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Abstract

In order to elucidate the signal transduction pathway of vascular smooth muscle contraction induced by the activation of receptors for

angiotensin II and endothelin-1, we examined whether tyrosine kinases and mitogen-activated protein (MAP) kinases are involved in the

development of force of contraction in the rat aorta. Isolated aortic smooth muscles without endothelium were incubated in a modified

Krebs–Henseleit solution and stimulated with angiotensin II (100 nM) or endothelin-1 (10 nM). A tyrosine kinase inhibitor genistein (10

AM) reduced the angiotensin II- and endothelin-1-induced aortic contraction, while 10 AM of daidzein (an inactive analogue of genistein) did

not. The K + depolarization-induced contraction was not attenuated by 10 AM of genistein. Selective inhibitors of MAP kinase/extracellular

signal-regulated kinase (Erk) kinase (MEK) such as PD98059 [2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one] and U0126 [1,4-

diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene] inhibited the angiotensin II- and endothelin-1-induced vasocontraction. The p44/

42 MAP kinases were phosphorylated in cultured aortic smooth muscle cells and in physiologically contracted aortic vessels stimulated with

angiotensin II and endothelin-1 for 5 min. The angiotensin II- and endothelin-1-induced phosphorylations of p44/42 MAP kinases were

inhibited by PD98059 as well as U0126 in the intact aorta. These results suggest that the activation of genistein-sensitive tyrosine kinases and

p44/42 MAP kinases is involved in the angiotensin II- and endothelin-1-induced rat aortic contraction. D 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Angiotensin II is a potent vasoconstricting peptide that

mediates a variety of effects such as stimulation of vascular

smooth muscle proliferation and cardiac muscle hypertro-

phy (Sadoshima et al., 1995), release of catecholamine from

autonomic nerve endings and secretion of adrenal aldoster-

one and cardiac positive inotropic effect, although there is a

species-dependent difference in the action of angiotensin II

(Ishihata and Endoh, 1993, 1995). Endothelin-1 is another

very potent vasoconstrictor (Yanagisawa et al., 1988), and

stimulates proliferation of vascular smooth muscle cells

(Bobik et al., 1990). A variety of effects induced by

angiotensin II and endothelin-1 are mediated by several

signal transduction pathways such as stimulation of phos-

pholipase C and protein kinase C (Force et al., 1991; Koide

et al., 1992). Angiotensin II and endothelin-1 activate

phospholipase C, which hydolyses phosphatidylinositol-

4,5-bisphosphate (PIP2) to generate inositol-1,4,5-trisphos-

phate (IP3) and diacylglycerol. IP3 induces Ca2+ mobiliza-

tion from intracelullar stores, while diacylglycerol activates

protein kinase C (Nishizuka, 1984; Berridge, 1993). These

pathways are considered to be important for both vascular

contraction and cell growth. In addition, the vasocontraction

evoked by angiotensin II is markedly inhibited by a voltage-

dependent Ca2+ channel blocker nifedipine (Watts et al.,

1998), indicating the involvement of Ca2+ channel activa-

tion in vasocontraction. However, recent studies suggest that

the activation of G-protein coupled receptors may possess

more complicated pathways for vascular contraction than

these well-known signal transduction pathways. For exam-

ple, it has been suggested that tyrosine kinases may be

linked to agonists-induced smooth muscle contraction (DiS-

alvo et al., 1993; Hollenberg, 1994; Abebe and Agrawal,
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1995; Gould et al., 1995). Furthermore, intracellular Ca2+

transients evoked by G-protein coupled receptors are modu-

lated by tyrosine kinase (Liu and Sturek, 1996; Touyz and

Schiffrin, 1996). Several target molecules such as mitogen-

activated protein (MAP) kinases seem to play a physiolog-

ical role in tyrosine kinase-mediated signal transduction

(Giasson and Meloche, 1995; Sadoshima et al., 1995;

Turner et al., 1995). MAP kinases are serine/threonine

kinases which will be activated by MAP kinase/extracellular

signal regulated kinase (Erk) kinase (MEK). MAP kinases

exist downstream of the pathway of tyrosine kinase, Src

kinase and Janus kinase (Zubkov et al., 2000), and play an

important role in cell growth in many cell types (Thomas et

al., 1996; Force and Bonventre, 1998). In addition to the

growth-stimulating effects, it has been suggested that acti-

vation of MAP kinase may be involved in 5-hydroxytrypt-

amine (5-HT)- and endothelin-1-induced vasocontraction

(Florian and Watts, 1998; Watts, 1998; Zubkov et al.,

2000). However, dissociation of the angiotensin II-induced

MAP kinase phosphorylation from vasocontraction was

observed in a previous study (Watts et al., 1998); therefore,

the role of MAP kinase in vascular contraction is contro-

versial.

