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Bleeding and delayed healing of ulcers are well recognized clinical
problems associated with the use of aspirin and other nonsteroidal
antiinflammatory drugs, which have been attributed to their
antiaggregatory effects on platelets. We hypothesized that anti-
platelet drugs might interfere with gastric ulcer healing by sup-
pressing the release of growth factors, such as vascular endothelial
growth factor (VEGF), from platelets. Gastric ulcers were induced
in rats by serosal application of acetic acid. Daily oral treatment
with vehicle, aspirin, or ticlopidine (an ADP receptor antagonist)
was started 3 days later and continued for 1 week. Ulcer induction
resulted in a significant increase in serum levels of VEGF and a
significant decrease in serum levels of endostatin (an antiangio-
genic factor). Although both aspirin and ticlopidine markedly
suppressed platelet aggregation, only ticlopidine impaired gastric
ulcer healing and angiogenesis as well as reversing the ulcer-
associated changes in serum levels of VEGF and endostatin. The
effects of ticlopidine on ulcer healing and angiogenesis were
mimicked by immunodepletion of circulating platelets, and ticlo-
pidine did not influence ulcer healing when given to thrombocy-
topenic rats. Incubation of human umbilical vein endothelial cells
with serum from ticlopidine-treated rats significantly reduced
proliferation and increased apoptosis, effects reversed by an an-
tibody directed against endostatin. Ticlopidine treatment resulted
in increased platelet endostatin content and release. These results
demonstrate a previously unrecognized contribution of platelets
to the regulation of gastric ulcer healing. Such effects likely are
mediated through the release from platelets of endostatin and
possibly VEGF. As shown with ticlopidine, drugs that influence
gastric ulcer healing may do so in part through altering the ability
of platelets to release growth factors.
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In addition to topical irritation of the gastric mucosa, aspirin
and other nonsteroidal antiinflammatory drugs (NSAIDs)

cause gastric damage through inhibition of prostaglandin syn-
thesis and by producing microcirculatory injury (1). Most
NSAIDs, particularly aspirin, are potent inhibitors of platelet
function. NSAIDs also delay ulcer healing (2), at least in part
through inhibition of cyclooxygenase-2 (3). Although inhibitory
effects of NSAIDs on platelet aggregation appear likely to
contribute to the bleeding of ulcers, the contribution of anti-
platelet effects of these drugs in terms of inhibition of ulcer
healing has not been reported previously.

Angiogenesis is a pivotal process in all types of wound healing,
including the healing of gastric ulcers (3, 4). It is regulated by
proangiogenic factors, including vascular endothelial growth
factor (VEGF), fibroblast growth factor, and EGF, and by
antiangiogenic factors, such as endostatin. Platelet aggregation
is a cardinal feature of vascular repair. A variety of potent
angiogenic stimulators, including VEGF (5), platelet-derived
endothelial cell growth factor (6), EGF (7), and platelet-derived

growth factor (8), are stored in platelets and released during
clotting at the wound. Activation of platelets by a-thrombin (9)
stimulates angiogenesis in the chick chorioallantoic membrane
(10). Furthermore, platelets have been shown to stimulate
endothelial cell proliferation and capillary tubular structure
formation in vitro (11).

Of the many growth factors, VEGF is the most potent stimulus
for angiogenesis (12), whereas endostatin is an extremely potent
inhibitor of angiogenesis (13). Endostatin inhibits endothelial
cell proliferation (13) and migration (14) as well as inducing
apoptosis (15). However, whether or not endostatin is contained
within platelets is not known.

The purpose of the present study was to determine whether
inhibition of platelet aggregation per se would result in a delay
of gastric ulcer healing in the rat. Two antiplatelet drugs were
used: aspirin and ticlopidine. Ticlopidine inhibits platelet aggre-
gation by blocking the interaction of ADP with its receptor,
whereas aspirin blocks platelet aggregation through inhibition of
thromboxane synthesis. We then evaluated the possibility that
effects of these antiplatelet drugs other than inhibition of
aggregation might influence ulcer healing. Specifically, effects
on the release of pro- and antiangiogenic growth factors (VEGF
and endostatin, respectively) from platelets were examined. The
results demonstrate that platelets play a pivotal role in modu-
lating gastric ulcer healing, most likely through the release of
growth factors such as VEGF and endostatin. Ticlopidine can
influence angiogenesis, a critical component of ulcer healing,
through modulation of the release of these growth factors from
platelets. These effects of ticlopidine were produced indepen-
dent of its effects on platelet aggregation.

