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Abstract

The tension in isolated ring preparations of the thoracic aorta from Wistar–Kyoto rats (WKY) and spontaneously hypertensive rats (SHR)

was measured isometrically to study if there are any differences in the mechanisms of 17h-estradiol- or progesterone-induced relaxation

between WKY and SHR aortic rings. 17h-Estradiol and progesterone caused dose-dependent vascular relaxation of the thoracic aorta

precontracted with norepinephrine in both WKY and SHR, and the relaxation induced by 17h-estradiol was greater in SHR than WKY.

However, no difference was observed in progesterone-induced relaxation between SHR and WKY. With the exception of

tetraethylammonium, an inhibitor of Ca2 +-activated K+ channels, glibenclamide, a selective inhibitor of ATP-sensitive K+ channels, or 4-

aminopyridine, a selective inhibitor of voltage-dependent K+ channels, significantly reduced 17h-estradiol-induced relaxation only in SHR,

but not in WKY. Both 17h-estradiol and progesterone inhibited Ca2 +-induced vasocontraction of the thoracic aorta in K+ depolarization

medium in WKY and SHR. These results suggest that the mechanisms of 17h-estradiol-induced relaxation in SHR aorta are at least partially

mediated via ATP-sensitive and voltage-sensitive K+ channels in addition to the inhibition of Ca2 + channels, although those of progesterone-

induced relaxation in both WKY and SHR are mainly concerned with the inhibition of Ca2 + channels rather than the operation of K+

channels. Moreover, a difference in 17h-estradiol-induced relaxation between WKY and SHR aorta suggests a possibility that vascular

response in SHR is modified by hypertension.
D 2003 Elsevier B.V. All rights reserved.
Keywords: 17h-Estradiol; Progesterone; Endothelium; Inbred SHR, rat; Aorta; K+ channel

1. Introduction son et al., 1990). Indeed, several studies have shown that
The incidence of hypertension and cardiovascular disease

is lower in women than men if the age is similar (Wild and

Bartholemew, 1988; Adams et al., 1995). It is reported that

estrogen replacement therapy reduces the risk of coronary

and cerebrovascular diseases in postmenopausal women

(Sullivan et al., 1988; Stampfer et al., 1991; Godsland et

al., 1987). An increase in plasma high density lipoprotein

(HDL) cholesterol and a decrease in low density lipoprotein

(LDL) cholesterol may be one of the mechanisms by which

estrogen reduces the risk of these diseases. However,

analysis of lipid changes in postmenopausal women taking

estrogen shows that they do not fully account for the

cardiovascular protective effects (Adams et al., 1990; Clark-
0014-2999/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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estrogen causes vasorelaxation in a range of species includ-

ing humans (Belfort et al., 1996; Jiang et al., 1991; Chan et

al., 2001). Another important mechanism may be the

modulation of arterial tone. In contrast to estrogen, little is

known about the effects of progesterone, which is common-

ly used in hormone replacement therapy and is supposed to

oppose some vascular actions of estrogen (Yamaguchi et al.,

2001; Gerhard and Ganz, 1995).

Clinical studies have demonstrated that hypertensive men

and premenopausal women have lower levels of plasma

androgen but higher levels of plasma estrogen than normo-

tensive men (Khaw and Barret-Connor, 1988; Hughes et al.,

1989). There is no report on the relationship between

hypertension and the levels of plasma progesterone. In

genetic and nongenetic rat models of hypertension, males

become more hypertensive than females and this sexual

difference is abolished by gonadectomy (Cambotti et al.,

1984; Share et al., 1988). Recently, we have indicated that

testosterone-induced vasorelaxation in aortic rings is greater
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in spontaneously hypertensive rats (SHR) than Wistar–

