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Acyl derivatives of CoA have been shown to act as antagonists at human platelet and recombinant P2Y; receptors, but little is
known about their effects in the cardiovascular system. This study evaluated the effect of these endogenous nucleotide
derivatives at P2Y; receptors natively expressed in rat and porcine blood vessels.

EXPERIMENTAL APPROACH

Isometric tension recordings were used to evaluate the effects of CoA, acetyl CoA, palmitoyl CoA (PaCoA) and
3’-dephospho-palmitoyl-CoA on concentration relaxation-response curves to ADP and uridine triphosphate (UTP). A
FlexStation monitored ADP- and UTP-evoked calcium responses in HEK293 cells.

KEY RESULTS

Acetyl CoA and PaCoA, but not CoA, inhibited endothelium-dependent relaxations to ADP with apparent selectivity for

P2Y; receptors (over P2Y,,, receptors) in rat thoracic aorta; PaCoA was more potent than acetyl CoA (331-fold vs. fivefold shift
of ADP response curve evoked by 10 uM PaCoA and acetyl CoA, respectively); the apparent pA, value for PaCoA was 6.44.
3’-dephospho-palmitoyl-CoA (10 uM) was significantly less potent than PaCoA (20-fold shift). In porcine mesenteric arteries,
PaCoA and the P2Y; receptor antagonist MRS2500 blocked ADP-mediated endothelium-dependent relaxations; in contrast,
they were ineffective against ADP-mediated endothelium-independent relaxation in porcine coronary arteries (which does not
involve P2Y; receptors). Calcium responses evoked by ADP activation of endogenous P2Y; receptors in HEK293 cells were
inhibited in the presence of PaCoA, which failed to alter responses to UTP (acting at endogenous P2Y, receptors).

CONCLUSIONS AND IMPLICATIONS

Acyl derivatives of CoA can act as endogenous selective antagonists of P2Y; receptors in blood vessels, and this inhibitory
effect critically depends on the palmitate and 3’-ribose phosphate substituents on CoA.

Abbreviations

EMEM, Eagle’s minimum essential medium; FCS, fetal calf serum; PaCoA, palmitoyl CoA

Introduction

The structural similarity between the endogenous P2Y; recep-
tor ligand ADP and CoA prompted Coddou et al. (2003) to
investigate the effect of CoA and its derivatives as antagonists

at human recombinant P2Y, receptors expressed in Xenopus
laevis oocytes (Coddou et al., 2003) (see Figure 1 for struc-
tures). They found that PaCoA and the hypolipidemic drug
metabolites of CoA, nafenopin-CoA and ciprofibroyl-CoA,
were antagonists of chloride currents mediated by ATP via
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Figure 1

Structures of (A) ADP, (B) CoA, (C) palmitoyl CoA, (D) 3’-dephospho-palmitoyl CoA and (E) CoA analogues (substitutions at ‘R") (for example, in
acetyl CoA the acetyl group (CHs;C = O) is attached to the sulphur through a thiol ester type bond). Note the similarity between the compounds
with regard to their adenine, ribose and diphosphate moieties. 3’-dephospho-PaCoA differs from PaCoA in that it lacks a 3’-ribose phosphate.
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actions at P2Y, receptors; CoA and acetyl CoA were found to be
less effective than the other compounds tested. There was no
significant antagonism by CoA or ciprofibroyl-CoA of P2Y,,
P2X,, P2X, and SHT,a,c receptors (Coddou et al., 2003). A later
study investigated the effect of acyl derivatives of CoA at endo-
genous P2Y; and P2Y;, receptors on platelets and concluded
that PaCoA is an antagonist mainly at P2Y;, but also at P2Y;,
receptors and that it may function as an endogenous modu-
lator of platelet function (Manolopoulos et al., 2008). The
effect of side chain length and saturation on the potency of
acyl-CoA derivatives has been studied and it has been shown
that increasing the acyl-CoA side chain length and degree of
saturation increases the potency of these compounds at recep-
tors or ion channels (Coddou et al., 2003; Riedel and Light,
2005; Manolopoulos et al., 2008). The effect of acyl derivatives
of CoA at endogenous P2Y; receptors in blood vessels and at
endogenous P2Y; receptors in human cell lines is unknown.
The present study investigated, using rat thoracic aorta,
porcine mesenteric artery, porcine coronary artery and HEK
293 cells, whether responses mediated by ADP through the
P2Y, receptor can be blocked by CoA, acetyl CoA or PaCoA
(Figure 1). It has previously been shown that the rat thoracic
aorta expresses on its endothelium P2Y, receptors and uridine
triphosphate (UTP)-sensitive receptors, which could be P2Y,
or P2Y, receptors (Rose’Meyer and Hope, 1990; Hansmann
et al., 1997; Dol-Gleizes et al., 1999). In a preliminary report,
we identified the expression of P2Y, receptors on the endothe-
lium of the porcine mesenteric artery (Alefishat et al., 2010),
in line with the expression of P2Y; receptors on the endothe-
lium of rat and mouse mesenteric arteries (Bultmann et al.,
1998; Buvinic ef al., 2002; Harrington et al., 2007). Indeed, in
the majority of blood vessels, vasorelaxant P2Y; (and P2Y5/4/)
receptors are expressed on the endothelium (Ralevic and
Burnstock, 1998). In contrast, coronary arteries of a variety of
species, including human, lamb, rabbit and guinea pig express
vasorelaxant P2Y receptors (of a subtype yet to be defined) on
the smooth muscle (Keef et al., 1992; Corr and Burnstock,
1994; Saetrum Opgaard and Edvinsson, 1997; Simonsen et al.,
1997). HEK293 cells express P2Y;, P2Y, and P2Y, receptors
endogenously, which can be activated by ADP, UTP and ATP
to induce an increase in [Ca*?; (Schachter et al., 1997; Bult-
mann et al., 1998; Fischer et al., 2005). At the P2Y, receptor,
ADP is a more potent agonist than ATP, while ATP and UTP
have equal potency as agonists at P2Y, receptors; UTP is a
more potent agonist at P2Y, receptors than ATP, but can also
act at P2Y, receptors following breakdown to UDP (Ralevic
and Burnstock, 1998; Guns et al., 2006; Bar et al., 2008).
Acyl-CoAs are essential intermediates in lipid biosynthesis
and fatty acid metabolism. The possibility that acyl-CoAs
play a significant role as endogenous modulators of a number
of transport and enzyme systems, and more recently of P2Y;
receptor signalling, has received increasing attention (Harris
etal., 1972; Lerner et al., 1972; Tippett and Neet, 1982; Agius
etal., 1987; Li etal., 1990; Boylan and Hamilton, 1992;
Hertz et al., 1998; Coddou et al., 2003; Manolopoulos et al.,
2008). Normally, intracellular acyl-CoAs are kept at low levels
by acyl CoA-binding proteins and fatty acid-binding proteins
(Knudsen et al., 2000; Schroeder et al., 2008). However, they
may be released during certain conditions such as heart
ischaemia, endurance training, diabetes and acute ischaemic
stroke (van Breda et al., 1992; Pelsers et al., 1999; Sambandam
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and Lopaschuk, 2003; Wunderlich etal., 2005); in these
states, high levels of extracellular acyl-CoA derivatives may
accumulate.

