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ABSTRACT 

The introduction of drug-eluting stents (DES) has rapidly and profoundly affected the field of interventional cardiology, and DESs 
are now used in a majority of intracoronary stenting procedures. As a result of the innumerable “trial-and-error” endeavors, DESs 
have emerged as a potential solution for solving the problem of restenosis. DESs are coated stents capable of releasing single or 
multiple bioactive agents into the bloodstream and the surrounding tissues. The efficacy and safety of DESs might differ depending 
on the pharmacologic agents and stent delivery systems that are used. Recent research has focused on the various constituents of 
DESs, including the stent backbone, the materials used as drug-delivery vehicles, and the physicochemical properties of the pharma-
cotherapeutic agents themselves. Stent-induced mechanical arterial injury and a foreign body response to the prosthesis incite acute 
and chronic inflammation in the vessel wall, along with the elaboration of cytokines and growth factors that induce multiple signaling 
pathways to activate smooth muscle cell migration and proliferation. Utilization of antiproliferative agents delivered locally via the 
drug-eluting stents has dramatically reduced the stent restenosis rate. The polymer-regulated delivery of both paclitaxel and sirolimus 
at the site of arterial injury has been shown to reduce the clinical and angiographic restenosis rates after stent implantation in de novo 
coronary lesion. Other DESs have yielded somewhat less brilliant results or even true failures, while a number of new drugs and new 
stent platforms are now under clinical or preclinical evaluation. In this review, we describe the main clinical trials on DESs and the 
most recent information that has been derived from observational studies and registries. Moreover, the preliminary results on the 
new DESs are also summarized. (Korean Circulation J 2005;35:197-205) 
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Introduction 
 

Although several studies have indicated overwhelmingly 
positive results with using stent-based drug delivery for the 
prevention of restenosis,1)2) and early clinical trials of several 
agents have also seemed promising, larger studies with longer-
term follow-up have subsequently led to the conclusion that 
the efficacy and safety might differ among the pharmacologic 
agents and among the stent delivery systems. Consequently, 
the research focus has been directed toward the various con-
stituents of drug-delivery stents, which include the stent back-
bone, the materials used as drug-delivery vehicles, and the 
physicochemical properties of the pharmacotherapeutic agents 
themselves. The concept of using stents as vehicles for the 
prolonged and sufficient intramural delivery of drugs is ap-
pealing. Stents represent an ideal platform for local drug de-
livery because of their permanent scaffolding properties that 

prevent vessel recoil and negative remodeling. In addition, 
the stents represent drug reservoirs, inasmuch as medications 
are released from various coatings at different time intervals. 
In principle, most of the DES technologies face many pot-
ential limitations(Table 1).3) 

Future generations of drug-delivery stents will require each 
of these above parameters to be optimized to provide the 
greatest possible efficacy and safety. Although a specific tar-
geted mechanism of action is an important consideration, 
many agents have been demonstrated to have multiple mech-
anisms by which they might suppress the restenotic process. 
Based on the mechanism of action of the biological com-
pound and its target in the restenotic process, drug-eluting 
stents(DES) may be generally classified into the immunosu-
ppressive, antiproliferative, antiinflammatory, antithrombotic 
and prohealing stents. These types of DESs are summarized 
on Table 2.4) 
 
Stents eluting antiinflammatory agents 

There is increasing evidence that inflammation plays an 
important role in the initiation and development of neoint-
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imal hyperplasia and the subsequent restenosis. Because of 
their role in restenosis, inflammatory cells seemed to be an 
optimal target in the fight against restenosis. 
 
Corticosteroid-eluting stents 

Indeed, corticosteroids have long been known to reduce 
the influx of mononuclear cells, to inhibit monocyte and ma-
crophage function, and to influence smooth muscle cell pro-
liferation.5) However, the data that is available on the utility 
of antiinflammatory DESs is limited. 

The Study of anti-RestenosIs with the BiodivYsio Dexa-
methasone-Eluting stent(STRIDE)6) was a multicenter pilot 
study that was conducted to evaluate the acute safety and 
efficacy of the dexamethasone-eluting stent(0.5 μg/mm2 of 
stent) when it was implanted in patients with de novo single-

vessel disease. This study included 71 patients and 42% of 
them had unstable angina. An appropriately sized Biodiv-
Ysio Matrix Lo stent that was loaded with a total dexame-
thasone dose of 0.5 μg/mm2 was used. The binary restenosis 
rate was 13.3% and the late loss was 0.45 mm. This study de-
monstrated the feasibility and safety for the implantation of 
a dexamethasone-eluting stent, and the study also demonstr-
ated its effect on in-stent neointimal hyperplasia. 

Hoffmann et al.7) evaluated the safety and efficacy of a 
dexamethasone-eluting stent having a special high dexame-
thasone-loading dose for the treatment of de novo coronary 
lesions in 30 patients. Eight patients experienced in-stent 
restenosis(restenosis rate 31%) at the 6-month follow-up, 
and the in-stent late lumen loss was 0.96±0.63 mm due to 
an average intimal hyperplasia obstruction area of 32±21%, 
indicating that high-dose dexamethasone-loaded stents do not 
significantly reduce neointimal proliferation. 
 
