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Abstract

Objectives Aspirin is the mainstay of anti-platelet therapy in the secondary preven-
tion of cardiovascular disease. However, problems with aspirin safety and resistance
demand clinical strategies based on multiple pharmacological approaches. Prodrugs
of aspirin may offer beneficial effects in terms of gastro-intestinal safety and multiple
pharmacological approaches. However, the pharmacological profile of aspirin pro-
drugs in human platelets has not been completed yet.We aimed to compare the effects
of aspirin and prodrugs of aspirin (1–5) on human platelet aggregation stimulated by
ADP and collagen and associated receptor expression (GPIIb/IIIa and P-selectin) in
platelet-rich plasma (PRP) and washed platelets (WP).
Methods As aspirin is released from prodrugs following esterase hydrolysis we
studied the expression and activity of butyrylcholineterase (BuChE) and carbox-
yesterase (CE) in plasma and platelets. The mechanism of prodrug-induced plate-
let aggregation inhibition was explored by studying the effects of plasma and
purified human BuChE on aggregation. Finally, the relative contribution of nitric
oxide (NO) bioactivity to nitrate-containing prodrugs of aspirin-induced inhibi-
tion of aggregation was determined using 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-
1-one (ODQ,) a selective inhibitor of the soluble guanylyl cyclase.
Key findings ST0702, 2, a nicotinic acid-aspirin codrug was equipotent with
aspirin with respect to inhibition of collagen-induced platelet aggregation. Com-
pound 4, a NO releasing aspirin was the most potent inhibitor of ADP-induced
platelet aggregation, an effect partially reversed by ODQ. The platelet inhibitory
effects of aspirin prodrugs were time-dependent as the maximal inhibitory effects
against collagen-induced aggregation were achieved by aspirin at 2 min, 1 at 5 min
and ST0702 at 15 min. The aspirin prodrugs were significantly less potent in WP
than in PRP and the reverse was true of aspirin. In the presence of complete
BuChE inhibition in PRP, there was almost complete loss of aspirin prodrug, but
not aspirin anti-aggregatory activity. Interestingly, CE activity was observed
in WP and platelet lysate with pNPA substrate. Accordingly, 1 and ST0702 retained
50% and 100% anti-aggregatory activity at maximal concentrations in WP,
which was attenuated in the presence of esterase inhibitor phenylmethylsulphonyl
fluoride.
Conclusions The inhibitory effect of aspirin prodrugs in PRP is due to prodrug
activation by BuChE. In contrast, the platelet-inhibitory effects of aspirin prodrugs
in WP may be mediated through the activity of platelet CE. Compound 4, a
NO-containing aspirin prodrug, may exert dual inhibitory effects in platelets. Thus,
aspirin prodrugs effectively inhibit human platelet aggregation and as such may be
an alternative to conventional aspirin.
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Introduction

True aspirin ester prodrugs are compounds designed to
undergo processing in human blood, producing aspirin.[1]

They are of interest primarily because they are predicted to be
less toxic to the gastro-intestinal tract than aspirin. Aspirin’s
acid group is associated with its topical irritancy, with ion
trapping and with cyclooxygenase (COX)-1/COX-2 inhibi-
tion.[2,3] Esterification blunts the topical irritancy effect, sup-
presses ion trapping and is predicted to abolish local COX
inhibitory effects. Aspirin prodrugs also hold promise for
addressing some of the efficacy deficits of the parent drug.
Aspirin fails to prevent atherothrombotic events in the
majority of patients with symptomatic atherothrombotic
disease (75–80%).[4,5] This is a complex problem that is partly
due to poor compliance (which is linked to intestinal toxicity)
but it is also a reflection of the multi-factorial nature of car-
diovascular disease which demands multiple pharmacologi-
cal responses.

Recently, we reported on the first ‘true’ aspirin prodrug,
isosorbide-2-aspirinate-5-salicylate, 1 (Figure 1).[6] This is
activated very rapidly in solutions containing human plasma
butyrylcholinesterase (BuChE, EC 3.1.1.8) because of a
highly specific interaction with BuChE. Compound 1 under-
goes parallel processing in plasma, generating isosorbide
disalicylate (15%) (Figure 1b). Normally aspirin esters are
processed exclusively along this route,[1] which abolishes
platelet inhibitory properties. By taking account of esterase
preferences it was possible to design hybrid compounds able
to release a second active moiety relevant to cardiovascular
disease.[7] In human plasma solution, ST0702 releases aspirin
(30–45%) and nicotinic acid (niacin). Nicotinic acid
increases high-density lipoprotein cholesterol (HDL) and
reduces low-density lipoprotein cholesterol and triglycer-
ides.[8,9] Moreover, it is the pharmacological agent of choice
for reduction of elevated lipoprotein (a), a new treatment
target in cardiovascular disease.[10] The nitrate hybrids (3–5)
were designed to release an organic nitrate and aspirin
(nitric oxide (NO)-aspirin). NO is gastroprotective through
multiple mechanisms: by promoting blood flow, removing
toxins and stimulating mucus secretion and angiogenesis.
NO is also a potent vasodilator and it inhibits platelet and
monocyte adhesion and platelet aggregation.[11–13] The com-
bination with aspirin has been extensively investigated with
interesting outcomes that support the gastro-protective
proposition.[14–16]

