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Abstract

 

Vascular proliferative disorders are characterized by the

proliferation of vascular smooth muscle cells (SMCs) and

excessive extracellular matrix synthesis. We found that

bone morphogenetic protein-2 (BMP-2) inhibited serum-

stimulated increases in DNA synthesis and cell number of

cultured rat arterial SMCs in a fashion quite different from

that in the case of transforming growth factor-

 

b

 

1 (TGF-

 

b

 

1).

In addition, TGF-

 

b

 

1 stimulated collagen synthesis in

SMCs, whereas BMP-2 did not. In an in vivo rat carotid ar-

tery balloon injury model, the adenovirus-mediated transfer

of the 

 

BMP-2

 

 gene inhibited injury-induced intimal hyper-

plasia. These results indicate that BMP-2 has the ability to

inhibit SMC proliferation without stimulating extracellular

matrix synthesis, and suggest the possibility of therapeutic

application of BMP-2 for the prevention of vascular prolif-

erative disorders. (

 

J. Clin. Invest.

 

 1997. 100:2824–2832.) Key

words: adenovirus 

 

•

 

 atherosclerosis 

 

•

 

 balloon injury 

 

•

 

smooth muscle cell 

 

•

 

 transforming growth factor

 

Introduction

 

The proliferation of vascular smooth muscle cells (SMCs)

 

1

 

 is a
common feature associated with vascular proliferative disor-
ders such as atherosclerosis and restenosis after balloon angio-
plasty. A number of growth factors and growth inhibitors are
detected within vascular proliferative lesions. Among them,
platelet-derived growth factors, basic fibroblast growth factor,
and insulin-like growth factor-I are strongly mitogenic for

SMCs, and may play critical roles in the in vivo proliferation of
SMCs (1). On the other hand, it has also been reported that
atherosclerotic lesions once established are capable of regres-
sion with extensive therapies (2). Natriuretic peptides, nitric
oxide, and interferon-

 

g

 

 were shown to have growth-suppres-
sive actions on SMCs (3, 4). Therefore, the process of SMC
proliferation appears to be a dynamic one, in which SMC pro-
liferation is subject to the concomitant effects of these growth
regulatory molecules in atherosclerotic lesions.

TGF-

 

b

 

1 is a bifunctional growth regulator of vascular
SMCs. It stimulates or inhibits the growth of SMCs, depending
upon the target cells, the cell culture conditions, the presence
of other growth-regulatory molecules, the order of their addi-
tion, and the TGF-

 

b

 

1 concentration used (5, 6). Bone morpho-
genetic proteins (BMPs), which belong to the TGF-

 

b

 

 super-
family, were originally detected as bone-inducing activity (7).
In addition to bone induction, BMPs regulate diverse biologi-
cal processes, and are involved in the development of nearly
all organs and tissues. The action of BMPs as potent ventraliz-
ing factors by counteracting dorsalizing factors during gastru-
lation, which was first revealed in 

 

Xenopu

 

s embryos, is con-
served between insect and vertebrate embryonic development
(8). BMPs exhibit antiproliferative activities toward certain
cell types (9, 10). Recently, BMP-2 and BMP-6 were reported
to be detected in human atherosclerotic coronary arteries (11,
12). They are implicated in the atherosclerotic artery calcifica-
tion through the analogy between calcification and bone for-
mation; however, their biological activities towards vascular
cells remain uncertain.

In this study, we demonstrated that BMP-2 has a potent in-
hibitory action on the growth of cultured rat aortic SMC. In
addition, we showed that the adenovirus-mediated transfer of
the 

 

BMP-2

 

 gene into an injured artery inhibited SMC prolifer-
ation in vivo as well as in vitro, using a rat carotid balloon in-
jury model.

 

Methods

 

Materials.

 

Recombinant human BMP-2 and BMP-7/osteogenic pro-
tein-1 were kindly provided by Dr. T.K. Sampath, and recombinant
human TGF-

 

b

 

1 was purchased from R&D Systems, Inc. (Minneapo-
lis, MN). BMP-2 and TGF-

 

b

 

1 were dissolved in 0.1% BSA in 4 mM
HCl and stored at 

 

2

 

30

 

8

 

C until use. Recombinant human activin A
was provided by Dr. Y. Eto and dissolved in DME containing 0.1%
BSA for storage. [6-

 

3

 

H]Thymidine and 

 

L

 

-[2,3-

 

3

 

H]proline were obtained
from DuPont NEN (Boston, MA). A replication-deficient adenovirus
carrying the 

 

Escherichia coli

 

 

 

b

 

-galactosidase

 

 gene, AxCALacZ, and a
cosmid, pAxcw, was kindly provided by Dr. I. Saito (13).

