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ABSTRACT 

Background: Enhanced extracellular matrix (ECM) accumulation is an important finding in coronary stent 
restenotic tissue, in which TGF-β, implicated in ECM formation, is expressed abundantly. We assessed the 
hypothesis that blockade of TGF-βby the local delivery of an adenovirus expressing a soluble form of the TGF-
βtype II receptor (AdTβ-ExR), inhibits stent-induced neointima in porcine coronary arteries. Methods: Two 
remote coronary arterial segments (n=20) per pig randomly received 1×109 pfu of either AdTβ-ExR or ade-
novirus expressing β-galactosidase (AdLacZ)/PBS, using an InfiltratorTM. Stents (n=20) were deployed, after 
gene transfer, in each segment of 10 pigs. Localized transgene expression was confirmed by both reverse transcrip-
tion-PCR and immunohistochemistry. Computer-based morphometric assessment was performed in the stented 
arteries 4 weeks after the gene transfer. Results: There was significantly less intimal area (1.57±0.49 vs. 2.13±
0.34 mm2), area ratio of intima/media (0.84±0.44 vs. 1.32±0.48) and higher neointimal cell density (3121±330 
vs. 2812±183 cells/mm2) in the arteries treated with AdTβ-ExR compared to the controls (all, p<0.05). Nei-
ther the cell proliferation rate, assessed by PCNA immunohistochemistry, nor the injury score were significantly 
different between the two groups. The distribution of hyaluronan in the intima was less in 4 of the 6 AdTβ-ExR 
treated arteries compared to the controls. Conclusions: Blockade of TGF-β, by a local in vivo gene transfer of a 
soluble TGF-βreceptor, inhibits stent-induced neointima, probably by inhibiting the ECM accumulation in por-
cine coronary arteries, which may have therapeutic potential in the inhibition of restenosis after stenting. (Korean 
Circulation J 2004;34 (1):59-68) 
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Introduction 
 

According to previous studies, neointimal ingrowth, 
rather than tissue remodeling or stent recoil, is thought 
to play a key role in restenosis after stenting.1-3) Patholo-
gical studies of human coronary stent neointima suggests 

that the ECM accumulation is an important factor for the 
development of an in-stent neointima.4)5) TGF-β1 (tran-
sforming growth factor-β1) is known as a multifun-
ctional cytokine, which regulates cell proliferation and 
differentiation, angiogenesis, and the synthesis of a varie-
ty of ECM components, such as proteoglycans, hyaluro-
nan, fibronectin and collagen.6-13) Most cells have three 
types of TGF-β receptors (types I, II and III) on their 
surface, and the types I and II receptor have been found 
necessary for all biological activities of TGF-βtested, 
whereas the type III is not known to mediate any.7)10) 
The type II receptor is a member of the transmembrane 
receptor serine-threonine kinase family, and the TGF-β 
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signals through a heteromeric complex between the type 
I and II receptors.7)10)14) Binding of the TGF-β to the 
type I receptor requires the presence of the type II rece-
ptor, whereas the type II receptor binds to the TGF-β
independently.10)14) 

As a consequence of developments in the field of mo-
lecular biology, strategies targeting TGF-β have recen-
tly been developed. For example, ribozyme oligonucleo-
tides cleave the mRNA of the TGF-β, leading to its 
decreased expression.15) An adenoviral vector, expressing 
the ectodomain of the type II TGF-β receptor (AdTβ-
ExR) inhibits the action of TGF-βboth in vitro and in 
vivo.16)17) This soluble receptor is also known to reach 
remote areas by means of systemic circulation. 

The InfiltratorTM is a balloon catheter, with 21 injector 
ports in three lines, designed for direct intramural injec-
tion of a desired agent. Previous studies using an Infilt-
ratorTM, in general, agree that it is an effective tool for 
intravascular drug or gene delivery, and we confirmed 
the efficacy of gene expression using the InfiltratorTM.18) 

In this study, we tested the hypothesis that inhibition 
of TGF-β, by a catheter-based in vivo local gene deli-
very of a recombinant adenovirus expressing an ectodo-
main of the TGF-βtype II receptor, inhibits in-stent 
neointimal formation in porcine coronary arteries. A pa-
thological analysis revealed the possible role of TGF-β
in the ECM accumulation in the formation of in-stent 
neointima. 

 
Methods 

 
Recombinant adenovirus vector 

Replication-defective E1- and E3 -recombinant adeno-
virus, expressing either an entire ectodomain of the TGF-
β type II receptor fused to the human immunoglobulin 
Fc portion (AdTβ-ExR), or a β-galactosidase (AdC-
ALacZ) under a CA promoter, composed of a cytome-
galovirus enhancer and a chicken βactin promoter, was 
constructed as described previously.19)20) The TGF-β 
type II soluble receptor is known to be secreted from 
AdTβ-ExR-infected cells, bind to TGF-βand inhibit 

its signaling.17) Both AdTβ-ExR and AdCALacZ were 
used as adenoviral vectors for the delivery of the gene 
into the porcine coronary arteries. The titer of virus was 
quantified by a plaque formation assay, using 293 cells, 
and expressed in plaque formation units (pfu). 

