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Abstract:

The mechanisms involved in the effects of estrogen on arterial smooth muscle contractility are very complex and not fully clarified.

Therefore, the aim of this paper was to examine the mechanisms of estrogen-induced relaxation of the rat tail artery and, specifically,

how pulmonary hypertension affects this action. We used male rats and performed experiments on isolated tail arteries in a control

group and a group with pulmonary hypertension (PAH) induced by monocrotaline (60 mg/kg b.w. ip). The pD� value (–log EC��) of

phenylephrine significantly decreased in the presence of 20 µM of 17�-estradiol (5.4 ± 0.13 vs. 4.9 ± 0.12, p < 0.05, n = 6).

Estrogen-induced relaxation of a phenylephrine-precontracted tail artery has two components: endothelium-dependent (ED) and

endothelium-independent (EI). The estrogen effect was independent of ATP-sensitive K� channels, vasoactive prostanoids and nitric

oxide. PAH augmented the maximal effect of phenylephrine on the tail artery contractility but did not affect estrogen-induced ED-

relaxation. However, the EI component of relaxation induced by estrogen was completely abolished in tail arteries obtained from

animals with pulmonary hypertension. Pulmonary hypertension affects the sensitivity of the rat tail artery to phenylephrine and es-

trogen, leading to impairment of EI mechanisms of relaxation. Further experiments are required to elucidate the molecular mecha-

nisms of this phenomenon.
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Introduction

The female hormone estrogen has multiple cardiovas-

cular effects. Apart from genomic and chronic effects,

its direct vascular action has been studied for a long

time, but there are still controversies about which

mechanisms are involved in this action [8, 16]. Recent

literature has focused on endothelium-independent

mechanisms of estrogen-induced vascular dilation,

such as the blocking of calcium channels or activation

of Ca2+-activated K+ channels [5, 13, 18]. Endothe-

lium-dependent acute estrogen action has also been

shown under different circumstances and includes

a contribution from nitric oxide (NO) and some other

endothelial factors [4]. Importantly, we have recently

found that natural estrogen, 17�-estradiol, when ap-

plied for two weeks to male rats, selectively pre-

vented vasorelaxation in the presence of pinacidil but

not other activators of ATP-sensitive K+ channels,

such as diazoxide or rilmakalim [11]. Thus, we under-

took a series of experiments with males rats to deter-

mine the possible contribution of the endothelium,

NO, vasoactive prostanoids and ATP-sensitive K+

channels to the direct, acute vascular action of natural

estrogen (17�-estradiol) using the model of the iso-
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lated rat tail artery. Additionally, we compared the ef-

fects of estrogen on the contractility of the male rat

tail artery in rats with pulmonary hypertension vs.

normal rats.

Materials and Methods

All experiments were performed on male Wistar rats

weighing between 200 and 300 g and kept under stan-

dard laboratory conditions. All animals received hu-

man care in accordance with the recommendations of

the local Ethics Committee.

Experimental design

All animals were divided into two groups: a control

(CG) and an experimental group with monocrotaline-

induced pulmonary hypertension (PAHG). Pulmonary

hypertension was induced by one ip injection of

monocrotaline (60 mg/kg b.w.), according to the well

established experimental model [14]. The lungs and

hearts of every animal treated by monocrotaline were

carefully examined under the microscope. Only ani-

mals with typical signs of pulmonary edema and heart

hypertrophy were used for further evaluations. Ani-

mals from the CG group received an equivalent injec-

tion of saline solution ip. After urethane (0.15 g/kg, ip)

anesthesia, the segments of the ventral portion of the

tail artery were removed carefully, cleaned of adher-

ing tissue and cut into 3 to 5 mm rings, then mounted

under optimal tension in a 10 ml bath containing a so-

lution of the following composition: 119 mM NaCl,

4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM

KH2PO4, and 11 mM glucose. The solution was kept

at 37°C and aerated by carbogen (5%CO2 and 95%O2).