 

Construction of an adenovirus carrying the BMP-2 gene.

 

A repli-
cation-deficient adenovirus carrying the 

 

BMP-2

 

 gene, AxCABMP2,
was created as follows. EcoRI and SalI digested cDNA (1.26 kbp)
containing the complete coding region of human BMP-2 (7) was
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b
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D

 

(

 

2

 

)-galactopyranoside.
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blunt-ended and cloned into pCAGGS (14). Then, the DNA frag-
ment (3.5 kbp) containing the 

 

CMV-IE

 

 enhancer, the chicken 

 

b

 

-actin
promoter, an intron, the coding region of 

 

BMP-2

 

, and rabbit 

 

b

 

-globin
polyadenylation signal was blunt-end ligated into SwaI site of a
cosmid, pAxcw. The resulting cosmid, pAxBMP2, was cotransfected
to the 293 embryonic cell line with an EcoT221-digested DNA-TPC
(from Ad5dlx) to generate a replication-deficient adenovirus, Ax-
CABMP2 (15, 16). The obtained viral clones were isolated, screened
for the 

 

BMP-2

 

 insert, and propagated. For in vitro and in vivo experi-
ments, the viruses were purified through a CsCl cushion, titrated, and
stored in PBS containing 10% glycerol at 

 

2

 

80

 

8

 

C as described (17).

 

Cell culture.

 

Rat aortic SMCs were prepared from 8-wk-old
Wistar rats by the explant method (18), and were grown in DME sup-
plemented with 10% FBS (Life Technologies Inc., Tokyo, Japan),
100 

 

m

 

g/ml of streptomycin, and 100 U/ml of penicillin at 37

 

8

 

C under a
95% air/5% CO

 

2

 

 atmosphere. Cultured SMCs from passages 4–8
were used for all experiments.

 

Measurement of [

 

3

 

H]thymidine incorporation into DNA of

SMCs.

 

Rat aortic SMCs seeded onto flat-bottomed 24-well tissue
culture plates (Falcon Labware, Oxnard, CA) were grown until 70–
90% confluence and then made quiescent by culturing in DME con-
taining 0.1% BSA for 60 h. Then, the cells were stimulated with 1 or
10% FBS in the presence of various concentrations of BMP-2, BMP-7,
TGF-

 

b

 

1, or activin A, followed by pulse-labeling with 37 kBq/ml of
[

 

3

 

H]thymidine in 500 

 

m

 

l of the same medium for 2 h. In some experi-
ments, BMP-2 or TGF-

 

b

 

1 was added at various time points after
stimulation with FBS. [

 

3

 

H]Thymidine incorporated into the DNA of
the cells was determined by the TCA precipitation method involving
liquid scintillation counting as described (19), and expressed as decay
per minute (dpm) or percentage of control. To determine the rate of
[

 

3

 

H]thymidine incorporation into DNA of SMCs transfected with
replication-deficient adenoviruses, SMCs seeded onto 24-well plates
were grown until 70–90% confluence, exposed to 200 

 

m

 

l of DME with
0.5% FBS containing the indicated mois of the viruses for 2 h, and
then serum-deprived for 60 h. [

 

3

 

H]Thymidine incorporated into DNA
was determined at 24 h after the stimulation with 1% FBS. All exper-
iments were performed in triplicate and were repeated at least three
times.

 

Measurement of cell number.

 

SMCs seeded onto 24-well plates at
8

 

 3 

 

10

 

3

 

 cells per well were maintained in DME containing 10% FBS
for 24 h for their attachment to the plates. Then the medium was re-
placed, and the cells were grown in DME containing 10% FBS and
various concentrations of recombinant BMP-2 or TGF-

 

b

 

1 for 3 d.
The medium was changed once at 2 d. At the indicated time points,
the wells were washed once with PBS, and then the cells were de-
tached by maintenance in 200 

 

m

 

l of PBS containing 0.05% trypsin and
0.53 mM EDTA at 37

 

8

 

C for 5 min. The cells were counted (four times
per well) using a hemocytometer, in quadruplicate. Cell viability was
assessed by the trypan blue exclusion method.

 

Measurement of collagen synthesis.

 

SMCs seeded onto 12-well
tissue culture plates were grown until 70–90% confluence, and then
serum-deprived in an 

 

a

 

-complementation of minimum essential me-
dium (

 

a

 

-MEM) for 24 h. The cells were then treated with the indi-
cated concentrations of TGF-

 

b

 

1 or BMP-2 in the 

 

a

 

-MEM containing
50 

 

m

 

g ascorbic acid and 50 

 

m

 

g 

 

b

 

-aminopropylnitrile for 24 h. Then,
the cells were labeled with 185 kBq/ml of [

 

3

 

H]proline in 1 ml of the
medium for 3 h. Collagen synthesis by the cells was determined as de-
scribed (19).

