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Abstract

Objectives The oestrogen receptor b (ERb) selective agonist diarylpropionitrile (DPN)
relaxes endothelium-denuded rat aorta, but the signalling mechanism is unknown. The aim
of this study was to assess whether protein kinase A (PKA) signalling is involved in DPN
action.
Methods cAMP was measured by radioimmunoassay, HSP20 phosphorylation by 2D gel
electrophoresis with immunoblotting, and membrane potential and free cytosolic calcium by
flow cytometry.
Key findings DPN increased cAMP content and hyperpolarised cell membranes over the
same range of concentrations as it relaxed phenylephrine-precontracted aortic rings (10–
300 mM). DPN-induced vasorelaxation was largely reduced by the PKA inhibitors Rp-8-Br-
cAMPS (8-bromoadenosine-3′, 5′-cyclic monophosphorothioate, Rp-isomer) and H-89
(N-(2-bromocynnamyl(amino)ethyl)-5-isoquinoline sulfonamide HCl) (-73%) and by the
adenylate cyclase inhibitor MDL12330A (cis-N-(2-phenylcyclopentyl)-azacyclotridec-1-en-
2-amine)) (-65.5%). Conversely, the PKG inhibitor Rp-8-Br-cGMP was inactive against
DPN vasorelaxation. In aortic smooth muscle segments, DPN increased PKA-dependent
HSP20 phosphorylation, an effect reversed by H-89. Relaxant responses to DPN were
modestly antagonised (-23 to -48% reduction; n = 12 per compound) by the potassium
channel inhibitors iberiotoxin, PNU-37883A, 4-aminopyridine, or BaCl2. All four potassium
channel inhibitors together reduced DPN relaxation by 86 � 9% (n = 12) and fully blocked
DPN hyperpolarisation.
Conclusions ERb-dependent relaxation of rat aortic smooth muscle evokes an adenylate
cyclase/cAMP/PKA signalling pathway, likely activating the cystic fibrosis transmembrane
conductance regulator chloride channel and at least four potassium channels.
Keywords diarylpropionitrile; oestrogen receptors; protein kinase A; rat aorta; smooth
muscle

Introduction

Non-genomic vasorelaxation seems to be one important mechanism explaining the cardio-
protective properties of oestrogens.[1] Oestrogen receptors a (ERa) and b (ERb) are both
expressed in vascular smooth muscle.[2–5] In isolated rat aorta, the selective ERa agonist
propyl pyrazole triol and the selective ERb agonist diarylpropionitrile (DPN) both evoke
endothelium-independent, non-genomic relaxant effects.[6,7] ERa relaxation is mediated by
protein kinase G (PKG) signalling,[7] but the signalling pathway of ERb is unknown.

Interest in ERb vasorelaxation was raised by the observations that ERb-deficient mice
develop sustained hypertension as they age,[8] and the antihypertensive potency of the ERb
agonist 8b-VE2 in spontaneously hypertensive rats is superior to that of 17b-oestradiol or
the ERa agonist 16a-LE2.[9] Therefore, we decided to investigate the DPN signalling
pathway in isolated rat aorta.

The cGMP and the cAMP pathways are major regulators of smooth muscle contractility
and most vasorelaxant agonists act via PKG or protein kinase A (PKA).[10–12] In isolated rat
aorta, DPN relaxation is largely endothelium independent,[6] and in preliminary experiments
with endothelium denuded rat aortic rings, we found that the PKG inhibitor Rp-8-Br-cGMP
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did not reverse DPN relaxation. We therefore decided to
investigate PKA signalling. DPN was tested for its ability
to increase both cyclic AMP (cAMP) content and PKA-
dependent phosphorylation of small heat shock-related
protein (HSP20). Moreover, selective inhibitors of PKA sig-
nalling (acting on adenylate cyclase, PKA or PKA-operated
ion channels) were tested against DPN-induced membrane
hyperpolarisation, calcium signal and vasorelaxation.

Materials and Methods

The investigation was performed according to the European
Community Guidelines for Animal Ethical Care and the
Guide for Care and Use of Laboratory Animals published by
the US National Institute of Health (NIH publication no.
85-23, revised 1985). The study was approved by the ethical
committee of the Department of Physiology and Pharmacol-
ogy (School of Medicine, University of Zaragoza, Spain).

Compounds
DPN was obtained from Tocris Cookson Inc (Ellisville, MO,
USA). Other compounds were from Sigma Chemical Co. (St
Louis, MO, USA). Concentrated solutions of compounds in
dimethylsulfoxide were prepared on the day of the experiment
and diluted in incubation media. In control experiments, we
verified that the final dimethylsulfoxide concentration by
itself had no effect on rat aortic contraction and other mea-
sured parameters.

Isolation of rat aorta
Male Wistar rats, 250–300 g, were deprived of food on the
evening and the morning before the experiment. Similar
to other investigators,[6,13–17] we used male rats due to their
lower interindividual variability in oestrogen non-genomic
responses. Anaesthesia was induced with pentobarbital
sodium (60 mg/kg, i.p.). After cervical dislocation, the tho-
racic aortas were immediately removed and carefully cleaned.

