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Thrombin-induced platelet endostatin release is blocked by a
proteinase activated receptor-4 (PAR4) antagonist
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Endostatin is a potent endogenous inhibitor of angiogenesis that was recently shown to be stored in
platelets and released in response to thrombin, but not ADP. In the present study, we have tested
the hypothesis that thrombin-induced endostatin release from rat platelets is mediated via
proteinase-activated receptor-4 (PAR4). Immunoprecipitation and Western blotting con®rmed that
endostatin is contained within rat platelets. Aggregation and release of endostatin could be elicited
by thrombin (0.5 ± 1.0 U ml71) or by speci®c PAR4 agonist (AYPGKF-NH2; AY-NH2; 15 ± 50 mM).
Signi®cant release of endostatin could be induced by a dose of thrombin below that necessary for
induction of aggregation. An adenosine diphosphate (ADP) scavenger, apyrase, inhibited the platelet
aggregation induced by thrombin, but not the release of endostatin. In contrast, a selective PAR4
antagonist (trans-cinnamoyl-YPGKF-NH2; tcY-NH2) prevented endostatin release and aggregation
induced by thrombin or by AY-NH2. We conclude that thrombin-induced endostatin release from
rat platelets is PAR4-mediated via an ADP-independent mechanism that can occur independently of
platelet aggregation.
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Introduction The activation of platelets by thrombin is
mediated at least in part by cleavage of proteinase-activated

receptors (PARs). Four distinct PARs have been cloned, with
PAR1, PAR3 and PAR4 being activated by thrombin.
Human platelets express PAR1 and PAR4 and activation

of either is su�cient to trigger platelet aggregation and
secretion (Vu et al., 1991; Xu et al., 1998; Kahn et al., 1999),
whereas murine platelets express PAR3 and PAR4, and

thrombin signalling is PAR4-dependent (Nakanishi-Matsui et
al., 2000). PAR4 is activated when thrombin cleaves its
amino-terminal exodomain to unmask a tethered ligand
(Kahn et al., 1998). GYPGKF represents the ®rst six amino

acids of the new amino terminus unmasked when thrombin
cleaves murine PAR4. A selective PAR4 agonist, AY-NH2, is
10 times more potent in activating platelets than a peptide

with the sequence of the natural amino terminus (Faruqi et
al., 2000; Hollenberg & Saifeddine, 2001). Recently, a
selective PAR4 antagonist (tcY-NH2) was described which

inhibits thrombin- and AY-NH2-induced rat platelet aggrega-
tion (Hollenberg & Saifeddine, 2001).
A variety of bioactive substances, including growth factors

and chemokines (Linder et al., 1979; Maloney et al., 1998;
von hundelshausen et al., 2001), are stored in platelets and
released during activation. Endostatin, a potent inhibitor of
angiogenesis (O'Reilly et al., 1997), has been shown recently

to be contained within platelets and to be released in
response to thrombin but not to ADP (Ma et al., 2001).

Moreover, endostatin released from platelets was found to
play a signi®cant role in modulating gastric ulcer healing in

the rat (Ma et al., 2001). However, the mechanism through
which thrombin produces this e�ect, and in particular the
PAR receptor involved, are unknown. In the present study,

we have demonstrated, using the selective PAR4 receptor
antagonist tcY-NH2, that in rat platelets thrombin-induced
endostatin release is mediated through PAR4 and occurs

independently of thrombin-induced aggregation and of ADP
release.

Methods Reagents were obtained from the following

sources: AY-NH2 and tcY-NH2 were prepared (495%
purity) by solid phase synthesis at The Peptide Synthesis
Facility of the University of Calgary. Stock peptide solutions

were prepared in 2.5 mM HEPES bu�er, pH 7.4. Thrombin
(from human plasma, activity of 3,270 NIH U/mg protein)
was obtained from Calbiochem (La Jolla, CA, U.S.A.);

apyrase and the protease inhibitor cocktail were from Sigma
Chemical Co. (St. Louis, MO, U.S.A.); anti-endostatin
antibody and ELISA kits for measurement of endostatin

were from Chemicon International (Temecula, CA, U.S.A.);
protein A agarose was from Santa Cruz Biotechnology
(Santa Cruz, CA, U.S.A.).
All experiments were approved by the University of