 

Western blot analysis.

 

The conditioned media of cells infected
with adenoviruses were collected and centrifuged at 4

 

8

 

C for 5 min at
10,000 

 

g

 

 to remove cellular debris. The supernatants were brought to
62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 5% 

 

b

 

-mercapto-
ethanol, and 0.002% bromophenol blue and were boiled at 92

 

8

 

C for
3 min. Aliquots of the samples (20 

 

m

 

l) were separated on 15% SDS-
polyacrylamide gels and proteins were transferred to nylon mem-
branes (Immobilon-P; Millipore Corp., Bedford, MA). Immunostain-
ing of BMP-2 was performed by the avidin–biotin complex method
using an ABC kit (Vector Laboratories, Burlingame, CA) and anti–

 

human BMP-2 antibodies prepared by immunizing a rabbit with bac-
terially expressed human BMP-2. Color was developed with a Konica
Immunostaining HRP-1000 (Konica Inc., Tokyo, Japan). In some
cases, TCA was added to 1-ml aliquots of the conditioned media to a
final concentration of 10% which were cleared of cellular debris, fol-
lowed by gentle agitation at 4

 

8

 

C for 1 h and then by centrifugation at
4

 

8

 

C for 15 min at 10,000 

 

g

 

. The precipitates were washed once with
10% TCA and twice with acetone, and then subjected to Western
blots.

 

Adenovirus-mediated gene transfer to balloon-injured arteries.

 

In
vivo gene transfer experiments were performed using 10-wk-old SPF
Wistar rats by the method reported previously by Guzman et al. with
some modifications (20). All procedures were performed under ster-
ile conditions according to the Guide for Animal Experimentation,
Faculty of Medicine, University of Tokyo. General anesthesia was
performed by the administration of 90 mg/kg of ketamine intraperito-
neally and 15 mg/kg of xylazine intramuscularly. Ketamine was sup-
plemented intraperitoneally as necessary. The left carotid artery was
exposed and its branches were ligated using 6-0 nylon. After 75 U/kg
of heparin had been injected intravenously, a portion of the external
carotid artery and a portion of the internal carotid artery were cross-
clipped using a microclip (2v-clip; S&T Inc., Neuhausen, Switzerland).
A 2F Fogarty embolectomy catheter (Baxter, Irvine, CA) was intro-
duced into the artery via an 

 

z

 

 3 mm longitudinal arteriotomy in the
external carotid artery. The common carotid arteries were injured by
six passes of an embolectomy catheter inflated with 0.2 ml of air.
With an additional clip on the proximal portion of the common ca-
rotid artery, the arteriotomy was closed with five to seven stitches, us-
ing 10-0 nylon, under a magnification of 30, and then blood flow was
resumed by removal of the clips.

At 5 d after the injury, the adenovirus was transferred to the in-
jured common carotid artery. After the rats had been reanesthetized,
the balloon-injured carotid was exposed, and the proximal portion of
the common carotid artery and the internal carotid were cross-
clipped. Then, 50–75 

 

m

 

l of virus fluid (1.0

 

 3 

 

10

 

10

 

 plaque-forming
units/ml) was delivered into a 1.5-cm length of the common carotid
artery through the incision made in the external carotid artery using a
24-gauge catheter to fill the lumen, and the portion proximal to the
incision was ligated with 7-0 nylon. The virus solutions were diluted
with a medium (OPTI-MEM I; Life Technologies Inc.). After incuba-
tion for 40 min, the cross-clips were released and the common carotid
artery was reperfused.

 

5-Bromo-4-chloro-3-indolyl-

 

b

 

-

 

D

 

(

 

2

 

)-galactopyranoside (X-gal) stain-

ing.

 

A portion of the left carotid artery, removed 3 d after the adeno-
viral infection, was incubated in 5 mM K

 

4

 

Fe(CN)

 

6

 

, 5 mM K

 

3

 

Fe(CN)

 

6

 

,
and 2 mM MgCl

 

2

 

 containing X-gal (0.5 mg/ml) at 37

 

8

 

C for 6 h after
fixation in 2% formaldehyde and 0.2% glutaraldehyde in PBS at 4

 

8

 

C
for 1 h. Then, an X-gal–stained artery was refixed in 4% paraformal-
dehyde at 4

 

8

 

C for 6–12 h and paraffin-embedded. A section of the
paraffin-embedded specimen was stained with hematoxylin and eosin
and then analyzed.

