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Pigment epithelium-derived factor (PEDF) inhibits cy-
tokine-induced endothelial cell activation through its
antioxidative properties. However, the effect of PEDF
on restenosis remains to be elucidated. Because the
pathophysiological feature of restenosis is character-
ized by increased superoxide formation and accumu-
lation of smooth muscle cells (SMCs), PEDF may in-
hibit this process via suppression of reactive oxygen
species generation. We investigated here whether
PEDF could prevent neointimal formation after bal-
loon injury. PEDF levels were decreased in balloon-
injured arteries. Adenoviral vector encoding human
PEDF (Ad-PEDF) prevented neointimal formation.
Expression and superoxide generation of the mem-
brane components of NADPH oxidase, p22phox and
gp91phox, in the neointima were also suppressed by
Ad-PEDF. Ad-PEDF reduced G1 cyclin (cyclin D1 and
E) expression and increased p27, a cyclin-dependent
kinase inhibitor. In vitro , PEDF inhibited platelet-
derived growth factor-BB-induced SMC proliferation
and migration by blocking reactive oxygen species gen-
eration through suppression of NADPH oxidase activity
via down-regulation of p22PHOX and gp91PHOX. PEDF
down-regulated G1 cyclins and up-regulated p27 levels
in platelet-derived growth factor-BB-exposed SMCs as
well. These results demonstrate that PEDF could inhibit
neointimal formation via suppression of NADPH oxi-
dase-mediated reactive oxygen species generation. Our
present study suggests that substitution of PEDF may be
a novel therapeutic strategy for restenosis after balloon

angioplasty. (Am J Pathol 2007, 170:2159–2170; DOI:

10.2353/ajpath.2007.060838)

Atherosclerosis is manifested clinically as cardiovascular
disease, which is a leading cause of mortality and mor-
bidity in the Western world.1 Although percutaneous
transluminal angioplasty is a well-established procedure
for atherosclerotic arterial disease, restenosis after angio-
plasty remains a major limitation of this procedure.2 It is
generally considered that enhanced proliferation and mi-
gration of vascular smooth muscle cells (SMCs) via over-
expression of platelet-derived growth factor (PDGF) is
mainly involved in the process of excessive neointimal
formation after balloon injury.3,4 Therefore, blockade of
the PDGF-elicited SMC proliferation and migration would
be a novel therapeutic target for restenosis after
angioplasty.

Pigment epithelium-derived factor (PEDF) is a glycop-
rotein that belongs to the superfamily of serine protease
inhibitors.5 It was first purified from the conditioned media
of human retinal pigment epithelial cells as a factor with
potent neuronal differentiating activity.5 Recently, PEDF
has been shown to be a highly effective inhibitor of an-
giogenesis in cell culture and animal models. PEDF in-
hibits the growth and migration of cultured endothelial
cells (ECs), and it potently suppresses ischemia-induced
retinal neovascularization.6,7 In addition, we have re-
cently found that PEDF blocks tumor necrosis factor-�- or
angiotensin II-induced EC activation through its antioxi-
dative properties.8,9 These observations suggest that
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PEDF could exert beneficial effects on atherosclerosis by
suppressing the inflammatory proliferative responses to
injuries. However, the protective role of PEDF against
restenosis after angioplasty remains to be elucidated.

A growing body of evidence suggests the implication
of oxidative stress in neointimal formation after angio-
plasty as well.10–13 Experimental studies show a protec-
tive effect of antioxidants on neointimal thickening or
remodeling after balloon injury.12,13 These findings led us
to speculate that PEDF could inhibit the SMC proliferation
and migration after balloon injury by suppressing oxida-
tive stress generation. In this study, we have investigated
whether and how PEDF could block the neointimal hyper-
plasia in balloon-injured rat carotid arteries.

Materials and Methods

Materials

Anti-PEDF polyclonal antibody (Ab) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-cyclin
D1 monoclonal antibody (mAb), anti-cyclin E polyclonal
Ab, and anti-p27 polyclonal Ab were from BD Bio-
sciences, Franklin Lakes, NJ. Human recombinant
PDGF-BB, NADPH, and N-acetylcysteine (NAC) were
from Sigma (St. Louis, MO). [3H]Thymidine was from
Amersham Pharmacia Biotech (Buckinghamshire, UK).

