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a -Adrenoreceptor stimulation causes vascular smooth muscle cell1

hypertrophy: a possible role for isoprenoid intermediates
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Abstract

We investigated whether contraction-induced agonists such as a -adrenoceptor agonists are important regulators of smooth muscle1

cell hypertrophy by examining the effects of one potent agonists, phenylephrine, on the hypertrophy. Under the experimental conditions
used, we found that phenylephrine was potent in inducing a -adrenoreceptor-dependent hypertrophy of vascular smooth muscle cells as1

w14 xdefined by increased incorporation of C leucine in a dose-dependent fashion. Further, we assessed the effect of lovastatin, an
Ž .3-hydroxy-3-methylglutaryl coenzyme A HMG-CoA reductase inhibitor, on hypertrophy of cultured vascular smooth muscle cells as
w14 x Ž .defined by the increased incorporation of C leucine caused by phenylephrine. Lovastatin 5–15 mM caused a significant dose-depen-

w14 x Ž .dent reduction in C leucine incorporation which was completely prevented in the presence of exogenous mevalonate 100 mM .
Ž . Ž . w14 xExogenous low density lipoprotein 100 mgrml and cholesterol 15 mgrml did not prevent lovastatin inhibition of C leucine

w14 xincorporation. In contrast, the isoprenoid farnesol largely prevented inhibition of C leucine incorporation by the lovastatin. We
conclude that mevalonate metabolites are essential for phenylephrine-induced smooth muscle cell hypertrophy, possibly through the
production of the isoprenoid farnesol. q 1998 Elsevier Science B.V.
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1. Introduction

There is considerable interest in the cellular mecha-
nisms involved in the control of vascular smooth muscle
growth and their role in the etiology of hypertension and
atherosclerosis. It has been demonstrated that aortic smooth
muscle cells are capable of two distinct cellular growth
responses in vivo, depending on the mode of growth

Žstimulation Geisterfer et al., 1988; Noveral and Grunstein,
.1994 . Coarctation models and experimental injury models

of atherosclerosis are characterized by extensive prolifera-
tion and intimal migration of aortic smooth muscle cells
Ž .Owens and Reidy, 1985 . In contrast, in Goldblatt rat
Ž .Owens and Schwartz, 1983 and spontaneously hyperten-

Ž .sive rats Olivetti et al., 1982 , the increase in aortic
smooth muscle mass can be accounted for primarily by
enlargement of existing cells, or cellular hypertrophy, rather
than cellular proliferation.

) Corresponding author. Tel.: q81-429-95-1484; fax: q81-429-96-
5191.

There is indirect evidence that smooth muscle cell
hypertrophy may represent a response to increased pres-
sure. Furthermore, pharmacological lowering of blood
pressure can prevent development of smooth muscle cells
hypertrophy and can reverse cellular hypertrophy that al-
ready has occurred in spontaneously hypertensive rats
Ž .Owens, 1987; Yamori et al., 1980 . However, these data
must be interpreted with caution because there is no direct
evidence that these effects on growth are due to lowering
of blood pressure as opposed to some other direct or
indirect effect of the drugs on cellular DNA and protein
synthesis. In fact, drug intervention studies in those labora-
tories have demonstrated dissociation of blood pressure
changes and smooth muscle cell hypertrophy in sponta-
neously hypertensive rats treated with different antihyper-

Ž .tensive drugs Owens, 1987; Yamori et al., 1980 . Results
suggested that the medial degree of smooth muscle cell
hypertrophy was not simply a response to increased blood
pressure but that it implicated a direct role for specific
contractile agonists in control of smooth muscle cell
growth. Therefore, the hypothesis that contractile agonists,
for example a -adrenoreceptor agonists such as phenyl-1
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ephrine, might play some direct role in mediation of
smooth muscle cell hypertrophy is of interest.