 
Local gene delivery and stenting 

Thirteen domestic female pigs (2-3 month old, weig-
hing 25-30 kg) underwent coronary artery intravascu-
lar gene delivery using the InfiltratorTM (Interventional 
Technologies, San Diego, CA), with subsequent intraco-
ronary stent (n=10) deployment. All animal care and 
handling were performed in accordance with the guide-
line specified by the National Institute of Health Guide 
for the Care and Use of Laboratory animals, and were 
approved by the Animal Care and Use Committee of 
Yonsei University. Animals took 100 mg/d Aspirin and 
75 mg/d Clopidogrel 24 hours prior to the procedure, 
and continued to take these medications until sacrificed. 
Before anesthesia, the pigs were subjected to an intramu-
scular injection of Atropine (0.04 mg/kg) and Rompun 
(2 mg/kg). After endotracheal intubation, anesthesia was 
induced by inhalation of 2.5% Enflurane. Heparin (8,000 
IU) was injected intravenously before the coronary arte-
rial intervention. An 8 F Judkins right coronary artery 
guide catheter was inserted through the left carotid artery. 
The coronary arterial segments in either the left anterior 
descending (LAD), left circumflex (LCX) or right co-
ronary artery (RCA), feasible for the intravascular gene 
delivery using the Infiltrator (3.0-3.5 mm), were selec-
ted. An infiltratorTM was used for the injection of 400 
μL of either the adenoviral vector or phosphate buffered 
saline (PBS), following the inflation of the InfiltratorTM 
to 2 atmosphere. Coronary angiograms were performed 
before, immediately after and 4 weeks after the gene 
delivery. An intracoronary injection of isosorbide dini-
trate (200 μg) was administered prior to the angiogram 
to relieve any possible vasospasm. To identify the opti-
mal titer of adenoviral vector for an effective gene tran-
sfer, three different titers for the AdTβ-ExR (1×108, 5
×108, and 1×109 pfu in 400 μL PBS) and two differ-
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ent titers for the AdCALacZ (2.5×107 and 2.5×108 pfu 
in 400 μL PBS) were randomly injected into each coro-
nary arterial segment of three pigs. The rest of pigs 
(n=10) underwent intravascular injections of AdTβ-
ExR (1×109 pfu) and AdCALacZ (1×109 pfu)/PBS in 
two different segments per pig. After the gene delivery, 
a Palmaz-Schatz coronary stent was deployed in each 
treated arterial segment (9-11 atm, balloon/artery= 1.1). 
After the stenting catheters were removed, the left carotid 
artery was ligated.  

To identify the efficiency of the gene transfer, three 
pigs were sacrificed 1 week after the delivery. Three out 
of the 10 pigs in which stents were deployed died due to 
complications during the procedure (intravascular throm-
bosis and spasm), therefore seven pigs were sacrificed 4 
weeks after the delivery. Coronary arterial segments from 
each adenovirus injected site were retrieved. Thoracic 
aortae and remote coronary arterial segments were used 
as negative control tissues. The coronary arteries dissec-
ted 1 week after the gene delivery were snapfrozen in 
liquid nitrogen, and divided into two pieces: one em-
bedded in OCT for cryostat sectioning and the other 
kept at -70℃ until the RNA assay. The stented arterial 
specimens were pressure-fixed, in situ, with 4% formal-
dehyde, excised from the porcine heart, and divided into 
two segments by cutting the bridge portion of the Palm-
az-Schatz stent. One stented arterial segment, identified 
by an angiography, to have a higher degree of stenosis, 
underwent tissue processing with Kulzer Histotechnik 
8100 (Heraeus Kulzer, Germany) for morphometric an-
alysis. The other segment was embedded in paraffin for 
various pathological staining. 

 
Histochemical analysis for β-galactosidase 

The pigs were sacrificed 1 week after the gene deli-
very with a lethal dose of sodium pentobarbital. The 
coronary arterial segments were excised, fixed in PBS 
containing 2% formaldehyde and 0.2% glutaraldehyde 
for 2 h at 4℃, embedded in OCT compound, and sub-
jected to cryostat sectioning at 20 μm thicknesses. The 
expression of β-galactosidase was evaluated by incuba-

tion with the substrate 5-bromo-4-chloro-3-indolyl-β-
D-galactoside (X-gal: Sigma, St. Louis, MO) at 37℃. 
The tissue sections were subsequently counterstained 
with hematoxylin-eosin.  