Preparation of Recombinant Adenovirus

Adenoplasmid-expressing human PEDF was obtained
from Invivogen, San Diego, CA. After transfection of the
adenovirus plasmids into human embryonic kidney 293
cells, the adenovirus-expressing PEDF (Ad-PEDF) was
purified on a cesium chloride gradient and then applied
to Bio-Gel P-6DG gel (Bio-Rad, Hercules, CA) and eluted
with phosphate-buffered saline containing 2% sucrose
and 2 mmol/L MgCl2. The titer of the virus stock was
determined by a plaque-forming assay using 293 cells
and expressed as plaque-forming units (PFU). Adenovi-
rus-expressing bacterial �-galactosidase (Ad-LacZ) was
used as a control adenovirus.

Rat Carotid Artery Balloon Injury Model

Male Sprague-Dawley rats (weighting 350 to 400 g at 9 to
10 weeks; Charles River Breeding Laboratories, Yoko-
hama, Japan) were anesthetized with sodium pentobar-
bital (50 mg/kg intraperitoneal). After a midcervical inci-
sion, the left common carotid artery and its bifurcation
were exposed. To prevent acute thrombosis during pro-
cedure, heparin sodium (200 IU/kg) was intravenously
injected before the balloon injury operation. Then, the left
common carotid artery was balloon-injured three times
with a 2F Fogarty catheter (Edwards Lifesciences, Irvine,
CA) inserted through the external carotid artery as de-
scribed previously.14 Sham-operated rats (SHAM) under-
went the same operation, except that the balloon was not
inserted. For adenovirus infection, two vascular clips
were placed at the distal and proximal ends of the injured

arterial segment. Then, the lumen of the injured segment
between the two clips was incubated with 150 �l of
phosphate-buffered saline (Con), Ad-PEDF, or Ad-LacZ
(5 � 109 PFU/ml) for 20 minutes. On the indicated days
after the procedure, the left common carotid arteries were
excised for morphometric, immunohistochemical, and
Western blot analyses. All animal experiments were con-
ducted according to the guidelines provided by the Ku-
rume University Institutional Animal Care and Use Com-
mittee under an approved protocol.

Morphometric Analysis

After fixation with 4% paraformaldehyde, the specimens
of carotid arteries were embedded in paraffin, sectioned
at 3-�m intervals, and stained with hematoxylin and eo-
sin. To evaluate thickening of the neointima, the areas
encroached by the external elastic lamina (EEL area), the
internal elastic lamina (IEL area), and the lumen area
were measured with a computerized digital image anal-
ysis system (NIH Image; Bethesda, MD). The neointima
to media area (I/M) ratio was calculated as the following
formula: I/M ratio (%) � [IEL area � lumen area]/[EEL
area � IEL area] � 100 (%).

Immunohistochemical Analysis

After perfusion and fixation with 2.5% glutaraldehyde, the
specimens of carotid arteries were embedded in paraffin,
sectioned at 4-�m intervals, and mounted on glass
slides. The sections were incubated in 0.3% hydrogen
peroxide methanol for 30 minutes to block endogenous
peroxidase activity and incubated overnight at 4°C with
anti-PEDF polyclonal Ab, antiproliferating cell nuclear an-
tigen (PCNA) mouse mAb (DAKO, Glostrup, Denmark),
anti-�-smooth muscle actin mouse mAb (PROGEN Bio-
technik GmbH, Heidelberg, Germany), anti-CD68 mouse
mAb (Serotec Ltd., Oxford, UK), anti-p22PHOX rabbit poly-
clonal Ab (Santa Cruz Biotechnology), or anti-gp91PHOX

goat polyclonal Ab (Santa Cruz Biotechnology). Then, the
sections were incubated with biotinylated horseradish
peroxidase-conjugated secondary (DAKO) for 60 min-
utes and visualized with 3,3�-diaminobenzidine solution
(Nichirei, Tokyo, Japan).

Western Blot Analysis

Fifty micrograms of protein extracted from rat carotid
arteries or cultured human SMCs were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
and Western blotting with a specific primary Ab against
PEDF, p22PHOX, gp91PHOX, cyclin D1, cyclin E, p27, glyc-
eraldehyde-3-phosphate dehydrogenase (Santa Cruz
Biotechnology), and �-tubulin (Sigma) and a horseradish
peroxidase-conjugated secondary Ab (Promega, Madi-
son, WI). Detection was performed by enhanced chemi-
luminescence (Amersham Pharmacia Biotech).
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Dihydroethidium (DHE) Staining

After excision, the specimens of carotid arteries were
embedded in OCT compound (Tissue-Tek; Sakura Fine-
technical Co, Ltd., Tokyo, Japan) to freeze on dry ice and
were cut into 10-�m sections. The frozen sections were
incubated with 2 �mol/L DHE (Molecular Probes, Eu-
gene, OR) at 37°C for 30 minutes in the dark. Images
were obtained by confocal laser-scanning fluorescence
microscopy. DHE staining of cultured SMCs was per-
formed with the same procedure.