Lovastatin is used in the treatment of hypercholesterol-
aemia and has been shown to prevent restenosis in a

Žhypercholesterolaemic rabbit model of restenosis Gellman
.et al., 1991 . Lovastatin competitively inhibits 3-hydroxy-

Ž .3-methylglutaryl coenzyme A HMG-CoA reductase
Ž .Krukemyer and Talbert, 1987 , that is the rate-limiting
enzyme in cholesterol biosynthesis. Mevalonate, which is
the product of HMG-CoA reductase, is reported to be

Ž .essential for DNA synthesis Fairbanks et al., 1984 and is
the precursor of a number of non-sterol isoprenoid com-

Ž .pounds, including farnesol Goldstein and Brown, 1990 .
Covalent bonding of farnesol to certain P21ras proteins and
nuclear envelope proteins has recently been shown to be

Žessential for their growth-regulating properties Casey et
.al., 1989 . In addition, it has recently been reported that

lovastatin inhibits proliferation in cultured vascular smooth
Ž .muscle cells Munro et al., 1994 .

We have examined the possible role of one contractile
a -adrenoreceptor agonist, phenylephrine, in regulation of1

vascular smooth muscle cell hypertrophy as defined by
w14 xincreased incorporation of C leucine and the inhibitory

properties of lovastatin on phenylephrine-induced increase
w14 xof C leucine incorporation. Furthermore, we have deter-

mined whether this inhibitory activity was due to depletion
of cellular mevalonate, cholesterol or the non-sterol iso-
prenoids.

2. Materials and methods

2.1. Materials

DL-Mevalonic acid lactone, geraniol, farnesol, squalene,
cholesterol and a-hydroxyfarnesyl phosphonoic acid were
obtained from Sigma. Cell culture reagents were from

w14 xGibco. C leucine was from Amersham. Lovastatin was
generously provided by Merck, Sharp and Dohme.

2.2. Cell culture

Vascular smooth muscle cells were obtained from tho-
racic aorta of the rat by the method previously described
Ž . Ž 5.Nishio and Watanabe, 1997 . The cells 1=10 were
seeded into 35-mm diameter dishes and maintained in 2 ml

Ž .of Dulbeco’s modified Eagle’s medium DMEM contain-
ing 10% fetal bovine serum at 378C in a humidified
atmosphere of 5% CO r95% air. The cells were used2

between the third and sixth passage. The phenotypic char-
acteristics was examined based on the proliferative re-
sponse to fetal bovine serum or platelet-derived growth

Ž .factor-BB data not shown . There was no difference in
proliferative response between the third and sixth passage.
Cells were grown to confluence, at which time they were
rendered quiescent by the DMEM medium containing

Ž .0.5% vrv fetal bovine serum and maintained for 72 h
before experimentation. The number of viable cells was

determined in duplicate by hematocytometry with Trypan
blue exclusion. At confluence, the number of viable cells

Ž .did not vary from dish to dish data not shown . Viable
cells is beyond 95% inspite of various treatment. The cell
number is nearly equal to viable cells in dish. Therefore,
w14 xC leucine incorporation in a dish is nearly equal to
normalization of the data by the exact number of the viable
cells in a dish.

2.3. Preparation of loÕastatin

To convert the inactive lactone form of lovastatin to the
active form, the drug was dissolved in ethanol, heated at
508C in 0.1 M NaOH, neutralized with HCl, and stored

Žunfiltered at y208C as a 4 mgrml stock Nishio et al.,
.1996b .

2.4. Lipoprotein preparation

Low density lipoprotein was prepared from human
plasma from fasted normolipidemic volunteers. Low den-
sity lipoprotein was prepared by discontinuous density

Žgradient ultracentrifugation as described previously Nishio
.et al., 1996a .

2.5. Measurement of rat Õascular smooth muscle cell
hypertrophy and cell number

Serum-starved rat vascular smooth muscle cells were
treated for 24 h with DMEM containing phenylephrine and
0.5% fetal bovine serum in the presence of 0.5 mCi
w14 xC leucine per 16-mm well. Thereafter, the medium was
aspirated, cells washed three times with cold phosphate-
buffered saline, pH 7.0, then washed once with 10%
trichloroacetic acid, and incubated at 48C for 30 min in
10% trichloroacetic acid. Acid-insoluble material was hy-
drolyzed by the addition of 0.25 M NaOH, and label
incorporation was determined by liquid scintillation spec-

Ž .troscopy Schmidt et al., 1982 . For cell number determi-
nation, no radioligands were added. The cells were gently
trypsinized and counted in a Coulter counter.