Kyoto rats (WKY), and have suggested that the mechanisms

of testosterone-induced vasorelaxation in both WKY and

SHR involve, in part, ATP-sensitive K+ channels in the

thoracic aorta (Honda et al., 1999). Moreover, we have

shown differences between WKY and SHR in the function

of ATP-sensitive, voltage-dependent, and Ca2 +-activated K+

channels (Honda et al., 1999). That is, we found that there

was a difference in the vascular response caused by testos-

terone between WKY and SHR. To our knowledge, no one

has considered the direct relaxing effects of female hor-

mones on the vasculature in hypertensive animals. So the

purpose of this study was to determine and compare the

vasorelaxing actions of 17h-estradiol and progesterone on

vascular reactivity in the thoracic aorta isolated from WKY
Fig. 1. Cumulative relaxation to 17h-estradiol h1i or progesterone h2i in aortic ri

separately (B and C). Each value is meanF S.E. from 8 to 20 experiments.111P
and SHR and to contribute to the vascular pathophysiology

of hypertension.
2. Materials and methods

2.1. Animals and tissues

All procedures were performed in accordance with the

institutional guideline for animal research at Tokyo Univer-

sity of Pharmacy and Life Science. Ten-week-old male

WKY/NCrj and SHR/NCrj, which were supplied by Charles

River Japan, Yokohama, Japan, were anesthetized with ether

and euthanatized by exsanguination. The thoracic aorta was

isolated and placed in modified Krebs–Henseleit solution
ngs precontracted with norepinephrine in WKY and SHR, together (A) and

< 0.001 from WKY; #P < 0.05, ##P < 0.01, ###P< 0.001 with endothelium.



Table 1

Time to reach the half (T1/2) and maximal (Tmax) relaxation induced by 17h-
estradiol or progesterone

Rats Time (min) Maximal

T1/2 Tmax
relaxation (%)

17b-Estradiol
SHR 10.4F 1.2 34.7F 3.5 90.4F 14.9a

WKY 10.3F 1.1 34.4F 3.3 53.6F 2.3

Progesterone

SHR 9.1F 0.5 27.2F 1.0 96.9F 1.5

WKY 8.9F 0.5 26.6F 1.1 93.1F 2.4

Each value represents the meanF S.E. from 11 or 12 experiments. T1/2
indicates half-maximal, and Tmax maximal relaxation. Both 17h-estradiol
and progesterone were used at 100 Am.

a P < 0.01 from WKY.

Fig. 2. Effects of (A) ICI 182,780 (0.1 AM), an estrogen receptor antagonist,

and (B) mifepristone (1 AM), a progesterone receptor antagonist, on

relaxation induced by 17h-estradiol (30 AM) or progesterone (100 AM),

respectively, in aortic rings precontracted with norepinephrine in WKY and

SHR. Each value is the meanF S.E. from 5 to 14 experiments.
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(pH 7.4) of the following composition (in mM): NaCl 118.0,

KCl 4.7, CaCl2 2.5, MgSO4 1.2, NaHCO3 25.0, and glucose

11 at 37 jC gassed with 95% O2/5% CO2. The aortic tissue

was cleaned by removing connective tissue. The thoracic

aorta was cut into rings approximately 4 mm long. Con-

traction and relaxation were measured by suspending the

rings between two stainless steel hooks, one of which was

attached to the end of a bathing tube and the other to a force

transducer (45196A NEC San-ei Instruments). Isometric

tension changes were recorded on a polygraph (LECT-

HORIZ-8K NEC San-ei) as previously described (Tamura

et al., 1997).

2.2. Relaxation of the aorta precontracted with norepi-

nephrine

Each preparation was equilibrated in the 10 ml bathing

solution for 90–120 min before the experiment. The resting

tension was 0.7 g, which was the optimal preload for force

development in these blood vessels, as previously described

(Honda et al., 1999). For the relaxation studies, the sub-

maximal tone (80% of the maximal tone) was induced with

norepinephrine (300 nM) and then 17h-estradiol or proges-
terone was added in a cumulative fashion, and the relaxing

effects were compared between endothelium-intact and

endothelium-denuded rings. The intact endothelium and

the endothelial removal were confirmed with acetylcholine.

Responses were expressed as relaxation percentage of

norepinephrine-induced tone, and the relaxation in the

absence of drugs was taken to be 0%. To assess the role

of endothelium in the vascular response to 17h-estradiol or
progesterone, some thoracic aortae were deendothelialized

before being mounted by gentle rubbing of the luminal

surface with stainless steel.