The isolated arterial segments were attached to the

pressure transducer (TAM-D, Hugo Sachs Elektronik,

March, Germany) with a preloaded 0.5 g of weight

[15]. A peristaltic pump (PP1-05, Poland) supported

the perfusion of the fragment of the arteries with a ve-

locity ranging from 0.4 ml/min at the beginning of the

experiments up to 1.6 ml/min during application of

the drugs. After an incubation of 90 to 120 min, all

preparations were treated by: 1) phenylephrine alone

(raising concentrations from 10–7 to 3 × 10–4 M); or

2) phenylephrine in the presence of estrogen at con-

centrations from 10–7 M to 2 × 10–5 M (20 µM). Pro-

tocol 2 was repeated in the presence of glibenclamide,

a blocker of ATP-sensitive K+ channels, at 10–5 M; in

the presence of indomethacin, the inhibitor of cyclo-

oxygenase, at 10–5 M; or in the presence of L-NAME,

an inhibitor of NO synthase, at 10–5 M. Additionally,

protocol 2 was performed on a preparation previously

treated with CHAPS (3-[(3-chloroaminopropyl) dimeth-

ylamonio]-1-propane sulfonate) to induce selective

damage of the endothelium, which was checked by an

acetylcholine functional test [1].

Drugs

All drugs were purchased from SIGMA and dissolved

in distilled water, except estradiol (purchased from Je-

napharm, Germany), which was dissolved in DMSO

to make a stock solution of 3 × 10–3 M. The maximal

concentration of DMSO in the bath solution was less

than 1% and did not affect the contractility of the iso-

lated arteries.

Statistics

Results are expressed as the mean ± SE. The concentra-

tion-response curves were analyzed using Pharma/PCS

version 4 (Pharmacological Calculations System) soft-

ware. The statistical significance of the differences be-

tween the means was determined by Student’s t-test

for grouped data or by ANOVA with a multiple com-

parison Newman-Keuls test; p < 0.05 was taken as the

level of significance.

Results

The effects of phenylephrine on the rat tail artery

Phenylephrine, a selective agonist of �-1 adrenocep-

tors, induced concentration-dependent contraction of

the rat tail artery. Its maximal effect (Emax) and po-

tency are presented in Figure 1 and Table 1, respec-

tively. Denudation of the endothelium did not affect

phenylephrine action, however, Emax, expressed in

millimeters of amplitudes, significantly increased in

preparations obtained from animals with pulmonary

arterial hypertension. Selective damage of the endo-

thelium returned that action to the control level (Fig. 1).
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The effects of 17�-estradiol on phenylephrine-

induced contraction of the rat tail artery

As Figures 2 and 3 show, 17�-estradiol at a concentra-

tion of 20 µM significantly relaxed rat tail arteries

contacted by phenylephrine in both types of prepara-

tions, both with and without endothelium, although

the Emax of the phenylephrine was significantly de-

creased by 17�-estradiol only in preparations with

a preserved endothelium (Fig. 2).

Interestingly, the effects of 17�-estradiol were not

affected by L-NAME (inhibitor of nitric oxide syn-

thase, 10 µM), indomethacin (non specific inhibitor of

cyclooxygenase type I and II, 10 µM) or glibencla-

mide (blocker of ATP-sensitive K+ channels, 10 µM)

(Tab. 1).

Preparations obtained from animals with pulmo-

nary arterial hypertension PAH were also relaxed by

17�- estradiol, but only if the endothelium was pre-

served (Fig. 3A, Tab. 1).
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Fig. 1. Comparison of the maximal effects of phenylephrine on the
contractility of rat tail arteries obtained from controls or animals with
pulmonary arterial hypertension (PAH), expressed in millimeters of
amplitude. Some of preparations were without endothelium (–END);
** p < 0.01 vs. control; �� p < 0.01 vs. effects in preparations with en-
dothelium obtained from PAH animals
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Fig. 3. The effects of 17�-estradiol (EST 20 µM) on the phenylephrine
(Ph) concentration-response curve obtained from the rat tail arteries
of the animals with pulmonary hypertension (PAH) with (panel A) or
without endothelium (panel B). * p < 0.05, ** p < 0.01, significant dif-
ferences vs. corresponding control values; n = 8–12
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Fig. 2. The effects of 17�-estradiol (EST 20 µM) on the phenylephrine
(Ph) concentration-response curve obtained from the rat tail arteries
of the control group of animals with (panel A) or without endothelium
(panel B); * p < 0.05, ** p < 0.01, significant differences vs. corre-
sponding control values; n = 6–8



Discussion

In this paper we have shown that estrogen inhibits

phenylephrine-induced contraction of the male rat tail

artery. Estrogen-generated relaxation of the rat tail artery

was only partially endothelium-dependent. In a group of

rats with developed pulmonary hypertension, the

maximal phenylephrine effect on contractility of the

rat tail artery was augmented. Also, preparations of

rat tail artery obtained from that group of rats were

not relaxed by estrogen if they had a damaged endo-

thelium.