2.6. Statistics

Values are expressed as the arithmetic mean"S.D.
Statistical analysis of the data was performed by the

Ž .one-way analysis of variance ANOVA , followed by the
Ž .Scheffe’s test when F ratios were significant P-0.05 .

3. Results

[14 ]3.1. Effect of phenylephrine on C leucine incorporation
and cell number in quiescent confluent Õascular smooth
muscle cells

To study the effects of phenylephrine on vascular
smooth muscle cells hypertrophy in culture, we measured
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alterations in cell number and the incorporation of
w14 xC leucine in quiescent confluent vascular smooth mus-
cle cells. Phenylephrine caused a dose-dependent increase

w14 x Ž .in C leucine incorporation in the cells Fig. 1 . No
significant changes in cell number were observed under
the experimental conditions.

To determine the specificity of a -adrenoreceptor in 101
w14 xmM phenylephrine-stimulated C leucine incorporation,

vascular smooth muscle cells were stimulated with phenyl-
ephrine in the presence of the a -adrenoreceptor-selective1

antagonist, prazosin or the a -adrenoreceptor-selective an-2

tagonist, yohimbine. Fig. 2 shows the effects of the antago-
w14 xnist on C leucine incorporation induced by 10 mM

w14 xFig. 1. Effects of phenylephrine on SMC cell number and C leucine
incorporation. Cells were growth-arrested in 0.5% fetal bovine serum for
72 h. Thereafter, the cells were treated for 24 h with DMEM containing
the various concentrations of phenylephrine and 0.5% fetal bovine serum

w14 x Ž .in the presence of 0.5 mCi C leucine. A Cell number was measured
as described in Section 2. Values are means"S.D. of the cell number as a
percentage of non-treated cells in three independent experiments in

Ž . w14 xduplicate. B C leucine incorporationrdish was measured as described
in Section 2. Results are the mean"S.D. of three independent experi-
ments in duplicate. ) P -0.05, )) P -0.01 compared with the control.

Ž . Ž .Fig. 2. Effects of prazosin v and yohimbine ` on the phenylephrine
Ž . w14 x10 mM -stimulated C leucine incorporation. Growth-arrested vascular

Ž .smooth muscle cells were treated with phenylephrine 10 mM and the
w14 xvarious antagonists. C leucine incorporation was measured over a 24 h

period as described in Section 2. Each point represents the mean"S.D. of
three independent experiments in triplicate. ) P -0.05, )) P -0.01
compared with the control.

phenylephrine in VSMCs. Prazosin at 1 mM significantly
inhibited the phenylephrine-stimulated response. Further-
more, prazosin at 100 mM completely inhibited the

w14 xphenylephrine-stimulated C leucine incorporation. The
IC value of prazosin was 1.2"0.09 mM in vascular50

smooth muscle cells. Under the same experimental condi-
tions, yohimbine showed no inhibition in 10 mM phenyl-
ephrine-stimulated vascular smooth muscle cell
w14 xC leucine incorporation even at 100 mM. These results
indicate that phenylephrine-induced vascular smooth mus-
cle cell hypertrophy as defined by increased incorporation

w14 xof C leucine was mediated by the stimulation of the
a -adrenoreceptor in the cells.1

3.2. Effect of loÕastatin on the hypertrophy of Õascular
smooth muscle cells induced by phenylephrine

When lovastatin was added to the culture, a significant
Ž .dose-dependent decrease in phenylephrine 10 mM -

w14 xstimulated C leucine incorporation. At a concentration
w14 xof 5 mM, C leucine incorporation was reduced signifi-

Ž .cantly as compared with phenylephrine 10 mM -treated
Ž .cultures Fig. 3 . Lovastatin alone had no effect on

w14 xC leucine incorporation as compared with the control,
nor was there any microscopic evidence of a cytotoxic
effect of lovastatin.

