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CHAPTER 1
INTRODUCTION AND AIMS



Chapter 1

INTRODUCTION

Cardiovascular diseases cause millions of deaths worldwide'. In large part related to coronary heart
disease (CHD)>. During the past decades the treatment and prevention of CHD has been significantly
improved with the introduction of drugs which slow the development or progression of CHD or prevent
the clinical manifestations of CHD (B-blockers, aspirin, statins, ACE inhibitors and AT1 receptor
antagonists) and by revascularization of obstructed coronary arteries using coronary artery bypass
grafting (CABG) and percutanous coronary intervention (PCI)*”. In recent years therapeutic advances
of PCI such as antiplatelet drugs given before and after the procedure, the stent and later the drug
eluting-stent have improved mortality and morbidity for patients with CHD and this has led to a
marked rise in the number of PCI procedures *'’. Nowadays In the Netherlands every year around
thirty thousand PCI procedures are performed ''. However PCI is still troubled by two major
limitations: restenosis and stent thrombosis'>"?.

Restenosis is the narrowing of the vessel wall after PCI and is the result of the arterial healing response
after the induction of vascular injury. Restenosis usually does not lead to acute occlusion of the vessel
with myocardial infarction and death. However recurrence of angina pectoris is often seen requiring
revascularization of the stented vessel (target lesion revascularization). The rate of target lesion
revascularization after 5 years is markedly lower with drug eluting stents 10,3%, compared to 26% in
bare metal stents'*. Riskfactors for restenosis are small vessels, longer lesions, restenotic lesions and
importantly diabetes'*'®. Diabetic coronary artery disease is characterized by multivessel involvement,
diffuse disease, more significant stenoses, increased calcified disease and decreased collateral vessel
formation'’. These factors might influence the technical success of PCI leading to a lower final lumen
diameter. Lower final lumen diameter is strongly correlated with increased restenosis'®. At the
molecular level these disease factors may be modulated by insulin resistance, hyperglycaemia and
inflammation'**°. Therefore pharmacological intervention to improve glycaemic control and reduce
insulin resistance and inflammation may be an interesting target to decrease the risk of restenosis in
diabetic patients undergoing PCI'". Restenosis is more common after balloon angioplasty and is caused
by both elastic recoil, negative remodeling and to a lesser extent neointimal formation”'. Stenting has
reduced restenosis by providing a rigid structure in the vessel wall which eliminates elastic recoil and
negative remodelling. However restenosis is not eliminated because stenting induces more injury to the
vessel wall. This leads to a more proliferative healing response with more neointimal formation*>. To
tackle the problem of restenosis after stenting the mechanism and pathways of the different phases of
neointimal formation have been studied extensively: thrombus formation, inflammation, smooth
muscle cell migration, smooth muscle cell proliferation and extracellular matrix formation. The arterial
healing response leading to neointimal formation begins with platelet aggregation and platelet
activation followed by infiltration of the injured vessel wall and thrombus by predominantly
mononuclear and polymorphonuclear leukocytes’*®. The leukocytes and platelets produce cytokines
like monocyte chemoattractant protein (MCP-1), platelet-derived growth factor (PDGF) and
angiotensin II. These cytokines enhance inflammation, stimulate smooth muscle cell migration from
the media of the vessel towards the lumen and stimulate smooth muscle cell proliferation . After a
few weeks the proliferation of smooth muscle cells in the neointima peaks and apoptosis of neointimal
cells becomes more prominent ***'. The remaining neointimal cells (most of smooth muscle cell origin
and so3rzn3e3 macrophages) begin production of proteoglycans and collagen creating an extracellular
matrix> ",

After insight had been gained in the pathofysiology of neointimal formation, a myriad of known and
newly developed anti-thrombotic, anti-inflammatory, anti-migratory, anti-proliferative and anti-
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extracellular matrix producing drugs have been tested in animal models and clinical trials in an attempt
to reduce neointimal formation ***. Of these drugs the two anti-proliferative drugs sirolimus and
paclitaxel have shown exceptional promise in reducing in-stent restenosis ***'. Brachytherapy by using
the anti-proliferative properties of beta radiation was initially successful in reducing in-stent restenosis,
but long term follow-up studies showed restenosis and late thrombosis*>. The strong anti-proliferative
effects of sirolimus and paclitaxel make these drugs less suitable for systemic administration in
patients™. Local application of these drugs on a stent circumvents high systemic doses: the drug eluting
stent was born**. These two new drug eluting stents (paclitaxel eluting stent and sirolimus eluting stent)
have been proven to be very successful in reducing in-stent restenosis in several clinical trials***.
However, recently drug eluting stents have been associated with an increased risk of late stent

. 47
thrombosis.™".