The present study showed that endogenous nucleotide
derivatives, namely acetyl CoA and PaCoA, are antagonists of
responses at P2Y; receptors in rat thoracic aorta, porcine
mesenteric artery and HEK293 cells. The selectivity of these
compounds for P2Y; receptors over co-expressed P2Y,.s
receptors was also demonstrated. Moreover, we have shown
that this inhibitory effect critically depends on the presence
of the 3’-ribose phosphate on the CoA group as well as the
palmitate. These results raise the possibility of a novel endog-
enous selective regulation of P2 receptor signalling involving
inhibition of P2Y; receptors via CoA compounds.

Materials and methods

Isometric tension recordings of rat

thoracic aorta

Male Wistar rats (200-280 g), obtained from Charles River
(England, UK), were used in this study. After stunning, they
were killed by cervical dislocation. Segments of rat thoracic
aorta were mounted for isometric tension recordings in oxy-
genated Krebs-Henseleit solution (composition mmol L™:
NaCl 118.4, KCI 4.7, MgSO, 1.25, CaCl, 1.2, NaHCO; 24.9,
KH,PO, 1.2, glucose 11.1) as described previously (Bultmann
et al., 1998). Tissue viability was assessed by eliciting contrac-
tions with 60 mM KCI. The rings were preconstricted with
methoxamine to a tension of 50-75% of the KCI contraction.
Concentration-relaxation response curves were then con-
structed to increasing cumulative concentrations of ADP or
UTP, P2Y;- and P2Y,us-selective agonists, respectively. In
separate experiments to investigate the possible antagonistic
effect of acyl-CoA derivatives (CoA, acetyl CoA, PaCoA or
3’-dephospho-PaCoA), these compounds were added 10 min
before methoxamine addition. Time control experiments were
performed using the same protocol; after contracting vessels
with methoxamine they were left for 1 h to check for any loss
of tone. To check for any direct effect of PaCoA, 10 uM was
added after contracting the vessels with methoxamine and left
for 1 h. Blood vessel tension was measured every 6 min. In
some vessels, endothelium removal was achieved by rubbing
the lumen gently with forceps, and acetylcholine (100 nM)
was used to assess successful removal of the endothelium.

Isometric tension recordings of porcine
mesenteric and coronary arteries

Porcine mesenteries and hearts, from breeds of the modern
hybrid pig, of either sex, were obtained from a local abattoir
(Wood and Sons Abattoir, Clipstone, Mansfield, Nottingham-
shire, England), and delivered to the lab on ice. Segments of
porcine mesenteric and coronary arteries were dissected out
and stored overnight at 4°C in oxygenated Krebs-Henseleit
solution. The following morning, connective tissue was
removed and the vessels were cut into segments 3-4 mm in
length. The rings were mounted for isometric tension record-
ings and pre-tensioned to 10 g. Tissue viability was assessed
by eliciting contractions with 60 mM KCl. The rings were
preconstricted with U46619 to a tension of 55-85% of the
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KCl contraction. In experiments with PaCoA (10 uM), this
was added 10 min before U46619 addition. In endothelium
denudation experiments, substance P (10 nM) was used to
assess endothelial integrity after gentle rubbing.