 

Measurement of 

 

b

 

-galactosidase activity.

 

Portions of balloon-injured
left carotid arteries were removed at 3 d after transfection of an ade-
novirus, AxCALacZ. After briefly washing in PBS, total 

 

b

 

-galactosi-
dase activity of the arteries was measured using a 

 

b

 

-galactosidase en-
zyme assay system according to the manufacturer’s instructions
(Promega, Madison, WI). Protein concentrations were determined
using a micro BCA protein assay reagent kit (Pierce Chemical Co.,
Rockford, IL).

 

Measurement of the intimal and medial cross-sectional areas of a

balloon-injured carotid artery.

 

A portion of the left common carotid
artery, transfected or untransfected with adenoviruses at 5 d after the
balloon injury, was harvested at 14 d after the injury. The artery was
fixed in PBS containing 4% paraformaldehyde for 6–12 h at 4

 

8

 

C and
then paraffin-embedded. Four round cross-sections per 1.5-cm length
of artery specimens stained with hematoxylin and eosin were photo-
graphed, and the cross-sectional areas of the intimal and medial re-
gions of the sections were measured using an image analyzing soft-
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ware package (NIH Image). The intimal and medial cross-sectional
areas and intimal to medial (I/M) area ratio of each injured artery
were determined by averaging the values for four sections to evaluate
the intimal mass in each artery. Some paraffin-embedded sections
were stained with Elastica van Gieson to clearly define the extracellu-
lar matrix in the injury-induced neointimal region.

 

Statistical analysis.

 

All data are expressed as means

 

6

 

SEM. The
unpaired Student’s 

 

t

 

 test was used for comparison of two groups using
Statview-J 4.02 (BrainPower, Calabasas, CA). Statistical significance
was accepted at

 

 P 

 

, 

 

0.05.

 

Results

 

Effects of BMP-2 and TGF-

 

b

 

1 on the growth of rat aortic

SMCs in vitro.

 

To characterize the action of BMP-2 on the
growth of cultured SMCs, the effect of BMP-2 on DNA syn-
thesis in SMCs was evaluated and compared with that of
TGF-

 

b

 

1. The rate of DNA synthesis (estimated as [

 

3

 

H]thymi-
dine incorporation into DNA) in SMCs that had been made
quiescent by serum starvation started to increase at 14–16 h af-
ter stimulation with 1% FBS, reached a peak at 24 h, and then
decreased (Fig. 1 

 

A

 

). TGF-

 

b

 

1 at 100 pM inhibited the serum-
stimulated DNA synthesis at 19 and 24 h by 57 and 30%, re-
spectively (

 

P

 

 

 

, 

 

0.01). After that, however, the rate of DNA

synthesis continued to increase and reached a peak at 32 h,
which was comparable with the peak value for serum-stimu-
lated cells without TGF-

 

b

 

1 treatment. Thus, TGF-

 

b

 

1 appar-
ently delayed the peak of serum-simulated DNA synthesis un-
der these conditions. In contrast, BMP-2 at as low as 0.3 pM
strongly inhibited the serum-stimulated DNA synthesis at ev-
ery time point over 48 h (67% at 19 h and 47% at 24 h, respec-
tively;

 

 P 

 

, 

 

0.01 at every time point). The inhibitory effect of
BMP-2 on DNA synthesis increased dose-dependently up to
0.3 pM, with a threshold concentration of 0.03 pM (Fig. 1 

 

B

 

).
However, paradoxically, the inhibitory effect of BMP-2 at
higher concentrations (3–30 pM) became less pronounced. In-
hibitory effect of BMP-2 was observed again at 100 pM.

We next examined the effect of BMP-2 added at various
time points after serum addition. As shown in Fig. 1 

 

C

 

, even
when BMP-2 was added at 20 h after serum addition, i.e., after
cells had entered the S phase, BMP-2 still inhibited DNA syn-
thesis at 24 h (

 

P

 

 

 

, 

 

0.01). In sharp contrast, TGF-

 

b

 

1 no longer
suppressed the serum-stimulated DNA synthesis when it was
added just before (at 13 h) or after (at 20 h) S phase entry (

 

P

 

 

 

.