 
Reverse transcription polymerase chain reaction (RT-
PCR) 

The total cellular RNA from each arterial segment was 
isolated using an RNeasy mini kit (Qiagen, Germany). 
For the reverse transcription and PCR reactions, a Per-
kin-Elmer/Cetus DNA thermal cycler (Foster city, CA) 
was used. Two microgram of the total RNA was reverse 
transcribed in a 25 μL reaction containing 5 μL reverse 
transcriptase buffer, 25 mM dNTPs, random hexamers 
(0.5 μg/μL), 20 units RNase inhibitor and 200 units 
MMLV reverse transcriptase at 37℃ for 1 h followed 
by 5 min at 70℃. The PCR amplification was performed 
in a 50 μL volume using 2 μL of the reverse transcrip-
tion reaction plus 1 unit of Taq polymerase, 10×buffer, 
0.2 mM dNTPs, 2 mM MgCl2 and 0.2 μM of each 
primer, under following conditions: 94℃ for 3 min; 

followed by 35 cycles of 30 sec at 94℃, 30 sec at 54℃, 
and 1 min at 72℃; followed by 7 min at 72℃. The 
primer sequences and the expected product sizes were as 
follows: TGFβ type II receptor: sense primer 5´-AC-
ATCGTCCTGTGGACGCGTA-3´, antisense primer 5-
CTAGCAACAAGTCAGGATTGC-3´, with an expected 
size of 450 bp; and 28S RNA: sense primer 5´-TTAA-
GGTAGCCAAATGCCTCG-3´, antisense primer 5´-CC-
TTGGCTGTGGTTTCGCT-3´, with an expected size of 
102 bp. The PCR products were separated on a 1.2 % 
agarose gel, stained with ethidium bromide, and analy-
zed using an image analyzer (Bioprofil, Viber Lourmat, 
France). 

 
Immunostaining 

The soluble TGF-β type II receptor was identified 
by direct immunofluorescent staining to detect the human 
IgG fused to the soluble receptor, using fluorescein iso-
thiocyanate (FITC)-conjugated rabbit anti-human IgG 
(Dako, Carpinteria, CA). Briefly, the frozen sections 
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were dried, placed in PBS for 10 min, incubated with 
FITC-conjugated rabbit anti-human IgG at room tempe-
rature for 1 h, rinsed with PBS for 10 min, and mounted 
with glass cover slip. The immunostained slides, with the 
FITC conjugated anti-human IgG complex, were asses-
sed using an immunofluorescent microscope, and photo-
graphed immediately. T cells were identified in specim-
ens taken at both 1 and 4 weeks after the gene delivery 
by immunohistochemical staining with rabbit polyclonal 
anti-human CD3 antibodies (Dako). The TGF-β1 posi-
tive cells were identified by immunohistochemical stai-
ning of the tissue specimens, taken 1 week after the 
delivery of the PBS, using the rabbit anti-porcine TGF-
β1 polyclonal antibody (Cell Sciences Inc., Norwood, 
MA). Biotinylated link antimouse and antirabbit antibo-
dies (Dako) were used as secondary antibodies for both 
T cell and TGF-β1 staining, with further staining perfor-
med using the avidin-biotin-peroxidase technique (Vect-
astain, Vector Lab., Burlingame, CA) and DAB (3, 3´-
diaminobenzidine tetrahydrochloride, Sigma). Hyaluro-
nan labeling was performed with biotinylated hyaluronan 
binding protein (gift from Dr. Underhill), as previously 
described.5) 
 
Pathological analysis 

The cross-sectional areas of the proximal and distal 
portions of the bisected stented arterial segments were 
measured with computerized digital morphometry soft-
ware (Optimas 6.5). The areas bound by the luminal sur-
face (lumen area), the internal elastic lamina (IEL area), 
the external elastic lamina (EEL area) and the stent (st-
ent area), were measured in the minimal luminal ar-
ea(MLA)site, and neointima (IEL area-lumen area) and 
media areas (EEL area-IEL area), the ratio of neointi-
ma/media areas, the percentage of the stenosis area ([ne-
ointima area/IEL area]×100) were calculated. The ext-
ent of vessel wall injury induced by the stent was 
calculated as the mean injury score by the method of 
Schwartz et al: mean injury score = sum of weights for 
each wire/number of coil wires present.21) The modified 
Movat pentachrome22) and hematoxylin-eosin stains were 

used to identify the general histology and ECM com-
ponents. 
 
Statistical analysis 

All statistics were calculated using SPSS ver. 10.0 for 
Windows (SPSS Science), and all data are expressed as 
the mean±SD. The morphometric parameters, cell den-
sity, cell proliferation rate and mean injury score were 
compared between the groups by a paired t test. A va-
lue of p<0.05 was used to indicate statistical signifi-
cance. 

 
Results 

 
 Identification of human TGF-β type II receptor gene 

Three pigs were sacrificed 1 week after the gene deli-
very to analyze the efficiency of the gene transfection. 
As shown in Figure 1, the RT-PCR products from the 
porcine coronary artery (d-LAD) injected with AdTβ-
ExR at 1×109 pfu showed a definite band of human 
TGF-β type II receptor gene product, while the artery 
(p-LAD) injected with 5×108 pfu showed only a faint 
band of the gene product. Neither arterial segments 
adjacent to the AdTβ-ExR injected site (m-LAD), as 
shown in Figure 1, nor that injected with the AdTβ-
ExR at 1×108 pfu (data not shown) revealed any detec-