Measurement of changes in intracellular
calcium, [Ca*'];

HEK293 cells were grown in Eagle’s minimum essential
medium (EMEM) supplemented with 10% fetal calf serum
(FCS) and non-essential amino acids. Cells were grown in
black-walled 96-well plates (Costar, Sigma-Aldrich, Poole,
Dorset, UK) at a temperature of 37°C in a humidified 95% air
and 5% CO, atmosphere and cultured for 48 h to reach con-
fluency. Changes in intracellular calcium, [Ca*];, were inves-
tigated using Fluo-4-AM. The culture media was aspirated and
replaced with the Fluo-4-AM solution for a 45 min incuba-
tion in the presence of EMEM media, 10% FCS and 2.5 mM
probenecid.

A loading buffer consisting of 250 mM probenecid in
HEPES-buffered saline was used to wash out the excess
dye after the 45 min incubation period, following which
antagonist was added, where appropriate, for a 30 min pre-
incubation. Intracellular calcium responses were recorded
using a FlexStation II plate reader (Molecular Devices, Win-
nersh, Berkshire, UK) at 37°C using an emission wavelength
of 515 nm.

Data analysis

For isometric tension recording and intracellular calcium
measurements, results are expressed as mean * SEM. For
analysis of [Ca?"]; initial fluorescence ratios were taken as a
baseline (0-16 s) and were subtracted from subsequent fluo-
rescence ratios (16-40s). Results are expressed as mean =
SEM. Statistical comparisons were made using Students t-test
or two-way ANova with Bonferroni post hoc test as appropriate.
A P-value < 0.05 was taken as statistically significant.

Drugs, chemical reagents and other materials

ADP, ATP, UTP, acetyl CoA, CoA, PaCoA, acetylcholine,
methoxamine and U46619 were obtained from Sigma-
Aldrich (Poole, Dorset, UK). 3’-Dephospho-palmitoyl-CoA was
obtained from Jena Bioscience (Jena, Germany). MRS2179,
MRS2500 and substance P were from Tocris Bioscience (Bristol,
UK). U46619 was dissolved in ethanol as a stock solution of
102M. All other drugs were dissolved in distilled water. EMEM,
FCS, non-essential amino acids and probenecid were from
Sigma-Aldrich. Fluo-4-AM was from Invitrogen (Paisley, UK).
HEK293 cells were taken from the stocks of the School of
Biomedical Sciences, University of Nottingham. Drug target
nomenclature conforms to the British Journal of Pharmacolo-
gy’s Guide to Receptors and Channels (Alexander ef al., 2011).

Results

Effect of ADP in pre-contracted rat thoracic
aorta, porcine mesenteric and porcine

coronary arteries
ADP (0.1 uM-1 mM) elicited concentration-dependent, com-
plete relaxations of the rat thoracic aorta (Figure 2A). A com-
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The effect of adenosine diphosphate (ADP) on (A) rat thoracic aorta,
(B) porcine mesenteric artery, (C) porcine coronary artery. Arteries
were precontracted with methoxamine for rat thoracic aorta and
U46619 for porcine mesenteric artery and porcine coronary artery.
Responses were evaluated in endothelium intact vessels (Control)
and in those in which the endothelium had been removed
(Denuded) in each of rat thoracic aorta, porcine mesenteric artery
and porcine coronary artery (n = 6-19, n=8-9, n=7-10, respec-
tively). Results are mean = SEM.

parison of single-site versus two-site concentration-response
curves (Prism, La Jolla, CA, USA) indicated that the two-phase
option failed to fit better. Curve fitting allowed estimation of
an Ry.x value (103 = 4%), pECs, value (6.00 = 0.12) and Hill
slope (0.81 = 0.07) (n = 19). Removing the endothelium
significantly attenuated the ADP-induced responses, such



that a relaxation of 50% was achieved at approximately
300 uM (Figure 2A).

In the porcine mesenteric artery, ADP (0.1 uM-1 mM)
elicited a concentration-dependent relaxation, with a bell-
shaped curve, peaking at 100 uM (Figure 2B). Non-linear
analysis of these responses generated an estimated R, value
of 54 = 8%, with a pECs, value of 6.91 = 0.19 and Hill slope
of 2.0 = 0.21 (n = 8). Removing the endothelium abolished
the ADP-induced relaxations revealing a small contractile
response (Figure 2B).

In the porcine coronary artery, ADP (0.1 uM-1 mM) elic-
ited a concentration-dependent relaxation with estimates of
an Rpax value of 94 = 7%, a pECs, value of 4.57 + 0.25 and
Hill slope of 1.30 = 0.12 (n = 10). Removing the endothelium
had no significant effect on the ADP-induced response in this
vessel (Figure 2C).

Effect of CoA, acetyl CoA, PaCoA,
3"-dephospho-PaCoA and MRS2179 on
relaxations to ADP in rat thoracic aorta

In the presence of CoA (10 uM), acetyl CoA (10 uM) and
PaCoA (10 uM), the mean bath concentrations of methoxam-
ine required to elicit 50-75% of the KCl contraction were
unchanged when compared with the control (P > 0.05, one-
way ANovA): 1.39 = 0.17 uM, n=11; 1.56 = 0.16 uM, n = 12;
1.42 = 0.18 uM, n = 13 for CoA, acetyl CoA and PaCoA,
respectively compared with 1.3 = 0.11 uM (n = 39) used for
the control. Similarly, there was no significant difference in
methoxamine concentration and tone between control
tissues and those exposed to 3’-dephospho-PaCoA.