Experiments with aortic smooth
muscle segments
cAMP content in aortic smooth muscle and HSP20 phospho-
rylation were both measured in smooth muscle segments.
Aortic smooth muscle segments were prepared as follows.
The endothelium of the thoracic aorta was removed by gently
rubbing the intima surface with a small wooden stick.
Endothelium-denuded aorta was separated from the adventi-
tia, cut into segments and then placed in flasks containing
Krebs medium (pH 7.4) with 5% CO2/95% O2 as the gas
phase.

cAMP content
Flasks containing different smooth muscle segments were
incubated with DPN (0–300 mM) for 15 min at 37°C, with
continuous shaking and gassing every time they were opened.
The aortic segments were frozen in liquid nitrogen and then
homogenised in 100 mM HCl. Samples were centrifuged
(10 000g) and the cAMP content was determined by radioim-
munoassay (Sigma Chemical Co.). Proteins were determined
by the Bradford method.[18]

HSP20 phosphorylation
HSP20 phosphorylation was assessed in aortic smooth muscle
segments by 2D gel electrophoresis with immunoblotting. We
used a previously described method,[19] with slight modifica-
tions. Proteins were extracted from each sample with a UDC
buffer containing: 8 M urea, 2 M thiourea, 30 mM Tris, 4%
CHAPS, 65 mM DTT and phosphatase inhibitors (1.8 mg/ml
Na3VO4, 13.3 mg/ml sodium pyrophosphate, 4.2 mg/ml
sodium fluoride) pH 8.5. For 2D gel electrophoresis, passive
rehydration was done in a UDC buffer containing: 7 M urea,
2 M thiourea, 2% CHAPS, 65 mM DTT, 0.5% IPG buffer and
traces of bromphenol blue. The first SDS equilibration buffer
contained: 6 M urea, 375 mM Tris-HCl pH 8.8, 20% (v/v)
glycerol, 2% (w/v) SDS and 130 mM DTT. The second SDS
equilibration buffer contained: 6 M urea, 375 mM Tris-HCl
pH 8.8, 20% (v/v) glycerol, 2% (w/v) SDS, 135 mM iodoac-
etamide and traces of bromphenol blue. For the immunoblot-
ting, proteins from the 2D gel electrophoresis were transferred
to Immobilon membrane (Millipore Corp., Barcelona, Spain)
for 1 h at a constant voltage of 100 V. Finally, membranes
incubated with b-actin were used as controls.

Experiments with isolated aortic smooth
muscle cells
Endothelium-denuded aortic segments were separated from
the adventitia. The muscular layer was dissociated and
digested with collagenase type II in phosphate buffered saline
for 8 min at 37°C. Then, samples were washed three times
with Krebs medium supplemented with fetal calf serum, fil-
tered through a 50-m mesh and finally suspended in Krebs
medium with 10 mM HEPES (pH 7.4).

Membrane potential
Membrane potential in isolated aortic smooth muscle cells
was measured by flow cytometry using a previously published
method.[20] Briefly, cells were loaded for 15 min with 1 mM
bis-oxonol sensitive probe DIBAC2(3) (Invitrogen, Carlsbad,
CA, USA). Fluorescence quantification was performed by
using flow cytometry (Epics Elite, Coulter Hielary, FL, USA)
with a 70 mM flow cell at 37°C. Cells were excited with an
argon laser at 488 nm and the emitted fluorescence was
525 � 25 nm. Fluorescence readings were expressed in arbi-
trary units.

Cytosolic calcium
Free cytosolic calcium in isolated aortic smooth muscle cells
was measured by flow cytometry using a previously published
method.[21] Briefly, cells were loaded for 15 min with Fluo
3-AM (Invitrogen). Fluorescence quantification was per-
formed by using flow cytometry (Epics Elite) with a 70 mM
flow cell at 37°C. Cells were excited with an argon laser at
488 nm and the emitted fluorescence was 525 � 25 nm. Fluo-
rescence readings were expressed in arbitrary units.

DPN relaxation of rat aortic smooth muscle
DPN relaxant responses in phenylephrine-precontracted rat
aortic rings were investigated by using a previously described
method.[7] Briefly, endothelium-denuded, thoracic aorta was
cut into rings (3 mm long). The rings were individually placed
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between platinum hooks in 5 ml Krebs solution maintained at
37°C and gassed with 95% O2/5% CO2. The Krebs medium
contained (in mmol/l): NaCl 118, NaHCO3 25, CaCl2 1.25,
KCl 4.7, MgSO4 1.2, KH2PO4 1.2, glucose 11.5. To suppress
basal tone, 1 mM isoproterenol was added to the incubation
media for 10 min. An initial load of 1 g was applied to the
preparations. Then, the preparations were washed three times
and maintained throughout a 40-min equilibration period
during which the incubation medium was renewed every
20 min. Tension was recorded on a MacLab (Analog Digital
Instruments, Castle Hill, Australia) via Dynamometers Pioden
Control UF1. Then, aortic rings were contracted with 1 mM
phenylephrine. Phenylephrine 1 mM evoked maximal contrac-
tile responses. After 15 min, DPN, with or without potential
antagonists, or vehicle were added to the bath over 15 min.
The concentration of the tested compounds was selected in
control experiments on the basis of: (1) having no effect by
itself on vascular tone; and (2) being active on the desired
target as reported in the literature. An absence of functional
endothelium was indicated by the failure of the preparation
precontracted with a submaximum concentration of phenyle-
phrine to relax in response to 1 mM acetylcholine. Finally,
we verified that 1 mM cromakalim-dependent relaxation
was fully inhibited by PNU-37883A with an IC50 (the con-
centration of compound antagonising 50% of the maximal
responses to vasorelaxant agonists) of 0.27 � 0.07 mM (n = 5)
and by BaCl2 with an IC50 of 100 mM.