Aspirin ester prodrugs consistently exhibit greater inhibi-
tion of platelet aggregation in vitro than expected based on
aspirin to salicylate production in plasma and blood.[17] Com-
pound 1, for example, is a significantly more potent inhibitor
of platelet aggregation than aspirin in whole blood in
response to arachidonic acid and in platelet-rich plasma
(PRP) stimulated with collagen (5 mg/ml); it is also more

efficacious than aspirin with respect to stimulation by
adenosine diphosphate (ADP) (3 mm).[6,7] The greater than
expected potency of true aspirin prodrugs is a puzzling and
potentially useful property.

The purpose of this paper is to report on the first pharma-
cological investigation into the platelet inhibitory properties
of isosorbide-based aspirin prodrugs. We examined the rela-
tive potency of the compounds as inhibitors of aggregation in
PRP and washed platelets (WP) (where BuChE is absent); the
involvement of platelet receptors; the effect of BuChE and
esterase inhibitors on potency and efficacy; the relative roles
of aspirin and NO in the effects of 3–5; the time course for
activation and platelet inhibition; and the role of platelet
esterases in aspirin prodrug activation.

Materials and Methods

Reagents

All reagents were purchased from Sigma-Aldrich (Dublin,
Ireland) unless otherwise stated. Collagen and ADP were
obtained from Chronolog (Havertown, USA). Allophycocya-
nin (APC)-conjugated monoclonal antibody against high-
affinity GPIIb/IIIa (PAC-1-APC) and APC-conjugated
monoclonal antibody against human platelet P selectin
(CD62P) were purchased from BD Biosciences (Oxford, UK).
Human polyclonal anti-CES 1 and CES 2 antibodies were
purchased from Sigma-Aldrich (Dublin, Ireland). Wild Type
BuChE (EC 3.1.1.8) was a kind gift from Oksana Lockridge,
University of Nabraska, USA. Human liver and intestinal
microsomes, BD Gentest, were obtained from BD Biosciences
(Woburn, MA, USA). Test compounds were dissolved in
dimethyl sulfoxide (DMSO), then diluted in PRP or WP
to give a final concentration not more than 0.25% DMSO,
which pilot studies had determined not to affect platelet
aggregation. No precipitation of test compound was observed
following dilution.

Preparation of human platelets

Blood was collected from fully consented healthy volunteers
at the School of Pharmacy and Pharmaceutical Sciences,
Trinity College, Dublin, who had not taken any drugs known
to affect platelet function for at least 14 days before the study.
The study was approved by the Trinity College Dublin Ethics
Committee. PRP and WP (2.5 ¥ 108 platelets/ml) were pre-
pared from blood as previously described.[18] Briefly 36 ml
whole blood was collected into 4 ml of 3.15% sodium citrate;
this was centrifuged at 250 ¥ g for 20 min (with gentle accel-
eration and deceleration). At this point PRP, which had sepa-
rated from white blood cells and red blood cells, was gently
removed. When WP were required this PRP was centrifuged
at 700g for 10 min (with gentle acceleration and deceleration)
in the presence of prostacyclin. The platelet-poor plasma
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Figure 1 (a) Structural formulae of aspirin prodrug test compounds. (b) Metabolic routes of 1 in human plasma butyrylcholineterase (BuChE) solution
generating aspirin and salicylate ester compounds.
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(PPP) was removed and the platelet pellet was washed three
times with Tyrode’s buffer, before being re-suspended in
Tyrode’s buffer to a concentration of 2.5 ¥ 108 platelets/ml.

Platelet aggregation and its inhibition by
aspirin prodrugs

Platelet aggregation was measured by light aggregometry as
previously described.[19–21] Briefly, PRP and WP samples
(2.5 ¥ 108/ml) were placed in an eight-channel Platelet
Aggregation Profiler Model PAP-8E and incubated for
10 min at 37°C, with stirring at 900 rpm, before the addition
of aggregating agents. Aggregation was initiated by the addi-
tion of agonists, and monitored by Aggro-Link software for
at least 6 min. For experiments using inhibitors, aggrega-
tion was initiated after 10 min pre-incubation with test
compounds.

To study the aggregatory potency of ADP, concentration–
response (0.3–10 mm) curves were generated. Collagen at dif-
ferent concentrations (2–5 mg/ml) was also used to induce
platelet aggregation. Sumbmaximal concentrations of ago-
nists (i.e. the concentrations that gave approximately 95% of
the maximal aggregation) were used to study the effects of
inhibitors of aggregation. Aspirin and aspirin prodrugs were
incubated for various intervals before addition of aggregating
agents. Results were expressed as percentage changes in
maximal light transmission, with 100% representing light
transmission of platelet medium alone.