2.3. Effects of K+ channel blockers on 17b-estradiol- or

progesterone-induced relaxation

To determine the possible effects of ATP-sensitive,

voltage-dependent or Ca2 +-activated K+ channels on 17h-
estradiol or progesterone-induced relaxation, glibenclamide,

a selective inhibitor of ATP-sensitive K+ channels, 4-amino-

pyridine, a selective inhibitor of voltage-dependent K+

channels, or tetraethylammonium, an inhibitor of Ca2 +-

activated K+ channels, was added to the solution 5 min

before treatment with norepinephrine.

2.4. Effects of NG-nitro-L-arginine (L-NA), indomethacin or

metyrapone on 17b-estradiol- or progesterone-induced

relaxation

To observe the effects of 17h-estradiol- or progesterone-
induced relaxation, NG-nitro-L-arginine (L-NA), an inhibitor

of nitric oxide (NO) synthase, or indomethacin, an inhibitor

of cyclooxygenase, or metyrapone, an inhibitor of cyto-

chrome P-450 monooxygenase, was added to the solution 5

min before treatment with norepinephrine.

2.5. Effects of receptor antagonists on 17b-estradiol- or

progesterone-induced relaxation

The involvement of receptors in 17h-estradiol- or pro-
gesterone-induced vasorelaxation was examined by pretreat-

ment with ICI 182,780, an estrogen receptor antagonist or

mifepristone, a progesterone receptor antagonist. These

receptor antagonists were added to the solution 20 min

before treatment with norepinephrine.

2.6. Effects of 17b-estradiol or progesterone on Ca2+-

induced contraction

The aortic rings were incubated in Ca2 +-free solution for

10 min. Then, Ca2 + concentration-dependent contraction

curves were preformed in K+-depolarization medium (50

mmol KCl). Subsequently, the rings were incubated with
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17h-estradiol or progesterone for 20 min and the Ca2 +

concentration-dependent contraction curves were formed

again.

2.7. Drugs and chemicals

17h-Estradiol, progesterone and glibenclamide (Sigma,

St. Louis, MO, USA) were dissolved in ethanol (final

concentration of ethanol in bath Q 0.5%, with no influence

on norepinephrine-induced contraction.). 7-{9-[(4,4,5,5,5-

pentafluoropentyl)sulphinyl]nonyl}-estra-1,3,5(10)-triene-

3,17-diol (ICI 182,780) (Tocris, Ballwin, MO, USA) was

dissolved in dimethylsulfoxide (final concentration of dime-

thylsulfoxide in bath Q 0.5%, with no influence on norepi-
Fig. 3. Effects of K+ channel blockers on relaxation induced by 17h-estradiol (30
norepinephrine in WKY and SHR. Each value is the meanF S.E. from 8 to 20 e

WKY control.
nephrine-induced contraction.). Mifepristone (ROUSSEL

UCLAF), norepinephrine hydrochloride, 4-aminopyridine,

tetraethylammonium, L-NA and metyrapone (Sigma) were

dissolved in distilled water. Indomethacin (Sigma) was

dissolved in 4% (wt/vol) NaHCO3. The other chemicals

were of analytical grade and obtained from Wako Pure

(Osaka, Japan).

2.8. Statistical analysis

Values were expressed or plotted as meanF S.E., and the

statistical analysis was performed with a Student’s t-test or

multiple Tukey test. Differences were considered significant

at P < 0.05.
AM) h1i or progesterone (100 AM) h2i in aortic rings precontracted with

xperiments. 1P< 0.05, 111P < 0.001 from SHR control; #P < 0.05 from



T. Unemoto et al. / European Journal of Pharmacology 472 (2003) 119–126 123
3. Results

3.1. Relaxation induced by 17b-estradiol or progesterone

17h-Estradiol induced dose-dependent vascular relaxa-

tion of the thoracic aorta precontracted with norepinephrine

in both WKY and SHR aortic rings, and the relaxation was

greater in SHR than WKY (maximal relaxation percentage;

WKY: 52.9F 5.7% vs. SHR: 116.0F 8.9%, p < 0.01, pD2

values; WKY: 5.16F 0.27 vs. SHR: 6.37F 0.26, p < 0.05).