Stent thrombosis is the occurrence of thrombus formation in or near the stent resulting in an acute
occlusion of the vessel. The incidence of stent thrombosis after stenting with the use of dual antiplatelet
therapy is around 1% after 1 year and 2% after 10 year™. Although its incidence is much lower than
in-stent restenosis nevertheless it is a serious complication because in contrast with in-stent restenosis it
leads more often to acute myocardial infarction and has a high mortality rate*®. It is commonly divided
in acute ( < 24 hours post-PCI), subacute (24 hours to 30 days post-PCI) and late (> 30 days post-PCI)
stent thrombosis.

The problem of acute and subacute thrombosis was greatly reduced by preventing early thrombus
formation using dual anti-platelet (acetylsalicilzuur and clopidogrel) therapy®. However late stent
thrombosis is still a problem especially in drug eluting stents. Therefore dual anti-platelet therapy post-
PCI is recommended for one month for patients with bare metal stents (BMS) and six months to a year
for patients with drug eluting stents(DES) according to the guidelines of the European Society of
Cardiology *°. Some authors have suggested that triple anti-platelet (addition of cilostazol) may benefit
patients with a DES®'. However there are disadvantages of more intensive and longer anti-platelet
therapy. An increased chance of serious bleeding exists with longer and more potent antiplatelet
therapy’~. More importantly patients who need surgery for other medical conditions often have to stop
antiplatelet therapy and are at a high risk for developing stent thrombosis during surgery or risk serious
bleeding with the continuation of antiplatelet therapy’>. Several large clinical trials with long follow-
up are addressing the issue of stent thrombosis with DES and its clinical relevance. So the impact of
stent thrombosis on the future use and development of present and new generation drug eluting stents is
still unclear.

Pending these results research has focused on finding alternative drugs to treat in-stent restenosis and a
renewed interest in the pathofysiology, mechanisms and riskfactors (diabetes) of in-stent restenosis and
stent thrombosis. In this thesis the rat aortic stenting model was used to study several new treatments to
reduce in-stent restenosis and some aspects of the pathofysiology of in stent restenosis.

We also adapted our rat aortic model and developed and validated two different diabetic models for
studying the effects of in-stent restenosis in diabetes >*. Furthermore we tried to identify possible
mechanisms of late stent trombosis by comparing the neointima of bare metal and drug eluting stents.



Chapter 1

AIMS

In Chapter 2 we introduce a novel type 1 diabetic model for in-stent restenosis after rat abdominal
aortic stenting study. Diabetes is an important clinical riskfactor for restenosis and with the future
epidemic in diabetes related to overweigth it will grow even further in importance *>~°. Research of the
mechanisms of increased restenosis in diabetes may also lead to general anti-restenotic drugs. In
Chapter 3 we study the contribution of circulating bone marrow cells to neointimal formation. The role
of bone marrow cells in neointimal formation after stenting is not yet clear but it is an important issue,
because it could lead to new cell based therapies for in-stent restenosis” . The neointima of stented
vessels is mainly composed of a-smooth muscle actin (SMA) positive cells®” and the paradigm states
that the origin of a-smooth muscle positive cells in the neointima is from smooth muscle cells residing
in the media and migrating to the lumen after stenting”’. However circulating bone marrow cells can
differentiate in a wide variety of cell types® (including smooth mucle actin positive cells) and could be
involved in neointimal formation after stenting.

In Chapter 4 we describe the effect of the ATI-receptor candesartan on neointimal formation after
stenting. Abundant pre-clinical evidence exists that Ang II is involved in in-stent restenosis, but in
clinical trials ACE-inhibitors and AT 1-receptor blockers have not been successful in reducing in-stent
restenosis. We study if the conflicting results of animal research and clinical trials is related to the need
of supraphysiological Ang II levels for Ang Il mediated neointima formation. In Chapter 5 we test the
effect of the statin rosuvastatin on neointimal formation and endothelial function after stenting. Statins
have several pleiotropic effects which may reduce in- stent restenosis: reduction of platelet activation,
amelioration of endothelial function lowering of inflammatory responses, reduction of oxidative stress
and inhibition of smooth muscle proliferation and migration. Ang II increases oxidative stress,
stimulates smooth muscle cell proliferation and detoriates endothelial function. We study if statins
reduce neointimal formation in a normal and a stimulative setting (Ang II induced).

