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E�ects of the adenylyl cyclase inhibitor SQ22536 on
iloprost-induced vasorelaxation and cyclic AMP elevation
in isolated guinea-pig aorta
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The stable prostacyclin analogue, iloprost relaxes a variety of blood vessels and increases cyclic
AMP, although the relationship between adenosine 3' : 5'-cyclic monophosphate (cyclic AMP) and
vasorelaxation remains unclear. We therefore investigated the e�ect of the adenylyl cyclase inhibitor,
9-(tetrahydro-2-furanyl)-9H-purin-6-amine (SQ22536) on iloprost-mediated relaxation and cyclic
AMP elevation in endothelium-denuded aortic strips. Iloprost (1 ± 1000 nM) caused a concentration-
dependent inhibition of phenylephrine (1 ± 6 mM) contractions, the responses being una�ected by pre-
incubation with SQ22536 (100 mM) for 30 min. In other experiments 60 nM iloprost caused a 64%
inhibition of phenylephrine contractions concomitant with a 3 fold rise in cyclic AMP. SQ22536
completely abolished the iloprost-induced elevation in cyclic AMP while having no signi®cant e�ect
on relaxation. Our results therefore strongly suggest that cyclic AMP-independent pathways are
responsible for the vasorelaxant e�ects of iloprost in guinea-pig aorta.
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(tetrahydro-2-furanyl)-9H-purin-6-amine

Introduction Iloprost is a synthetic carbacyclin derivative of
prostacyclin (PGI2), mediating its e�ects through activation
of cell surface prostanoid (IP) receptors which are known to

be coupled to adenylyl cyclase through the G-protein, GS

(Coleman et al., 1994). Like PGI2, iloprost is a potent inhi-
bitor of platelet aggregation and produces profound vasodi-

lation in vivo as evidenced by its ability to relax a variety of
isolated arterial preparations in vitro (Grant & Goa, 1992).
However, the cellular mechanism(s) underlying the vascular
action of iloprost remains to be elucidated. Because IP ago-

nists increase cyclic AMP in many cell types, including
smooth muscle (Coleman et al., 1994), and responses to these
agents can be potentiated by phosphodiesterase inhibitors

(Holzmann et al., 1980; Riva et al., 1990), it has been pro-
posed that cyclic AMP is the mediator of iloprost-induced
vasorelaxation. This is consistent with the observation that

iloprost causes concentration-dependent increases in cyclic
AMP in arteries denuded of endothelium (Schroder et al.,
1987; Ozaki et al., 1996) and that vasodilation in rat tail
artery can be reduced by inhibitors of cyclic AMP-dependent

protein kinase A (Schubert et al., 1997). In contrast, low
concentrations of PGI2 have been reported to induce relaxa-
tion that is either associated with no detectable change or

even a fall in cyclic AMP (see Frolich, 1990). Furthermore, in
rabbit aorta PGI2 increases cyclic AMP causing contraction,
not relaxation (Vegesna & Diamond, 1986). Thus the link

between cyclic AMP and tissue relaxation remains contro-
versial (Grant & Goa, 1992; Wise & Jones, 1996). Surpris-
ingly, there have been no studies in vascular muscle using IP

agonists where tension and cyclic AMP levels have been m-
easured either in the same tissue or with adenylyl cyclase
inhibitors. Therefore, the aim of the present study was to

investigate the e�ect of a direct inhibitor of adenylyl cyclase,
9-(tetrahydro-2-furanyl)-9H-purin-6-amine (SQ22356; Ha-
slam et al., 1978) on iloprost-induced relaxation and cyclic

AMP levels in isolated guinea-pig aorta.

Methods Organ bath studies Male guinea-pigs (Duncan

Harver, 250 ± 300 g) were killed by cervical dislocation and
the upper thoracic aorta removed and placed in physiological
saline solution (PSS) containing in mM; NaCl 112, KCl 5,

CaCl2 1.8, MgCl2 1, NaHCO3 25, KH2PO4 0.5, NaH2PO4 0.5,
glucose 10 and 0.03 phenol red (pH 7.4 with 95%O2/5%
CO2). The tissue was cut into rings (*2 mm wide, and cut

longitudinally) or helical strips (*2 mm wide, 10 mm long).
The endothelium was denuded by gently rubbing the lumen
of the muscle with ®lter paper. Tissues were mounted in an

organ bath (0.3 ml) and tension measured isometrically.
Muscle strips were subjected to a basal tension of 1.25 g
and continuously perfused with PSS (1.0 ml min71 at 378C)
for 30 min before being precontracted with phenylephrine

(1 or 6 mM). Removal of the endothelium was con®rmed by
lack of relaxation to acethylcholine (10 mM for 2 min). Con-
centration-response curves were obtained by cumulatively

applying iloprost (1 ± 1000 nM) in the absence or presence of
the adenylyl cyclase inhibitor, SQ22536 (100 mM). SQ22536
was given 30 min before the addition of iloprost and

remained throughout. A 1 h wash-out period was allowed
between concentration-response curves.