Investigation of the role of plasma
butyrylcholinesterase in activation
of compound 1

To study the involvement of plasma BuChE in the activa-
tion of 1, purified BuChE (3 U/ml) was incubated with WP
for 5 min in the aggregometer with stirring at 900 rpm
before the addition of 1, which was incubated with the
WP for a further 10 min, before the addition of collagen
(5 mg/ml).

Effect of physostigmine (eserine) on platelet
inhibitory activity of prodrugs

Physostigmine (in DMSO, 10 mm, giving a final concentra-
tion �0.25% DMSO, which pilot studies had determined not
to affect platelet aggregation) was pre-incubated with PRP or
WP for 5 min in the aggregometer with stirring at 900 rpm
before the addition of test compounds (1–5). These were
incubated in PRP or WP for a further 10 min before the addi-
tion of an agonist (10 mm ADP or 5 mg/ml collagen) to induce
platelet aggregation.

Effect of 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one on bioactivity
of prodrugs

1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, dis-
solved in 100% DMSO, used at a final concentration of
10 mM, which gave a final concentration not more than
0.25% DMSO) was pre-incubated with PRP or WP for 5 min
in the aggregometer with stirring at 900 rpm before the addi-
tion of test compounds (1–5), which were incubated in
PRP or WP for a further 10 min before the addition of an
agonist (10 mm ADP or 5 mg/ml collagen) to induce platelet
aggregation.

Effect of phenylmethylsulphonylfluoride on
activity of ST0702 in washed platelets

Phenylmethylsulphonylfluoride (PMSF) 20, 50 and 100 mm
dissolved in EtOH (�0.2% EtOH, which pilot studies had
determined not to affect platelet aggregation) was pre-
incubated in WP in the aggregometer for 5 min with stirring
at 900 rpm before the addition of test compound ST0702 to
the WP, which was further incubated for 10 min before the
addition of collagen (2 mg/ml) to induce platelet aggregation.

Activity of plasma esterase

Cholinesterase activity

PRP, WP samples (2.5 ¥ 108 platelets/ml), lysed WP samples
and PPP were analysed for the presence of BuChE activity,
according to the method of Ellman, with some modifica-
tions.[22] S-butyryltiocholine iodide (BTCI) at 1 mm in phos-
phate buffer pH 8.0 at 37°C was used as substrate to measure
the activity of BChE in WP, PRP, PPP and in WP lysed with
Triton X-100. Combined acetyl cholinesterase (AchE) and
BChE activity was measured with 1 mm acetlythiocholine
iodide (ATCI). A 4-ml volume of WP, PRP, PPP or lysed WP,
Ellman’s reagent (DTNB 10 mm) and phosphate buffer pH
8.0 were incubated in a 96-well plate at 37°C for 30 min. BTCI
or ATCI was added to give a final concentration of 1 mm and
the change in absorbance at 405 nm was measured over a
period of 10 min on a plate reader.

para-Nitrophenyl acetate assay

WP, PRP, PPP or lysed WP and 50 mm TrisHCl pH 7.4 were
incubated on a 96-well plate at 37°C for 30 min. para-
Nitrophenyl acetate (PNA) at a final concentration of 3 mm
was added to the plate and the change in absorbance at
405 nm was measured over a period of 10 min. NPA hydroly-
sis activity could be due to CE (EC 3.1.1.1), BuChE,
acetylcholinesterase (AChE, EC 3.1.1.7) or paraoxanase/

Platelet inhibition by aspirin prodrugs Shona Harmon et al.

© 2011 The Authors. JPP © 2011
Royal Pharmaceutical Society 2012 Journal of Pharmacy and Pharmacology, 64, pp. 77–8980



arylesterase (PON, EC 3.1.8.1). To identify which esterases
were involved in the hydrolysis of PNA, various inhibitors
were incubated with the WP, PRP, PPP or lysed WP and
50 mm TrisHCl pH 7.4 for 30 min at 37°C before the addition
of the PNA and the measurement of the change in absorbance
at 405 nm. Physostigmine (100 mm), a cholinesterase inhibi-
tor was used to check if BuChE/AChE played a role in the
hydrolysis of PNA. Iso-OMPA, a selective BuChE inhibitor,
was also used. PMSF (10–100 mm) was used to determine
whether serine proteases played any part in the hydrolysis of
PNA by platelets. EDTA a calcium chelator was used to inves-
tigate the role played by PON esterases. BNPP, a CE inhibitor,
was used to investigate whether CEs played a role in hydroly-
sis of PNA by platelets.

Control and solvent checks

Control experiments were performed throughout the
course of each experiment to establish normal aggregation
responses. Before each experiment, a sample of PRP or/and
WP was incubated with 10 ml of DMSO for 10 min at 37°C
with stirring to ensure the solvent had no inhibitory effect on
the aggregation response.