In Chapter 6 and 7 we describe quantative and qualitative differences in neointimal formation between
bare metal stents and drug eluting stents in normoglycemic (Chapter 6) and diabetic setting (Chapter
7). Incomplete endothelial healing has been associated with stent thrombosis. Differences in
neointimal healing between drug eluting stents and bare metal stents may be associated with increased
rates of late stent thrombosis.
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VALIDATION OF A NOVEL TYPE 1 DIABETIC MODEL

ABSTRACT
Aim: Diabetic animal models are useful for studying the mechanism of increased in-stent restenosis in
diabetic populations. We aimed to establish a novel type 1 diabetic model for in-stent restenosis.
Methods: Thymectomy was performed on 6 young BB-DP(Bio-Breeding Diabetes-Prone)to prevent the
development of diabetes and create a non-diabetic group, 6 other age-macthed BB-DP from the same
breeding population were allowed to develop diabetes. At the age of nine months all 12 animals were
implanted with a stent in the abdominal aortic and after 28 days stented abdominal aortas were
harvested, embedded in plastic, cut, stained and analyzed.
Results: Neointimal area was increased in the non-thymectomized BB-DP rats compared with the
thymectomized BB-DP rats. Furthermore there was significant proteinuria, and polyuria in diabetic
non-thymectomized BB-DP .
Conclusions: These results validate this novel type 1 diabetic rat abdominal aortic stenting model for
studying the mechanism of increased in-stent restenosis in diabetic populations and more specific in the
type 1 diabetes population.
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INTRODUCTION
Diabetes is a risk factor for in-stent restenosis even with the use of drug-eluting stents'. Increased
neointimal formation in diabetic patients is the cause of increased clinical in-stent restenosis in diabetic
patients®. Diabetic animal models are useful for studying the mechanism of increased in-stent restenosis
in diabetic populations >. Although a type 2 diabetic restenosis model has been established”, a reliable
type 1 diabetic restenosis model has not been described yet. Diabetes type 1 patients represent only 5-
10% of all diabetes patients, however these patients often have severe coronary artery disease at a
young age’. A type 1 diabetic restenosis swine model using streptozotocin to induce diabetes was
developed by Carter et al’. However the high reported mortality (45%) of diabetic animals in this study
may limit the practicality of this model®. We present in this study a novel and reliable type 1 diabetic
model for in-stent restenosis after rat abdominal aortic stenting. Hyperglycemia, proteinuria, polyuria,
weight and neointimal area were measured to validate this type 1 diabetic model for in-stent restenosis.

METHODS

Animals

All procedures conformed to the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Specific pathogen-free,
Bio-Breeding Diabetes-Prone were bred at the Central Animal Facility of the University Medical
Center Groningen. Original breeding stocks were obtained from BRM Inc.( Worchester, MA,USA). If
thymectomized BB-DP do not develop diabetes’. Rats were kept under clean conventional conditions
and were fed standard rat chow and acidified water ad libitum.

Animal Protocol

Diabetes measurements

Thymectomy was performed on 6 BB-DP to prevent the development of diabetes and create a non-
diabetic control group. Thymectomy was performed on young rats (age 21 days) as described in detail
by Visser et al’. In our breeding colony of BB-DP rats 90% of rats have diabetes at an age of 70 days. 6
age-matched non-thymectomized BB-DP were selected from our breeding population to form the
diabetic population.