Statistical analysis
Values are given as the mean � SD. Concentration–response
curves of compounds were fitted by linear regression analysis
of the straight portions of the vasorelaxant responses. The
IC50 was calculated for each experiment. Statistical differ-
ences between mean values were determined by using an

unpaired Student’s t-test. Multiple measurement comparison
was performed by using an analysis of variance program
followed by a Bonferroni–Dunn test when the sample size
was greater than 5. When this condition was not fulfilled, we
used a non-parametric multiple comparisons Kruskal–Wallis
test, followed by unilateral Mann–Whitney test.

Results

DPN-induced relaxation is associated with
increases in cAMP content
The ERb agonist DPN was tested for its ability to relax
isolated endothelium-denuded rat aortic rings precontracted
with 1 mM phenylephrine (n = 8) using concentration–
response curves. DPN relaxed aortic smooth muscle in the
micromolar range of concentrations (Figure 1). The IC50
calculated from the concentration–response curves was
67.0 � 12.2 mM.

DPN was also tested in rat aortic smooth muscle segments
for its effect on cAMP content (n = 3). DPN greatly increased
cAMP levels, with a 6–7-fold cAMP increase at a DPN con-
centration of 300 mM (Figure 1). 4-OH-tamoxifen (1 mM)
fully suppressed the action of DPN on cAMP content
(Table 1). The concentration–response curve for DPN-
induced cAMP increase superimposed with its vasorelaxant
action is shown in Figure 1.

DPN relaxation is reduced by PKA
signalling inhibitors
Table 2 shows the effect of different compounds on the
vasorelaxant responses to 50 mM DPN (n = 6–12 for each
condition). The PKG inhibitor Rp-8-Br-cGMP was inactive in
this test. Conversely, the PKA inhibitors Rp-8-Br-cAMPS

150

100

50

0 0

1

0 10 33 50 66 100 300

%
 R

ev
er

sa
l o

f 
p

h
en

yl
ep

h
ri

n
e-

d
ep

en
d

en
t 

co
n

tr
ac

ti
o

n

Contraction reversal

cAMP

DPN concentration (mM)

cA
M

P 
(p

M
/m

g
 p

ro
te

in
)

**

**

**

** **

††

††

††

††

Figure 1 Diarylpropionitrile vasorelaxation and stimulation of cAMP levels in rat aortic smooth muscle. DPN, diarylpropionitrile. Values are given
as mean � SD (n = 8 for experiments with aortic rings and n = 3 for experiments with cAMP). **P < 0.01, significantly different compared with
control values (analysis of variance multiple measurement comparison, followed by the Bonferroni–Dunn test). ††P < 0.01, significantly different
compared with control values (Kruskal–Wallis test, followed by unilateral Mann–Whitney test).

224 Journal of Pharmacy and Pharmacology 2011; 63: 222–229



(8-bromoadenosine-3′, 5′-cyclic monophosphorothioate,
Rp-isomer) and H-89 (N-(2-bromocynnamyl(amino)ethyl)-5-
isoquinoline sulfonamide HCl) greatly reduced DPN-induced
vasorelaxation (-73%; Table 2). Vasorelaxant responses to
DPN were also greatly reduced by the adenylate cyclase
inhibitor MDL12330A (cis-N-(2-phenylcyclopentyl)-
azacyclotridec-1-en-2-amine)) (-65.5%).

DPN-induced calcium signal is reversed by
PKA inhibition
Free cytosolic calcium in isolated aortic smooth muscle
cells was measured. Phenylephrine (2 mM) induced a
20.3 � 2.5% increase in the Fluo 3-AM fluorescence
signal in cells treated with vehicle, and 2.2 � 1.8% in the
presence of 100 mM DPN. The PKA inhibitor Rp-8-Br-
cAMPS (100 mM) partially reversed (-61.3%, n = 4) the
antagonistic action of DPN on the phenylephrine-induced
calcium signal.