Flow cytometry

To analyse receptor expression on the surface of individual
platelets and to minimize platelet activation caused by sample
preparation procedures, no stirring or vortexing steps were
used. The abundance of activated GPIIb/IIIa and P-selectin
on the surface of platelets in the presence and absence of
inhibitors was measured by flow cytometry. Platelet samples
were first activated with agonists, either collagen or ADP.
When platelet aggregation reached 50% maximal light trans-
mission the reaction was terminated by 10-fold dilution with
physiologic saline. Resting platelets were used as control. In
most of the experiments, platelets were pre-incubated with
inhibitors for 10 min before the addition of agonists. Platelet
samples were then incubated in the dark without stirring
for 5 min at room temperature in the presence of saturating
concentrations (10 mg/ml) of P-selectin (CD62P-APC). The
activated GPIIb/IIIa platelet receptors were measured using
PAC-1 monoclonal antibody at the same concentration as
above. PAC-1 specifically recognizes an epitope on the high-
affinity GPIIb/IIIa complex of activated platelets at or near
the platelet.[23] Following incubation, samples were diluted
in FACS flow fluid and analysed within 5 min using a BD
FACSArray (BD Biosciences, Oxford, UK). Flow cytometry
was performed on single stained platelet samples as
described.[24–26] The instrument was set up to measure the size
(forward scatter), granularity (side scatter) and cell fluores-
cence. A two-dimensional analysis gate of forward and side

scatter was drawn so as to include single platelets and exclude
platelet aggregates and microparticles. Antibody binding was
measured by analysing individual platelets for fluorescence.
The mean fluorescence intensity was determined after correc-
tion for cell autofluorescence. For each sample, the fluores-
cence was analysed using a logarithmic scale. Fluorescence
histograms were obtained for 10 000 individual events. Data
were analysed using BD FACSArray software and expressed as
a percentage of control fluorescence in arbitrary units.

Platelet lysate preparation

Platelet lysates were prepared by lysing WP with 10 ¥ RIPA
buffer (20 mm Tris pH 7.4, 50 mm NaCl, 50 mm NaF, 5 mm
EDTA, 20 mm pyrophosphate, 1 mm Na3VO4, 10% Triton X,
10 mm PMSF, protease inhibitor cocktail) for 1 h on ice with
intermittent vortexing. A Bradford assay was performed to
determine the protein concentration of the platelet lysate
samples. Platelet lysate samples were mixed with 2 ¥ non-
reducing loading buffer (50 mm tris pH 6.8, 2% SDS, 0.1%
bromophenol blue, 20% glycerol), or reducing loading buffer
(50 mm Tris pH 6.8, 2% SDS, 0.1% bromophenol blue, 20%
glycerol, 0.5% b-mercaptoethanol), boiled for 5 min, centri-
fuged and loaded onto SDS-PAGE gels.

Gel electrophoresis and immunoblot analysis

Proteins were electrophoretically separated under non-
reducing and reducing conditions as described.[27] SDS-PAGE
was performed with 7% (w/v) separation gels at a constant
voltage of 160 V/h with the use of a Mini-Protean II gel
system (Bio-Rad Laboratories, Hemel Hempstead, UK).After
electrophoretic separation, proteins were transferred from
the gel onto Immobilon-NC membranes, according to the
method of Towbin et al.,[28] using a Bio-Rad Mini-Protean II
blotting system (Bio-Rad Laboratories). Proteins separated
by SDS–PAGE were transferred to nitrocellulose membranes.
Nitrocellulose membranes were blocked for 1 h in 5% bovine
serum albumin (BSA) in NT buffer (50 mm Tris pH 7.4,
170 mm NaCl, 0.2% (octylphenoxy) polyethoxyethanol)
(5% BSA/NT) and incubated overnight at 4°C with primary
antibody anti-CES2 diluted 1 : 1000, or anti-CES1 diluted
(1 : 2000). Subsequently, immunoblots were washed twice for
10 min each with 100 ml of 5% BSA/NT per blot and incu-
bated for 1 h with peroxidase-conjugated secondary anti-
bodies at a dilution of 1 : 10 000. After the blots had been
washed twice for 10 min with 5% BSA/NT and rinsed twice
with 5% BSA/NT buffer, nitrocellulose sheets were developed
by enhanced chemiluminescence. Calibration of molecular
masses was based on the SDS–PAGE molecular weight stan-
dards from Bio-Rad. Liver microsomes were used as a positive
control for CES1 and intestinal microsomes were used as a
positive control for CES2.
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Statistics

The data were analysed using one-way analysis of variance
with Bonferroni’s test (GraphPad Prism 5.0, San Diego,
USA). Kruskal–Wallis with appropriate post-hoc tests were
used for comparing data at n < 4. The results are expressed as
mean � SEM of 4–6 independent experiments. Paired and
unpaired Student’s t-tests were performed, where appropri-
ate. Statistical significance was considered when P < 0.05.