In this study, we hypothesized that the activation of

tyrosine kinase and MEK is involved in the signal trans-

duction pathway of angiotensin II- and endothelin-1-

induced contraction in rat thoracic aorta. We indicated that

the angiotensin II- and endothelin-1-induced contraction as

well as phosphorylations of p44/42 MAP kinases were

inhibited by PD98059 and U0126 in physiologically con-

tracted aortic preparations, in addition to cultured vascular

smooth muscle cells.

2. Materials and methods

2.1. Measurement of aortic contraction

Male Fischer 344 rats (210–300 g) obtained from

Charles River Japan (Atsugi, Japan) were used. Experiments

were performed in accordance with the Guide for Care and

Use of Laboratory Animals published by the US National

Institute of Health (NIH Publication No. 85-23, revised

1996) and under the regulations of the Animal Care Com-

mittee of Yamagata University School of Medicine. Rats

were killed by cervical dislocation under anesthesia with

ether. Aortas were isolated and excess fat and connective

tissues were removed. Vessels were cut into rings 3 mm

long, which were cut open, and endothelium was removed

by gentle rubbing the intimal surface with a moistened

cotton swab. Isolated aortic strips were suspended in organ

baths containing 10 ml physiological salt solution. The

solution contained 118 mM NaCl, 4.7 mM KCl, 24.9 mM

NaHCO3, 1.18 mM MgSO4, 1.18 mM KH2PO4, 11.1 mM

glucose, 1.8 mM CaCl2 and 0.057 mM ascorbic acid. High

concentration of K + solution was made by substituting NaCl

with equimolar KCl. These solutions were saturated with

95% O2 and 5% CO2 mixture at 37 jC to pH 7.4. The

developed tension was recorded with an isometric force

transducer (7T-15-240, Orientec, Tokyo, Japan) for meas-

urement of changes in the contractile force. The preparation

was stretched to a resting tension of 0.8 g, and the solution

was changed every 15 min. After an equilibration period of

1 h, each strip was contracted with 66.7 mM KCl (high K + )

repeatedly until reproducible contraction was obtained.

Removal of the endothelium was verified by the absence

of relaxation with acetylcholine (1 AM) in strips precon-

tracted with 100 nM phenylephrine. Then, each strip was

washed and one of the following inhibitors (genistein,

daidzein, PD98059 and U0126) was added 15 min before

and during stimulation with an agonist, because it has been

shown that these inhibitors attenuated the intact smooth

muscle contraction with the incubation time of 10–15 min

(Filipeanu et al., 1995; Jin et al., 1996; Yang et al., 1999,

2000; Yousufzai et al., 2000). These drugs were dissolved

in dimethylsulfoxide (DMSO) to make stock solutions.

Each aortic strip was challenged with only one concen-

tration of angiotensin II (100 nM) or endothelin-1 (10 nM),

because they have the effect of tachyphylaxis in rat aortic

contraction.

2.2. Culture of rat aortic vascular smooth muscle cells

Rat aortic vascular smooth muscle cells were isolated

from male Fischer 344 rats by the method previously

reported (Ishihata et al., 1998). Briefly, the thoracic aortas

of 12-week-old rats were dissected from the surrounding

tissues. After adipose tissues and endothelial cells were

removed, aortas were digested in Dulbecco’s modified

Eagle’s medium (DMEM) containing 0.7 mg/ml collagenase

(type IA, Sigma), 0.25 mg/ml elastase (type III, Sigma), 0.4

mg/ml soybean trypsin inhibitor and 1 mg/ml bovine serum

albumin for 30 min at 37 jC. Dissociated vascular smooth

muscle cells were seeded into plastic tissue culture dishes

and grown in DMEM containing 10% fetal calf serum, 100

U/ml penicillin and 100 Ag/ml streptomycin at 37 jC under

5% CO2–95% air. The medium was changed every 3–4

days. Cultured vascular smooth muscle cells were used at

5–10 passages.

