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Abstract

The anti-atherosclerosis mechanisms of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) occur via both
cholesterol-dependent and cholesterol-independent mechanisms. The present study used aortic and cerebral vascular smooth muscle
cells (SMC) from rat to investigate whether atorvastatin and mevastatin affect basic fibroblast growth factor (bFGF)-induced SMC
proliferation and the mRNA expression of endothelin A (ET,) and endothelin B (ETg) receptors. Cell proliferation was assessed by MTT
and real-time PCR was used to quantify ET, and ETg receptor mRNA. bFGF-induced concentration and time dependent SMC
proliferation and up-regulation of the mRNA expression of ET, and ETg receptors. The 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors inhibited bFGF-induced proliferation of SMC (P < 0.01). In aortic SMC atorvastatin and mevastatin significantly
inhibited bFGF-induced mRNA expression of endothelin ET, and ETg receptors (P < 0.05). Although in cerebral SMC the inhibitory
effect of the statins was comparable in size with that seen in aortic SMC, only reached borderline significance (P = 0.06) for ET4 receptor
mRNA but not for ETg. The findings suggested a direct effect of statins on the vascular wall beyond their well-known lipid lowering effect
in anti-atherosclerosis. Furthermore, the specific antagonists of ET, and ETg receptors (FR139317 and BQ788, respectively) significantly
inhibited bFGF-induced SMC proliferation (P < 0.001). The results suggested that endothelin receptors and the mevalonate pathway

were involved in bFGF-induced SMC proliferation.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Proliferation of SMC is one of the key elements in the
development of atherosclerotic lesions [1]. bFGF and ET-1
derived from vascular intimal endothelial cells have been
implied to regulate medial SMC proliferation which reg-
ularly is seen in atherosclerosis, restenosis, and vascular
replication after stroke; this occurs via autocrine and
paracrine mechanisms [2,3].

The beneficial effect of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors (statins)
in anti-atherosclerosis is mainly considered as due to their
ability to reduce cholesterol biosynthesis [4]. Clinic trials
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of statins have demonstrated an improvement in cardio-
vascular end-points [5]. However, the improvement in
cardiovascular end-points is incompletely explained by
the reduction of LDL cholesterol [5,6]. Recent studies
have suggested that statins have additional benefits beyond
their lipid lowering properties in protection against ather-
osclerosis [6,7]. Such nonlipid mechanisms may involve:
(i) up-regulation of endothelial nitric oxide synthase and
down-regulation of inducible nitric oxide synthase [8,9];
(i1) attenuation of inflammatory responses to cytokines
[9,10]; (iii) influence on vascular cell migration [11],
proliferation [12,13], and adhesion molecule expression
[14]; and (iv) reduction of lipoprotein oxidation and ame-
lioration of free radical injury [15,16].

Studies have revealed that statins may directly reduce
vascular SMC proliferation [12,13]. Statins inhibit the
conversion of HMG-CoA to mevalonate, which is a
rate-limiting step of in vivo cholesterol biosynthesis
[17,18]. However, mevalonic acid is the precursor not only
for cholesterol synthesis, but also for many nonsteroidal
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isoprenoid compounds [6]. Hence, statins may have a
direct effect on the arterial wall in addition to their lipid
lowering properties, which may contribute to the anti-
atherosclerotic benefits. However, in contrast to their lipid
lowering ability, the direct effect of statins on the arterial
wall is less well-studied. Statins reduce the production of
isoprenoids and mevalonate when they inhibit cholesterol
biosynthesis. Early intermediates of cholesterol synthesis
and isoprenylated proteins are necessary for cell prolifera-
tion and other important cell functions, and their metabo-
lism needs to be increased during cell activation.

Both bFGF and ET-1 are important mitogenic factors in
atherosclerosis and restenosis. They may act via autocrine/
paracrine mechanisms and are evoked in the process of
arterial wall injury, myocardial infarction and stroke. Local
bFGF and ET-1 production from arterial mural cells could
contribute to the formation of atherosclerosis, restenosis,
and SMC replication. Studies have demonstrated that
isoprenoids and mevalonate are important mitogenic sig-
naling molecules [12] that act on ras-MAPK [10]. This
signal transduction pathway contributes to cell prolifera-
tion [19] and to the expression of receptors [19,20]. There-
fore, the present study was designed to investigate whether
atorvastatin and mevastatin can affect bFGF-induced pro-
liferation and mRNA expression of ET4 and ETj receptors
in vascular SMC.