Results

Inhibition of platelet aggregation in washed
platelet suspension

As shown in Figure 2, the test compounds and aspirin caused
inhibition of platelet aggregation in PRP and WP stimulated
by collagen (5 mg/ml). The concentration estimated to cause
50% inhibition (IC50) values for inhibition of WP aggrega-
tion are presented in Table 1. The prodrugs 1–4 were signifi-
cantly less potent in WP suspension than in PRP (Figure 2a).
In contrast, aspirin was more potent in WP (IC50 35 mm)
than in PRP (IC50 92 mm). This effect may be due to protein
binding (50%[29]) or hydrolysis; aspirin interacts with
albumin partly through transacetylation[30] which compli-
cates measurement of free drug. Of the prodrug compounds,
2 (ST0702) was the most efficacious inhibitor of collagen-
induced aggregation in WP (IC50 154 mm). 1 was more
potent than 2 (ST0702) in this regard but less efficacious
(50% inhibition at 500 mm; Figure 2b). The lack of effect of
the other compounds in the absence of plasma BuChE
strongly suggests that their anti-platelet effect in PRP was due
to aspirin release. A role for plasma BuChE in activation of 1
was supported by the observation that its inhibitory actions

were rescued in WP by the addition of human BuChE puri-
fied from plasma (3 U/ml). Aspirin and the aspirin prodrugs
were tested as inhibitors of ADP (10 mm)-induced platelet
aggregation in PRP (n = 6) (Figure 3a). We have already
reported some initial results for 1, 3 and 4 at low concentra-
tion of ADP (3 mm).[7] Nitrate compounds 3 and 4 were sig-
nificantly more potent inhibitors of ADP (10 mm)-induced
aggregation than 1, 2 or aspirin (Figure 3a and 3b). Aspirin
caused consistently less inhibition of aggregation than 1 or 2
(which were similar in effect) but the difference was not sig-
nificant at any single concentration.

Time dependence of inhibition

1 and 2 (200 mm) were incubated in PRP for several time
intervals (2, 5, 10, 20, 30 min) before addition of collagen
(5 mg/ml) to stimulate platelet aggregation. Inhibition by 1
reached its maximum at 5 min (40% at 2 min). No significant
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Figure 2 Inhibition of platelet aggregation in response to collagen (5 mg/ml) in platelet-rich plasma (PRP) at 200 mM and in washed platelets (WP) in the
concentration range 10–300 mM (n = 6, *P < 0.05).

Table 1 IC50 values for the inhibition of platelet aggregation washed
platelets (platelet-rich plasma) in response to collagen (5 mg/ml). Also
shown is % aspirin release from each of the test compounds in human
plasma, the remainder producing salicylate metabolites

Compound

IC50 (mM) in washed
platelets (platelet-rich
plasma, 95% CI)

% Aspirin
releasea

Aspirin 34 (92, 85–100a) 100
1 200 (21, 17.2–23.9a) 70–85
ST0702 154 (85, 76–93) 30–45
3 >500 (17, 8.8–26.4a) 60–65
4 >500 (90, 79.5–100.1a) 30–40
5 >500 (>300) <5

IC50, concentration estimated to cause 50% inhibition of platelet aggre-
gation. aFrom Jones et al.[7]
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inhibition of platelet aggregation was observed with 2 follow-
ing 0–5 min pre-incubation. The inhibitory activity of 2
increased gradually with time and became maximal following
15–20 min pre-incubation.

Effects of products of hydrolysis of the
aspirin prodrugs on platelet aggregation

Several products of plasma hydrolysis of 1 (Figure 1b) were
available from a previous study that identified this compound
as a true aspirin prodrug.[6] These were tested for their effect
on collagen (5 mg/ml)-induced aggregation to see if they con-
tributed to the inhibitory actions of 1, which might explain its
greater potency than aspirin. Isosorbide, salicylic acid,
isosorbide-2,5-disalicylate and isosorbide-5-salicylate (see
Figure 1b) were incubated in PRP in the concentration range
10–300 mm before triggering aggregation. None of the
hydrolysis products significantly inhibited aggregation
induced by collagen (5 mg/ml) (n = 3 at 11 concentration
levels). The compounds were also co-incubated in the pres-
ence of aspirin to see if they potentiated its actions (either
pharmacologically or by affecting disposition). None of the
compounds affected aspirin’s activity apart from isosorbide-
disalicylate, which trended non-significantly towards an
attenuation of aspirin’s inhibitory effect (maximally 10%)
when co-incubated in the range 50–500 mm.

Influence of
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
on inhibition of aggregation induced by
aspirin prodrugs

The nitrates 3 and 4 were significantly more potent than
aspirin and the other aspirin prodrugs (1 and 2) at inhibiting

ADP (10 mm)-induced platelet aggregation. To determine
whether NO played a role in this effect, the irreversible guanyl
cyclase inhibitor ODQ was pre-incubated with PRP in the
aggregometer for 5 min before the addition of aspirin or
aspirin prodrugs. Platelet aggregation was then initiated by
the addition of ADP (10 mm). ODQ caused a small but signi-
ficant attenuation of the inhibitory action of nitrate 3
(Figure 3c). ODQ caused some inhibition when incubated
alone with ADP and it increased the inhibition of ADP-
induced platelet aggregation by aspirin, 1 and 2.

