
INTRODUCTION

Vascular proliferative disease such as primary atherosclerosis,
postangioplasty restenosis, and neointimal formation after vein
graft have eluded successful pharmacotherapy (1). The activa-
tion of vascular smooth muscle cells (VSMCs) is associated
not only with entry into the cell cycle, but also with enhanced
cell migration, the expression of chemoattractants and adhe-
sion molecules, and extracellular matrix modulation. Platelets,
inflammatory cells, damaged vascular endothelial cells (2) and
activated VSMCs all secrete growth factors and cytokines that
trigger signaling pathways (3-6). Redundant signal transduc-
tion processes are likely to prevent the successful targeting of
one or two factors. At homeostasis, VSMCs are postmitotic
and express markers of the differentiated phenotype. However,
mature VSMCs can be undergone phenotypic modulation
in response to several environmental stimuli. Pathological
VSMC proliferation is thought to play a central role during
atherosclerosis and restenosis (7-9). Therefore understanding
the fundamental basis of VSMC proliferation is obviously of
interest. Previous studies which used several models of angio-
plasty have demonstrated a rapid VSMC proliferative response
of in the media, followed by a second peak of proliferation in

the neointima, which then declined to basal levels 2-4 weeks
after angioplasty (10, 11). Although the contribution of sev-
eral cell cycle control genes and growth stimulatory genes to
VSMC growth has been well established (12-14), the kinetics
of expression of endogenous cell cycle regulatory factors in
response to vascular injury remains largely unknown.

Cellular proliferation is controlled by multiple holoenzymes,
which include a catalytic cyclin-dependent protein kinase (cdk)
and a cyclin regulatory subunit (15-17). Functional cdk/cyclin
holenzymes phosphorylate target protein substrates that facil-
itate progression through the cell cycle. In addition, cdk activ-
ity is negatively regulated by cdk interaction with specific
cdk inhibitory proteins that cause cell cycle arrest in the G1
phase when overexpressed in transformed and nontransformed
cell lines (18, 19). In the early G1 phase, early D-type cyclins
and early cdk’s accumulate, and p27 binds to and inhibits
G1-phase cyclin/cdk complexes. In addition to p27, the early
phases of the cell cycles are also regulated by p21, another cell
cycle inhibitor. Cyclin E might also be essential for G1-S tran-
sition in mammalian cells, in contrast with the three D cy-
clins, whose lineage specific expression suggest their dispens-
ability in various cell types. The functional inhibition cdk2
also prevents mammalian cells from entering the S phase (20,
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Expression of Cell Cycle Regulators During Smooth Muscle Cell 
Proliferation After Balloon Catheter Injury of Rat Artery

Intimal hyperplasia is defined as the abnormal migration and proliferation of vascular
smooth muscle cells (VSMCs) with deposition of extracellular matrix. However, the
cell cycle regulatory mechanisms of injury-induced VSMC proliferation are largely
unknown. To examine the expression kinetics of cell cycle regulatory factors which
is known to be worked positively or negatively, we used rat balloon injury model.
Marked induction of proliferating cell nuclear antigen (PCNA), G1/S cyclin-depen-
dent kinase (cdk2), and its regulatory subunit (cyclin E) occurred between 1 and 3
days after balloon arterial injury, and this was sustained for up to 7 days and then
declined. However, the induction of the negative regulators, p21 and p27, occurred
between 3 and 5 days of injury, peaked after 7 and 14 days and was then sustained.
VSMC proliferation after balloon catheter injury of the rat iliac artery is associated
with coordinated expression of positive (cdk2, cyclin E and PCNA) and negative
(p21, p27) regulators. Cell cycle regulators such as cdk2, cyclin E, p21, p27 may
be suitable targets for the control of intimal hyperplasia.
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21). In the present study, we examined the regulation of cell
cycle control proteins after vascular injury. Our findings de-
monstrate the temporarily and spatially coordinated induction
of cdk2, cyclin E, PCNA, p21, and p27 in balloon-injured
rat iliac arteries. 

MATERIALS AND METHODS

Antibodies 

The following antibodies were used in this study: (1) rabbit
polyclonal antibodies sc-481 (anti-cyclin E), sc-163 (anti-cdk
2), and sc-56 (PCNA), and (2) goat polyclonal antibodies sc-
528-G (anti-p27), and sc-397-G (anti-p21), (Santa Crutz Bi-
otechnology, Santa Crutz, CA, U.S.A.)