Materials and Methods
Animals. All experiments were approved by the University of
Calgary Animal Care Committee. Male Wistar rats (175–200 g)
were fed standard laboratory chow and tap water and were kept
in a room with controlled temperature (22 6 1°C), humidity
(65–70%), and light cycle (12-h lighty12-h dark).

Effects of Antiplatelet Drugs on Gastric Ulcer Healing. The rats were
fasted for 18 h. Under halothane anesthesia, acetic acid (0.5 ml,
80% volyvol) was applied to the serosal surface of the stomach
for 1 min via a 3-ml syringe barrel (16, 17). The abdomen was
sutured closed and the rats were returned to their cages. Rats
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were given vehicle (0.5% carboxymethycellulose; 5 mlykg),
ticlopidine (100 or 300 mgykg), or aspirin (30 mgykg) intragas-
trically each day from day 3 to day 9 postulcer induction. These
doses of ticlopidine and aspirin have been shown to inhibit
platelet aggregation and thrombus formation in the rat (18–23).
Aspirin’s inhibitory effects on thromboxane (TX) synthesis were
confirmed by taking blood before sacrifice, allowing it to clot at
37°C for 45 min, and then measuring TXB2 levels by ELISA (20).

Other groups of rats (n 5 5 each) received i.v. ticlopidine (30
mgykg) or vehicle daily from day 3 to day 9 postulcer induction,
and the ulcer area was determined on day 10. For i.v. adminis-
tration (via a tail vein), ticlopidine was dissolved in 0.9% sterile
saline and administered in a volume of 5 mlykg body weight as
a slow infusion.

The effects of immunodepletion of platelets on gastric ulcer
healing also was examined. Rats in which ulcers had been
induced (as above) were given antiplatelet serum (n 5 9) or
normal rabbit serum (n 5 7) i.v. on days 3 and 7, as described
previously (24). The rats were killed on day 10 for assessment of
ulcer area. Treatment with this antiplatelet serum reduces the
numbers of circulating platelets in the rat by .99% (24). The
antibody had no effect on circulating numbers of erythrocytes or
leukocytes. In other experiments, groups of rats (n 5 6 each)
made thrombocytopenic, as above, were treated with ticlopidine
(300 mgykg per day) or vehicle for 1 week to determine effects
on ulcer healing. Other thrombocytopenic rats (with gastric
ulcers) were given washed platelets harvested from rats that had
been treated for 1 week with ticlopidine (300 mgykg) or vehicle.
The platelets (109yrat) were infused i.v. on the fourth day after
ulcer induction, and the ulcer area was measured on day 10.

Assessment of Ulcer Healing. On day 10 after ulcer induction, rats
were anesthetized with halothane and a blood sample was drawn
from the inferior vena cava for measurement of hematocrit. The
stomach then was removed and the ulcer area was measured
planimetrically (17) in a blind manner. A longitudinal section of
tissue that included the ulcer base and both sides of ulcer margins
was fixed in 4% neutral buffered formalin (4°C) and then
embedded in paraffin and sectioned.

Assessments of Angiogenesis. Angiogenesis was assessed by count-
ing the number of neomicrovessels, using immunohistochemistry
for von Willebrand Factor (25). Three randomly selected areas
of the granulation tissue on each slide were counted and the data
were averaged. Any positive-staining endothelial cell or endo-
thelial cell cluster that was clearly separated from adjacent
microvessels was considered an angiogenic microvessel (26).

Platelet Aggregation. Rats were given vehicle, ticlopidine (300
mgykg), or aspirin (30 mgykg) orally once daily for 7 days. Blood
was collected from the descending aorta 3 h after the final dose,
and platelet-rich plasma and platelet-poor plasma (PPP) were
prepared (20). The effects of aspirin and ticlopidine on platelet
aggregation were studied ex vivo (20). Three agonists were used:
thrombin (0.375–1.25 unitsyml), ADP (2.5–20 mM), and arachi-
donic acid (20–750 mgyml).

Measurement of VEGF and Endostatin. Platelet-rich plasma was
stimulated with thrombin (0.75 unityml) or ADP (10 mM) in the
cuvette of a platelet aggregometer. The platelet suspension then
was centrifuged (9,000 3 g), and the supernatant was stored at
270°C. The concentrations of VEGF and endostatin were
measured by ELISA. In some experiments, the levels of VEGF
and endostatin in PPP and in lysed platelets also were measured.