Blood-glucose levels were measured in blood from the tail vein of non-diabetic thymectomized BB-
DP(n=6) and diabetic non-thymectomized BB-DP(n=6) with an Accu-Chek Sensor Comfort glucose
strips (Roche Diagnostics Nederland B.V., Almere The Netherlands). Diabetic non-thymectomized
BB-DP animals were also checked for weight loss three times a week. If significant weight loss
occurred combined with glucose exceeding 20 mM, the diabetic animals were treated with an insulin
pellet (Lin-Plant; LinShin Canda Inc, Toronto, ON, Canada) to prevent severe diabetic dysregulation
which is usually followed by death. Half an insulin pellet was inserted through a small incision in the
scruff of the neck with a heavy-gauge needle. The insulin pellet released insulin at a steady state,
however the insulin released by half the pellet was deliberately dosed too low too ensure
hyperglycemic episodes in the diabetic animals. Urine production was determined before stent-
implantation and at the end of the study by placing the rats in individual, urine-collecting metabolic
cages for 24 hours. Total urine protein excretion was determined with the U/CSF protein assay (Roche,
Woerden, The Netherlands).
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Stent implantation

At the age of nine months animals were anesthetized with O2, N20, and isoflurane 2% (Abbott
International Ltd). Premounted, 2.5 X 9 mm BeStent™ 2 (Medtronic-Bakken Research, Maastricht,
The Netherlands) n=6, bare metal stents were implanted in the abdominal aorta as described
previously®. Both non-diabetic thymectomized BB-DP(n=6) and diabetic non-thymectomized BB-
DP(n=6) received a stent. After 28 days animals were anesthetized with O2, N20O, and isoflurane 2%,
systemically heparinized with 500 IU i.v.(Leo Pharma, Breda, The Netherlands). Abdominal aortas
were harvested and fixed in 4% formalin (Klinipath, Duiven, The Netherlands), buffered at pH 6.5.

Histology

Histomorphometrical analysis was performed on Lawson (elastin) stained sections by measurements of
the proximal, middle, and distal parts of each stent. The neointimal area, media area and lumen area
were measured or calculated as described previously®. In short, the areas within the external elastic
lamina (EEL), internal elastic lamina (IEL) and lumen were measured by using digital morphometry by
means of an Olympus BX-50F4 microscope, an Olympus ¢-3030 zoom digital camera and Olympus
DP-Soft version 3.0 software (Olympus, Tokyo, Japan). The lumen area was substracted from the IEL
area to give the neointimal area.

Statistical analysis

Data are expressed as mean +SEM. Differences between groups were determined by an independent
samples ¢ test. All P-values were two-tailed, and a P-value of <0.05 was considered statistically
significant. Analyses were performed using SPSS software (SPSS version 12.0, Chicago, IL, USA).
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Figure 1
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Figure 1: Hyperglycemia, proteinuria and polyuria is present in non-thymectomized BB-DP rats but not in thymectomized
BB-DP rats.

RESULTS
Diabetes parameters
The non-thymectomized BB-DP rats developed diabetes at an median age of 82 days. Thymectomized
BB-DP control rats did not develop diabetes. Mean blood glucose level after diabetes onset in diabetic
non-thymectomized BB-DP rats was 15.1#0.3mmol/L versus 5.3+0.lmmol/L in non-diabetic
thymectomized BB-DP control rats (Figure 1). Furthermore there was significant proteinuria, and
polyuria in diabetic non-thymectomized BB-DP (Figure 1).
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Figure 2

Figure 2: Photomicrographs of stented abdominal aortas showing the neointima, internal elastic lamina , external elastic
lamina, stent struts and A and B(diabetes),C and D (normoglycemic, x40 and x400).

Neointimal formation
In diabetic non-thymectomized BB-DP neointimal area was significantly increased 0.69+0.02 mm?
compared to 0.53+0.06 mm? in non-diabetic thymectomized BB-DP control rats (Figure 2 and 3).
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Figure 3
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Figure 3: Neointimal area is increased in diabetic animals.

