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Aspirin and P2Y12 antagonists are commonly used anti-platelet agents. Aspirin produces its effects through inhibition of thromboxane
A2 (TXA2) production, while P2Y12 antagonists attenuate the secondary responses to ADP released by activated platelets. The
anti-platelet effects of aspirin and a P2Y12 antagonist are often considered to be separately additive. However, there is evidence of an
overlap in effects, in that a high level of P2Y12 receptor inhibition can blunt TXA2 receptor signalling in platelets and reduce platelet
production of TXA2. Against this background, the addition of aspirin, particularly at higher doses, could cause significant reductions in
the production of prostanoids in other tissues, e.g. prostaglandin I2 from the blood vessel wall. This review summarizes the data from
clinical studies in which dose-dependent effects of aspirin on prostanoid production have been evaluated by both plasma and urinary
measures. It also addresses the biology underlying the cardiovascular effects of aspirin and its influences upon prostanoid production
throughout the body. The review then considers whether, in the presence of newer, more refined P2Y12 receptor antagonists, aspirin
may offer less benefit than might have been predicted from earlier clinical trials using more variable P2Y12 antagonists. The possibility is
reflected upon, that when combined with a high level of P2Y12 blockade the net effect of higher doses of aspirin could be removal of
anti-thrombotic and vasodilating prostanoids and so a lessening of the anti-thrombotic effectiveness of the treatment.

Introduction

Aspirin and P2Y12-receptor antagonists are commonly
used anti-platelet agents.The anti-platelet effect of aspirin
is mediated by reduction of the production of thrombox-
ane A2 (TXA2) while P2Y12 antagonists reduce the second-
ary responses to ADP released by activated platelets. In
principle, the anti-platelet effects of aspirin and a P2Y12

antagonist could be considered additive because they act
at different steps. However, there is accumulating evidence
that there may, in fact, be an overlap in effects inasmuch
that a high level of P2Y12-receptor inhibition can reduce
both platelet responses to TXA2 and platelet production of
TXA2. This could have important consequences for combi-
nation therapy, in particular when higher doses of aspirin
are used, which cause significant reductions in the produc-
tion of other prostanoids, notably the anti-thrombotic and

vasodilating prostanoid, prostaglandin I2 (PGI2).This review
explores the biology underlying the cardiovascular effects
of aspirin and P2Y12 antagonists with particular regard to
the balance of prostanoids produced by the cyclo-
oxygenase system and addresses the potential impact of
combining a high dose of aspirin with a high level of P2Y12-
receptor inhibition.

Aspirin

Aspirin mediates its cardioprotective effect through irre-
versible inhibition of platelet COX-1 and blockade of the
production of TXA2. However, the effects of aspirin are not
platelet-specific and the inhibition of COX-1 and, to some
extent COX-2, in other cell types can reduce the production
of other prostanoids.The consequences of this can include
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inhibition of PGI2 production [1], a prostanoid whose bio-
logical actions oppose those of TXA2. The extent to which
aspirin can have effects beyond the platelet is influenced
by a number of factors, including individual differences in
aspirin response, aspirin pharmacokinetics, the turnover of
COX enzymes in different cell types and the selectivity of
aspirin for COX-1 over COX-2 [2]. Another crucial factor
could be the dose of aspirin given, which can vary from
75 mg day-1 up to 1500 mg day-1 depending on clinical
decision making and also geographical area. These argu-
ments are best pursued with an understanding of the
mechanism of action of aspirin.

How the prostanoids are formed
The pathways leading to the production of prostanoids
have been reviewed many times [3–13] (Figure 1). In
general terms, arachidonic acid released from membrane
phospholipids by the action of phospholipase A2 is con-
verted by prostaglandin H synthase, better known as
cyclo-oxygenase or COX, in two independent enzymatic
reactions producing first prostaglandin (PG) G2, via a cyclo-
oxygenase function, and then PGH2 via a peroxidase
function.

Prostaglandin G2 and PGH2 are also known as the pros-
taglandin endoperoxides and have some direct biological
actions of their own, generally through actions on

receptors for TXA2. However, the prostaglandin endoperox-
ides are unstable molecules whose main purpose is to
serve as substrates for secondary enzyme systems to
produce end product prostanoids. In the cardiovascular
system, the three most important synthases are PGI syn-
thase, TX synthase and PGE synthase, responsible for the
conversion of PGH2 to PGI2, TXA2 and PGE2, respectively
(Figure 1) [3, 6, 9, 10, 13–25].

Important to our understanding of the roles of pros-
tanoids within the cardiovascular system is the existence
of different isoforms of COX. The first evidence that two
molecularly distinct forms of COX exist came from studies
using lung epithelia [26] from which the conclusion was
drawn that separate genes encoding different COX iso-
forms exist. Soon after, two isoforms of COX were clearly
identified [27–31], and a consensus developed that in
general terms, COX-1 represented the constitutive form of
the enzyme and COX-2 the inducible form associated with
inflammation. It is now well understood that COX-2 also
has constitutive functions at discrete sites of the body,
such as within the kidney and central nervous system.

Prostanoid formation within the
cardiovascular system
The two prostanoids that have attracted the most atten-
tion with regard to the cardiovascular system are PGI2 and

PGI2

IP receptor DP receptor

anti-thrombotic influences

blood vessel tone

platelet reactivity

pro-thrombotic influences

TP receptor

high concentrations

PGD2

PGE2

EP4 EP1EP2 EP3

PGI2  synthase TxA2  synthase 
PGI2

isomerase
PGE2

isomerase

PGF2a
isomerase

PGG2

PGH2

COX

arachidonic acid

COOH

PGF2a

TxA2

Figure 1
Schematic representation of predominant pathways of prostanoid formation and effect with regard to platelets and blood vessels

T. D. Warner et al.

620 / 72:4 / Br J Clin Pharmacol



TXA2, principally because of their opposing effects upon
platelet function and thrombosis [4–6, 8–10, 13–15, 18–21,
32]. In physiological conditions, most systemic blood
vessels produce PGI2, and, to a lesser extent, PGE2 from the
endothelium and vascular smooth muscle cells.The princi-
pal source of TXA2 in the circulation is platelets, although
low concentrations may also be produced by vascular
smooth muscle cells. In addition to TXA2, platelets can
produce PGE2 to some extent, but not PGI2. It has also been
reported that there may be an exchange of endoperoxides
between platelets and endothelial cells such that one cell
type could provide endoperoxides to support prostanoid
production by the other cell type [33].

