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1 The aim of the present study was to investigate the involvement of adenosine 30,50-cyclic
monophosphate (cAMP) cascade in the acute impairment of contraction by 17b-estradiol in porcine
coronary arteries, and to elucidate the signaling pathway leading to the activation of this cascade by
the hormone.

2 Isometric tension was recorded in isolated rings of porcine coronary arteries.

3 The contraction to U46619 was reduced significantly following 30min incubation with 1 nM 17b-
estradiol or 1 nM isoproterenol. There was no additive effect when 17b-estradiol and isoproterenol
were administered together. The effect of 17b-estradiol was mimicked by both the cyclic AMP
analogue 8-Br-cAMP and the guanosine 30,50-cyclic monophosphate (cyclic GMP) analogue 8-Br-
cGMP.

4 In rings with and without endothelium, the modulatory effect of 17b-estradiol was abolished by
the adenylyl cyclase inhibitor, SQ 22536, but was unaffected by the guanylyl cyclase inhibitor, ODQ.

5 Both the cAMP antagonist Rp-8-Br-cAMPS and the cGMP antagonist inhibitor Rp-8-Br-cGMPS
inhibited the effect of 17b-estradiol.
6 The effect of 17b-estradiol was unaffected by the protein kinase A inhibitor, KT5720, but was
abolished by the protein kinase G (PKG) inhibitor, KT5823, which also abolished the effect of
isoproterenol.

7 These data support our earlier findings that 17b-estradiol (1 nM) acutely impairs contractile
responses of porcine coronary arteries in vitro. This acute effect of 17b-estradiol involves cAMP in
vascular smooth muscles and the activation of PKG.
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Introduction

Epidemiological studies have shown that women rarely suffer

from cardiovascular diseases during their premenopausal

years. However, the incidence of cardiovascular diseases

increases as they reach menopause (Barrett-Connor, 1997).

This increase has been attributed to the lack of the female sex

hormone, estrogen (Stampfer et al., 1991; Ettinger et al., 1996).

Indeed, there is evidence in both clinical and animal studies

that the lack of estrogen can aggravate hypertension. Estrogen

supplement has been found to decrease blood pressure in

women (Stonier et al., 1992; Seely et al., 1999). In sponta-

neously hypertensive rats, estradiol replacement also reduces

blood pressure (Williams et al., 1990).

The exact mechanisms behind the cardioprotective effects

of estrogen are still unknown despite the use of hormone

replacement therapy. The benefits of estrogen may involve a

favorable modulation of lipoprotein metabolism, with a

decrease in low-density and an increase in high-density

lipoproteins (Bush et al., 1987; Whitcroft et al., 1994).

Antioxidant effects have also been implicated (Keaney et al.,

1994; Huang et al., 1999). Besides acting indirectly on

the cardiovascular system, estrogen can also exert its action

directly on the vasculature. Estrogen can enhance the

expression of endothelial nitric oxide synthase (eNOS) (Weiner

et al., 1994), which increases the level of nitric oxide, leading to

an increase in endothelium-dependent relaxation in vitro or an

increase in blood flow in vivo (Gisclard et al., 1988; Williams

et al., 1990).

The effects of estrogen were previously thought to involve

solely genomic mechanisms. However, in recent years, short-

term effects of estrogen, which do not involve the transcription

and translation of genes, have been demonstrated in a vast

number of cell types such as pancreatic cells (Ropero et al.,

1999), uterine cells (Doolan et al., 2000), colon cells (Doolan
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& Harvey, 2003) and neural cells (Kelly et al., 1999). In the

vascular system, nongenomic effects have been demonstrated

both in vivo (Gilligan et al., 1994) and in vitro (Chen et al.,

1999). Estrogen can acutely inhibit vasoconstriction by

inhibiting calcium influx in vascular smooth muscles (Kitaza-

wa et al., 1997). These effects, however, are observed with the

use of high concentrations (micromolar) of estrogen, while the

highest normal physiological concentration of the hormone in

plasma is only at the nanomolar range (Christ & Wehling,

1998). In vascular endothelial cells, nanomolar concentrations

of estrogen can acutely activate eNOS, leading to an increase

in nitric oxide production (Stefano et al., 2000), which is

mediated via the PI3-kinase-AKt pathway (Haynes et al.,

2000). This effect is suggested to involve a novel truncated

estrogen receptor a (Figtree et al., 2003), which is expressed in

the plasma membrane of endothelial cells (Ihionkhan et al.,

2002; Figtree et al., 2003). However, few studies demonstrated

the nongenomic effect of estrogen in vascular smooth muscles

at the physiological range.