Determination of cyclic AMP In other experiments, helical
strips were precontracted with phenylephrine (1 mM) for
40 min before being exposed to iloprost (60 nM) for 5 min
in the presence or absence of SQ22536 (100 mM). SQ22536
was applied for 30 min beforehand. At the end of the
protocol, tissues were snap frozen in liquid N2 and stored at*Author for correspondence.
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7808C for up to 2 weeks. To extract cyclic AMP, tissues
were placed in acidi®ed ethanol (*pH 3) containing 0.5 mM

3-isobutyl-1-methylxanthine (IBMX), homogenized and

sonicated for 15 min. Homogenates were stored at 48C for
18 h, and then centrifuged (12,000 r.p.m.) for 3 min. The
supernatant was collected and the pellet resuspended in 66%
ethanol followed by centrifugation. The total supernatant was

evaporated to dryness at 558C under a ¯ow of N2 gas and the
residue resuspended in Tris bu�er containing 0.4 mM

ethylene-diaminetetracetic acid (EDTA). The cyclic AMP

content was measured using a radioreceptor assay kit
supplied by Amersham (Buckinghamshire, U.K.). Tissue
pellets were dissolved in 0.5 mM NaOH and protein content

determined using the Lowry method.

Drugs and statistics Phenylephrine and IBMX were

purchased from Sigma Chemical Co. (Poole, Dorset, U.K.),
SQ22536 from Alexis Corporation (Bingham, Nottingham,
U.K.) and iloprost was kindly donated by Schering AG
(Berlin, Germany). All data are expressed as mean+s.e.mean

of n observations and signi®cance determined using Student's
t-test or ANOVA with correction for pairwise comparisons of
groups (Student-Newman-Keuls Method). P values 50.05

were considered signi®cant. The concentration of iloprost
causing 50% relaxation of phenylephrine contractions is
expressed as the log EC50 value.

Results Aortic rings precontracted with 6 mM phenylephrine

were relaxed by iloprost (1 ± 1000 nM) in a concentration-
dependent manner with an log EC50 value for inhibition of
phenylephrine-induced tone of 77.54+0.03 (n=17; Figure
1). Under these conditions, the maximal relaxation produced

by iloprost was 70.9+5.3% (n=17). Pre-incubation for
30 min with the adenylyl cyclase inhibitor, SQ22536
(100 mM) produced no signi®cant changes in tone, nor did

it a�ect the log EC50 (77.45+0.1; n=11) or the maximal
relaxation (71.4+5.4%; n=11) elicited by iloprost (P40.30,
two tailed t-test; Figure 1). In order to ascertain that

SQ22536 was e�ectively inhibiting any rise in cyclic AMP
induced by iloprost, cyclic AMP levels were measured in
tissues that had been contracted with phenylephrine and ex-
posed to a single concentration of iloprost (60 nM) for 5 min

(Figure 2a). Under these conditions, iloprost relaxed phenyl-
ephrine (1 mM) contractions on average by 63.9+5.0% (n=9)
and produced a 3 fold rise in cyclic AMP, increasing it from

3.64+0.80 ± 10.48+1.46 pmol mg71 protein (Figure 2c). This
rise in cyclic AMP could be completely inhibited by a 30 min
pre-incubation with 100 mM SQ22536 (Figure 2c), although it

had no signi®cant e�ect on the magnitude of relaxation
(61.2+4.7%; n=9) induced by iloprost (Figure 2b).

Discussion The data presented in this paper provides strong
evidence that cyclic AMP does not play a major role in
vasorelaxation induced by the IP agonist, iloprost in guinea-

pig aortic smooth muscle. This conclusion is based on the
®ndings that the adenylyl cyclase inhibitor SQ22536 failed to
a�ect relaxation induced by iloprost at any concentration

tested, and yet it was able to completely inhibit the rise in
cyclic AMP induced by a near maximal concentration of

Figure 1 Cumulative concentration-response curves to iloprost (1 ±
1000 nM) measured in the absence (control) and presence of the
adenylyl cyclase inhibitor, SQ22536. Aortic rings, denuded of
endothelium, were precontracted with 6 mM phenylephrine and each
concentration of iloprost applied for 5 min. SQ22536 (100 mM) was
applied 30 min before the ®rst application of iloprost. Data are
expressed as the mean+s.e.mean of 11 ± 17 experiments from nine
animals.