Targets of PKA signalling
DPN increases PKA-dependent
HSP20 phosphorylation
Rat aortic smooth muscle segments (approximately 10 mg)
were incubated for 15 min at 37°C with DPN, DPN with the
PKA inhibitor H-89 (N-(2-bromocynnamyl(amino)ethyl)-5-
isoquinoline sulfonamide) or vehicle, and the amount of
pHSP20 was determined using 2D gel electrophoresis and
immunoblotting (n = 6). Vehicle-treated segments and seg-
ments treated with DPN + H-89 showed no phosphorylation
of HSP20, whereas those treated with DPN alone showed an
increase in HSP20 phosphorylation (Figure 2).

Membrane ion channels
Table 2 shows that vasorelaxant responses to DPN were
greatly reduced by: (1) the cystic fibrosis transmembrane con-

Table 1 cAMP increase by diarylpropionitrile in aortic smooth muscle

Compound cAMP content
(pM/mg protein)

Control 0.58 � 0.04
Diarylpropionitrile (100 mM) 1.79 � 0.12*
Diarylpropionitrile (100 mM) + 4-OH-tamoxifen

(1 mM)
0.60 � 0.19

Antagonism by 4-OH-tamoxifen. Values are given as mean � SD, n = 4.
*P < 0.05, significantly different compared with control (non-parametric
Kruskal–Wallis test, followed by unilateral Mann–Whitney test).

Table 2 Effects of compounds on the vasorelaxant responses to 50 mM
diarylpropionitrile

Compound % of relaxant reduction

Rp-8-Br-cGMP (10 mM) 0.5 � 12.2 (n = 6)
Rp-8-Br-cAMPS (100 mM) 73.3 � 11.2 (n = 10)**
H-89 (200 nM) 73.0 � 13.8 (n = 10)**
MDL12330A (20 mM) 65.5 � 21.2 (n = 10)**
Diphenylamine-2-carboxylic acid (100 mM) 76.4 � 14.4 (n = 12)**
Glibenclamide (100 mM) 80.3 � 9.9 (n = 12)**
Iberiotoxin (30 nM) 22.9 � 11.4 (n = 12)**
PNU-37883A (5 mM) 33.9 � 12.7 (n = 12)**
4-Aminopyridine (1 mM) 36.9 � 10.0 (n = 12)**
BaCl2 (30 mM) 42.6 � 11.0 (n = 12)**
Clotrimazole (100 mM) 0.1 � 6.7 (n = 6)
TRAM-34 (1 mM) 8.6 � 15.1 (n = 6)
Glibenclamide (10 mM) 63.1 � 5.6 (n = 12)**
Iberiotoxin (30 nM) + PNU-37883A

(5 mM) + 4-aminopyridine
(1 mM) + BaCl2 (30 mM)

85.6 � 9.3 (n = 12)††

Glibenclamide (100 mM) + H-89 (200 nM) 88.4 � 7.2 (n = 12)††

Glibenclamide (100 mM) + iberiotoxin
(30 nM)

89.7 � 3.0 (n = 12)††

Values are given as mean � SD. The number of experiments is indicated
in parentheses. **P < 0.01 and ††P < 0.01, significantly different com-
pared with control and single ion channel inhibitor, respectively (one-way
analysis of variance, followed by Bonferroni–Dunn test).
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ductance regulator (CFTR) inhibitor DPC (diphenylamine-2-
carboxylic acid) (-76.4%; the selective CFTR inhibitor
Inh-172 reduced by 60–70% DPN vasorelaxation at the non-
saturating dose of 0.8 mM, but at higher doses it relaxed the
preparation by itself); (2) 100 mM glibenclamide (a concen-
tration able to inhibit both CFTR and KATP channels)
(-80.3%). Glibenclamide concentrations able to inhibit KATP

channels (10 mM) antagonised DPN relaxation to a lesser
extent (-63.1%; Table 1).

The vasorelaxant responses to DPN (50 mM) were mod-
estly antagonised (-23 to -48% reduction) by iberiotoxin
(IbTX), a selective BKCa inhibitor, by PNU-37883A
(4-morpholinecarboxamidine-N-1-adamantyl-N ′-cyclohexyl-
hydrochloride), a selective inhibitor of ATP-sensitive potas-
sium channels (KATP), by 4-aminopyridine (4-AP) an inhibitor
of the voltage-gated potassium channels (Kv), and by BaCl2,
an inhibitor of the inward rectifier potassium channel
(KIR) (Table 2). Conversely, clotrimazole (1-(o-chlorotrityl)
imidazole) and TRAM-34 (1-((2-chlorophenyl)
diphenylmethyl)-1H-pyrazole), two inhibitors of calcium-
activated potassium channels of intermediate conductance,
were unable to inhibit DPN-dependent vasorelaxation
(Table 2).

The four potassium channel inhibitors that modestly inhib-
ited DPN vasorelaxation (IbTX, PNU-37883A, 4-AP and
BaCl2) were combined to investigate potential additive
effects. The most interesting result was that the simultaneous
addition of these four potassium channel inhibitors inhibited
DPN vasorelaxation significantly more (-86%) than any one
of them added separately (Table 2).