 28sRNA 

d-LAD p-LAD m-LAD 

Human TGFβ 
II receptor 

Figure 1. RT-PCR analysis for the detection of a transfer-
red soluble TGF β type II receptor mRNA in each por-
cine coronary artery. The RT-PCR analysis showed the
amplified gene product from the distal LAD injected
with 1×109 pfu AdTβ-ExR. The proximal LAD injected
with 5×108 pfu AdTβ-ExR showed a faint band of the
soluble receptor gene product, whereas, the mid LAD in
between the two injection sites showed no transgene
product. Note the bands of 28S RNA product from each
arterial segment, which verified the quantitative analysis
of the human TGF-β type II receptor gene product. RT-
PCR: reverse transcription polymerase chain reaction,
LAD: left arterior descending artery. 
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table bands. These results suggest that the local gene 
delivery of the soluble human TGF-β type II receptor 
was successfully carried out using the Infiltrator, with no 
significant dissemination of the adenovirus vector. The 
RT-PCR products of the 28S RNA from each artery 
showed bands of equal density, which verified the quan-
titative analysis of the human TGF-β type II receptor 
gene product. 
 
Identification of soluble receptor and β-galactosidase 

Direct immunofluorescent staining, using FITC-con-
jugated rabbit anti-human IgG, identified the soluble 
TGF-β type II receptor. As shown in Figure 2, the co-
ronary artery injected with 5×108 pfu AdTβ-ExR had 
multiple dispersed, immunofluorescent positive, soluble 
receptor-antibody complex particles around the media and 
adventitia areas. The soluble TGF-β receptor was more 
widely dispersed compared with the distribution of the 
β-galactosidase. Conversely, the remote arteries inclu-
ding the remote coronary artery and thoracic aorta had no 
discernable immunofluorescent positive particles. Thus, it 
is conceivable that the soluble receptor, delivered by a 
certain adenoviral vector, could be expressed locally, at 
the site of gene delivery, with no significant spread to 
remote sites. The gene transfection was also studied by 
an immunohistochemical assay of β-galactosidase in 

the arteries injected with the two different titers of Ad-
CALacZ (2.5×107 pfu and 2.5×108 pfu). As shown in 
Figure 3, the expression of β-galactosidase was noted 
locally around the outer media and adventitia areas, at 
the arterial segment injected with the AdCALacZ at 2.5
×108 pfu, and there was no significant spread of the β-
galactosidase to the remote arterial segments. The coro-
nary arterial segments injected with 2.5×107 pfu AdCA-
LacZ showed no β-galactosi-dase expression (data not 
shown). 
 
Morphometric changes after AdTβ-ExR treatment 

Seven arteries from each of the AdTβ-ExR treated 
and control (either AdCALacZ treated or PBS) groups 
were analyzed for morphometric parameters. Since we 
found that either AdCALacZ or PBS has no significant 
effect on the artery, both AdCALacZ and PBS treated 
arteries were analyzed together as a control group. A 
pair of arteries was excluded from the statistical analysis, 
since the injury score was significantly different from 
the others. The results of the morphometric analysis are 
summarized in Table 1. The arteries treated with AdT
β-ExR had a significantly less neointimal area (1.57±

0.49 mm2 vs. 2.13±0.34 mm2, p<0.01) and smaller area 
ratio of neointima/media (0.84±0.44 vs. 1.32±0.48, 
p<0.01) compared with the controls. There was no sig- 

Figure 2. Immunohistochemical staining of the porcine coronary arteries for detection of the soluble TGF β type II
receptor, with FITC-conjugated rabbit anti-human IgG. A) There are multiple dispersed tiny immunofluorescent posi-
tive particles (marked as arrows) of the soluble TGF β type II receptor located in the media and adventitia of the
distal LAD injected with 5×108 pfu AdTβ-ExR. B and C) The right coronary artery of the same pig had no discernable
soluble receptor: with (B) and without (C) FITC conjugated antibody, bar=50mm. TGF: transforming growth factor,
LAD: left arterior descending. 
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nificant difference between the two groups in relation to 
the IEL, EEL, media areas, and their injury scores. 
 
Pathological characteristics of in-stent restenotic tissue 

Smooth muscle cells (SMC) were identified as the 
most common cell comprising the neointima, and there 
were variable numbers of macrophage like cells, eosino-
phils and multinucleated giant cells, especially around 
the stent struts (Figure not shown). The neointima cell 
density (cells/mm2) in the AdTβ-ExR treated group was 
significantly greater than that in the control group (3,121 
±330 vs. 2,812±183, p<0.05), whereas the cell density 
of the media was not different between the two groups 
(2,123±309 vs. 2,205±245, p=NS). The calculated 
number of total cells per section in the neointima were 

Table 1. Comparison of the morphometric parameters
between the AdTβ-ExR and control groups 

 AdTβ-ExR Control 

Lumen (mm2) 03.81±1.45 03.95±1.00
intima (mm2) 01.57±0.49 * 02.13±0.34
Media (mm2) 02.06±0.70 01.75±0.57
Intima / media 00.84±0.44 * 01.32±0.48
Stent (mm2) 05.72±0.70 05.99±1.04
EELA (mm2) 07.44±1.34 07.81±1.02
% area stenosis 00.31±11 36.±800.
Injury score 00.93±0.31 00.80±0.33
Data are expressed as the mean±SD. EELA: external
elastic lamina area, *: p<0.01 vs. control 

L 

Ad 

M 

 

Figure 3. A porcine coronary artery injected with 2.5×
108 pfu AdLacZ shows β-galactosidase activity, as iden-
tified by histochemical staining with the substrate X-gal
(5-bromo-4-chloro-3-indolyl-β-D galactopyranoside). No-
te the blue stained area showing the β-galactosidase
expression in the outer media and adventitia. The ar-
row shows the external elastic lamina. Counterstaining
with hematoxylin-eosin. Ad: adventitia, L: lumen, M: me-
dia. 