2.3. Sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-

trophoresis and Western blot analysis in cultured vascular

smooth muscle cells

Aortic vascular smooth muscle cells were cultured in

DMEM with 10% fetal calf serum. When cells were grown

to confluent, the medium was changed to serum-free

DMEM. After 24 h, cells were washed three times and

incubated in Hanks-balanced salt solution (HBSS) for 1 h.

At the same time, inhibitors or vehicle (DMSO) were added

and equilibrated. After cells were stimulated with angioten-

sin II or endothelin-1, culture dishes were placed on ice, and
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HBSS was aspirated. Cells were washed three times with ice-

cold HBSS containing sodium orthovanadate (1 mM), then

lysed in a detergent solution and harvested with a rubber

policeman. The lysate was centrifuged at 14,000� g

for 10 min at 4 jC, and the supernatant was used for

sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-

phoresis. Proteins in each sample were separated on a 10%

SDS-polyacrylamide gel, and electrotransferred to polyvi-

nilidene difluoride (PVDF) membranes (Immobilon-P;

Millipore, Bedford, MA, USA) in 25 mM Tris–HCl, 192

mM glycine, 0.1% SDS and 10% methanol for 1 h at

constant current (100 mA). The phosphorylated MAP

kinases were immunodetected as follows. Nonspecific

binding of the membranes was blocked in TBS-T buffer

(50 mM Tris, 150 mM NaCl and 0.1% Tween 20, pH 7.4)

containing 5% nonfat dry milk. After incubation for 1 h at

room temperature, membranes were washed three times in

TBS-T buffer for 5 min, then incubated with rabbit anti-

phosphorylated MAP kinases (New England BioLab, Bev-

erly, MA, USA) diluted 1:1000 in blocking buffer at 4 jC
overnight. After washing three times, the membranes were

treated with anti-rabbit IgG conjugated to horseradish per-

oxidase with gentle agitation for 1 h at room temperature,

then the corresponding antibody-labeled bands were

detected by enhanced chemiluminescent reaction kit (Amer-

sham).

2.4. SDS-polyacrylamide gel electrophoresis and Western

blot analysis in vascular strips in vivo

Strips of endothelium-denuded aorta were mounted in the

organ bath filled with Krebs–Henseleit buffer equilibrated

with 95% O2–5% CO2 at 37 jC. After 1 h incubation for

stabilization, tissues were exposed to phenylephrine and

then washed several times. In the experiment to determine

the agonist-induced protein phosphorylation, the aortic

strips were stimulated with angiotensin II or endothelin-1

for 5 min and quickly frozen in the liquid nitrogen. The

kinase inhibitors were added 15 min before stimulation.

Then, strips were pulverized in ice-cold homogenization

buffer [25 mM Tris–HCl, 50 mM NaCl, 1 mM ethylenedi-

amine-N,N,NV,NV-tetraacetic acid (EDTA), 100 mM sodium

fluoride, 1% Nonidet P-40 (NP-40), 1 mM sodium ortho-

vanadate, 1 mM phenylmethylsulfonyl fluoride, 10 Ag/ml

leupeptin, 10 Ag/ml pepstatin A, pH 7.4] and were put on ice

for 30 min. The homogenate was sonicated for 30 s and

centrifuged at 14,000� g for 10 min to remove debris, and

aliquots of supernatant were taken for measurement of

protein concentration. The lysates containing equal amounts

of total proteins (15 Ag) were solubilized in Laemmli’s

sample buffer (60 mM Tris–HCl, 2% SDS, 10% glycerol,

0.008% bromophenol-blue, 5% h-mercaptoethanol) and

boiled for 5 min. Proteins in each sample were separated

on a 10% SDS-polyacrylamide gel, and then electrically

transferred to PVDF membranes (Immobilon-P; Millipore)

in 25 mM Tris–HCl, 192 mM glycine, 0.1% SDS and 10%

methanol for 1 h at constant current (100 mA). The

phosphorylated MAP kinases were immunodetected as des-

cribed above.

2.5. Statistical analysis

Data were expressed as meansF S.E.M. When compar-

ing two paired groups, paired Student’s t-test was used. To

compare three or more groups, analysis of variance

(ANOVA) followed by Scheffe’s test was used. The differ-

ence was defined to be statistically significant when a P

value was less than 0.05.

