British Journal of Pharmacology (2000) 131, 1521-1530

© 2000 Macmillan Publishers Ltd Al rights reserved 0007 -1188/00 $15.00 ﬁ)

www.nature.com/bjp

Nifedipine suppresses neointimal thickening by its inhibitory effect
on vascular smooth muscle cell growth via a MEK-ERK pathway
coupling with Pyk2
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1 The aim of this study was to determine whether nifedipine could suppress an atherogenic process
such as balloon-injured intimal thickening in vivo and the proliferation of vascular smooth muscle
cells (VSMQ) in vitro.

2 First, we examined the in vivo effect of nifedipine to determine whether it could suppress intimal
thickening induced by balloon catheterization. Sprague-Dawley (SD) rats were divided into three
groups (L, nifedipine 0.3 mg kg=' day~'; H, nifedipine 3 mg kg~' day~'; C, no nifedipine), and
Alzet®™ osmotic pumps were implanted in their backs for continuous administration. The neointimal
layers were completely occupied by proliferated VSMC, and the area ratios of neointima/media
treated with nifedipine significantly decreased dose-dependently compared to those of the control.
Neither blood pressure nor lipid levels changed among the three groups.

3 We next evaluated the in vitro effect of nifedipine on the proliferation of cultured rat VSMC.
Nifedipine decreased the values of [*H]-thymidine incorporation and total cellular protein content as
well as the levels of phosphorylated extracellular signal-regulated protein kinase (ERK) 1/2,
mitogen-activated protein kinase kinase (MEK) 1/2, and even the phosphorylation of Pyk2, in dose-
dependent fashions. In addition, nifedipine suppressed the levels of proliferative cell nuclear antigen
(PCNA) dose-dependently in both VSMC and balloon-injured thoracic aortae.

4 These results indicate that nifedipine has an inhibitory effect on intimal thickening by attenuating
intimal VSMC proliferation, suggesting that nifedipine could be effective for preventing the
progression of atherosclerotic plaque as in restenosis after angioplasty.
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ABC, avidin-biotin-peroxidase complex; ATP, adenosine 5’ - triphosphate; BSA, bovine serum albumin; DAB,
3,3'-diaminobenzidine tetrahydrochloride; DMEM, Dulbecco’s modified Eagle medium; DMSO, dimethylsulph-
oxide; DTT, dithiothreitol; EDTA, ethylenediamine-tetraacetic acid; ERK, extracellular signal-regulated protein
kinase; FBS, foetal bovine serum; HDL-C, high-density lipoprotein-cholesterol; LDH, lactate dehydrogenase;
MAP, mitogen-activated protein, MEK, MAP kinase kinase; PBS, phosphate buffered saline; PCNA,
proliferative cell nuclear antigen; PMSF, phenylmethylsulphonyl fluoride; PTCA, percutaneous transluminal
coronary angioplasty; SD, Sprague-Dawley; SDS—PAGE, sodium dodecylsulphate—polyacrylamide gel
electrophoresis; SMA, a-smooth muscle actin; T-Cho, total cholesterol; TG, triglyceride; VSMC, vascular
smooth muscle cells

Introduction

Elevated blood pressure is one of the most crucial factors for
the onset of serious cardiovascular and cerebrovascular
diseases, congestive heart failure, and subsequent sudden
death (Sagie er al., 1993; National High Blood Pressure
Education Program Working Group, 1994; Staessen et al.,
1997; Sacco et al, 1999). Over the past several years,
numerous studies have demonstrated that adequate anti-
hypertensive treatment is required to reduce these mortality
and morbidity rates (SHEP Cooperative Research Group,
1991; Medical Research Council Working Party, 1992;
Siscovick et al., 1994; Pahor et al., 1995; Psaty et al., 1999).

Nifedipine, one of the most common L-type dihydropyr-
idine calcium antagonists, has been widely administered to
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hypertensive patients to reduce the prevalence of strokes,
congestive heart failure, myocardial infarction, and sudden
death (Loaldi et al., 1989). However, recent studies have
shown that short-acting nifedipine neither prevents the
progression of threatened myocardial infarction (Muller et
al., 1984) nor decreases the total mortality of elderly
hypertensive patients because of the reflex increase in
sympathetic activity, which has such effects as the elevation
of heart rate and oxygen consumption (Pahor et al., 1995;
Furberg et al., 1995). These studies suggest that nifedipine
may not be appropriate for average hypertensive therapy. On
the other hand, nifedipine has been shown not to affect the
structure and function of resistant arteries of hypertensive
patients (Schiffrin & Deng, 1995) but to stimulate endothe-
lial-derived nitric oxide release in porcine coronary endothe-
lium (Berkels er al., 1996). In human studies, Gong er al.
(1997) and Alderman et al. (1997) have reported that long-
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acting nifedipine treatment for elderly hypertensive patients
diminished severe clinical events, and Staessen et al. (1997)
have demonstrated that intensive nifedipine treatment can
reduce the rate of cardiovascular complications in elderly
systolic hypertensive patients. Recently, Jukema et al. (1998)
have shown that the addition of calcium antagonists
including nifedipine to statin therapy, but not each alone,
acts synergistically to retard the angiographic progression of
established coronary atherosclerosis. Thus, such diverse
results indicate that the efficacy of nifedipine therapy for
the prevention of atheromatous formation remains not to be
fully established, since these studies have not addressed the
biochemical and molecular aspects of the function of lesional
cells during nifedipine treatment from a pharmacological
point of view, which raises the question of whether nifedipine
itself indeed initiates or suppresses a process occurring early
in atherogenesis.