Previous results from our laboratory demonstrated that

even low concentrations of estrogens (1–10 nM), as opposed

to the high concentrations commonly used in most studies,

caused endothelium-independent effects in the vasculature

(Teoh et al., 1999; Teoh & Man, 2000). This concentration

of 17b-estradiol is close to the circulating concentration of

17b-estradiol in females. Nanomolar concentrations of the

hormone enhanced endothelium-independent relaxation by a

adenosine 30,50-cyclic monophosphate (cAMP)-dependent me-

chanism, while having no direct relaxing effect (Teoh & Man,

2000). 17b-Estradiol also impairs agonist-induced contractions
in porcine coronary arteries, and this effect is independent of

the presence of functional endothelium (Teoh & Man, 2000).

The enhancement of relaxation together with the impairment

of contraction may prove significant in the modulation of

vascular tone. The present study was designed to further

investigate the involvement of the cAMP cascade in the acute

impairment of contraction by estrogens in porcine coronary

arteries, and to elucidate the signaling pathway involved. For

comparison, the effects of the b-adrenergic agonist, isoproter-
enol, were also studied.

Methods

Tissue preparation

Pigs were killed according to the regulation laid down by the

Food and Environmental Hygiene Department of the Hong

Kong Special Administrative Region. Hearts from pigs of

6 months old and of either sex were collected from the local

slaughter house and rinsed in cold, oxygenated (95% O2; 5%

CO2) Krebs–Henseleit solution (KHS; composition in mM:

NaCl 120, KCl 4.76, NaHCO3 25, NaH2PO4 H2O 1.18, CaCl2
1.25, MgSO47H2O 1.18, glucose 5.5) before the left anterior

descending and right coronary arteries were isolated. The

hearts collected for experiments were from pigs that were not

sexually mature. The coronary arteries were prepared for

experiments as previously described (Teoh et al., 1999). After

removal of the surrounding connective tissues, arteries were

cut into 3mm wide rings and suspended between stainless-steel

hooks and stationary support rods positioned in 5ml jacketed

organ baths filled with oxygenated KHS maintained at 371C.

In experiments where arterial rings without functional endo-

thelium were used, arteries were perfused with 0.25% Triton

X-100 (diluted with KHS) for 30 s at a rate of 1mlmin�1

before 3mm rings were cut. The rings were then placed under

2� g tension for 120min during which bath KHS was changed
periodically. Isometric tension was measured by force trans-

ducers (FT03, Grass Instrument Co., Quincy, U.S.A.) coupled

to an amplifier and a personal computer for data collection

(PICO Data Logger, Pico Technology Ltd, Cambridge, U.K.).

Functional studies

The viability of each porcine coronary arterial ring was

determined by contracting twice with 30mM KCl before

relaxing with 1mM bradykinin. Rings that failed to produce

an average contraction of greater than or equal to 4.0 g when

challenged with KCl and greater than or equal to 40%

relaxation to bradykinin were excluded from the study (about

10–20%). In endothelium-denuded preparations, rings with

greater than or equal to 5% relaxation were discarded.

Bradykinin and KCl were then removed by repeated changes

of bath KHS. After baseline tensions were re-established, rings

were incubated again with various drugs or vehicle. Where

necessary, antagonists were introduced into the baths 20min

before addition of vehicle solvent or the studied agonist. 17b-
Estradiol, cAMP and guanosine 30,50-cyclic monophosphate

(cGMP) analogues were added 30min prior to testing. Except

where noted, all drugs remained present throughout the

experiment. Contractions were produced by a stepwise

addition of U46619 (9,11-dideoxy-9a-methanoepoxy prosta-

glandin F2; 0.1 nM to 1mM). Each tissue was exposed to only

one contracting agent. Data are expressed as percent KCl-

induced contraction obtained during the viability test.

Statistical analysis

Data are reported as means7standard error of the mean

(s.e. m.) with n indicating the number of porcine hearts from

which arterial rings were obtained. Maximal contractions and

pD2 values were determined with the aid of a curve-fitting

program (SigmaPlot, SPSS Inc., Chicago, IL, U.S.A.).