Rat model of balloon injury

Acute endothelial injury was performed by denuding the
left common iliac artery. Male Sprague-Dawley rats (Korea
Experimental Animal Center, Cheongwon) weighing 500 g
were anesthetized with sodium pentobarbital (intraperitoneal
injection, 45 mg/kg of body weight). The bifurcation of the
left common iliac artery was exposed through a midline inci-
sion and the distal abdominal aorta, and the right common
iliac artery was temporarily occluded. A 2F embolectomy
catheter (Baxter Edwards Health Corp., Korea) was introduced
into the aorta and advanced to the left iliac artery. The balloon
was inflated with saline and drawn toward the arteriotomy
site three times to produce a de-endothelializing injury. After
the catheter was withdrawn, the arteriotomy was repaired
with 8-0 Prolene and blood flow was restored to the iliac
artery. The right uninjured iliac artery was used as a tissue
control. At the indicated times (6 hr, 1, 3, 5, 7, 14, and 28
day; n=7) after injury, rats were euthanized with sodium pen-
tobarbital, and both injured and uninjured common iliac
arteries were perfused with saline and dissected free of the
surrounding tissues. For immunohistochemistry, tissue spec-
imens were fixed by immersion in 100% methanol overnight
and then embedded in paraffin. Arteries to be used for the
preparation of cell extracts were quickly frozen in liquid nitro-
gen and stored at -80℃ until required.

Immunohistochemistry

Rat iliac arteries were fixed by immersion in 100% metha-
nol overnight, embedded in paraffin, and cut into 5 m sec-
tions for immunohistochemistry which was performed using
a streptavidin-peroxidase detection system according to the
manufacturer’s recommendation (Signet Laboratories Inc. Ded-
ham, MA, U.S.A.). Specimens were incubated overnight at
4℃ with anti-cyclin E (1:100 dilution), anti-cdk2 (1:250),
anti-p27 (1:250), anti-p21 (1:250), and PCNA (1:50). The

biotinylated secondary antibodies were added for 30 min and
this was followed by addition of the streptavidin-biotin per-
oxidase reagent (DAKO) for an additional 30 min. After
washing with phosphate buffered saline, antibodies were
detected using the ABC method and developed with 3,3′-
diaminobenzidine (DAKO). The slides were counter-stained
with hematoxylin and examined under a microscope.

Western blot analysis

Whole cell extracts from rat iliac arteries and cultured cells
were prepared in ice-cold lysis buffer, and arterial extracts were
prepared using a homogenizer (Tissumizer Mark, OH, U.S.A.).
Lysates were centrifuged at 4℃ for 10 min at maximum
speed, and the supernatant was stored at -80℃ in small
aliquots. The following dilutions of primary antibodies were
used for Western blot analysis: anti-cyclin E (1:250), anti cdk2
(1:500), anti-p21 (1:500), anti-p27 (1:500), and PCNA (1:
100). Proteins were fractionated on 12% SDS-polyacrylamide
gels, and then transferred onto nitrocellulose membrane for
and electrophoresed for 2 hr at 60 V. The membranes were
preincubated in Tris buffered saline (TBS) including 10%
defatted milk powder for 1 hr at room temperature, adequately
diluted antibodies were then added, and the membranes were
incubated for 1 hr. After washing with TBS-0.1% Tween 20,
membranes were further incubated with alkaline-phosphatase-
conjugated secondary antibodies for 30 min washed with TBS-
0.1% Tween 20 and TBSS, and the reaction was visualized
with nitroblue tetrazolium/S-bromo-4-chloro-3-indoyl-1-
phosphate.

RESULTS

Morphological results

Three days after intimal injury, microscopic examination
showed medial thickening versus the control (Fig. 1). One
week after endothelial injury, mild intimal hyperplasia result-
ing from the fresh accumulation of proliferating smooth mus-
cle cells and connective tissue was observed. Two weeks after
injury, marked intimal hyperplasia was observed, and persisted
for four weeks.