We believe that a better understanding of the precise
molecular and cellular mechanisms in vascular wall cells is
called for to evaluate the effect of nifedipine. Therefore, we
attempted to determine whether nifedipine might be efficient
for suppressing intimal thickening in vivo and inhibiting the
proliferation of rat vascular smooth muscle cells (VSMC) in
Vitro.

Methods
Materials

Nifedipine was supplied by Bayer Yakuhin, Ltd. (Osaka,
Japan). An ALZET®™ osmotic pump was purchased from
ALZA Corp. (Mountain View, CA, U.S.A.), and a 2F
Forgaty balloon catheter was from Baxter Healthcare (Santa
Ana, CA, U.S.A)). The following items were obtained: anti-
mouse o-smooth muscle actin antibody (SMA) from Sigma
Chemical (St. Louis, MO, U.S.A.); an avidin-biotin-perox-
idase complex (ABC) kit from Vectastains (Vector Labora-
tories, CA, U.S.A.); Dulbecco’s modified Eagle medium
(DMEM) and phosphate buffered saline (PBS) from Nissui
Pharmaceutical Co. (Tokyo, Japan); foetal bovine serum
(FBS) from Gibco BRL (Grand Island, NY, U.S.A.);
antibodies specific or phosphospecific for extracellular-
regulated protein kinase (ERK) 1/2 (p44/p42) and MAP
kinase kinase 1/2 (MEK 1/2) from New England Biolab.
(Beverly, MA, U.S.A.); antibodies specific for proliferative
cell nuclear antigen (PCNA), Pyk2, and phosphotyrosine
(PY20) from Santa Cruz Biotech. (Santa Cruz, CA, U.S.A.);
[*H]-thymidine, PVDF membrane, peroxidase-conjugated
immunoglobulins, and an ECL kit from Amersham (Arling-
ton Heights, IL, U.S.A.); protein A-Sepharose 6MB from
Pharmacia Biotech AB (Uppsala, Sweden); a cytotoxicity
detection kit (LDH) from Roche (Mannheim, Germany). All
other materials were from Wako Pure Chemical (Osaka,
Japan), Nacalai Tesque (Kyoto, Japan), Bio-Rad Labora-
tories (Richmond, CA, U.S.A.), and Sigma Chemical.

Balloon catheterization into the thoracic aorta and the left
common carotid artery of rat

Male Sprague-Dawley (SD) rats weighing approximately
400 g were used for this experiment. These rats were divided
into three groups (L, nifedipine 0.3 mg kg~' day~! (n=9); H,
nifedipine 3 mg kg=' day~! (n=09); C, no nifedipine (n=9)),
and an Alzet™ osmotic pump (model 2002) was implanted in
the back of each rat under sodium pentobarbitone anaes-

thesia (30 mg kg~! i.p.) for 17-day continuous administration
(Wang et al., 1997). These pumps were filled with either a
mixture of ethanol: polyethylene-glycol 400 (3:17) or with
the same mixture containing a low or high concentration of
nifedipine released at the rate of 12 ul day~'. On the 3rd day,
balloon catheterization was performed as described pre-
viously (Igarashi et al., 1997). Briefly, under sodium
pentobarbitone anaesthesia (30 mg kg~' i.p.), the left femoral
artery and the left common carotid artery were exposed
through respective incisions in the left thigh and the left side
of the neck. After a minor incision in the left femoral artery,
a 2F Forgaty balloon catheter was reversely inserted into the
thoracic aorta or the left common carotid artery. The inside
space of the balloon was filled with water, and the
intraluminal passages were filled with additive 0.02 or
0.06 ml of water three times to denude the endothelium of
the thoracic aorta or the left common carotid artery,
respectively.

Histological and immunoblot analyses of balloon-injured
common carotid artery

Fourteen days after balloon catheterization, the left common
carotid arteries were rapidly removed and divided into four
cross-sectional pieces at 3-mm intervals. These pieces were
fixed with 4% paraformaldehyde for 6 h, and tissues were
subsequently processed for paraffin embedding. They were
stained with Elastica-Masson for the measurement of the area
ratio of neointima/media (I/M ratio) and immunohistochemi-
cally stained with anti-SMA for VSMC detection by the ABC
method (Hsu et al, 1981). The areas of the neointima,
measured from the internal elastic lamina to the luminal
surface, and the medial layer in each section of the left
common carotid artery were calculated using a microscopical
image-analysing system, XL-10 (Olympus, Tokyo, Japan).
Concerning the ABC method, the sections were deparaffi-
nized, and endogenous peroxidase was quenched by a 15-min
incubation with 0.3% H,0,. The sections were then
incubated with a 1:2000 dilution of anti-SMA at room
temperature overnight. Bound antibody was visualized by the
ABC method and 3,3’-diaminobenzidine tetrahydrochloride
(DAB) as chromogen. In addition, the thoracic aortac were
also rapidly removed and frozen with liquid nitrogen for the
detection of PCNA.