It has been previously shown that estrogen relaxes

smooth muscles from different vessels by a complex

mechanism of action involving endothelium-dependent

and independent processes [6, 10]. Among the endo-

thelium-dependent mechanisms, NO plays crucial

role. However, endothelium derived hyperpolarizing

factor was also mentioned by some authors as one of

the contributors to these mechanisms. On the other

hand, endothelium-independent mechanisms could

consist of the activation of Ca2+-dependent K+ chan-

nels or inhibition of L-Ca2+ channels [7, 9, 12, 17, 19].

We excluded the participation of ATP-sensitive K+

channels, prostaglandins and nitric oxide to estro-

gen-induced relaxation of the tail arteries obtained

from male rats. Interestingly, previously published

data have shown that blocking of endothelium nitric

oxide synthase (eNOS) attenuated estrogen-related re-

laxation of aortic rings but not of mesenterial arteries,

which are much more similar to male rat tail arteries

than aortic rings [3]. Therefore, the study by Chan et

al. confirmed our results that NO is not crucial for the

relaxing effects of estrogen in small resistance ves-

sels.

Here, we report for the first time that PAH en-

hances the maximal effect of phenylephrine on the

contractility of the rat tail artery and inhibits

endothelium-independent estrogen-induced relaxation

of the male rat tail artery. In the case of the first phe-

nomenon, overexpression of the �-1 receptors should

be considered for explanation, which is in accordance

with our results with phenylephrine (increased Emax,

Fig. 1). However, the mechanism involved in such

a reaction remains unclear. Presumably, a gradual in-

crease in pulmonary tension could induce the release

of certain mediators responsible for the above men-

tioned reaction similar to endothelial disfunction in

heart failure [2]. Among the most prominent candi-

dates for that action are natriuretic polypeptide and

endothelins. Further experiments will be performed to

verify this hypothesis.

The second phenomenon featuring a lack of endo-

thelium-independent relaxation of the rat tail artery by

estrogen in PAH animals seems more complicated.

Based on previously described mechanisms of the

endothelium-independent action of estrogen, one can

conclude that overexpression of Ca2+ channels could

be taking place in this phenomenon. This could be an

explanation for the inability of estrogen to relax the

rat tail artery with selective damage of the endothe-

lium at a concentration 20 µM, which was possible in

the control group. The smallest concentration of estro-

gen capable of significant relaxation of the rat tail ar-

tery precontracted by phenylephrine in vitro under our

experimental conditions was 20 µM. Although this is

a very high concentration, similar ones (1–30 µM)

have been used earlier to induce vascular effects of

estrogen in isolated rat vessels [8]. Thus, it is probable

that male rats have a low density of estrogen receptors

in the arterial smooth muscles. Concentrations up to
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Tab. 1. The values of pD
�

(–log EC
��

) for phenylephrine in the pres-
ence of 20 µM of 17�-estradiol under different experimental condi-
tions on the isolated rat tail artery

Experimental condition PD�

(–log EC��)
Number of

experiments
(n)

Statistical
significance

(p)

Ph-control 5.42 ± 0.13 5

Ph-control–END 5.44 ± 0.13 5 NS

Ph-PAH 5.56 ± 0.15 8 NS

Ph-PAH–END 5.60 ± 0.16 8 NS

Ph + E 4.87 ± 0.11 7 *

Ph + E + L-NAME 4.94 ± 0.12 6 *

Ph + E + IND 4.69 ± 0.12 6 *

Ph + E + Glb 4.45 ± 0.13 6 *

Ph + E–END 5.51 ± 0.11 6 NS

Ph + E + PAH 4.42 ± 0.18 8 *

Ph + E + PAH–END 5.46 ± 0.10 12 NS

Ph – phenylephrine; E – estradiol; –END – without endothelium; L-NAME
– inhibitor of NO-synthesis; IND = indomethacin, inhibitor of cyclo-
oxygenase; Glb – glibenclamide, blocker of ATP-sensitive K� chan-
nels; PAH – pulmonary hypertension induced by monocrotaline;
NS – nonsignificant difference, * p < 0.05 in comparison with the val-
ues obtained with Ph-control



100 µM are assumed to be pharmacological, but with

receptor-related effects.

In summary, in this paper we report the effects of

pulmonary hypertension on the sensitivity of the rat

tail artery to phenylephrine and estrogen. The results

suggest that pulmonary hypertension affects the car-

diovascular system as a whole by a certain humoral

mechanism abolishing endothelium-independent re-

laxation of the rat tail artery induced by estrogen. Fur-

ther research is warranted for a complete understand-

ing of this phenomenon.
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