There was a trend for 10 uM CoA to produce a rightward
shift in the concentration-response curve to ADP, although
this was not significant (Figure 3A; Table 1). Higher con-
centrations of CoA were not used due to cost considera-
tions. Acetyl CoA also caused a rightward shift in the
concentration-response curve to ADP (Figure 3B), with 10 uM
acetyl CoA causing a significant, fivefold, shift in the relaxa-
tion to ADP (Table 1). PaCoA produced a concentration-
dependent rightward shift in the relaxation-response curve to
ADP (Figure 3C). Schild analysis showed that concentrations
of 1, 3, 10 uM PaCoA caused shifts of 18-, 55- and 331-fold of
the response to ADP, respectively (P < 0.05, P<0.01, P <0.001,
respectively; Table 1). Figure 3D shows Schild analysis for
effects of PaCoA; the calculated slope was 1.73 * 0.4 with an
apparent pA, value of 6.44 = 0.12 (n =5).

3’-Dephospho-palmitoyl-CoA (10 uM) produced a signifi-
cant (P < 0.05), 20-fold, rightward shift in the concentration—
response curve to ADP, but had no significant effect on the
maximum relaxation (Figure 4; Table 1). It was clearly much
less potent than the same concentration of PaCoA, which has
a phosphate on the ribose at the 3’ position (see Figure 1).
1 uM MRS2179, a selective P2Y, receptor antagonist, caused a
29-fold rightward shift of the ADP response (Table 1; Support-
ing Information Figure S1), allowing calculation using the
Gaddum transformation, of an apparent pK; value of 7.32 =
0.17 (n = 5).

The reversibility of the PaCoA antagonism was studied
by evaluating consecutive ADP (100 uM) responses in
methoxamine-preconstricted vessels, initially in the absence
of PaCoA, then in the presence of PaCoA (10 uM) and then
after washout of PaCoA. Control experiments were carried
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Figure 3

ADP-evoked relaxation of the rat thoracic aorta in the presence of (A)
CoA, (B) acetyl CoA (AcCoA) and (C) PaCoA. (D) Shows the Schild
plot for the effects of PaCoA (dotted line is the line of unit slope).
Vessels were precontracted with methoxamine. Data are shown as
mean * SEM (n = 5-6, n=6-7, n =7, respectively).
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Table 1

Effect of CoA, acetyl CoA (AcCoA), PaCoA, 3’-dephospho- PaCoA and MRS2179 on ADP-evoked relaxations of the rat thoracic aorta

PECso Rmax Hill slope
ADP (control) (n = 5) 6.37 = 0.06 104 = 6 0.99 = 0.15
ADP+ CoA (1 uM) (n = 6) 6.19 = 0.10 111 = 4 0.87 £ 0.19
ADP+ CoA (3 uM) (n = 6) 6.44 = 0.11 1025 1.21 = 0.20
ADP+ CoA (10 uM) (n = 6) 5.74 = 0.29 106 = 7 0.84 £ 0.16
ADP (control) (n = 6) 6.19 = 0.07 101 = 4 1.0 = 0.16
ADP+ AcCoA (1 uM) (n=7) 6.00 = 0.14 98 = 6 1.06 = 0.18
ADP+ AcCoA (3 uM) (n=7) 6.01 = 0.50 112+ 6 1.07 = 0.17
ADP+ AcCoA (10 uM) (n=7) 5.51 £ 0.15* 102 = 14 0.70 = 0.11
ADP (control) (n=7) 6.09 = 0.20 113 =7 0.97 = 0.30
ADP+ PaCoA (1 uM) (n =7) 4.84 = 0.36* 128 =7 0.64 + 0.08
ADP+ PaCoA (3 uM) (n = 7) 4.35 + 0.26** 122 7 0.81 + 0.07
ADP+ PaCoA (10 uM) (n=7) 3.57 = 0.31*** 127 =16 0.80 = 0.12
ADP (control) (n = 6) 6.48 = 0.37 90 =5 0.78 £ 0.12
ADP+ dephosphoPaCoA (10 uM) (n = 6) 5.18 = 0.178 113 =13 1.38 = 0.23%
ADP (control) (n = 5) 6.37 = 0.37 125.1 =10 0.71 £ 0.21
ADP+ MRS2179 (1 uM) (n=5) 5.07 + 0.26* 1023 +9 1.07 = 0.07

Results are mean = SEM. *P < 0.05, one-way ANOVA. **P < 0.01, ***P < 0.001, one-way ANOVA. 8P < 0.05, Student’s t-test.
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Figure 4

ADP-evoked relaxation of the rat thoracic aorta in the absence and
presence of 3’-dephospho-palmitoyl-CoA. Data are shown as mean
+ SEM (n = 6).

out with three consecutive ADP additions, at the same time
intervals, in the absence of PaCoA. Repeated administration
of 100 uM ADP in the absence and presence of 10 uM PaCoA
indicated that the effect of PaCoA was reversible (data not
shown). PaCoA also had no direct effect on the rat thoracic
aorta when compared with time controls, in which tone was
well-maintained (data not shown).
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Effect of CoA, acetyl CoA, PaCoA and
MRS2179 on relaxations to UTP in the rat
thoracic aorta

