for
PARs in inflammation and wound healing, vasoregulation,

This work was supported by United States Public Health Service National
Heart, Lung, and Blood Institute grant HL.64639.

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

d0i:10.1124/mol.104.003103.

angiogenesis, atherosclerosis, gastrointestinal disorders,
pain perception by sensory neurons, airway hyper-reactivity,
and inflammatory pulmonary diseases (Vergnolle, 2000;
Macfarlane et al., 2001; Vergnolle et al., 2001; Major et al.,
2003; Ossovskaya and Bunnett, 2004). PARs also exert a
wide range of cardiovascular actions. Most of the published
literature has focused on PAR-mediated action in platelets
and the vasculature. Here, PARs are critical for normal he-
mostasis and contribute to the pathogenesis of vascular dis-
orders characterized by chronic inflammation or smoldering
activation of the coagulation cascade (including vascular ath-
erosclerosis). However, there is recent evidence that PARs
also exert direct effects on the heart that lead to changes in
contractile performance and structural remodeling of ven-
tricular cardiomyocytes. This review briefly summarizes the
pharmacological properties of the four known PAR family
members before focusing on recent literature that explores
the cardiovascular consequences of PAR activation.

PAR Structure and Activation Mechanisms

PAR-1. PAR-1 is the prototype for the family of G protein-
coupled heptahelical receptors (GPCRs) that are activated
via limited N-terminal proteolysis by serine proteases

ABBREVIATIONS: PAR, protease-activated receptor; ECL, extracellular loop; GPCR, G protein-coupled receptor; PLC, phospholipase C; AP,
agonist peptide; WT, wild type; AR, adrenergic receptor; ERK, extracellular signal-regulated kinase; MAPK, mitogen-actived protein kinase; EGFR,
epidermal growth factor receptor; BMS-200261, (aS)-N-[(1S)-3-amino-1-[[(phenylmethyl)amino]carbonyl]propyl]-a-[[[[[1-(2,6-dichlorophenyl)-
methyl]-3-(1-pyrrolidinylmethyl)-1H-indol-6-ylJamino]carbonyl]amino]-3,4-difluorobenzenepropanamide..
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(Coughlin, 2000). Thrombin (the physiological activator of
PAR-1) docks to two sites on the PAR-1 N terminus. The
initial interaction is between the anion-binding recognition
site of thrombin (anion-binding exosite I) and a negatively
charged hirudin-like surface on PAR-1 (DK*'YEPF®%) (Figs.
1 and 2). This high-affinity interaction is believed to induce a
conformational change that facilitates thrombin binding (via
its catalytic site) to the PAR-1 cleavage sequence
(LDPR*! | S*FLLRN), an interaction energetically favored
when the P, and/or P, positions of the P,—P; sequence is
occupied by proline residues (Jacques and Kuliopulos, 2003).
PAR-1 cleavage exposes a new N terminus beginning with
SFLLRN (human sequence) that acts as a tethered peptide
ligand.

The proteolytic mechanism for PAR-1 activation can be
bypassed entirely with a synthetic peptide that corresponds
to the newly exposed N-terminal tethered ligand sequence.
However, PAR-1 activation requires relatively high concen-
trations of soluble agonist peptide (AP) (10—20 uM); in con-
trast, picomolar thrombin is sufficient to proteolytically acti-
vate PAR-1 (Table 1). These differences generally have been
attributed to the lack of a membrane tether; soluble APs need
not assume the correct orientation relative to the ligand
recognition sites, and they also are likely to be more suscep-
tible to the actions of degradative enzymes.
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Current models hold that PAR-1 activation results from a
docking interaction between the basic arginine residue at
position 5 of the PAR-1-AP and a conserved glutamic acid in
ECL2 and from an additional interaction between the teth-
ered ligand aromatic Phe*® ring and the Ser®® side chain in
the P®°AFIS®® sequence at the C terminus of the PAR-1
exodomain (Figs. 1 and 2). However, there also is evidence
that the precise docking sites for (or activation mechanisms
triggered by) soluble and tethered ligands may differ. Al-
though these differences in surface contact points for soluble
and tethered ligands, in the context of the relatively unfa-
vorable energetics for PAR-1 activation by soluble ligands,
might be predicted to hinder efforts to develop therapeuti-
cally useful small-molecule PAR-1 antagonists, early screens
identified BMS-200261 as a potent PAR-1 agonist. The lim-
itation of compounds related to BMS 200261 is that they also
exert agonist activity at PAR-2, an observation not altogether
surprising given the high degree of sequence homology be-
tween the ECL2 (putative tethered ligand-binding) se-
quences of PAR-1 and PAR-2 (Fig. 3) as well as evidence that
the human PAR-1 tethered ligand sequence SFLLRN is a
potent agonist at PAR-2. PAR-1-selective activation has
been accomplished with the Xenopus laevis PAR-1 tethered
ligand sequence (TFLLRN, which carries a position 1
Ser—Thr substitution). Likewise, RWJ-56110 (Zhang et al.,

V Thrombin V¥ APC/FXa V Proteinase3 V¥ Plasmin V¥ Trypsin V CathepsinG V Elastase

Fig. 1. Schematic representation of the topology of PAR-1. Functionally important sequences in the N-terminal exodomain, such as the P,—P; residues
that influence thrombin binding/catalysis (blue), the tethered ligand sequence (green), the hirudin-like high-affinity thrombin-binding site (pink), the
acidic cluster (red), and the putative N-terminal exodomain ligand binding site (purple), are depicted. Ile®®, Ser®®, and Arg®® in the putative N-terminal
exodomain ligand binding site (represented by gray-filled circles) are sites at which alanine substitution results in a profound defect in PAR-1
activation by SFLLRN but not thrombin (Blackhart et al., 2000). The location of potential thrombin, APC/FXa, trypsin, cathepsin G, elastase,
proteinase 3, and plasmin cleavage sites on PAR-1’s N-terminal exodomain are indicated (Renesto et al., 1997). Serine/threonine residues that are
potential sites for G protein-coupled receptor kinase-mediated phosphorylation in the C-tail are highlighted by the red-filled circles. A tyrosine-based
YXXL sorting motif recently implicated in PAR-1 trafficking and internalization is highlighted in red circles.
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2003) has been developed as a peptidomimetic PAR-1-selec-
tive antagonist that effectively blocks PAR-1 activation (by
either thrombin or SFLLRN) and exerts antirestenotic activ-
ity in several angioplasty models (Major et al., 2003) (Table
1.