Culture of Endothelial Cells. Human umbilical vein endothelial cells
(HUVECs) were obtained from American Type Culture Col-
lection (Manassas, VA) and maintained in modified F12K

medium supplemented with 0.1 mgyml heparin, 0.03 mgyml
endothelial cell growth supplement, and 10% FBS. They were
used at passages 38–44 (26).

Endothelial Cell Proliferation. Cell proliferation was determined by
using the MTT [3-(4,5-dimethylthiaxol-2-yl)-2,5-diphenyltetra-
zolium bromide] assay (27). HUVECs (2 3 104ywell) were
incubated with F12K medium with 2% FBS in 24-well plates.
Beginning 4 h after plating, the cells were incubated for 24 h with
serum from rats that had been treated once daily for the previous
week with vehicle, ticlopidine (300 mgykg), or aspirin (30
mgykg) or directly with ticlopidine (1–10 mM) or aspirin (1–10
mM). The medium then was aspirated and MTT was added to
each well (0.25 mgyml). The cells then were incubated for a
further 3 h at 37°C. The medium then was aspirated and the cells
were lysed with DMSO. An aliquot of the lysate was transferred
to a 96-well plate, and absorbance at 540 nm was measured. For
cell counts, cells were detached by trypsin and diluted with PBS.
The number of cells in each well was counted under a light
microscope.

Apoptosis. Apoptosis, defined as nuclear chromatin condensation
and fragmentation, was assessed blindly after staining with
DAPI (49,69-diamidino-2-phenylindole; 1 mgyml) (28). Apopto-
sis also was measured with a commercially available ELISA assay
that quantifies DNA fragmentation, with the results expressed as
a percentage of medium control values (cells incubated with
2.5% FBS).

Statistical Analysis. All data are expressed as mean 6 SEM, with
sample sizes of at least five per group. Comparisons of data
among groups were performed with one-way ANOVA followed
by the Student–Newman–Keuls test. An associated probability
(P value) of less than 5% was considered significant.

Materials. Reagents were obtained from the following sources:
ticlopidine, aspirin, heparin, endothelial cell growth supplement
and DAPI were from Sigma; antibodies and ELISA kits for
measurement of VEGF and endostatin were from Chemicon;
apoptosis ELISA kits were from Boehringer Mannheim;
HUVECs and medium were from American Type Culture
Collection; antiplatelet serum was from Cedarlane Laboratories;
and all other supplies were from Fisher Scientific.

Results
Gastric Ulcer Healing and Angiogenesis. The mean size of ulcers at
day 3 after induction was 78 6 8 mm2. In the days that followed,
granulation tissue began to develop and microvessels grew
(angiogenesis) from the adjacent normal tissue. By day 10, ulcers
in the control group had healed significantly (by an average of
almost 80%; Fig. 1A). Treatment with the higher dose of
ticlopidine reduced the extent of gastric ulcer healing by '50%
(Fig. 1 A) and depressed angiogenesis in the granulation tissue
(Fig. 1B). Aspirin and the lower dose of ticlopidine were without
significant effects on ulcer healing. None of the treatments
significantly affected the hematocrit, which was measured on day
10 after ulcer induction. Aspirin treatment for 1 week reduced
whole-blood TXB2 synthesis by .99% (from 1,867 6 113 ngyml
to 13 6 5 ngyml; P , 0.001).

Intravenous administration of ticlopidine (30 mgykg) daily for
a week also significantly delayed gastric ulcer healing (mean
ulcer area of 55.1 6 5.0 mm2 vs. 23.4 6 1.9 mm2 in vehicle-treated
rats; P , 0.01).

Induction of thrombocytopenia with antiplatelet serum
caused a significant inhibition of gastric ulcer healing (mean
ulcer size of 38.0 6 5.6 mm2 vs. 17.9 6 2.8 mm2 in rats treated
with normal rabbit serum; P , 0.05), a significant decrease in
numbers of angiogenic microvessels (61.4 6 4.7 vs. 86.0 6 6.3 per
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mm2, respectively; P , 0.01), but no significant effect on
hematocrit (37.9 6 0.6 vs. 39.3 6 0.4, respectively). Daily
administration of ticlopidine (300 mgykg per day) to thrombo-
cytopenic rats did not significantly affect ulcer healing relative
to that in thrombocytopenic rats treated with vehicle (mean
ulcer areas of 34.9 6 5.2 mm2 vs. 40.7 6 5.6 mm2, respectively).
However, infusion of washed platelets from rats treated for 1
week with ticlopidine into thrombocytopenic rats resulted in a
significant inhibition of ulcer healing relative to thrombocyto-
penic rats given platelets from rats treated with vehicle (25.6 6
5.6 mm2 vs. 11.1 6 3.0 mm2, respectively; P , 0.05).