In order to examine the selectivity of CoA analogues, UTP
was employed as a vasorelaxant. Analysis of the data was
carried out on responses to UTP at concentrations of up to,
and including, 3 uM (because at higher concentrations, UTP
evoked smaller relaxations). Neither CoA (10 uM) nor acetyl
CoA (10 uM) had a significant effect on the relaxation
response to UTP (Figure 5A,B). For PaCoA, a modest,
concentration-dependent rightward shift in the relaxation
response curve to UTP was observed (Figure 5C). There was
no significant effect of 3 uM PaCoA, while 10 uM PaCoA
caused a threefold shift of UTP evoked relaxation. 1 uM
MRS2179 had no significant effect on the UTP relaxation
response (Supporting Information Figure S1).

Effect of PaCoA on responses to ADP in
porcine mesenteric arteries

PaCoA (10 uM) abolished the relaxation response to ADP in
porcine mesenteric arteries (Figure 6A). MRS2500 (10 uM), a
selective P2Y; antagonist (Kim et al., 2003), also abolished the
ADP-evoked relaxation (Supporting Information Figure S2).
At this same concentration, PaCoA was without direct effect
on U46619-contracted porcine mesenteric arteries, in which
tone was well-maintained (data not shown).

There were no significant differences in precontraction, or
in the concentration of U46619 used to produce this, in the
absence and presence of antagonists. In the absence of
antagonists, U46619 caused a sustained contraction to 56 =
4% (n = 8) of the KCI response; in the presence of PaCoA
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The response of the rat thoracic aorta to UTP in the presence of (A)
CoA, (B) acetyl CoA (AcCoA), and (C) PaCoA (n=6-8, n=6-8, n=
8-10, respectively). Vessels were precontracted with methoxamine.
Results are shown as mean = SEM.

(10 uM) and MRS2500 (10 uM) the U46619-induced contrac-
tion was 61% = 2 (n = 10) and 65% * 9 (n = 4), respectively
(P > 0.05, one-way ANova). For the direct effect and time
control experiments, the U46619-induced contraction was
51% £ 9 (n=4) and 56% = 7 (n = 4), respectively, of the
KCl-induced response. The concentration of U46619 required
to induce precontraction was unchanged compared with the
control in both time control and direct effect experiments
(P > 0.05, one-way ANOVA).
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The effect of PaCoA on the response to ADP in (A) porcine mesenteric
artery, (B) porcine coronary artery. Vessels were precontracted with
U46619. Results are shown as mean = SEM (n = 8-10, n = 5-4,
respectively).

Effect of PaCoA on relaxations to ADP in the
porcine coronary artery

In the porcine coronary artery, PaCoA (10 uM) failed to alter
the response to ADP (Figure 6B), although there was a trend
for a rightward shift. MRS2500 (10 uM), a selective P2Y;
antagonist, also had no significant effect on the ADP-evoked
responses (Supporting Information Figure S2).

A vasorelaxation of the U46619-contracted porcine coro-
nary artery compared with the time control (P < 0.05, two-
way ANovA) was caused by 10 uM PaCoA. The relaxation was
slow, achieving significance after 30 min, at which time
relaxation was 30 = 15% with PaCoA (n=7), versus 1 = 1.5%
control (n =4) (P < 0.01).

There were no significant differences in precontraction, or
in the concentration of U46619 used to produce tone, in the
absence and presence of antagonists. U46619 in the coronary
artery caused a sustained contraction to 59 = 4% (n = 8) of the
KCl response; in the presence of PaCoA (10 uM) and
MRS2500 (10 uM), the contraction at 53 = 4% (n=10) and 56
+ 7% (n = 4), respectively, was unchanged (P > 0.05, one-way
ANova). For the direct effect and time control experiments the
U46619-induced contraction was 60 = 4% (n = 8) and 50 +
8% (n = 4), respectively, of the KCl-induced response. The
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Table 2

The effect of PaCoA on the calcium response evoked by ADP (0.1-
100 uM) in HEK cells

pPECs, value Hill slope
ADP 6.74 = 0.11 1.17 = 0.39
ADP + 0.1 uM PaCoA 6.27 = 0.11 0.60 = 0.15
ADP + 1 uM PaCoA 5.28 = 0.10*** 0.94 = 0.21
ADP + 10 uM PaCoA 3.65 + 0.22*** 0.81 = 0.12

The maximum response to ADP was 31062 = 3707 RFU (n = 3).
Curves fitted for ADP in the presence of PaCoA were constrained
to this maximum. Data are mean *= SEM, n= 3. ***P < 0.0001,
one-way ANOVA.