Tranilast-eluting stents 

Tranilast, N-(3,4-dimethoxycinnamoyl) anthranilic acid, 
inhibits the release or the production of chemical mediators 
and cytokines by the inflammatory cells and macrophages, 
and it interferes with the proliferation and migration of vas-
cular medial smooth muscle cells that is induced by platelet-
derived growth factor and transforming growth factor-β1.8) 
The anti-inflammatory effects of tranilast have been demon-
strated for the inhibition of prostaglandin E2, thromboxane 
B2, transforming growth factor-β1 and interleukin-8 in in 
vitro models, and tranilast has also shown it ability to attenuate 
the proinflammatory activity of human monocytes.8) Further, 

Table 1. Pitfalls and corresponding variables influencing drug-
eluting stent performance 
Pitfalls Variables 
Bio and blood 

compatibility 
Physicochemical properties of the

polymer and drug 
Limited surface area  

(usually <20%) of current 
stents 

Drug potency; total amount of drug 

Maintain drug properties 
after coating Degree of cross-linking 

Heterogeneous underlying 
tissue characteristics Drug solubility 

Sterilization and stent 
expansion Polymer and drug elasticity 

Inflammation 

Porosity of the polymer, molecular
weight of the polymer, thickness of
the coating, degree and mode of
degradation; drug toxicity; local
drug concentration (per mm2); 
drug solubility 

Table 2. Drug-eluting stents: pharmacologic reduction of restenosis 
Anti-inflammatory 
Immunomodulators Anti-proliferative Migration inhibitors, 

ECM-modulators 
Promote healing and
re-endothelization 

Dexamethasone QP-2, Taxol Batimastat BCP671 
M-prednisolone Actinomycin Prolyl hydroxylase inhibitors VEGF 
Interferon γ-1b Methotrexate Halofuginone Estradiols 
Leflunomide Angiopeptin C-proteinase inhibitors NO donors 
Sirolimus (and analogues) Vincristine Probucol EPC antibodies 
Tacrolimus Mitomycin Abciximab Biorest 
Mycophenolic acid Statins  Advanced coatings 
Mizoribine C-MYC antisense  Carvedilol 
Statins Sirolimus (and analogues)  Abciximab 
Cyclosporine RestenASE    
Tranilast 2-chloro-deoxyadenosine    
Biorest PCNA ribozyme    
Abciximab Abciximab    
ECM: extracellular matrix, PCNA: proliferating cell nuclear antigen, VEGF: vascular endothelial growth factor, NO: nitric oxide, EPC:
endothelial progenitor cell 
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in various animal models, tranilast has been shown to reduce 
neointimal and adventitial thickening after vascular wall in-
jury.9)10) Systemic use of this agent for the prevention of 
restenosis was tested in a large multicenter trial, but the results 
were disappointing.11) Initial experiments with the biodegra-
dable Igaki-Tamai stent loaded with 184 μg of tranilast per 
stent have been initiated, but the results are still pending. 
 
Stents eluting immunosuppressive agents 

Encouraged by the early experience with ionizing radiation 
therapy, researchers have proposed sophisticated pharmaco-
logical strategies for interfering with cell cycle division.12) 
Xenobiotic molecules(rapamycin, FK506, cyclosporine, and 
analogues) and antimetabolites(mycophenolate mofetil) have 
been utilized. 
 
Rapamycin analogue-eluting stents 

Everolimus, [40-O-(2-hydroxyethyl)-rapamycin], is an 
inhibitor of the mammalian target of rapamycin(mTOR). It 
has been shown to inhibit proliferation of hematopoietic and 
nonhematopoietic cells. Although the immunosuppressive ac-
tivity of everolimus is 2- to 3-fold lower than sirolimus in 
vitro, animal studies have shown the potent antirestenotic 
effect of everolimus when it is given orally or via a DES.13) 
The S-Stent(Biosensor) has been impregnated with a blend 
of everolimus and a slowly biodegradable hydroxyacid poly-
lactic acid polymer. 

The First Use To Underscore Reduction in restenosis with 
everolimus(FUTURE) study14) was the first human evaluation 
of the everolimus-eluting stent(EES) for the treatment of 
noncomplex coronary lesions. Forty-two patients with de novo 
coronary lesions(2.75 to 4.00 mm vessels; lesion length: 
<18 mm) were prospectively randomized in a 2:1 ratio to 
receive either the EES(n=27) or a metallic stent(n=15). At 
the 6-month follow-up, the EES had a lower in-stent late 
lumen loss(0.10±0.22 vs 0.85±0.32 mm, respectively, p< 

0.0001) and a lower in-segment diameter stenosis(20.7±

12.3% vs 37.0±15.8 respectively), than the metallic stent. 
In the second feasibility trial that included diabetics, the 

multicenter trial FUTURE II confirmed the initial beneficial 
findings of FUTURE I in a total study population of 64 
patients with a 1: 2 randomization for comparing with a bare 
metal control stent. Based on these results, the FUTURE 
program has now been expanded by Guidant with two large-
scale multicenter studies, FUTURE III and IV, which will 
evaluate this stent design in a larger patient population. Fur-

thermore, the FUTURE IV study is planned to demonstrate 
the non-inferiority of this stent concept in a head-to-head 
comparison with an approved DES concept. 

ABT-578(methyl rapamycin) is a new synthetic analog of 
rapamycin that is designed to inhibit smooth muscle cell pro-
liferation, which is a key contributor to restenosis, by blocking 
the function of the mTOR cell cycle regulatory protein. Given 
these pharmacodynamics, ABT-578 was considered beneficial 
for intracoronary delivery to arrest the processes responsible 
for neointimal hyperplasia after angioplasty and stenting. 
Consequently, the ABT-578-eluting ENDEAVOR stent sys-
tem has been created, and it represents a potential new alter-
native for treating patients with coronary heart disease. 