I M EEL 1mm 

M 
 

IEL 

100µm 

I 

M 
 

* 
100µm 

IEL 

Figure 4. A: an example of a stented porcine coronary artery showing an in-stent neointima formed inside the stent
struts. B: a normal porcine coronary artery showing a thin endothelial layer inside the internal elastic lamina. C: a
stented porcine coronary artery showing intimal and medial ECM enriched with proteoglycans (blue color). I: intima,
M: media, IEL: internal elastic lamina, *: stent strut (A: hematoxylin and eosin stain, B and C: modified Movat pen-
tachrome stain). ECM: extracellular matrix. 
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significantly less in the AdTβ-ExR treated group com-
pared with the control group (4,929±1762 vs. 5,998 
±1201 respectively, p<0.05). The cell proliferation rate 
of the AdTβ-ExR treated neointima at 4 weeks after 
stenting, as measured by the PCNA index ([PC-NA po-
sitive cells/total cells]×100 (%)), was significantly gr-
eater than that of the normal intima (3.22±2.55% vs. 
0.48±0.47%, p<0.05), but was not significantly diffe-
rent from that of the neointima of the control group 
(1.36±1.46%). The Movat pentachrome staining sho-
wed proteoglycans to be abundant in the in-stent neoin-
tima of both groups, as shown in Figure 4, and the occas-
ional interruption of either the IEL, or EEL, was noted. 

Hyaluronan was found in the in-stent neointima, frequ-
ently around the stent struts with a high injury score, and 
to a lesser extent, in the media. Four of the six AdTβ-
ExR treated arteries had less hyaluronan stained area 
compared with the control group (Figure 5). The CD3 
positive T cells infiltrated around the adventitia and, to a 
lesser extent, the media in arteries 1 week and 4 weeks 
after injection of either AdCALacZ or AdTβ-ExR (Fi-
gure 6). Generally more T cells had infiltrated the seg-
ments injected with the AdTβ-ExR compared with the 
AdCALacZ. The remote coronary artery had no CD3 
positive T cells (Figure 6). 
 

Hyaluronan 

control  

100µm 
I  

M  

* 
* 

Hyaluronan 

AdTb-ExR 

100µm 
M  

* 
I  

Figure. 5. The distribution of hyaluronan in a stented porcine coronary artery. The distribution of hyaluronan (brown
color) in the neointima is less in the AdTβ-ExR treated artery (B) compared with a control (A). Counterstaining with
hematoxylin. I: intima, M: media, *: stent strut. 

A B 

Figure 6. Infiltrated CD3 positive T cells in the porcine coronary arteries injected with each of the adenovirus vectors.
Arteries 1 week after injection with either AdLacZ (2.5×108 pfu) (A) or AdTβExR (5×108 pfu) (B) shows CD3 positive T
cells (brown color) infiltrated into the adventitia, whereas the remote control artery (C) has no CD3 positive cells.
Counterstaining with hematoxylin. bar=50μm. 
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Discussion 
 

The main result of our study is that the inhibition of 
TGF-β signaling, using an adenoviral vector expres-
sing a soluble TGF-β type II receptor, inhibits in-stent 
neointima in porcine coronary arteries. To address the 
possible mechanisms of this inhibition, we carried out 
pathological analyses on stented arteries. An in-stent ne-
ointima, treated with AdTβ-ExR, showed significantly 
less area, less total cell numbers and a greater cell den-
sity compared with the control group, with no significant 
difference in the cell proliferation rates between the two 
groups. The TGF-β1 positive cells were abundant in 
the neointima and media of our stented porcine coronary 
arteries in both groups, which verified the rationale of 
this as a targeting molecule. These data observed in AdT
β-ExR treated group are most likely the result of the 
reduced ECM accumulation. An increased cell death 
and reduced cell migration are other possible factors to 
explain our data. The former concept is supported by a 
previous in vivo study that addressed the association of 
the withdrawal of the TGF-β1 and increased apop-
tosis.12) Similarly to our data, a balloon injured rat artery, 
treated with a soluble rabbit TGF-β type II receptor, 
showed significantly less neointima area, less total num-
ber of intima cells, and a tendency for a greater intimal 
cell density.16) This study also showed that the soluble 
TGF-β type II receptor inhibits negative vascular re-
modeling by reducing adventitial collagen deposition, 
and subsequently induced a larger lumen in the injured 
rat artery. In another study, the truncated human exoplas-
mic domain of the TGF-β type II receptor also reduced 
the luminal loss at the MLA, in part, by inhibiting the 
negative vascular remodeling in balloon injured porcine 
coronary arteries, but this mutant receptor increased the 
adventitial collagen content.23) The difference in the col-
lagen content between these two studies may be related 
to the different experimental designs and animal models, 
but the exact cause remains uncertain. 