Purification of PEDF Protein

PEDF proteins were prepared and purified as described
previously.15 Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis analysis of purified PEDF proteins re-
vealed a single band with a molecular mass of about 50
kd, which showed positive reactivity with mAb against
human PEDF (Transgenic, Kumamoto, Japan).

Cells

Human aortic SMCs were cultured in SMC basal medium
supplemented with 5% fetal bovine serum, 0.5 ng/ml
human epidermal growth factor, 5 �g/ml insulin, and 1
ng/ml human fibroblast growth factor-B according to the
supplier’s instructions (CAMBREX, Walkersville, MD).
PDGF-BB treatment was performed in SMC basal me-
dium supplemented with 1% fetal bovine serum alone.

Primers and Probes

Primer sequences used in semiquantitative reverse tran-
scription-polymerase chain reaction were 5�-CCACTTA-
CTGCTGTCCGTGCC-3� and 5�-CTGGGAGCAACACCT-
TGGAAAC-3� for rat p22PHOX mRNA and 5�-TCACGCC-
CTTTGCCTCCATTC-3� and 5�-CGTTATCCCAGTTGGG-
CCGTC-3� for rat gp91PHOX mRNA. Sequences of the
upstream and downstream primers used in semiquantit-
ative reverse transcription-polymerase chain reaction for
detecting rat �-actin mRNAs were the same as described
previously.16

Semiquantitative Reverse Transcription-
Polymerase Chain Reaction

Poly(A)�RNAs were isolated from SMCs as described
previously.16 The amounts of poly(A)�RNA templates (30
ng) and cycle numbers (28 cycles for rat p22PHOX

gp91PHOX genes and 22 cycles for �-actin gene) for am-
plification were chosen in quantitative ranges where re-
actions proceeded linearly. These were determined by
plotting signal intensities as functions of the template
amounts and cycle numbers.

NADPH Oxidase Assay

SMCs were treated with 20 ng/ml PDGF-BB in the pres-
ence or absence of 10 nmol/L PEDF for 4 hours, and then

the NADPH oxidase activity of the cells was measured by
the Diogenes assay (National Diagnostics, Inc., Atlanta,
GA) containing luminol (as an electron acceptor) with 100
�mol/L NADPH (as a substrate) according to the suppli-
er’s recommendation.

Intracellular Reactive Oxygen Species (ROS)
Generation

SMCs were treated with 20 ng/ml PDGF-BB in the pres-
ence or absence of 10 nmol/L PEDF for 4 hours. The
intracellular formation of ROS was detected by using the
fluorescent probe CM-H2DCFDA (Molecular Probes) as
described previously.17

Measurements of [3H]Thymidine Incorporation
in SMCs

SMCs were treated with the indicated concentration of
PDGF-BB in the presence or absence of 10 nmol/L
PEDF or 1 mmol/L NAC for 24 hours, and then [3H]thy-
midine incorporation was determined as described
previously.18

Migration Assay

Modified Boyden chamber assays were performed for 5
hours at 37°C with 48-well microchemotaxis chambers
(Neuro Probe; Biomap, Milan, Italy) and polycarbonate
filters (8-�m pores; Nucleopore Corp., Pleasanton, CA)
coated with 50 �g/ml fibronectin and 0.1% gelatin as
described previously.19 In brief, cells (10,000/well) were
added to the upper chamber in the presence or absence
of 10 nmol/L PEDF, and 20 ng/ml PDGF-BB was added to
the lower chamber. After the incubation period, the filter
was removed and nonmigrated SMCs on the upper side
of the filter were scraped off with a rubber scraper. The
filters were then fixed with methanol and stained with
Giemsa solution. Migrated SMCs attached to the lower
side of the filter were counted in three randomly selected
microscopic fields in each chamber, and the counts of
migrated cells were averaged.

Statistical Analysis

All values were presented as means � SE unless other-
wise indicated; one-way analysis of variance followed by
the Scheffé F test was performed for statistical compari-
sons. In Figures 1D and 5, an unpaired t-test was per-
formed for comparison between groups; P � 0.05 was
considered significant.