(Fig. 1h1iA). Denudation of endothelium in SHR rings had a

little influence on the relaxation caused by 17h-estradiol
(Fig. 1h1iB). In contrast to SHR, removal of endothelium in

WKY significantly enhanced the 17h-estradiol-induced re-

laxation, and significant differences were found at almost all

the concentrations between the presence and the absence of

endothelium (Fig. 1h1iC). progesterone also induced dose-

dependent vascular relaxation of the thoracic aorta precon-

tracted with norepinephrine in both WKY and SHR (maxi-

mal relaxation percentage; WKY: 113.3F 1.3% vs. SHR:

115.4F 2.0%, NS, pD2 values; WKY: 5.36F 0.02 vs. SHR:

5.44F 0.11, NS). Unlike 17h-estradiol, there was no signif-

icant difference in progesterone-induced relaxation between

WKY and SHR (Fig. 1h2iA). Denudation of endothelium

significantly enhanced the progesterone-induced relaxation

in both WKY and SHR (Fig. 1h2iB and C). The times (in

min) to reach the half-maximal and maximal relaxation

induced by 17h-estradiol or progesterone (each 100 AM)

were not different between WKYand SHR, but a significant

difference was seen in the maximal relaxation induced by

17h-estradiol only between WKY and SHR (Table 1).

3.2. Effects of receptor antagonists on 17b-estradiol- or

progesterone-induced relaxation

In order to clarify if ovarian hormone-induced vaso-

relaxation is mediated through its receptor, pretreatment

with receptor antagonists were performed. Addition of ICI
Fig. 4. Effects of NG-nitro-L-arginine, metyrapone or indomethacin on relaxation i

precontracted with norepinephrine in WKY and SHR. Each value is the meanF
182,780 (0.1 AM), a 17h-estradiol receptor antagonist, did
not inhibit 17h-estradiol-induced relaxation (Fig. 2A), and

the addition of mifepristone (1 AM), a progesterone receptor

antagonist, also did not inhibit progesterone-induced relax-

ation (Fig. 2B).

3.3. Effects of glibenclamide, 4-aminopyridine, or tetrae-

thylammonium on 17b-estradiol- or progesterone-induced

relaxation

To examine the involvement of K+ channels in the

relaxant actions of 17h-estradiol and progesterone, the

effects of pretreatment with glibenclamide, 4-aminopyridine

or tetraethylammonium were investigated. Glibenclamide (3

AM), and 4-aminopyridine (1 mM) significantly reduced

17h-estradiol-induced relaxation only in SHR and had no

influence on the relaxation in WKY (Fig. 3h1iA and B). On

the other hand, tetraethylammonium (1 mM) had no influ-

ence on 17h-estradiol-induced relaxation in both WKY and

SHR (Fig. 3h1iC). In contrast to 17h-estradiol-induced
relaxation, the three inhibitors had no effect on the relaxa-

tion induced by progesterone in SHR (Fig. 3h2iA and B).

And the relaxation by progesterone in WKY was slightly

but significantly inhibited by tetraethylammonium only

(Fig. 3h2iC).

3.4. Effects of L-NA, metyrapone or indomethacin on 17b-
estradiol- or progesterone-induced relaxation

Preincubation with metyrapone (1 mM) or indomethacin

(10 AM) did not affect 17h-estradiol-induced relaxation in

both WKY and SHR (Fig. 4A). Preincubation with L-NA

(100 AM), significantly enhanced 17h-estradiol-induced
vasorelaxation in WKY only and had no influence on the

relaxation in SHR (Fig. 4A).

Progesterone-induced relaxation in both WKY and SHR

was not influenced by preincubation with L-NA (100 AM),

metyrapone (1 mM) or indomethacin (10 AM) (Fig. 4B).
nduced by 17h-estradiol (30 AM) or progesterone (100 AM) of aortic rings

S.E. from 9 to 12 experiments. 1P< 0.05 from WKY control.