Several ion channel inhibitors were tested on the H-89-
resistant component of DPN vasorelaxation (PKA-
independent pathway). The most interesting result was that
glibenclamide (100 mM) inhibited by about half the H-89-

resistant DPN vasorelaxation. Glibenclamide (100 mM) also
had additive effects with IbTX (the latter had no additive
effects with H-89, data not shown) (Table 2).

Membrane potential
In isolated rat aortic smooth muscle cells, phenylephrine
(2 mM) induced a 33 + 10% (n = 7) increase in the fluores-
cence signal of the bis-oxonol sensitive probe DIBAC2(3),
indicating membrane depolarisation. DPN fully abolished
phenylephrine depolarisation, and even reversed it at high
concentrations (Figure 3). The concentration–response curve
for DPN antagonism of membrane depolarisation (Figure 3)
superposed with those for cAMP increase and vasorelaxant
action (Figure 1). Finally, the hyperpolarising effect of DPN
in isolated aortic smooth muscle cells was also fully inhibited
by the combination of IbTX, PNU-37883A, 4-AP and BaCl2
(Figure 3).

Receptors of DPN signalling
Several authors assumed that DPN relaxes vascular smooth
muscle by acting on ERb.[4,6,17,22] Therefore, we attempted to
verify this point in our preparation. The DPN interaction with
ERs was investigated using the ER antagonists tamoxifen,
4-OH-tamoxifen and ICI 182 780. Unfortunately, these
antagonists, particularly tamoxifen and ICI 182 780, had
vasorelaxant effects by themselves at active antagonistic con-
centrations (for relaxant actions of ER antagonists see
Austin[23]). A maximal, non-relaxant 4-OH-tamoxifen concen-
tration of 100 nM antagonised DPN relaxation by 73.7 �
6.6% (n = 7). By contrast, the selective ERa antagonist
methyl-piperidinopyrazole[24] was inactive against the relaxant
responses to 100 mM DPN (66.5 � 10.0 vs 66.8 � 5.9%
relaxation in the absence and presence of 1 mM methyl-
piperidinopyrazole, respectively). Methyl-piperidinopyrazole
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Figure 3 Antagonism by diarylpropionitrile of phenylephrine-induced membrane depolarisation in isolated rat aortic smooth muscle cells. Phenyle-
phrine (2 mM) induced a 33 + 10% (n = 7) increase in the fluorescence signal of the bis-oxonol sensitive probe DIBAC2(3), which was significantly
reversed by diarylpropionitrile (DPN). Values are given as mean � SD (n = 4). **P < 0.01, significantly different compared with control values
(Kruskal–Wallis test, followed by unilateral Mann–Whitney test). The hyperpolarising effect of DPN (75 mM) was fully inhibited by a combination of
the potassium channel inhibitors iberiotoxin (30 nM), PNU-37883A (5 mM), 4-aminopyridine (1 mM) and BaCl2 (30 mM) (DPN + inhibitors).
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was used at 1 mM because this concentration was previously
found to selectively block ERa stimulation of pS2 mRNA in
MCF-7 breast cancer cells.[24]

Discussion

The ERb agonist DPN increased cAMP levels in rat aortic
smooth muscle over the same range of concentrations as it
antagonised phenylephrine depolarisation and phenylephrine
contraction. Moreover, DPN vasorelaxation was largely
reduced by the adenylate cyclase inhibitor MDL12330A and
the PKA inhibitors H-89 and Rp-cAMP. Finally, DPN
increased PKA-dependent HSP20 phosphorylation. These
results clearly show that ERb signalling evokes a PKA-
operated pathway.

In vascular smooth muscle, non-genomic actions of oestro-
gen can be evoked by three different membrane receptors,
ERa, ERb and the G-protein coupled receptor GPR30.[2,5,7,25,26]

DPN has high ERb/ERa selectivity, it does not stimulate
GPR30-mediated actions, and several authors assumed that it
relaxes vascular smooth muscle by acting on ERb recep-
tors.[4,6,17,22,25,26] These relaxant effects are often seen at high
(micromolar) agonist concentrations, whereas binding affini-
ties are frequently seen in the nanomolar range. Moreover,
we previously found that the selective ERa agonist propyl
pirazole relaxes rat aortic smooth muscle.[7] Therefore, we
verified that DPN relaxation of rat aortic smooth muscle
was mediated by ERb stimulation, that is DPN relaxation
was insensitive to the selective ERa antagonist methyl-
piperidinopyrazole, whereas it was largely reduced by the
antagonist 4-OH-tamoxifen.

It is well established that vasodilators that induce relax-
ation by elevating intracellular cAMP concentrations and
activating PKA in vascular myocytes cause hyperpolari-
sation of membrane potential by increasing K+ channel open
probability.[27,28] Accordingly, phenylephrine depolarisation in
aortic smooth muscle cells was fully abolished and even
reversed by DPN, over the same range of concentrations that
it increased cAMP content and relaxed aortic smooth muscle.
Moreover, the use of selective inhibitors suggested that four
potassium channels participate in membrane hyperpolarisa-
tion by DPN, namely BKCa, KATP, Kv and KIR channels.