Results

PEDF Inhibits Neointimal Formation after
Balloon Injury

We first examined the time course of neointimal formation
after balloon injury. As shown in Figure 1A, histopatho-
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logical examination of the injured arteries revealed a
time-dependent increase in neointimal thickening; the I/M
ratio at 14 days after balloon injury was increased to
approximately sixfold compared with that of noninjured
artery. We next studied where and how much PEDF was
expressed in rat carotid arteries on day 0 and day 14
after balloon injury. As shown in Figure 1B, PEDF was
normally expressed in intima, media, and adventitia of
noninjured arteries. At day 14 after balloon injury, PEDF
was predominantly expressed in the neointima, and its
expression levels were decreased to about 70% of those
in noninjured arteries. Therefore, to investigate the patho-
physiological relevance of PEDF, we further examined
the effects of PEDF overexpression on neointimal hyper-
plasia. For this, we prepared Ad-PEDF and Ad-LacZ and
delivered 150 �l of each adenovirus (5 � 109 PFU/ml) to
balloon-injured carotid arteries. Figure 1C, top two pan-
els, shows representative microphotographs of rat ca-
rotid arteries 14 days after balloon injury. In the injured
artery exposed to phosphate-buffered saline (Con) or
Ad-LacZ, a significant concentric neointimal hyperplasia
was observed, compared with sham operation (SHAM).
Ad-PEDF significantly prevented the neointimal formation
in injured arteries; the I/M ratio in Ad-PEDF infected ar-
teries was decreased to about 1/5-fold of that in Ad-LacZ-
infected or noninfected arteries (Figure 1C, bottom pan-
els). We confirmed with Western blots that PEDF
expression levels in the Ad-PEDF-treated arteries were
increased to approximately twofold of those in Ad-LacZ-
treated arteries (Figure 1D), thus suggesting that Ad-
PEDF treatment restored the decrease in PEDF levels in
balloon-injured arteries.

Furthermore, immunohistochemical detection of prolif-
erating cells revealed that the ratio of PCNA-positive cell
nuclei to total cell nuclei was significantly lower in Ad-
PEDF-infected arteries than in Ad-LacZ-infected or non-
infected injured arteries (Figure 1E, top panels). In addi-
tion, most of the neointimal and medial cells were positive
for �-smooth muscle actin, and CD68-positive macro-
phages were sparsely observed in the lesions (Figure 1E,
bottom panels).

PEDF Inhibits Expression of NADPH Oxidase
Components and Superoxide Generation in
Injured Artery

Several articles have shown the active involvement of
NADPH oxidase-mediated ROS generation in neointi-

mal hyperplasia after balloon injury.10 –13 Therefore, we
next examined the effects of Ad-PEDF on expression
levels of p22phox and gp91phox, key components of
NADPH oxidase with respect to its enzymatic activity,20

and superoxide generation in injured arteries. For this,
we first checked the specificity of anti-p22PHOX and
anti-gp91PHOX Abs used here. As shown in Figure 2A,
left panels, the Abs directed against p22PHOX and
gp91PHOX showed single bands at 22 and 91 kd, re-
spectively. When Western blotting was performed with-
out the Abs as a negative control, no bands were
detected (data not shown). These results supported
the specificity of anti-p22PHOX and anti-gp91PHOX Abs
used for Western blot analysis. Further, as shown in
Figure 2A, right panels, the expression levels of
p22phox and gp91phox began to increase at 3 days after
balloon injury and reached a maximum at day 7; the
peak values of p22phox and gp91phox were 20- and
threefold higher than the basal levels, respectively. We
also confirmed here that Ad-PEDF significantly de-
creased the expression levels of two membrane com-
ponents of NADPH oxidase in injured arteries com-
pared with phosphate-buffered saline (Con) or Ad-
LacZ treatment (Figure 2B, top panels). Moreover,
immunohistochemical analysis revealed that Ad-PEDF
decreased expression levels of p22phox and gp91phox

in the neointima, but not adventitia, compared with
those of Con or Ad-LacZ (Figure 2B, bottom panels).
Further, DHE staining, which is specific for superoxide
generation,21 showed a high-intensity fluorescence
signal in the neointima treated with Con or Ad-LacZ
(Figure 2C). Ad-PEDF treatment attenuated the signal
in injured artery (Figure 2C).