2. Materials and methods
2.1. Chemicals

bFGF (GibcoBRL), epidermal growth factor (Gib-
coBRL), atorvastatin (Pfizer), mevastatin (Sigma), collage-
nase/dispase (Roche), penicillin, and streptomycin
(GibcoBRL), FR139317 and BQ788 (Sigma).

Atorvastatin, mevastatin, bFGF, FR139317 and BQ788
were prepared following the instructions from the compa-
nies and finally dissolved in phosphate-buffered saline
(PBS) (GibcoBRL) containing 0.1% bovine serum albumin
(BSA). PBS containing 0.1% BSA treated identically but
without the above reagents served as controls.

2.2. Culture of vascular SMC

Male Sprague—Dawley rats (body weight 160 g) were
anesthesed by CO,, the animals rapidly decapitated and the
brains removed carefully. The whole brain was gently
homogenized in PBS with a glass homogenizer several
times. Cerebral vessels were then isolated by 15% dextran
density centrifugation at 3500 g for 45 min. The cerebral
vessels were collected from the bottom of the centrifugation
tubes and incubated with collagenase/dispase (1 mg/mL) at
37° for 1 hr. The collagenase/dispase was removed by
centrifugation 2000 g for 10 min. The segments of cerebral
vessel were then explanted into Dulbecco’s modified Eagle’s

medium (DMEM) (GibcoBRL) to grow cerebral SMC [21].
The DMEM was supplemented with 10% fetal bovine serum
(GibcoBRL, heated inactivated, Batches No. 10108-165),
bFGF, 2 ng/mL; EGF, 5 ng/mL; penicillin, 100 U/mL; and
streptomycin, 100 pg/mL. Subcultures were obtained by use
of 0.25% trypsin—1 mM EDTA (GibcoBRL).

Rat aortic SMC (RASMC) were grown as previously
described with a slight modification [22]. Shortly, aortic
endothelium was removed by scraping the intimal surface
with a surgical blade. The medial layer of the aortic wall was
removed and cut into 1 mm x 1 mm segments. The seg-
ments were grown in the same medium as mentioned before.

SMC were cytochemically identified with a fluorescent
microscope by more than 95% positive reaction of immu-
nofluorescent staining with a monoclonal antibody (mouse
IgG) against alpha-smooth muscle actin and a secondary
antimouse antibody labeled with FITC (Boehringer Man-
nheim), and in addition with a typical ‘“‘hill and valley”
growth pattern. Cell viability was checked through all
experiments by trypan blue (GibcoBRL) exclusion
(>95%). SMC from passage 5 to 15 were used for the
experiments.

2.3. Assay of cell proliferation

SMC proliferation was assayed using a cell proliferation
kit (MTT) (Boehringer Mannheim) [23]. Briefly, the cells
were seeded in a 96-well plate (Falcon) at a density of about
4000 cells in 100 pL of 10% FBS supplied DMEM medium
and incubated at 37°, 5% CO, for 24 hr. The medium was
then changed to serum free (SF) DMEM and incubated for
another 24 hr to arrest cell growth. After the 24 hr of SF
starvation, atorvastatin (0.5-2 uM), and mevastatin (25—
100 uM ) were added 4 hr before bFGF [24]. The concen-
tration of atorvastatin is comparable to the plasma con-
centration used clinically [25]. The stimulus, bFGF, was
added into the cultures for 2448 hr of incubation. Control
cultures received the same volume of PBS containing 0.1%
BSA. At the last 4 hr of the 2448 hr incubation, 10 uL of
the MTT labeling reagent was added into each well. At the
end of 2448 hr of incubation, 100 pL of the solubilization
solution (supplied in the kit) was added into each well, and
the plate allowed to stand overnight in humidified incubator
at 37°. The dissolved purple formazan was read in an
ELISA reader (Titertek™ Multiskan). All experiments were
performed at least three times in more than triplicate in a
96-well plate. The results are presented as percent of SF.