The vast majority of studies indicate that platelets
contain only COX-1, as would be expected of an anucle-
ated cell type in which the COX-2 gene could neither be
induced nor COX-2 protein expressed. However, as plate-
lets are derived from nucleated megakaryocytes, there is
the possibility that COX-2 induced in these precursor cells
could carry over to the mature platelet [34, 35], or even that
residual mRNA within formed platelets could be tran-
scribed into protein [36]. This phenomenon has been
demonstrated following coronary artery bypass surgery,
presumably as a consequence of megakaryocytes being
exposed to the systemic rise in cytokines that follows such
an invasive procedure [37].

In contrast to the platelet, the isoform of COX normally
present within endothelial cells is a point of some contro-
versy. By measuring the concentrations of urinary metabo-
lites of prostanoids, in particular metabolites of PGI2 and
TXA2, it has been shown that while dosing with NSAIDs
reduces the concentrations of both PGI2 and TXA2 metabo-
lites, dosing with selective inhibitors of COX-2 reduces only
the concentrations of PGI2 metabolites [38, 39]. As it has
been assumed that urinary PGI2 metabolites come from
endothelial cells and urinary TXA2 metabolites from plate-
lets this has been taken as indicating that COX-2 underlies
the normal production of PGI2 by endothelial cells within
the circulation [9, 14–17, 20]. However, COX-2 is not usually
expressed by endothelial cells in culture under normal
conditions. Similarly, immunohistochemistry provides evi-
dence for COX-1, but not COX-2 expression, within human
blood vessels in the absence of vascular disease [40–44].
The same has been widely reported for large vessels taken
from laboratory animals [45–48] and even for vessels taken
from animal models of experimental atherosclerosis [49].
Interestingly, while COX-2 expression is upregulated in
transplant atherosclerosis or flow-induced vascular
remodelling [50], this induction follows from a local reduc-
tion, rather than an increase, in flow and is associated with
local inflammatory responses rather than shear.

Effects of the prostanoids within the
cardiovascular system
The three most abundant prostanoids within the cardio-
vascular system, PGI2, TXA2 and PGE2, have differential, and

sometimes opposing effects (Table 1). PGI2 promotes
vasodilatation, inhibits vascular smooth muscle cell prolif-
eration and reduces platelet activation, TXA2 promotes
vasoconstriction, vascular smooth muscle cell proliferation
and platelet activation and PGE2 tends to promote vasodi-
latation, while at low concentrations it increases platelet
reactivity and at high concentrations inhibits platelet reac-
tivity.These effects are mediated by binding to the cognate
GPCR receptors, IP and TP for PGI2 and TXA2, respectively,
and EP1 to 4 for PGE2 [51]. Differential coupling of the four
EP receptors explains the varied effects of PGE2 in the car-
diovascular system [52]. For example, activation of EP1 and
EP3 receptors is associated with vasoconstriction whereas
activation of EP2 and EP4 is associated with vasodilatation.
On platelets, activation of EP3 receptors inhibits adenylyl
cyclase, reduces intraplatelet cAMP concentrations and
increases platelet excitability [10, 53–55], whereas activa-
tion of EP4 and EP2 has been proposed to increase intra-
platelet cAMP levels and thus counteract the platelet
activation by EP3 [54–57]. Possibly at high concentrations,
PGE2 may also activate platelet IP receptors and inhibit
platelet reactivity through stimulation of adenylyl cyclase
activity.

Aspirin and the platelet
Aspirin mediates its cardio-protective effects through irre-
versible inhibition of platelet COX-1 and subsequent
blockade of the production of TXA2, reducing thrombus
formation [58]. It is widely held that there is a non-linear
relationship between potency in vitro and efficacy in vivo
with the consequence that a high level of inhibition of
platelet COX-1 is required in vivo to obtain anti-platelet
efficacy [2, 58, 59].To achieve this effect rapidly in an acute
setting, a dose of 300 mg may be required. However, com-
plete inhibition of platelet COX-1 can be achieved in long-
term therapy using doses between 50 and 100 mg day-1 [2,
58, 60]. When taken p.o., aspirin is rapidly absorbed and

Table 1
Summary of prostanoid receptors and associated intracellular signalling
pathways with respect to platelets and vascular smooth muscle

Prostanoid Receptor
Signalling
pathway

Vascular smooth
muscle tone

Platelet
reactivity

PGD2 DP ↑ Adenylyl cyclase ↓
PGE2 EP1 ↑ IP3/DAG/Ca2+ ↑

EP2 ↑ Adenylyl cyclase ↓ ↓
EP3 ↓ Adenylyl cyclase ↑ ↑
EP4 ↑ Adenylyl cyclase ↓ ↓
IP ↑ Adenylyl cyclase ↓ ↓

PGF2a FP ↑ IP3/DAG/Ca2+ ↑
PGH2 TP ↑ IP3/DAG/Ca2+ ↑ ↑
PGI2 IP ↑ Adenylyl cyclase ↓ ↓
TXA2 TP ↑ IP3/DAG/Ca2+ ↑ ↑

Anti-thrombotic aspirin and dual anti-platelet therapy
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has a systemic bioavailability of approximately 50% at
doses between 20 and 1300 mg, reaching peak plasma
exposure within 30 to 40 min. However, the half-life of
aspirin in the circulation is only about 15 to 20 min.Despite
the high clearance, the effects of aspirin on platelet TXA2

production exist for the lifetime of the platelet, a conse-
quence of aspirin’s ability to acetylate irreversibly COX-1
and the inability of anucleated platelets to synthesize new
COX-1 protein. Furthermore, as circulating cells, platelets
are exposed to peak concentrations of aspirin in the portal
circulation before metabolism of aspirin by the liver. The
effects of aspirin at any given time are therefore influenced
by the plasma exposure and rate of platelet renewal;
human platelets have a mean lifetime of 8 to 10 days and
approximately 10 to 12% of platelets are replaced each day
[2].