In order to evaluate the safety, feasibility and efficacy of 
this stent design, the ENDEAVOR clinical program has been 
started and it includes three randomized clinical trials. END-
EAVOR I is the first-in-human trial that included 100 patients 
with native de novo coronary lesions. The recently presented 
4-month follow-up data has demonstrated the safety and 
feasibility of this new drug-eluting stent(DES) concept with 
a 4-month major adverse cardiac events rate of 2.0%. In 
order to evaluate this stent system in a larger patient popul-
ation, as well as with more complex lesion subsets, the mul-
ticenter study ENDEAVOR II has been started that includes 
a total of 1,200 patients. The enrollment for this study was 
completed in January 2004. The aim of the US multicenter 
ENDEAVOR III study is to create a head-to-head com-
parison of the ENDEAVOR ABT-578-eluting stent system 
with the already approved sirolimus-eluting Cypher stent in 
369 patients. If the results of both the pivotal studies END-
EAVOR II and III confirm the efficacy that has been observed 
so far for the ENDEAVOR stent design, the ENDEAVOR 
stent will be established as a new and promising contender in 
the field of DES.15) 
 
FK506(Tacrolimus)-eluting stents 

Tacrolimus is a hydrophobic immunosuppressive agent that 
has been used clinically to prevent renal transplant rejection. 
It binds to the FKBP12 protein, but its mechanism of action 
differs from sirolimus. Tacrolimus has been shown to inhibit 
the release of proinflammatory cytokines and it inhibits the 
activation of T cells. Initial in vitro and in vivo studies have 
failed to demonstrate the inhibition of smooth muscle cell 
proliferation with tacrolimus.16) Preclinical studies on tacro-
limus-eluting stents for the treatment of native coronary artery 
lesions have demonstrated the safety and efficacy of this 
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stent concept with a significant reduction of neointimal proli-
feration within the study’s implanted stents. However, the 
clinical trial programs for the first tacrolimus-eluting stent 
system for the treatment of native coronary lesions(the Preli-
minary Safety Evaluation of NanoporousTacrolimus-eluting 
stent, PRESENT I and II) and saphenous vein graft lesions 
(The EndoVascular Investigation Determining the safety of 
New Tacrolimus-eluting stent grafts, EVIDENT) have failed 
to prove the clinical benefit of the stent systems that were 
tested, and they did not demonstrate the impact of specific 
stent designs, especially the drug carrier characteristics, on 
the patients’ outcome. The progressive PRESET study, which 
will evaluate a directly coated tacrolimus-eluting stent, will 
provide important insights on the potential of tacrolimus for 
the prevention of neointimal proliferation in clinical practice 
without the results being affected by any additional artificial 
surface compounds. 
 
Mycopehnolic acid-eluting stents 

Mycophenolic acid(MPA) is the active metabolite of my-
cophenolate mofetil, an antibiotic derived from cultures of 
the Penicillium species, and MPA has both antineoplastic 
and immunosuppressive properties. The Duraflex stent(Ava-
ntec Vascular Devices), is coated with a 5-μm layer of poly-
hydrocarbon polymer loaded with MPA, and it showed a 
40% reduction in neointimal proliferation compared with the 
control in a porcine coronary model(Guy Leclerc, MD, Mon-
treal Heart Institute, Montreal, Canada, personal communi-
cation, 2002). 

The Inhibition with MPA of Coronary restenosis Trial 
(IMPACT) is a multicenter study that included 150 patients 
having de novo coronary lesions. Slow-release(45 days) and 
fast-release(15 days) eluting stents coated with 4.5 μg of 
MPA/mm2 were compared with the bare Duraflex stents. The 
preliminary results suggest no differences in angiographic 
outcomes between the groups, but the final data are still 
pending. 
 
Stents eluting antiproliferative agents 

A number of antineoplastic medications have been con-
sidered for the prevention of restenosis. Paclitaxel and its 
derivatives are the most investigated compounds of this me-
dication group. 
 
Angiopeptin-eluting stents 

Somatostatin, an angiopeptin analogue, has been shown to 

reduce tissue response to several growth factors, including 
platelet-derived growth factor, basic fibroblast and insulin-
like growth factors. In humans, the systemic administration 
of angiopeptin improved the clinical outcome after angioplasty, 
but it showed no effect on restenosis.17) 

Armstrong et al.18) have reported the release kinetics and 
distribution of angiopeptin-loaded phosphorylcholine(PC)-
coated drug delivery(DD) BiodivYsio stents, and they asse-
ssed their safety and efficacy for reducing neointima formation. 
I125-angiopeptin-loaded DD-PC-coated stents were impl-
anted into human saphenous vein segments ex vivo, and the 
I125 angiopeptin was detected in the medial layer at 1 hour 
after implantation. When implanted into pig coronary arteries, 
I125 angiopeptin was found adjacent to the stent at time 
intervals up to 28 days, and no significant amounts were 
found elsewhere. To assess the efficacy, twelve angiopeptin-
loaded DD-PC-coated stents, twelve non-loaded DD-PC 
stents, ten standard PC-coated stents and 8 uncoated stents 
were implanted into normal porcine coronary arteries. The 
stents were harvested at 28 days and the neointima formation 
was assessed by computerized morphometry. No adverse 
tissue reactions were seen with any of the PC-coated stents. 
No significant differences were seen for the neointimal or 
luminal cross-sectional areas between the study groups. Deli-
very of angiopeptin from the drug delivery PC-coated stents 
was deemed safe, but this did not lead to a significant reduc-
tion in neointimal growth at 28 days, within the parameters 
of this study. 