2.4. Real-time quantitative RT-PCR

The 25-cm? flask (Falcon) subconfluent SMC were rinsed
with PBS twice and incubated with SF for 24-48 hr. After
the 2448 hr of SF starvation, bFGF 10 ng/mL was added to
SMC cultures for a further 1/2, 1, 3, and 6 hr of incubation. In
statin experiments, atorvastatin (2 ptM) or mevastatin
(100 uM) was added 4 hr before bFGF administration. At
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the end of the incubation, the SMC cultures were rinsed
twice with cold PBS and directly lysed in the TRIzol reagent
(GibcoBRL) for extraction of total mRNA. Real-time quan-
titative reverse transcription (RT)-PCR was used to quantity
ET, and ETg receptor mRNA in the sample. Identical
experiments were repeated four to six times.

2.4.1. Total RNA isolation

After the SMC had been lysed in the TRIzol reagent, total
RNA was extracted with chloroform/TRIzol reagent (1:5)
and precipitated using isopropyl alcohol [26]. The final pellet
was washed with 75% ethanol and dissolved in diethy-
pyrocarbonate-treated nuclease-free water (Promega).

2.4.2. Reverse transcription

Reverse transcription of total RNA to cDNA was carried
out using the Gene Amp RT kit (PE Applied Biosystems) in
a Perkin-Elmer 2400 PCR machine at 42° for 30 min [27].

2.4.3. Real-time quantitative PCR for quantitating the
expression ET, and ETg receptor mRNA

The real-time quantitative RT-PCR was performed with
the GeneAmp SYBR Green PCR kit (PE Applied Biosys-
tems) in a Perkin-Elmer real-time PCR machine (PE, Gen-
eAmp 5700 sequence detection system) [28]. The system
automatically monitors the binding of a fluorescent dye to
double-strand DNA by real-time detection of the fluores-
cence during each cycle of PCR amplification. Specific
primers for rat ET, and ETg receptors were designed as
below:

5'-ATT GCC CTC AGC GAA
CAC-3’

5'-CAA CAA AGC AGA AAG
ACG GTC-3

5'-GAT ACG ACA ACT TCC
GCT CCA-3’

5'-GTC CAC GAT GAG GAC
AAT GAG-3'

ET4 receptor forward:
Reverse:
ETpg receptor forward:

Reverse:

The housekeeping gene, elongation factor-1 (EF-1),
mRNA continuously expressed to a constant amount in
the cells, was compared with the house keeping gene
[B-actin in a pilot study by real-time PCR (data not shown).
EF-1 was used as a reference in this study, but both were
equally well constant in the tests. Rat EF-1 primers were
designed as below:

EF-1 forward: 5'-GCA AGC CCA TGT GTG
TTG AA-3
Reverse: 5-TGA TGA CAC CCA CAG
CAA CTG-3

The PCR reaction was performed in a 50 pL volume and
started at a temperature of 50° for 2 min, 95° for 10 min,
and the following 40 PCR cycles with 95° for 15 s and 60°
for 1 min. Dissociation curves were run after the real-time

PCR, and no nonspecific amplification was detected in the
present study. All primers were designed using the Primer
Express 2.0 software (PE Applied Biosystems) and synthe-
sized by GibcoBRL Custom Primers (Life Technologies,
Inc.). The PCR products of ET, (64 bp), ETg (86 bp), and
EF-1 (96 bp) were visualized with agarose gel electrophor-
esis. To make a real-time RT-PCR standard curve, cDNA
from reverse transcription of total RNA was diluted with
the PCR buffer in three sequential log concentrations (1:0,
1:10, and 1:100).

Data were analyzed with the comparative cycle thresh-
old (CT) method. To evaluate the amount of ET, or ETg
receptor mRNA in a sample, EF-1 mRNA was assessed in
the same sample simultaneously. The CT values of EF-1
mRNA was used as a reference to quantity the relative
amount of ET, or ETg receptor mRNA. The relative
amount of mRNA was calculated with the CT values of
ET, or ETj receptor mRNA in relation to the CT values of
EF-1 mRNA in the sample.