Effect of physostigmine on platelet
aggregation inhibition

The test compounds and aspirin were incubated in PRP at
the maximally effective concentration of 300 mm to inhibit
collagen-induced aggregation in the presence or absence of
10 mm physostigmine (eserine). This concentration level was
separately shown to cause complete inhibition of plasma
BuChE.Allof thePRPexperimentswereconducted insamples
that had normal BuChE levels (there are several polymor-
phisms leading to low BuChE activity). Physostigmine addi-
tion resulted in an almost complete loss of inhibitory activity
of all of the test compounds (Figure 4) in PRP. In contrast,
physostigmine did not exert a significant effect on inhibition
of aggregation afforded by aspirin. In WP suspension physos-
tigmine did not affect the inhibitory actions of the prodrugs
or aspirin towards collagen-induced aggregation (Figure 4).

Expression of platelet surface glycoproteins

The activation of glycoprotein integrin receptor GPIIb/IIIa is
crucial for platelet aggregation to occur.[31–33] In addition the
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translocations of P-selectin from a-granules to the platelet
surface membrane underlie platelet adhesion. We measured
the expression of these receptors following collagen stimula-
tion in the presence of the test compounds at 60 mm (n = 3).As
shown in Figure 5a and 5b, 1 and nitrate hybrid 4 suppressed
activation of GPIIb/IIIa and translocation of P-selectin in PRP
to resting levels but not in WP. Nitrate compound 5, which
does not release aspirin in plasma, did not cause significant
inhibition of either platelet marker in PRP or in WP. Com-
pound 3 was equipotent with aspirin in PRP but not in WP.
The effects overall were qualitatively similar to aspirin and
they correlated with the known extent of aspirin generation in

plasma solution (Table 1). U46619, a thromboxane mimetic,
was used to investigate whether the prodrugs had any inhibi-
tory effects downstream of thromboxane. Neither aspirin nor
the aspirin prodrugs had any inhibitory effect on platelet
aggregation induced by U46619 in PRP.

Plasma and platelet esterase activity

Plasma and platelet BuChE activity was measured using the
Ellman assay[22] with butyrylthiocholine (BTCI) and acetylth-
iocholine as substrate. NPA hydrolase activity was also deter-
mined since this substrate can be hydrolysed by CEs, which
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Figure 5 Effects of 1, 3, 4, 5 and aspirin at 60 mM on platelet receptors P-selectin (5a) and GPIIb/IIIa (5b) in PRP. Data are mean � SEM, n = 3.
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hydrolyse choline esters only slowly. BuChE activity in plasma
and PRP was 6–9 mm butyrylthiocholine/min/ml. In contrast
there was negligible esterase activity detectable in WP or
washed platelet homogenate using the BuChE substrate.
Weak activity (3–5 mm/min/ml) was also detected in PRP and
PPP using the substrate pNPA. This was probably due to cho-
linesterase since there is little or no CE in human plasma.[34]

There was significant pNPA hydrolysing activity in WP and in
platelet lysate. As pNPA hydrolysis activity could be due to

CE, BuChE, AChE or pPON esterases a series of inhibitors
were used to classify the esterases present in the WP. Physos-
tigmine, a cholinesterase inhibitor,[35,36] caused a 25% reduc-
tion in pNPA hydrolysis activity of platelets. PMSF, a serine
protease inhibitor, almost completely inhibited NPA activity
in WP at concentration of 100 mm and inhibited NPA activity
by 50% at 10 mm (Figure 6). EDTA, a calcium chelator that
inhibits PON,[37] had no effect on NPA activity of WP at
concentrations up to 0.5 mm. Iso-OMPA (10–100 mm), a
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selective butrylcholinesterase inhibitor,[38] had no effect on
PNA activity of WP or lysed platelets. Surprisingly, BNPP
(10–100 mm), a specific CE inhibitor,[39] had no significant
effect on NPA activity of WP or lysed platelets. The NPA
hydrolysis activity in the platelet suspension was not due to
BuChE or PON esterases.

Probing platelet lysates run on nonreducing polyacryla-
mide gels with anti-CES1 and anti-CES2 antibodies, we
observed bands with molecular weight in the range 150–
400 kDa, not at the predicted molecular weight of 62 kDa
(Figure 6). These bands were similar in molecular weight to
the bands observed by Oertel et al.[40] by staining for alphaNA
esterases. These bands appear to be a carboxylesterase type
because of their cross reactivity with CES-1/2 antibody and
ability to process pNPA. When the gels were reduced these
high-molecular-weight bands disappeared and were replaced
by a doublet, with one band at ~50 kDa and another at
~65 kDa (Figure 6). WP suspensions were next treated with
PMSF, before addition of ST0702 and platelet activating
agent. PMSF attenuated the ability of ST0702 to inhibit plate-
let aggregation in a concentration dependent manner with
maximal effects at 100 mm.

Effect of phenylmethylsulphonyl fluoride on
ST0702 platelet aggregation inhibition

Of the prodrug compounds, 2 (ST0702) was the most effica-
cious inhibitor of collagen induced aggregation in WP (IC50
154 mm). ST0702 had a greater than expected potency in WP
where there is an absence of esterases responsible for the
hydrolysis of these prodrugs in PRP. To determine if any
PMSF-sensitive enzyme in platelets play a role in the hydroly-
sis of ST0702 in WP, PMSF was pre-incubated with WP at
increasing concentrations up to 100 mm for 5 min, with stir-
ring before the addition of ST0702 (200 mm). Platelet aggre-
gation was then initiated by addition of collagen (2 mg/ml).
PMSF had no significant effect on collagen-induced aggrega-
tion. However PMSF (100 mm) significantly attenuated the
effect of ST0702 (200 mm) on collagen-induced aggregation
in WP (Figure 7). Lower amounts of PMSF (50 mm, 20 mm),
also slightly attenuated the effect of ST0702 on collagen-
induced aggregation in WP, although this attenuation was not
significant.