Wang et al.[29] suggested that DPN can interact directly
with the BKCa channel to affect potassium currents. Such
direct action of DPN can be excluded because DPN vasore-
laxation was inhibited by the selective PKA inhibitor Rp-8-
CPT-cAMPS, which has little or no significant effect on
BKCa,[30] and by the adenylate cyclase inhibitor MDL12330A.

In the experiments with BaCl2, we used a concentration
sufficiently high (30 mM) to inhibit KIR channels,[31] but lower
than that reported to inhibit KATP channel current in several
cell types.[32–34]

Our results suggest that DPN signalling in rat aortic
smooth muscle cells involves membrane hyperpolarisation by
four potassium channels: BKCa, KATP, Kv and KIR channels.
Other vasodilators acting via cAMP were also found to
activate one or more of these potassium channels.
b-Adrenoceptor stimulation activates Kv currents in rabbit
portal vein myocytes, via a transduction pathway involving
adenylyl cyclase and PKA.[35,36] Both BKCa and Kv channels

were found to be involved in PGI2 relaxation of the rabbit
middle cerebral artery[14] and also in isoprenaline relaxation of
rat aortic rings.[37] Hypoxia augments KIR currents in rabbit
coronary arterial smooth muscle cells via cAMP- and PKA-
dependent signalling cascades, which might, at least in part,
explain hypoxia-induced coronary vasodilation.[38] Finally,
PKA-operated, ATP-sensitive potassium (KATP) channels were
found to be activated by calcitonin gene-related peptide in
isolated smooth muscle cells from pig coronary arteries,[39]

rabbit mesenteric arteries[40] and gallbladder,[41] and by
adenosine in isolated smooth muscle cells from rabbit mesen-
teric arteries[42] (however, see Martinez et al.,[15] Satake
et al.[37] and Omar et al.[43]).

PKA can directly phosphorylate and activate the BKCa

channel itself[12,44] and Zhou et al.[12] identified one isoform
(BKC, cloned from tracheal smooth muscle) that was exclu-
sively stimulated by PKA. Conversely, we found no evidence
in the literature of direct PKA-dependent phosphorylation of
KATP, KIR or Kv channels.

Robert et al.[45] reported that the PKA-operated, CFTR
chloride channel is a target for vasodilators that increase
cAMP. Accordingly, we found that DPN vasorelaxation was
greatly reduced by the CFTR chloride channel inhibitors
DPC, glibenclamide (100 mM) and Inh-172 (glibenclamide
inhibits CFTR currents with an IC50 = 20 mM[46]). Moreover,
IbTX exhibited additive effects with glibenclamide (100 mM).
Therefore, a PKA-operated CFTR can participate as an inter-
mediate element in KATP, KIR or Kv activation by DPN.

In the rat pulmonary artery, DPN decreased pulmonary
artery vasoconstriction by a nitric oxide-dependent mecha-
nism.[47] Therefore, ERb stimulation can activate different sig-
nalling pathways in different vascular territories.

Bolego et al.[22] pointed out that DPN vasorelaxation was
observed at pharmacological (i.e. micromolar) concentra-
tions, thereby questioning the possible relevance of ERb
vasorelaxation to the biology of the vascular wall. However,
DPN is not a natural substance to directly extrapolate biologi-
cal relevant conclusions from its active concentration range.
Moreover, rat aorta relaxation by the non-selective ER agonist
diethylstilbestrol is partially antagonised by the PKA inhibitor
Rp-cAMPS and by the KATP channel inhibitor glibenclamide
(1–10 mM), strongly suggesting the involvement of PKA-
operated KATP channels[15] in ER signalling. On the other
hand, Zhu et al.[48] found that ERb-deficient mice develop
sustained hypertension as they age. Therefore, the Erb signal-
ling pathway may become important when the NO/cGMP is
impaired (e.g. by ageing of cardiovascular disease).

Two minor aspects of our investigation deserve comment.
First, H-89 exhibited additive effects with glibenclamide
(100 mM), suggesting that CFTR and/or KATP, can mediate, at
least in part, a PKA-independent pathway of DPN vasorelax-
ation. Second, the soy phytoestrogen genistein, which
possesses 20-fold higher relative binding affinity for ERb
than for ERa[49] and is a potent endothelium-independent
vasorelaxant,[50,51] can act by a similar mechanism as DPN.

Conclusions

ERb-dependent relaxation of rat aortic smooth muscle evokes
an adenylate cyclase/cAMP/PKA signalling pathway, likely
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activating the CFTR chloride channel and at least four potas-
sium channels. The establishment of a causal link between the
adenylate cyclase/cAMP/PKA pathway and the activation of
the above-mentioned channels requires more direct electro-
physiological experiments (channel activation by DNP and
antagonism by modulators of the adenylate cyclase/cAMP/
PKA pathway).

Declarations

Conflict of interest
The Author(s) declare(s) that they have no conflicts of interest
to disclose.

