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ABsTRACT. The contribution of the mitogen-activated protein kinase (MAPK) pathway to the relaxation induced by tamoxifen, a synthetic
non-steroidal anti-estrogen, was examined in rat vascular smooth muscle. Tamoxifen (0.1-300 uM) inhibited the contraction induced
by endothelin-1 (ET-1, 3 nM) in aortic smooth muscle in a concentration-dependent manner. The inhibitory effect of tamoxifen wa s not
attenuated by 10 uM ICI 182,780, a selective antagonist of estrogen receptors. In the Ca?* channel inhibitor verapamil (1 uM)-pretreated
strips, tamoxifen aso inhibited the contraction induced by ET-1. Both PD098059 and SB203580, inhibitors of MAPK/extracdlular sig-
nal-regulated kinase (ERK) kinase and p38 MAPK, respectively, inhibited ET-1-induced contraction in aortic smooth muscle. In Western
blot analysiswith anti-phosphorylated MAPK antibodies, ET-1 (3 nM) enhanced activities of both ERK1/2 and p38 MAPK in aortic mus-
cle strips, which were not atenuated by the treatment with 4 mM EGTA. Tamoxifen (100 uM) inhibited the activities of ERK1/2 and
p38 MAPK induced by ET-1 without significant changes in the expression of these kinases. These results suggest that tamoxifen nduces
relaxation of rat vascular smooth muscle, and that this s, at least in part, mediated by the inhibition of the Ca?*-independent MAPK path-

way.
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Tamoxifen is a synthetic non-steroida anti-estrogen that
has arole similar to estrogen, including vasorelaxation and
maintaining bone density [21]. Tamoxifen may protect
against cardiovascular diseases by exerting beneficial
effects, such as modifying of the composition of serum lipo-
protein levels [26], reducing homocysteine levels [2], and
reducing oxidation of low-density lipoproteins [32]. Fur-
thermore, tamoxifen has been shown to inhibit the contrac-
tile response of vascular smooth muscle, which may
partially account for the reduction in cardiovascular risk
[20]. Tamoxifen also inhibits Ca2* influx, which may be
one mechanism underlying the inhibitory effects of this
agent on vascular smooth muscle contraction [28].

Smooth muscle contraction is initially triggered by an
increase in intracellular Ca2* ([Ca?*];). Agonistic stimuli
and high-level K* increase [Ca?*]; and result in an initiation
of signal transduction in intracellular spaces. The increased
[Ca*]; bindsto calmodulin, aCa?*-binding protein, and sub-
sequently activates myosin light chain kinase (MLCK),
which results in the phosphorylation of myosin light chain
(MLC) and force development [12, 13]. However, the
increase in [Ca?*]; usually involves the activation of intra-
cellular protein kinase pathways. Thereare several families
of protein kinases activated by [Ca2*]; in smooth muscle
cells, including protein kinase C (PKC) and mitogen-acti-
vated protein kinase (MAPK), and these kinases are
believed to play important rolesin vascular contraction [16].
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MAPK is a family of serine/threonine-specific protein
kinases, consisting of three isoforms: extracellular signal-
regulated kinase (ERK), p38 MAPK, and stress-activated
protein kinase (SAPK)/c-Jun N-terminal kinase (INK) [22,
31]. ERK1/2 is activated by receptor agonists, including
angiotensin 1, phenylephrine, and endothelin-1 (ET-1),
which induce smooth muscle contraction [3, 4, 18, 29, 33].
There is accumulating evidence that the p38 MAPK path-
way, as well as ERK1/2, isclosely linked to the modulation
of the intensity of contraction in vascular smooth muscle
[19, 24]. Estrogen inhibitsthe contraction and MAPK activ-
ity in vascular smooth muscle [10], which may result in its
protective action on the cardiovascular system. Therefore, it
can be assumed that tamoxifen acts on the MAPK pathway
and tamoxifen-induced vasorelaxation is mediated by the
inhibition of MAPK. However, the effect of tamoxifen on
the MAPK pathways has not been elucidated in vascular
smooth muscle.