PARs are endowed with two unique regulatory features as
a result of their distinctive proteolytic activation mechanism.
First, PAR-1 need not be selective for thrombin. Rather,
PAR-1 is activated by any serine protease that cleaves the N
terminus Arg*!-Ser*? bond (including coagulation factors up-
stream of thrombin such as factor VIIa and factor Xa and the
anticoagulant-activated protein C). Second, PAR-1 cleavage
need not lead to receptor activation. Rather, nonproductive
cleavage events at sites that amputate the tethered ligand
sequence render PAR-1 unresponsive to subsequent proteo-
lytic activation (although PAR-1 cleaved in this manner gen-
erally remains otherwise structurally intact and fully respon-
sive to SFLLRN). It has been speculated that nonproductive
cleavage events fulfill a particularly important role (in addi-
tion to the traditional phosphorylation/internalization desen-
sitization mechanisms) to terminate signaling by activated
PARs, which irreversibly carry their tethered ligand. Indeed,
a recent study linked PAR-1 activation (or activation of its
downstream effector, protein kinase C) to regulated PAR-1
N-terminal exodomain shedding, although the physiological
importance of this process as a mechanism to terminate/
modulate thrombin-dependent PAR-1 activation has not yet
been established (Ludeman et al., 2004). Cathepsin G, a
protease released from activated neutrophils at sites of in-
jury and inflammation, is another example of a protease
capable of amputating the PAR-1-tethered ligand. Although
cathepsin G can cleave the Arg*'-Ser*? bond (i.e., activate
PAR-1) in heterologous overexpression systems, nonproduc-
tive cleavage events that amputate the tethered ligand seem
to predominate in the physiological context (Molino et al.,
1995). Finally, plasmin, an enzyme that is released from
inactive precursor plasminogen by thrombolytics such as tis-
sue plasminogen activator and that plays an important role

THROMBIN RECEPTORS: PAR-1, PAR-3, and PAR-4

to cleave fibrin and dissolve clots, disables PAR-1 by cleaving
the exodomain at one or more basic arginine/lysine residues
(Fig. 1) (Jacques and Kuliopulos, 2003). It is noteworthy that
most nonproductive cleavage events have been identified for
the human PAR-1 sequence; species-dependent differences in
primary amino acid sequences (or glycosylation patterns)
could influence this process and only infrequently have been
considered.

PAR-2. PAR-2 is a trypsin-activated receptor (i.e., the only
PAR not effectively cleaved by thrombin) that is detected in a
wide range of tissues; PAR-2 is particularly abundant in
tissues exposed to the extracellular environment (i.e., the
gastrointestinal tract and airways). Like PAR-1, PAR-2 is
activated via limited proteolysis of its N-terminal exodomain
or by a synthetic peptide corresponding to the first six amino
acids of the newly exposed N terminus of the cleaved receptor
(SKGR | SLIGRL) (Table 1). Initial structure-activity rela-
tionship studies identified a functionally important charge-
charge interaction between the basic position 5 residue in the
PAR2-AP and a conserved ECL2 glutamic acid residue anal-
ogous to the mechanism described for PAR-1. However, more
recent mutagenesis studies reveal striking differences in the
structure-activity relationships for soluble and tethered li-
gands, raising important questions regarding the nature of
the tethered ligand domain—ECL2 docking interaction (Oss-
ovskaya and Bunnett, 2004). A simple intramolecular acti-
vation model also does not explain the unusual pharmacology
of a recently described human PAR-2 polymorphic variant
(PAR-2-F240S, involving a Phe—Ser mutation at position
240 of ECL2) (Fig. 3 and Table 2) (Compton et al., 2000)).
Compared with WT-PAR-2, PAR-2-F240S displays markedly
reduced sensitivity to trypsin, impaired activation by rodent
and human PAR-2-AP sequences (SLIGRL and SLIGKV, re-
spectively), but ~4-fold increased sensitivity to the PAR-2—
selective agonist ¢trans-cinnamoyl-LIGRLO-NH,. TLIGRL (a
PAR-2-AP sequence with a position 1 Ser—Thr substitution)
also is relatively selective for PAR-2-F240S; TLIGRL is a
very weak agonist for WT-PAR-2. Finally, SFLLRN (a PAR-

N-terminus: cleavage site, tethered ligand, putative ligand binding domain
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and the cluster of acidic residues in
the middle of PAR-4’s exodomain to
slow the dissociation rate and thereby
increase the interaction time of the
thrombin—PAR-4 complex (Jacques
and Kuliopulos, 2003).



1-AP) exhibits similar potency at WT-PAR-2 and PAR-2-
F240S, whereas TFLLR-NH, (the Ser—Thr—substituted
PAR-1-AP) and trans-cinnamoyl-YGPKF (a PAR-4-AP deriv-
ative) selectively activate PAR-2-F240S (not WT-PAR-2). The
altered pharmacology of the PAR-2-F240S variant raises se-
rious questions regarding the structure of endogenous PAR-2
peptide ligands in tissues and emphasizes the importance of
considering polymorphisms in the design and clinical appli-
cation of PAR-directed pharmaceuticals. In this regard, 2-fu-
roylated derivatives of the native PAR-2-AP have been iden-

PAR Extracellular Loop 2 Sequences - ligand-binding doamin

hPAR-1  QTIQVPGLNITTCHOVLNETLLEG

hPaR-2 VKQTI P LNITTCHOVL [ LL GoM(F?°S)NyFLS
hPAR-3 QTI P LNITTCHDVL LL'G

hPAR-4  QTFRLARSDRVLCHDAL LDAQAS 5

Fig. 3. Sequence alignment of the conserved extracellular loop 2 region in
the four known PARs. Residues that are identical in PAR-1, PAR-2, and
PAR-3 (and in some cases PAR-4) are depicted in blue. Residues con-
served in PAR-2 and PAR-3 (and in some cases PAR-4, but not PAR-1) are
shown in yellow. The acidic glutamic acid that is believed to dock the
tethered ligand position 5 arginine residue is shown in red. Potential
N-linked glycosylation sites are highlighted in green. The location of the
human PAR-2-F240S polymorphism is depicted in purple.

TABLE 1
Structural and functional features of PARs
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tified as effective in vivo PAR-2 agonists. 2-Furoylated
LIGRL-NH, is the most potent furoylated PAR-2-AP com-
pound synthesized to date. It displays high intrinsic agonist
activity and resists degradation by aminopeptidases (Kawa-
bata et al., 2004), although its activity at the PAR-2-F240S
polymorphic variant has not been considered.

Pancreatic trypsin is presumed to be the physiological ac-
tivator of PAR-2 in the intestinal lumen; trypsin prematurely
released from trypsinogen also is presumed to activate PAR-2
in the inflamed pancreas. At sites not exposed to pancreatic
trypsin, PAR-2 cleavage has been attributed to 1) extrapan-
creatic forms of trypsin; 2) tryptase, a serine protease that
selectively activates PAR-2 (not PAR-1) and is released in
high concentrations by degranulating mast cells; 3) mem-
brane-type serine protease-1, a transmembrane protein that
contains an extracellular protease domain and is coexpressed
with PAR-2 in certain tissues; 4) coagulation proteases up-
stream of thrombin such as factors VIIa and Xa; 5) airborne
allergens, such as the dust mite serine proteases Der 3 and
Der 9, that cleave PAR-2 on airway epithelial cells, leading to
the release of proinflammatory mediators and airway hyper-
sensitivity; and 6) proteases elaborated by bacterial patho-
gens such as Porphyromonas gingivalis, Pseudomonas
aeruginosa, or Legionelle pneumophila. Of interest, P. gingi-
valis is the major causative agent of adult periodontal dis-
ease; it is reported to escape into the bloodstream and infect
atherosclerotic plaques during routine oral hygiene proce-
dures in patients with severe periodontal disease. The obser-
vation that P. gingivalis releases a protease that cleaves
PAR-2 may explain the epidemiological link between peri-
odontal disease and increased cardiovascular risk. As a
group, the rather eclectic list of proteases that cleave PAR-2

This is a summary of the proteases that activate or inactive individual PARs, the sequences surrounding the proteolytic cleavage sites of each PAR family member, the human
(h), mouse (m), rat (r), or Xenopus laevis (x) tethered ligand sequences, currently available PAR antagonists, and the chromosomal localization of individual PAR family

members. References and further details are provided in the text.

