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Abstract

It has been shown that 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) modulate vascular

smooth muscle cell functions. In the present study, we investigated the effect of simvastatin on vascular endothelial growth factor

(VEGF) release, and the underlying mechanism, in a rat aortic smooth muscle cell line, A10 cells. Administration of simvastatin

increased the VEGF level in rat plasma in vivo. In cultured cells, simvastatin significantly stimulated VEGF release in a dose-de-

pendent manner. Simvastatin induced the phosphorylation of p44/p42 MAP kinase but not p38 MAP kinase or SAPK (stress-

activated protein kinase)/JNK (c-Jun N-terminal kinase). PD98059 and U-0126, inhibitors of the upstream kinase that activates p44/

p42 MAP kinase, significantly reduced the simvastatin-induced VEGF release in a dose-dependent manner. The phosphorylation of

p44/p42 MAP kinase induced by simvastatin was reduced by PD98059 or U-0126. Moreover, a bolus injection of PD98059 truly

suppressed the simvastatin-increased VEGF level in rat plasma in vivo. These results strongly suggest that p44/p42 MAP kinase

plays a role at least partly in the simvastatin-stimulated VEGF release in vascular smooth muscle cells.

� 2002 Elsevier Science (USA). All rights reserved.
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It is well known that the 3-hydroxy-3-methylglutaryl

coenzyme A (HMG-CoA) reductase inhibitors (statins)

are useful therapeutic agents for patients with hyper-

cholesterolemia, an essential risk factor of atheroscle-

rosis [1]. In addition to the reduction of cholesterol
biosynthesis through inhibiting the mevalonate path-

way, accumulating evidence indicates that statins have

several pleiotropic effects [1]. Vascular smooth muscle

cells play a crucial role in the pathogenesis of hyper-

tension and atherosclerosis [2]. As for vascular smooth

muscle cells, it has been shown that atrovastatin, sim-

vastatin, and lovastatin induce apoptosis of vascular

smooth muscle cells [3]. In addition, it has recently been
reported that simvastatin reduces plasminogen activator

inhibitor-1 release by vascular smooth muscle cells [4].

However, the direct cellular effects of statins in vascular

smooth muscle cells have not yet been precisely clarified.

Vascular endothelial growth factor (VEGF) has been

characterized as a heparin-binding angiogenic growth

factor displaying high specificity for endothelial cells,
enhances vascular permeability, and promotes angio-

genesis [5]. VEGF is expressed and secreted by numer-

ous tumor and normal cells, including vascular smooth

muscle cells [5]. In vascular smooth muscle cells, it has

been shown that various growth factors and cytokines

(such as fibroblast growth factor, platelet-derived

growth factor, endothelin, transforming growth factor

b, and interleukin-1) stimulate VEGF production [6–10].
As for the mechanism behind this VEGF production, it

has been reported that endothelin-1 and -3 each increase

VEGF synthesis through activation of protein kinase C

in human umbilical vein smooth muscle cells [10]. We

previously reported that p38 mitogen-activated protein

(MAP) kinase plays an important role in the pathway
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mediating the transforming growth factor b- or vitamin
D3-induced synthesis of VEGF in an aortic smooth

muscle cell line, A10 cells [11,12]. However, the precise

mechanism underlying VEGF production and release in

vascular smooth muscle cells is not fully understood.

In the present study, we investigated whether sim-

vastatin affects VEGF release in vivo and in cultured

vascular smooth muscle cells in vitro, and if so, the

mechanism behind this VEGF release. We herein show
that simvastatin-stimulated VEGF release is regulated

by p44/p42 MAP kinase in these cells.