0.05), which is consistent with several previous reports (21–23).
The effect of BMP-2 on the growth of SMCs was evaluated

by culturing SMCs in DME containing 10% FBS, since the
doubling time of SMCs in 10% FBS was shorter than in 1%

Figure 1. Effects of BMP-2 and TGF-b1 on DNA synthesis of rat aor-
tic SMCs. (A) Serum-starved SMCs were stimulated with 1% FBS in 
the absence (open circles) or presence of either 0.3 pM BMP-2 (closed 

circles) or 100 pM TGF-b1 (open triangles). [3H]Thymidine incorpora-
tion into DNA was determined by pulse-labeling for the last 2 h of in-
cubation. (B) Serum-starved SMCs were stimulated with 1% FBS in 
the presence of BMP-2 (closed circles) or TGF-b1 (closed triangles) at 
various concentrations. [3H]Thymidine incorporation was determined 
at 24 h after the addition of FBS and presented as a percentage of the 
serum-stimulated control level. The control value on stimulation with 
1% FBS was 14,9006200 dpm, the nonstimulated basal value being 
1,7006100 dpm. (C) Time of inhibitory action of BMP-2 on inhibition 
of DNA synthesis, which is different from that of TGF-b1. Serum-
starved SMCs were stimulated with 1% FBS, and [3H]thymidine incor-
poration was determined at 24 h after the addition of FBS and pre-
sented as in B. BMP-2 at 0.3 pM or TGF-b1 at 100 pM was added to 
serum-stimulated cells at the indicated time points after serum stimu-
lation.
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FBS. BMP-2 also inhibited the DNA synthesis in SMCs at 24 h
after stimulation with 10% FBS (P , 0.01 at 100 pM, Fig. 2 A).
The cell number of SMCs grown with 100 pM BMP-2 was de-
creased, as compared with that of SMCs grown without BMP-2,
by 68% on day 2 (P , 0.01) and by 59% on day 3 (P , 0.05),
respectively (Fig. 2 B). On the other hand, the increase in the
number of the cells treated with TGF-b1 was decreased only
by 24%, as compared with the control culture (P , 0.05).
Thus, consistent with the inhibition of DNA synthesis, BMP-2
also inhibited the increase in the cell number of SMCs grown
in the presence of serum. The dose–effect relationship be-
tween BMP-2 and inhibition of DNA synthesis stimulated with
10% FBS was dose-dependent up to 3 nM unlike the case with
1% FBS (Fig. 2 C). We also examined the effect of BMP-7 and
activin A, members of the TGF-b superfamily, on DNA syn-
thesis stimulated with 10% FBS; however, they did not signifi-
cantly inhibit DNA synthesis stimulated with 10% FBS.

Effects of BMP-2 and TGF-b1 on collagen synthesis by

SMCs. Excessive extracellular matrix synthesis is one of the
features of atherosclerosis, and TGF-b1 has the ability to stim-
ulate the synthesis of extracellular matrix components such as
collagen and proteoglycan by cultured SMCs (24, 25). There-

fore, we examined whether or not BMP-2 has a stimulatory ac-
tion on collagen synthesis by SMCs similar to that of TGF-b1.
TGF-b1 stimulated collagen synthesis by 17% at 10 pM (P ,
0.05) and by 40% at 100 pM (P , 0.01). In contrast, BMP-2 at
up to 1 nM did not stimulate collagen synthesis by SMCs (Fig. 3).

Effect of adenovirus-mediated transfer of the BMP-2 gene

on DNA synthesis of cultured SMCs. To examine the effect of
BMP-2 gene transfer into SMCs on their proliferation, we con-
structed a replication-deficient adenovirus carrying the BMP-2
gene under the control of the CAG promoter, AxCABMP2.
The rate of DNA synthesis was evaluated in cultured SMCs
which had been transfected with a virus, either AxCABMP2 or
AxCALacZ. SMCs that had been infected with AxCABMP2
at 3–24 mois showed a lower rate of DNA synthesis in re-
sponse to serum stimulation, as compared with mock-infected
control cells (lowest at 12 moi of AxCABMP2, 21% of control,
P , 0.001) (Fig. 4). In contrast to this, infection of cells with
AxCALacZ at the same mois did not inhibit the serum-stimu-
lated DNA synthesis. Inhibition of DNA synthesis in SMCs by
AxCABMP2 was reduced by . 24 moi, and the dose–effect re-
lationship between AxCABMP2 and DNA synthesis gave a
concave curve.