PAR-1

PAR-2 PAR-3 PAR-4

Primary activating protease (ECj,) Thrombin (50 pM)

Other activating proteases Trypsin
FXa

Inactivating proteases Cathepsin G
Plasmin
Proteinase 3
Elastase
TACE-like MMP
LDPR | SFLLRN
VNPR | SFFLRN

Cleavage sequence

Tethered ligand sequence SFLLRN (h)
SFLLRN (m, r)
TFRIFD (x)
Hirudin-like sequence Yes
Agonist peptides (generally as amides) SFLLRN
TFLLRN
Antagonists BMS-200261
RWJ-56110
Chromosome 5q13 (h)
13D2 (m)

Trypsin (1 nM)
Tryptase (1 nM)
FXa

TF/FVIia
MT-SP1
Bacterial pro-
teases

Der P3 D9
Cathepsin G
Plasmin
Proteinase 3
Elastase

SKGR | SLIGKV
SKGR | SLIGRL
SLIGKYV (h)
SLIGRL (m, r)

No
SLIGKV
SLIGRL
SFLLRN
te-LIGRLO

5q13 (h)
13D2 (m)

Thrombin (0.2 nM)

LPIK | TFRGAP
LTIK | SNGGP
TFRGAP (h)
SFNGGP (m)

Yes
None known

5q13 (h)
13D2 (m)

Thrombin (5 nM)
Trypsin (1 nM)
Trypsin

Plasmin
Cathepsin G*

PAPR | YPGQV
PNPR | YPGKF
GYPGQYV (h)
GYPGKF (m)

No
GYPGKF
AYPGKF
te-YGPKF
te-LIGRL

19p12 (h)
8B3.3 (m)

MMP, matrix metalloproteinase; TACE, tumor necrosis factor-a converting enzyme.
“ Results examining the role of PAR-4 as a cellular cathepsin G receptor are inconsistent (see text).
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has been taken to suggest that PAR-2 has evolved its unique
pharmacology to sample the extracellular environment at
defensive barriers (such as the gastrointestinal tract and
airways), detect foreign proteinases (released by ingested
bacterial pathogens or inhaled irritants), and trigger primary
inflammatory responses. In keeping with this concept, PAR-2
expression is up-regulated by proinflammatory mediators
(such as tumor necrosis factor-a and interleukin-1). PAR-2
influences the perception of painful stimuli and plays a crit-
ical role in various acute and chronic inflammatory processes
(Vergnolle et al., 2001).

PAR-3/PAR-4. PAR-3 and PAR-4 are the most recently
cloned “thrombin receptors”. Both contain N-terminal serine
protease cleavage sites, but their pharmacological properties
and functions are quite different. PAR-3 contains an N-ter-
minal hirudin-like high-affinity thrombin-binding domain
(FEEFP, analogous to the site on PAR-1) (Fig. 2). However,
PAR-3 is the only known PAR that is not activated by a
synthetic peptide corresponding to its putative tethered li-
gand. A detailed structural analysis of PAR-3 provides a clue
to its distinct role in thrombin signaling. Unlike PAR-1 and
PAR-4, which contain P, position prolines that optimize their
structural specificity for thrombin, mouse PAR-3 lacks a
proline residue in the P,—P, sequence (L**TIK) and is a
relatively poor thrombin substrate. Human PAR-3 has a P,
proline that actually sterically hinders its interaction with
and cleavage by thrombin. These properties of PAR-3 make
sense in the context of the current model that assigns PAR-3
a function as a coreceptor for PAR-4 in mouse platelets.

PAR-4 is activated via thrombin-dependent cleavage of the
PAPR | GYPGQV site or by synthetic peptides corresponding
to the tethered ligand sequence exposed after thrombin
cleavage. However, PAR-4 activation requires relatively high
thrombin concentrations (~50-fold higher than the thrombin
concentrations required to activate PAR-1), presumably be-
cause PAR-4 lacks a hirudin-like high-affinity thrombin-
binding domain (Fig. 2). The AP concentrations required to
activate PAR-4 also are substantially higher than those re-
quired for PAR-1 or PAR-2 activation by their cognate APs.
However, agonist potency is substantially improved, without
losing specificity for PAR-4, by substituting an alanine at
position 1 in the AP sequence (AYPGKF) (Table 1).

PAR-4 responses tend to be slow in onset and are sustained
relative to the rapid and transient responses typically elic-
ited by PAR-1. The relatively slow activation kinetics for
PAR-4 are believed to be the direct consequence of the rela-
tively slow rate of PAR-4 cleavage by thrombin. Current
models suggest that the coexpression of multiple thrombin-
sensitive PARs with distinct pharmacological properties al-

TABLE 2
Distinct pharmacology of PAR-2 polymorphic variants

A summary of the distinct pharmacological properties of the human polymorphic
variants of PAR-2, derived from studies by Compton et al. (2000) that are described
further in the text.

PAR-2-Phe?*0 PAR-2-Ser?*°
Allele frequency 0.916 0.084
Activating protease Trypsin
te-LIGRLO
Peptide agonist SLIGRL TLIGRL
SLIGKV SFLLRN
SFLLRN TFLLR
te-YGPKF

lows for graded responses to a wide range of thrombin con-
centrations and/or thrombin-dependent responses that follow
different tempos, involve distinct intracellular effectors, or
are localized to different membrane subdomains. As noted,
multiple PARs also could enable responses to a wide reper-
toire of proteases (in addition to thrombin). Indeed, PAR-4
has been characterized variably as a cellular receptor for
trypsin and plasmin (Sambrano et al., 2000; Quinton et al.,
2004). In the case of plasmin, the kinetics of PAR-4 cleavage
are relatively slow. However, the generation of plasmin for
protracted intervals (the goal of treatment for stroke or deep
vein thrombosis) could result in the slow/indolent activation
of PAR-4 and a paradoxical increase in thrombus formation
as a result of platelet activation. Finally, PAR-4 also has been
reported to mediate the cellular actions of cathepsin G in an
oocyte expression system (Sambrano et al., 2000), although
subsequent studies failed to detect PAR-4—mediated actions
of cathepsin G in murine platelets or thrombin-responsive
PAR-1"/" fibroblasts that overexpress PAR-4 (see below) (Sa-
bri et al., 2003a). These discrepant results could suggest that
PAR-4 cleavage by cathepsin G might be influenced by fac-
tors such as species differences in primary amino acid se-
quence or post-translational modification, which deserve
closer study.