Table 2

Values of pD2Vfor 17h-estradiol or progesterone and values of pA2 for

verapamil against CaCl2-induced contraction in aortic rings depolarized by

KCl

Drugs WKY SHR

pD2Vvalues
17h-Estradiol 5.27F 0.63 5.40F 0.69

Progesterone 5.13F 0.60 5.03F 0.52

pA2 values

Verapamil 8.99F 0.73 8.61F 0.51
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3.5. Effects of 17b-estradiol or progesterone on Ca2+-

induced contraction

The Ca2 + concentration-dependent contraction curves in

K+ depolarization medium (K+ = 50 mM) were shifted to the

right and downward after incubation with 17h-estradiol or
progesterone in both WKY and SHR. For comparison,

verapamil, a Ca2 + channel blocker, produced a marked

antagonism, resulting in a rightward shift of the concentra-

tion–response curve to CaCl2. The values of pD2V for 17h-
estradiol and progesterone, and the value of pA2 for verap-

amil are shown in Table 2. No significant difference was

seen in the values for 17h-estradiol, progesterone or verap-

amil between WKY and SHR.
4. Discussion

The present results have indicated that ovarian hormones

such as 17h-estradiol and progesterone produce relaxation

in the precontracted thoracic aorta isolated from WKY and

SHR, and that 17h-estradiol-induced relaxation was signif-

icantly greater in SHR than WKY aortic rings (Fig. 1h1iA)
but no significant differences were observed in progester-

one-induced relaxation between WKY and SHR (Fig.

1h2iA). The dose–response curves to 17h-estradiol in both

WKY and SHR are not sigmoid, so there may be two

different mechanisms. Denudation of endothelium in SHR

exerted almost no influence on the 17h-estradiol-induced
relaxation, although denudation of endothelium in WKY

rings was significantly enhanced relaxation (Fig. 1h1iB and

C). These results suggest that the mechanisms of endothe-

lium-dependent inhibition to 17h-estradiol-induced relaxa-

tion in WKYaortic rings were impaired in SHR aortic rings.

In contrast to 17h-estradiol-induced relaxation, removal of

endothelium significantly enhanced progesterone-induced

relaxation in both WKY and SHR (Fig. 1h2iB and C).

These results show that endothelium-dependent inhibition

to progesterone-induced relaxation was maintained in both

WKY and SHR. Both 17h-estradiol- and progesterone-

induced vasorelaxation appeared within minutes of each

hormone application in both WKYand SHR, and there were

no significant differences in the rate of relaxation between

WKY and SHR (Table 1). These relaxations were not
mediated through receptors of steroid hormone (Fig. 2).

These facts suggest that each hormone-induced vasorelax-

ations were not mediated through the genomic mechanism,

and indicate the existence of nongenomic mechanism of

17h-estradiol- and progesterone-induced relaxation in WKY

and SHR. The concentrations of 17h-estradiol (0.1 AM) and

progesterone (3 AM) that induced relaxation in both rats

were almost the same as those in the previous reports in rat

saphenous (Kakucs et al., 1998) and rabbit coronary (Jiang

et al., 1991) arteries. These concentrations are approximate-

ly 100–1000 times higher than those found in premeno-

pausal females (17h-estradiol: 74 pM, progesterone: 32 nM)

(Wilson, 1996). It is well known that a disparity exists

between the plasma levels of hormones and the levels which

induce in vitro vasorelaxation (Yue et al., 1995). It is not

known that whether the vascular reactivity of hormones in

vitro connect with physiological and pharmacological

responses. The main aim of this study is to contribute to

the vascular pathophysiological characterization in normo-

tensive and hypertensive aorta.

Glibenclamide, an inhibitor of ATP-sensitive K+ chan-

nels (Standen et al., 1989), 4-aminopyridine, an inhibitor of

voltage-sensitive K+ channels (Ogata and Tatebayashi,

1993) or tetraethylammonium, which blocks large-conduc-

tance Ca2 +-activated K+ channels when used at appropriate

concentrations (Holland et al., 1996), fails to affect the

relaxation induced by 17h-estradiol in WKY (Fig. 3h1iA,
B and C) and the relaxation of WKY was smaller than that

of SHR (Fig. 1h1iA). However, in SHR, both glibenclamide

and 4-aminopyridine significantly reduced 17h-estradiol-
induced relaxation (Fig. 3h1iA and B), which suggests that