Discussion

This is the first pharmacological study into mechanisms of
platelet inhibition by true aspirin prodrugs. The compounds
in this study were previously reported to undergo productive
processing generating aspirin in the presence of BuChE from
human plasma.[6,7] This is due to a particular fit for the BuChE
active site that overrides the usual acetyl group preference for
thisenzyme,whichpreventsotheraspirinesters fromreleasing

aspirin. The compounds are rapidly hydrolysed in plasma
solution generating aspirin to 30–85% of the starting ester
concentration.[6,7] Compound 1 is the most effective aspirin
prodrug ever discovered producing slightly less than a sto-
ichiometric equivalent of aspirin. However, it is a significantly
morepotent inhibitorof plateletaggregationthanaspirin.The
platelet inhibitory properties of the nicotinate codrug ST0702
(2), which releases <40% aspirin on a stoichiometric basis,
have not been reported previously. In this study, ST0702 was
equipotent with aspirin (90 mm) in the inhibition of aggrega-
tioninPRPstimulatedbycollagen(5 mg/ml).Thenitratecom-
pounds 3 and 4 were reported to be more potent inhibitors of
platelet aggregation in PRP than aspirin in response to col-
lagen (5 mg/ml) and ADP (3 mm).[6,7] In this study we used a
higher concentration of ADP to obtain a more reliable bipha-
sic response to further probe the effect of the compounds on
ADP-stimulated aggregation. Nitrate hybrid 5, which releases
<10%aspirin insolutionscontaininghumanplasma,wasused
in this study as a control to probe for the role of aspirin and NO
release in the effects of in the NO-aspirin hybrids (3 and 4).

Several lines of evidence from this study indicate that the
platelet inhibitory actions of the prodrugs 1–4 are substan-
tially due to aspirin release: (i) compounds 1 and 2 were more
potent or effective in PRP than in WP; (ii) their inhibitory
actions in PRP were abrogated following pre-incubation with
the cholinesterase inhibitor physostigmine; (iii) inhibition of
collagen-induced aggregation in PRP by 200 mm 1 and
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in washed platelets (WP) (n = 4).
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ST0702 was time dependent (whereas aspirin’s inhibitory
effects were not); (iv) effects of the prodrugs on platelet
GPIIb/IIIa and P-selectin expression were similar qualita-
tively to aspirin indicating that the inhibitory effects occurred
upstream of receptor release/translocation; (v) the products
of plasma esterase hydrolysis of 1 did not exert platelet inhibi-
tory effects or modulate the platelet inhibitory properties of
aspirin when co-incubated; (v) ester 5, which does not release
aspirin, was not active.

Aspirin’s failure to effectively inhibit ADP-induced aggre-
gation is a clinically important deficiency of the drug which
has prompted others to design aspirin-NO hybrids.

A number of these, including aspirin-furoxans,[41] aspirin-
diazeniumdiolates[42] and aspirin-nitrates,[43] have been
studied in vitro as platelet aggregation inhibitors. The furox-
ans inhibit platelet aggregation in PRP mainly through NO
release[41] since this hybrid type is exclusively hydrolysed at
the acetyl ester in media containing human plasma.[44] The
nitrate ester NCX-4016 does not inhibit platelet aggregation
in PRP.[41] It inhibits platelet aggregation in WP[45]but in an
NO and cGMP independent manner.[41] NCX-4016 inhibits
purified COX preparations by direct interaction (i.e. direct
acyl transfer onto COX).[46] This ability is lost in media con-
taining human plasma because of a more rapid deacetylation
by BuChE than transacetylation of COX. Inhibition of plate-
let aggregation with NCX-4016 is therefore only observed in
WP where esterase levels are low.

The use of organic nitrates in alleviating the symptoms of
angina has its mechanistic basis in NO release from endothe-
lial and smooth muscle cells.[47] Platelets are able to stimulate
NO release from organic nitrates[48]but much less effectively
than smooth muscle cells.[49] NO has a well characterised
endogenous role in gastric mucosal protection and preserva-
tion of mucosal defence is a general property of organic
nitrate drugs. While organic nitrates produce insufficient NO
locally to affect platelet aggregation, they have potential to
mimic or augment its endogenous protective role in the intes-
tinal mucosa.