Materials and methods

Materials. Simvastatin, PD98059, and U-0126 were purchased

from Calbiochem-Novabiochem (La Jolla, CA). Phospho-specific p38

MAP kinase antibodies, p38 MAP kinase antibodies, phospho-specific

stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK)

antibodies, SAPK/JNK antibodies, phospho-specific p44/p42 MAP

kinase antibodies, and p44/p42 MAP kinase antibodies were obtained

from New England BioLabs (Beverly, MA). An enhanced chemilu-

minescence (ECL) Western blotting detection system was obtained

from Amersham Japan (Tokyo, Japan). Other materials and chemicals

were obtained from commercial sources. Simvastatin, PD98059, and

U-0126 were dissolved in dimethyl sulfoxide. The maximum concen-

tration of dimethyl sulfoxide was 0.1%, which did not affect the assay

for VEGF and Western blot analysis.

Effect of simvastatin on VEGF level in rat plasma in vivo. Male

Sprague–Dawley rats (SLC, Sizuoka, Japan) were used. Simvastatin (2

or 20mg/kg per day) was orally administrated for 3 days. When in-

dicated, PD98059 (75lM) or vehicle was injected as a bolus via the

jugular vein before the administration of simvastatin. Catheter (Na-

tume, Tokyo, Japan) was inserted into the right femoral artery for the

monitoring of blood pressure and pulse rate via a pressure transducer

(AP601G; Nihon Koden, Tokyo, Japan). Blood samples (0.3ml) were

collected into sodium citrate (3.15%, final concentration) via the jug-

ular vein after 24 h from the final administration of simvastatin.

Cell culture. Aortic smooth muscle A10 cells, which have been

derived from rat aortic smooth muscle cells [13], were obtained from

American Type Culture Collection (Rockville, MD). The cells were

seeded into 35-mm (1� 105) or 90-mm (5� 105) diameter dishes and

cultured in DMEM containing 10% fetal calf serum (FCS) at 37 �C in a

humidified atmosphere of 5% CO2/95% air. The cells were seeded into

35-mm-diameter dishes or 90-mm-diameter dishes in DMEM con-

taining 10% FCS. After 5 days, the medium was exchanged for serum-

free DMEM. The cells were used for experiments after 48 h.

Assay for VEGF. The cultured cells were stimulated by simvastatin

in 1ml DMEM for the indicated periods. When indicated, the cells

were pretreated with PD98059 or U-0126 for 60min. The reaction was

terminated by collecting the medium and VEGF in the medium was

measured by a VEGF enzyme immunoassay kit.

Western blot analysis of MAP kinases. The cultured cells were

stimulated by simvastatin for the indicated periods. The cells were

washed twice with phosphate-buffered saline and then lysed, homog-

enized, and sonicated in a lysis buffer containing 62.5mM Tris/Cl, pH

6.8, 2% sodium dodecyl sulfate (SDS), 50mM dithiothreitol, and 10%

glycerol. The cytosolic fraction was collected as a supernatant after

centrifugation at 125,000g for 10min at 4 �C. SDS–polyacrylamide gel

electrophoresis (PAGE) was performed by the method of Laemmli [14]

in 10% polyacrylamide gels. Western blotting was performed as de-

scribed previously [15] by using phospho-specific p44/p42 MAP kinase

antibodies or p44/p42 MAP kinase antibodies, with peroxidase-labeled

antibodies raised in goat against rabbit IgG being used as secondary

antibodies. Peroxidase activity on the nitrocellulose sheet was visual-

ized on X-ray film by use of an ECL Western blotting detection

system. When indicated, the cells were pretreated with PD98059 or

U-0126 for 60min.

Determination. The absorbance of enzyme immunoassay samples

was measured at 450 nm with EL 340 Bio Kinetic Reader (Bio-Tek

Instruments, Winooski, VT).

Statistical analysis. The data were analyzed by ANOVA followed

by Bonferroni method for multiple comparisons between pairs. All

data are presented as means�SD of triplicate determinations. Each

experiment was repeated three times with similar results.

Results

Effect of simvastatin on VEGF level in rat plasma in vivo

Simvastatin (2 and 20mg/kg/day) significantly in-

creased the level of VEGF in rat plasma after its ad-

ministration in a dose-dependent manner (Table 1).