DISCUSSION

In this study we demonstrated increased neointimal formation in diabetic BB-DP rats compared with
BB-DP normoglycemic rats who are genetically similar but do not develop diabetes due to a
thymectomy at young age. The diabetic BB-DP had proteinuria, polyuria and raised glucose values of
diabetes whereas the thymectomized BB-DP had not. The increase in neointimal formation in the
diabetic animals corresponds with results in humans. Because of the genetic similarity of the diabetic
and normoglycemic rats in this model the mechanisms responsible for increased in-stent restenosis in
diabetic populations can more easily be identified in future studies. Furthermore the feasibility of
treating these rats with insulin pellets as shown in this study will enable studies on the relation between
glucose levels and in-stent restenosis. Limitation of this study is that the effect of thymectomy on in-
stent restenosis was not studied. Before the adult age of ten weeks in rats the thymus is needed for T-
cell development. Therefore the juvenile rats of three weeks in our study have an impairment in T-cell
mediated immune response. This impairment in T-cell mediated immune response prevents the
development of diabetes in this model. However it could also affect the development of in-stent
restenosis. One study found activation of T-cells after percutaneous transluminal coronary angioplasty’.
However treatment with cyclosporine a powerful specific inhibitor of the T-cell mediated immune
response did not reduce restenosis in a cholesterol-clamped rabbit animal model'®. So the T-cell
mediated immune response does not attribute significantly to in-stent restenosis. Therefore it is not
likely that thymectomy affected in-stent restenosis in this animal model. These results validate this
novel type 1 diabetic rat abdominal aortic stenting model for studying the mechanism of increased in-
stent restenosis in diabetic populations and more specific in the type 1 diabetes population.
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NON-BONE MARROW ORIGIN OF NEOINTIMAL SMOOTH MUSCLE CELLS

ABSTRACT

Aim: To determine the contribution of bone marrow-derived cells in in-stent restenosis and transplant
arteriosclerosis. Methods: Nontransgenic rats WT F344™¢ (n=3) received stent implantation 6 weeks
after lethal total body irradiation and suppletion with bone marrow from a R26-hPAP transgenic rat.
After 4 weeks the abdominal aortas were harvested, the stent was quickly removed, the abdominal
aorta was snap-frozen in liquid nitrogen and 5 um cryosections for stainings were cut. Additionaly DA
aortic allografts were transplanted into WT F344'°(n=3) and R26-hPAPY'(n=3) BM-chimeric
recipients. Immunohistochemistry (hPAP-staining) and immunofluorescence (hPAP, a-SMA and OX-
1) was performed on all sections. Results: Few hPAP positive cells were observed in the neointima
Double stainings of hPAP positive areas showed no a-SMA colokalization, OX-1 did show
colokalization. Conclusions: Non-BM-derived cells are the predominant source of neointimal cells in
ISR and TA. Vascular wall-derived progenitor cells may rather be the source of SMCs that contribute
to ISR and TA which may have implications for our quest for new therapeutic targets to treat these
vasculopathies.
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INTRODUCTION

Development of in-stent restenosis (ISR) is the most common complication associated with coronary
stenting, especially in patients treated with bare-metal stents. No adequate treatment modalities are
available to treat or prevent development of ISR[1;2]. Recruitment and proliferation of smooth muscle
cells (SMCs) in response to vascular injury after stenting are key phenomena that lead to the
development of an occlusive neointima culminating in ISR[3;4]. Although it is well established that in
humans the neointima of stented vessels is mainly composed of a-smooth muscle actin (SMA) positive
cells[5], the origin of neointimal cells in ISR is still a matter of debate. Identifying the anatomical
origin and molecular characteristics of the progenitor cells that ultimately form the neointima in ISR is
of importance since these cells form a putative target for therapeutic intervention to prevent ISR and
related occlusive vascular diseases like transplant arteriosclerosis (TA). Along with the classical theory
of inward migration and proliferation of medial SMCs[6], a more recent proposed hypothesis attributes
an important role to bone marrow (BM)-derived vascular progenitor cells in the process of neointimal
formation[7]. BM contains both hematopoietic and mesenchymal stem cells which have the capacity to
self-renew and to differentiate into a variety of cell types including SMCs[8;9]. Given the potential of
BM stem cells to give rise to SMCs, SMC progenitors might be recruited from the BM into the
circulation in response to vascular injury and home to the site of injury resulting in neointimal
formation eventually. In line with this, various animal models of vascular injury (atherosclerosis, wire
injury and TA) indeed demonstrate contribution of BM-derived cells in neointimal formation to some
extent[10-13]. However, results described so far are not conclusive since we and others demonstrated
that in experimental TA and (vein graft) atherosclerosis neointimal SMCs are primarily non-BM-
derived[14-16]. The contribution of BM-derived cells in the development of ISR is largely unknown
although some recent studies suggest involvement of BM-derived cells based on increased numbers of
circulating CD34" cells shortly after stenting[17] and the presence of neointimal cells expressing stem
cell antigens like c-kit[18;19], CD34 and AC133[20]. However, although these markers are indeed
expressed on primitive cells residing in the bone marrow, expression is not strictly confined to BM-
derived cells. As a result, neointimal cells expressing these markers in ISR are not derived from the
BM by definition. Direct evidence of involvement of BM-derived cells in the development of ISR has
thus not been reported so far. Since the contribution of BM-derived cells in neointimal formation is
most likely dependent on the severity of endovascular injury [11;21], it is of importance that studies on
the origin of neointimal cells in specifically ISR are performed in a relevant model of true ISR and not
a model of otherwise induced endovascular injury. In this study we therefore determined the
contribution of BM-derived cells in ISR in a direct way using our recently developed model of ISR
[22] using genetically marked BM chimeric rats.