2.5. Cell counting

Cells were staining with 0.2% trypan blue and counted
in a Burker hemocytometer chamber counter under a light
microscope.

2.6. Statistics

Data are expressed as the mean + SEM. One-way ana-
lysis (ANOVA) with Dunnett’s post test (control vs. treated
groups) or two-way unpaired ¢ test were performed.
P < 0.05 was considered as significant. Analyses were
performed using a Prism 3.0 software package (GraphPad
Software, Inc.).

3. Results
3.1. Real-time RT-PCR standard curves

To make real-time RT-PCR standard curves, cDNA from
reverse transcription of the total RNA was diluted with the
PCR buffer in three sequential log concentrations (1:0, 1:10,
and 1:100). ET, and ETg receptor, EF-1 mRNA were
assessed by real-time RT-PCR described in Section 2. There
were clear linearity relationships (correlation 98-99% and
slope of 3.249-3.275) between log concentrations of cDNA
and the real-time RT-PCR CT values of ET, and ETjy
receptor mRNA and EF-1 mRNA. The PCR products of
ET, (64 bp), ETg (86 bp), and EF-1 (96 bp) were visualized
with agarose gel electrophoresis (data not shown).

3.2. Effect of bFGF on cerebral and aortic SMC
proliferation

bFGF-induced time and concentration-dependent
increases in proliferation of both aortic (A) and cerebral
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Fig. 1. RASMC and RBSMC were seeded in 96-well plates. After 24 hr SF starvation, bFGF 1, 5, 10, and 20 ng/mL were added into wells and incubated for
another 24 and 48 hr. At the end of the last 4 hr of the 24—48 hr incubation, SMC cell proliferation was assessed by using MTT. Control only received the
same volume of 0.1% BSA in PBS. Mean data with SEM were derived from 16 wells and presented as percent of control (without bFGF). Statistical analysis
was performed by one-way analysis (ANOVA) and Dunnet’s post test. “**P < 0.001.

(B) SMC with a near maximal effect at 10 ng/mL bFGF

(Fig. 1). Therefore, in the subsequent studies 10 ng/mL
bFGF was used.

3.3. Atorvastatin and mevastatin inhibition of
bFGF-induced proliferation of SMC

Statin has two subtypes: type 1 includes mevastatin,
simvastain, lovastatin and pravastatin, and type 2 is fully
synthetic HMG-CoA reductase inhibitor including ator-
vastation, fluvastatin, cerivavastatin and rosuvastatin [17].

Mevastatin and atorvastatin were chosen for the present
study to represent each type of statins. To test whether
statins have a direct effect on SMC proliferation, atorvas-
tatin (0.5-2 pM), and mevastatin (25—-100 pM) were added
to SMC cultures 4 hr before bFGF. Atorvastatin concen-
tration-dependently inhibited bFGF-induced proliferation
(Fig. 2) of aortic (A) and cerebral vascular (B) SMC.
However, mevastatin required higher concentrations to
reach the same degree of inhibition as atorvastatin on
bFGF-induced proliferation (Fig. 2) of aortic (C) and
cerebral (D) SMC.
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Fig. 2. (A-D): RASMC and RBSMC were seeded in 96-well plates. After 24 hr SF starvation, atorvastatin (0.5-2 pM) or mevastatin (25-100 uM) were
added to the SMC cultures 4 hr before bFGF (10 ng/mL) for 24-48 hr incubation. At the end of the last 4 hr of the 24-48 hr incubation, SMC cell
proliferation was assessed by using MTT. Mean data with SEM were derived from 12 wells and presented as percent of SF. Statistical analysis was performed
by one-way analysis (ANOVA) and Dunnet’s post test. Compared with controls (without statins), “P < 0.05, **P < 0.01, and P < 0.001.