ATP-sensitive and voltage-sensitive K+ channels partially

take part in 17h-estradiol-induced vasorelaxation in SHR

only. The function of K+ channels may be modified in order

to prevent the development of a severe hypertension in

SHR. Indeed, we have already indicated that testosterone-

induced relaxation is greater in aortic rings from SHR than

those from WKY, and suggested that it may be due to a

modification in the function of K+ channels caused by

hypertension (Honda et al., 1999). In contrast to 17h-
estradiol-induced vasorelaxation, these three inhibitors of

K+ channels had no influence on progesterone-induced

relaxation of both WKY and SHR aortic rings (Fig.

3h2iA, B and C) except for tetraethylammonium in WKY.

Jiang et al. (1992) have also reported that glibenclamide

does not affect progesterone-induced relaxation in rabbit

coronary artery. It is of interest that the dependence of

arterial smooth muscle on the opening of K+ channels was

greatest in 17h-estradiol-induced relaxation in SHR aortic

rings and that progesterone-induced relaxation in SHR was

through other mechanisms.

L-NA, which has been reported to inhibit eNOS (Ishii et

al., 1990), significantly enhanced 17h-estradiol-induced
relaxation in WKY but not in SHR. This is consistent with

a previous report that L-NA causes a potentiation of the

relaxation response to 17h-estradiol in male Sprague–Daw-
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ley rats (Ie et al., 1997). This enhancement mechanism by L-

NA in normotensive male rats was not been clarified. It is

considered that vasorelaxing and vasocontracting substances

which are suppressed and enhanced by NO, respectively,

may be released from endothelial and/or smooth muscle

cells. It has been reported that decreased levels of NO

increase vasorelaxation mediated by endothelium-derived

hyperpolarizing factor (EDHF) in porcine coronary arteries

(Bauersachs et al., 1996). Furthermore, induction of induc-

ible NOS by bacterial lipopolysaccharides suppressed

EDHF-mediated relaxation in porcine coronary arteries

(Kristof et al., 1997). Considering these reports, the in-

creased vasorelaxation in WKY aorta may be related to

EDHF, which is enhanced by a NOS inhibitor. It is also of

interest that the aortic rings in SHR did not have the

enhancement mechanisms of relaxation by L-NA. On the

other hand, indomethacin, an inhibitor of cyclooxygenase

(Ferreira et al., 1971), or metyrapone, an inhibitor of

cytochrome P-450 monooxygenase (Satake et al., 1997),

had little influence on 17h-estradiol-induced relaxation in

both WKY and SHR. Progesterone-induced relaxation was

not affected by L-NA, indomethacin or metyrapone in both

WKY and SHR. These results indicate that the release of

vasodilator prostanoids and P-450 arachidonic metabolites

may not be involved in 17h-estradiol- and progesterone-

induced relaxation in both WKY and SHR.

High-K+ depolarization produces an increase in intracel-

lular Ca2 + by activating voltage-dependent Ca2 + channels,

which are inhibited by Ca2 + channel blockers such as

verapamil and nifedipine (Honda and Sakai, 1987; Bolton,

1979; Yamagishi et al., 1992; Schachtele et al., 1989). Both

17h-estradiol and progesterone shifted Ca2 + concentration-

dependent contraction curves to the right with the depres-

sion of maximal contraction in K+ depolarization medium in

both WKY and SHR. No significant differences in the

values of pD2V for ovarian hormones were seen between

WKY and SHR (Table 2), suggesting that there is no

difference in the antagonistic effect of 17h-estradiol or

progesterone on voltage-dependent Ca2 + channels between

WKY and SHR. These results suggest that the mechanisms

of 17h-estradiol-induced relaxation in SHR aortae are

mediated via not only the inhibition of Ca2 + channels but

also the ATP-sensitive and voltage-sensitive K+ channels,

although those of progesterone-induced relaxation are main-

ly concerned with the inhibition of Ca2 + channels rather

than the participation of K+ channels.

Finally, a difference in 17h-estradiol-induced relaxation

between WKY and SHR aortae suggests a possibility that

vascular response in SHR aortae is modified by hypertension.
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