METHODS

Rats

Male wild-type (WT) Fischer344 (F344) and Dark Agouti (DA) rats were obtained from Harlan
Nederland (Horst, The Netherlands). Human Placental Alkaline Phosphatase (hPAP) transgenic F344
rats (R26-hPAP rats) were derived from a breeding nucleus provided by Dr. E.P. Sandgren (University
of Wisconsin-Madison, USA)[23]. Rats were kept under clean conventional conditions and were fed
standard rat chow and acidified water ad libitum. The investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No.85-23, revised 1996) and the Dutch Law on Experimental Animal Care.
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Bone marrow transplantation

Both femora and tibiae of BM donor rats were excised and surrounding muscle and connective tissue
were removed and the BM was flushed with sterile PBS. Erythrocytes were lysed in lysing buffer (155
mM NH4Cl, 10 mM KHCOs, 0.1 mM sodium ethylenediaminetetraacetic acid [EDTA]), and the cell
suspension was then filtered through a 20 um cell strainer (Becton Dickinson, Alphen aan den Rijn,
The Netherlands). BM recipient rats were lethally y-iradiated (9 Gy) using a '*’Cesium source (IBL
637, CIS Bio International). One hour after irradiation rats were reconstituted with 1-5x10" BM cells
by tail vein injection. Three experimental groups were included: 1) hPAP Tg F344 BM -> WT F344
[WT F344'9], stented 6 wks after reconstitution; 2) hPAP Tg F344 BM -> WT F344 [WT F344'9],
aorta allografted 6 wks after reconstitution; 3) WT F344 BM -> hPAP Tg F344 [R26-hPAPY'], aorta
allografted 6 wks after reconstitution. BM chimeric rats were housed in filtertop cages throughout the
duration of the experiment. Rats received drinking water containing neomycin (0.35% wt/vol) starting
1 week before irradiation until 2 weeks after BM reconstitution. Six weeks after BM reconstitution and
prior to stenting or allografting the level of chimerism was determined by flowcytometric analysis on
PBMNC:s. The level of chimerism was typically between 80% and 90% (data not shown).

Stent implantation

Chimeric rats (6 wks after BM reconstitution) received a stent in the abdominal aorta as described in
detail elsewhere[22]. Briefly, under anesthesia (2% isoflurane [Abbot, Hoofddorp, The Netherlands],
0.4 L/min O, and 0.4 L/min N,O) the abdominal cavity was opened. The aorta was dissected and
surrounding connective tissue was removed. Next, two vascular clips were placed onto the aorta distal
to the renal arteries and proximal to the aortic bifurcation. A small incision was then made in the distal
abdominal aorta and the balloon catheter was inserted and inflated to 9 atm pressure to deploy a pre-
mounted 2.5 x 8 mm Micro-Driver stent (Medtronic, Minneapolis, United States, n=3). After deflation
and removal of the balloon, the aortic incision was closed with a 9-0 suture. Reperfusion was
established by removing the clips and the abdomen was closed with 4-0 sutures. Four weeks after
surgery the stented aorta’s were harvested and the stents were carefully removed from the lumen of the
aorta. Aortic tissue was snap-frozen in liquid nitrogen and stored at -80°C for cryostat sections.

Aorta transplantation

Since we previously showed non-BM origin of neointimal VSMCs and ECs in transplant
arteriosclerosis (TA) using allogeneic BM-chimeric rats [15;21], we also performed aortic allografting
in WT F344"° and R26-hPAPY" BM-chimeric rats to test the feasibility of detecting (non)-BM-derived
VSMCs and ECs in established neointimal lesions in the hPAP-transgenic F344 rat model. So far, this
rat model has not been used to track (non)-BM-derived VSMCs and ECs in neointimal lesions. Under
anesthesia (as described above) DA aortic allografts were transplanted into WT F344"9(n=3) and R26-
hPAP"'(n=3) BM-chimeric recipients as described previously[24]. Briefly, the abdominal aorta
between the left renal artery and the bifurcation was removed from the donor, perfused with saline and
subsequently orthotopically transplanted into the recipient via end-to-end anastomosis with total cold
and warm ischemic time consistently less than 25 minutes.