In the clinic, aspirin is used at doses from 75 mg to
1500 mg day–1. Daily doses at or below 162 mg are gener-
ally referred to as ‘low-dose’ aspirin. The optimal dose for
cardio-protection has not been empirically measured as
there has never been a large randomized study that has
directly compared different doses of aspirin on cardiovas-
cular outcomes, except, as discussed below, in the recently
reported CURRENT-OASIS 7 trial, which compared aspirin
doses in the presence of clopidogrel [61, 62]. However,
randomized trials have proven that aspirin is an effective
anti-thrombotic agent when used long term at doses
between 50 and 100 mg day-1 [2, 58, 60]. When different
doses of aspirin have been compared in randomized trials,
there has been no evidence for increased efficacy at
higher doses [2, 58, 61–63]. In 2007 Campbell et al. con-
ducted a comprehensive review of published literature to
evaluate the most clinically relevant aspirin dose [64].
They concluded that the available evidence, although pre-
dominantly from secondary prevention observational
studies, indicated that doses of aspirin greater than
75–81 mg day-1 produced no enhancement in anti-
thrombotic efficacy but were associated with increased
bleeding events. This is in accord with the conclusion of
Patrono and colleagues who recommended that the
lowest effective dose of aspirin (50 to 100 mg day-1) is the
most appropriate strategy to maximize anti-platelet effi-
cacy and minimize toxicity [63]. With regard to higher
doses of aspirin, there is also limited evidence for a blunt-
ing of the anti-thrombotic effects and a dose-related
increased risk of unwanted bleeding [65–68].

Aspirin’s effects on the cardiovascular system
other than the platelet
Because of its primary effect in platelets, it is often forgot-
ten that aspirin is also inhibitory at other sites within the
cardiovascular system. Recent concerns about the poten-
tial pro-thrombotic effects of the COX-2-selective drugs
were initially prompted by studies showing that consump-
tion of either celecoxib [39] or rofecoxib [38] reduced
urinary PGI2 metabolites, an effect that was interpreted as

being consistent with an increased risk of thrombosis
because of a loss in anti-thrombotic PGI2. However, aspirin
was shown more than 10 years earlier to reduce urinary
PGI2 metabolites, although the reduction was less marked
than the reduction in TXA2 metabolites [1]. These investi-
gators used a wide dose range of aspirin, 20–2600 mg
day-1, and found that lower doses of aspirin had greater
inhibitory effects upon TXA2 than PGI2 metabolites.
However, they found that inhibition of platelet function
was not maximal at the lower aspirin dosage and notably
that aspirin at doses greater than 80 mg day-1 caused sub-
stantial inhibition of endogenous PGI2 production. They
concluded that it was ‘unlikely that any dose of aspirin can
maximally inhibit thromboxane generation without also
reducing endogenous prostacyclin biosynthesis’. In
support of this idea, local infusion of aspirin to the human
coronary bed has been shown to increase coronary vascu-
lar resistance and reduce coronary blood flow [69], as has
i.v. infusion of indomethacin [70]. So if it is able to reduce
the intravascular production of PGI2, aspirin could also
release a brake upon atherosclerotic disease progression
and platelet activation, as well as promoting vasoconstric-
tion. Taken together these could increase the risk of
adverse cardiovascular events, an idea supported by the
report that individuals with dysfunctional IP receptors
have accelerated cardiovascular disease [71]. Further
support for this concept can be derived from studies using
mouse models. For example, in a mouse model of athero-
sclerosis, deletion of the IP receptor was found to enhance
disease progression, whereas deletion of the TP receptor or
treatment with a TP receptor antagonist reduced athero-
genesis [72, 73]. Similarly, platelet and vascular responses
following experimental injury are enhanced in knockout
mice lacking the IP receptor, and may be depressed in mice
lacking the TP receptor [74, 75]. Finally, a gene/dose depen-
dent relationship between blood pressure, platelet aggre-
gation and thrombogenesis has been demonstrated using
heterozygote and homozygote knock out mice for the IP
receptor [76].

The effects of aspirin at sites other than the platelet are
informed by the recent understanding that inhibition of
COX-2 isoforms by NSAIDs is associated with an increased
risk of adverse cardiovascular events [4, 5, 8, 11, 18, 77].
While on the one hand these effects could be associated
with inhibition of the vascular production of PGI2 leading
directly to local increases in platelet reactivity, on the other
hand it is also important to realize that aspirin and NSAIDs
can increase blood pressure in normotensive subjects and
in those with existing hypertension [4, 5, 9, 11, 14, 15, 18, 20,
23, 77] thereby increasing the risk of thrombotic events
through exacerbation of the development of atheroscle-
rotic disease [78]. Indeed, the use of these drugs is weakly
associated with an increased risk of congestive heart
failure [79] and an increased risk of hypertension [80]. As
these effects are COX mechanism-driven and dose-related,
it is clear that higher doses of aspirin and longer exposures
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have greater effects than lower doses and shorter expo-
sures [80].

In addition to the PGI2 and TXA2 pathways, aspirin also
affects the production of other prostanoids within the cir-
culation, most notably PGE2. PGE2 has been identified as
both an inhibitor and a potentiator of platelet aggregation
via interaction with different isoforms of the EP receptor
(see above). Interestingly, deletion of the F prostanoid
receptor (FP) in mice reduces blood pressure and athero-
genesis associated with disruption of renin release in the
kidney [81], so it is important not to become too narrowly
focused on aspirin and platelet endothelial cell interac-
tions although this is very much where the weight of evi-
dence lies.