Measurement of blood pressure and heart rate

The hypotensive effect of nifedipine was examined in all
balloon-injured rats. Systolic and diastolic blood pressures
and heart rate were measured by the tail-cuff method with an
ultrasound device (BP98A, Softron, Tokyo, Japan) before the
implantation of an Alzet® osmotic pump, 3, 7, and 14 days
after balloon catheterization.

Cell culture

VSMC were harvested from the aortae of male SD rats
(150-200 g) (Funabashi Farm, Chiba, Japan) by the medial
explant technique and cultured in DMEM containing 10%
FBS as described previously (Igarashi et al., 1997). Cells
within 10 passages were used for the following studies.

Measurement of DNA content in VSMC

The assay was performed as described previously (Kanzaki et
al., 1994) with minor modifications. VSMC were plated at a
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density of 5x 10* cells per well on a 12-well culture plate and
grown in DMEM containing 10% FBS for 48 h. Then, the
medium was changed to DMEM containing 0.2% bovine
serum albumin (BSA) for starvation. After 24 h of incuba-
tion, the media were aspirated, and the cells were cultured in
DMEM containing 2% FBS either with dimethylsulphoxide
(DMSO) only or DMSO containing various concentrations
(final concentrations: 1077, 10~% 1075, and 10-* M) of
nifedipine for 16 h. Then, 1 uCi of [’H]-thymidine was added
to each well and incubated for another 4 h. At the end of
incubation, the cells were washed, and a high-molecular mass
of [*H]-thymidine was precipitated by 5% trichloroacetic acid
at 4°C for 20 min. The precipitate was washed and
solubilized in a mixture of 0.5 N NaOH and 0.1% sodium
dodecyl sulphate (SDS), and the radioactivity was determined
in a liquid scintillation counter. Protein concentrations were
measured by the method of Lowry et al. (1950).

Growth assay in VSMC

The cells were prepared as mentioned above and starved with
DMEM containing 0.2% BSA for 24 h. Then, the media
were aspirated and cultured in DMEM containing 5% FBS
with DMSO only or various concentrations (final concentra-
tions: 1077, 107°, 10>, and 10~* M) of nifedipine solubilized
in DMSO. After incubation for the indicated number of days
(0, 1, 3 or 5 days), the media were aspirated, and the cells
were solubilized in 1 ml of a mixture of 0.5% SDS and 0.5 N
NaOH. After the solution had been neutralized with 500 ul of
1 N HCI, the measurement of total cellular protein content
was performed by the method of Lowry et al. (1950). Those
media were replaced every 24 h during this experiment.

Immunoblot analysis of ERK1/2, MEK 1/2, and Pyk2 in
VSMC

After being starved with DMEM containing 0.2% BSA for
24 h at 37°C, the cells were cultured in DMEM containing
2% FBS for another 21 h. Then, either DMSO only or
various concentrations (final concentrations: 107, 10=%, 1073,
and 10~* M) of nifedipine solubilized in DMSO were added
to each well and incubated for another 3 h. The following
experimental procedure was carried out as described
previously (Igarashi et al., 1999). The cells were washed
and solubilized with 0.5 ml of a lysis buffer consisting of
(mm): HEPES 20, MgCl, 5, KCl 25, Na3SO4 1, sodium
molybdate 1, p-glycerophosphate 10, tetrasodium pyrophos-
phate 5, sucrose 250, adenosine 5'-triphosphate (ATP) 1,
phenylmethylsulphonyl fluoride (PMSF) 2, 0.1 mg ml™!
aprotinin, and 1% Triton-X. The total cellular lysate was
centrifuged at 14,000 x g to remove insoluble materials, and
then protein concentrations were determined by the method
of Bradford (1976). After being solubilized in a Laemmli
buffer, the samples were separated by 10% SDS-polyacryla-
mide gel electrophoresis (PAGE) and transferred to PVDF
membranes. Alternatively, the above lysates were incubated
with 10 pl of anti-Pyk2 antibody at 4°C overnight. Then,
protein A-Sepharose 6MB was added and further incubated
at 4°C for 2 h. The bound proteins were solubilized in a
Laemmli buffer, and the samples were separated by 7.5%
SDS-PAGE and transferred to PVDF membranes.

After blocking overnight, the membranes were incubated
with the primary anti-phosphospecific antibodies at 4°C
overnight or with the antibodies at room temperature for
1 h. The blots were washed and then incubated with
peroxidase-conjugated immunoglobulins at room tempera-

ture. After washing, sites of antibody binding were visualized
using the ECL Western blotting detection system and
quantified with a densitometer.