3.4. Time course of mRNA expression of ET, and
ETg receptors induced by bFGF

In order to examine whether bFGF may cause an up-
regulation of SMC ET, and ETg receptors, SMC cultures
were stimulated with bFGF (10 ng/mL) for 1/2, 3, and 6 hr
and then assessed for the mRNA expression of ET, and
ETg receptors by real-time quantitative PCR. The time
course of bFGF-induced mRNA expression of ET, and
ETg receptors on SMC were slightly different (Fig. 3). The
mRNA expression of ET, receptors had a peak at 3 hr
while the mRNA expression of ETg receptors reached a
maximum already at 1 hr. Although aortic and cerebral
SMC had a similar time-response manner to bFGF, the ETy
receptors response of to bFGF was stronger in aortic than in
cerebral SMC while bFGF-induced a larger expression of
ETg in cerebral SMC (Fig. 3).

3.5. Effect of statins on bFGF-induced expression
of the ET receptor mRNA

To examine the hypothesis that statins could have an
inhibitory effect on the mRNA expression of ET4 and ETg
receptors in SMC, atorvastatin (2 uM), and mevastatin
(100 pM) were added 4 hr before bFGF. The mRNA
expression of ET, and ETg receptors was assessed after
the addition of bFGF for 1 hr for the ETj receptor and 3 hr
for the ET4 receptor (Fig. 3). Both atorvastatin and mevas-
tatin had a significant inhibitory effect on bFGF-induced
the expression of ET, and ETg receptor mRINA in aortic
SMC (P < 0.05) (Fig. 4). In cerebral SMC the inhibitory
effect of the statins reached borderline significance
(P =0.06) for ET5 receptor mRNA but not for ETg,
although the mean values were comparable with that seen
in aortic SMC.
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Fig. 3. (A-B): 10 ng/mL bFGF were added to 24 hr SF starved RASMC and RBSMC in 25 cm? flasks for 1/2, 1, 3, and 6 hr incubation. At the end of the
incubation, the SMC cultures were rinsed twice with cold PBS and directly lysed in the TRIzol reagent for extraction of total mRNA. Real-time RT-PCR was
used to quantify ET, and ETg receptor mRNA. Identical experiments were repeated four to six times. Mean data with SEM were derived from four to six
flasks and presented as percent of controls (without bFGF). Statistical analysis was performed by one-way analysis (ANOVA) and Dunnet’s post test.

“P < 0.05 and ""P < 0.001.

3.6. Effects of the endothelin receptor antagonists on
bFGF-induced proliferation of SMC

Since bFGF-induced up-regulation of ET, and ETpg
receptor mRNA and this effect occurred at the early stage
of bFGF-induced SMC proliferation, the up-regulation of
endothelin receptors might be associated with the SMC
proliferation. To test whether endothelin receptors are
required for bFGF-induced SMC proliferation, specific
ETA and ETgy antagonists FR139317 and BQ788 were
used in the further study. Thirty minutes before addition

of bFGF, FR139317, and BQ788 were used at high con-
centrations (10 uM) that are known to block ET, and ETg
receptors [29], respectively. Both antagonists significantly
inhibited the bFGF-induced SMC proliferation (Fig. 5).
The ETg antagonist BQ788 had a more pronounced inhi-
bitory effect than FR139317 and overcame more than 50%
the bFGF effect. Unexpectedly, bosentan (10 uM), a dual
antagonist of both ET, and ETy receptors [30], did not
have an additional inhibitory effect over that of FR139317
or BQ788 on bFGF-induced SMC proliferation (results not
shown).
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Fig. 4. Atorvastatin (2 tM) and mevastatin (100 uM) were added to 24 hr
SF starved-RASMC and RBSMC 4 hr before bFGF (10 ng/mL). ETx
receptor mRNA was quantified by using real-time RT-PCR at 1hr
incubation with bFGF for ET4 and at 3 hr incubation with bFGF for ETg.
Mean data with SEM were derived from four to six flasks and presented as
percent of controls (without statins). Identical experiments were repeated
four to six times. Statistical analysis was performed by unpaired two-way ¢
test. Compared with controls, **P < 0.01; ***P < 0.001. N, number of
experiments.
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Fig. 5. Twenty four hour SF starved-RASMC and RBSMC in 96-well
plates were received 10 uM of FR139317 or BQ788 before 30 min of
bFGF (10 ng/mL). The SMC cultures were then incubated for 24 hr. SMC
cell proliferation was assessed by MTT at the last 4 hr of the 24 hr
incubation. Mean data with SEM were derived from 9 wells and presented
as percent of SF. Statistical analysis was performed by unpaired two-way ¢
test. Compared with bFGF, “P < 0.05; ***P < 0.001.