Figure 2. Inhibition of 
the increase in cell num-
ber together with DNA 
synthesis in rat aortic 
SMCs by BMP-2. (A) Se-
rum-starved SMCs were 
stimulated with 10% FBS 
in the presence of BMP-2 
at various concentra-
tions. [3H]Thymidine in-
corporation was deter-
mined at 24 h after the 
addition of FBS and
presented as a percen-
tage of the serum-stimu-
lated control level. The 
control value on stimula-
tion with 10% FBS was 
49,00061,300 dpm. (B) 
SMCs seeded onto 24-
well plates at 8 3 103 cells 
per well were maintained 
in DME containing 10% 
FBS for 24 h for their at-
tachment to the plates. 
Then the medium was re-
placed, and the cells were 
grown in 10% FBS alone 
(open circles) or with ei-
ther 100 pM BMP-2 
(closed circles) or 100 pM 
TGF-b1 (open triangles) 
for 3 d. The total cell 
numbers were deter-
mined using a hemocy-
tometer, by harvesting 

cells at 0, 48, and 72 h after medium replacement and cell viability was . 95% at the end of the experiment. (C) Serum-starved SMCs were stim-
ulated with 10% FBS in the presence of BMP-2 (closed circles), BMP-7 (open circles), or activin A (open triangles) at various concentrations. 
[3H]Thymidine incorporation was determined at 24 h after the addition of FBS and presented as a percentage of the serum-stimulated control 
level. The results are representative of three separate experiments.
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Production of the BMP-2 protein was examined by West-
ern blot analysis. Anti–BMP-2 antibodies used in this study
clearly detected 5 ng recombinant BMP-2, but not 30 ng TGF-
b1, activin A, or BMP-7 (data not shown). This suggests that
the antibody is highly specific to BMP-2. BMP-2 produced by
SMCs is expected to be secreted into the extracellular space,
since the BMP-2 gene possesses a signal peptide sequence. A
20-kD protein that reacted with anti–BMP-2 antibody was
detected in conditioned medium of SMCs infected with
AxCABMP2 at 200 moi, but not in medium of mock-infected
cells or cells infected with AxCALacZ (Fig. 5 A). Its mobility
on SDS-PAGE slightly differed from those of recombinant hu-
man BMP-2 purified from the Chinese hamster ovary (CHO)

cell line stably producing human BMP-2, which consists of 18-
and 22-kD subspecies; 22-kD being a major band (Fig. 5 B).
When CHO cells were infected with AxCABMP2 and condi-
tioned media were analyzed, we detected a 22-kD band, which
was similar to the 22-kD subspecies of recombinant BMP-2
(data not shown). These data indicate that the cells infected
with AxCABMP2 might produce BMP-2 proteins with differ-
ent mobility on SDS-PAGE, depending on the type of the in-
fected cells.

To delineate the amount of BMP-2 secreted by SMCs in-
fected with AxCABMP2, conditioned media of infected cells
were treated with TCA and the precipitates were evaluated by
Western blot analysis. A 20-kD band was not detected in the
conditioned media of SMCs infected with AxCABMP2 at 48
moi or less. Therefore, the concentration of BMP-2 in the con-
ditioned media of SMC infected with AxCABMP2, at mois at
which DNA synthesis in infected cells was inhibited, was , 100
pM, since 100 pM BMP-2 in 1 ml of cultured medium should
have been detected with this procedure.

Inhibition of balloon injury–induced intimal hyperplasia by

AxCABMP2. We next tried to determine whether or not
BMP-2 can inhibit in vivo vascular smooth muscle prolifera-
tion as well. To this end, we used a rat carotid balloon injury
model and examined the effect of the adenovirus-mediated
transfer of the BMP-2 gene upon injury-induced intimal SMC
hyperplasia. We first determined the efficacy of expression of
genes transferred by the adenovirus vector using AxCALacZ.
Similar to the previous report (20), nearly 50% or more of the
neointimal cells in a balloon-injured carotid artery expressed
the b-galactosidase gene, as estimated by X-gal staining of in-
jured arteries transfected with AxCALacZ (Fig. 6 A). Tissue
b-galactosidase activity was . 50-fold higher in injured carotid

Figure 3. Collagen synthesis by rat aortic SMCs is upregulated by 
TGF-b1 but not by BMP-2. SMCs were treated with the indicated 
concentrations of BMP-2 (closed circles) or TGF-b1 (open circles), 
and then labeled with [3H]proline for 3 h. Collagen synthesis by 
cells was determined and presented as percent difference from
control value. The control value for untreated SMCs was 56,3006 

2,900 dpm.

Figure 4. Inhibition of DNA synthesis in vitro on adenovirus-medi-
ated transfer of the BMP-2 gene. Rat aortic SMCs seeded onto a 24-
well plate were exposed to 200 ml of DME containing 0.5% FBS and 
the indicated mois of either AxCABMP2 (closed circles) or AxCA-
LacZ (open circles) for 2 h, and were serum-deprived for 60 h. 
[3H]Thymidine incorporation into DNA was determined at 24 h after 
the stimulation with 1% FBS and presented as a percentage of the se-
rum-stimulated control level.