Cardiovascular Actions of PARs

PAR Actions in the Vasculature. The critical role of
PAR-1 in vascular events was exposed when the PAR-1 gene
was disrupted in mice. PAR-1"/" mice display a partial em-
bryonic lethal phenotype. Approximately 50% of PAR-1"/~
embryos succumb to a fatal bleeding event between embry-
onic days 9.5 and 12.5; the remainder show no obvious phe-
notype. It is noteworthy that a molecular strategy which
drives PAR-1 expression only in endothelial cells (using the
endothelial-specific TIE2 promoter enhancer) is sufficient to
rescue this phenotype, providing strong evidence that PAR-1
is required for normal vascular development in the embryo
(Griffin et al., 2001). Consistent with the role of PAR-1 in
embryonic blood vessel growth and differentiation, thrombin
signaling via PAR-1 also has been implicated in tumor neo-
vascularization.

PARs also regulate vascular tone. A number of laboratories
have described PAR-triggered cardiovascular responses in
intact animal models. In rodents, PAR-1-AP infusion leads to
a biphasic blood pressure response; a rapid/transient hypo-
tensive response (mediated by NO) is followed by a more
sustained increase in blood pressure that is presumed to
reflect direct activation of PAR-1 on vascular smooth muscle
cells. In contrast, PAR-2-AP infusion only induces hypoten-
sion in these models (Cicala et al., 1999). The mechanism(s)
for PAR-dependent vasoregulation have been explored
largely using in vitro preparations of precontracted vessels.
Here, PAR-1 and PAR-2 both induce vasorelaxation via an
endothelial-dependent mechanism that generally is attrib-
uted to an NO-dependent process in large vessels and an
NO-independent process (that in many cases involves a cy-
clooxygenase product) in smaller caliber vessels. In endothe-
lium-denuded vessels, PAR-1 induces a contractile response
via an action at the underlying smooth muscle layer. These
PAR-dependent actions generally are assumed to gain impor-
tance as mechanisms that regulate local blood flow at sites of



tissue damage, because PAR-1"/~ and PAR-27/~ mice exhibit
no obvious abnormalities in blood pressure regulation (at
least at baseline, under unstressed conditions). However,
there is recent evidence that PAR-2 induces arterial and
venous dilatation in vivo in healthy humans, and lipopoly-
saccharide (which up-regulates PAR-2 expression) can mark-
edly sensitize animals to the in vivo hypotensive effects of
PAR-2 agonists (Cicala et al., 1999; Robin et al., 2003). These
results suggest that PAR-2 activation could contribute to
blood pressure dysregulation during sepsis, endotoxemia, or
other states associated with serine protease activation.
PARs also participate in the response to vascular injury, a
process most effectively examined in PAR-1"/~ mice, where
PAR-1-mediated actions of thrombin in the vasculature can
be distinguished from the PAR-3/PAR-4-mediated actions of
thrombin in platelets. PAR-1"/~ mice exhibit reduced neoin-
timal proliferation and restenosis when subjected to various
models of vascular injury (e.g., balloon injury and endothelial
denudation), suggesting that PAR-1 contributes to vascular
injury responses and restenosis. Vascular remodeling has
been viewed as the consequence of a series of highly orches-
trated PAR-1-triggered responses. PAR-1 alters junctional
complexes between endothelial cells, leading to increased
monolayer permeability and the extravasation of plasma pro-
teins. PAR-1 recruits platelets and leukocytes to injured sur-
faces by inducing the expression of inflammatory cytokines
and adhesion molecules and increasing the production of
platelet-activating factor, prostenoids, and nitric oxide.
PAR-1 promotes vascular remodeling by stimulating vascu-
lar endothelial and smooth muscle cell proliferation directly
and indirectly via the production of growth factors, as well as
by promoting the synthesis and release of matrix proteins
and matrix-degrading metalloproteinases. It is noteworthy
that PAR-2 mimics some (but not all) of the cellular actions of
PAR-1. Although PAR-2 does not mimic the in vitro effect of
PAR-1 to increase endothelial monolayer permeability,
PAR-2 stimulates vascular endothelial cell mitogenesis in
vitro, and it exerts a proangiogenic action which is not ac-
companied by significant inflammatory changes, in in vivo
normoperfused (nonischemic) skeletal muscles (Mirza et al.,
1996; Milia et al., 2002). PAR-2 also is reported to potentiate
reparative angiogenesis and enhance limb salvage in a hind
limb ischemia model (Milia et al., 2002). These proangiogenic
actions of PAR-2 would be amplified in an ischemic milieu, in
which increased endothelial-cell PAR-2 expression and the
accumulation of PAR-2-bearing leukocytes would lead to the
release of proangiogenic substances (Milia et al., 2002). Fi-
nally, there is recent evidence that PAR-4 may play an an-
cillary role, with PAR-1, in thrombin-dependent signaling
events in the vascular endothelium in mice (Kataoka et al.,
2003). The clinical relevance of this observation is uncertain,
because PAR-4 function seems to be highly species- and/or
model-specific; PAR-4 responses generally have not been de-
tected in human endothelial cells (O’Brien et al., 2000;
Kataoka et al., 2003). Together, these results implicate PARs
as regulators of events that influence the evolution of ath-
erosclerosis, ischemic tissue injury, and tumor angiogenesis.

PAR Actions in the Heart

PAR-1 Actions in Cardiomyocytes. PAR-1 activation by
thrombin triggers a range of signaling events in cardiomyo-
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cytes that lead to rapid changes in electrical/mechanical
function and could contribute to the genesis of the electro-
physiological derangements observed in the setting of myo-
cardial ischemia and infarction. Thrombin increases sponta-
neous automaticity and/or elevates [Ca®*]; in a range of
cardiomyocyte preparations (Chien et al., 1990; Albitz et al.,
1992; Jiang et al., 1996, 1998). Thrombin also prolongs the
action potential duration and increases cesium-induced early
afterdepolarizations in isolated canine Purkinje fibers;
thrombin induces proarrhythmic events during early reper-
fusion in intact adult rat hearts (Steinberg et al., 1991; Ja-
cobsen et al., 1996; Woodcock et al.,, 1998). Many of the
proarrhythmic effects of thrombin were described before the
cloning of PAR-1 and hence did not consider the role of
PAR-1. However, recent studies implicate PAR-1 in the ino-
sitol 1,4,5-trisphosphate—dependent proarrhythmic effects of
thrombin during early reperfusion in rat hearts (Jacobsen et
al., 1996). PAR-1 activation also has been linked to a diacyl-
glycerol/protein kinase C pathway that activates Na™-H™
exchange and increases contractile performance in adult rat
cardiomyocytes (Yasutake et al., 1996). However, some
thrombin-induced ionic derangements can not be attributed
to phospholipid-derived second-messenger molecules. For ex-
ample, the effect of thrombin to mobilize intracellular cal-
cium in neonatal rat cardiomyocytes and Chinese hamster
ovary cells is not blocked by a phospholipase C inhibitor; it
cannot be attributed to the conventional inositol 1,4,5-
trisphosphate—dependent mechanism (Jiang et al., 1996).