Calgary Animal Care Committee and carried out in
accordance with the guidelines of the Canadian Council on
Animal Care. Male Wistar rats (170 ± 200 g) were fed

standard laboratory chow and tap water and were kept in
a room with controlled temperature (22+18C), humidity
(65 ± 70%), and light cycle (12 h light/dark).
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Rats were anaesthetized with sodium pentobarbital
(65 mg kg71 i.p.) and blood was collected from the
descending aorta with a 10 ml syringe that contained 3.4%

sodium citrate (8 : 1, v v71). The blood was centrifuged at
2006g for 15 min at room temperature. The PRP was then
removed by aspiration. Some of the PRP was further
centrifuged at 4006g for 10 min at room temperature to

obtain platelet poor plasma (PPP). The number of platelets in
the PRP was counted and adjusted to 2.56108 ml71 with
PPP.

Platelet aggregation and endostatin release was studied in
response to thrombin and PAR4 activating peptide ex vivo
(Wallace et al., 1995; Ma et al., 2001). Aliquots (0.4 ml) of

the PRP were placed in the cuvette of a Payton platelet
aggregometer. The PRP was maintained at 378C and was
continuously stirred at 800 r.p.m. Three minutes later,

platelet agonists (thrombin at 0.5 ± 1.0 u ml71) or AY-NH2

at 15 ± 50 mM) were added to the platelet suspension in the
absence or presence of the PAR4 antagonist (tcY-NH2 at
400 mM) and aggregation was monitored for 5 min. In

another set of experiments, thrombin was added to the
platelet suspension in the absence or presence of apyrase
(5 u ml71), an ADP scavenger (Lau et al., 1994). The

resulting aggregate of platelets was centrifuged, and the
supernatant was collected and stored at 7708C until enzyme-
linked immunosorbent assay for endostatin was performed.

Washed platelets were obtained as previously described
(Wallace et al., 1995) and lysed with lysis bu�er (10 mM Tris-
HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA,

protease inhibitor cocktail, 100 mg ml71 phenyl-methylsulfo-
nyl ¯uoride). Lysates were collected by centrifugation
(16,0006g, 48C) for 15 min, and then precleared by
incubation with 30 ml protein A agarose with lysis bu�er on

a rotating incubator for 3 h at 48C, followed by centrifuga-
tion. Supernatants were incubated with 30 ml of antibody
conjugated protein A agarose for 3 h at 48C. Beads were

washed three times with bu�er (20 mM Tris- HCl pH 7.4,
150 mM NaCl, 0.1% Tween 20), precipitated and resus-
pended in 25 ml of electrophoresis sample bu�er and boiled

for 5 min. Immunoprecipitated proteins were analysed by
12.5% SDS±PAGE gel electrophoresis followed by immuno-
blotting using an anti-endostatin antibody (Chemicon).
All data are expressed as means+s.e.mean, with sample

sizes of at least ®ve per group. Comparisons of data among
groups were performed with one-way analysis of variance
followed by the Student-Newman-Keuls test. An associated

probability (P value) of less than 5% was considered
signi®cant.

Results Thrombin (1.0 u ml71) and AY-NH2 (15 ± 50 mM)
caused signi®cant release of endostatin from platelets (Figure
1). A speci®c rat PAR4 antagonist, tcY-NH2, at a

concentration previously shown to inhibit thrombin- and
AY-NH2-induced rat platelet aggregation (Hollenberg &
Saifeddine, 2001), completely blocked endostatin release
induced by these two agonists (Figure 1). The PAR4

antagonist (tcY-NH2), alone had no e�ect on endostatin
release.
Thrombin dose-dependently increased the extent of platelet

aggregation (Figure 2A), and this was signi®cantly attenuated
in the presence of the ADP scavenger, apyrase. Thrombin
caused signi®cant release of endostatin, with no signi®cant

di�erence in the amount of such release with the three doses
of thrombin tested (Figure 2B). Thus, there was a lack of
correlation between the aggregation and endostatin release

(µM)