Effect of simvastatin on VEGF release in A10 cells

Simvastatin significantly stimulated VEGF release

time-dependently up to 36 h (Fig. 1). The stimulatory
effect of simvastatin on VEGF release was dose-depen-

dent over the range 0.1–20 lM (data not shown). The

maximum effect of simvastatin was observed at 20 lM.

Effects of simvastatin on phosphorylation of p38 MAP

kinase, SAPK/JNK, and p44/p42 MAP kinase in A10

cells

In order to clarify whether or not simvastatin acti-
vates the MAP kinase superfamily in A10 cells, we ex-

amined the effect of simvastatin on the phosphorylation

of p38 MAP kinase, SAPK/JNK or p44/p42 MAP

kinase. Simvastatin induced the significant phosphory-

lation of p44/p42 MAP kinase (Fig. 2). The simvastatin-

induced phosphorylation of p44/p42 MAP kinase

reached its peak at 60min after the stimulation. On the

other hand, p38 MAP kinase or SAPK/JNK was not
affected by simvastatin (Fig. 2).

Table 1

Effect of simvastatin on the level of VEGF in vivo

Simvastatin VEGF (pg/ml)

) 10:4� 1:0

+ (2mg/kg/day) 34:6� 5:5�

+ (20mg/kg/day) 77:2� 3:5�

Simvastatin (2 or 20mg/kg per day) was orally administrated for 3

days. Blood samples were collected after 24 h from the final adminis-

tration of simvastatin. Each value represents the mean� SD of tripli-

cate determinations. Similar results were obtained with two additional

and different cell preparations. *P < 0:05, compared with the control

value.
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Effect of PD98059 or U-0126 on the simvastatin-induced

VEGF release in A10 cells

To clarify the involvement of p44/p42 MAP kinase in

the simvastatin-induced VEGF release in A10 cells, we

next examined the effect of PD98059, a specific inhibitor

of upstream kinase that activates p44/p42 MAP kinase
[16], on the VEGF release by simvastatin. The sim-

vastatin-stimulated VEGF release was significantly re-

duced by PD98059, which alone had little effect on the

level of VEGF (Fig. 3). In addition, U-0126, another

inhibitor of upstream kinase that activates p44/p42

MAP kinase [17], which by itself did not affect the level

of VEGF, suppressed the simvastatin-induced VEGF

release (Table 2).

Fig. 1. Effect of simvastatin on VEGF release in A10 cells. The cul-

tured cells were stimulated by 20lM simvastatin for the indicated

periods. Each value represents the mean� SD of triplicate determi-

nations. Similar results were obtained with two additional and different

cell preparations. *P < 0:05, compared with the control value.

Fig. 2. Effects of simvastatin on the phosphorylation of p38 MAP kinase, SAPK/JNK, and p44/p42 MAP kinase in A10 cells. The cultured cells were

incubated with 10lM simvastatin for the indicated periods. The extracts of cells were subjected to SDS–PAGE against phospho-specific p38 MAP

kinase antibodies, p38 MAP kinase antibodies, phospho-specific SAPK/JNK antibodies, SAPK/JNK antibodies, phospho-specific p44/p42 MAP

kinase antibodies, and p44/p42 MAP kinase antibodies. Similar results were obtained with two additional and different cell preparations.

Fig. 3. Effect of PD98059 on the simvastatin-induced VEGF release in

A10 cells. The cultured cells were pretreated with various doses of

PD98059 for 60min and then stimulated by 20 lM simvastatin for

24 h. Each value represents the mean� SD of triplicate determinations.