4. Discussion

The present study has demonstrated that bFGF induces
proliferation and up-regulates the mRNA expression of
ET, and ETg receptors in cerebral and aortic vascular
SMC. Aortic vascular SMC were more sensitive to bFGF-
induced mitogenic stimulation than cerebral vascular SMC
(RBSMC). Our findings are supported by Diglio et al. [21]

who observed that RASMC had significantly higher growth
rate (2—4-fold) in response to 10% fetal bovine serum
stimulation than rat cerebral SMC. The HMG-CoA reduc-
tase inhibitors, atorvastatin, and mevastatin, inhibit bFGF-
induced proliferation of SMC and the mRNA expression of
endothelin ET4 and ETjy receptors. This suggests that the
mevalonate pathway and endothelin receptors are involved
in bFGF-induced SMC proliferation. In agreement with
our findings, studies have demonstrated that statins can
inhibit SMC proliferation induced by bFGF [12] and
platelet-derived growth factor [12,24]. However, this has
not been shown in cerebral SMC. The depletion of intra-
cellular mevalonate and the reduction in the formation of
certain prenylated proteins by statins may contribute to the
antiproliferative effect [13,24]. A schematic hypothesis of
the present study is shown in Fig. 6. It provides a key to
follow the results and connections between the intracel-
lular mevanolate pathway and the ET-1 autocrine
loop. Both the mevanolate pathway and ET-1 autocrine
loop contribute to bFGF-induced vascular SMC prolifera-
tion.

The development of an atherosclerostic lesion is a
complicated process starting from endothelial dysfunction
that leads to migration and proliferation of SMC in the
intimal layer [1]. The overweight of SMC proliferation is
continuously seen in atherosclerotic lesion from initiation
through progression to the ultimate lesion [1,2]. A high
blood concentration of LDL-cholesterol is one of the most
important “risk factors™ for atherosclerosis and this con-
tributes to the endothelial dysfunction. Atorvastatin is
currently used in the clinic for the prevention and treatment
of atherosclerosis [17,25]. Statins inhibit the conversion of
HMG-CoA to mevalonate, which is the rate-limiting step
for in vivo cholesterol biosynthesis, and, therefore, they
prevent the progression of atherosclerosis by lowering
LDL-cholesterol. Cholesterol, the major product of the
mevalonate pathway, is required for cell membrane for-
mation in proliferating cells. However, it is unlikely that
the reduction of cholesterol production can explain the
inhibitory effect of statins on cell proliferation because
mevalonate, but not cholesterol, abolishes the inhibitory

W > ET-1
SMC
X Mevanolate |:>

pathwa « ETA/ETs ?
X

Proliferation

ETA/ETs
antagonists

Fig. 6. SMC, smooth muscle cells; bFGF, basic fibroblast growth factor;
empty arrows show ET-1 autocrine loop and dashed arrows show
mevanolate pathway. Filled arrow with X = blocker.
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effect of statins on cell proliferation [13]. Several proteins
that are involved in growth factor signal transduction
pathways are lipid-modified by isoprenoids derived from
mevalonate pathways. Both farnesylation and geranylger-
anylation of signal transduction proteins are required in
PDGF-induced SMC proliferation [24]. One of possible
mechanisms for the inhibitory effect that we observed on
cell proliferation is that statins interfer with growth factor
signal transduction mechanisms that require prenylated
proteins (see Fig. 6).