PEDF Inhibits Cyclin D1 and E Expression and
Increases p27 Levels in Injured Artery

The entry of vascular cells into the cell cycle plays an
important role in the pathogenesis of postangioplasty
restenosis.22–24 Therefore, we next examined the ef-
fects of Ad-PEDF on G1 cyclins (cyclins D1 and E) and
p27, a cyclin-dependent kinase inhibitor that causes
G1 arrest in injured arteries.25 As shown Figure 3A,
cyclins D1 and E, whose expression levels were low in
uninjured arteries, were induced in response to injury
and reached a peak 7 days after injury. Ad-PEDF re-

Figure 1. Effects of Ad-PEDF on neointimal formation in balloon-injured arteries. A: A time course of neointimal hyperplasia after balloon injury (BI). Left panel
shows representative microphotographs of neointimal hyperplasia after BI. Right panel shows the ratio of I/M in injured arteries. B: PEDF expression in rat carotid
arteries. Top panels show representative results of Western blots and the quantitative data. Bottom panel shows representative microphotographs of PEDF
immunostaining. C: Effects of Ad-PEDF on balloon-injured arteries. At 14 days after balloon injury, sham-operated (SHAM) and balloon-injured carotid arteries
treated with phosphate-buffered saline (Con), Ad-LacZ, or Ad-PEDF were sectioned and stained with hematoxylin and eosin and then examined by light
microscopy. Top panels show representative microphotographs. Bottommost panel shows the lumen area and the ratio of I/M in the arteries. D: Western blot
analysis of PEDF in injured arteries. Top panel shows representative results of Western blots. Bottom panel shows the quantitative data. E: Top panels show the
immunohistochemical staining data of PCNA-positive cells (brown). Left panels show representative microphotographs. Right panel shows the ratio of
PCNA-positive nuclei to total cells nuclei in the arteries. M; media, I; intima. Bottom panels show representative result of immunohistochemical staining for PCNA,
�-smooth muscle actin, and CD68. N � 5–7 per group. A–E: Similar results were obtained in three independent experiments. *P � 0.01 compared with the value
at day 0. # and �P � 0.01 compared with the value with Con and Ad-LacZ, respectively.
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duced the levels of these cyclins compared with Con or
Ad-LacZ (Figure 3B). As shown in Figure 3C, p27 was
found to be moderately expressed in uninjured arter-

ies, and the levels were up-regulated after balloon
injury. Ad-PEDF further enhanced the expression levels
of p27 compared with Con or Ad-LacZ (Figure 3D).

Figure 2. Effects of Ad-PEDF on NADPH oxidase expression and superoxide generation in balloon-injured arteries. A: Left panels show representative results of
Western blots of p22phox and gp91phox. Right top panels show representative results of Western blots showing serial change in expression of p22phox and gp91phox

after balloon injury (BI). Right bottom panels show the quantitative data. B and C: Effects of Ad-PEDF on p22phox and gp91phox expression and superoxide
generation in balloon-injured arteries. At 14 days after balloon injury, balloon-injured carotid arteries treated with phosphate-buffered saline (Con), Ad-LacZ, or
Ad-PEDF were analyzed for immunohistochemistry, Western blots, and DHE staining. B: The representative results of Western blots are shown (top left panels).
Top right panels show the quantitative data. Bottom panels show representative immunohistochemical staining of p22phox- and gp91phox-positive cells (brown).
M; media, I; intima. C: In situ detection of superoxide generation with DHE staining (red). N � 5–7 per group. A–C: Similar results were obtained in three
independent experiments. *P � 0.01 compared with the value at day 0. # and �P � 0.01 compared with the value with Con and Ad-LacZ, respectively.