Platelet Aggregation. Platelet counts were not affected signifi-
cantly by treatment with ticlopidine or aspirin. Platelets from
ticlopidine- and aspirin-treated rats showed a similar, low degree
of aggregation in response to thrombin and arachidonic acid
compared with those from vehicle-treated rats (Fig. 2 A and B).
However, platelets from ticlopidine-treated rats exhibited sig-
nificantly lower aggregation induced by ADP than those from
aspirin- or vehicle-treated rats (Fig. 2C).

Serum VEGF and Endostatin Levels. In rats with gastric ulcers, serum
levels of VEGF were significantly elevated (Fig. 3A), whereas
serum levels of endostatin were markedly decreased (Fig. 3B).
Treatment with the higher dose of ticlopidine prevented the
elevation of serum VEGF and the decrease in serum endostatin
(Fig. 3). Aspirin and the lower dose of ticlopidine (100 mgykg)
had no effect on the serum levels of VEGF or endostatin.

Ticlopidine treatment (300 mgykg per day) of rats that did not

have ulcers resulted in a modest increase in serum endostatin
levels (vehicle, 16.7 6 0.4 ngyml; ticlopidine, 18.2 6 0.3 ngyml;
P , 0.01), but did not significantly affect serum VEGF levels
(vehicle, 0.76 6 0.09 ngyml; ticlopidine, 0.80 6 0.04 ngyml).

HUVEC Proliferation and Apoptosis. Exposure of HUVECs to
serum from vehicle-treated rats resulted in a concentration-
dependent increase in proliferation (Fig. 4A). However, the
stimulation of proliferation was significantly less when the cells

Fig. 1. Effects of ticlopidine and aspirin on gastric ulcer healing (A) and
angiogenesis in the granulation tissue (B) 10 days after ulcer induction. Three
days after ulcer induction, the mean ulcer size was 78 6 8 mm2. The rats were
given vehicle, ticlopidine (100 or 300 mgykg), or aspirin (30 mgykg) orally
each day from day 3 to day 9 postulcer induction. Ulcer healing is expressed as
a percent reduction in ulcer size from that on day 3. *, P , 0.05; **, P , 0.01
vs. the corresponding vehicle-treated group (the statistical analysis was per-
formed by using the raw ulcer area data).

Fig. 2. Platelet aggregation induced by thrombin (A), arachidonic acid (B),
and ADP (C). Rats were given vehicle, ticlopidine (300 mgykg), or aspirin (30
mgykg) orally each day for 7 days. Three hours after the final dose, platelet-
rich plasma was prepared and platelet aggregation in response to the three
agonists was assessed. *, P , 0.05; **, P , 0.01; ***, P , 0.001 vs. the
corresponding control group.
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were incubated with serum from ticlopidine-treated rats. Serum
from aspirin-treated rats increased proliferation to the same
extent as serum from vehicle-treated rats. Incubation of
HUVECs directly with ticlopidine or aspirin (1–10 mM) did not
affect the rate of proliferation. Determining cell proliferation by
direct cell counting, rather than with the MTT assay, produced
similar results (data not shown).

An average of 12% of HUVECs exposed only to medium were
undergoing apoptosis. Serum from vehicle-treated rats reduced
apoptosis concentration-dependently. In contrast, serum from
ticlopidine-treated rats did not reduce apoptosis. Serum from
aspirin-treated rats had no significant effect on apoptosis com-
pared with that from vehicle-treated rats (Fig. 4B). Quantifica-
tion of apoptosis by measurement of DNA fragmentation
yielded virtually identical results (data not shown). Direct incu-
bation of HUVECs with ticlopidine or aspirin (1–10 mM) did not
affect the rate of apoptosis.