Immunoblot analysis of PCNA in VSMC and
balloon-injured thoracic aortae of rat

In the in vitro sample, after being starved with DMEM
containing 0.2% BSA, the cells were cultured in DMEM
containing 2% FBS with DMSO only or various concentra-
tions (final concentrations: 1077, 107%, 10~ and 10~* M) of
nifedipine solubilized in DMSO at 37°C for 24 h. The
procedure for the extraction of nuclear protein was
performed as described previously (Andrews et al., 1991).
After being scraped with ice-cold PBS, the cell suspension
was transferred to a microfuge and centrifuged at 14,000 x g
for 10 s. Then, the pellets were suspended in 400 ul of ice-
cold buffer A (in mM: HEPES-KOH 10 (pH 7.9, 4°C), MgCl,
1.5, KCI 10, dithiothreitol (DTT) 0.5, PMSF 0.2), put on ice
for 10 min, and centrifuged at 14,000 x g for 10 s. The pellets
were resuspended in 50 ul of ice-cold buffer C (mMm): HEPES-
KOH 20 (pH 7.9, 4°C), 25% glycerol, NaCl 420, MgCl, 1.5,
ethylenediaminetetraacetic acid (EDTA) 0.2, DTT 0.5, PMSF
0.2, incubated on ice for 20 min, and centrifuged at
14,000 x g for 2 min. In the in vivo sample, the balloon-
injured thoracic aortae were pulverized and then homo-
genized with 1 ml of a lysis buffer consisting of (mMm):
HEPES 20, MgCl, 5, KCI 25, Na3SO, 1, sodium molybdate
1, p-glycerophosphate 10, tetrasodium pyrophosphate 5,
sucrose 250, ATP 1, PMSF 2, 0.1 mg ml~' aprotinin, and
1% Triton-X in a Dounce homogenizer for 30 strokes and
centrifuged. The protein contents of these supernatants were
determined by the method of Bradford (1976).

The samples were solubilized in a Laemmli buffer,
separated by 12% SDS-PAGE, and transferred to PVDF
membranes. After blocking overnight, the membranes were
incubated with anti-PCNA antibody at room temperature for
1 h. The blots were treated to visualize the sites of antibody
binding by the same method and quantified as described in
the previous section.

Evaluation of cytotoxicity

The cytotoxic effect of nifedipine was assessed by measuring the
release of lactate dehydrogenase (LDH) in VSMC as described
previously (Ellouk-Achard et al., 1995). The cells were plated at
a density of 5 x 10 cells per well on a 24-well culture plate and
cultured in DMEM containing 10% FBS for 48 h. After being
starved with DMEM containing 0.2% BSA for 24 h, the cells
were cultured in DMEM containing 2 or 5% FBS with DMSO
only or various concentrations (final concentrations: 1077,
10-%, 1072, and 10~* M) of nifedipine solubilized in DMSO.
After being incubated for 24 h, 100 ul of the supernatants was
transferred into the wells of a 96-well microtiter plate. To
determine the LDH activity in the supernatants, the reaction
mixture was added to each well and incubated for 30 min at
room temperature. Then, absorbance of the samples to
evaluate the percentage of cytotoxicity by nifedipine was
measured at 490 nm by using an ELISA reader. The average
values were calculated as follows:

Cytotoxicity (%) =(AV treated — AV untreated)
x 100/AV cell,

where AV treated: the absorbance value in the supernatant with
addition of either DMSO or various concentrations of
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nifedipine solubilized with DMSO; AV untreated: the
absorbance value in the supernatant without addition of
DMSO or nifedipine; AV cell: the absorbance value in the cell
lysate without addition of DMSO or nifedipine, solubilized
with 100 gl of 1% Triton-X. In addition, the cell viability was
determined by the exclusion of 0.2% Trypan blue.

Other measurements

Blood samples were taken from the inferior vena cava after
overnight starvation, and sera were obtained by centrifuga-
tion for the measurement of total cholesterol (T-Cho),
triglyceride (TG), and high-density lipoprotein-cholesterol
(HDL-C). T-Cho and TG levels were determined by the
enzymatic method, and HDL-C was measured by the
precipitation method modified by the phosphotungstate-
MgCl, method.

Statistical analysis

Results are expressed as mean+s.e.mean. Statistical signifi-
cance was estimated by one-way analysis of variance
(ANOVA) for the comparison of several groups, and the
differences were considered to be significant at P<0.05.