Statistical tests were performed using a computer statistical

package (SPSS, SPSS Inc., Chicago, IL, U.S.A.). Analysis of

variance (one-way ANOVA), followed by post hoc Dunnett’s

tests or LSD tests were applied to determine individual

differences between multiple groups of data. A P-value of less

than 0.05 was considered to indicate statistically significant

differences.

Drugs and chemicals

U46619 was obtained from Biomol (PA, U.S.A.), and 8-Br-

cAMP, 8-Br-cGMP, Rp-8-Br-cGMPS and Rp-8-Br-cAMPS

were purchased from BioLog Life Science Institute (Bremen,

Germany). KT5720 and KT5823 were obtained from Calbio-

chem Novabiochem Corporation (La Jolla, CA, U.S.A.),

ODQ, PKG inhibitor, 17b-estradiol and the remaining

chemicals were obtained from Sigma (St Louis, MO,

U.S.A.). Stocks of 17b-estradiol, U46619 and rolipram were

made up in ethanol. The final concentration of ethanol in each

bath did not exceed 0.2% of the total bath volume. KT5720

and KT5823 were first dissolved in dimethyl sulfoxide. The
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final concentration of dimethyl sulfoxide in each bath did

not exceed 0.1% of the total bath volume. All other drugs were

dissolved in deionized water and all working solutions were

obtained by dilution in KHS.

Results

Effect of 17b-estradiol, isoproterenol and cyclic
nucleotides

In order to study the relationship between 17b-estradiol and
the cyclic nucleotide cascades, the effects of 17b-estradiol,
isoproterenol and cyclic nucleotide analogues were compared.

Under control conditions (vehicle control), U46619 (0.1 nM–

1 mM) elicited concentration-dependent contractions, with a

maximal contraction averaging 14573.6% of the response

that 30mM KCl induced (Table 1). 17b-Estradiol (1 nM)

significantly reduced the contraction at 0.1 to 1 mM of U46619

(Figure 1a). Maximal contractions were also reduced signifi-

cantly (Table 1) but the curves were not shifted. Isoproterenol

(1 nM–10mM) caused a concentration-dependent relaxation in

porcine coronary arteries contracted with U46619 (data not

shown). At 1 nM, the percent relaxation elicited by isoproter-

enol was negligible. This dose (1 nM) was chosen for further

studies to ensure that the b-adrenergic agonist caused no direct
relaxation. At 1 nM, isoproterenol reduced the contraction to

U46619 (Figure 1a), with a maximal contraction significantly

different from control. The effect was similar to that of 17b-
estradiol at 1 nM. When given in combination, the depression

caused by 17b-estradiol (1 nM) plus isoproterenol (1 nM) was

Table 1 Effects of different pharmacological agents
on the acute effect of 1 nM 17b-estradiol in porcine
coronary arteries

Treatment Maximum contraction
(% KCl)

Control 13871.9
17b-estradiol 1 nM 11971.4 *
Isoproterenol 1 nM 12472.7 *
17b-estradiol 1 nM+isoproterenol

1 nM
12372.9 *

Control 14573.6
17b-estradiol 1 nM 12474.8 *
8-Br-cAMP 10 mM 12575.1 *
17b-estradiol 1 nM+8-Br-cAMP

10 mM
12374.8 *

Control 14174.0
17b-estradiol 1 nM 12277.1 *
8-Br-cGMP 3 mM 12274.1 *
17b-estradiol 1 nM+8-Br-cGMP

3 mM
12675.1

Data represent mean7s.e.m. n¼ 6–7 in each treatment group.
*Po0.05 vs corresponding controls (ANOVA–Dunnett’s).

Figure 1 Effects of 17b-estradiol and (a) isoproterenol, (b) 8-Br-
cAMP and (c) 8-Br-cGMP on U46619-induced contraction. Porcine
coronary arterial rings were incubated with 17b-estradiol (1 nM)
and/or isoproterenol (1 nM), and/or 8-Br-cAMP (10 mM) or and/or
8-Br-cGMP (3 mM) for 30min before cumulative addition of
U46619. For each treatment group, n¼ 6–7. *Po0.05 vs control
group (ANOVA followed by post hoc Dunnett’s test).
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not significantly different from the effect of either agent alone.

The levels of maximal contractions obtained with U46619 were

also not significantly different (Figure 1a).