3.3. Effect of meÕalonate and its isoprenoid deriÕatiÕes on
the inhibition by loÕastatin of phenylephrine-induced
[14 ]C leucine incorporation

To investigate whether lovastatin inhibits phenyl-
w14 xephrine-induced C leucine incorporation by the inhibi-

tion of cholesterol synthesis or by isoprenoid synthesis, we
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Ž .Fig. 3. Effects of lovastatin on phenylephrine 10 mM -stimulated
w14 xC leucine incorporation in vascular smooth muscle cells. Growth-arre-
sted vascular smooth muscle cells were incubated with indicated concen-

Ž . Ž .trations of lovastatin in the presence shaded bar or absence open bar
Ž . w14 xof phenylephrine 10 mM . C leucine incorporation was measured over

at 24 h period as described in Section 2. The result represents the
mean"S.D. of three independent experiments in triplicate. ) P -0.01

Ž .compared with phenylephrine 10 mM alone.

added cholesterol or mevalonic acid to reverse the lovas-
tatin-induced inhibition. Mevalonic acid significantly pre-

Žvented the inhibitory effect of lovastatin at 100 mM Fig.
. w14 x4 . Mevalonic acid alone had no effect on C leucine

incorporation. Furthermore, geraniol and farnesol, at the
highest but non-toxic, concentrations tested, partially pre-
vented the inhibitory effect of lovastatin. However, squa-

Ž .Fig. 5. Effect of mevalonate derivatives on the lovastatin 5 mM
Ž . w14 xinhibition of phenylephrine 10 mM -stimulated C leucine incorpora-

tion. Growth-arrested vascular smooth muscle cells were incubated with
Ž . Ž .phenylephrine 10 mM and lovastatin 5 mM in the presence of

w14 xmevalonate derivatives. C leucine incorporation was measured over a
24-h period as described in Section 2. Each point represents the mean of
three independent experiments performed in triplicate. ) P -0.05 com-

Ž . Ž .pared with phenylephrine 10 mM and lovastatin 5 mM in combina-
tion.

lene caused no remarkable prevention of lovastatin-in-
Ž .duced inhibitory effects Fig. 5 . There was not a signifi-

cant difference between the effect of geraniol and squalene
on lovastatin-induced inhibitory effects. These results
demonstrated that smooth muscle cells require mevalonate
itself or some of its non-sterol products such as farnesol or

w14 xgeraniol for phenylephrine-stimulated C leucine incor-
poration.

Ž . Ž . w14 xFig. 4. Effect of mevalonic acid MVA and cholesterol on the inhibition of phenylephrine 10 mM -stimulated C leucine incorporation by lovastatin.
Ž . Ž .Growth-arrested vascular smooth muscle cells were incubated with phenylephrine 10 mM and lovastatin 5 mM in the presence of MVA, cholesterol or

w14 xLDL. C leucine incorporation was measured over a 24 h period as described in Section 2. Each bar represents the mean"S.D. of three independent
Ž . Ž .experiments in triplicate. ) P-0.05, )) P-0.01 compared with phenylephrine 10 mM and lovastatin 5 mM in combination.
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ŽFig. 6. Effect of farnesol phosphonic acid on the phenylephrine 10
. w14 xmM -stimulated C leucine incorporation. Growth-arrested vascular

smooth muscle cells were incubated with farnesol phosphonic acid in the
Ž . w14 xpresence or absence of phenylephrine 10 mM . C leucine incorpora-

tion was measured over a 24-h period as described in Section 2. Each bar
represents the mean"S.D. of three independent experiments performed

Žin triplicate. ) P -0.05, )) P -0.01 compared with phenylephrine 10
.mM alone.

3.4. Effect of farnesol transferase inhibitor on the phenyl-
[14 ]ephrine-induced C leucine incorporation

To verify the involvement of farnesol in phenyl-
w14 xephrine-induced C leucine incorporation, we investi-

gated whether the farnesol transferase inhibitor, a-hy-
droxyfarnesyl phosphonic acid, would mimic the effect of

w14 xlovastatin-induced inhibition of C leucine incorporation.
Fig. 6 demonstrated that farnesol transferase inhibitor im-

Ž . w14 xpaired phenylephrine 10 mM stimulation of C leucine
incorporation in a dose-dependent manner. The IC was50

5"0.3 mM. Farnesol transferase inhibitor alone had no
w14 xeffect on C leucine incorporation as compared with the

control, nor was there any microscopic evidence of a
cytotoxic effect of farnesol transferase inhibitor. The latter
was established by morphology and Trypan blue exclusion,
within the concentrations used.