Figure 1 Platelet endostatin release induced by thrombin or a
PAR4 agonist (AY-NH2) and the e�ects of a selective PAR4
antagonist (tcY-NH2; 400 mM). Platelet aggregation was monitored
in response to thrombin (1 u ml71) or AY-NH2 (15 ± 50 mM) in the
absence or presence of tcY-NH2. The concentration of endostatin in
supernatants of the platelet suspension was measured by enzyme-
linked immunosorbent assay. **P50.01, ***P50.001 vs saline
group; ##P50.01, ###P50.001 vs corresponding thrombin or AY-
NH2 group.
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Figure 2 E�ects of apyrase (5 u ml71) on thrombin-induced platelet
aggregation (A) and endostatin release (B). The dotted line shows the
basal level of endostatin in platelet rich plasma not exposed to an
agonist. *P50.05, **P50.01 vs corresponding thrombin alone
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stimulated by thrombin. Apyrase had no e�ect on thrombin-
induced endostatin release. Apyrase alone did not signi®-
cantly a�ect either platelet aggregation or endostatin release.

Immunoprecipitation of platelet lysates followed by
Western blotting demonstrated that immunoreactive rat
endostatin exhibited a 20 kDa band (Figure 3).

Discussion Thrombin is known to cleave at least three PARs
(PAR1, PAR3, and PAR4), but there is considerable
interspecies variability in terms of which PARs mediate

thrombin-induced secretion and aggregation. PAR1 and
PAR4 (mRNA and protein) are expressed by human
platelets. Activation of either receptor is su�cient to trigger

secretion and aggregation (Coughlin, 2000). In the mouse,
however, PAR3 and PAR4 act coordinately as thrombin
receptors on platelets. PAR3 itself does not mediate
transmembrane signalling; rather, it functions as a co-factor

for the cleavage and activation of PAR4 by thrombin
(Coughlin, 2000). In rat platelets, the PAR4 activating
peptide, AY-NH2, stimulates platelet aggregation in a similar

manner as thrombin (Hollenberg & Saifeddine, 2001). The
speci®c antagonist tcY-NH2 completely abolished both
thrombin- and AY-NH2-induced rat platelet aggregation

(Hollenberg & Saifeddine, 2001), indicating that PAR4 plays
a signi®cant role in rat platelet function.
Endostatin inhibits endothelial cell proliferation and

migration, inhibits angiogenesis-dependent tumour growth
and can promote endothelial cell apoptosis (O'Reilly et al.,
1997; Dhanabal et al., 1999). Recently, endostatin was shown
to be contained within platelets and released in response to

thrombin (Ma et al., 2001). The platelet plays a key role in
wound healing, including gastric ulcer healing (Ma et al.,
2001), in part through the release of pro- and anti-angiogenic

factors, endostatin being an example of the latter.

In the present study, we con®rmed that rat platelet endostatin
is a 20 KDa protein. A variety of other growth factors,
including vascular endothelial growth factor, epidermal

growth factor and platelet-derived growth factor, are stored
in platelet alpha granules and released during platelet
aggregation in response to di�erent agonists (Linder et al.,
1979; Maloney et al., 1998). It is most likely that the release

of those factors is due to degranulation during platelet
activation and therefore parallels the extent of aggregation
(Linder et al., 1979). However, although thrombin and ADP

induced a similar extent of platelet aggregation in our
previous study (Ma et al., 2001), only thrombin stimulated
platelet endostatin release, suggesting that endostatin is

unlike those growth factors that are stored in alpha granules
and released in accordance with the extent of platelet
aggregation. Furthermore, it has been found that in rat

platelets, which do not possess PAR1, the PAR4 activating
peptide AY-NH2 stimulated platelet aggregation (Hollenberg
& Saifeddine, 2001) and endostatin release in the same
manner as thrombin. The selective PAR4 antagonist tcY-

NH2 markedly inhibited thrombin- and AY-NH2-induced
platelet aggregation (Hollenberg & Saifeddine, 2001) and also
completely blocked the associated endostatin release from

platelets, suggesting that in the rat, PAR4 is involved in both
platelet aggregation and platelet endostatin release. The fact
that apyrase did not inhibit thrombin-induced endostatin

release con®rms that endostatin release occurs independently
of platelet aggregation. This separation of platelet aggrega-
tion and platelet endostatin release is consistent with our

previous ®nding that ticlopidine, an ADP receptor antago-
nist, signi®cantly inhibited thrombin-induced platelet aggre-
gation but dramatically enhanced platelet endostatin release
induced by thrombin (Ma et al., 2001).

In conclusion, this study reveals a novel function of PAR4
in rat platelets that may be important in the context of
wound healing and angiogenesis.
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