Changes in the expressions of cell cycle regulators 

Positive regulators of cellular proliferation induced after
angioplasty included cdk2 and its cognate, cyclin E (Fig. 2).
After cyclin E accumulation within 1 day of injury, cdk2 was
upregulated at 3 days. Western blot analysis at earlier times
revealed the induction of cyclin E within 6 hr, which preceded
the upregulation of cdk2. The expressions of these proteins
was sustained for 5 days and then declined 28 days after bal-
loon injury. Of note, the temporal expressional pattern of cdk2
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and of its cyclin subunits correlated with the expression of
PCNA, a marker of cell growth. On the other hand, we tried
to show the expression pattern of cell cycle regulatory inhibi-

tors simultaneously. The expression of p21 was minimally
observed at baseline and elevated after 3 days, reached a peak
at 7 days and then decreased. Expression of p27 was low in
early times (6 hr, 1 day, and 3 days) and elevated after 5 days,
and reached a maximum at 14 days and then decreased.

Spatially coordinated expression of cell cycle regulators

To further characterize the kinetics of expression of cell cycle
regulatory proteins after balloon injury, we performed immu-
nohistochemical analysis in control and injured rat iliac arter-

Fig. 1. Microscopic findings: photomicrograph of cross section of
the injured rat arteries (H&E): Normal iliac artery (control group) with
single layer of endothelium in intima and prominent intima was seen
from 3 days, marked thickened in 7 days, and sustained thereafter.
I, indicate intima and M, media. Black arrows point to the internal
elastic lamina. Magnification ×200.
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Fig. 2. Sequential change in expression of cell cycle regulators (cdk
2, cyclin E, PCNA, p21, p27) by Western blot analysis after balloon
catheter injury of rat iliac artery. Marked induction of cdk2, cyclin E,
PCNA occurs between 1 and 3 days after balloon arterial injury,
and is peaked in 5 or 7 days and then declined. But induction of neg-
ative regulators, p21 and p27 occurs between 3 and 5 days after
injury, and is peaked 7 or 14 days and then sustained.
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p21 21-23 kDa

p27 27-29 kDa

PCNA 36 kDa

Time, post-injury
Control 6 hr 1 d 3 d 5 d 1 wk 2 wks 4 wks

Fig. 3. Immunohistochemical staining of cdk2 after balloon catheter
injury of rat iliac artery. Note that cdk2 expression in the medial cells
is upregulated within 3 days (C) and then declined thereafter (D,
G). At later time points, cdk2 expression is detected throughout
emerging intimal lesion (D-E). White arrows point to the internal
elastic lamina. Magnification ×200.
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Fig. 4. Immunohistochemical staining of cdk2 after balloon catheter
injury of rat iliac artery. Cyclin E expression in the media is noted
early at 3 days and 5 days (C, D) and then declined thereafter (E,
F). At later time points, cyclin E expression is noticed throughout
emerging intimal lesion (D-E). White arrows point to the internal elas-
tic lamina. Magnification×200.
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ies. Cdk2 expression was found to be upregulated in medial
VSMCs 72 hr after injury. After intimal hyperplasia had fo-

rmed, cdk2 was detected in intimal lesions, but at lower levels
in the media. At 2 weeks, cdk2 expression was largely confined
to the luminal surface of prominent intimal lesions (Fig. 3).
As shown in Fig. 4, cyclin E upregulation was also noted in
media 24 hr after balloon injury and increased thereafter. The
expression of cyclin E was detected initially in emerging inti-
mal lesions and was then predominantly seen in the luminal
surface of the intima at 2 weeks. In p21, p27 as cell cycle reg-
ulatory inhibitors, their expressions were detected in medial
smooth muscle cells at 5 days and was strongly observed after
1 week and sustained at 4 weeks (Fig. 5, 6). To investigate
whether the expressions of cdk2 and cyclin E are spatially
correlated with VSMC proliferation following balloon injury,
we examined the expression of PCNA by immunohistochem-
istry. PCNA expression was undetectable in uninjured arteries
and its expression was upregulated 72 hr after injury. Later, the
expression of PCNA was detected throughout the emerging
neointima and subsequently was limited to the luminal sur-
face (Fig. 7). Taken together, these results indicate that VSMC
proliferation is correlated with the spatially coordinated exp-
ressions of cdk2 and cyclin E after injury of rat iliac artery.