The SWAN study(First Human Experience With Angio-
peptin-Eluting Stent), an open-label registry, tested the feasi-
bility of implanting angiopeptin-eluting BiodivYsio stents in 
13 patients having coronary de novo lesions. Thirteen stents 
were loaded with 22 μg of angiopeptin, and 1 stent was 
loaded with 126 μg of the drug. There were no in-hospital or 
30-day MACEs(Vincent On-Hing Kwok, MD, Grantham 
Hospital, Hong Kong, China, unpublished data, 2002). The 
long-term follow-up data are still pending. 
 
Tyrosine kinase inhibitor-eluting stents 

Tyrosine kinases are both transmembrane and intracellular 
protein kinases, and they are fundamental to a number of 
extracellular signals that regulate the proliferation, differenti-
ation and specific functions of differentiated cells.19) The 
activities of vascular smooth muscle cells(SMCs) such as 
proliferation, migration and matrix production contribute to 
restenosis following clinical interventions with angioplasty 
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and stent placement. Because the activation of platelet-derived 
growth factor(PDGF)-receptor tyrosine kinase(PDGFr-TK) 
influences these processes and promotes restenosis, an inhi-
bitor of the PDGFr-TK, TKI963, has been investigated. 

Bilder et al.20) have reported the efficacy of TKI963 for 
blocking stent-induced restenosis, as was analyzed by intrava-
scular ultrasound(IVUS). The in vivo stent-induced restenosis 
in swine coronary artery was reduced by the oral admini-
stration of TKI963(1.25, 2.5 and 5 mg/kg BID for 28 days). 
Dose related decreases of late lumen cross-sectional area 
(CSA) loss, plaque CSA growth, and plaque volume in the 
stent were observed, as was determined by IVUS(33-62% 
at 1.25 mg/kg BID to 66-92% at 5 mg/kg BID, depending 
on the parameters), compared with the controls. Poly-L-
lactic acid(185 kDa) biodegradable stents loaded with ST638 
(0.8 mg), a specific tyrosine kinase inhibitor, were implanted 
into pig coronary arteries. After 3 weeks, the amount of neoi-
ntimal proliferation was significantly decreased in the ST638 
stents compared with its inactive metabolite(ST494).21) Fur-
ther clinical studies are still pending. 
 
Actinomycin D-eluting stents 

Actinomycin D is an anticancer drug that selectively inhi-
bits RNA synthesis. Little information is available about the 
use of actinomycin D for the prevention of smooth muscle 
cell proliferation and restenosis. 

The ACTION(Actinomycin Eluting Stents Improve Out-
comes by Reducing Neointimal Hyperplasia) study22) was a 
large randomized trial designed to test the safety and the 
performance of the actinomycin D-coated Multilink-Tetra 
stent(Guidant Corp., Santa Clara, California) for the treatment 
of patients with single de novo native coronary lesions. This 
trial randomized 360 patients to receive either a DES(with 
2.5 or 10 microg/cm2 of actinomycin D) or a metallic stent 
(MS). When the early monitoring revealed an increased rate 
of repeat revascularization, the protocol was amended to allow 
for additional follow-up for the DES patients. Angiographic 
control of the MS patients was no longer deemed mandatory. 
The in-stent late lumen loss and that at the proximal and 
distal edges were higher in both DES groups than in the MS 
group, and this resulted in higher six-month and one-year 
MACE(34.8% and 43.1% vs. 13.5%, respectively), and these 
findings were exclusively driven by the target vessel revas-
cularization without excess death or myocardial infarction. 
So, the researchers concluded that all anti-proliferative drugs 
will not uniformly show a drug class effect for the prevent-

ion of restenosis. 
 
C-myc antisense-eluting stent 

Upregulation of genes such as c-myc, which regulates cell 
division, leads to cellular proliferation. Antisense oligonuc-
leotides have the ability to block critical phases of the smooth 
muscle cell growth cycle. Inhibition of several cellular proto-
oncogenes has been shown to inhibit smooth muscle cell 
proliferation in vitro and to reduce neointimal thickening in 
vivo. C-myc antisense oligonucleotides have also been shown 
to inhibit both inflammation and extracellular matrix pro-
duction.23) 

Kipshidze et al.24) reported that an advanced c-myc-eluting 
PC stent blocked c-myc expression, and it significantly inhi-
bited myointimal hyperplasia; further, this style of stent allo-
wed for complete reendothelialization and a proper healing 
response in the porcine coronary model. However, the first 
clinical experience using the catheter-based local delivery of 
c-myc antisenseoligonucleotides was disappointing.25) 
 
Stents eluting antithrombosis agents 

Vessel injury with the resulting platelet aggregation and 
thrombus formation plays a prominent role in the develop-
ment of restenosis.26) Antithrombotic pharmacological appro-
aches to inhibit restenosis, however, have proven ineffective. 
Nitric oxide and glycoprotein IIb/IIIa inhibitors have been 
used as stent coatings, but their efficacy has yet to be demon-
strated.27) 
 