To examine further the possibility that the increased levels of
endostatin in serum from ticlopidine-treated rats contributed to
the reduced HUVEC proliferation and increased apoptosis, the
effects of addition to the culture medium of an antiendostatin
antibody (16 mgyml), an anti-VEGF antibody (2.5 mgyml), or an
isotype-matched control antibody (16 mgyml) were assessed.
These antibodies were the same as those used in the ELISA
assays for endostatin and VEGF. Antiendostatin prevented both
the decreased proliferation and increased apoptosis associated
with exposure of the HUVECs to serum from ticlopidine-
treated rats (Fig. 5). However, neither the anti-VEGF nor the
control antibody significantly affected the ticlopidine-associated
changes in proliferation or apoptosis. The three antibodies had

no effect on proliferation or the rate of apoptosis in HUVECs
exposed only to control medium (data not shown).

Platelet VEGF and Endostatin. The levels of VEGF in serum, PPP,
and platelet lysates, derived from the same volume of blood,
were 1.12 6 0.03, 0.79 6 0.05, and 1.57 6 0.13 ngyml, respec-
tively. This suggests that VEGF is stored within platelets.
Ticlopidine did not significantly affect VEGF levels in PPP or in
platelet lysates (0.79 6 0.06 and 1.47 6 0.08 ngyml, respectively),
but significantly decreased serum VEGF levels (0.82 6 0.07
ngyml; P , 0.05). Thus, ticlopidine affected the release of
VEGF from platelets, not its levels within the platelets. Throm-
bin and ADP did not significantly affect the in vitro release of
VEGF from platelets from vehicle-treated rats (Fig. 6A). Sig-
nificant inhibition of ADP-induced VEGF release was observed
with platelets derived from ticlopidine-treated rats.

Endostatin levels in serum, PPP, and platelet lysates, derived
from the same volume of blood, were 10.7 6 0.7, 7.9 6 0.4, and
19.7 6 1.1 ngyml, respectively. Ticlopidine treatment signifi-
cantly increased endostatin levels in all three types of samples
(15.8 6 0.7, 13.7 6 0.7, and 29.2 6 2.9 ngyml, respectively; P ,
0.05 for each). This indicates that endostatin is stored within
platelets. Stimulation of platelets from vehicle-treated rats with
thrombin, but not ADP, resulted in a significant increase in
endostatin release (Fig. 6B). Measurement of residual endosta-
tin in the platelet pellet revealed that thrombin stimulation
resulted in the release of '85% of the total endostatin content
of the platelet. Both basal- and thrombin-stimulated endostatin

Fig. 3. Effects of ticlopidine and aspirin on serum VEGF (A) and endostatin
(B) levels. Beginning 3 days after ulcer induction, rats were given vehicle,
ticlopidine (300 mgykg), or aspirin (30 mgykg) orally each day for 7 days. The
‘‘No ulcer’’ group consisted of sham-operated rats that were treated each day
with vehicle. *, P , 0.05; **, P , 0.01 vs. the corresponding vehicle-treated
group. #, P , 0.01 vs. the ‘‘No ulcer’’ group.

Fig. 4. Effects of serum derived from ticlopidine- or aspirin-treated rats on
HUVEC proliferation (A) and apoptosis (B). HUVECs were incubated with sera
from vehicle-treated, ticlopidine-treated (300 mgykg), or aspirin-treated (30
mgykg) rats for 24 h. Cell proliferation was determined by the MTT assay, and
apoptosis was assessed by DAPI staining (B). *, P , 0.05; **, P , 0.01; ***, P ,
0.001 vs. the corresponding vehicle-treated group. The dotted lines show the
mean levels of proliferation or apoptosis in cells incubated only with the
control medium (containing 2.5% FBS, but no rat serum).

Ma et al. PNAS u May 22, 2001 u vol. 98 u no. 11 u 6473

PH
A

RM
A

CO
LO

G
Y



release were enhanced further when the platelets were from
ticlopidine-treated rats (Fig. 6B). When platelets from rats
treated with aspirin were examined, the release of endostatin in
response to stimulation with thrombin or ADP was not signifi-
cantly different from that seen with platelets from vehicle-
treated rats.