In the present study, we determined whether tamoxifen
induces vasorel axation viainhibition of the MAPK pathway
in rat vascular smooth muscle.

MATERIALS AND METHODS

Preparation of muscle strips and measurement of isomet-
ric contraction: All experiments were performed in accor-
dance with the institutional guidelines of Konkuk
University, Seoul, Korea. Male Sprague-Dawley rats (190—
200 g) were used for thisstudy. Rats were stunned and bled;
the thoracic aorta was isolated, and cut into strips (2-3 mm
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wide). The endothelium was removed by gently rubbing the
inner surface of the vessel with a cotton thread moistened

with physiological salt solution (in mM: NaCl 136.9, KCl

5.4, CaCl, 1.5, MgCl, 1.0, NaHCO; 23.8, glucose 5.5, and

EDTA 0.01). Stripswereattached to aholder with aresting
tension of 10 mN. After equilibration for 20 minin a phys-

iological salt solution, strips were repeatedly exposed to a
70 mM K* solution until the response became stable. The
high concentration of K* was prepared by replacing the
NaCl in the physiological salt solution with equimolar

amount of KCI. These solutions were saturated with amix-

ture of 95% O, and 5% CO, at 37°C and pH 7.4. Muscle
contraction was recorded isometrically with a force-dis-

placement transducer (FTO3, Grass, RI, U.S.A.) connected

to a recording system (ADInstrument, Sydney, Austraia)

[17].

Measurement of MAPK activity: Aortic strips were iso-
lated and prepared as described for the contraction measure-
ment experiments and were snap-frozen in liquid N, after
treatment with various stimulants for different times. The
strips were then homogenized in sample buffer containing
50mM Tris-HCI (pH 7.4), 5 mM EGTA, 20 mM S-glycero-
phosphate, 1 MM NaF, 2 mM NaV Oy, 5 ug/ml aprotinin, 5
UM leupeptin, 1% Triton-X 100, 10% glycerol, 300 uM
phenylmethylsulfonyl fluoride, 5 mM dithiothreitol, and
150 mM NaCl. The homogenate was centrifuged at 14,000
x g for 10 min at 4°C and the supernatant was collected [4,
14, 19]. Protein concentrations were determined using a
protein assay kit (BioRad, Hercules, CA, U.S.A.), utilizing
a colorimetric assay. Samples were diluted 1:1 (vol:vol)
with sodium dodecyl sulfate (SDS) sample buffer contain-
ing 40 mM Tris-HCI (pH 6.8), 8 mM EGTA, 4% 2-mercap-
toethanol, 40% glycerol, 0.01% bromophenol blue, and 4%
SDS, and then boiled for 5 min. Equal amounts (30-50 ug/
lane) of protein were separated on a 10% SDS-polyacryl-
amide gel. Electrophoretically separated proteins were
transferred to a polyvinylidene fluoride membrane (Amer-
sham, Buckinghamshire, U.K.). Membranes were incu-
bated for 60 min in phosphate-buffered saline containing
0.1% Tween 20 and 5% non-fat dried milk, then incubated
with individual rabbit anti-MAPK antibodies diluted
1:1,000-5,000 overnight at 4°C. Following incubation with
horseradi sh peroxidase-conjugated anti-rabbit 1gG (1:1,000)
for 60 min, blots were devel oped using an enhanced chemi-
luminescence detection system (Amersham). Antibody-
specific bands were quantified using an image analyzer
(BioRad).

Materials: Polyclona anti-phosphorylated and anti-non-
phosphorylated ERK1/2 antibodies, Triton-X 100, and
dithiothreitol were purchased from Promega (Madison, WI,
U.S.A.). Polyclona anti-phosphorylated and anti-nonphos-
phorylated p38 MAPK antibodies were purchased from Cell
Signaling (Beverly, MA, U.S.A.). ET-1, 17f3-estradiol, ver-
apamil, NaF, B-glycerophosphate, NagV O,, aprotinin, leu-
peptin, and phenylmethylsulfonyl fluoride were purchased
from Sigma (St. Louis, MO, U.S.A.). Tamoxifen, ICI
182,780, PD098059, and SB203580 were purchased from
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Tocris (Bristol, U.K.).