Figure 3. Effects of Ad-PEDF on cyclin D1, cyclin E, and p27 expression in balloon-injured arteries. A and C: Western blots showing serial change in expression
of cyclins D1 and E (A) and p27 (C) after balloon injury (BI). B and D: Effects of Ad-PEDF on cyclins D1 and E (B) and p27 (D) in balloon-injured arteries. At
14 days after balloon injury, sham-operated [day 0 (SHAM)] and balloon-injured carotid arteries treated with phosphate-buffered saline (Con), Ad-LacZ, or
Ad-PEDF were analyzed for Western blots. A–D: Each left panel shows representative results of Western blots. Each right panel shows the quantitative data. N �
5–7 per group. Similar results were obtained in three independent experiments. * and **P � 0.05 and P � 0.01 compared with the value at day 0. # and �P �
0.01 compared with the value with Con and Ad-LacZ, respectively.
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Figure 4. Effects of PEDF on NADPH oxidase expression, ROS generation, proliferation, and migration in PDGF-BB-exposed SMCs. SMCs were treated with the
indicated concentration of PDGF-BB in the presence or absence of 10 nmol/L PEDF. A: After 4 hours, semiquantitative reverse transcription-polymerase chain
reaction was performed. Data were normalized by the intensity of �-actin mRNA-derived signals and related to the value of the control. B: NADPH oxidase activity
was measured. C: ROS generation was measured. Right panel shows the representative microphotographs of DHE staining of the cells. D: After 24 hours, DNA
synthesis was measured. E: After 5 hours, migrated cells were counted. Right panel shows the representative microphotographs of migrated cells. N � 5–7 per
group. A–E: Similar results were obtained in three independent experiments. #P � 0.01 compared with the value with 20 ng/ml PDGF-BB alone.
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PEDF Inhibits NADPH Oxidase-Mediated ROS
Generation in PDGF-BB-Exposed SMCs

Above-mentioned in vivo data suggest that some part
of the beneficial actions of PEDF is due to its antioxi-
dative effects via the suppression of p22phox and
gp91phox protein expression in the neointima. Because
PDGF is a potent mitogen and migratory factor of SMC
via intracellular ROS generation, thus being consid-
ered to play an important role in the pathogenesis of
intimal hyperplasia after balloon injury,3,4,26 we con-
ducted the in vitro SMC experiments using PDGF-BB as
a stimulant to confirm whether SMC is the target for the
antioxidative actions of PEDF. In the in vitro experi-
ments, we chose the concentration of PEDF at 10
nmol/L because we have recently found that PEDF at
10 nmol/L blocks tumor necrosis factor-�- or angioten-
sin II-induced EC activation in vitro.8,9 Under these
conditions, we first investigated whether PEDF could
inhibit the PDGF-BB signaling in cultured SMCs by
suppressing NADPH oxidase-mediated ROS genera-
tion. As shown in Figure 4, A and B, 10 nmol/L PEDF
completely inhibited the PDGF-BB-induced up-regula-
tion of p22PHOX and gp91PHOX mRNA levels and sub-
sequent increase in NADPH oxidase activity in SMCs.
Furthermore, 10 nmol/L PEDF completely inhibited the
PDGF-BB-induced ROS generation in SMCs (Figure
4C, left panel). Figure 4C, right panel, shows a repre-
sentative microphotograph of DHE staining of SMCs
treated with or without PDGF-BB or PEDF. These ob-
servations suggest that PDGF-BB elicits ROS genera-
tion in SMCs via NADPH oxidase activity, which was
completely blocked by PEDF.

PEDF Inhibits PDGF-BB-Induced Proliferation
and Migration of Cultured SMCs

We next examined whether PEDF could inhibit the PDGF-
BB-induced proliferation and migration of SMCs. As
shown in Figure 4D, PDGF-BB dose-dependently in-
creased DNA synthesis in SMCs, which was significantly
blocked by PEDF. Furthermore, PEDF was found to inhibit
the PDGF-BB-induced migration of cultured SMCs (Fig-
ure 4E). An antioxidant, NAC, completely blocked the
PDGF-BB-induced proliferation and migration of SMCs
(Figure 4, D and E).

PEDF Inhibits Cyclins D1 and E Expression and
Increases p27 Levels in PDGF-BB-Exposed
SMCs

We further studied the effects of PEDF on cyclin D1,
cyclin E, and p27 expression in PDGF-BB-exposed
SMCs. As shown in Figure 5, PEDF down-regulated ex-
pression levels of cyclins D1 and E in PDGF-BB-exposed
SMCs. Furthermore, PEDF was found to enhance the
expression levels of p27 in PDGF-BB-exposed SMCs.

Discussion

In the present study, we demonstrated for the first time
that PEDF could inhibit the intimal hyperplasia by
down-regulating G1 cyclin expression and up-regulat-
ing a cyclin-dependent kinase inhibitor, p27 levels, via
suppression of NADPH oxidase-mediated ROS gener-
ation. We also found here that PEDF inhibited the
PDGF-BB signaling to proliferation and migration of
SMCs through its antioxidative properties. These ob-
servations suggest that suppression of p22phox and
gp91phox expression in SMCs would be a central mech-
anism by which PEDF inhibited the neointimal forma-
tion in balloon-injured arteries. Our present study pro-
vides a novel therapeutic potential of PEDF for
restenosis after balloon angioplasty.