Aspirin dose and cardiovascular effects
From the above it is clear that aspirin has mixed effects
upon the cardiovascular system; while attention is gener-
ally paid to the platelet, aspirin affects other sites notably
the blood vessel wall and the kidney and these effects are
dose-related. At a low dose (75–81 mg) aspirin has propor-
tionally greater effects upon the platelet than other sites,
but there is still notable inhibition of urinary PGI2 metabo-
lites consistent with around a 50% inhibition of systemic
COX. As the dose of aspirin is increased so is the inhibition
of systemic COX and so one way to explore the dose
dependent effects of aspirin is to measure the impact of
different doses on different prostanoids. In the large pro-
spective trials that have assessed the effect of aspirin on
clinical outcomes, concentrations of prostanoids have not
been measured [64]. However, prostanoid concentrations
have been analysed in some smaller mechanistic studies
using either healthy controls or patients (Table 2). For the
reasons discussed above it is the impact of aspirin dose on
the concentrations of TXA2 and PGI2 that has drawn most
attention. It is important to note that although such
studies provide a source of data to assess the dose depen-
dent effects of aspirin, it is not straightforward to compare
directly the results between studies due to differences
such as study design, subjects and exposure times. In
particular, the methodology used to analyse different
prostanoids, the number of doses and the timing of
measurements after the last dose can have an impact on
the interpretation of the results. In patients, there is also
evidence for different levels of prostanoid production
in response to disease leading to the involvement of
different cell types and COX isoforms which can confound
comparisons.

Prostanoids are generally too unstable to measure in
the circulation and they are therefore usually quantified by
measuring metabolites in plasma or in urine [1, 38, 39,
82–84]. TXA2 released by platelets in the circulation is
rapidly hydrolyzed non-enzymically to TXB2, the concen-
trations of which can be quantified in plasma and used as
an index of TXA2 production. However, TXB2 is itself
metabolized (t1/2 = 5 to 7 min) to the urinary metabolites

11-dehydro TXB2 and 2,3-dinor TXB2 for clearance by the
kidneys. Both of these metabolites can be measured in
plasma or urine and can provide an estimate of in vivo TXA2

production [85, 86]. PGI2 is hydrolyzed to the by-product
6-keto PGF1a which can be metabolized further in the liver
to 2,3-dinor-6-keto PGF1a (PGI-M). PGI2 production can
also be measured following i.v. infusion of bradykinin.
This is believed to promote PGI2 production and has
been used as an index of aspirin-sensitive PGI2 production
in some studies [87]. In addition to direct measurement
in plasma, PGE2 production can be followed by
measuring the metabolite 11-hydroxy-9,15-dioxo-2,3,4,5-
tetranorprostane-1,20-dioic acid (PGE-M).

An issue with measuring prostanoid metabolites in
urine is that this does not provide accurate information on
the cellular source of the production, and is not sensitive
enough to address local effects. This can be particularly
important when attempting to assess the local impact of
aspirin on the production of PGI2 by the vascular endot-
helium. Urinary concentrations of 6-keto PGF1a are gener-
ally used to estimate the local generation of PGI2 in the
kidney, whereas concentrations of PGI-M are used to esti-
mate the systemic, non-renal production of PGI2, including
production by the vascular endothelium. However, PGI-M
can also be produced in the kidneys, because of constitu-
tive expression of COX-2 and PGI synthase in the kidneys,
and this could make a significant contribution to the
overall concentrations of PGI-M measured in urine. Indeed,
the case has been made that urinary PGI-M may bear only
a weak association with the whole body production of
PGI2 [18]. In several studies, PGI2 production has been
evaluated in artery and vein sections removed during
surgery or biopsy [88–91]. These studies can provide rel-
evant information on the local effect of aspirin in the vas-
cular wall, but are compromised by the need to make
measurements ex vivo.

Bearing in mind the qualifications outlined above, it is
evident from the studies summarized in Table 2 that
aspirin can inhibit TXA2 production completely at low and
high doses, consistent with its irreversible inhibition of
platelet COX-1. In contrast, the majority of studies in both
patients and healthy volunteers provide evidence for a
dose-dependent relationship between aspirin and PGI2

production. With the exception of one study [92], aspirin
doses <81 mg day-1, when used acutely or over a pro-
longed period, have been reported to inhibit selectively
TXA2 production over PGI2 production. In studies in which
different aspirin doses have been directly compared [90,
91, 93–97], the lowest aspirin dose used has been found to
provide the best PGI2-sparing effect. Moreover, even where
PGI2 production was inhibited, the extent of inhibition was
generally lower than that observed for TXA2.

Cells producing PGI2 have nuclei and can synthesize
new COX enzymes. Consequently, the recovery time for
PGI2 production following aspirin treatment can differ
from the recovery time for platelet TXA2 production. The

Anti-thrombotic aspirin and dual anti-platelet therapy

Br J Clin Pharmacol / 72:4 / 623



Ta
b

le
2

Su
m

m
ar

y
o

f
cl

in
ic

al
st

u
d

ie
s

in
w

h
ic

h
d

o
se

-d
ep

en
d

en
t

ef
fe

ct
s

o
f

as
p

ir
in

o
n

p
ro

st
an

o
id

p
ro

d
u

ct
io

n
w

er
e

ev
al

u
at

ed

St
u

d
y

d
es

ig
n

A
sp

ir
in

d
o

se
(s

)
Tr

ea
tm

en
t

ti
m

e
Pr

o
st

an
o

id
m

ea
su

re
m

en
ts

Ef
fe

ct
R

ef
er

en
ce

H
ea

lt
h

y
vo

lu
n

te
er

s
(n

=
5)

20
,

40
,

80
,

16
0,

32
5

an
d

65
0

m
g

da
y-1

,
an

d
65

0
m

g
tw

ic
e

an
d

fo
ur

tim
es

da
ily

Ea
ch

do
se

ta
ke

n
fo

r
7

da
ys

in
as

ce
nd

in
g

or
de

r
in

co
ns

ec
ut

iv
e

w
ee

ks
U

rin
e

2,
3-

di
no

r-
TX

B 2
U

rin
e

PG
I-M

D
os

e-
de

pe
nd

en
t

re
du

ct
io

n
in

2,
3-

di
no

r-
TX

B 2
an

d
PG

I-M
co

nc
en

tr
at

io
ns

us
in

g
as

pi
rin

be
tw

ee
n

20
an

d
32

5
m

g
da

y-1

[1
]