ECM accumulation may play a key role in the forma-
tion, over time, of a human coronary in-stent neointima 

following stenting.4)5) TGF-β1 has been implicated in 
the regulation of the coding of genes for ECM compon-
ents.8)24)25) Its expression was also significantly higher in 
restenotic lesions compared with primary lesions.26) TGF-
β also enhances the ECM accumulation by inhibiting 
the extracellular proteolysis and ECM degradation,27) as 
well as the synthesis of various ECM components. Arte-
ries overexpressing TGF-β1 are known to develop sig-
nificant cellular and matrix rich neointimas.12) There were 
increases in proteoglycan, procollagen and collagen syn-
thesis in the TGF-β1 transfected artery, and the withdra-
wal of the TGF-β1 contributes to the neointimal regre-
ssion, coupled with increased apoptosis.8)12) Blocking of 
the TGF-β1, by either neutralizing antibodies25) or by 
soluble TGF β type II receptor,16) significantly reduced 
the size of the neointima in the balloon injured rat artery. 

Although we were not able to identify any significant 
differences in the cell proliferation rates between both 
groups, TGF-β1 is known to affect cell proliferation. 
TGF-β1 inhibits the cell proliferation, by either exten-
ding the G2 phase28) or arresting the G1 phase.29) but 
other in vitro data indicated that the cell proliferation 
was affected according to the dose of TGF-β1 adminis-
tered.30)31) The data from in vivo studies are also confusi-
ng. TGF-β1 transfected rat arteries showed significantly 
greater intimal and medial cell proliferation rates compa-
red with the controls 4 weeks after transfection,12) wher-
eas, inhibition of the TGF β signaling, using the soluble 
TGF β type II receptor, did not significantly change the 
cell proliferation rate of the rat artery 2 weeks following 
the balloon injury.16) The lack of cell proliferation rate 
data for an earlier time period following the stenting in 
our study is a limitation that clearly needs to be addres-
sed with this proliferation issue. 

We identified proteoglycans/hyaluronan and collagen 
as the dominant ECM components making up the neoin-
tima and adventitia, respectively, in both groups. How-
ever, the distribution of hyaluronan in the in-stent neoi-
ntima was less in 4 of the 6 AdTβ-ExR treated arteries 
compared with the controls. Proteoglycans and hyaluro-
nan were frequently observed in human in-stent reste-
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notic tissue at an early period following the stenting.5) 
Hyaluronan has been implicated in the migration of 
SMCs, and the expression level in the cell surface re-
ceptors for hyaluronan mediated motility (RHAMM) is 
correlated with the locomotion of the SMCs.32) Hya-
luronan and proteoglycan versican are both regulated by 
TGF-β and have the ability to bind water (hygros-copic 
property) and therefore, by interacting with each other, 
may play an important role in the development of 
intimal thickening, by expanding the tissue space into 
which the cells can migrate easily. In our study, the sten-
ted arteries occasionally showed SMCs led across the 
interrupted IEL or EEL (figure not shown), where the 
ECM, enriched with hyaluronan and proteoglycans, were 
frequently found. This observation suggests a possible 
role for cell migration in the formation of an in-stent ne-
ointima. Although cell migration in the vessel wall has 
no reliable marker, our human aortic clonality study, ad-
dressing the high prevalence of homologous clonality re-
lation in between intima and underlying media, suggests 
that the intima probably originates from the underlying 
media.33) With regard to this, a smaller number of total 
intimal cells and a lesser distribution of hyaluronan in the 
neointima of the AdTβ-ExR treated arteries, compared 
with the controls, raises the possibility that the inhibition 
of the neointimal formation in the AdTβ-ExR treated ar-
teries may be a result of the inhibition of cell migration. 

Our experiment had certain limitations. Three pigs died 
during the InfiltratorTM procedure. Drug delivery with an 
InfiltratorTM occasionally ruptured vascular tissue, and 
caused intramural thrombosis and spasms.18) Additionally, 
the host immune response, dose-dependent inflammatory 
and cytopathic effects, inhibit adenoviral gene expression, 
and impose limitations on the gene delivery.34-36) There-
fore, identification of the vector effective for gene expre-
ssion, with a minimal inflammatory reaction, seems to 
be a crucial issue. Our experimental design unavoidably 
induced vascular injury, caused by the InfiltratorTM and 
immunological reactions against the viral vector, all of 
which probably affected the vascular response to some 
extent. In conclusions, our study suggests that inhibition 

of the TGF-β signaling, caused by the catheter-based 
in vivo gene transfer of a soluble TGF-β type II recep-
tor, inhibits stent neointimas in porcine coronary arteries, 
probably by inhibiting the ECM accumulation. A strate-
gy for the inhibition of the TGF-β signaling may have 
therapeutic potential for the prevention of restenosis fol-
lowing stenting. 
 