2.6. Drugs used

Acetylcholine chloride was obtained from Daiichi Phar-

maceutical (Tokyo, Japan). Genistein was from Wako

(Osaka, Japan). Daidzein and PD98059 [2-(2-amino-3-

methoxyphenyl)-4H-1-benzopyran-4-one] were from Sig-

ma (St. Louis, MO, USA). U0126 [1,4-diamino-2,3-

dicyano-1,4-bis(2-aminophenylthio)butadiene] was from

Promega (Madison, WI, USA). Bovine serum albumin

was obtained from Sigma. Dulbecco’s modified Eagle’s

medium (DMEM), phosphate-buffered saline (PBS) and

fetal calf serum were from Gibco (Grand Island, NY).

Angiotensin II and endothelin-1 were from Peptide Insti-

tute (Osaka, Japan). Endothelin-1 was dissolved in dis-

tilled water containing 0.01% bovine serum albumin.

Genistein, daidzein, PD98059 and U0126 were dissolved

in DMSO.

3. Results

3.1. Effect of a tyrosine kinase inhibitor on the aortic con-

traction

3.1.1. Effect of genistein on the angiotensin II- and endo-

thelin-1-induced contraction

Angiotensin II (100 nM) contracted the rat aorta to

74.2F 6.6% of the maximal contraction induced by 66.7

mM KCl (KClmax). The maximal contraction was obtained

5.0F 0.5 min after application of angiotensin II, then the

contractile force was declined to the basal level. In order to

elucidate whether tyrosine kinases are involved in the

angiotensin II-induced vasocontraction, a tyrosine kinase

inhibitor genistein was used as treatment before angiotensin

II was applied. As shown in Fig. 1A, pretreatment with

genistein (10 and 30 AM) inhibited the angiotensin II-

induced contraction, although the contractile responses to

angiotensin II with low concentrations of genistein (1–3

AM) were not significantly different from control. The

maximal response to angiotensin II was significantly

inhibited by 10 and 30 AM of genistein to 50.7F 4.4% of

KClmax (n = 9, P < 0.01) and 22.7F 7.0% of KClmax (n = 6,

P < 0.001), respectively. To make sure that the inhibition
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was due to specific effects of genistein on tyrosine kinases,

effects of daidzein (an inactive analogue of genistein) on the

angiotensin II-induced contraction was studied. The con-

tractile response to angiotensin II in daidzein (10 AM)-

treated aorta was not significantly different from control

(67.1F 4.8% of KClmax, n = 6, P > 0.05). However, pretreat-

ment with a higher concentration of daidzein (30 AM)

significantly inhibited the angiotensin II-induced contrac-

tion (29.2F 6.3% of KClmax, n = 6, P < 0.001), suggesting

the existence of nonspecific effects of genistein in higher

concentrations (Fig. 1B).

Endothelin-1 caused a slow onset and sustained vaso-

contraction in the rat aorta. The maximal response was

obtained 30 min after application of endothelin-1, which

reached to 120.0F 6.3% of KClmax (n = 6). The developed

tension was significantly reduced by pretreatment with low

concentration (10 AM) of genistein (92.5F 7.3%, n = 6,

P < 0.01, Fig. 2).

In order to elucidate whether tyrosine kinases modulate

angiotensin II-induced contraction through voltage-depend-

ent calcium channels, effects of genistein (10 AM) and

verapamil (1 AM) were examined. Genistein (10 AM)

alone attenuated the angiotensin II-induced contraction to

50.7F 4.4% of KClmax (Fig. 1A). Verapamil inhibited the

angiotensin II-induced contraction (35.3F 2.2% of KClmax,

n = 5, P < 0.001). However, when genistein and verapamil

were pretreated together, the angiotensin II-induced con-

traction was attenuated more extensively compared with

the inhibition by verapamil alone (19.8F 2.0%, n = 6,

P < 0.001).

3.1.2. Effect of genistein on the high K+-induced contraction

To investigate whether tyrosine kinase activation influ-

ences the depolarization-induced contraction in rat aorta,

the effect of genistein on high K + -induced contraction

was studied. As shown in Fig. 3, genistein (10 AM) did not

Fig. 2. Effects of genistein (10 AM) on endothelin-1 (10 nM)-induced

contraction in rat aorta. Genistein was added 15 min before stimulation with

endothelin-1. Values are the meanF S.E.M. The number of experiments is

indicated in parentheses. **P< 0.01 vs. control.

Fig. 3. Effects of genistein (10–30 AM) on KCl (66.7 mM)-induced

contraction in rat aorta. Genistein was added 15 min before stimulation with

KCl (66.7 mM). ***P < 0.001 vs. control. N.S.: not significant.