Platelet glycoprotein IIb/IIIa inhibitor-eluting stent 

Platelet activation and aggregation induces arterial throm-
bosis and this plays a pivotal role in the pathophysiology of 
acute coronary syndrome.28) The development of drugs that 
inhibit fibrinogen binding to the platelet glycoprotein IIb/IIIa 
receptor has expanded the therapeutic options for treating 
thrombotic disorders.29) Abciximab is a potent inhibitor that 
blocks the final pathway of platelet aggregation and this drug 
decreases the short-term and long-term event rates after 
percutaneous coronary intervention.30-33) Besides its blocking 
effect for platelet aggregation, abciximab reacts to CD11b/ 
CD18 of vascular endothelial cells and macrophages, and it 
inhibits the inflammatory reaction and proliferation of vascular 
smooth muscle cells.34-37) The possible mechanisms respon-
sible for inhibition of neointimal hyperplasia by abciximab 
may be this drug’s anti-platelet, anti-inflammatory, anti-proli-
ferative, and pro-healing actions. 
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Hong et al.38) performed a prospective, randomized trial to 
compare abciximab-coated stents, which were implanted in 
43 patients, with control stents, which were implanted in 42 
patients. The coronary angiograms at follow-up showed that 
the restenosis rate and late loss were 14% and 0.33±0.28 
mm, respectively, in the abciximab stent group and 28.6% 
and 0.64±0.32 mm, respectively, in the control stent group. 
On follow-up IVUS, the intrastent lumen area and intrastent 
neointimal hyperplasia area were 5.7±1.6 mm2, 2.0±1.6 
mm2, respectively, in the abciximab stent group and 4.2±0.8 
mm2 and 3.4±1.7 mm2, respectively, in the control stent 
group(p=0.001, 0.001, respectively), and the increase of the 
neointimal hyperplasia area was 2.0±1.6 mm2 and 3.4±1.7 
mm2, respectively(p=0.001). They concluded that the abci-
ximab stent was a feasible treatment and it produced a signi-
ficant inhibition of neointimal hyperplasia, and it also showed 
a potential therapeutic benefit in the prevention of stent 
restenosis. 

The major advantages of the abciximab-coated stent may 
be its safety in the thrombus-burden lesions of patients with 
acute coronary syndrome, the possibility of using it to deliver 
a short course of anti-platelet therapy and its effectiveness in 
diabetic patients. We are currently conducting a clinical study 
using abciximab-coated in patients with acute myocardial 
infarction. 
 
Hirudin/iloprost-eluting stent 

A combination of hirudin and iloprost were blended with 
a polylactic acid polymer in a homogeneous thin layer and 
this was loaded onto a stent. While the iloprost was slowly 
released by the breakdown of the polymer, about 60% of the 
hirudin was eluted in the first 24 hours.39) Decreased neoint-
imal formation was observed in sheep and pig injury models 
that were treated with this antithrombotic-eluting stent, but 
the clinical data are still pending. 
 
Stents eluting extracellular matrix modulators 

The extracellular matrix constitutes a major component of 
the restenotic lesion and therefore, it represents a potential 
target for antirestenosis therapy. Matrix metalloproteinases 
(MMP), and particularly MMP-2(72-kDa type IV collag-
enase) and MMP-9(92-kDa type IV collagenase), have the 
ability to digest collagen and facilitate smooth muscle cell 
migration. Batimastat, a nonspecific MMP inhibitor, and other 
MMP inhibitors have been shown to inhibit neointimal hyper-
plasia in animal models.40)41) 

The BRILLIANT-I(Batimastat Anti-Restenosis Trial Uti-
lizing the Biodivysio Local Delivery PC-Stent) was a mul-
ticenter study designed to test the feasibility of using a 
batimastat-eluting stent to treat de novo coronary lesions in 
173 patients. Although the safety of this system was demon-
strated, the late loss was 0.88 mm, and 21% of the patients 
developed binary restenosis(De Scheerder, MD, unpublished 
data, 2002). Further clinical studies have not yet been planned. 
 
Stents eluting prohealing agents 

The promotion of healing in the vascular endothelium may 
be a more natural, and consequently, a safer approach for the 
prevention of restenosis. Endothelial denudation and dysfun-
ction are common at the site of endovascular interventions 
and this has been associated with vessel thrombosis and 
restenosis.42) In addition, delayed reendothelialization has been 
associated with the late side effects of potent antiproliferative 
therapies like radiation therapy.43) The immediate restoration 
of endothelial function might abort the initiation of restenosis. 
Endothelial cell seeding has been proposed as the ultimate 
method to assure immediate stent endothelialization,44) but 
cell viability has been a limitation. Stents may be used to 
attract the circulating endothelial cells. 

R stents(Orbus Medical Technologies) are coated with 
antibodies to the CD34 receptors on the progenitor circulating 
endothelial cells, and these stents have been implanted into pig 
coronary arteries. Preliminary results have suggested the fea-
sibility of capturing endothelial cells in-situ(Michael Kutryk, 
MD, St Michael’s Hospital, Toronto, Canada, unpublished 
data, 2002). These nondrug-based stents would ultimately 
promote elution of biological active substances through a 
functioning endothelium monolayer. The effects of these in-
genious stents on restenosis remain to be demonstrated. 

Nitric oxide, vascular endothelial growth factor and 17-β-
estradiol have also been tested as prohealing and antiresten-
otic agents. 
 