H
ea

lt
h

y
vo

lu
n

te
er

s
(n

=
8)

20
an

d
10

0
m

g
gi

ve
n

to
th

e
sa

m
e

vo
lu

nt
ee

rs
Ea

ch
do

se
gi

ve
n

on
ce

w
ith

a
2-

w
ee

k
w

as
ho

ut
pe

rio
d

be
tw

ee
n

do
se

s
TX

B 2
an

d
6-

ke
to

-
PG

F 1
a

fo
rm

at
io

n
du

rin
g

bl
oo

d
cl

ot
tin

g
D

os
e-

de
pe

nd
en

t
in

hi
bi

tio
n

of
PG

I 2
pr

od
uc

tio
n

[9
3]

H
ea

lt
h

y
vo

lu
n

te
er

s
(n

=
5)

15
0

an
d

30
0

m
g

O
nc

e
Pl

at
el

et
TX

B 2
pr

od
uc

tio
n

PG
I 2

pr
od

uc
tio

n
in

ve
in

se
gm

en
ts

In
hi

bi
tio

n
of

TX
B 2

an
d

PG
I 2

pr
od

uc
tio

n
by

bo
th

do
se

s
[8

9]

R
an

d
o

m
iz

ed
p

ar
al

le
l

st
u

d
y

in
h

ea
lt

h
y

vo
lu

n
te

er
s

(n
=

52
)

80
an

d
32

5
m

g
da

y-1
or

32
5

m
g

en
te

ric
co

at
ed

as
pi

rin
D

ai
ly

or
ev

er
y

ot
he

r
da

y
do

si
ng

fo
r

14
da

ys
TX

B 2
an

d
6-

ke
to

-P
G

F 1
a

in
bl

oo
d

PG
I 2

pr
od

uc
tio

n
in

hi
bi

te
d

by
32

5
m

g
on

ly
[9

5]

Pl
ac

eb
o

-c
o

n
tr

o
lle

d
tr

ia
l

in
h

ea
lt

h
y

vo
lu

n
te

er
s

(n
=

45
)

75
an

d
16

2.
5

m
g

da
y-1

;
32

5
m

g
ev

er
y

se
co

nd
da

y;
75

m
g

co
nt

ro
lle

d
re

le
as

e
as

pi
rin

da
y-1

4
da

ys
PG

I 2
sy

nt
he

si
s

fo
llo

w
in

g
i.v

.
in

fu
si

on
of

br
ad

yk
in

in
A

ll
do

se
s

of
st

an
da

rd
as

pi
rin

su
pp

re
ss

ed
br

ad
yk

in
in

-s
tim

ul
at

ed
PG

I 2

[8
7]

D
o

u
b

le
-b

lin
d

tr
ia

l
u

si
n

g
h

ea
lt

h
y

vo
lu

n
te

er
s

(n
=

45
)

16
2.

5
m

g
da

y-1
or

32
5

m
g

ev
er

y
se

co
nd

da
y

28
da

ys
Se

ru
m

TX
B 2

U
rin

e
2,

3-
di

no
r-

TX
B 2

U
rin

e
PG

I-M

D
os

e-
de

pe
nd

en
t

in
hi

bi
tio

n
of

PG
I-M

[8
7]

Si
n

g
le

-b
lin

d
ra

n
d

o
m

iz
ed

p
ro

sp
ec

ti
ve

st
u

d
y

in
h

ea
lt

h
y

vo
lu

n
te

er
s

(n
=

10
)

50
m

g
p.

o.
as

pi
rin

or
50

0
m

g
i.v

.
in

fu
si

on
ov

er
60

m
in

O
nc

e
Pl

at
el

et
TX

B 2
U

rin
e

2,
3-

di
no

r-
TX

B 2
U

rin
e

PG
I-M

U
rin

e
PG

E 2

D
os

e-
de

pe
nd

en
t

in
hi

bi
tio

n
of

ur
in

ar
y

m
et

ab
ol

ite
s

[9
6]

Po
st

-s
tr

o
ke

p
at

ie
n

ts
(n

=
19

)
40

,
32

0
an

d
12

80
m

g
da

y-1
gi

ve
n

in
as

ce
nd

in
g

do
se

s
7

w
ee

ks
;

2-
w

ee
k

w
as

ho
ut

pe
rio

ds
be

tw
ee

n
do

se
s

Se
ru

m
TX

B 2
U

rin
e

11
-d

eh
yd

ro
-T

X
B 2

U
rin

e
PG

I-M

D
os

e-
de

pe
nd

en
t

in
hi

bi
tio

n
of

ur
in

ar
y

m
et

ab
ol

ite
s

[9
4]

Pl
ac

eb
o

-c
o

n
tr

o
lle

d
st

u
d

y
in

p
at

ie
n

ts
w

it
h

ca
rd

io
va

sc
u

la
r

m
et

ab
o

lic
sy

n
d

ro
m

e
(n

=
12

1)

10
0

an
d

30
0

m
g

da
y-1

2
w

ee
ks

Se
ru

m
TX

B 2
Se

ru
m

6-
ke

to
-P

G
F 1

a

O
nl

y
TX

B 2
pr

od
uc

tio
n

in
hi

bi
te

d
[9

7]

C
ro

ss
o

ve
r

st
u

d
y

in
cl

u
d

in
g

p
at

ie
n

ts
w

it
h

ty
p

e
I

d
ia

b
et

es
(n

=
8)

an
d

h
ea

lt
h

y
co

n
tr

o
ls

(n
=

7)

80
m

g
ev

er
y

se
co

nd
da

y
or

32
5

m
g

da
y-1

14
da

ys
w

ith
2-

w
ee

k
w

as
ho

ut
pe

rio
d

be
tw

ee
n

tr
ea

tm
en

ts
U

rin
e

TX
B 2

U
rin

e
6-

ke
to

-P
G

F 1
a

80
m

g
ev

er
y

se
co

nd
da

y
su

pp
re

ss
ed

PG
I 2

pr
od

uc
tio

n
to

a
gr

ea
te

r
ex

te
nt

th
an

32
5

m
g

da
y-1

[1
03

]