Fig. 1. Effects of (A) genistein (1–30 AM) and (B) daidzein (10–30 AM)

on the contraction of endothelium-denuded rat thoracic aorta stimulated

with angiotensin II (100 nM). Genistein and daidzein were added 15 min

before stimulation with angiotensin II. Values are the meanF S.E.M. The

number of experiments is indicated in parentheses. **P< 0.01, ***P < 0.001

vs. control. N.S.: not significant.
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significantly inhibit high K + -induced contraction (90.0F
4.0%, n = 10, P>0.05). However, 30 AM of genistein sig-

nificantly reduced high K + -induced contraction to 66.5F
3.6% of control (n = 8, P < 0.001). This inhibition was con-

sidered to be due to the nonspecific effect of genistein, be-

cause 30 AM of daidzein also inhibited the high K + -induced

contraction.

3.2. Effect of MEK inhibitors PD98059 and U0126 on the

angiotensin II- and endothelin-1-induced contractions

In order to elucidate whether the activated p44/42 MAP

kinases are involved in angiotensin II- and endothelin-1-

induced contraction, effect of a MEK inhibitor PD98059 on

the contraction was examined. As shown in Fig. 4A,

PD98059 (3–10 AM) significantly inhibited the angiotensin

II-induced contraction. In the control, the maximal contrac-

tile response was 71.9F 5.9% of KClmax. When vessels

were treated with 3 and 10 AM of PD98059, contractile

responses were reduced to 62.1F 2.5% and 49.8F 4.9% of

KClmax, respectively (n = 7). Fig. 4B shows the effect of

PD98059 on the endothelin-1-induced contraction. The

control response was 124.6F 7.1% of KClmax, while the

contractions were reduced by pretreatment with 3 and 10

AM of PD98059 to 117.5F 2.5% and 94.8F 4.6% of

KClmax, respectively (n = 6).

Another MEK inhibitor, U0126 (3–10 AM), concentra-

tion-dependently inhibited the angiotensin II-induced con-

traction (Fig. 5A). In control, the angiotensin II-induced

contraction was 68.2F 3.2% of KClmax. When treated with

3 and 10 AM U0126, the maximal angiotensin II-induced

Fig. 4. (A) Effects of PD98059 (3–10 AM) on angiotensin II (100 nM)-

induced contraction in the endothelium-denuded rat aorta. Values are the

meanF S.E.M. of seven independent experiments. (B) Effects of PD98059

(3 – 10 AM) on endothelin-1 (10 nM)-induced contraction in the

endothelium-denuded rat aorta. Values are the meanF S.E.M. of six

independent experiments. *P < 0.05, **P < 0.01 vs. control.

Fig. 5. (A) Effects of U0126 (1–10 AM) on angiotensin II (100 nM)-

and endothelin-1 (10 nM)-induced contraction in the endothelium-

denuded rat aorta. Values are the meanF S.E.M. of 11 independent

experiments. (B) Effects of U0126 (1–10 AM) on endothelin-1 (10 nM)-

induced contraction in the endothelium-denuded rat aorta. Values are the

meanF S.E.M. of five independent experiments. *P < 0.05, **P<0.01 vs.

control.

A. Ishihata et al. / European Journal of Pharmacology 445 (2002) 247–256 251



vasocontractions were 53.6F 5.5% and 40.8F 4.7% of

KClmax, respectively (n = 11). In addition, endothelin-1-

induced contraction was 119.3F 3.0% of KClmax in the

control, while contraction was inhibited by 3 AM U0126

(107.1F 4.3% of KClmax) and 10 AM U0126 (89.5F 7.8%

of KClmax, n = 5) (Fig. 5B).

3.3. Effect of angiotensin II- and endothelin-1 on the

phosphorylation of p44/42 MAP kinases in cultured vascular

smooth muscle cells and in aortic strips (Figs. 6 and 7)

The activation of p44/42 MAP kinases by stimulation

with angiotensin II and endothelin-1 was examined in

cultured vascular smooth muscle cells. The activation status

of p44/42 MAP kinases was determined by Western blot

analysis with phospho-specific antibody to p44/42 MAP

kinases. Stimulation with angiotensin II (100 nM) or endo-

thelin-1 (10 nM) for 5 min increased the phosphorylation of

p44/42 MAP kinases in cultured vascular smooth muscle

cells (Fig. 6). Pretreatment with MEK inhibitors PD98059

(10 AM) as well as U0126 (10 AM) inhibited the phosphor-

ylation of p44/42 MAP kinases induced by angiotensin II

and endothelin-1.