Similar results were obtained with two additional and different cell

preparations. *P < 0:05, compared with the value of simvastatin alone.
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Effect of PD98059 or U-0126 on the simvastatin-induced

phosphorylation of p44/p42 MAP kinase in A10 cells

To further investigate the involvement of p44/p42

MAP kinase in the simvastatin-stimulated VEGF re-

lease in A10 cells, we examined the effect of PD98059 on

the simvastatin-induced phosphorylation of p44/p42

MAP kinase. We found that the simvastatin-induced
phosphorylation of p44/p42 MAP kinase was markedly

reduced by PD98059 (Fig. 4A). In addition, U-0126

significantly attenuated the p44/p42 MAP kinase phos-

phorylation by simvastatin (Fig. 4B).

Effect of PD98059, on simvastatin-increased level of

VEGF in rat plasma in vivo

In addition, we examined the effect of PD98059 on
the simvastatin-increased level of VEGF in vivo.

PD98059, which alone did not affect the basal level of

VEGF, significantly inhibited the VEGF level increased

by simvastatin (Table 3).

Discussion

In the present study, our initial finding was that an
administration of simvastatin significantly increased the

level of VEGF in rat plasma. It is well recognized that

vascular smooth muscle cells are the main source of

VEGF [18]. Thus, this finding led us to speculate that

vascular smooth muscle cells may release VEGF into the

blood in response to simvastatin. In accordance with

our speculation, we then found that simvastatin-stimu-

lated VEGF release from cultured aortic smooth muscle
A10 cells. This is probably the first report showing that

VEGF release from vascular smooth muscle cells can be

induced by simvastatin, a statin.

We next investigated the mechanism underlying the

simvastatin-induced VEGF release observed in A10

cells. The MAP kinase superfamily plays an important

role in transducing extracellular signaling into a cellular

response, the specificity of the cellular response to a
given stimulus being determined by the activation of a

particular MAP kinase pathway [19,20]. Three major

MAP kinases, p44/p42 MAP kinase, SAPK/JNK, and

p38 MAP kinase, are generally recognized as being the

central elements used by mammalian cells to transduce

such diverse messages [19,20]. VEGF release is report-

edly increased through activation of MAP kinases in

various cells. It has been reported that interleukin-1b
induces VEGF gene expression through p38 MAP ki-

nase and SAPK/JNK signaling in rat myocytes [21], and

that VEGF expression is differently regulated by the

p44/p42 MAP kinase and p38 MAP kinase pathways in

ras transformed cells [22]. Thus, statins may affect

VEGF release via activation of the MAP kinase super-

family in vascular smooth muscle cells. In the present

study, we showed that simvastatin induced the phos-
phorylation of p44/p42 MAP kinase without affecting

Fig. 4. Effects of PD98059 or U-0126 on the phosphorylation of p44/

p42 MAP kinase induced by simvastatin in A10 cells. The cultured

cells were pretreated with 10lMPD98059 (A) or 10 lMU-0126 (B) for

60min and then stimulated by 20 lM simvastatin for 3 h. The extracts

of cells were subjected to SDS–PAGE against phospho-specific p44/

p42 MAP kinase antibodies or p44/p42 MAP kinase antibodies. Sim-

ilar results were obtained with two additional and different cell prep-

arations.

Table 2

Effect of U-0126 on the simvastatin-induced VEGF release in A10 cells

U-0126 Simvastatin VEGF (pg/ml)

) ) 229� 21

) + 410� 28

+ ) 200� 15

+ + 287� 21�

The cultured cells were pretreated with 10lM U-0126 for 60min

and then stimulated by 20lM simvastatin for 24 h. Each value rep-

resents the mean� SD of triplicate determinations. Similar results were

obtained with two additional and different cell preparations. *P < 0:05,

compared with the value of simvastatin alone.

Table 3

Effect of PD98059 on the simvastatin-stimulated VEGF level in vivo

PD98059 Simvastatin VEGF (pg/ml)

) ) 10:4� 1:0

) + 77:2� 3:5

+ ) 10:9� 1:0

+ + 22:0� 2:1�

Simvastatin (20mg/kg per day) was orally administered for 3 days.