8-Br-cAMP (10 mM), a cAMP analogue, caused a similar

reduction of the contraction to U46619 with a significant

reduction of the maximal response (Figure 1b). Combination

of 17b-estradiol (1 nM) and 8-Br-cAMP (10 mM) also caused a

reduction of contraction to U46619. However, the effect was

not significantly different from that obtained with either

17b-estradiol or 8-Br-cAMP alone.

8-Br-cGMP (3 mM), a cGMP analogue, caused a similar

reduction of the contraction to U46619 as obtained with

17b-estradiol. The inhibitory effect of the combination of 17b-
estradiol (1 nM) plus 8-Br-cGMP (3 mM) was not significantly
different from that obtained with either drug alone (Figure 1c

and Table 1).

Inhibitors of adenylyl cyclase and guanylyl cyclase

Adenylyl cyclase inhibitors and guanylyl cyclase inhibitors

were used in experiments to investigate the involvement of

adenylyl cyclase and guanylyl cyclase in the effect of 17b-
estradiol. SQ 22536 (100mM), an adenylyl cyclase inhibitor,

exerted no significant effect on the contraction to U46619.

When administered together with 17b-estradiol (1 nM), SQ

22536 abolished the reduction of contraction by the hormone

(Figure 2a). The maximal contraction was no longer statisti-

cally different from that obtained in control arteries. SQ 22536

also abolished the reduction of contraction caused by

isoproterenol (Figure 2b). To confirm the role of adenylyl

cyclase, another inhibitor of adenylyl cyclase, 20,50-dideoxya-
denosine was used. 20,50-dideoxyadenosine, which itself did not
exert any effect on the contraction to U46619, abolished the

effect of 17b-estradiol when the two drugs were administered

together (data not shown).

The NO-sensitive guanylyl cyclase inhibitor, ODQ (30 mM),
caused a significant increase in the maximal contraction to

U46619 in rings with endothelium (Figure 2c). Administration

of ODQ plus 17b-estradiol caused a reduction in the maximal

contraction, compared to arteries treated with ODQ alone.

The contraction was however not significantly different from

that under the control condition.

Rp-diastereomers of cyclic nucleotides

To study the role of the cAMP and cGMP in the effect of 17b-
estradiol, competitive antagonists of cAMP and cGMP were

used. Rp-8-Br-cAMPS (50 mM), a competitive cAMP antago-

nist, did not alter the contraction to U46619 in arteries with

endothelium. Combined incubation with Rp-8-Br-cAMPS plus

17b-estradiol abolished the reduction in contraction caused by

17b-estradiol alone (Figure 3a). The maximal contraction to

U46619 was no longer statistically different from control.

Figure 2 Effects of 17b-estradiol, adenylyl cyclase inhibitor and
guanylyl cyclase inhibitor on U46619-induced contraction. Porcine
coronary arterial rings were incubated with 17b-estradiol (1 nM) for
30min. (a) SQ 22536 (100 mM) was added 20min prior to
administration of 17b-estradiol. (b) SQ 22536 (100 mM) was added
20min prior to administration of isoproterenol. (c) ODQ (30 mM)
was added 20min prior to administration of 17b-estradiol. U46619
was then added cumulatively. Responses were calculated as a
percent of the average of two KCl-induced contractions. Data are
expressed as mean7s.e.m. with n¼ 7–8. *Po0.05 vs control group
(ANOVA followed by post hoc Dunnett’s test).
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Rp-8-Br-cGMPS (10 mM) did not alter the contraction

to U46619 in arteries with endothelium. The combination of

Rp-8-Br-cGMPS and 17b-estradiol abolished the reduction in

contraction caused by 17b-estradiol alone (Figure 3b). The

maximal contraction to U46619 was comparable to control.

Contraction to U46619 in isoproterenol (1 nM)-treated

arteries was significantly lower than control in arteries (at

0.1 to 1 mM, Figure 3c). The effect was blocked by the

combined administration of arteries with isoproterenol plus

Rp-8-Br-cGMPs (Figure 3c).

Administration of 8-Br-cAMP (10 mM) caused a decrease in

contraction at U46619 concentrations of 30 nM to 1mM, which
was abolished by in the presence of Rp-8-Br-cGMPS

(Figure 4a).

Incubation with 8-Br-cGMP (3 mM) caused a reduction of

contraction in the arteries. However, administration of Rp-8-

Br-cAMPS reversed the effect of 8-Br-cGMP (Figure 4b).