We first examined the kinetics of neointimal formation
in rat carotid artery injury. In this study, the I/M ratio was
time-dependently increased and reached a maximum at
14 days after balloon injury (Figure 1A), which was con-
sistent with the previous reports.11,27 Further, PEDF was
normally expressed in the intima, media, and adventitia of
rat carotid arteries. At day 14 after balloon injury, PEDF
was predominantly expressed in the intima, and its ex-
pression levels were down-regulated (Figure 1B). In this
study, we did not perform double staining of the sections
with Abs directed against �-smooth muscle actin or
CD68. Therefore, we did not clarify exactly which types of
cells expressed PEDF. However, since most of the neo-
intimal cells were positive for �-smooth muscle actin at
day 14 after balloon injury (Figure 1E), our present ob-
servations suggest that the main expression sites of

Figure 5. Effects of PEDF on cyclin D, cyclin E, and p27 expression in
PDGF-BB-exposed SMCs. SMCs were treated with 20 ng/ml PDGF-BB in the
presence or absence of 10 nmol/L PEDF for the indicated time periods.
Western blot analysis was performed. Top panels show representative results
of Western blots. Bottom panels show the quantitative data. N � 5–7 per
group.
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PEDF may be shifted to SMCs in the neointima after
balloon injury. In this study, to clarify the pathophysiolog-
ical role of PEDF, we evaluated the effects of Ad-PEDF on
neointimal hyperplasia at 14 days after balloon injury. We
found here that Ad-PEDF actually increased PEDF levels
in the injured arteries and subsequently suppressed the
neointimal formation (Figure 1C). In addition, Ad-PEDF
significantly decreased the ratio of PCNA-positive cells to
total cells in balloon-injured arteries (Figure 1E, top pan-
els). These observations support the clinical relevance of
PEDF overexpression in balloon-injured arteries. The
present data were consistent with the previous finding
that most of the proliferating cells in the neointima on day
14 after balloon injury were SMCs.28 Moreover, Szöcs et
al11 have previously reported that macrophages are not
detected in the media or neointima on days 3 and 15 after
balloon injury and that superoxide is localized to regions
of the vessel wall containing �-smooth muscle actin-
positive cells. Therefore, although we cannot completely
exclude the potential role of macrophage infiltration at
early stage in neointimal formation, our present results
and above-mentioned previous findings suggest that the
increased proliferative activity of SMCs in the neointimal
lesions could be one of the primary targets of Ad-PEDF in
our model.

In the present study, the effects of Ad-PEDF on the
ratio of PCNA-positive cells to total cells were modest
(Figure 1E, top panels), whereas those of PEDF on
neointimal formation were drastic. The findings sug-
gest that PEDF could inhibit the neointimal formation, at
least in part, by mechanisms other than growth inhibi-
tion. In vitro experiments (Figure 4E) suggest the pos-
sibility that PEDF could inhibit the neointimal formation
by suppressing the migration of SMCs in balloon-in-
jured arteries. Further, although we do not have data to
show the proapoptotic properties of PEDF on SMCs,
PEDF may promote apoptotic cell death of proliferating
SMCs and subsequently protect against restenosis af-
ter balloon injury. The findings that PEDF up-regulates
Fas ligand in ECs, thereby specifically sensitizing Fas-
positive proliferating ECs to apoptosis support our
speculation.29 Taken together, the sum effects of Ad-
PEDF on proliferation, migration, and apoptosis of
SMCs could regulate the I/M ratio. Therefore, the extent
of suppression of I/M ratio by Ad-PEDF may not be
necessarily in proportion to the degree of increased
amounts of PEDF.

Several articles have suggested that NADPH oxidase
intrinsic to the vessel wall contributes to the increased
ROS production in balloon-injured arteries.10–13 In addi-
tion, animal studies with antioxidants have provided a
causal role for ROS generation in neointimal hyperplasia
after balloon injury12,13 Therefore, our present findings
suggest that PEDF could inhibit the neointimal hyperpla-
sia after balloon injury by blocking the NADPH oxidase-
mediated ROS generation in SMCs. A chimeric peptide
inhibitor that interferes with the assembly of vascular
NADPH oxidase components was reported to suppress
angioplasty-induced superoxide generation and neointi-
mal hyperplasia of carotid artery in male Sprague-Dawley
rats.13 Further, as shown in Figure 4, D and E, an antiox-

idant NAC exerted similar effects on cultured SMCs as
did PEDF; NAC significantly inhibited the PDGF-BB-in-
duced increase in DNA synthesis and migration of SMCs.
These observations further support the concept that
NADPH oxidase-derived ROS generation could play a
role in neointimal formation in our model, which was a
molecular target of PEDF.