Funding
This investigation was supported by the Multidisciplinary
Projects n° PM-031/2004 and PM045-2007 of Diputación
General de Aragón (Spain).

References
1. Mendelsohn ME. Protective effects of estrogen on the cardiovas-

cular system. Am J Cardiol 2002; 89 (Suppl. 1): 12–17.
2. Fu XD, Simoncini T. Non-genomic sex steroid actions in the

vascular system. Semin Reprod Med 2007; 25: 178–186.
3. Hisamoto K, Bender JR. Vascular cell signaling by membrane

estrogen receptors. Steroids 2005; 70: 382–387.
4. Montgomery S et al. Acute effects of oestrogen receptor

subtype-specific agonists on vascular contractility. Br J Pharma-
col 2003; 139: 1249–1253.

5. Smiley DA, Khalil RA. Estrogenic compounds, estrogen recep-
tors and vascular cell signaling in the aging blood vessels. Curr
Med Chem 2009; 16: 1863–1887.

6. Al Zubair K et al. Relaxations to oestrogen receptor subtype
selective agonists in rat and mouse arteries. Eur J Pharmacol
2005; 513: 101–108.

7. Alda JO et al. Endothelium-independent vasorelaxation by the
selective alpha estrogen receptor agonist propyl pyrazole triol in
rat aortic smooth muscle. J Pharm Pharmacol 2009; 61: 641–646.

8. Zhu Y et al. Abnormal vascular function and hypertension in
mice deficient in estrogen receptor beta. Science 2002; 295:
505–508.

9. Jazbutyte V et al. Ligand-dependent activation of ER{beta}
lowers blood pressure and attenuates cardiac hypertrophy in
ovariectomized spontaneously hypertensive rats. Cardiovasc Res
2008; 77: 774–781.

10. Consigny PM. Vascular smooth muscle contraction and relax-
ation: pathways and chemical modulation. J Vasc Interv Radiol
1991; 2: 309–317.

11. Pfeifer A et al. Structure and function of cGMP-dependent
protein kinases. Rev Physiol Biochem Pharmacol 1999; 135:
105–149.

12. Zhou XB et al. A molecular switch for specific stimulation of the
BKCa channel by cGMP and cAMP kinase. J Biol Chem 2001;
276: 43 239–43 245.

13. Castillo C et al. Effects of estradiol on phenylephrine contractil-
ity associated with intracellular calcium release in rat aorta. Am
J Physiol Cell Physiol 2006; 291: C1388–C1394.

14. Dong H et al. Roles of calcium-activated and voltage-gated
delayed rectifier potassium channels in endothelium-dependent
vasorelaxation of the rabbit middle cerebral artery. Br J Phar-
macol 1998; 123: 821–832.

15. Martinez C et al. Involvement of KATP channels in
diethylstilbestrol-induced relaxation in rat aorta. Eur J Pharma-
col 2001; 413: 109–116.

16. Shaw L et al. Mechanisms of 17[thinsp][beta]-oestradiol
induced vasodilatation in isolated pressurized rat small arteries.
Br J Pharmacol 2000; 129: 555–565.

17. Traupe T et al. Distinct roles of estrogen receptors {alpha} and
{beta} mediating acute vasodilation of epicardial coronary arter-
ies. Hypertension 2007; 49: 1364–1370.

18. Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 1976; 72: 248–254.

19. Tessier DJ et al. Sildenafil-induced vasorelaxation is associated
with increases in the phosphorylation of the heat shock-related
protein 20 (HSP20). J Surg Res 2004; 118: 21–25.

20. Sguilla FS et al. A membrane potential-sensitive dye for vascular
smooth muscle cells assays. Biochem Biophys Res Commun
2003; 301: 113–118.

21. June CH, Rabinovitch PS. Flow cytometric measurement of
intracellular ionized calcium in single cells with indo-1 and
fluo-3. Methods Cell Biol 1990; 33: 37–58.

22. Bolego C et al. The acute estrogenic dilation of rat aorta is
mediated solely by selective estrogen receptor-{alpha} agonists
and is abolished by estrogen deprivation. J Pharmacol Exp Ther
2005; 313: 1203–1208.

23. Austin CE. Chronic and acute effects of oestrogens on vascular
contractility. J Hypertens 2000; 18: 1365–1378.

24. Sun J et al. Antagonists selective for estrogen receptor {alpha}.
Endocrinology 2002; 143: 941–947.

25. Lu CL et al. Estrogen rapidly modulates 5-hydroxytrytophan-
induced visceral hypersensitivity via GPR30 in rats. Gastroen-
terology 2009; 137: 1040–1050.

26. Liverman CS et al. Role of the oestrogen receptors GPR30 and
ERalpha in peripheral sensitization: relevance to trigeminal pain
disorders in women. Cephalalgia 2009; 29: 729–741.

27. Jackson WF. Potassium channels in the peripheral microcircula-
tion. Microcirculation 2005; 12: 113–127.

28. Teramoto N. Physiological roles of ATP-sensitive K+ channels in
smooth muscle. J Physiol 2006; 572: 617–624.

29. Wang YJ et al. The activation by estrogen receptor agonists of
the BKCa-channel in human cardiac fibroblasts. Biochem Phar-
macol 2007; 73: 1347–1357.