Pa
ti

en
ts

u
n

d
er

g
o

in
g

ao
rt

o
co

ro
n

ar
y

b
yp

as
s

su
rg

er
y

(n
=

70
)

40
,

80
or

32
5

m
g

A
sp

iri
n

ad
m

in
is

te
re

d
on

ce
12

to
16

h
be

fo
re

su
rg

er
y

Se
ru

m
TX

B 2
PG

I 2
pr

od
uc

tio
n

by
ao

rt
ic

an
d

sa
ph

en
ou

s
ve

in
tis

su
e

m
ea

su
re

d
ex

vi
vo

D
os

e-
de

pe
nd

en
t

in
hi

bi
tio

n
of

TX
B 2

an
d

PG
I 2

pr
od

uc
tio

n
[9

0]

Pa
ti

en
ts

u
n

d
er

g
o

in
g

su
rg

er
y

fo
r

va
ri

co
se

ve
in

s
(n

=
47

)
40

,
81

an
d

30
0

m
g

14
h

pr
e-

op
er

at
io

n
PG

I 2
sy

nt
he

si
s

fr
om

ve
in

se
ct

io
ns

ex
vi

vo
m

ea
su

re
d

by
bi

oa
ss

ay
81

an
d

30
0

m
g

as
pi

rin
si

gn
ifi

ca
nt

ly
in

hi
bi

te
d

PG
I 2

sy
nt

he
si

s
w

he
re

as
40

m
g

ha
d

no
ef

fe
ct

[8
8]

Pa
ti

en
ts

u
n

d
er

g
o

in
g

b
o

w
el

re
se

ct
io

n
(n

=
62

)
40

,
75

or
30

0
m

g
O

nc
e,

24
h

be
fo

re
op

er
at

io
n

6-
ke

to
-P

G
F 1

a
sy

nt
he

si
s

by
m

es
en

te
ric

ar
te

rie
s

or
ve

in
s

se
gm

en
ts

ob
ta

in
ed

du
rin

g
su

rg
er

y

A
rt

er
ia

la
nd

ve
no

us
6-

ke
to

-P
G

F 1
a

sy
nt

he
si

s
si

gn
ifi

ca
nt

ly
in

hi
bi

te
d

by
al

ld
os

es
[9

1]

Pl
ac

eb
o

-c
o

n
tr

o
lle

d
st

u
d

y
in

su
b

je
ct

s
w

it
h

p
ri

o
r

sp
o

ra
d

ic
co

lo
re

ct
al

ad
en

o
m

a(
s)

(n
=

60
)

81
,

32
5

an
d

65
0

m
g

da
y-1

4
w

ee
ks

Re
ct

al
m

uc
os

al
PG

E 2
co

nc
en

tr
at

io
ns

at
ba

se
lin

e
an

d
af

te
r

4-
w

ee
k

tr
ea

tm
en

t
A

ll
do

se
s

si
gn

ifi
ca

nt
ly

su
pp

re
ss

ed
PG

E 2
[1

37
]

R
an

d
o

m
iz

ed
d

o
u

b
le

-b
lin

d
p

la
ce

b
o

-c
o

n
tr

o
lle

d
cr

o
ss

o
ve

r
st

u
d

y
in

h
ea

lt
h

y
vo

lu
n

te
er

s
(n

=
12

)

75
an

d
30

0
m

g
da

y-1
or

30
0

m
g

da
y-1

en
te

ric
co

at
ed

as
pi

rin
Ea

ch
tr

ea
tm

en
t

pe
rio

d
fo

r
5

da
ys

w
ith

2-
w

ee
k

w
as

ho
ut

pe
rio

d
be

tw
ee

n
tr

ea
tm

en
ts

TX
B 2

an
d

PG
E 2

in
re

ct
al

di
al

ys
at

es
at

ba
se

lin
e

an
d

af
te

r
5

da
ys

TX
B 2

bu
t

no
t

PG
E 2

co
nc

en
tr

at
io

ns
in

hi
bi

te
d

by
al

ld
os

es
[1

38
]

T. D. Warner et al.

624 / 72:4 / Br J Clin Pharmacol



recovery time for PGI2 production following treatment
with aspirin has been assessed in cultured endothelial and
vascular smooth muscle cells [98–102]. In both cell types,
synthesis of new COX enzyme can overcome the effect of
aspirin, but the recovery time may be shorter for vascular
smooth muscle cells (within 3 h) than for endothelial cells
(within 24 h). In several of the studies the effect of aspirin
on prostanoid production has been measured at multiple
time points allowing some assessment of recovery time
[89, 93, 103–107]. Using i.v. infusion of bradykinin to
monitor vascular production of PGI2,Heavey et al. [105] and
Ritter et al. [107] observed that PGI2 production recovered
within 6 h following 600-mg aspirin given p.o. or i.v. Simi-
larly, urine PGI-M concentrations returned to baseline
within 3 h following 500-mg aspirin twice daily in a sepa-
rate study [106]. In contrast, using measurement of 6-
keto-PGF1a concentrations in blood, Gerrard et al. [103]
observed that PGI2 production did not return to baseline
for up to 72 h following 600-mg aspirin. Similarly, Preston
et al. [104] observed that 6-keto-PGF1a production by vein
segments ex vivo was inhibited >70% for up to 72 h follow-
ing a 500-mg aspirin dose. Unfortunately, different aspirin
doses were not used in any of these studies so it is not
possible to assess whether aspirin dose can affect the time
to recovery.