Protein kinase inhibitors

Protein kinase A (PKA) inhibitors and protein kinase G

(PKG) inhibitors were used in experiments to determine

whether PKA or PKG were activated when 17b-estradiol
was administered. KT5720 (300 nM), a PKA antagonist, did

not alter the contraction to U46619 in rings with endothelium.

The combination of KT5720 plus 17b-estradiol did not

significantly differ from the effect of 17b-estradiol alone. The
maximal contraction to U46619 was reduced to a comparable

extent to that of arteries treated with 17b-estradiol alone

(Figure 5a).

KT5823 (300 nM), a PKG antagonist, did not alter the

contraction to U46619 in rings with endothelium. The presence

of KT5823 abolished the effect of 17b-estradiol given alone

(Figure 5b). KT5823 also abolished the effect of isoproterenol

(1 nM) on the contraction (Figure 5c). Another PKG

antagonist, PKG Inhibitor, also abolished the effect of 17b-
estradiol (data not shown).

Involvement of endothelium on the acute impairing effects
of 1 nM 17b-estradiol

The effects of SQ 22536 (100mM) and ODQ (30mM) on the

acute impairing effect of 1 nM 17b-estradiol obtained in rings

without functional endothelium were not different from those

observed in rings with endothelium (Figure 6). SQ 22536

caused a reversal of effect of 17b-estradiol in endothelium-

disrupted arterial rings (Figure 6a). ODQ did not affect the

impairment of contraction by 17b-estradiol (Figure 6b). Rp-8-
Br-cAMPS and Rp-8-Br-cGMPS abolished the effect of 17b-
estradiol on contraction to agonists in arteries with disrupted

endothelium (data not shown).

Discussion

Our earlier studies showed that agonist-induced contractions

in porcine coronary arteries are attenuated by 17b-estradiol
(1 nM) after 30min exposure (Teoh et al., 1999). This

concentration of 17b-estradiol has no direct relaxing effect

on the arteries. The modulatory effects with physiologically

relevant concentrations of 17b-estradiol did not appear to

involve the classical cytosolic steroid receptors or result from

Figure 3 Effects of 17b-estradiol and Rp-diastereomers on
U46619-induced contraction. Porcine coronary arterial rings were
incubated with (a) Rp-8-Br-cAMPS (50 mM) or (b) Rp-8-Br-cGMPS
(10 mM) 20min prior to administration of 17b-estradiol. (c) Rp-8-Br-
cGMPS (10 mM) were added 20min prior to administration of
isoproterenol. U46619 was then added cumulatively. For each
treatment group, n¼ 5–7. *Po0.05 vs control group (ANOVA
followed by post hoc Dunnett’s test).
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nuclear transcription and translation. The present study, using

the same model, demonstrates pharmacologically that the

acute impairment of U46619 contractions of porcine coronary

arteries by 17b-estradiol is cAMP dependent. Similar results

were observed with 5-hydroxytryptamine (data not shown).

Figure 4 Inhibitory effects Rp-diastereomers of cyclic nucleotides
on cyclic nucleotides. Porcine coronary arterial rings were incubated
with (a) 8-Br-cAMP (10 mM) and (b) 8-Br-cGMP (3 mM) for 30min.
(a) Rp-8-Br-cGMPS (10 mM) and (b) Rp-8-Br-cAMPS (50mM) were
added 20min prior to administration of 8-Br-cAMP or 8-Br-cGMP.
U46619 was then added cumulatively. Responses were calculated as
a percent of the average of two KCl-induced contractions. Data are
expressed as mean7s.e.m. with n¼ 6–7. *Po0.05 vs control group
(ANOVA followed by post hoc Dunnett’s test).