Discussion
Angiogenesis is an essential process for ulcer healing, requiring
the concerted interaction of a variety of cellular systems. Plate-
lets play a pivotal role in wound healing by releasing a number
of growth factors that can promote angiogenesis (5, 7, 8, 29).
Therefore, we hypothesized that, in addition to inhibitory effects
on platelet aggregation, antiplatelet drugs might impair gastric
ulcer healing by virtue of inhibitory effects on growth factor
release. Our results demonstrate a previously unrecognized role
for platelets in gastric ulcer healing in the rat. Moreover, we have
demonstrated that platelets contain the antiangiogenic factor
endostatin. Treatment with ticlopidine, but not aspirin, signifi-
cantly delayed ulcer healing and significantly modulated serum
levels of endostatin and VEGF, and their release from platelets,
in a manner consistent with impairment of ulcer healing. Ticlo-
pidine did not alter gastric ulcer healing in thrombocytopenic
rats, but platelets from ticlopidine rats were able to delay ulcer
healing when transfused into thrombocytopenic rats, further
supporting the hypothesis that the effects of this drug on healing
were mediated through its actions on the platelet.

Angiogenesis can be influenced by a variety of factors. In the
present study, we focused on one proangiogenic factor (VEGF)
and one antiangiogenic factor (endostatin). VEGF is a highly
specific mitogen for vascular endothelial cells that promotes
endothelial proliferation and migration (30) and has been shown
to significantly accelerate ulcer healing (12). Endostatin is one

of the most potent, endogenous inhibitors of angiogenesis (13).
It directly inhibits endothelial growth and migration, promotes
apoptosis, and antagonizes the angiogenesis-promoting effects
of VEGF (31). In normal rats, both of these factors were
detected in serum. Induction of gastric ulcers resulted in in-
creases in serum levels of VEGF and decreases in serum levels
of endostatin. Such changes are consistent with a need for
increased angiogenesis in an effort to heal the ulcer. In rats
treated orally with ticlopidine, these shifts in serum growth
factor levels were abolished, and, in parallel, ticlopidine signif-
icantly impaired ulcer healing. Significant impairment of ulcer
healing also was observed when ticlopidine was given i.v. at 1y10
the oral dose. It is unlikely that the platelet was the only source
of VEGF and endostatin in the serum. However, the notion that
ticlopidine may have impaired ulcer healing through inhibition
of platelet release of these growth factors is supported by the
demonstration that depletion of circulating platelets with an
antiplatelet serum produced an impairment of ulcer healing and
a reduction in angiogenesis in the ulcer bed similar in magnitude
to that seen with ticlopidine treatment.

VEGF is stored in a-granules within the platelet (29). Serum
VEGF levels previously have been shown to correlate with the
numbers of circulating platelets (32). Given that ticlopidine
inhibits ADP-induced platelet aggregation (33) and the resulting
a-granule release (34), it is predictable that VEGF release from
platelets would be reduced after ticlopidine treatment. On the
other hand, the increased release of endostatin from platelets
harvested from ticlopidine-treated rats occurred despite the fact
that ticlopidine markedly suppressed platelet aggregation. Thus,
endostatin release occurs independently of platelet aggregation.
The studies of platelet lysates demonstrated that ticlopidine
treatment resulted in an increase of platelet endostatin content

Fig. 5. Effects of antiendostatin, anti-VEGF, and control antiserum (IgG) on
HUVEC proliferation (A) and apoptosis (B; DAPI staining) after exposure to 5%
rat serum. Serum from ticlopidine-treated rats reduced proliferation and
increased apoptosis (***, P , 0.001). Antiendostatin abolished the effects of
the serum from ticlopidine-treated rats (#, P , 0.05 vs. the ‘‘ticlopidine alone’’
and ticlopidine 1 IgG groups).

Fig. 6. Release of VEGF (A) and endostatin (B) from platelets in response to
stimulation with ADP or thrombin. Platelets were harvested from rats that had
been treated daily for 1 week with vehicle, ticlopidine (300 mgykg), or aspirin
(30 mgykg) and then were challenged in vitro with saline, ADP (10 mM), or
thrombin (0.75 unityml). *, P , 0.05; **, P , 0.01 vs. corresponding vehicle-
treated control; ##, P , 0.01 vs. the corresponding saline-challenged group.
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of '50%. It is interesting that substantial endostatin release was
stimulated by thrombin, with little or no effect of ADP, despite
the fact that these two agonists, at the doses used, stimulated
platelet aggregation to approximately the same extent (60–70%
of maximal aggregation).