Aspirin and P2Y12 receptor
antagonist interactions

In addition to aspirin treatment, antagonism of platelet
P2Y12 receptors has become established as a clinically rel-
evant anti-platelet approach. Very briefly, as a secondary
agonist involved in platelet aggregation, ADP released
from platelet a granules has a central role in haemostatic
plug and pathological thrombus formation, effects medi-
ated by the functionally distinct purine receptors P2Y1 and
P2Y12 [108–112]. Activation of P2Y1 receptors induces a
phospholipase C-mediated increase of intracellular
calcium leading to platelet-shape change and initial
reversible aggregation via Gaq. P2Y12 receptors in their
turn complete the aggregation response initiated by
P2Y1 receptors via Gai-mediated inhibition of adenylyl
cyclase and through a less well-defined activation of
phosphoinositol-3-kinase (PI3-K) [113]. By blocking the
response to ADP, P2Y12-receptor antagonists can effec-
tively attenuate the primary agonist response and reduce
platelet aggregation. P2Y12-receptor antagonists in clinical
use include the thienopyridines, clopidogrel and prasugrel
[111, 112, 114, 115]. These are both pro-drugs that require
hepatic activation to generate an active metabolite that
binds irreversibly to the receptor and thereby like aspirin
they inhibit the platelet for its remaining lifetime. In addi-
tion to the thienopyridines, a number of direct acting
reversibly binding P2Y12-receptor antagonists are currently
under development. Most advanced is ticagrelor (also

known as AZD6140) that belongs to a new class, the
cyclopentyl-triazolo-pyridines [114, 116]. The standard
dosing of clopidogrel results in a partial and very variable
inhibition [117, 118] whereas both prasugrel and ticagrelor
provide a more complete and consistent platelet inhibition
[115].

When considering the potential combined effects of
treatment with aspirin and a P2Y12-receptor antagonist, it
appears an attractive idea to use the two together as dual
therapy, particularly if the platelet is mechanistically con-
sidered in isolation. However, several lines of evidence
suggest that there might not be a simple additive effect of
the two treatments. In particular, antagonists of P2Y12

receptors reduce the aggregatory responses of platelets to
TXA2, reduce the production of TXA2 by platelets and sen-
sitize platelets to the anti-aggregatory effects of PGI2 by
blocking P2Y12 receptor-mediated inhibition of adenyl
cyclase [119–125]. Together, this evidence indicates that
administration of a P2Y12-receptor antagonist can achieve
three related pharmacological effects on the platelet: (i)
blockade of P2Y12 receptors; (ii) inhibition of TXA2 path-
ways of platelet activation; and (iii) sensitization of plate-
lets to endogenous anti-aggregatory PGI2. This then leads
us to the question of what might be the systemic results of
providing aspirin to an individual already receiving a P2Y12-
receptor antagonist. In doing this we must, of course, con-
sider that the magnitude of any effects will be dependent
upon the level of P2Y12-receptor inhibition. One could
hypothesize that the net effects will be different when
combining aspirin with different P2Y12 antagonists that
achieve different levels of P2Y12-receptor inhibition in clini-
cal use, e.g. when platelets are weakly P2Y12-receptor
inhibited, aspirin may produce a substantial additional
anti-platelet effect, whereas when platelets are strongly
P2Y12-receptor inhibited, aspirin may add relatively little.So
addition of aspirin, particularly at high doses, may actually
provide no further anti-thrombotic benefit in the presence
of high level P2Y12-receptor blockade, as TXA2-dependent
pathways of platelet aggregation will already be largely
blocked (these ideas are captured in Figure 2). Despite this,
addition of aspirin will cause dose-dependent increases in
the risk of major and minor gastrointestinal bleeds [65, 67,
68, 126], which have recently been judged to be as poten-
tially frequent in individuals receiving dual anti-platelet
therapy as in individuals receiving warfarin [127]. As well
as being immediately dangerous, bleeds are associated
with a reduction in patient compliance to anti-thrombotic
therapy and a consequent increase in patient risk of
thrombotic events [128, 129].As detailed above, aspirin will
also produce dose-dependent reductions in the produc-
tion of PGI2 within the circulation (Table 2) and promote
increases in fluid retention and blood pressure [79, 80].

Overall, therefore, if one ignores its direct effects upon
platelet COX, aspirin has a rather negative influence upon
the cardiovascular system. When used as a single therapy,
however, these deleterious cardiovascular effects are more
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than outweighed by aspirin’s direct effects upon the plate-
let. However, if P2Y12-receptor antagonists strongly reduce
platelet pathways of TXA2 aggregation and enhance the
effects of endogenous PGI2, one is forced to ask the ques-
tion, what now is the net effect of aspirin? Unfortunately,
we have relatively little clinical data to explore this possi-
bility as most large-scale outcome studies of P2Y12-

receptor antagonists have been conducted in the
presence of aspirin. Results from the TRITON-TIMI 38 trial of
prasugrel vs. clopidogrel are of little use in exploring this
point as there have been no data shown of outcomes in
relation to aspirin dose and most outcomes occurred very
early in the trial before the impact of changes in vascular
resistance could occur. While the trial enrolment was

Figure 2
Schematic representation of effects of aspirin and P2Y12-receptor blockers on platelet pathways. (A) In physiological conditions there is balance between
anti-aggregatory and pro-aggregatory influences on the platelet from the prostanoid and P2Y12 pathways. PGI2 formed by the blood vessel wall is
anti-aggregatory through the stimulation of adenylyl cyclase (AC) secondary to activation of platelet PGI2 receptors (IP receptors). Thromboxane A2 (TXA2)
produced by the activity of cyclooxygenase (COX) within the platelet is pro-aggregatory, acting through platelet TXA2 receptors (TP receptors). Activation
of TP receptors also promotes the release of ADP from platelets which further drives aggregation. ADP produces its pro-aggregatory effects through
activation of platelet ADP receptors (P2Y12 receptors) and inhibition of platelet AC. Activation of P2Y12 receptors drives more production of TXA2 and more
release of ADP. (B) In the presence of aspirin,platelet COX is blocked and the TXA2 pathway of aggregation abolished.The P2Y12 pathway of platelet activation
is unaffected. Overall, there is a lessening of pro-aggregatory drive. There is an accompanying lessening in anti-aggregatory influence, as aspirin will also
reduce the production of PGI2 by the blood vessel wall. (C) In the presence of a blocker of P2Y12 receptors, AC inhibition is lessened and so the anti-
aggregatory effects of PGI2 are enhanced. As the effects of the TXA2 pathway are amplified through the P2Y12 pathway, the pro-aggregatory effects of TXA2