Estradiol-eluting stents 

Estradiol may improve vascular healing, reduce the smooth 
muscle cell migration and proliferation, and promote local 
angiogenesis.45) Recently, estradiol-eluting phosphorylcholine-
coated stents(Abbott/Biocompatibles) implanted into porcine 
coronary arteries reduced the neointimal hyperplasia by 40% 
compared with the control stents.46) 

EASTER(Estrogen and Stent to Eliminate Restenosis)47) 
was a single-center feasibility study that tested 17-β-est-
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radiol-eluting BiodivYsio stents in 30 patients with de novo 
coronary lesions. A total of two patients experienced intra-
stent narrowing that exceeded 50%, as observed on angio-
graphy, whereas no patients experienced edge restenosis. One 
patient had focal intra-stent restenosis(60% diameter stenosis) 
with no symptoms and a negative stress test, whereas the 
other patient had diffuse restenosis that required target vessel 
revascularization. No other patient experienced any major 
adverse cardiac event. Follow-up IVUS revealed a neointi-
mal hyperplasia volume of 32.3±16.4 mm3, whereas the 
stent volume was 143.7±43.7 mm3, resulting in a neointimal 
volume obstruction of 23.5±12.5%. None of the patients 
had>or=50% volume obstruction, as tested by IVUS. A 
second phase of the EASTER study is ongoing in Italy. 
 
Anti-oxidant stents 

Carvedilol has an activity to inhibit smooth muscle cell 
proliferation and migration, and it also has an anti-oxidation 
effect. Probucol has a vascular protecting activity and it 
reduced stent restenosis by improving the lumen dimension 
at the stent placement site. Carvedilol is a neurohumoral ant-
agonist with multiple actions. It was originally discovered as 
a beta-adrenoreceptor antagonist. However, subsequent res-
earch has revealed that this agent possessed potent antioxidant 
and free radical scavenger properties. In addition, carvedilol 
inhibits the vascular SMC proliferation induced by a broad 
group of mitogens such as platelet derived growth factor 
(PDGF), fibroblast growth factor(FGF), endothelin-1, serum 
and thrombin, and it produced 84% suppression of neointimal 
hyperplasia in a rat carotid injury model. The antimitogenic 
action of carvedilol on vascular smooth muscle has recently 
been proven to be due to the inhibition of mitogen-activated 
protein kinase activity and it was also due to its regulation of 
cell cycle progression.48) 

Carvedilol is highly lipophilic, which promotes a rapid 
cellular uptake, and a stent containing carvedilol may achieve 
a high local concentration in vessel walls when it is placed in 
contact with the walls. Since probucol had been discovered 
as an antioxidizing agent, it has been developed and sold as a 
lipid-lowering agent. It is an anti-oxidant and reduces resteno-
sis after coronary argioplasty, and has recently been identified 
as a vascular protectant.49) 

BiodivYsio phosphorylcholine-coated stents were dip-coa-
ted with carvedilol(5 mg/mL) and probucol(50 mg/mL) by 
immersing the stents in methanolic carvedilol and probucol 
solution, respectively. The stents were deployed in pigs and 

histopathologic analysis was done 4 weeks later. On histo-
morphometry, the neointimal area decreased by 42% and the 
lumen area increased by 20%, resulting in a 43% reduction 
of the area of stenosis in the carvedilol-coated stent groups 
compared with the control stent groups. For the probucol-
coated stent, the lumen area, the neointimal area, and the 
stenosis area were not significantly different compared with 
control stents. There were less proliferating nuclear cell anti-
gen-positive cells in the carvedilol-coated stent compared with 
the control stent and the probucol stent. The carvedilol-coated 
stent, but not a probucol-coated stent, inhibits neointimal 
hyperplasia in a porcine stent restenosis model.50) We are 
conducting clinical trials using carvedilol loaded stents in 
our cardiac catheterization laboratory. 
 

Conclusion 
 

In our animal catheterization laboratory, we are developing 
a new generation of DESs by using double coating techno-
logy or by using natural polymers to overcome the problem 
of polymer-mediated thrombosis or inflammation, and also 
to enhance healing after stenting. 

Future generations of stents will likely be engineered for 
optimally delivering drugs to specific lesions. Moreover, refin-
ing the bare metal stent platform will continue for enhancing 
the acute procedural success. Furthermore, it is likely that 
novel polymer materials and pharmacologic agents will be 
tested for their biological activity on specific disease states 
and/or on various vascular systems. 
 

REFERENCES 
1) Holmes DR Jr, Leon MB, Moses JW, et al. Analysis of 1-year 

clinical outcomes in the SIRIUS trial: a randomized trial of a 
sirolimus-eluting stent versus a standard stent in patients at 
high risk for coronary restenosis. Circulation 2004;109:634-40. 

2) Stone GW, Ellis SG, Cox DA, et al. One-year clinical results 
with the slow-release, polymer-based, paclitaxel-eluting TAXUS 
stent: the TAXUS-IV trial. Circulation 2004;109:1942-7. 

3) Sousa JE, Serruys PW, Costa MA. New frontiers in cardiology: 
drug-elutingStents: part II. Circulation 2003;107:2383-9. 

4) Rogers CD. Optimal stent design for drug delivery. Rev Card-
iovasc Med 2004;5:S9-15. 

5) Berk BC, Gordon JB, Alexander RW. Pharmacologic roles of 
heparin and glucocorticoids to prevent restenosis after coron-
ary angioplasty. J Am Coll Cardiol 1991;17:111B-7B. 

6) Liu X, Huang Y, Hanet C, et al. Study of antirestenosis with the 
BiodivYsio dexamethasone-eluting stent (STRIDE): a first-in-
human multicenter pilot trial. Catheter Cardiovasc Interv 2003; 
60:172-8. 

7) Hoffmann R, Langenberg R, Radke P, et al. Evaluation of a 
high-dose dexamethasone-eluting stent. Am J Cardiol 2004;94: 
193-5. 



 
 
204·Korean Circulation J 2005;35:197-205 

 

8) Capper EA, Roshak AK, Bolognese BJ, et al. Modulation of 
human monocyte activities by tranilast, SB 252218, a com-
pound demonstrating efficacy in restenosis. J Pharmacol Exp 
Ther 2000;295:1061-9. 