Table 3

The effect of PaCoA on the calcium response evoked by ATP (0.1-
100 uM) in HEK cells

pPECs, value Hill slope
ATP 5.56 = 0.07 1.55 = 0.14
ATP + 0.1 pM PaCoA 5.36 = 0.02 1.45 = 0.25
ATP + 1 uM PaCoA 4.40 + 0.11 0.82 £ 0.12
ATP + 10 uM PaCoA 2.58 + 0.55%** 0.40 = 0.13*

The maximum response to ATP was 26520 + 1999 RFU (n = 3).
Curves fitted for ATP in the presence of PaCoA were constrained
to this maximum. Data are mean * SEM, n= 3. *P < 0.05, ***P
< 0.0001, one-way ANOVA.

concentration of U46619 required to induce precontraction
was unchanged compared with the control in both time
control and direct effect experiments (P > 0.05, one-way
ANOVA).

Effect of CoA analogues on adenine
nucleotide-evoked [Ca?']; elevation in
HEK293 cells
ADP and ATP (0.1-100 pM) evoked concentration-dependent
calcium responses in HEK293 cells with pECs, values of 6.7 =
0.1 (n=3)and 5.6 £ 0.1 (n = 3), respectively (Tables 2 and 3).
PaCoA (0.1-10 uM) caused a concentration-dependent
rightward shift in the calcium release evoked by ADP
(Figure 7A). pECso, Rmax and Hill slope values for PaCoA are
shown in Table 2. Schild analysis of the effects of PaCoA
against ADP allowed calculation of an apparent pA, value of
7.2 = 0.2, with a slope of 1.4 = 0.2 (n = 3, Figure 7C).
PaCoA (0.1-10 uM) also produced a concentration-
dependent rightward shift in the response curve to ATP
(Figure 7B). pECso, Rmax and Hill slope values are reported in
Table 3. In order to calculate pA, values, data were con-
strained, such that the top was fixed to the maximum
response evoked in the absence of antagonist for each indi-
vidual experiment. Schild analysis gave an apparent pA, value
of 7.0 = 0.3 and a slope of 1.6 = 0.2 (n = 3, Figure 7C).
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Figure 7

Effect of different concentrations of PaCoA on the calcium response
of HEK293 cells to (A) ADP (n = 6), (B) ATP (n = 6), (C) Schild plots
for ADP and ATP in the presence of PaCoA (n = 3) (dotted line is the
line of unit slope). Note that the plots for ADP and ATP are super-
imposed and appear as a single line. Results are mean = SEM.

ADP- and UTP-mediated elevations of [Ca*]; were com-
pared in HEK293 cells. ADP, at 10 uM, caused a transient
response with a peak of 32585 = 2364 RFU (relative fluores-
cence units) over basal (n=11), which occurred within 25-30



seconds of drug administration. UTP, at 300 uM, evoked a
smaller elevation of [Ca*]; with a mean of 16228 + 2324 RFU
(n =10, 49 = 4% of the response to ADP), with a latency of
23-30s.

ADP-evoked responses were significantly inhibited in the
presence of either 10 uM PaCoA (residual response 45 * 9%
of control, n=11) or 10 pM MRS2500 (residual response 5 =
1% of control, n = 7), but not in the presence of 1 uM PaCoA
(Supporting Information Figure S3). Responses to ADP were
not significantly altered in the presence of neither 1 nor
10 uM CoA, acetyl CoA or oleoyl CoA.

Responses to UTP were not significantly altered in the
presence of neither 1 nor 10 uM PaCoA, CoA, acetyl CoA,
oleoyl CoA or MRS2500 (Supporting Information Figure S3).

Discussion

In the present study, the effects of acyl-CoA derivatives on
relaxation of rat preconstricted thoracic aorta by ADP and
UTP, agonists for P2Y; and P2Y,, receptors, respectively, were
examined. The results indicate that, of the derivatives used,
PaCoA was the most potent, acting as an antagonist with
apparent selectivity for the endothelial P2Y; receptor. A
crucial role of the 3’-ribose phosphate in mediating the
inhibitory effects of PaCoA was demonstrated. In HEK293
cells, PaCoA selectively inhibited P2Y; receptor-mediated
ADP- and ATP-induced increases in [Ca*]i with no effect at
P2Y,,; receptors stimulated by UTP. In porcine mesenteric
artery, both PaCoA, and the selective P2Y, receptor anta-
gonist MRS2500, abolished ADP-evoked endothelium-
dependent relaxations. In contrast, in porcine coronary
artery, PaCoA and MRS2500 had no significant effect on
ADP-evoked endothelium-independent relaxations, suggest-
ing involvement of a receptor other than P2Y; in this blood
vessel.

Effects of ADP and UTP in rat thoracic aorta

ADP has previously been shown to induce endothelium-
dependent relaxations mediated by P2Y,; receptors in the rat
thoracic aorta (Dol-Gleizes et al., 1999). In the present study,
we confirmed that the response to ADP was endothelium-
dependent. The responses clearly involved P2Y, receptors
because they were blocked by a selective P2Y; antagonist,
MRS2179 (Boyer et al., 1996b), and the pECs, value for ADP of
6.00 was similar to pECsy values reported previously in rat
(6.2) (Dol-Gleizes et al., 1999) and mouse (6.22) thoracic
aorta (Guns et al., 2005).