■ Acknoewledgments 
This study was supported by the Korean Society of Circul-
ation grant 99-5 (1999). We would like to thank Dr. Hikaru 
Ueno for the adenoviral vectors, Dr. Stephen M Schwartz 
for his precious advice, Dr. Youngmi Kim Pak and Joon-
Woo Kim for their technical help, Dr. Yangsoo Jang for help 
with the animal experiment and Dr. Ki-Bum Lee and Kicho-
on Seo for the histological processing of the stented arteries. 
 

REFERENCES 

1) Hoffmann R, Mintz GS, Dussaillant GR, Popma JJ, Pichard 
AD, Salter LF, et al. Patterns and mechanism of in-stent 
restenosis: a serial intravascular ultrasound study. Circul-
ation 1996;94:1247-54. 

2) Mudra H, Regar E, Klauss V, Werner F, Henneke KH, Sba-
rouni E, et al. Serial follow-up after optimized ultrasound-
guided deployment of Palmaz-Schatz stents: in-stent neoin-
timal proliferation without significant reference segment re-
sponse. Circulation 1997;95:363-70. 

3) Post MJ, de Smet BJ, van der Helm Y, Borst C, Kuntz RE. 
Arterial remodeling after balloon angioplasty or stenting in 
an atherosclerotic experimental model. Circulation 1997; 
96:996-1003. 

4) Strauss BH, Umans VA, van Suylen RJ, de Feyter PJ, Mar-
co J, Robertson GC, et al. Directional atherectomy for trea-
tment of restenosis within coronary stents: clinical, angiog-
raphic and histologic results. J Am Coll Cardiol 1992;20: 
1465-73. 

5) Chung IM, Gold HK, Schwartz SM, Ikari Y, Reidy MA, 
Wight TN. Enhanced extracellular matrix accumulation in 
restenosis of coronary arteries after stent deployment. J Am 
Coll Cardiol 2002;40:2072-81. 

6) Schönherr E, Järveläinen HT, Sandell LJ, Wight TN. Effects 
of platelet-derived growth factor and transforming growth 
factor-beta 1 on the synthesis of a large versican-like chon-
droitin sulfate proteoglycan by arterial smooth muscle cells. 
J Biol Chem 1991;266:17640-7. 

7) Chen RH, Ebner R, Derynck R. Inactivation of the type II 
receptor reveals two receptor pathways for the diverse TGF-
betaβ activities. Science 1993;260:1335-8. 

8) Nabel EG, Shum L, Pompili VJ, Yang ZY, San H, Shu HB, 
et al. Direct transfer of transforming growth factor beta 1β
gene into arteries stimulates fibrocellular hyperplasia. Proc 
Natl Acad Sci U S A 1993;90:10759-63. 

9) Schönherr E, Järveläinen HT, Kinsella MG, Sandell LJ, 



 
 
 
 
 
 
 
 
Blockade of TGF-β Inhibits Stent-Neointima 

Korean Circulation J 2004;34(1):59-68 68 

Wight TN. Platelet-derived growth factor and transforming 
growth factor-beta β1 differentially affect the synthesis of 
biglycan and decorin by monkey arterial smooth muscle 
cells. Arterioscler Thromb 1993;13:1026-36. 

10) ten Dijke P, Yamashita H, Ichijo H, Franzen P, Laiho M, Mi-
yazono K, et al. Characterization of type I receptors for tran-
sforming growth factor beta and activin. Science 1994;264: 
101-4. 

11) Yamamoto H, Ueno H, Ooshima A, Takeshita A. Adenovi-
rus-mediated transfer of a truncated transforming growth 
factor beta type II receptor completely and specifically abo-
lishes diverse signaling by TGF-beta in vascular wall cells 
in primary culture. J Biol Chem 1996;271:16253-9. 

12) Schulick AH, Taylor AJ, Zuo W, Qiu CB, Dong G, Wood-
ward RN, et al. Overexpression of transforming growth fac-
tor beta l in arterial endothelium causes hyperplasia, apopto-
sis, and cartilaginous metaplasia. Proc Natl Acad Sci USA 
1998;95:6983-8. 

13) McCaffrey TA. TGF-betas and TGF-beta receptors in athe-
rosclerosis. Cytokine Growth Factor Rev 2000;11:103-14. 

14) Bassing CH, Yingling JM, Howe DJ, Wang T, He WW, Gu-
stafson ML, et al. A transforming growth factor beta type I 
receptor that signals to activate gene expression. Science 
1994;263:87-9. 

15) Yamamoto K, Morishita R, Tomita N, Shimozata T, Naka-
gami H, Kikuchi A, et al. Ribozyme oligonucleotides against 
transforming growth factor-beta inhibited neointimal forma-
tion after vascular injury in rat model: potential application 
of ribozyme strategy to treat cardiovascular disease. Circul-
ation 2000;102:1308-14. 

16) Smith JD, Bryant SR, Couper LL, Vary CP, Gotwals PJ, 
Koteliansky VE, et al. Soluble transforming growth factor-
beta type II receptor inhibits negative remodeling, fibroblast 
transdifferentiation, and intimal lesion formation but not 
endothelial growth. Circ Res 1999;84:1212-22. 

17) Sakamoto T, Ueno H, Sonoda K, Hisatomi T, Shimizu K, 
Ohashi H, et al. Blockade of TGF-beta by in vivo gene 
transfer of a soluble TGF-beta type II receptor in the muscle 
inhibits corneal opacification, edema and angiogenesis. Ge-
ne Ther 2000;7:1915-24. 