Results

Body weight and levels of serum lipid, blood pressure, and
heart rate

The treatment with nifedipine modified neither rat body
weight (C, 409.3+29 ¢g; L, 421.0+5.7 g; H, 4183+5.6 g)
nor the levels of serum T-Cho (C, 669449 mgdl™';
L, 68.3+4.5mgdl™"; H, 57.1+£24 mg dl~"), TG (C, 89.4+
11.1mgdl~'; L, 1034+147mgdl""; H, 1129+
9.6 mg dI7"), or HDL-C (C, 39.0+2.7mgdl™"; L, 40.2+
3.1mgdl~' H, 34.34+1.7 mgdl~!) in the three groups. In
addition, the treatment with nifedipine slightly lowered the
level of systolic (C, 133.8+1.9 mmHg; L, 131.7+1.0 mmHg,
H, 127.0+3.8 mmHg) and/or diastolic blood pressure (C,
106.3+3.0 mmHg; L, 102.7+2.5 mmHg; H, 103.3+2.4
mmHg) or increased the heart rate (C, 364.5+5.9 min—'; L,
378.849.7 min~'; H, 377.54+5.5 min~") during the proce-
dures, but no significant differences were observed among the
three groups.

I/M ratio on the left carotid artery after balloon
catheterization

During the procedures, no rat died in any of the three
groups. Figure 1 shows the typical Elastica Masson stain (C,
(A); L, (B); H, (C)). The regression of intimal thickening in
the nifedipine groups could be confirmed by the position of
the internal elastic lamina. Differences in I/M ratio are
shown in Figure 2. Treatment with nifedipine resulted in a
distinct change in the size of intimal thickening in a clear
dose-dependent fashion compared to that of the control.
The I/M ratio and intimal area in the C group were

significantly lower than those in the L group (C,
7.8840.72 mm> vs L, 6.4140.37 mm? respectively,
P<0.05). Furthermore, these values in the H group

(5.224+0.24 mm?) were considerably lower than those of
the C (P<0.01) and the L (P<0.05) groups. The area of the
medial layer was not significantly different among the three
groups (C, 7.27+030 mm* L, 7.22+0.28 mm?* H,

7.2540.24 mm?). These findings indicate that nifedipine
appears to have an inhibitory effect on the intimal
thickening induced by balloon catheterization.

Immunohistochemical findings on balloon catheterization

Immunohistological stainings with anti-SMA antibody
revealed diffuse SMA-positive immuno-reactivities through-
out the intimal thickening layers of all preparations (Figure
ID-F). These areas were equivalent to the values of the I/
M ratios because of their wide distribution in the
neointima. This finding demonstrated that the intimal
thickening layers in this experiment were composed of
proliferated and migrated VSMC and that the amount of
VSMC in those layers was clearly attenuated by the
treatment with nifedipine in a distinct dose-dependent
manner.

Effect of nifedipine on VSMC growth

To characterize the effect of nifedipine on rat VSMC
growth in vitro, we examined the mitogenic response by a
[’H]-thymidine incorporation assay. As shown in Figure 3,
the values of [*H]-thymidine incorporation were inhibited
by the treatment with nifedipine dose-dependently. At
10-¢M, 10~° M, and 10~* M of nifedipine, the values were
significantly decreased to 63.82+4.31%, 22.68+1.22%, and
5.45+3.26% of those of the control, respectively
(P<0.01).

To support the inhibitory effect of nifedipine on rat
VSMC growth, we further examined the changes of total
cellular protein concentration (Figure 4). The values in the
control group were gradually increased to
58.33+5.69 ug ml~' on day 3 and 64.53+5.94 ug ml~' on
day 5 by the stimulation of 5% FBS. Compared with those
of the control, the values of the groups treated with
nifedipine decreased time- and dose-dependently. The values
at 10~% and 10~* M of nifedipine were significantly decreased
even on day 1 and at 107° M on day 5 (P<0.05), indicating
that nifedipine has an inhibitory effect on rat VSMC
growth.

Effect of nifedipine on the phosphorylation of ERK1/2 and
its upstream, MEK 1/2, in VSMC

We examined whether nifedipine could affect the activa-
tion of ERK 1/2 (p44/42) in rat VSMC by immunoblot
analysis. The upper panel of Figure 5A shows the effect
of nifedipine on the phosphorylation of ERKI/2.
Compared with the control basal band, the levels of
phosphorylated ERK1/2 were dose-dependently decreased

by the treatment with nifedipine and significantly
suppressed to 69.64+14.6% at 107°mM, 48.8+3.3% at
107°M, and 42.8459% at 107%™ (Figure 5B). In

contrast, the protein levels of ERK 1/2 were not changed
by the treatment with nifedipine (the lower panel of
Figure 5A).

To confirm the identity of the effect of nifedipine on the
signal transduction pathway of ERK, we further examined
the phosphorylation of MEK 1/2, which is an upstream
kinase of ERK 1/2 (Seger & Krebs, 1995), in rat VSMC. As
in Figure 6, the levels of phosphorylated MEK 1/2 were also
decreased by the treatment with nifedipine dose-dependently
(the upper panel of Figure 6A) and significantly suppressed
to 81.0+1.6% at 107°mM, 59.2+2.6% at 10° M, and
54.6+3.3% at 10~* M (Figure 6B), but the protein levels of
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Figure 1 Cross-sections of rat left common carotid artery 14 days after balloon catheterization. EM stains (A—C) and
immunohistological stainings with anti-SMA antibody and developed by the ABC method (D—F). 0.4 mg ml~' of DAB was used
as the chromogen of the ABC method, and the antibody-positive staining is shown as brown. (A,D) C: mixture of ethanol and
polyethylen-glycol 400 only; (B,E) L: treatment with 0.3 mg kg~ ' day ! of nifedipine; (C,F) H: treatment with 3 mg kg~ ! day~' of
nifedipine. Arrowheads indicate the position of the internal elastic lamina. The preparations were examined under x 20

magnification.