It may be no accident that most cardiac actions of PAR-1
have been described in intact tissue preparations or cardio-
myocyte cultures. Although we and others have linked PAR-1
activation to an increased contractile response in adult car-
diomyocytes acutely isolated from the intact ventricle (Ya-
sutake et al., 1996; Jiang et al., 1998), PAR-1 responses
typically are detected only at rather high AP concentrations
in this preparation (an order of magnitude higher than the
PAR-1-AP concentrations required to activate PAR-1 in other
preparations). The molecular basis for these differences in
PAR-1 responsiveness is suggested by recent studies of an-
other GPCR; we recently demonstrated that standard en-
zyme-based cardiomyocyte isolation protocols lead to limited
proteolysis of B-adrenergic receptors (8-ARs) (Rybin et al.,
2003). Limited proteolysis would activate, desensitize, and/or
disable PAR-1 (and render cells hyporesponsive to SFLLRN
and unresponsive to thrombin). In support of this formula-
tion, low concentrations of SFLLRN, which are subthreshold
in acutely isolated adult cardiomyocytes, increase the force of
isometric contraction in intact adult rat papillary muscles
(Jiang et al., 1998).

In keeping with the actions of PAR-1 as a potent mitogen
for cells that maintain proliferative potential (such as vascu-
lar smooth muscle cells or fibroblasts), prolonged/persistent
activation of PAR-1 has been linked to a series of morpholog-
ical and molecular changes that are characteristic of the
cardiomyocyte hypertrophic growth program; PAR-1 agonists
increase protein content and cell size, increase sarcomeric
organization, and induce early-immediate gene expression. It
is noteworthy that PAR-1 agonists increase cell length but
promote only a relatively minor increase in cell width; this
morphology is characteristic of volume-overload—dilated car-
diac hypertrophy (Sabri et al., 2000). In contrast, a;-AR
agonists induce a uniform increase in cell dimension (cell
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length and width), which is more akin to the changes ob-
served in the setting of pressure-overload hypertrophy. The
signaling mechanisms that distinguish these morphologi-
cally distinct forms of cardiac hypertrophy, which carry dif-
ferent prognoses when encountered in clinical practice, are
not obvious because PAR-1 and «;-ARs activate many com-
mon effector pathways (PLC, ERK, c-Jun NH,-terminal ki-
nase, p38-MAPK, and Akt) (Fig. 4A). Nevertheless, some
differences in the signaling molecules recruited by activated
PAR-1 and «;-AR (that could impact the cardiac phenotype)
have been identified. First, the a;-AR growth response is
attributable exclusively to pathways emanating from G,. In

A

THROMBIN SIGNALING VIA PAR-1 AND PAR-4
IN CARDIOMYOCYTES

Low Concentration of Thrombin

= Cardiomyocyte Hypertrophy

Hgh Concantration of Thromiben

5686800080009000 e CusE00000Massanaat et

Thrombin signaling via PAR-1 and EGFR
Transactivation in Cardiac Fibroblasts

PAR-1 Thrombin

Proliferation

Fig. 4. Schematics depicting the distinct cellular actions of PAR-1 and
PAR-4 in cardiomyocytes (A) and the PAR-1 signaling mechanisms in-
volving EGFR transactivation in cardiac fibroblasts (B). This schematic
highlights important differences in the cellular actions of individual
PARs in cardiomyocytes and the cell-specific differences in PAR-1 action
in cardiomyocytes and cardiac fibroblasts. Cardiomyocytes coexpress
PAR-1 (which couples to the activation of phospholipase C, an increase in
intracellular calcium, activation of ERK, p38-MAPK, and Akt, increased
automaticity, and the hypertrophic growth responses) and PAR-4 (which
activates an Src/p38-MAPK pathway but has only a very minor effect on
phospholipase C or ERK). EGFR transactivation plays little to no role in
PAR-1 actions in cardiomyocytes (A). In contrast, cardiac fibroblasts
express PAR-1 but no other known PARs which activate ERK, p38-
MAPK, and Akt via a pathway that involves Src family kinases and
EGFR transactivation (B).

contrast, PAR-1 promotes cardiac growth via dual pathways
emanating from both G, and G;. This difference may be
pertinent, because a genetic model of persistent G; activation
(caused by G;-coupled receptor overexpression) has been
linked to a dilated form of cardiomyopathy in mice. The effect
of PAR-1 to trigger a prominent increase in [Ca®*]; [far in
excess of the relatively minor calcium-mobilizing effects in-
duced by a;-ARs (Jiang et al., 1996; Sabri et al., 2000)] also
could contribute to the pathogenesis of a morphologically and
functionally distinct form of cardiac hypertrophy. These and
other mechanisms that might distinguish the hypertrophic
signaling phenotypes induced by different GPCRs are the
focus of ongoing research.

Cardiac Actions of PAR-2. PAR-2 activates a spectrum
of biochemical and functional responses that largely mimic
cardiomyocyte activation by PAR-1 (including PLC, ERK,
p38-MAPK, increased [Ca®"];, enhanced spontaneous auto-
maticity, and elongated/dilated hypertrophy) in neonatal rat
cardiomyocyte cultures (Sabri et al., 2000). The relevant
PAR-2-activating protease in the heart has not been identi-
fied. However, mast cell tryptase is a likely candidate, given
reports that mast cells can be identified between muscle
fibers in normal ventricles, that mast cells are present in
increased numbers in idiopathic and dilated cardiomyopa-
thies (Patella et al., 1998), and that tissue tryptase levels are
elevated to levels that could potentially trigger PAR-2 sig-
naling in certain cardiac syndromes (Patella et al., 1998). It
is noteworthy that the effect of tryptase to activate PAR-2 is
variably detected in different cell types. Cell-specific differ-
ences in PAR-2 activation by tryptase has been attributed to
an N-linked glycosylation six residues away from the human
PAR-2 cleavage site (13 residues away from the rat PAR-2
cleavage site); this glycosylation event seems to prevent
PAR-2 activation by tryptase but not by trypsin (Compton et
al., 2002). This additional mechanism to regulate PAR-2 sig-
naling should be considered in future studies of cardiac
PAR-2 actions.