Data analysis. The results of experiments are expressed
as means = S.E.M. Unpaired Student’s t-tests were used to
compare the data of two groups. Vaues were considered
significantly different at P<0.05.

RESULTS

Effects of tamoxifen on ET-1-induced contractions:
Treatment with 3 nM ET-1 increased muscle contraction in
rat aortic muscle strips. The maximal contraction obtained
by 3 nM ET-1 was 65.7 £ 5.6% (n=10) of the 70 mM K™*-
induced contraction. Tamoxifen inhibited the contraction
induced by ET-1 in a concentration-dependent manner (Fig.
1). Tamoxifen at 1 uM and 100 uM did not evoke any
changes in the basa tone of muscle strips (data not shown,
n=4). ET-1 (3 nM)-induced contraction was reduced by the
pretreatment with the Ca?* channel inhibitor verapamil 1
UM for 30 min (28.6 * 1.8% of the 70 mM K*-induced con-
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Fig.1. Effects of tamoxifen on ET-1-induced contraction in rat

aortic smooth muscle. (A) Aortic strips were repeatedly stimu-
lated with 70 mM K* and then contracted with ET-1 (3 nM),
and tamoxifen (0.1-300 uM) were then applied cumulatively.
(B) Concentration-dependent responses to tamoxifen on the
contraction induced by ET-1. The maximum contraction of
ET-1 before the application of tamoxifen was defined as 100%.
Each point represents the mean + SE.M. of 10 experiments.
(C) Strips were treated with 1 uM verapamil for 30 min and
then contracted with ET-1 (3 nM), and tamoxifen was then
added cumulatively. Typica recordings obtained from 4 inde-
pendent experiments.
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traction, n=4), and the contraction wasinhibited by the treat-
ment of 300 uM tamoxifen in rat aortic muscle strips (Fig.
10).

Effects of inhibitors on ET-1-induced contractions: To
determine whether tamoxifen-induced inhibition is medi-
ated by an estrogen receptor pathway, the effect of estrogen
receptor antagonists on the inhibition was determined. Aor-
tic smooth muscle was pretreated with the sel ective estrogen
receptor antagonist 1CI 182,780 (10 uM) for 20 min and
then stimulated with 3 nM ET-1, and tamoxifen (or 17p-
estradiol) was then added cumulatively. 1Cl 182,780 did not
affect the basal tone of muscle strips. Tamoxifen (0.1-100
uM) inhibited the ET-1-induced contraction in the IClI
182,780-pretreated strips, and the inhibition was not signifi-
cantly different from control (Fig. 2A). In contrast, treat-
ment with 178-estradiol (0.1-100 uM) also inhibited the
contraction elevated by 3 nM ET-1 in a concentration-
dependent manner. The inhibitory effect of 17p-estradiol
was significantly reversed by pretreatment with ICI 182,780
(Fig. 2B). To determine the involvement of the MAPK
pathway in ET-1-induced responses, inhibitors of the
MAPK pathway were tested by examining their effect on
the contraction of aortic smooth muscle. As shown in Fig.
2C, PD098059 (0.1-100 uM), an inhibitor of MAPK/ERK
kinase, was found to inhibit the contraction induced by 3 nM
ET-1 in a concentration-dependent manner. SB203580
(0.1-100 uM), an inhibitor of p38 MAPK, inhibited the ET-
1-induced contraction in the strips (Fig. 2C).