are also lessened and TXA2 production is reduced. (D) When aspirin is added to a P2Y12-receptor blocker, there may be some small additional reduction in
pro-aggregatory influences by the complete removal of TXA2 production; however, there is also a loss of PGI2 which might lead to an even greater reduction
in anti-aggregatory influence
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approximately one-third in North America, one quarter in
Western Europe and one quarter in Eastern Europe, and
aspirin was taken by 99% of participants, the dose of
aspirin was recommended to be between 75 and 162 mg
day–1 to reduce aspirin variability [130–132]. Analysis of
data from the CURE study of aspirin plus clopidogrel vs.
aspirin alone demonstrated that there was no increased
anti-thrombotic benefit with the addition of doses of
aspirin above 100 mg [133]. In this trial there were clear
geographical differences with low-dose aspirin being pri-
marily used in Europe and high-dose aspirin primarily used
in North America.There was, however, an increase in bleed-
ing risk with increased dosing of aspirin, such that taking
account of the net adverse clinical events (composite of
death, myocardial infarction, stroke or major bleeding);
there was a benefit to using lower doses of aspirin. Inter-
estingly, it is possible that results from the PLATO study
may indicate an interaction between strong P2Y12-
receptor blockade and aspirin. Overall, PLATO showed
ticagrelor to be superior to clopidogrel in reducing the rate
of the composite efficacy end point of cardiovascular
death, myocardial infarction or stroke after acute coronary
syndrome events [116]. However, in a pre-specified sub-
group analysis of multiple patient characteristics and base-
line variables, a weak interaction between randomized
treatment and region was observed for the primary end
point, in that while the hazard ratio favoured ticagrelor in
the three non-North American regions it numerically
favoured clopidogrel in the North American region (inter-
action P = 0.045) [116]. Further evaluation indicated that
the observation was driven primarily by results in the USA
compared with the non-US countries. In analysis of patient
characteristics and treatment patterns it was noted that
there was a confounding factor regarding aspirin use in
the different regions, such that in North America mainte-
nance doses above 300 mg were predominantly used
whereas in other regions less than 100-mg maintenance
was predominantly used. Extensive evaluation of the data
revealed that 80 to 100% of the observed interaction was
explained by the maintenance aspirin dose depending on
its definition. High maintenance doses of aspirin were
associated with decrease in relative efficacy of ticagrelor,
while those who received low maintenance aspirin doses,
the vast majority (92%) in PLATO, had significant reduc-
tions in cardiovascular events compared with clopidogrel
[134].

In helping us understand results from studies using
more potent and less variable P2Y12 antagonists, data from
studies using clopidogrel may be of relatively limited use.
In particular, the variability in response to clopidogrel in
study populations [117, 118] means that it is difficult to
draw conclusions regarding the mechanistic effects fol-
lowing addition of aspirin; possibly in poor clopidogrel
responders addition of aspirin would be beneficial,
whereas in patients who are good responders it is less
certain. Such a consideration may well explain why in the

CURRENT OASIS 7 study relatively little difference was seen
in short-term outcomes (30 days) between patients receiv-
ing either low- (75 mg) or high-dose (150 mg) clopidogrel
plus low- (75–100 mg) or high-dose aspirin (300–325 mg)
[61, 62]. In line with these thoughts about clopidogrel, it is
interesting to reflect that there have been some sugges-
tions that in at-risk populations higher doses of aspirin
may be associated with a greater thrombotic risk than
lower doses [135], and as pointed out by these authors
much of our information about the use of aspirin has come
from trials conducted some 20 years or so ago, since which
time blood pressure and lipid control have greatly
improved. Notably, against this background of improved
and stable therapy, recommendations for aspirin use have
changed, it now being apparent that aspirin has little
benefit for primary prevention [60], whereas analyses
some 15 years or so ago suggested it was of use [136].
These trends appear consistent; i.e. as control of other risk
factors is improved, the benefit of aspirin becomes less
clear. So it might well be as P2Y12-receptor antagonists
become more refined, we see that aspirin offers less
benefit in dual anti-platelet therapy for secondary preven-
tion than might have been predicted from earlier clinical
trials using more variable P2Y12 antagonists, particularly
clopidogrel. If correct then this would suggest a class effect
of P2Y12-receptor antagonists interacting with aspirin, with
the effect being dependent upon the level of P2Y12-
receptor inhibition.

Conclusion

In summary, in vitro, ex vivo and in vivo mechanistic studies
link the anti-thrombotic effects of aspirin to irreversible
inhibition of platelet COX-1 and formation of TXA2.
However, aspirin also produces dose-dependent inhibition
of COX at other sites within the body and some of these
inhibitory effects, notably reduction in endothelial cell
production of PGI2 and increase in blood pressure, are
associated with an increase in overall cardiovascular risk.
P2Y12-receptor antagonists have also been shown to be
anti-thrombotic because of their blockade of ADP-
dependent pathways of platelet activation, and dual
therapy with aspirin has now become standard care for
many patients at risk of thrombosis. While clinical trials
using clopidogrel have investigated interactions with
aspirin, large outcome studies of newer and more potent
P2Y12-receptor antagonists, notably prasugrel and ticagre-
lor, have not randomized the dose of aspirin. As potent
P2Y12-receptor antagonists can strongly inhibit TXA2-
dependent pathways of platelet activation, i.e. those tar-
geted by aspirin, and sensitize platelets to the anti-
thrombotic effects of endogenously produced PGI2, there
is the possibility that additional dosing with aspirin, in par-
ticular high-dose aspirin, will not confer any additional car-
dioprotective effect. On the contrary, there is a possibility
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that combining a high level of P2Y12 antagonism with high
doses of aspirin could unmask an effect of aspirin on the
production of anti-thrombotic prostanoids, notably PGI2,
increase the risk of fluid retention and hypertension, and
increase the risk of bleeds, particularly gastrointestinal
bleeds. Clearly this currently is only a hypothesis. However,
as these effects could impair the overall therapeutic
benefit of the treatment, it will be important to evaluate
further this concept in pre-clinical and clinical studies.
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