30. Park WS et al. Direct modulation of Ca2+-activated K+ current by
H-89 in rabbit coronary arterial smooth muscle cells. Vasc Phar-
macol 2007; 46: 105–113.

31. Quayle JM et al. ATP-sensitive and inwardly rectifying potas-
sium channels in smooth muscle. Physiol Rev 1997; 77: 1165–
1232.

32. Bonev AD, Nelson MT. ATP-sensitive potassium channels in
smooth muscle cells from guinea pig urinary bladder. Am J
Physiol Cell Physiol 1993; 264: C1190–C1200.

33. Quayle JM et al. The voltage-dependent block of ATP-sensitive
potassium channels of frog skeletal muscle by caesium and
barium ions. J Physiol 1988; 405: 677–697.

34. Takano M, Ashcroft FM. The Ba2+ block of the ATP-sensitive K+

current of mouse pancreatic b-cells. Pflügers Arch Eur J Physiol
1996; 431: 625–631.

35. Aiello EA et al. Phosphorylation by protein kinase A enhances
delayed rectifier K+ current in rabbit vascular smooth muscle
cells. Am J Physiol Heart Circ Physiol 1995; 268: H926–H934.

36. Aiello EA et al. beta-Adrenoceptor activation and PKA regulate
delayed rectifier K+ channels of vascular smooth muscle cells.
Am J Physiol Heart Circ Physiol 1998; 275: H448–H459.

37. Satake N et al. The inhibitory effects of iberiotoxin and
4-aminopyridine on the relaxation induced by beta 1- and beta

228 Journal of Pharmacy and Pharmacology 2011; 63: 222–229



2-adrenoceptor activation in rat aortic rings. Br J Pharmacol
1996; 119: 505–510.

38. Park WS et al. Activation of inward rectifier K+ channels by
hypoxia in rabbit coronary arterial smooth muscle cells. Am J
Physiol Heart Circ Physiol 2005; 289: H2461–H2467.

39. Wellman GC et al. ATP-sensitive K+ channel activation by cal-
citonin gene-related peptide and protein kinase A in pig coronary
arterial smooth muscle. J Physiol 1998; 507: 117–129.

40. Quayle JM et al. Calcitonin gene-related peptide activated ATP-
sensitive K+ currents in rabbit arterial smooth muscle via protein
kinase A. J Physiol 1994; 475: 9–13.

41. Zhang L et al. Protein kinase A mediates activation of ATP-
sensitive K+ currents by CGRP in gallbladder smooth muscle.
Am J Physiol Gastrointest Liver Physiol 1994; 267: G494–G499.

42. Kleppisch T, Nelson MT. Adenosine activates ATP-sensitive
potassium channels in arterial myocytes via A2 receptors and
cAMP-dependent protein kinase. Proc Natl Acad Sci USA 1995;
92: 12 441–12 445.

43. Omar R et al. Interaction of cyclic AMP modulating agents with
levcromakalim in the relaxation of rat isolated mesenteric artery.
Eur J Pharmacol 2000; 401: 85–96.

44. Kume H et al. Regulation of Ca2+-dependent K+-channel activity
in tracheal myocytes by phosphorylation. Nature 1989; 341:
152–154.

45. Robert R et al. Regulation of the cystic fibrosis transmembrane
conductance regulator channel by beta-adrenergic agonists and
vasoactive intestinal peptide in rat smooth muscle cells and its
role in vasorelaxation. J Biol Chem 2004; 279: 21 160–21 168.

46. Sheppard DN, Welsh MJ. Effect of ATP-sensitive K+ channel
regulators on cystic fibrosis transmembrane conductance regula-
tor chloride currents. J Gen Physiol 1992; 100: 573–591.

47. Lahm T et al. Selective estrogen receptor-alpha and estrogen
receptor-beta agonists rapidly decrease pulmonary artery vaso-
constriction by a nitric oxide-dependent mechanism. Am J
Physiol Regul Integr Comp Physiol 2008; 295: R1486–R1R93.

48. Zhu Y et al. Abnormal vascular function and hypertension in
mice deficient in estrogen receptor beta. Science 2002; 295:
505–508.

49. Kuiper GGJM et al. Interaction of estrogenic chemicals and phy-
toestrogens with estrogen receptor {beta}. Endocrinol 1998;
139: 4252–4263.

50. Valero MS et al. Cystic fibrosis transmembrane conductance
regulator (CFTR) chloride channel and Na-K-Cl cotransporter
NKCC1 isoform mediate the vasorelaxant action of genistein in
isolated rat aorta. Eur J Pharmacol 2006; 544: 126–131.

51. Satake N et al. Genistein potentiates the relaxation induced by
beta1- and beta2-adrenoceptor activation in rat aortic rings.
J Cardiovasc Pharmacol 2000; 35: 227–233.

PKA and ERb vasorelaxation Marta S. Valero et al. 229