Effect of tamoxifen on MAPK activity: We examined the
effects of tamoxifen on the activities of ERK1/2 and p38
MAPK. The activity of MAPK was measured in rat aortic
smooth muscle using Western blot analysis with anti-phos-
phorylated MAPK antibodies. ET-1 (3 nM) increased the
phosphorylation of ERK1/2, which reached a maximum at
15 min (172.2 £ 13.9% of control, n=4, P<0.05), and this
high-level was retained for 60 min. Treatment with tamox-
ifen (100 uM) for 45 min reversed the ET-1-induced phos-
phorylation of ERK 1/2 to the non-stimul ated levels (109.5+
8.4% of control, n=4, P>0.05). In the absence of ET-1,
tamoxifen (100 uM) did not induce any changes of ERK1/2
phosphorylation (Fig. 3). EGTA (4 mM) did not alter the
activity of ERK1/2 increased by 3 nM ET-1 (Fig. 3C). The
total expression of ERK1/2, determined using an anti-non-
phosphorylated ERK1/2 antibody, was not altered by the
treatment with ET-1 or tamoxifen (Fig. 3A). ET-1 (3 nM)
also increased the phosphorylation of p38 MAPK, with
maximal phosphorylation being obtained at 15 min (258.5+
61.4% of control, n=4, P<0.05) and the level being reduced
at 60 min (211.6 % 56.4% of control, n=4, P>0.05). Tamox-
ifen (100 uM) inhibited the phosphorylation of p38 MAPK
induced by ET-1 in aortic smooth muscle (101.2 + 14.9% of
control, n=4, P>0.05). In the absence of ET-1, tamoxifen
(100 uM) did not induce any changes of p38 MAPK phos-
phorylation (Fig. 4). Treatment with EGTA (4 mM) did not
alter the activity of p38 MAPK induced by 3nM ET-1(Fig.
4C). Thetotal expression of p38 MAPK, using an anti-non-
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Fig. 2. Effects of tamoxifen and MAPK inhibitors on ET-1-

induced contraction in rat aortic smooth muscles. Muscle
strips were pretreated without or with 10 uM 1Cl 182,780 for
20 min, and then contracted with 3 nM ET-1. After ET-1-
induced contraction was confirmed, tamoxifen (0.1-100 uM,
A) and 17p-estradiol (0.1-100 uM, B) were added cumula-
tively. (C) The muscle strips contracted by 3 nM ET-1 were
cumulatively treated with 0.1-100 uM PD098059, an inhibi-
tor of MAPK/ERK kinase, or 0.1-100 uM SB203580, an
inhibitor of p38 MAPK. The contractile level of ET-1 before
the treatment with inhibitors was defined as 100%. Each point
represents the mean + SE.M. of 5 experiments. * P<0.05
between control and I1Cl 182,780-treatment strips.

phosphorylated p38 MAPK antibody, was not altered by
treatment with 100 uM tamoxifen (Fig. 4A).



1158

200 1 *

150 1

100 1

Activity (%)

50 1

0
ET-1 (15 min) - - + - -
ET-1 (60 min) - - - +
Tamoxifen 45 min) - + - - +

C pERK
p-ERK2

+ +
- +

ET-1 (15 min)
EGTA (45 min)

Fig. 3. Effects of tamoxifen on ET-1-induced ERK1/2
activity in rat aortic smooth muscle. Aortic strips were
treated with 3 nM ET-1 for 15 min or 60 min. Strips stim-
ulated with ET-1 for 15 min were additively exposed to
tamoxifen (100 uM) or EGTA (4 mM, panel C) for 45
min. Samples for Western blot analysis were prepared as
described in “Materials and methods’. The total expres-
sion and phosphorylation of ERK 1/2 during the treatments
were measured using anti-nonphosphorylated (upper
panel) and anti-phosphorylated (lower panel) ERK1/2
antibodies, respectively. (B) Statistical results of levels of
ERK1/2 phosphorylation in muscle strips were obtained
from 4 independent experiments. The level of phosphory-
lated ERK1 plus ERK 2 in the absence of ET-1 and tamox-
ifen was defined as 100%. * P<0.05 versus control. #
P<0.05 between ET-1 and ET-1 plus tamoxifen. p-ERK,
phosphorylated ERK.