MEK 1/2 were not changed in any of the conditions (the
lower panel of Figure 6A). These data clearly demonstrate
that nifedipine can prevent cell growth vie a MEK-ERK
cascade in rat VSMC.

Effect of nifedipine on the phosphorylation of Pyk2 in
VSMC

To evaluate the effect of nifedipine on the upstream level of
a MEK-ERK cascade in rat VSMC, we further character-
ized the role of Pyk2, which activates a MEK-ERK signal
transduction pathway in response to the elevation of
intracellular calcium concentrations (Tokiwa et al., 1996;
Ganju et al, 1998). Interestingly, compared with the
control basal band, the levels of phosphorylated Pyk2 were
also decreased by the treatment with nifedipine dose-
dependently and significantly suppressed to 70.9+2.9% at

10-°M, 61.1+11.9% at 10°M, and 28.94+15.8% at
10-* M without any changes in the protein levels (Figure
7A,B).

Effect of nifedipine on the expression of PCNA in VSMC
and balloon-injured thoracic aortae

To estimate the inhibitory effect of nifedipine on VSMC
growth in the nuclear signalling level, we further investigated
the expression of PCNA in vitro and in vivo. Interestingly, the
protein level of PCNA was dose-dependently attenuated by
the treatment with nifedipine in balloon-injured rat thoracic
aortae (Figure 8A) and VSMC (Figure 8B). In rat aortae,
compared to the control, the PCNA levels in the L and H
groups were significantly decreased to 73.9+7.8% and
48.8 +8.8%, respectively (the lower panel of Figure 8A). In
VSMC, the levels were also significantly decreased to
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Figure 2 Effect of nifedipine on the value of I/M ratio from rat left
common carotid artery 14 days after balloon catheterization. C:
mixture of ethanol and polyethylen-glycol 400 only (n=9); L:
treatment with 0.3 mg kg~' day~! of nifedipine (n=9); H: treatment
with 3 mg kg~ ! day~' of nifedipine (n=9). Values are the mean+
s.e.mean. **P<0.01; *P<0.05 vs C.
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Figure 3 Effect of nifedipine on DNA synthesis in rat VSMC. The
results were derived from five separate experiments, and each
experiment was performed in triplicate. Each bar represents the
mean+s.e.mean. **P<0.01 vs control.

68.9+164% at 107°M, 58.8+6.0% at 107°>M, and
25.849.0% at 10~* M (the lower panel of Figure 8B).

Cytotoxic effect of nifedipine in VSMC

The release of LDH in the supernatant was not significantly
changed by the treatment with various concentrations of
nifedipine for 24 h in rat VSMC (Table 1). In addition, the
cell viability with or without addition of nifedipine was more
than 98% as determined by the exclusion of 0.2% Trypan
blue.

Discussion

Considerable evidence supports the view that hypertension is
a major risk factor for the progression of atherosclerosis
(SHEP Cooperative Research Group, 1991; Medical Re-
search Council Working Party, 1992; Sagie et al., 1993;
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Figure 4 Effect of nifedipine on the changes of total cellular protein
concentrations in rat VSMC. The results were derived from five
separate experiments, and each experiment was performed in

triplicate. Each bar represents the mean+s.e.mean. *P<0.05,
**P<0.01 vs control.
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Figure 5 Effect of nifedipine on the phosphorylation and protein
level of ERK 1/2 (p44/42) in rat VSMC. (A) The phosphorylation or
protein level of ERK 1/2 was detected by immunoblot analysis using
antibody phosphospecific or specific for ERK 1/2, as described in
Methods. p-ERK 1/2 or ERK 1/2 shows the phosphorylation or the
protein level of ERK 1/2, respectively. (B) The quantitation of the
phosphorylated ERK 1/2 from three separate experiments is shown,
and each bar represents the mean +s.e.mean. *P<0.05, **P<0.01 vs
control.