Concentration-response curves to UTP were insensitive to
MRS2179, consistent with an action of UTP at a target other
than the P2Y, receptor; the P2Y, receptor is a likely target, but
P2Y, receptors have been shown to mediate endothelium-
dependent relaxation to UTP in mouse aorta (Buvinic et al.,
2002; Guns et al., 2006; Bar et al., 2008). At concentrations
higher than 3 uM, UTP-evoked relaxations were reversed,
possibly involving actions at contractile P2Y,,, receptors on
the smooth muscle (Eltze and Ullrich, 1996). The agonist
potency (pECsy) of UTP-evoked relaxations in the current
study was 6.64, similar to that previously reported (5.83)
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(Dol-Gleizes etal., 1999) and suggested to be mediated
through P2Y, receptors.

Effect of CoA, acetyl CoA, PaCoA and
3’-dephospho-PaCoA on responses to ADP
and UTP in the rat thoracic aorta

PaCoA produced concentration-dependent inhibition of
ADP-evoked relaxation of the rat thoracic aorta, and its effects
were reversible, as described at recombinant P2Y, receptors in
Xenopus oocytes (Coddou et al., 2003). PaCoA had no direct
effect on the rat thoracic aorta, and was more potent than
CoA and acetyl CoA as an antagonist at P2Y; receptors;
indeed, 10 uM PaCoA caused an approximately 330-shift of
ADP-evoked relaxations, while acetyl CoA at the same con-
centration produced a fivefold shift and CoA was ineffective.
This is in agreement with findings in Xenopus oocytes and
human platelets (Coddou et al., 2003; Manolopoulos et al.,
2008). This increase in potency appears to be due to the
increase in hydrophobicity from CoA, acetyl CoA to PaCoA
(Coddou et al., 2003). The nucleotide moiety of the CoA
compounds exhibits structural similarities with ADP, which
suggests a ligand-binding domain focussed on the purine
binding site. In addition, it is possible that a hydrophobic
pocket adjacent to the purine binding site accommodates the
lipophilic acyl-substituent and helps to stabilize the interac-
tion of the antagonist with the receptor (Coddou et al., 2003).
Thus, the increase in potency of these compounds with
increase in chain length may involve the side chain adding to
the stability of the CoA moiety.

Structurally, the CoA headgroup resembles ADP in that
both have adenine and ribose moieties, and a pyrophosphate
group linked to the 5’-position of the ribose (Figure 1).
However, an important structural difference is that the CoA
headgroup has an additional phosphate linked to the ribose
at the 3’-position. In the present study, we have shown that
3’-dephospho-PaCoA is a significantly weaker antagonist
than PaCoA at P2Y, receptors in rat aorta (20-fold vs. 331-
fold shift in the ADP-response curve at 10 uM of the CoA
compounds). Thus, the 3’-phosphate appears to be critical for
mediating the inhibitory effects of PaCoA at P2Y, receptors.
Consistent with the importance of the 3’-phosphate are
studies showing that adenosine 2’,5’-diphosphate and adeno-
sine 3’,5’-diphosphate are competitive antagonists at the
P2Y, receptor although these compounds do not have a
pyrophosphate group, just a single phosphate attached to
the ribose (Boyer et al., 1996a). The 3’-phosphate was also
shown to be significant in the intracellular actions of CoA
compounds at potassium channels (Rapedius et al., 2005).
The crucial role of the 3’-phosphate in the antagonist activity
of CoA compounds at P2Y, receptors has not previously been
reported.

CoA and acetyl CoA had no significant effect on UTP-
evoked relaxations in the rat thoracic aorta, while PaCoA
caused a significant rightward shift. This shift was small
(threefold) when compared with the 331-fold shift caused by
PaCoA to the ADP-evoked P2Y,; receptor-mediated relaxa-
tions. This indicates that PaCoA and acetyl CoA are reason-
ably selective for P2Y, versus P2Y,, receptors, consistent with
their effects at recombinant P2Y, and P2Y, receptors (Coddou
et al., 2003).
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Effect of PaCoA and MRS2500 on
ADP-evoked responses in porcine

mesenteric arteries

ADP caused a concentration-dependent, endothelium-
dependent, vasorelaxation of the porcine mesenteric artery
with a pECs, value of 6.9, similar to that calculated for ADP
activation of P2Y; receptors (6.8) in the rat mesenteric arterial
bed (Buvinic et al., 2002). The involvement of P2Y, receptors
was confirmed because MRS2500 abolished the ADP-evoked
relaxations. PaCoA (10 uM) also eliminated ADP-evoked
relaxations in the porcine mesenteric artery, without eliciting
a direct effect, consistent with our findings in rat thoracic
aorta.

Effect of PaCoA and MRS2500 on
ADP-evoked responses in porcine

coronary arteries

ADP elicited a concentration-dependent, endothelium-
independent, relaxation of the porcine coronary artery.
PaCoA failed to affect these responses, indicating that they
are not mediated through P2Y,; receptors. Moreover,
MRS2500 also had no significant effect on these relaxations.
These findings indicate that these receptors mediating direct
smooth muscle vasorelaxation in the porcine coronary artery
are not P2Y, receptors. We have reported previously that ADP
mediates endothelium-independent relaxation of porcine
coronary artery via a novel mechanism involving release of
adenosine and activation of A, receptors independently of
P2Y, receptors (Rayment et al., 2007). The potency of ADP
(pECso 4.6) at eliciting vasorelaxation in the porcine coronary
artery observed here is similar to that reported by us previ-
ously (pECso 5.3) (Rayment et al., 2007), and much lower
than that observed in both porcine mesenteric artery (pECso
6.9) and rat thoracic aorta (pECso 6.0), further indicating a
lack of involvement of P2Y; receptors.