DISCUSSION

In the present study, we showed that tamoxifen inhibited
the contraction induced by ET-1 in rat aortic smooth muscle.
Furthermore, we demonstrated that ET-1 stimulated both
ERK1/2 and p38 MAPK activities and tamoxifen inhibited
the MAPK activities. The inhibitors of MAPK/ERK kinase
and p38 MAPK inhibited the contractile response in aortic
smooth muscle, as was shown previously [9, 18], implying
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Fig. 4. Effects of tamoxifen on ET-1-induced p38 MAPK
activity in rat aortic smooth muscle. The total expression
and phosphorylation of p38 MAPK during the treatments
were measured using anti-nonphosphorylated (upper
panel) and anti-phosphorylated (lower panel) p38 MAPK
antibodies, respectively. For further explanation, see leg-
end to Fig. 3. (B) Statistical results were obtained from 4
independent experiments. p38, p38 MAPK; p-p38, phos-
phorylated p38 MAPK.

that p38 MAPK, as well as ERK1/2, participates in ET-1-
induced smooth muscle contraction [1, 7, 11, 19]. Taken
together, we concluded that the inhibiting effects of tamox-
ifen may be, at least in part, mediated by the inhibition of the
MAPK pathwaysin vascular smooth muscle.

There are several reportsthat tamoxifen has an inhibitory
effect on the contraction of vascular smooth muscle [6, 25,
28]. Tamoxifen produces a direct reduction of inward Ca?*
currents through L-type Ca2* channels in isolated smooth
muscle cells [25]. In smooth muscle, the elevation of con-
traction is associated with the increasesin [Ca?*]; and MLC
phosphorylation [12, 13, 17]. The inhibitory effects of
tamoxifen on the Ca?* current may contribute to the inhibi-
tion of the Ca**/MLCK/MLC phosphorylation pathway. In
the present study, tamoxifen inhibited ET-1-induced con-
traction in the verapamil-pretreated muscle strips. The
MAPK activity, both ERK1/2 and p38 MAPK, was not
inhibited by the extracellular Ca?* exclusion, implying that
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the activity is regulated by a Ca?*-independent mechanism.
Thisresult is consistent with the findings of an earlier study
[15]. Moreover, it hasbeen reported that PD098059 reduces
vascular contraction induced by receptor agonists but not
high-level K* [30]. Previously, we showed that MAPK is
involved in smooth muscle contraction without the incre-
ment of ML C phosphorylation [19], which may result from
activating heat shock protein and inhibiting the action of
caldesmon [8, 33]. Moreover, these molecules may partici-
pate to the Ca?*-senditization, a Ca?*-independent contrac-
tion in smooth muscle [13]. These results suggest that
tamoxifen may inhibit both Ca2* entry through plasma
membrane and Ca?*-independent MAPK pathway, resulting
in the relaxation in vascular smooth muscle.

Epidemiological evidence suggests that tamoxifen has a
protective effect on the cardiovascular system, whichissim-
ilar to the effect of estrogen. The effect of tamoxifen on car-
diovascular disease may partially depend on its direct
effects on the relaxation of vascular smooth muscle[20]. In
the present study, 17-estradiol induced vasorelaxation by
its non-genomic effect [27], and the inhibition was signifi-
cantly recovered by treatment with the estrogen receptor
antagonist ICI 182,780 [5]. Furthermore, estrogen also
inhibited cell proliferation by inhibiting MAPK activity in
vascular smooth muscle [23, 35]. In contrast, the inhibition
of contraction by tamoxifen was not reversed by the estro-
gen receptor antagonist. These resultsimply that tamoxifen
induces vasorel axation by a non-estrogen receptor pathway,
although it may act on a similar site to estrogen, e.g., the
MAPK pathway.

In conclusion, the present study showed that tamoxifen
induces vasorelaxation and the inhibition of MAPK in rat
aortic smooth muscle. Therefore, it has been suggested that
tamoxifen-induced vasorelaxation may be, at least in part,
mediated by the inhibition of MAPK in vascular smooth
muscle.
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