18) Chung IM, Ueno H, Pak YK, Kim JW, Choi DH, Shin GJ, 
et al. Catheter-based adenovirus-mediated local intravascu-
lar gene delivery of a soluble TGF-beta type II receptor 
using an infiltrator in porcine coronary arteries: efficacy 
and complications. Exp Mol Med 2002;34:299-307. 

19) Ueno H, Li JJ, Tomita H, Yamamoto H, Pan Y, Kanegae Y, 
et al. Quantitative analysis of repeat adenovirus-mediated 
gene transfer into injured canine femoral arteries. Arteri-
oscler Thromb Vasc Biol 1995;15:2246-53. 

20) Qi Z, Astuchi N, Ooshima A, Takeshita A, Ueno H. Bloc-
kade of typeβ transforming growth factor signaling preve-
nts liver fibrosis and dysfunction in the rat. Proc Natl Acad 
Sci U S A 1999;96:2345-9. 

21) Schwartz RS, Huber KC, Murphy JG, Edwards WD, Cam-
rud AR, Vliestra RE, et al. Restenosis and the proportional 
neointimal response to coronary artery injury: results in a 
porcine model. J Am Coll Cardiol 1992;19:267-74. 

22) Schmidt R, Wirtala J. Modification of movat pentachrome 

stain with improved reliability of elastin staining. J Histo-
technol 1996;19:325-7. 

23) Kingston PA, Sinha S, David A, Castro MG, Lowenstein 
PR, Heagerty AM. Adenovirus-mediated gene transfer of a 
secreted transforming growth factorβ type II receptor in-
hibits luminal loss and constrictive remodeling after coro-
nary angioplasty and enhances adventitial collagen depo-
sition. Circulation 2001;104:2595-601. 

24) Majesky MW, Lindner V, Twardzik DR, Schwartz SM, Rei-
dy M. Production of transforming growth factor beta 1 dur-
ing repair of arterial injury. J Clin Invest 1991;88:904-10. 

25) Wolf YG, Rasmussen LM, Ruoslahti E. Antibodies against 
transforming growth factor-beta 1 supress intimal hyperpla-
sia in a rat model. J Clin Invest 1994;93:1172-8. 

26) Nikol S, Isner JM, Pickering JG, Kearney M, Leclerc G, 
Weir L. Expression of transforming growth factor-beta 1 is 
increased in human vascular restenosis lesions. J Clin In-
vest 1992;90:1582-92. 

27) Laiho M, Saksela O, Andreasen PA, Keski-Oja J. Enhanced 
production and extracellular deposition of the endothelial 
type plasminogen activator inhibitor in cultured human lung 
fibroblasts by transforming growth factor beta. J Cell Biol 
1986;103:2403-10. 

28) Grainger DJ, Kemp PR, Witchell CM, Weissberg PL, Met-
calfe JC. Transforming growth factor beta decreases the rate 
of proliferation of rat vascular smooth muscle cells by ex-
tending the G2 phase of the cell cycle and delays the rise in 
cyclic AMP before entry into the M phase. Biochem J 1994; 
299:227-35. 

29) Reddy KB, Howe PH. Transforming growth factor beta me-
diated inhibition of smooth muscle cell proliferation is asso-
ciated with a late G1 cell cycle arrest. J Cell Physiol 1993; 
156:48-55. 

30) Battegay EJ, Raines EW, Seifert RA, Bowen-Pope DF, Ross 
R. TGF-beta induces bimodal proliferation of connective ti-
ssue cells via complex control of an autocrine PDGF loop. 
Cell 1990;63:515-24. 

31) Stouffer GA, Owens GK. TGF-beta promotes proliferation of 
cultured SMC via both PDGF-AA-dependent and PDGF-AA- 
independent mechanisms. J Clin Invest 1994;93:2048-55. 

32) Savani RC, Wang C, Yang B, Zhang S, Kinsella MG, Wight 
TN, et al. Migration of bovine aortic smooth muscle cells 
after wounding injury: the role of hyaluronan and RHAMM. 
J Clin Invest 1995;95:1158-68. 

33) Chung IM, Schwartz SM, Murry CE. Clonal architecture of 
normal and atherosclerotic aorta: implications for athero-
genesis and vascular development. Am J Pathol 1998;152: 
913-23. 

34) Grubb BR, Pickles RJ, Ye H, Yankaskas JR, Vick RN, Eng-
elhardt JF, et al. Inefficient gene transfer by adenovirus vec-
tor to cystic fibrosis airway epithelia of mice and humans. 
Nature 1994;371:802-6. 

35) Feldman LJ, Steg PG, Zheng LP, Chen D, Kearney M, 
McGarr SE, et al. Low-efficiency of percutaneous adenovi-
rus-mediated arterial gene transfer in the atherosclerotic 
rabbit. J Clin Invest 1995;95:2662-71. 

36) Wivel NA, Wilson JM. Methods of gene delivery. Hematol 
Oncol Clin North Am 1998;12:483-501.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