Interestingly, in the porcine coronary artery, PaCoA alone
caused a significant relaxation of the U46619 pre-contracted
tone. The response was slow, suggesting a direct action on the
smooth muscle. This direct relaxant effect of PaCoA in the
porcine coronary artery is in contrast with its lack of action in
the porcine mesenteric artery and rat thoracic aorta. The
mechanism of this direct, tissue-dependent, relaxant effect of
PaCoA awaits further characterization.

Effect of CoA derivatives at ADP responses in
HEK293 cells

Concentration-dependent elevation of [Ca*]; was produced
in the presence of ADP, ATP or UTP. The potency of ADP was
>10-fold more than that of ATP (pECs 6.7, 5.6, respectively).
MRS2500 effectively blocked ADP responses in HEK293 cells,
while leaving responses to UTP unaltered. These data are
consistent with the fact that uridine nucleotides are mostly
inactive at P2Y; receptors and that P2Y; receptors are more
sensitive to adenine nucleotide diphosphates than triphos-
phates (von Kugelgen, 2006).

PaCoA was a potent and selective (vs. UTP at P2Y,,
receptors) antagonist of the native human P2Y; receptor in
HEK293 cells, while CoA, acetyl CoA and oleoyl CoA had
no significant effect. In rat thoracic aorta, acetyl CoA caused
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a small but significant shift in ADP-evoked relaxations
through the P2Y,; receptor. Coddou etal. (2003) suggested
that the increase in potency of PaCoA, compared with
CoA and acetyl CoA, may be due to interaction of the
lipophilic acyl-substituent with a hydrophobic pocket close
to the binding site. In addition, they suggested that bulki-
ness may also play a critical role. Despite having a double
bond, which reduces flexibility and might be expected to
increase potency (Coddou et al., 2003), oleoyl CoA had no
significant effect on the ADP responses, although it has
higher lipophilicity and bulkiness. Our findings agree with
those of Manolopoulos et al. in platelets where CoA ana-
logues containing saturated fatty acids provided greater
inhibition than unsaturated fatty acids (Manolopoulos et al.,
2008).

Acyl derivatives of CoA as endogenous
modulators of P2Y; receptors

In this investigation, PaCoA was shown to act as a potent
antagonist with apparent selectivity for P2Y; receptors.
However, the mechanism by which PaCoA acts remains to be
clarified. The simplest interpretation is that CoA compounds,
because of their structural similarity with ADP, compete for
the same binding site as the P2Y; receptor at the extracellular
surface, although the Schild analyses suggest a more compli-
cated locus of action. One intriguing possibility is that acyl-
CoA derivatives may act on the intracellular face of the
plasma membrane to regulate P2Y; receptor function. Long-
chain acyl-CoAs have a high affinity for phospholipid bilay-
ers and have been shown to associate with cell membranes by
insertion of the fatty acyl chain into the bilayer (Powell et al.,
1985). Thus, the action of these compounds may be facili-
tated by the fact that they integrate into the right place, in
membranes, that makes them available to interact with P2Y;
receptors.

In vivo administration of P2Y, antagonists, MRS2179 and
MRS2500, in pigs and mice, respectively, has provided evi-
dence for a role of the P2Y; receptor in post ischemic coro-
nary hypaeremia and thrombosis (Olivecrona et al., 2004;
Hechler etal.,, 2006), although P2Y, receptors were not
involved in reactive hyperaemia to a brief episode of cardiac
ischaemia in dogs (Bender etal.,, 2011). MRS2179 and
MRS2500 significantly reduced post-ischemic hyperaemia
and inhibited both systemic and localized arterial thrombo-
sis, respectively; this supports the concept that targeting the
P2Y, receptor can be a complement, or alternative, to
current clinical management of reperfusion injury and in
antithrombotic therapy. PaCoA is an attractive lead for
assessing these in vivo effects, because it was reported to
have antiplatelet activity acting mainly at P2Y, receptors ex
vivo, to be an antagonist at recombinant P2Y; receptors
(Coddou et al., 2003; Manolopoulos et al., 2008) and, in this
study, to be an antagonist at endogenous vascular P2Y,
receptors in rat thoracic aorta and porcine mesenteric artery,
as well as at native P2Y,; receptors in HEK293 cells. Future
studies directed at measuring plasma levels of acyl CoA
derivatives and their release from cells (e.g. endothelial
cells) are warranted to give insight into the patho/
physiological roles of these endogenous compounds at vas-
cular P2Y, receptors.



In conclusion, these results raise the possibility of an
endogenous selective regulation of P2 receptor signalling
involving inhibition of P2Y, receptors via CoA compounds.
The present results indicate that, of the acyl CoA derivatives
used in this study (CoA, acetyl CoA, PaCoA and oleoyl CoA),
the most potent was PaCoA acting as an antagonist with
apparent selectivity for the P2Y, receptor across three species
and tissues, rat thoracic aorta, porcine mesenteric artery and
HEK293 cells. A crucial role of the 3’-ribose phosphate in
mediating the inhibitory effects of PaCoA at P2Y; receptors
was demonstrated.
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