9) Fukuyama J, Ichikawa K, Hamano S, Shibata N. Tranilast sup-
presses the vascular intimal hyperplasia after balloon injury in 
rabbits fed on a high cholesterol diet. Eur J Pharmacol 1996; 
318:327-32. 

10) Ishiwata S, Verheye S, Robinson KA, et al. Inhibition of neoin-
tima formation by tranilast in pig coronary arteries after balloon 
angioplasty and stent implantation. J Am Coll Cardiol 2000; 
35:1331-7. 

11) Holmes DR Jr, Savage M, LaBlanche JM, et al. Results of Pre-
vention of REStenosis with Tranilast and its Outcomes (PRE-
STO) trial. Circulation 2002;106:1243-50. 

12) Braun-Dullaeus RC, Mann MJ, Dzau VJ. Cell cycle progres-
sion: new therapeutic target for vascular proliferative disease. 
Circulation 1998;98:82-9. 

13) Farb A, John M, Acampado E, Kolodgie FD, Prescott MF, Vir-
mani R. Oral everolimus inhibits in-stent neointimal growth. 
Circulation 2002;106:2379-84. 

14) Costa RA, Lansky AJ, Mintz GS, et al. Angiographic results of 
the first human experience with everolimus-eluting stents for 
the treatment of coronary lesions (the FUTURE I trial). Am J 
Cardiol 2005;95:113-6. 

15) Buellesfeld L, Grube E. ABT-578-eluting stents: the promising 
successor of sirolimus- and paclitaxel-eluting stent concepts? 
Herz 2004;29:167-70. 

16) Marx SO, Jayaraman T, Go LO, Marks AR. Rapamycin-FKBP 
inhibits cell cycle regulators of proliferation in vascular smooth 
muscle cells. Circ Res 1995;76:412-7. 

17) Serruys PW. Long-term effects of angiopeptin treatment in cor-
onary angioplasty: reduction of clinical events but not angio-
graphic restenosis. Circulation 1995;92:2759-60. 

18) Armstrong J, Gunn J, Arnold N, et al. Angiopeptin-eluting stents: 
observations in human vessels and pig coronary arteries. J 
Invasive Cardiol 2002;14:230-8. 

19) Bilder G, Wentz T, Leadley R, et al. Restenosis following ang-
ioplasty in the swine coronary artery is inhibited by an orally 
active PDGF-receptor tyrosine kinase inhibitor, RPR101511A. 
Circulation 1999;99:3292-9. 

20) Bilder G, Amin D, Morgan L, et al. Stent-induced restenosis in 
the swine coronary artery is inhibited by a platelet-derived 
growth factor receptor tyrosine kinase inhibitor, TKI963. J Card-
iovasc Pharmacol 2003;41:817-29. 

21) Yamawaki T, Shimokawa H, Kozai T, et al. Intramural delivery 
of a specific tyrosine kinase inhibitor with biodegradable stent 
suppresses the restenotic changes of the coronary artery in pigs 
in vivo. J Am Coll Cardiol 1998;32:780-6. 

22) Serruys PW, Ormiston JA, Sianos G, et al. Actinomycin-eluting 
stent for coronary revascularization: a randomized feasibility 
and safety study. J Am Coll Cardiol 2004;44:1363-7. 

23) Kipshidze NN, Kim HS, Iversen P, et al. Intramural coronary 
delivery of advanced antisense oligonucleotides reduces neoin-
timal formation in the porcine stent restenosis model. J Am 
Coll Cardiol 2002;39:1686-91. 

24) Kipshidze NN, Iversen P, Kim HS, et al. Advanced c-myc 
antisense (AVI-4126)-eluting phosphorylcholine-coated stent im-
plantation is associated with complete vascular healing and 
reduced neointimal formation in the porcine coronary restenosis 
model. Catheter Cardiovasc Interv 2004;61:518-27. 

25) Kutryk MJ, Foley DP, van den Brand M, et al. Local intracoro-
nary administration of antisense oligonucleotide against c-myc 
for the prevention of in-stent restenosis. J Am Coll Cardiol 

2002;39:281-7. 
26) Costa MA, Foley DP, Serruys PW. Restenosis: the problem and 

how to deal with it. In: Grech ED, Ramsdale DR, editors. 
Practical Interventional Cardiology. 2nd ed. London: Martin 
Dunitz; 2002. p.279-94. 

27) Aggarwal RK, Ireland DC, Azrin MA, Ezekowitz MD, de Bono 
DP, Gershlick AH. Antithrombotic potential of polymer-coated 
stents eluting platelet glycoprotein IIb/IIIa receptor antibody. 
Circulation 1996;94:3311-7. 

28) Fuster V, Badimon L, Badimon JJ, Chesebro JH. The pathogene-
sis of coronary artery disease and the acute coronary syndromes. 
N Engl J Med 1992;326:242-50. 

29) Lefkovits J, Plow EF, Topol EJ. Platelet glycoprotein IIb/IIIa 
receptors in cardiovascular medicine. N Engl J Med 1995;332: 
1553-9. 

30) EPIC (Evaluation of 7E3 in Preventing Ischemic Complications) 
Investigators. Use of a monoclonal antibody directed against the 
platelet glycoprotein IIb/IIIa receptor in high-risk coronary 
angioplasty. N Engl J Med 1994;330:956-61. 