Figure 5. Production of 
the BMP-2 protein by 
cultured SMCs on ade-
novirus-mediated trans-
fer of the BMP-2 gene. 
(A and B) The SMCs 
were transfected with 
either 200 moi of Ax-
CALacZ (lane 1) or 
AxCABMP2 (lanes 2 
and 3), as in Fig. 4, on
6-well plates. Then, 
they were maintained in 
1.5 ml DME containing 
0.01% BSA for 96 h. 
The harvested medium 
was subjected to West-
ern blots with anti–
human BMP-2 anti-
bodies. Lane 4, 30 ng
recombinant human 
BMP-2, purified from 
the CHO cell line stably 
producing human
BMP-2. The positions 
of the 22- and 18-kD 
species of recombinant 
human BMP-2 are indi-
cated on the right.
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arteries exposed to the virus at 5 d after injury than immedi-
ately after the injury (data not shown).

We introduced either AxCABMP2 or AxCALacZ at 1010

plaque-forming units/ml into injured rat left carotid arteries at
5 d after balloon injury. 14 d after balloon injury, the injured
arteries were harvested to measure the cross-sectional areas of
the intima and media of each artery and the I/M area ratio
(Fig. 6, B and C). The administration of AxCABMP2 reduced
the intimal mass of an injured artery by 41%, as compared
with the administration of AxCALacZ (P , 0.01). However,
the medial mass was similar in the two groups. As a result, the
I/M area ratio was substantially reduced on the administration
of AxCABMP2 (P , 0.002). Thus, an adenovirus encoding the
BMP-2 gene can effectively limit intimal hyperplasia after bal-
loon injury.

Discussion

This paper is the first to document that BMP-2 is a potent in-
hibitor of SMC proliferation both in vitro and in vivo. BMP-2
was growth-inhibitory at relatively low concentrations (0.03–1
pM), without inducing delayed DNA synthesis. These concen-
trations are lower than those required for other biological ac-
tivities of BMPs, such as the induction of osteoblastic differen-
tiation (26). However, it has been reported that BMP-4, a very
closely related homologue of BMP-2, induced the migration of
human blood monocytes at far lower concentrations than in
our study (i.e. 0.3–3 fM) (27). Since BMPs use multiple recep-
tor systems depending on the cell types and their various bio-

logical effects (28), the difference in effective doses of BMPs
may be due to receptors expressed on the cells and sensitivities
of the assays used in these studies. In our study, the dose–
effect relationship of DNA synthesis in 10% FBS was different
from that in 1% FBS. It has been reported that the growth in-
hibition of human embryonic carcinoma cells by BMP-7 is af-
fected by the concentration of FBS in the culture medium (9).
It might be that serum contains a counteracting activity to-
wards BMPs, as in the case of follistatin, a binding protein of
activin (29). The concentration of BMP-2 required for maxi-
mal growth inhibition was far lower than those of previously
known growth inhibitors of SMC such as natriuretic peptides
and 8-bromo-cyclic guanosine monophosphate (4).

TGF-b1 induces G1 arrest in some cells such as Mv1Lu
cells through its action towards these cells in the late G1 phase
(30). The growth-inhibitory action of BMP-2 on SMCs is dif-
ferent from that of TGF-b1 at least in the time order of their
actions, since BMP-2 was active when added later, as shown in
Fig. 1 C. Consistent with the suppressive activity of BMP-2 to-
ward serum-stimulated DNA synthesis, BMP-2 inhibited the
increase in cell number in the presence of serum. It has been
reported that activin A, another member of TGF-b superfam-
ily, has a growth-stimulatory effect on the proliferation of
SMCs (31). In our study, however, activin A did not affect
DNA synthesis in SMCs, probably due to the different experi-
mental conditions. It is noteworthy that BMP-7 partially mim-
icked the action of BMP-2 under low serum concentration,
since BMP-7 at 100 pM or more inhibited DNA synthesis stim-
ulated with 1% FBS (Nakaoka, T., K. Miyazono, and T. Fujita,

Figure 6. Inhibition
of balloon injury
induced neointimal 
hyperplasia on ade-
novirus-mediated 
transfer of the BMP-2 
gene. The balloon-
injured arteries were 
transfected or untrans-
fected with adeno-
viruses 5 d later. The 
portions of the arter-
ies were removed 3 d 
after the transfection 
with AxCALacZ to 
analyze b-galactosi-
dase expression (A) or 
harvested 14 d after 
the injury to analyze 
neointimal formation 
(B and C). Paraffin-
embedded specimens 
were treated as in the 
text. (A) An X-gal, he-
matoxylin and eosin–
stained section of the 
artery transfected with 
AxCALacZ, showing 