PAR-2 agonists enhance the efficiency of ischemic precon-
ditioning, improve myocardial functional recovery, and de-
crease the incidence of ventricular arrhythmias in an in vivo
ischemia-reperfusion cardiac-injury model in rats (Napoli et
al., 2000). The cardioprotective effects of PAR-2 would not
necessarily have been predicted from literature that casts
PAR-2 as an activator of proinflammatory events in many
noncardiac tissues. However, the beneficial effects of PAR-2
have been attributed to PAR-2-dependent regulation of cor-
onary vascular tone. PAR-2 agonists promote coronary vaso-
dilation (via an endothelium-dependent, NO-independent
mechanism), leading to improved perfusion of the compro-
mised ventricle. The preserved PAR-2-dependent coronary
vasodilatory response is in stark contrast to the reduced/
absent responses to other endothelium-dependent vasodila-
tors (such as acetylcholine and bradykinin) that characterize
the endothelial dysfunction that develops during ischemia
reperfusion (McLean et al., 2002). Up-regulation of PAR-2
expression in the setting of ischemia reperfusion and early
atherosclerotic lesions has been offered as an explanation for
the preserved PAR-2-induced vasodilatory response. Hence,
PAR-2 represents a promising therapeutic target to influence
the pathogenesis of in vivo ischemia-reperfusion injuries.

Cardiac Actions of PAR-4. PAR-4 was originally identi-
fied as a receptor that is expressed at low levels in the mouse



heart; PAR-3 is not detected in the heart. However, recent
studies localize PAR-4 mRNA to cardiomyocytes themselves
(rather than cardiac fibroblasts) and identify cardiac actions
for PAR-4 that are distinct from the cardiac actions of PAR-1
(Sabri et al., 2003b). PAR-4 activation leads to a modest
increase in PLC and ERK activity and a weak hypertrophic
response relative to the robust PLC/ERK responses and hy-
pertrophy triggered by agonists for PAR-1 or «;-AR in this
preparation (Fig. 4A). This is surprising (and unexplained)
because PAR-4 agonists couple to a robust PLC/ERK re-
sponse in PAR-1"/" lung fibroblasts that heterologously
overexpress PAR-4. However, PAR-4 induces a rather strong
activation of a nonreceptor Src tyrosine kinase-p38-MAPK
cascade in cardiomyocytes. Studies in PAR-1"/" cardiomyo-
cytes yield additional surprising evidence that the effect of
thrombin to activate Src in cardiomyocytes is mediated ex-
clusively by PAR-4 and not by PAR-1, as might be assumed
from previous literature of the actions of thrombin in other
cell types (Sabri et al., 2003b). Finally, studies in PAR-1"7/~
fibroblasts that heterologously overexpress PAR-4 show that
PAR-4 couples to the activation of PL.C, ERK, and p38-MAPK
via a pathway that involves epidermal growth factor receptor
(EGFR) transactivation. These studies suggest that PAR-4
may play a more general role to link thrombin stimulation to
the activation of growth regulatory pathways mediated by
receptor and nonreceptor tyrosine kinases.

The functional consequences of PAR-4 expression/activa-
tion in cardiomyocytes remain uncertain. We have specu-
lated that PAR-4 plays only a minor role under normal phys-
iological conditions, in which the cardiac responses to
thrombin are mediated primarily by PAR-1. However, patho-
logical conditions that render PAR-1 inactive, such as inflam-
mation and the elaboration of proteases that amputate N-
terminal-tethered ligand of PAR-1, might shift the balance of
signaling by PAR-1 and PAR-4. Under these conditions, un-
opposed PAR-4 activation of the Src/p38-MAPK pathway
might lead to more adverse functional outcomes.

PAR-1 Actions in Cardiac Fibroblasts. Cardiac fibro-
blasts are a major cellular component of intact ventricular
myocardial tissue. Cardiac fibroblast activation by GPCR
agonists (generally angiotensin II and endothelin) has been
linked to proliferation and the synthesis of matrix compo-
nents, responses that are essential for normal scar formation
at sites of myocardial injury/infarction. However, excessive
cardiac fibroblast activation (in the setting of hypertension)
can lead to diastolic stiffness and mechanical failure; exuber-
ant fibroblast-dependent synthesis of paracrine growth fac-
tors or matrix components also can lead to noncontractile
fibrotic scars that disrupt the normal transmission of electri-
cal impulses. Recent studies identify PAR-1 as a functionally
important GPCR in cardiac fibroblasts; cardiac fibroblasts do
not express PAR-2, PAR-3, or PAR-4. PAR-1 activates a spec-
trum of signaling responses (including PLC, calcium, ERK,
p38-MAPK, and Akt) that lead to increased cardiac fibroblast
proliferation (Sabri et al., 2002).

The detailed signaling mechanisms activated by PAR-1 in
cardiomyocytes and cardiac fibroblasts are quite distinct
(Fig. 4). Most notably, transactivation of EGFRs (or other
receptor tyrosine kinase family members) plays little to no
role in PAR-1 signaling to ERK and hypertrophy in cardio-
myocytes. In contrast, nonreceptor tyrosine kinases (includ-
ing Src and Fyn) and EGFR play a pivotal role in linking
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PAR-1 to the stimulation of ERK, p38-MAPK, and Akt and
increased DNA synthesis (as a measure of proliferation) in
cardiac fibroblasts (Sabri et al., 2002). These results empha-
size the highly contextual, cell-specific nature of PAR-1 sig-
naling in the heart. Another striking difference between
PAR-1 signaling responses in cardiomyocytes and cardiac
fibroblasts relates to Akt. PAR-1 agonists induce a very ro-
bust increase in Akt (via EGFR transactivation) in cardiac
fibroblasts; in contrast, PAR-1 does not significantly trans-
activate EGFR family members and leads to only a very
minor increase in Akt in cardiomyocytes (Sabri et al., 2002).
These studies are consistent with the notion that robust
GPCR-dependent Akt activation is confined to cells (and
GPCRs) that support the EGFR transactivation mechanism.
Given the importance of Akt as a therapeutic target for heart
failure, progress toward identifying the mechanisms that
enable GPCR networking to EGFR transactivation (and Akt
activation) holds profound clinical significance.
Cardiomyocyte Activation by Proteases Other Than
Thrombin. The endogenous PAR activators in the heart
remain uncertain. Although cardiomyocyte PARs may be ac-
tivated by thrombin in the setting of hemorrhagic infarction,
in which the endothelial barrier is broken and cardiomyo-
cytes come into direct contact with blood-borne substances,
most myocardial events are not accompanied by hemorrhage
into the myocardium. As noted, mast cell degranulation
might lead to the release of serine proteases such as tryptase
and to the activation of PAR-2. The border zone adjacent to a
myocardial infarction (an area characterized by intense in-
terstitial inflammation and important local changes in gene
expression, cardiomyocyte hypertrophy, contractile dysfunc-
tion, and apoptosis) might be another region prone to PAR
signaling events. From published evidence that PAR-4 can
function as a cellular receptor for neutrophil-derived cathep-
sin G (in the context of evidence that cardiomyocyte express
functional PAR-4), we recently considered whether cathepsin
G exerts direct cardiac actions (Sabri et al., 2003a). We iden-
tified cathepsin G as a potent cardiomyocyte agonist. Cathep-
sin G induces a spectrum of acute signaling responses, in-
cluding activation of PLC, ERK, and p38-MAPK, stimulation
of Akt, and changes in contractile function, that in many
respects mimic the cardiac actions of thrombin. However,
detailed studies yielded several lines of evidence to argue
that the cardiac actions of cathepsin G cannot be attributed
to the activation of any known PAR. First, we found that
cathepsin G induces a similar increase in PLC and p38-
MAPK activity in WT and PAR-1"/~ cardiomyocytes; these
results effectively exclude a role for PAR-1 in cardiac cathep-
sin G responses, although cathepsin G-dependent disabling
cleavage events for both human and mouse PAR-1 sequences
were identified (Sabri et al., 2003a). Second, we found that
cathepsin G disrupts the sarcomeric structure and induces
progressive loss of cell-cell and cell-matrix contacts and leads
to cell rounding and detachment from underlying matrix (i.e.,
detachment-induced apoptosis or anoikis) (Sabri et al.,
2003a). This morphology is strikingly different from the hy-
pertrophic phenotype induced by conventional PAR agonists.
However, it is quite reminiscent of the cathepsin G-induced
changes reported in endothelial cell monolayers, in which
cathepsin G impairs monolayer barrier function and exposes
the potentially thrombogenic underlying extracellular matrix
(Iacoviello et al., 1995). Third, cathepsin G activates execu-
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tioner caspases that cleave survival signals (focal adhesion
kinase and Akt) and sarcomeric proteins (troponin T) in
cardiomyocytes; none of these events are observed in cells
exposed to thrombin. Finally, we could not detect cathepsin G
responses in PAR-1"/~ fibroblasts that overexpress either
PAR-1 or PAR-4 and exhibit robust responses to thrombin.
Together, these results raise serious doubts that the action of
cathepsin G in cardiomyocytes (and probably other adherent
cell types) can be attributed to the activation of a known
PAR. The precise cellular target(s) for the action of cathepsin
G has not yet been identified. It is interesting that cathepsin
G has been reported to degrade matrix components, either
directly or indirectly via the cleavage/activation of latent
matrix-degrading metalloproteinases. The role of matrix
metalloproteinases versus other potential targets for the ac-
tion of cathepsin G is a focus of ongoing studies.