To elucidate whether phosphorylation of p44/42 MAP

kinases was contributing to the agonists-induced aortic

contraction in vivo, angiotensin II- and endothelin-1-

induced phosphorylation of p44/42 MAP kinases was

determined in aortic strips incubated under a physiological

condition in an organ bath. Stimulation with angiotensin II

as well as endothelin-1 for 5 min increased the activation of

p44/42 MAP kinases in rat aorta (Fig. 7). When the vessels

were preincubated with PD98059 and U0126, angiotensin

II- and endothelin-1-induced phosphorylation of p44/42

MAP kinases was inhibited.

4. Discussion

In this study, involvement of tyrosine kinase and MAP

kinases in the angiotensin II- and endothelin-1-induced

contraction in rat aorta was investigated. First, we examined

the effect of genistein, a nonselective tyrosine kinase inhib-

itor, on the angiotensin II- and endothelin-1-induced con-

traction. As shown in Figs. 1 and 3, genistein (10 AM)

inhibited the angiotensin II- and endothelin-1-induced con-

traction, while the high K + -induced contraction was not

significantly reduced by 10 AM genistein (Fig. 2). However,

a higher concentration (30 AM) of genistein inhibited the

high K + -induced contraction. These findings are consistent

with a previous study in which 10 AM of genistein did not

inhibit the high K + -induced contraction (Abebe and

Agrawal, 1995). These results suggest that a tyrosine

kinase-dependent pathway which does not influence the

voltage-dependent Ca2+ channel is involved in angiotensin

II- and endothelin-1-induced contraction. In contrast to our

present results, Watts et al. (1998) reported previously that

genistein did not inhibit the angiotensin II-induced vaso-

contraction in rat aorta. However, in that experiment, the

concentration of genistein that they utilized (5 AM) was

lower than what we used. Actually, when a lower concen-

tration of genistein (1–3 AM) was pretreated, the contractile

response to angiotensin II was not significantly different

from the control response in our present study (Fig. 1A). In

addition, angiotensin II was applied cumulatively to deter-

mine the concentration–response curve in the previous

Fig. 6. Effects of angiotensin II (100 nM) and endothelin-1 (10 nM) on the

phosphorylation of p44/42 MAP kinases in cultured aortic vascular smooth

muscle cells. MEK inhibitors PD98059 (10 AM) as well as U0126 (10 AM)

were added 15 min before stimulation with agonists. The experiment was

repeated at least three times with similar results. The degree of

phosphorylation of MAP kinases was determined by Western blot analysis

with phospho-specific antibody against MAP kinases as described in

Materials and methods. PD: PD98059, U: U0126.

Fig. 7. Effects of angiotensin II (100 nM) and endothelin-1 (10 nM) on the

phosphorylation of p44/42 MAP kinases in rat thoracic aorta incubated

under a physiological condition. MEK inhibitors PD98059 (10 AM) as well

as U0126 (10 AM) were added 15 min before stimulation with agonists. The

experiment was repeated at least three times with similar results. The degree

of phosphorylation of MAP kinases was determined by Western blot

analysis with phospho-specific antibody against MAP kinases as described

in Materials and methods. PD: PD98059, U: U0126.
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study. On the other hand, angiotensin II was added in a

single dose (100 nM) in this study because the contractile

response of angiotensin II exhibited an apparent tachyphy-

laxis in rat aorta. These differences in experimental con-

ditions may account for the discrepancy between results of

other groups and ours.