an intense b-galactosidase activity in the forming neointimal region. (B) Representative Elastica van Gieson–stained cross-sections of a control 
balloon-injured artery (Control), an injured artery transfected with AxCABMP2, and an injured artery transfected with AxCALacZ. Bars, 
100 mm. Original magnification, 3 25. (C) Intimal (top) and medial (middle) cross-sectional areas, as well as I/M area ratios (bottom) of un-
treated and treated rat carotid arteries. Data are means6SEM. Control, Balloon-injured control artery (n 5 6); AxCABMP2, balloon-injured 
artery transfected with AxCABMP2 (n 5 9); and AxCALacZ, balloon-injured artery transfected with AxCALacZ (n 5 6).
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unpublished observation), although BMP-7 did not inhibit
DNA synthesis under high serum concentration. It has been
reported that Smad1 acts downstream as a transcriptional acti-
vator in signaling by members of the BMP subfamily (32). It
should be determined whether or not Smad pathways are in-
volved in the BMP-2–induced inhibition of S phase entry and S
phase progression.

Furthermore importantly, BMP-2 up to 1 nM did not stim-
ulate collagen synthesis at all. Thus, the action of BMP toward
cultured SMCs is different from that of TGF-b1 in the effect
on collagen synthesis as well as the mode of growth inhibition.
Previous studies implicated TGF-b1 in the increased synthesis
of extracellular matrix component in atherosclerotic lesions

and in restenotic lesions after balloon angioplasty (33, 34), al-
though TGF-b1 inhibits the serum-stimulated growth of cul-
tured SMCs. The ability of BMP-2 to act as a potent inhibitor
of SMC proliferation without stimulating the synthesis of col-
lagen, a major extracellular matrix protein, is considered to be
favorable for in vivo application to therapy for vascular prolif-
erative disorders.

Rat aortic SMCs infected with AxCABMP2 produced
BMP-2 with different mobility on SDS-PAGE from those of
recombinant human BMP-2 purified from the CHO cell line
stably producing human BMP-2. It has been reported that ma-
ture recombinant BMP-2 protein produced in CHO cells con-
tains high mannose and complex N-linked oligosaccharide and

Figure 6 (Continued)
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that 18- and 22-kD subspecies differ by proteolytic processing
at their amino termini (35). Moreover, the CHO cells and the
SMCs infected with the same adenovirus, AxCABMP2, pro-
duced different species of BMP-2 proteins as shown in Fig. 5.
Thus, the difference in the mobility in SDS-PAGE might be
due to different amino-terminal processing or carbohydrate
structure in the mature BMP-2 proteins, which may be depen-
dent on the transfected cells.

BMP-2 was originally identified by its bone formation ac-
tivity (7). However, histological examination did not reveal
any osseous or cartilaginous change in injured arterial tissue
infected with AxCABMP2. The expression of a protein
through adenovirus-mediated gene transfer is transient in na-
ture. Local expression of BMP-2 for a longer time may predis-
pose an arterial wall to an osseous change. Considering BMP-2
is now recognized as a widely acting differentiation-inducing
factor (8), its role as a differentiation factor in vascular prolif-
erative lesions might deserve attention from quite a different
viewpoint. It is known that neointimal SMCs shows a synthetic
phenotype different from the contractile phenotype of medial
SMCs (1). Therefore, it would be interesting to determine
whether and how the expression of BMP-2 affects the smooth
muscle phenotype, especially in the neointima.

Since the proliferation of SMCs is an essential feature of
vascular proliferative disorders, considerable effort has been
made to develop a therapeutic strategy to effectively suppress
SMC proliferation. Previous attempts to suppress SMC prolif-
eration have included the administration of antibodies against
growth factors, antagonists for receptors, and antisense oligo-
nucleotides directed to transcription factors and cell cycle reg-
ulatory molecules required for cell proliferation (36–38). More
recent studies demonstrated that the adenovirus-mediated
transfer of a therapeutic gene into the vascular wall could be a
promising treatment strategy. For example, it was reported
that considerable inhibition of intimal hyperplasia was ob-
served on the administration of an adenovirus containing her-
pes simplex virus thymidine kinase gene with the prodrug gan-
ciclovir (39–41), an adenovirus containing the gene of the
thrombin inhibitor, hirudin (42), and an adenovirus containing
the gene of a constitutively active form of the retinoblastoma
gene product (43). In the case of the BMP-2 gene, neighboring
untransfected cells in the vascular wall may also be affected by
diffusible BMP-2, a “bystander effect,” since BMP-2 is a se-
creted protein. The ability of BMP-2 as a growth inhibitor de-
scribed above makes this molecule a suitable candidate thera-
peutic agent for the prevention of vascular proliferative
disorders.
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