Future Challenges. Initial efforts to clone a thrombin
receptor were fueled by the expectation that thrombin recep-
tor antagonists could be used to interfere with thrombin’s
cellular actions without increasing bleeding diathesis by in-
hibiting fibrin formation. The cloning of four PARs whose
roles extend to a wide range of cellular processes has identi-
fied novel therapeutic targets for a variety of common clinical
disorders. This extends to the heart, in which PAR-1 and
PAR-2 influence cardiomyocyte electrical and mechanical
events and PAR-1, PAR-2, and PAR-4 promote cardiac struc-
tural remodeling (through actions in both the cardiomyocytes
themselves as well as the supporting cardiac fibroblasts).
Despite substantial progress toward understanding the acti-
vation mechanisms and functions of individual PARs in the
heart, many important questions remain outstanding. The
challenges for future research are to identify the physiologi-
cally relevant proteases that activate and disarm cardiac
PARs, determine whether the heart might be a source of
endogenous peptide ligands that locally regulate PARs, de-
termine whether PAR expression is influenced by the hyper-
trophic growth program or cardiac failure, explore roles for
polymorphic variants of PARs as disease modifiers, and de-
velop more potent agonists and antagonists to regulate sig-
naling by individual PAR family members (including the in
vivo context). As a whole, these types of studies will lay the
groundwork to consider PARs as therapeutic targets in
newer strategies to prevent and treat the functional and
structural abnormalities that result from cardiac injury and
inflammation.

References

Albitz R, Droogmans G, Nilius B, and Casteels R (1992) Thrombin stimulates L-type
calcium channels of guinea pig cardiomyocytes in cell-attached patches but not
after intracellular dialysis. Cell Calcium 13:203-210.

Blackhart BD, Ruslim-Litrus L, Lu CC, Alves VL, Teng W, Scarborough RM, Reyn-
olds EE, and Oksenberg D (2000) Extracellular mutations of protease-activated
receptor-1 result in differential activation by thrombin and thrombin receptor
agonist peptide. Mol Pharmacol 58:1178-1187.

Chien WW, Mohabir R, and Clusin WT (1990) Effect of thrombin on calcium ho-
meostasis in chick embryonic heart cells. J Clin Investig 85:1436-1443.

Cicala C, Pinto A, Bucci M, Sorrentino R, Walker B, Harriot P, Cruchley A, Kapas S,
Howells GL, and Cirino G (1999) Protease-activated receptor-2 involvement in
hypotension in normal and endotoxemic rats in vivo. Circulation 99:2590-2597.

Compton SJ, Cairns JA, Palmer KJ, Al Ani B, Hollenberg MD, and Walls AF (2000)
A polymorphic protease-activated receptor 2 (PAR2) displaying reduced sensitivity
to trypsin and differential responses to PAR agonists. J Biol Chem 275:39207—
39212.

Compton SJ, Sandhu S, Wijesuriya SJ, and Hollenberg MD (2002) Glycosylation of
human proteinase-activated receptor-2 (HPAR2): role in cell surface expression
and signalling. Biochem J 368:495-505.

Coughlin SR (2000) Thrombin signalling and protease-activated receptors. Nature
(Lond) 407:258-264.

Griffin CT, Srinivasan Y, Zheng YW, Huang W, and Coughlin SR (2001) A role for

thrombin receptor signaling in endothelial cells during embryonic development.
Science (Wash DC) 293:1666-1670.

Tacoviello L, Kolpakov V, Salvatore L, Amore C, Pintucci G, de Gaetano G, and
Donati MB (1995) Human endothelial cell damage by neutrophil-derived cathepsin
G. Role of cytoskeleton rearrangement and matrix-bound plasminogen activator
inhibitor-1. Arterioscler Thromb Vasc Biol 15:2037-2046.

Jacobsen AN, Du XJ, Lambert KA, Dart AM, and Woodcock EA (1996) Arrhythmo-
genic action of thrombin during myocardial reperfusion via release of inositol
1,4,5-triphosphate. Circulation 93:23-26.

Jacques SL and Kuliopulos A (2003) Protease-activated receptor-4 uses dual prolines
and an anionic retention motif for thrombin recognition and cleavage. Biochem J
376:733-740.

Jiang T, Danilo P, and Steinberg SF (1998) The thrombin receptor elevates intra-
cellular calcium in adult rat ventricular myocytes. J Mol Cell Cardiol 30:2193—
2199.

Jiang T, Kuznetsov V, Pak E, Zhang HL, Robinson RB, and Steinberg SF (1996)
Thrombin receptor actions in neonatal rat ventricular myocytes. Circ Res 78:553—
563.

Kataoka H, Hamilton JR, McKemy DD, Camerer E, Zheng YW, Cheng A, Griffin C,
and Coughlin SR (2003) Protease-activated receptors 1 and 4 mediate thrombin
signaling in endothelial cells. Blood 102:3224-3231.

Kawabata A, Kanke T, Yonezawa D, Ishiki T, Saka M, Kabeya M, Sekiguchi F, Kubo
S, Kuroda R, Iwaki M, et al. (2004) Potent and metabolically stable agonists for
protease-activated receptor-2: evaluation of activity in multiple assay systems in
vitro and in vivo. J Pharmacol Exp Ther 309:1098-1107.