National High Blood Pressure Education Program Working
Group, 1994; Siscovick et al., 1994; Pahor et al., 1995;
Staessen et al., 1997; Psaty et al., 1999; Sacco et al., 1999).
The major consequence of atherosclerotic changes is the
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Figure 6 Effect of nifedipine on the phosphorylation and protein
level of MEK 1/2 in rat VSMC. (A) The phosphorylation or protein
level of MEK 1/2 was detected by immunoblot analysis using
antibody phosphospecific or specific for MEK 1/2, as described in
Methods. p-MEK 1/2 or MEK 1/2 shows the phosphorylation or the
protein level of MEK 1/2, respectively. (B) The quantitation of the
phosphorylated MEK 1/2 from three separate experiments is shown,
and each bar represents the mean +s.e.mean. *P<0.05, **P<0.01 vs
control.

obstruction and/or occlusion of one or more arteries, leading
to strokes (Sacco et al., 1999) or acute coronary syndromes
such as unstable angina and acute myocardial infarction
(Libby, 1995). The mechanism(s) of arterial obstruction
remains unclear, but it is generally considered that (1)
increased vasoconstriction responses, (2) decreased anti-
thrombic properties, and (3) abnormal proliferation and
migration of VSMC are implicated in the development of
atherosclerotic plaque (Ross, 1986).

In this study, we have clearly demonstrated that nifedipine
has an inhibitory effect even on the early events of
atheromatous formation by direct suppression of VSMC
growth via a MEK-ERK pathway coupled with Pyk2 in a
strict dose-dependent manner and that the effect is
independent of the level of blood pressure or serum
cholesterol. These favourable results suggest that nifedipine
could be one of the most promising agents for preventing the
progression of vascular complications such as restenosis after
percutaneous transluminal coronary angioplasty (PTCA).

First, we examined the in vivo effect of nifedipine to
determine whether it could suppress rat intimal thickening
induced by balloon catheterization. The I/M ratio in the L
and H groups treated with nifedipine was significantly
decreased by 17 and 34%, respectively, compared to the
control. In addition, the ratio in the H group was
significantly lower than that in the L group. Furthermore,
the lesions were composed mainly of SMA-positive cells,
which suggested that nifedipine has a significant inhibitory
effect on the content of VSMC in the neointima and the

Nifedipine(M) C 107 10° 10° 10"

B)
29 120
S £ =100
232 £ ]
5 & 80
> @
S &S 60
R =%
w5 .o 407
e e X
£ 4 < 20
o% 0

c 107 10° 10° 10"
Nifedipine (M)

Figure 7 Effect of nifedipine on the phosphorylation and protein
level of Pyk2 in rat VSMC. (A) The phosphorylation or protein level
of Pyk2 was detected by immunoblot analysis using antibody specific
for phosphotyrosine (PY20) or for Pyk2, as described in Methods. p-
Pyk2 or Pyk2 shows the phosphorylation or protein level of Pyk2,
respectively. (B) The quantitation of the phosphorylated Pyk2 from
three separate experiments is shown, and each bar represents the
mean+s.e.mean. *P<0.05, **P<0.01 vs control.

subsequent intimal thickening. In agreement with our results,
Jackson et al. (1989) have shown that nifedipine can prevent
the proliferation of VSMC occurring in response to balloon
catheter injury, suggesting that nifedipine might inhibit the
phenotypic modulation of VSMC and the subsequent uptake
of lipids. In addition, Kerry et al. (1999) have recently
reported that another L-type dihydropyridine calcium
antagonist, nicardipine, also suppresses the collar-induced
intimal thickening in rabbit carotid artery without affecting
the changes in vascular reactivity. In contrast, Ustiines et al.
(1996) have shown that even a near lethal dose of verapamil,
another subclass of calcium antagonists, cannot prevent the
collar-induced intimal thickening in rabbits. Although the
precise mechanism(s) is not clear, it is likely that the
discrepancy may result from the different types of agents,
i.e., the L-type dihydropyridine calcium antagonists may have
a rather sensitive property to suppress the intimal thickening
by inhibiting the proliferation of VSMC or the synthesis of
the extracellular matrix.

Neither systolic nor diastolic blood pressure was affected
by the treatment with nifedipine in this study. Recently, Bult
et al. (1999) have suggested that calcium antagonists can
modulate nitric oxide bioactivity. The precise mechanism is
obscure, but several investigators have previously reported
that nifedipine treatment did not necessarily result in a
significant reduction of blood pressure in normal rats
compared to spontaneous hypertensive rats (Rakusan et al.,
1994). In addition, it might be considered that continuous
subcutaneous administration of nifedipine by means of an
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Figure 8 Effect of nifedipine on the levels of PCNA in rat thoracic
aorta (A) and VSMC (B) by immunoblot analysis. The quantitation
of PCNA from three separate experiments is shown in each lower
panel, and each bar represents the meants.e.mean. *P<0.05,
**P<0.01 vs control.