31) EPILOG (Evaluation in PTCA to improve Long-Term outcome 
GP IIb/IIIa Blockade Study Group) Investigators. Platelet glyco-
protein IIb/IIIa receptor blockade and low-dose heparin during 
percutaneous coronary revascularization. N Engl J Med 1997; 
336:1689-96. 

32) CAPTURE (C7E3 Fab AntiPlatelet Therapy in Unstable Refra-
ctory angina) Investigators. Randomized placebo-controlled trial 
of abciximab before and during coronary intervention in refr-
actory unstable angina. Lancet 1997;349:1429-35. 

33) Platelet Receptor Inhibition in ischemic Syndrome Management 
in Patients Limited by Unstable Sings and Symptoms (PRISM-
PLUS) Study Investigators. Inhibition of the platelet glycopro-
tein IIb/IIIa receptor with tirofiban in unstable angina and non-
Q-wave myocardial infarction. N Engl J Med 1998;338:1488-97. 

34) Reverter JC, Beguin S, Kessels H, Kuman R, Hemker HC, 
Coller BS. Inhibition of platelet-mediated, tissue factor-induced 
thrombin generation by the mouse/human chimeric 7E3 Fab 
treatment of an acute thrombosis and “clinical restenosis”. J 
Clin Invest 1996;98:863-74. 

35) Shappel SB, Toman C, Anderson DC, Taylor AA, Entman ML, 
Smith CW. Mac-1 (CD11b/CD8) mediates adherence-dependent 
hydrogen peroxide production by human and canine neutro-
phils. J Immunol 1990;144:2702-11. 

36) Simon DI, XU H, Ortelpp S, Rogers C, Rao NK. 7E3 mono-
clonal antibody directed against the platelet glycoprotein IIb/IIIa 
cross-reacts with the leukocyte integrin Mac-1 and blocks 
adhesion to fibrinogen and ICAM-1. Arterioscler Thromb Vasc 
Biol 1997;17:528-35. 

37) Mickelson JK, Ali MN, Kleiman NS, et al. Chimeric 7E3 Fab 
(ReoPro) decreases detectable CD IIb on neutrophils from 
patients undergoing coronary angioplasty. J Am Coll Cardiol 
1999;33:97-106. 

38) Hong YJ, Jeong MH, Kim W, et al. Effect of abciximab-coated 
stent on in-stent intimal hyperplasia in human coronary arteries. 
Am J Cardiol 2004;94:1050-4. 

39) Alt E, Haehnel I, Beilharz C, et al. Inhibition of neointima 
formation after experimental coronary artery stenting: a new 
biodegradable stent coating releasing hirudin and the prostacy-
clin analogue iloprost. Circulation 2000;101:1453-8. 

40) Li C, Cantor WJ, Nili N, et al. Arterial repair after stenting and 
the effects of GM6001, a matrix metalloproteinase inhibitor. J 
Am Coll Cardiol 2002;39:1852-8. 

41) Lovdahl C, Thyberg J, Hultgardh-Nilsson A. The synthetic met-
alloproteinase inhibitor batimastat suppresses injury-induced 
phosphorylation of MAP kinase ERK1/ERK2 and phenotypic 



 
 

Young Joon Hong, et al: New Drug-Eluting Stents·205 

modification of arterial smooth muscle cells in vitro. J Vasc Res 
2000;37:345-54. 

42) van Belle E, Tio FO, Couffinhal T, Maillard L, Passeri J, Isner 
JM. Stent endothelialization: time course, impact of local catheter 
delivery, feasibility of recombinant protein administration, and 
response to cytokine expedition. Circulation 1997;95:438-48. 

43) Costa MA, Sabate M, van der Giessen WJ, et al. Late coronary 
occlusion after intracoronary brachytherapy. Circulation 1999; 
100:789-92. 

44) Rogers C, Parikh S, Seifert P, Edelman ER. Endogenous cell 
seeding: remnant endothelium after stenting enhances vascular 
repair. Circulation 1996;94:2909-14. 

45) Geraldes P, Sirois MG, Bernatchez PN, Tanguay JF. Estrogen 
regulation of endothelial and smooth muscle cell migration 
and proliferation: role of p38 and p42/44 mitogen-activated 
protein kinase. Arterioscler Thromb Vasc Biol 2002;22:1585-90. 

46) New G, Moses JW, Roubin GS, et al. Estrogen-eluting, phosph-
orylcholine-coated stent implantation is associated with reduced 

neointimal formation but no delay in vascular repair in a por-
cine coronary model. Catheter Cardiovasc Interv 2002;57: 
266-71. 

47) Abizaid A, Albertal M, Costa MA, et al. First human exper-
ience with the 17-beta-estradiol-eluting stent: the Estrogen And 
Stents To Eliminate Restenosis(EASTER) trial. J Am Coll Cardiol 
2004;43:1118-21. 

48) Wasserman MA, Sundell CL, Kunsch C, Edwards D, Meng CQ, 
Medford RM. Chemistry and pharmacology of vascular pro-
tectants: a novel approach to the treatment of atherosclerosis 
and coronary artery disease. Am J Cardiol 2003;91:34A-40A. 

49) Ruffolo RR Jr, Feuerstein GZ. Pharmacology of carvedilol: 
rationale for use in hypertension, coronary artery disease and 
congestive heart failure. Cardiovasc Drugs Ther 1997;11:247-56. 

50) Kim W, Jeong MH, Cha KS, et al. The effect of anti-oxidant 
(carvedilol and probucol) loaded stents in a porcine coronary 
restenosis model. Circ J 2005;69:101-6. 

 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /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 <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