Ludeman MJ, Zheng YW, Ishii K, and Coughlin SR (2004) Regulated shedding of
PAR1 N-terminal exodomain from endothelial cells. J Biol Chem 279:18592—
18599.

Macfarlane SR, Seatter MdJ, Kanke T, Hunter GD, and Plevin R (2001) Proteinase-
activated receptors. Pharmacol Rev 53:245-282.

Major CD, Santulli RJ, Derian CK, and Andrade-Gordon P (2003) Extracellular
mediators in atherosclerosis and thrombosis: lessons from thrombin receptor
knockout mice. Arterioscler Thromb Vasc Biol 23:931-939.

McLean PG, Aston D, Sarkar D, and Ahluwalia A (2002) Protease-activated recep-
tor-2 activation causes EDHF-like coronary vasodilation: selective preservation in
ischemia/reperfusion injury: involvement of lipoxygenase products, VR1 receptors
and C-fibers. Circ Res 90:465—472.

Milia AF, Salis MB, Stacca T, Pinna A, Madeddu P, Trevisani M, Geppetti P, and
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, and Bahou WF (1996) The proteinase activated receptor-2
(PAR-2) mediates mitogenic responses in human vascular endothelial cells: mo-
lecular characterization and evidence for functional coupling to the thrombin
receptor. J Clin Investig 97:1705-1714.

Molino M, Blanchard N, Belmonte E, Tarver AP, Abrams C, Hoxie JA, Cerletti C,
and Brass LF (1995) Proteolysis of the human platelet and endothelial cell throm-
bin receptor by neutrophil-derived cathepsin G. o Biol Chem 270:11168-11175.

Napoli C, Cicala C, Wallace JL, De Nigris F, Santagada V, Caliendo G, Franconi F,
Ignarro LJ, and Cirino G (2000) Protease-activated receptor-2 modulates myocar-
dial ischemia-reperfusion injury in the rat heart. Proc Natl Acad Sci USA 97:
3678-3683.

O’Brien PJ, Prevost N, Molino M, Hollinger MK, Woolkalis MJ, Woulfe DS, and
Brass LF (2000) Thrombin responses in human endothelial cells. contributions
from receptors other than PAR1 include the transactivation of PAR2 by thrombin-
cleaved PAR1. J Biol Chem 275:13502-13509.

Ossovskaya VS and Bunnett NW (2004) Protease-activated receptors: contribution to
physiology and disease. Physiol Rev 84:579—-621.

Patella V, Marino I, Arbustini E, Lamparter-Schummert B, Verga L, Adt M, and
Marone G (1998) Stem cell factor in mast cells and increased mast cell density in
idiopathic and ischemic cardiomyopathy. Circulation 97:971-978.

Quinton TM, Kim S, Derian CK, Jin J, and Kunapuli SP (2004) Plasmin-mediated
activation of platelets occurs by cleavage of protease-activated receptor 4. J Biol
Chem 279:18434-18439.

Renesto P, Si-Tahar M, Moniatte M, Balloy V, van Dorsselaer A, Pidard D, and
Chignard M (1997) Specific inhibition of thrombin-induced cell activation by the
neutrophil proteinases elastase, cathepsin G and proteinase 3: evidence for dis-
tinct cleavage sites within the aminoterminal domain of the thrombin receptor.
Blood 89:1944-1953.

Robin J, Kharbanda R, Mclean P, Campbell R, and Vallance P (2003) Protease-
activated receptor 2-mediated vasodilatation in humans in vivo: role of nitric oxide
and prostanoids. Circulation 107:954-959.

Rybin VO, Pak E, Alcott S, and Steinberg SF (2003) Developmental changes in
Bo-adrenergic receptor signaling in ventricular myocytes: the role of Gi proteins
and caveolae microdomains. Mol Pharmacol 63:1338-1348.

Sabri A, Alcott SG, Elouardighi H, Pak E, Derian C, Andrade-Gordon P, Kinnally K,
and Steinberg SF (2003a) Neutrophil cathepsin G promotes detachment-induced
cardiomyocyte apoptosis via a protease-activated receptor-independent mecha-
nism. J Biol Chem 278:23944-23954.

Sabri A, Guo J, Elouardighi H, Darrow AL, Andrade-Gordon P, and Steinberg SF
(2003b) Mechanisms of protease-activated receptor-4 actions in cardiomyocytes:
role of Src tyrosine kinase. J Biol Chem 278:11714-11720.

Sabri A, Muske G, Zhang H, Pak E, Darrow A, Andrade-Gordon P, and Steinberg SF
(2000) Signaling properties and functions of two distinct cardiomyocyte protease-
activated receptors. Circ Res 86:1054-1061.

Sabri A, Short J, Guo J, and Steinberg SF (2002) Protease-activated receptor-1-
mediated DNA synthesis in cardiac fibroblast is via epidermal growth factor
receptor transactivation: distinct PAR-1 signaling pathways in cardiac fibroblasts
and cardiomyocytes. Circ Res 91:532-539.

Sambrano GR, Huang W, Faruqi T, Mahrus S, Craik C, and Coughlin SR (2000)



Cathepsin G activates protease-activated receptor-4 in human platelets. J Biol
Chem 275:6819-6823.

Steinberg SF, Robinson RB, Lieberman HB, Stern DM, and Rosen MR (1991)
Thrombin modulates phosphoinositide metabolism, cytosolic calcium and impulse
initiation in the heart. Circ Res 68:1216-1229.

Vergnolle N (2000) Review article: proteinase-activated receptors—novel signals for
gastrointestinal pathophysiology. Aliment Pharmacol Ther 14:257—266.

Vergnolle N, Bunnett NW, Sharkey KA, Brussee V, Compton SJ, Grady EF, Cirino
G, Gerard N, Basbaum Al, Andrade-Gordon P, et al. (2001) Proteinase-activated
receptor-2 and hyperalgesia: a novel pain pathway. Nat Med 7:821-826.

Woodcock EA, Matkovich SJ, and Binah O (1998) Ins(1,4,5)P3 and cardiac dysfunc-
tion. Cardiovasc Res 40:251-256.

Cardiovascular Actions of PARs 11

Yasutake M, Haworth RS, King A, and Avkiran M (1996) Thrombin activates the
sarcolemmal Na®-H"* exchanger: evidence for a receptor-mediated mechanism
involving protein kinase C. Circ Res 79:705-715.

Zhang HC, White KB, McComsey DF, Addo MF, Andrade-Gordon P, Derian CK,
Oksenberg D, and Maryanoff BE (2003) High-affinity thrombin receptor (PAR-1)
ligands: a new generation of indole-based peptide mimetic antagonists with a basic
amine at the C-terminus. Bioorg Med Chem Lett 13:2199-2203.

Address correspondence to: Dr. Susan F. Steinberg, Department of Phar-
macology, College of Physicians and Surgeons, Columbia University, 630 West
168 Street, New York, NY 10032. E-mail: sfs1@columbia.edu