Basic fibroblast growth factor has been shown to pro-
mote proliferation and migration of SMC [31,32]. Extra-
cellular signal-regulated kinase activity induced by balloon
catheter injury to the rat carotid artery was inhibited by an
anti-bFGF antibody, which further implies a specific role
for bFGF in the vascular SMC extracellular signal-regu-
lated kinase MAPK pathway [31]. Statins have been shown
to inhibit ras-MAPK activity in aortic SMC and this
inhibitory effect may occur via inhibition of the isopreny-
lation of ras, which in turn inhibits the ras-raf-MAPK
pathway [13]. On the other hand, statins reduce the pro-
duction of isoprenoids and mevalonate that are necessary
for cell proliferation [13]. Walter et al. [33] have demon-
strated that statin therapy in man significantly reduces in
the development of restenosis after stent implantation.

The present study revealed that both atorvastatin and
mevastatin inhibit bFGF-induced SMC proliferation and
more interestingly the expressions of ET, and ETj recep-
tor mRNA (see Fig. 6). The results suggest a direct effect of
the statins on the vascular wall beyond lipid lowing. Since
atorvastatin and mevastatin inhibit both bFGF-induced
proliferation of SMC and the expression of endothelin
receptor mRNA, it seems that the mevalonate pathway
is required for both bFGF-induced SMC proliferation and
the endothelin receptor expression. This finding makes it
also likely that bFGF induces SMC proliferation that is
associated with the up-regulation of endothelin receptors.
In order to find a link between bFGF-induced SMC pro-
liferation and the expression of endothelin receptors,
FR139317 and BQ788 were, therefore, used in the further
study. In addition, we could also demonstrate that antago-
nists of ET and ETg receptors inhibit SMC proliferation
induced by bFGF. The ETg receptor antagonist BQ788 had
a more pronounced inhibitory effect on bFGF-induced
SMC proliferation. In agreement with our findings, Hahn
et al. [34] reported that growth factors could induce
expression of ET-1 mRNA and secretion of ET-1. However,
quiescent SMC did not constitutively express ET-1 mRNA.
In addition, growth factors increase ET-1 binding to vas-
cular SMC [35]. Furthermore, ET-1 enhances growth
factors-induced vascular SMC proliferation via its recep-
tors [36,37]. Thus, the statins inhibit bFGF-induced SMC
proliferation, at least, partly via inhibition of the expression
of endothelin receptors. This together with the inhibitory
effect of atorvastatin and mevastatin on bFGF-induced
SMC proliferation suggest that the mevalonate pathway

and the formation of endothelin receptor are required for
bFGF-induced SMC proliferation. Increased endothelin-1
and its receptors were found in human atherosclerotic
lesions which suggest a possible role of ET-1 and its
receptors in atherogenesis [38]. The increased expression
of endothelin receptors in vascular SMC induced by bFGF
seen in the present study implies a further stimulatory
effect on SMC proliferation after arterial injury and in the
pathogenesis of atherosclerosis and restenosis. This ET-1
autocrine loop in SMC may contribute to the pathogenesis
of vasospasm and atherosclerosis. The role of endothelin
receptors in bFGF-induced SMC proliferation is, however,
not completely clear yet. bFGF might induce release of ET-
1, and ET-1 may enhance SMC proliferation via endothelin
receptors. On the other hand, endothelin receptors might
also directly cross-talk with bFGF mitogenic signal trans-
duction, since ETpg receptor antagonists could abolish
relative large amount (more than 50%) of bFGF-induced
SMC proliferation.

Our group has previously demonstrated that endothelin
receptors are up-regulated during organ culture [29], and
this is further enhanced by cytokines such as TNF-o and
IL-1B [39]. The present study has shown that bFGF
strongly results in endothelin receptor mRNA expression
in SMC and the mevalonate pathway is required in bFGF
up-regulation of endothelin receptors. Our findings further
suggest that growth factors and cytokines play an impor-
tant role in the regulation of endothelin receptor expres-
sion. The up-regulation of endothelin receptors by bFGF
is associated with the bFGF-induced mitogenic effect
on SMC as seen in the statin experiments, i.e. both
the mitogenic effect and the up-regulation of endothelin
receptors are sensitive to statins. This suggests that
bFGF-induced proliferation and expression of endothelin
receptors occur at least in part via a similar signal trans-
duction pathway and that the mevalonate pathway is
required for both bFGF-induced SMC proliferation and
the expression of endothelin receptors.
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