Figure 5 Effects of 17b-estradiol and PKA inhibitor and PKG
inhibitor on U46619-induced contraction. Porcine coronary arterial
rings were incubated with 17b-estradiol (1 nM) or isoproterenol
(1 nM) for 30min. (a) The PKA inhibitor KT5720 (300 nM) was
added 20min prior to administration of 17b-estradiol. Control
denotes vehicle control of 0.03% DMSO diluted in KHS. (b) The
PKG inhibitor KT5823 (1 mM) was added 20min prior to admin-
istration of 17b-estradiol. Control denotes vehicle control of 0.1%
DMSO diluted in KHS. (c) KT5823 (1 mM) was added 20min prior
to administration of isoproterenol. Control denotes vehicle control
of 0.1% DMSO diluted in KHS. U46619 was then added
cumulatively. Responses were calculated as a percent of the average
of two KCl-induced contractions. Data are expressed as mean7
s.e.m. with n¼ 6–8. *Po0.05 vs control group (ANOVA followed
by post hoc Dunnett’s test).
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Indeed, one important feature of the present study is the use

of physiologically relevant concentrations of 17b-estradiol to
elicit a functionally measurable decrease in arterial contrac-

tion, and to demonstrate the involvement of cAMP in this

phenomenon. While it has been shown previously in vascular

smooth muscle cells (Farhat et al., 1996; Christ et al., 1999)

that estrogen can increase the production of cAMP, this was

only observed using pharmacological concentrations of the

hormone. Indeed, using the porcine coronary artery model, we

also found an increase in cAMP level in the arterial rings after

exposure to 17b-estradiol at a high (100mM) concentration

(data not shown). However, at 1 nM, we could not demonstrate

an appreciable change in the level of cAMP. To our knowl-

edge, only the present study and our previous study (Teoh &

Man, 2000) showed that the effect of physiological concentra-

tion of estrogen in blood vessels involves cAMP. Although

the magnitude of impairment demonstrated in this study is

relatively small, the combined effects of impairing contraction

(this study) and enhancing relaxation (Teoh & Man, 2000)

could contribute significantly to the modulation of vascular

tone, preventing blood pressure variability, organ damage and

vascular remodeling.

In previous works, we demonstrated that 8-Br-cAMP

caused an enhancement of endothelium-independent relaxa-

tion (Teoh & Man, 2000). Here, we showed that the same

concentration of 8-Br-cAMP caused a decrease in maximal

contraction to U46619. This shift was similar in terms of both

magnitude and latency to that produced by 1 nM 17b-estradiol.
The b-adrenoceptor agonist, isoproterenol, also caused a

similar shift in the maximal contraction. When 17b-estradiol
was administered with either 8-Br-cAMP or isoproterenol,

there was no significant difference between the results obtained

with each of the drugs alone. This suggests that 17b-estradiol
and isoproterenol act through the same intracellular pathway,

namely, by elevating cAMP levels.

The adenylyl cyclase inhibitors, SQ 22536 and 20,50-
dideoxyadenosine, abolished the effect of 17b-estradiol. This
suggests that the acute effect of 17b-estradiol is dependent on
the activation of adenylyl cyclase, as is the case with

isoproterenol (Bhalla & Sharma, 1982). The finding that the

effect of 17b-estradiol involves the activation of adenylyl

cyclase is in accord with studies in other tissues, including

neurons (Kelly et al., 1999), uterine smooth muscles (Doolan

et al., 2000) and kidney cells (Stock et al., 1992). In

hypothalamic neurons, the activation of adenylyl cyclase by

estrogen has been found to be G-protein coupled (Kelly et al.,

1999; Qiu et al., 2003). The role of G-protein in the observed

increase in cAMP in this study needs to be further investigated.

Administration of ODQ, an NO-sensitive guanylyl cyclase

inhibitor, failed to attenuate the impairment of contraction by

17b-estradiol. The effect of 17b-estradiol was also not affected

by the removal of the endothelium. This eliminates the

contribution of nitric oxide to the observed effect. It has been

demonstrated in rat aorta that short-term treatment with 17b-
estradiol at micromolar concentration reduced maximal

contraction to vasoconstricting agents via an endothelium-

independent mechanism (Andersen et al., 1999). In the human

coronary artery, the effect of 17b-estradiol on relaxation is also
endothelium independent (Mügge et al., 1993). The inability to

demonstrate an increase in NO by 17b-estradiol could be due

to the fact that 17b-estradiol only causes a transient activation
of eNOS with a duration of not more than 20min (Chen et al.,

1999; Stefano et al., 2000).

Treatment of porcine coronary arteries with Rp-8-Br-

cAMPS inhibited the impairment of contraction by 17b-
estradiol and 8-Br-cGMP. However, treatment of porcine

coronary arteries with the PKA inhibitor, KT5720, did not

significantly block the effect of 17b-estradiol. Rp-8-Br-cAMPS

competes for the cAMPS binding domain on PKA. However,

binding of Rp-8-Br-cAMPS results in the ‘locking’ of the

regulatory subunit to the catalytic subunit (Jackson, 1996).