It is not fully understood how tyrosine kinase activation

induces vascular contraction. One possibility is an effect of

tyrosine kinase on calcium sensitivity of smooth muscles. In

intact artery, tyrphostin A23 inhibited endothelin-1-induced

contraction, and in rat mesenteric arteries permeabilized

with Staphylococcus a-toxin, endothelin-1 increased cal-

cium sensitivity of contractile apparatus through tyrosine

kinase activation (Ohanian et al., 1997). Alternatively,

tyrosine kinase has been considered to modulate L-type

Ca2+ channels. Angiotensin II- and endothelin-1-induced

contractions are dependent on the elevated intracellular

Ca2+ concentration via activation of L-type Ca2+ channels

(Jackson and Garrison, 1995). Actually, in our previous

study, angiotensin II- and endothelin-1-induced contractions

were strongly inhibited in Ca2+ -free solution, and a volt-

age-dependent Ca2+ channel inhibitor verapamil inhibited

the angiotensin II- and endothelin-1-induced contractions

(Katano et al., 1998). These results suggest that influx of

external Ca2+ through Ca2+ channels plays an important

role in angiotensin II- and endothelin-1-induced contrac-

tions. It may be possible that tyrosine kinases directly

activate L-type Ca2+ channels (Suzuki et al., 1996). In this

study, however, 30 AM of genistein significantly inhibited

the high K + -induced contraction (Fig. 2), while 10 AM of

genistein by which angiotensin II-induced contraction was

significantly inhibited did not attenuate the high K + -

induced contraction (Figs. 1 and 2). Therefore, it is sug-

gested that higher concentration (30 AM) of genistein

inhibited not only tyrosine kinases but also L-type Ca2+

channels, while 10 AM of genistein selectively inhibited

tyrosine kinases without modulating L-type Ca2+ channels.

This implication was supported by the experiment with

daidzein, an inactive analogue of genistein (Fig. 1B).

Angiotensin II- and K + -induced contractions were not

inhibited by 10 AM of daidzein, while a higher concen-

tration (30 AM) of daidzein strongly inhibited the contrac-

tion (Fig. 1B). These results suggest that 30 AM of

genistein had nonspecific effects other than tyrosine kinase

inhibition. In addition, when genistein and verapamil were

pretreated together, the angiotensin II-induced contraction

was attenuated more extensively than that pretreated with

verapamil alone. These results suggest that activations of

tyrosine kinase and L-type Ca2+ channel are not linked

directly.

In this study, we examined the effects of MEK inhibitors

on angiotensin II- and endothelin-1-induced contractions.

MEK1/2 phosphorylate and activate p44/42 MAP kinases

which play an important role in cell growth and proliferation

(Watts, 1996). There are evidences that stimulation of

several G-protein coupled receptors resulted in an activation

of p44/42 MAP kinases in cultured cells. For example,

histamine H1 receptor activation time- and concentration-

dependently stimulated MAP kinases through a pertussis

toxin-sensitive way in DDT1MF-2 cells. The activation was

blocked by kinase inhibitors including PD98059 and gen-

istein (Robinson and Dickenson, 2001). In rat aortic vas-

cular smooth muscle cells, angiotensin II-activated MAP

kinases are reported to be involved in cell proliferation

(Duff et al., 1992; Molloy et al., 1993; Schmitz et al., 1998).

Furthermore, consistent with our present results that endo-

thelin-1 could induce p44/42 MAP kinase activation in rat

aortic vascular smooth muscle (Fig. 6), stimulation of

endothelin receptors activated MAP kinases in intact canine

pulmonary artery smooth muscle (Yamboliev et al., 1998)

and in cultured porcine aortic vascular smooth muscle cells

(Chevalier et al., 2000). In addition to the phosphorylation

in cultured vascular smooth muscle cells, we revealed that

these agonists could stimulate p44/42 MAP kinase activa-

tion in intact vessels under a physiological condition (Fig.

7). Recently, it has been reported that 5-HT-induced con-

traction was dependent on tyrosyl phosphorylation of MAP

kinase in rat aorta and tail artery (Florian and Watts, 1998).