The addition of rat serum to cultured HUVECs caused a
concentration-dependent increase in proliferation and a de-
crease in apoptosis. However, the serum from rats that had been
treated with ticlopidine had a greatly reduced capacity to
produce these effects. Extending these findings to the in vivo
situation would suggest that ticlopidine impairs angiogenesis,
which is consistent with the observed inhibitory effects of this
drug on ulcer healing. Such effects of ticlopidine are due to the
enhanced release of endostatin, because the effects on endo-
thelial cell proliferation and apoptosis were reversed by an
antiendostatin antibody.

Ticlopidine and aspirin inhibited platelet aggregation to a
similar extent, but unlike ticlopidine, aspirin did not impair ulcer
healing at the dose tested. Thus, inhibition of platelet aggrega-
tion per se is not sufficient to interfere with ulcer healing. That
aspirin did not significantly affect serum levels of VEGF and
endostatin and did not affect endothelial proliferation or apo-
ptosis are likely reasons for the lack of impairment of ulcer
healing in rats treated with this drug. Of course, it is possible that
other NSAIDs or higher doses of aspirin might influence the
release of VEGF and endostatin from platelets and delay ulcer
healing. We have observed previously that daily treatment with
diclofenac over a period of 1 week significantly impaired ulcer
healing and reduced hematocrit in the same model as used in the
present study (17). Whether or not diclofenac influenced serum
or platelet levels of VEGF and endostatin was not examined in

that study. Of course, it is possible that NSAIDs and selective
COX-2 inhibitors produce inhibitory effects on ulcer healing
through mechanisms other than modulation of platelet growth
factor release. These agents have been shown to promote
apoptosis and inhibit angiogenesis through direct effects on
endothelial cells in vitro (3).

Ticlopidine was used in the present study as a pharmacological
tool, with the higher dose selected because it is effective in terms
of inhibiting platelet aggregation in the rat (19, 22, 23). Further
studies to evaluate the effects of therapeutic doses of ticlopidine
on the production of angiogenesis-related growth factors in
humans seem warranted. Interestingly, inhibitory effects of
ticlopidine on proliferation and migration of human saphenous
endothelial cells (an in vitro model of wound healing) have been
reported (35).

In conclusion, we report the previously unrecognized ability of
platelets to modulate gastric ulcer healing. Moreover, platelets
contain the antiangiogenic factor endostatin, and its release
from platelets can be modulated by treatment with ticlopidine.
Results of in vitro studies of endothelial cell proliferation and
apoptosis are consistent with the hypothesis that it is the
increased release of antiangiogenic (endostatin) factors and
decreased release of proangiogenic factors from sources such as
the platelet that account for the modulation of gastric ulcer
healing.

This work was supported by a grant from the Canadian Institutes of Health
Research (CIHR). L.M. is supported by a Fellowship from AstraZen-
ecayCanadian Association of GastroenterologyyCIHR. J.L.W. is a CIHR
Senior Scientist and an Alberta Heritage Foundation for Medical Research
Senior Scientist.

1. Wallace, J. L. (1997) Gastroenterology 112, 1000–1016.
2. Schmassmann, A. (1998) Am. J. Med. 104, 43S–51S.
3. Jones, M. K., Wang, H., Peskar, B. M., Levin, E., Itani, R. M., Sarfeh, I. J. &

Tarnawski, A. S. (1999) Nat. Med. 5, 1418–1423.
4. Tarnawski, A., Stachura, J., Krause, W. J., Douglass, T. G. & Gergely, H. (1991)

J. Clin. Gastroenterol. 13, S42–S47.
5. Maloney, J. P., Silliman, C. C., Ambruso, D. R., Wang, J., Tuder, R. M. &

Voelkel, N. F. (1998) Am. J. Physiol. 275, H1054–H1061.
6. Miyazono, K. & Heldin, C. H. (1989) Biochemistry 28, 1704–1710.
7. Hwang, D. L., Lev-Ran, A., Yen, C. F. & Sniecinski, I. (1992) Regul. Pept. 37,

95–100.
8. Linder, B. L., Chernoff, A., Kaplan, K. L. & Goodman, D. S. (1997) Proc. Natl.

Acad. Sci. USA 76, 4107–4111.
9. Fenton, J. W., Ofosu, F. A., Moon, D. G. & Maraganore, J. M. (1991) Blood

Coagul. Fibrinolysis 2, 69–75.
10. Tsopanoglou, N. E., Pipili-Synetos, E. & Maragoudakis, M. E. (1993) Am. J.

Physiol. 264, C1302–C1307.
11. Pipili-Synetos, E., Papadimitriou, E. & Maragoudakis, M. E. (1998) Br. J.