Whereas collagen-induced aggregation at submaximal
concentrations depends predominantly on the production of
TXA2, it is highly susceptible to inhibition by COX inhibitors
such as aspirin.ADP addition to platelet suspension produces
a biphasic aggregation profile. The first phase of ADP-
induced aggregation is independent of TXA2 production and
hence COX inhibition (and thus resistant to aspirin).
However the second phase of ADP-induced aggregation is
dependent on the production of TXA2 and can be inhibited
by COX inhibitors such as aspirin. We were interested to see if
the NO-aspirin prodrugs retained the ability to inhibit the
second (COX dependent) phase of ADP-induced aggregation
while being able to dampen or reverse the COX-independent
first phase. This could be useful in a disease situation where
platelets are exposed to multiple pathophysiological stimuli.

The effect of 3 and 4 on ADP-induced aggregation was
attenuated in the presence of the soluble guanyl cyclase
inhibitor ODQ which blocks to some extent the platelet
inhibitory effects of NO.[50] In this study, ODQ itself partially
inhibited platelet aggregation in response to collagen and it
amplified the platelet inhibitory effects of the aspirin and
prodrug 1 which does not produce NO. ODQ therefore had
only a modest effect when co-incubated with the nitrate
hybrids 3 and 4, because while it attenuated the effect of NO
release it amplifed the aspirin effect. Overall, the evidence for
a contribution from a NO-mediated effect from 3 and 4
derives from their inhibitory efficacy towards ADP-induced
aggregation, as well as the observed reversal of the trend
towards increased inhibition when aspirin and its prodrugs
were co-incubated with ODQ.

Interestingly, the inhibitory effects of 3 and 4 in ADP-
induced aggregation were abolished in the presence of phys-
ostigmine, which blocks aspirin release in PRP (data not
shown). Compound 5, which releases NO but little aspirin,
was not effective as an inhibitor of ADP-induced aggregation.
These observations imply that aspirin and NO were acting
synergistically in causing the inhibitory effects of 3 and 4.

The other outstanding question in this study was the greater
than expected potency of the ester compounds and the signifi-
cant inhibitory actions in WP suspension of 1 and ST0702
where BuChE was absent. We showed that BuChE is not rel-
evant to the inhibitory actions of ST0702 in WP because the
inhibitory effect was not abolished by pretreatment with phy-
sostigmine. A possible explanation for this was that the com-
pounds were taken up by platelets and activated by a platelet
esterase,possiblyaCE.Wethereforeprofiledtheesteraseactiv-
ity in PRP, PPP, WP and platelet lysate using a range of sub-
strate and esterase specific inhibitors. As expected, significant
BuChE activity was detected in PRP and PPP but weak CE and
AChE activity. Platelets are reported to possess a low level of
BuChE activity, possibly plasma derived but trapped in the
platelet canalicular system. A platelet membrane-associated
AChEactivityhasalsobeenreported.[51] Thesereportsarecon-
sistentwithourobservationof weakWPandlysate turnoverof
the appropriate thiocholine esters. Several a-naphthyl acetate
(aNA) hydrolysing esterases have been separated from plate-
lets[40] although platelet aNA was reported to be resistant to
inhibitionbyPMSF.[52] Ourresults showthat there isamultim-
ericprotein inplatelets thatproducesreducedfragments inthe
range 50–60 kD with high immunoreactivity towards human
CES-1 and CES-2. These proteins are presumed to be the
enzyme(s)catalysingthehydrolysisof CEsubstratepNPA.The
platelet hydrolytic activity was blocked by the general serine
esterase/protease inhibitor PMSF (50–100 mm). The inhibi-
tory activity of ST0702 (200–300 mm) in WP was abolished
when the suspension was pretreated with PMSF (100 mm)
indicatingthataPMSF-sensitiveenzymeinplateletscausesthe
activation of ST0702 in WP.
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The result has significance for the potential utility of the
compound for it (i) shows that the compound could be acti-
vated and cause platelet inhibition in a patient with low
plasma esterase activity; (ii) shows that ST0702 does not
possess intrinsic anti-platelet activity and, (iii) raises the
prospect of increased cellular uptake and intracellular activa-
tion, potentially increasing potency. Despite releasing only
30–40% aspirin in PPP relative to a stoichiometric amount of
aspirin, ST0702 has similar anti-platelet activity with respect
to stimulation with ADP or collagen. The ester prodrugs are
significantly more lipophilic than aspirin at pH 7.4 as
reflected in RP-HPLC retention and as expected from abroga-
tion of the carboxylate. A plausible explanation for their high
potency in PRP is that they partition into the platelet mem-
brane to a greater extent than aspirin from where they
undergo activation mediated by esterases at the platelet
surface or intracellularly, producing locally high concentra-
tions of aspirin. Enhanced cellular uptake would be interest-
ing to investigate in other pathologically relevant cell types.

Conclusions

Inhibition of platelet aggregation by aspirin prodrugs 1–4 is
primarily due to aspirin release. In the case of nitrate-

substituted compounds inhibitory effects are due to release of
both NO and aspirin with promising effects on ADP-induced
aggregation. ST0702, a nicotinic acid-aspirin prodrug is acti-
vated by a PMSF-sensitive platelet esterase in WP platelet sus-
pensions. Its unexpected potency in PRP may be due to
platelet uptake and drug release. Thus, aspirin prodrugs effec-
tively inhibit human platelet aggregation and as such may be
an alternative to conventional aspirin.
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