PD98059 (75lM) or vehicle was injected as a bolus before the ad-

ministration of simvastatin. Blood samples were collected after 24 h

from the final administration of simvastatin. Each value represents the

mean�SD of triplicate determinations. Similar results were obtained

with two additional and different cell preparations. *P < 0:05, com-

pared with the value of simvastatin alone.
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the phosphorylation of p38 MAP kinase or SAPK/JNK
among the MAP kinase superfamily in aortic smooth

muscle A10 cells. It is well recognized that MAP kinases

are activated by phosphorylation of tyrosine and thre-

onine residues by dual-specificity MAP kinase kinase

[23]. Therefore, our results suggest that simvastatin ac-

tivates p44/p42 MAP kinase in vascular smooth muscle

cells. To the best of our knowledge, our present study

probably represents the first report showing the activa-
tion of p44/p42 MAP kinase by a statin in vascular

smooth muscle cells.

We next examined whether p44/p42 MAP kinase is

involved in the simvastatin-induced VEGF release in

aortic smooth muscle A10 cells. First, PD98059, a well-

known inhibitor of upstream kinase (MEK I) that ac-

tivates p44/p42 MAP kinase [16], significantly reduced

the simvastatin-stimulated release of VEGF. This result
seems that p44/p42 MAP kinase is involved in simvast-

atin-stimulated VEGF release in A10 cells. Further-

more, we showed that the simvastatin-stimulated release

of VEGF was suppressed by U0126, another inhibitor of

upstream kinase that activates p44/p42 MAP kinase

[17]. We found that the simvastatin-induced phosphor-

ylation of p44/p42 MAP kinase was truly inhibited by

PD98059 and U0126. Furthermore, we next investigated
whether p44/p42 MAP kinase is involved in the pathway

by which simvastatin stimulates the level of VEGF in

vivo. PD98059 significantly inhibited the simvastatin-

increased VEGF level in rat plasma. Therefore, it is

probable that simvastatin increases VEGF level at least

in part through the activation of p44/p42 MAP kinase.

Taking these findings into account as a whole, it is most

likely that simvastatin activates p44/p42 MAP kinase,
resulting in regulating the release of VEGF in vascular

smooth muscle cells. It has been reported that the acti-

vation of p44/p42 MAP kinase in vascular smooth

muscle cells modulates vascular tone [24]. In addition,

transient symptomatic hypotension reportedly develops

in patients on simvastatin [25]. Thus, it is possible that

simvastatin affects systemic blood pressure through the

modulation of vascular smooth muscle tone by activa-
tion of the MAP kinase. Further investigations will be

necessary to clarify the detailed effect of statins on vas-

cular system.

VEGF is a highly specific mitogen for vascular en-

dothelial cells [5]. The expression of VEGF is potenti-

ated by hypoxia, by activated oncogenes, and by a

variety of cytokines [5]. VEGF induces endothelial

proliferation, promotes cell migration, and inhibits ap-
optosis [5]. In vivo, VEGF induces angiogenesis as well

as permeabilization of blood vessels [5]. The angiogenic

properties of VEGF have recently been exploited to

induce in vivo angiogenesis for the treatment of diseases

associated with an impaired blood supply [5], and

VEGF is effective for the treatment of both limb and

myocardial ischemia [26,27]. Statins are generally ad-

ministered to patients with hypercholesterolemia, an
essential risk factor of atherosclerosis. The present re-

sults showed that simvastatin-stimulated VEGF release

in vivo and in vitro. Therefore, it is possible that statins

may be useful for patients with atherosclerosis through

VEGF release in addition to patients with hypercho-

lesterolemia. Further investigations will be necessary to

clarify the clinical justification for statins use.

In conclusion, these results strongly suggest that p44/
p42 MAP kinase plays a role at least partly in the sim-

vastatin-stimulated VEGF release in vascular smooth

muscle cells.
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