Table 1 Cytotoxic effect of nifedipine by measuring the
release of LDH in rat VSMC

Cytotoxicity (%)

2% FBS 5% FBS

Control 3.9+0.7 24404
Nifedipine

107 m 3.840.7 29+0.4

10° M 4.640.6 3.140.5

10° M 4.7+0.4 3.440.7

104 M 51+1.0 3.5+0.2

The results were derived from three separate experiments,
and each experiment was performed in triplicate. Values are
the mean+s.e.mean.

osmotic pump affects its performance as a long-acting agent.
It is more likely that reduction of contractile VSMC in the
medial layer by balloon injury might result in the decrease of
hypotensive effect by the agent. Furthermore, neither lipid
levels nor the heart rate was changed in any of the three
groups, indicating that blood pressure can be considered
insufficient to influence the inhibition of intimal thickening.
Based on the above in vivo findings, we next examined the
in vitro effect of nifedipine on the proliferation of rat VSMC.
Similarly to the in vivo findings, the values of both [*H]-
thymidine incorporation and total protein content were
reduced by the addition of nifedipine in dose-dependent
fashions. In addition, nifedipine affected neither the cell
viability nor the value of LDH in the supernatant in VSMC

for a 24-h culture (Table 1), indicating that nifedipine itself
can inhibit VSMC proliferation but not by cytotoxicity. In
agreement with our findings, Rabkin & Kong (2000) have
reported that nifedipine does not induce cytotoxicity at
10~* M in chick embryonic cardiomyocytes.

Recently, it was revealed that the MAP kinase superfamily
plays a crucial role in cell growth, differentiation, or even
programmed cell death in response to diverse extracellular
stimuli in eukaryotic cells (Seger & Krebs, 1995). Extensive
studies have clarified that a variety of growth factors and
hormones can activate ERK1/2 (p44/42) signal transduction
pathways through the GTPase-activating protein of Ras
(Ras-GTP), leading to cellular proliferation and differentia-
tion by stimulating transcription factors that induce the
expression of c-fos and other growth-responsive genes (Daub
et al., 1996; Lopez-llasaca, 1998). As shown in Figure 5,
nifedipine inhibited the levels of phosphorylated ERK 1/2
(p44/42) in dose-dependent fashions and significantly reduced
the levels at more than 107° M. In addition, the levels of
phosphorylated MEK 1/2, the upstream of ERK 1/2, were
also inhibited by the agent in the same fashion as those of
ERK 1/2, suggesting that nifedipine may have an effect on
the change(s) of signal transduction through Ras-GTP to a
MEK-ERK pathway. In agreement with our findings, Benes
et al. (1998) have shown that nifedipine can inhibit the
activation of ERK 1/2 in the MING6 pancreatic f§ cell line.

Pyk2 (also known as RAFTK) has recently been
characterized as one of the focal adhesion kinases (Lev et
al., 1995; Tokiwa et al., 1996; Ganju et al., 1998). Pyk2 is
activated by various extracellular signals that increase
intracellular calcium concentrations and subsequently activate
the signalling pathway from Ras-GTP to MAP kinase (Lev et
al., 1995). Interestingly, our results clearly demonstrated that
the levels of phosphorylated Pyk2 were decreased dose-
dependently by the treatment with nifedipine and also
significantly suppressed at more than 10-°wm (Figure 7),
suggesting that nifedipine itself can suppress the proliferation
of VSMC via a MEK-ERK pathway coupled with Pyk2 by
reducing the intracellular calcium ion concentration. In
contrast, Soma et al. (1998) have shown that the (R)-
enantiomer of lercanidipine, which has a very low affinity for
calcium channels, can inhibit collar-induced intimal VSMC
proliferation and cholesterol-induced fatty streak formation
in rabbits, suggesting that these anti-atherosclerotic effects
are independent of the inhibition of calcium channels. It is
plausible to assume that the discrepancy is based on the
difference of the experimental condition or the essential
properties of the agents. Soma et al. (1998) adapted the
cholesterol-fed rabbit model and administered the lercanidi-
pine and its (R)-enantiomer for 10 weeks, which is quite
different from our study, since we used SD rats whose lipid
levels were remarkably lower than theirs. In addition, they
reported that lercanidipine (R)-enantiomer itself shares the
antioxidant properties.

Although we did not evaluate an inhibitory effect of
nifedipine on calcium influx in VSMC, Bialecki et al. (1991)
have shown that 10% serum-stimulated calcium influx is
potentiated 3.7 fold in cholesterol-enriched VSMC and that
these increases are significantly attenuated by even 1 uM of
nifedipine. Lucchesi er al. (1996) have recently reported that
angiotensin II stimulates ERK 1/2 phosphorylation in a
calcium-dependent manner in rat VSMC, and that the
phosphorylation is stronger in spontaneously hypertensive
rats than in Wistar-Kyoto rats. These findings may support
the possibility that elevated intracellular calcium concentra-
tion in VSMC causes the intimal thickening and nifedipine
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directly prevents the progression of atheromatous formation
by inhibiting calcium accumulation in VSMC.

PCNA is known to be synthesized in the early Gl and S
phases of the cell cycle and to behave as a marker for
proliferating cells (Tsuboi et al., 1996; Capron et al., 1997).
In this study, we could show that nifedipine can suppress the
level of PCNA in both VSMC and balloon-injured thoracic
aorta in dose-dependent fashions (Figure 8), suggesting that
nifedipine can directly inhibit VSMC growth even at the
nuclear level both in vitro and in vivo by the same
mechanisms.

In conclusion, in this study, we have established that
nifedipine has an inhibitory effect on intimal thickening by
attenuating intimal VSMC proliferation via a MEK-ERK
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