Figure 2 The e�ect of iloprost (ilo; 60 nM) on endothelium-denuded helical strips precontracted with 1 mM phenylephrine under control
conditions (a) or in the presence of 100 mM SQ22536 (b). Determination of cyclic AMP was carried out at the end of the experiment and found
to be 7.71 and 1.91 pmol mg71 protein in a and b, respectively. (c) In¯uence of SQ22536 (SQ) on cyclic AMP levels measured in the absence
and presence of iloprost (ilo). Data are expressed as mean+s.e.mean of nine experiments from nine animals. *P50.05 when compared to
control value, #P50.05 when compared to iloprost (one way ANOVA).

Special Report846 S. Turcato & L.H. Clapp



iloprost. To our knowledge this is the ®rst study where the
e�ects of IP agonists on tension and cyclic AMP levels have
been measured in the same tissue. Moreover, unlike most

studies to date, cyclic AMP was measured in tissues not ex-
posed to phosphodiesterase inhibitors, thus allowing a direct
comparison between tension and cyclic AMP under condi-
tions where breakdown is not arti®cially prevented. This is

important because not only do phosphodiesterase inhibitors
elevate cyclic AMP to extremely high (and probably unphy-
siological) levels, they often cause substantial relaxation by

themselves, and in many cases will also elevate cyclic GMP,
thus complicating the interpretation of such data.

In this study we used SQ22536 in preference to other known

adenylyl cyclase inhibitors (e.g. 2', 5'-dideoxyadenosine) since
this was the only inhibitor out of several tested that we found
could completely block the rise in cyclic AMP evoked by

activators of adenylyl cyclase; all others reduced cyclic AMP
levels by*50% (Turcato & Clapp, unpublished observations).
Whilst we have shown that SQ22536 was unable to block the
functional e�ects of iloprost in this study, results from other

studies demonstrate that this inhibitor at similar concentra-
tions, does oppose the action of IP agonists in other cell types.
For example, SQ22536 was reported to completely reverse the

protective e�ects of iloprost against neutrophil-induced lung
injury (Riva et al., 1990) and also reduce the inhibitory action
of IP agonists on platelet aggregation (Armstrong et al., 1986).

Thus, in some situations, cyclic AMP does appear to play an
important role in mediating the biological e�ects of IP
agonists.

Our previous observations in guinea-pig aorta showing that
relaxations to iloprost were markedly inhibited by blockers of
Ca2+-activated K+ channels, whereas those to forskolin, a
direct activator of adenylyl cyclase, were minimally a�ected

(Clapp et al., 1998), would also support the idea that cyclic
AMP-independent pathways are involved in mediating
relaxation to iloprost in this tissue. Consistent with this, we

have observed that the cyclic AMP-dependent protein kinase

inhibitor, H-89 did not inhibit the e�ects of iloprost (Turcato
& Clapp, 1998). Likewise, vasodilator responses to iloprost in
the rabbit coronary artery were found to be sensitive to the

KATP channel blocker glibenclamide but not those to forskolin
or dibutyryl cyclic AMP (Jackson et al., 1993). Although the
above investigations are in direct contrast to studies
implicating a role for cyclic AMP (Holzmann et al., 1980;

Schroder et al., 1987; Schubert et al., 1997), cellular
mechanisms may alter depending on the presence of the
endothelium, which is known to enhance the response to IP

agonists (Schroder et al., 1987). One possibility is that cyclic
AMP plays an important role in controlling the release of
endothelium-derived relaxing factors. Indeed iloprost-stimu-

lated cyclic AMP levels have been observed to be signi®cantly
higher in endothelium intact vessels (Schroder et al., 1987).
Regardless of the underlying biochemical mechanisms asso-

ciated with IP receptor activation, recent evidence suggests
these receptors can couple to other G-protein signalling
pathways, including Gi, Gp and possibly Go (Wise & Jones,
1996). However, which, if any of these pathways mediates the

vascular e�ects of iloprost clearly needs to be investigated,
although we cannot at this stage rule out the possibility that Gs

is involved as an intracellular mediator.

In conclusion, we suggest that cyclic AMP does not play a
major role in mediating the vascular e�ects of iloprost in
guinea-pig aorta. Moreover, in the light of recent evidence that

IP receptors can couple to multiple signalling pathways, there
needs to be a closer examination of the classical notion that
cyclic AMP mediates the cardiovascular e�ects of IP receptor

agonists.
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