KT5720 is a staurosporine-like compound that binds to the

ATP binding of the catalytic subunit of PKA (Spicuzza et al.,

2001), inhibiting the catalysis of its phosphorylation of target

Figure 6 Effects of 17b-estradiol, adenylyl cyclase inhibitor and
guanylyl cyclase inhibitor on U46619-induced contraction in
endothelium-disrupted arterial rings. Endothelium-disrupted por-
cine coronary arterial rings were incubated with 17b-estradiol (1 nM)
for 30min. (a) SQ 22536 (100 mM) was added 20min prior to
administration of 17b-estradiol. (b) ODQ (30 mM) was added 20min
prior to administration of 17b-estradiol. U46619 was then added
cumulatively. Responses were calculated as a percent of the average
of two KCl-induced contractions. Data are expressed as mean7
s.e.m. with n¼ 6–8. *Po0.05 vs control group (ANOVA followed
by post hoc Dunnett’s test).
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proteins. The use of KT5720 as an effective PKA inhibitor has

been demonstrated in isolated tissues (Dhankoti et al., 2000)

as well as in cultured vascular smooth muscle cells (Purdy &

Arendshorst, 2001). The lack of inhibition of KT5720 on the

effect of 17b-estradiol in our study suggests that the effect is

not mediated by PKA. The major mechanism for relaxation of

the cAMP-elevating agent isoproterenol in vascular smooth

muscles is PKA independent and may involve the activation of

BKCa channels (White et al., 2001).

The effect of 17b-estradiol was abolished by the competitive

antagonist of cGMP, Rp-8-Br-cGMPS, which binds to the

cyclic nucleotide-binding sites of PKG. Rp-8-Br-cGMPS also

inhibits the impairment of contraction by 8-Br-cAMP. Indeed,

it has been demonstrated that competitive antagonists of

cGMP block the effect elicited by cAMP in the vascular

smooth muscle (White et al., 2000). The findings that the

specific PKG antagonists KT5823 and PKGI, which inhibit

the ATP-binding site of PKG, inhibited the effect of 17b-
estradiol strongly suggest that activation of PKG by cAMP

is the major pathway mediating the effect of 17b-estradiol in
reducing contraction of vascular smooth muscles. In porcine

coronary arteries, cAMP analogues can open BKCa channels.

The effect can only be blocked by the PKG inhibitor KT5823

but not PKA inhibitors (White et al., 2000). The finding that

the impairment of contraction elicited by isoproterenol (1 nM)

was also inhibited by KT5823 and PKGI suggests that the

cross-activation of PKG by cAMP is not unique to 17b-
estradiol. Indeed, cross-activation of PKG by cAMP elevating

agents has been reported. It has been demonstrated in porcine

coronary arteries that dopamine increases the level of cAMP,

which cross-activates PKG to open BKCa channels (Han et al.,

1999). Similar effects are also obtained with forskolin (White

et al., 2000).

One of the possible limitations of this study is that the

coronary arteries of pig hearts were obtained from a local

slaughter house and we were not able to determine the sex of

the animals from which the arteries were obtained. In our

study, these pigs were around 6 months old and about 60 kg

in size. Male pigs were castrated soon after birth while female

pigs were not ovariectomized. Pigs normally reach sexual

maturity at around 1 year of age. Breeding does not start until

they reach 1.5 years of age. Thus, we can assume that the

animals used in our study were not sexually mature and had a

low circulating level of sex hormones (both testosterone and

estrogen). It is therefore reasonable to find no differential

effects between data obtained from the two sexes, and the

combination of data from both sexes should not affect our

conclusion. However, further work is needed to address the

issue of the effect of 17b-estradiol in coronary arteries of hearts
from sexually mature male and female pigs.

In conclusion, we report that 17b-estradiol (1 nM) acutely
impairs the contractile responses in porcine coronary arteries.

This effect is dependent on the activation of the adenylyl

cyclase and involves an increase in cAMP levels in vascular

smooth muscles, which cross-activates PKG. The mechanism

of action may be similar to the mechanism of other cAMP

elevating agents that affect vascular tone. This acute impair-

ment of contraction may partially explain the beneficial effects

of estrogen on the vasculature.
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