DISCUSSION

To elucidate the molecular mechanisms underlying the pro-
liferative response of vascular smooth muscle cells (VSMCs)
to arterial injury, we analyzed the kinetics of expressions of

Fig. 7. Immunohistochemical staining of PCNA after balloon catheter
injury of rat iliac artery. PCNA expression is noted in the medial at
3 days (C) and then sustained at 5 and 7 days (D, G) and then
declined (F, G). PCNA expression is detected throughout emerging
intimal lesion (D-E). White arrows point to the internal elastic lami-
na. Magnification×200.
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Fig. 5. Immunohistochemical staining of p21 after balloon catheter
injury of rat iliac artery. Note that p21 expression in the medial cells
is upregulated at 5 days (D) and then sustained thereafter (E, F). At
later time points, cdk2 expression is detected throughout emerging
intimal lesion (E-F). White arrows point to the internal elastic lamina.
Magnification×200.
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Fig. 6. Immunohistochemical staining of p27 after balloon catheter
injury of rat iliac artery. Note that p27 expression in the medial cells
is upregulated at 3 days and 5 days (C, D) and then sustained
thereafter (E, G). At later time points, p27 expression is detected
throughout emerging intimal lesion (D, G). White arrows point to the
internal elastic lamina. Magnification×200.
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cell cycle regulatory factors in balloon-injured rat iliac arter-
ies. Intimal hyperplasia in this model of vascular remodeling
results primarily from the excessive proliferation of VSMCs,
which also undergo dedifferentiation and migration (22, 23).
The emergence of VSMCs from quiescence involves a tran-
sition from G0 to G1 and the S phases of the cell cycle. These
cell cycle phases are coordinated by the expression and acti-
vation of regulatory proteins including holoenzymes which
are formed from a complex of cyclins and cyclin dependent
kinase. Three D type cyclins and cyclin E are key regulators
of G1 progression in mammalian cells. Previously high lev-
els of cyclin dependent kinase inhibitors (CKI) declines on
induction of cell cycle entry in mitogen deprived (G0) cells
(19). In addition to p27, the early phases of the cell cycle are
also believed to be regulated by a 21-kDa CKI protein, p21,
which is thought to act as a cyclin-cdk assembly and a regula-
tory factor. Binding of a single p21 molecule may be required
for enzymatic cdk activation, whereas complexes bound by
multiple p21 subunits are rendered inactive. The level of p21
protein are low in G0-phase cells, are upregulated in the G1
phase, which is believed to provide a counterbalance to the
increased accumulation and activity of cyclin/cdk complexes.
Importantly, cyclin E might also be essential for the G1-S
transition in contrast to D cyclins, whose lineage specific ex-
pression connotes the dispensability of at least certain of its
members in various cell types (24). Therefore, we focused on the
kinetics of cdk2/cyclin E expression in proliferating VSMCs
after balloon injury. Western blot analysis revealed a rapid
induction and activation of cdk2 cyclin E between 1 and 3
days after injury.

The expressions of these proteins correlated with PCNA
expression was sustained up to 10 days after injury and then
declined to reach base line levels at 28 days. Immunohisto-
chemical analyses 72 hr after injury revealed cdk2 and cyclin
E expressions in medial VSMCs. Subsequently, cdk2 and cyclin
E expressions were detected in VSMCs within the emerging
intimal lesions and reduced within the media. Later, when a
prominent hyperplastic response was present, the expressions
of cdk2 and cyclin E were largely confined to the luminal
surface of the intima. The expressions of cdk2 and cyclin E
were spatially correlated with VSMC proliferation following
injury, which was suggested by PCNA immunohistochem-
istry because it displayed essentially the same expression pat-
terns. These findings are consistent with the results of previ-
ous [3H] thymidine and 5-bromodeoxyuridine pulse-labeling
experiments in rats (25), which demonstrated peak VSMC
proliferation in the media of balloon-injured carotid arteries
between 33 and 48 hr that then rapidly declined to baseline
levels. Proliferative activity was noted throughout the newly
formed intimal lesion, but was later limited to the luminal
surface. Protein levels of the CKI’s such as p21, and p27 are
also variable in vivo. In our studies, p21, and p27 protein were
minimally expressed in uninjured arteries and were increased
3 days after injury, peaking at 7, and 14 days respectively.

These levels were subsequently found to be mildly decreased
at 28 days. Notably, high levels of p27 were correlated with
the downregulation of cdk2 at 2 weeks after injury, which
was coincident with the termination of VSMC proliferation.

This study demonstrates a striking temporal and spatial
correlation between the kinetics of VSMC proliferation and
the kinetics of cdk2, cyclin E, p21, and p27 expression. These
cell cycle regulators may be suitable targets for the control of
intimal hyperplasia after injury, especially p27, because its
induction may contribute to the reestablishment of the func-
tional state of VSMCs after injury. 
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