4. Discussion

In the present study, we have explored the hypothesis
that a -adrenoreceptors are involved in cultured vascular1

smooth muscle cell hypertrophy as defined by increased
w14 xincorporation of C leucine. Under the conditions exam-

ined, we found that phenylephrine was potent in inducing
w14 xa -adrenoreceptor-dependent C leucine incorporation of1

smooth muscle cells in a dose-dependent fashion. Further-
more, we investigated the effect of lovastatin on the

w14 xphenylephrine-induced increase of C leucine incorpora-
tion of smooth muscle cell. Lovastatin was found to inhibit

w14 xthe increase of C leucine incorporation of smooth mus-
Ž .cle cells caused by phenylephrine 10 mM with an IC50

value of 7.5 mM.

Inhibition of myointimal hyperplasia by lovastatin could
occur through a reduction in total serum cholesterol, al-
though large clinical trials have found no correlation be-

Žtween serum cholesterol and restenosis Leimgruber et al.,
.1986; Guiteras et al., 1987 . In fact, the addition of low

density lipoprotein and cholesterol did not reverse the
inhibitory effect of lovastatin. A more likely mechanism is
inhibition of mevalonate, the direct product of HMG-CoA
reductase synthesis, and its derivatives. Mevalonate has
been shown to be essential for proliferation in a number of

Ž .cell types Siperstein, 1984 , including vascular smooth
Ž .muscle cells Munro et al., 1994 . We have found that

supplementation with mevalonate restores the inhibition by
lovastatin on the phenylephrine-induced increase of
w14 xC leucine incorporation. Furthermore, mevalonate at this
concentration did not appear to induce increase of
w14 xC leucine incorporation in vascular smooth muscle cells,

w14 xas there was no marked incorporation of C leucine with
w14 xmevalonate alone. Reversal of the inhibition of C leucine

incorporation was not significantly different for 100 mM
or for 400 mM mevalonate, suggesting that a lower con-

Ž .centration of mevalonate was sufficient Fig. 4 .
The current results suggest that non-sterol metabolites

of mevalonate, possibly prenylated proteins, are involved
in diverse cellular functions. A number of non-sterol iso-
prenoid compounds are synthesized from mevalonate;

Ždolichol which is essential for N-linked glycosylation Dan
.et al., 1996 , a critical step in glycoprotein synthesis;

ubiquinone, an important component of the respiratory
Ž .chain Robinson and Lemire, 1996 ; isopentenyl adenine,

Žincorporated into some t-RNAs Houssier and Grosjean,
.1985 ; and farnesol, covalently bonded to Ras and lamin B

Ž .proteins Bruscalupi et al., 1994 .
One isoprenoid that may be critical for cellular function

is farnesol. Some intracellular proteins bind farnesol cova-
lently, including Ras proteins and other Ras-related, low

Žmolecular mass, GTP-binding proteins Mumby et al.,
. ras1990 . Farnesylated P21 proteins attach to the inner

surface of the cell membrane, and may serve as signaling
Žmechanisms for cellular function Santos and Nebreda,

.1989 . In the present study, therefore, it is possible that
w14 xlovastatin inhibits smooth muscle cell C leucine incor-

poration, at least in part, by blocking the production of
farnesol and farnesylated proteins. Our results of the exper-

Ž .iment using exogenous farnesol Fig. 5 support this possi-
bility. Also, our findings that farnesyltransferase inhibitor

w14 ximpaired the phenylephrine-induced C leucine incorpo-
Ž .ration in a dose-dependent manner Fig. 6 , support this

possibility.
It is difficult to compare the effective concentrations of

lovastatin in the present experiments with plasma levels of
lovastatin in vivo studies. Lovastatin is administered as an
inactive lactone form and undergoes hydrolysis to the
b-hydroacid or open acid form. In addition, lovastatin acid
undergoes extensive hepatic metabolism to produce at least

Ž .nine other metabolites Duggan et al., 1989 , some of
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which retain inhibitory activity against HMG-CoA reduc-
tase.

In summary, results of the present study demonstrate
that phenylephrine, a -adrenoreceptor agonist, is a potent1

hypertrophic agent for cultured rat vascular smooth muscle
cells. The study demonstrated the involvement of meval-
onate and its derivatives in smooth muscle cell hypertro-
phy. Further studies are required to determine the cellular
mechanisms responsible for phenylephrine-induced hyper-
trophy and to define the target protein for farnesylation
which is involved in hypertrophy.
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