Pharmacol. 125, 1252–1257.
12. Szabo, S. & Vincze, A. (2000) J. Physiol. (London) 94, 77–81.
13. O’Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W. S., Flynn,

E., Birkhead, J. R., Olsen, B. R. & Folkman, J. (1997) Cell 88, 277–285.
14. Dhanabal, M., Ramchandran, R., Volk, R., Stillman, I. E., Lombardo, M.,

Iruela-Arispe, M. L., Simons, M. & Sukhatme, V. P. (1999) Cancer Res. 59,
189–197.

15. Dhanabal, M., Ramchandran, R., Waterman, M. J., Lu, H., Knebelmann, B.,
Segal, M. & Sukhatm, V. P. (1999) J. Biol. Chem. 274, 11721–11726.

16. Okabe, S., Roth, J. L. & Pfeiffer, C. J. (1971) Am. J. Dig. Dis. 16, 277–284.
17. Elliott, S. N., McKnight, W., Cirino, G. & Wallace, J. L. (1995) Gastroenterology

109, 524–530.
18. Ashida, S. & Abiko, Y. (1979) Thromb. Haemostasis 40, 542–550.

19. Sasaki, Y., Ishii, I., Giddings, J. C. & Yamamoto, J. (1996) Haemostasis 26,
150–156.

20. Wallace, J. L., McKnight, W., Del Soldato, P., Baydoun, A. R. & Cirino, G.
(1995) J. Clin. Invest. 96, 2711–2718.

21. Wallace, J. L., Muscara, M. N., McKnight, W., Dicay, M., Del Soldato, P. &
Cirino, G. (1999) Thromb. Res. 93, 43–50.

22. Sugidachi, A., Asai, F., Ogawa, T., Inoue, T. & Koike, H. (2000) Br. J.
Pharmacol. 129, 1439–1446.

23. Taka, T., Okanao, E., Seki, J. & Yamamoto, J. (1999) Haemostasis 29, 189–196.
24. Wallace, J. L., Bak, A., McKnight, W., Asfaha, S., Sharkey, K. A. & Mac-

Naughton, W. K. (1998) Gastroenterology 115, 101–109.
25. Weidner, N., Semple, J. P., Welch, W. R. & Folkman, J. (1991) N. Engl. J. Med.

324, 1–8.
26. Ma, L., Chow, J. Y. & Cho, C. H. (1999) Am. J. Physiol. 276, G238–G248.
27. Carmichael, J., DeGraff, W. G., Gazdar, A. F., Minna, J. D. & Mitchell, J. B.

(1978) Cancer Res. 47, 936–942.
28. Wagner, S., Beil, W., Westermann, J., Logan, R. P., Bock, C. T., Trautwein, C.,

Bleck, J. S. & Manns, M. P. (1997) Gastroenterology 113, 1836–1847.
29. Wartiovaara, U., Salven, P., Mikkola, H., Lassila, R., Kaukonen, J., Joukov, V.,

Orpana, A., Ristimaki, A., Heikinheimo, M., Joensuu, H., et al. (1998) Thromb.
Haemostasis 80, 171–175.

30. Achen, M. G. & Stacker, S. A. (1998) Int. J. Exp. Pathol. 79, 255–265.
31. Yamaguchi, N., Anand-Apte, B., Lee, M., Sasaki, T., Fukai, N., Shapiro, R.,

Que, I., Lowik, C., Timpl, R. & Olsen, B. R. (1999) EMBO J. 18, 4414–4423.
32. Verheul, H. M., Hoekman, K., Luykx-de Bakker, S., Eekman, C. A., Folman,

C. C., Broxterman, H. J. & Pinedo, H. M. (1997) Clin. Cancer Res. 3, 2187–2190.
33. Jin, J. & Kunapuli, S. P. (1998) Proc. Natl. Acad. Sci. USA 95, 8070–8074.
34. Pengo, V., Boschello, M., Marzari, A., Baca, M., Schivazappa, L. & Dalla Volta,

S. (1986) Thromb. Haemostasis 56, 147–150.
35. Klein-Soyer, C., Cazenave, J. P., Herbert, J. M. & Maffrand, J. P. (1994) J. Cell

Physiol. 160, 316–322.

Ma et al. PNAS u May 22, 2001 u vol. 98 u no. 11 u 6475

PH
A

RM
A

CO
LO

G
Y