Indeed, we also observed previously that the aortic contrac-

tion induced by 5-HT was attenuated by pretreatment with a

MEK inhibitor (unpublished data). Furthermore, tyrphostin

A23 and PD98059 inhibited the angiotensin II-induced

formation of second messengers and vasocontraction in

human small arteries (Touyz et al., 1999). However, another

study in which PD98059 was used as a MEK inhibitor

showed the dissociation of the angiotensin II-induced phos-

phorylation of MAP kinase from aortic contraction (Watts et

al., 1998). In addition, PD98059 did not reduce histamine

and phorbol 12, 13-dibutyrate-elicited contraction in intact

swine carotid artery (Gorenne et al., 1998). In our present

study, a possible role of MAP kinase in vascular contraction

was investigated by using another newer MEK inhibitor,

U0126 (Duncia et al., 1998; Favata et al., 1998) in addition

to PD98059 (Pang et al., 1995). U0126 is demonstrated to

inhibit both MEK1 and MEK2 in a specific manner with

IC50 of 60–70 nM (Duncia et al., 1998). Because it has been

reported that PD98059 and genistein could inhibit L-type

Ca2+ channels (Wijetunge et al., 1992; Ekinci et al., 1999),

it is important to make sure that the inhibitory effect of

PD98059 was mediated through its direct action on MEK,

especially when it was used in a high concentration. In this

study, the high K + -induced contraction was not attenuated

by low concentration of PD98059 (10 AM), while both the

angiotensin II- and endothelin-1-induced contractions were

significantly inhibited by 10 AM of PD98059 (Fig. 4). The

angiotensin II- and endothelin-1-induced contractions were

also inhibited by pretreatment with U0126 (Fig. 5). As

shown in Fig. 7, stimulation with angiotensin II as well as

endothelin-1 increased the phosphorylation of p44/42 MAP

kinases in intact aorta. The aortic phosphorylation of p44/42

MAP kinases was inhibited by pretreatment with PD98059

or U0126. These results suggest that activated MAP kinase
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may be involved in the vascular contraction evoked by

angiotensin II and endothelin-1.

The downstream signaling of MAP kinase activation to

vasocontraction is not clear. One possible substrate in

smooth muscle is a thin-filament binding protein caldesmon,

which phosphorylation is suggested to be regulated by MAP

kinase (Katoch and Moreland, 1995; Pohl et al., 1997;

Dessy et al., 1998). Caldesmon blocked the binding of

myosin to actin and inhibited actin-dependent myosin

ATPase activity, while the phosphorylated caldesmon

reversed the inhibition to increase muscle tension (Zhang

et al., 1994). However, the role of MAP kinase–caldesmon

pathway in vascular smooth muscle contraction is contro-

versial. For example, there are evidences that activated

MAP kinase does not lead to disinhibition of actin–myo-

sin-activated ATPase activity in vitro (Krymsky et al.,

1999). In addition, phosphorylation of caldesmon neither

induced contraction nor affected the Ca2+ -sensitivity in

permeabilized smooth muscle (Nixon et al., 1995). Alter-

natively, Na + /H + exchanger may be another target of MAP

kinase for vascular contraction. Stimulation of Na + /H + -

exchanger-1 by angiotensin II is reported to be an early

event that is required for vascular contraction as well as

smooth muscle cell growth (Berk et al., 1988; Berk and

Corson, 1997). Because MAP kinase can regulate the p90

ribosomal S6 kinase activity, and p90 ribosomal S6 kinase

phosphorylates Na + /H + -exchanger-1 (Takahashi et al.,

1997), it appears likely that MAP kinases are important in

regulating angiotensin II-mediated Na + /H + -exchanger-1

activation (Wang et al., 1997; Kusuhara et al., 1998). The

exact role of caldesmon as well as Na + /H + -exchanger-1 in

vascular smooth muscle contraction still needs to be deter-

mined.

The agonists-induced contraction may be affected by

genistein and MEK inhibitors through influencing the phos-

phorylation level of smooth muscle surface receptors.

Indeed, it is reported that surface receptors are phosphory-

lated by activation of tyrosine kinase and MAP kinases to

modulate the receptor signaling. For example, angiotensin II

caused phosphorylation of AT1 receptors via MAP kinases

in neuronal cultures of rat brains, and PD98059 attenuated

the angiotensin II-induced AT1 receptor phosphorylation

(Yang et al., 1997). In HEK293 cells, PD98059 not only

prevented MAP kinase activation but also inhibited agonist-

promoted A-opioid receptor phosphorylation (Schmidt et al.,

2000). Although receptor phosphorylation may be involved

in the process of the uncoupling of receptors to effectors or

desensitization in these cases, it is possible that modulation

of receptor phosphorylation by genistein and MEK inhib-

itors may lead to the attenuation of angiotensin II- and

endothelin-1-induced aortic contraction.

In conclusion, in this study, we examined whether

tyrosine kinases and MAP kinases are involved in the

development of force of contraction by angiotensin II and

endothelin-1 in rat intact aorta. A tyrosine kinase inhibitor

genistein as well as MEK inhibitors PD98059 and U0126

significantly attenuated the angiotensin II- and endothelin-1-

induced contraction. Angiotensin II and endothelin-1-

induced phosphorylation of MAP kinases in the intact aorta

was inhibited by PD98059 and U0126. It is suggested that

tyrosine kinases and MAP kinases play, at least in part, a

physiological role in the angiotensin II- and endothelin-1-

induced contraction in rat aorta.
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