ROS have been known to modulate expression of
G1 cyclins and cyclin-dependent kinase inhibitor,
p27.30 –32 Because the entry of SMCs into the cell cycle
plays a central role in the pathogenesis of angioplasty
restenosis,22–24 PEDF may inhibit the intimal hyperpla-
sia by modulating the cell cycle regulatory proteins
through its antioxidative properties. Taken together,
down-regulation of G1 cyclins and up-regulation of p27
could be a crucial downstream target for PEDF. The
findings that G1 cyclins are overexpressed in injured
arteries and that overexpression of p27 results in sig-
nificant inhibition of intimal hyperplasia after balloon
injury support our speculation.24,33,34

To elucidate further the molecular mechanism un-
derlying the antiatherosclerotic effects of PEDF on bal-
loon-injured arteries, we conducted in vitro experi-
ments. We chose here PDGF-BB as a stimulant
because PDGF-BB was highly expressed at the site of
balloon injury (data not shown), and there is a growing
body of evidence that PDGF-BB is a potent mitogen
and migratory factor for SMCs, thus being involved in
the pathogenesis of intimal hyperplasia after balloon
injury.3,4 We have shown in the present study that
PEDF proteins also have atheroprotective properties in
vitro; PEDF inhibited the NADPH oxidase-mediated
ROS generation in PDGF-BB-exposed SMCs, a key
downstream molecule of PDGF-BB signaling to SMC
proliferation and migration26 (Figure 4). Furthermore,
PEDF was found not only to inhibit up-regulation of
cyclins D1 and E but also to enhance the expression of
p27 in PDGF-BB-exposed SMCs (Figure 5). These ob-
servations further support the concept that PEDF could
inhibit the restenosis after angioplasty by suppressing
the PDGF-induced, NADPH oxidase-mediated ROS
generation in SMCs. Further studies are needed to
address the issue of whether PEDF could suppress
other growth factor or chemokine signaling in SMCs via
antioxidative properties, which may also contribute to
the inhibition of restenosis after angioplasty.

Our present study has extended the previous findings
showing that PEDF has vasoprotective properties in vitro
by inhibiting EC activation.8,9 Thus, the present observa-
tions provide a novel beneficial aspect of PEDF on ath-
erosclerosis; PEDF could prevent SMC proliferation and
migration, the characteristic changes of restenosis after
angioplasty, by suppressing the NADPH oxidase-elicited
ROS generation, thereby inhibiting the progression of
vascular remodeling in atherosclerosis. Therefore, al-
though the degree of reduction of PEDF on vascular
injury was not so large (PEDF level was reduced by 30%),
our present study suggests that substitution of PEDF may
offer a promising strategy for halting the development
and progression of restenosis after angioplasty.
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Limitations

First, since the regulation of p22phox and gp91phox gene
expression in SMCs is largely unknown, we did not clarify
here how PEDF suppressed p22phox and gp91phox ex-
pression in the neointima. Second, in the present study,
Ad-PEDF nearly completely prevented the neointimal for-
mation, although it partially reduced the levels of p22phox

and gp91phox in balloon-injured arteries (Figure 2B).
Other mechanisms such as inhibition of the assembly of
NADPH oxidase complex may be involved in the sup-
pressive effects of PEDF on NADPH oxidase activation.
Therefore, it is interesting to examine whether protein
kinase C inhibitors, which are known to suppress the
assembly of NADPH oxidase complex in SMCs, augment
the inhibitory effects of PEDF on neointimal formation.35

Molecular mechanisms by which PEDF inhibited the neo-
intimal formation after balloon injury should be further
examined. Third, in this study, we cannot completely
exclude the possibility that PEDF inhibited the neointimal
formation by suppressing macrophage infiltration at an
early stage. Fourth, in the present study, the degree of
reduction of PEDF on vascular injury was not so large,
and Ad-PEDF treatment increased PEDF levels to about
twofold of those in Ad-LacZ-treated injured arteries.
Therefore, further study is needed to clarify whether over-
expression of excess amounts of PEDF may have clinical
relevance in the prevention of restenosis after angio-
plasty in humans.
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