Immunohistochemistry

To localize BM-derived hPAP-positive cells in ISR, an indirect immunoperoxidase staining for hPAP
was performed on cryosections cut from the stented area. Sections (5 um) were acetone-fixed (10 min.,
4°C). Blockade of endogenous peroxidase (incubation 30 min. with PBS containing 0.03% H,0,) was
followed by incubation for 60 min at room temperature with the primary polyclonal antibody against
hPAP (AHP537HT, AbD Serotec, BioConnect, Huissen, The Netherlands) diluted in 1% BSA/PBS.
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Subsequently, the sections were incubated with a second-step horseradish peroxidase-conjugated goat-
anti-rabbit antibody (DAKO A/S, Glostrup, Denmark) for 30 min diluted in 1% BSA/PBS
supplemented with 1% normal rat serum. Peroxidase activity was developed using chromogen 3-
amino-9-ethyl carbazole (AEC, DAKO A/S, Glostrup, Denmark). Sections were counterstained with
hematoxylin and mounted in Faramount (DAKO A/S, Glostrup, Denmark). Control slides, in which the
primary antibody was replaced with PBS were consistently negative (not shown).

Immunofluorescence

To further phenotype hPAP" cells in ISR triple-immunofluorescent staining was performed using anti-
hPAP, a-SMA (SMCs; clone 1A4, mlgG2a, Dako A/S, Glostrup, Denmark) and anti-CD45 (clone
OX-1, mlIgGl tissue culture supernatant). Sections were incubated for 1 hr with a mixture of the
primary antibodies (diluted in 1% BSA/PBS) followed by incubation with Alexa488-conjugated goat
anti-mouse IgG2a (Molecular Probes, Leiden, The Netherlands), Cy5-conjugated goat anti-mouse IgG1
(Molecular Probes, Leiden, The Netherlands) and horseradish peroxidase-conjugated swine-anti-rabbit
Ig (Dako A/S, Glostrup, Denmark) in 1% BSA/PBS supplemented with 1% normal rat serum for 30
min. Horseradish peroxidase-conjugated swine-anti-rabbit Ig was detected using the TSA™
Tetramethylrhodamine System (PerkinElmer LAS, Inc., Boston, MA, USA). Nuclei were stained with
DAPI and sections were embedded in Citifluor (AF1, Agar Scientific Ltd., Stansted, UK). To validate
this four-color immunofluorescent staining protocol and check for potential crossreactivity of the
isotype-specific second-step antibodies, first single stainings for hPAP, SMA and CD45 were
performed on hPAP-transgenic F344 spleen sections.

Following a similar immunofluorescence protocol double staining for hPAP (polyclonal rabbit Ig) and
a-SMA (mouse IgG2a), and hPAP and RECA-1 (mouse IgG1, endothelium)[25] were performed on 5
um aortic graft cryosections. Binding of anti-hPAP antibodies was detected using FITC-conjugated
goat anti-rabbit Ig (Dako A/S, Glostrup, Denmark) whereas binding of a-SMA and RECA-1 antibodies
was detected using horseradish peroxidase-conjugated rabbit-anti-mouse Ig (Dako A/S, Glostrup,
Denmark) which was visualized using the TSA™  Tetramethylrhodamine System. All fluorescently
labeled sections were analyzed on a Confocal Laserscanning Microscope (TCS SP2, Leica,
Microsystems Nederland B.V., Rijswijk, The Netherlands).

RESULTS

Specificity a-hPAP staining

Since the hPAP-transgenic F344 rat model has not been used before to track (non)-BM-derived
VSMCs and ECs in neointimal lesions we first analyzed the specificity and sensitivity of our staining
method to detect hPAP-transgenic BM and vascular wall cells. As shown in Figure 1, both BM cells
(C) and medial VSMCs and ECs in non-injured aorta (D) from hPAP-transgenic F344 rats stained
positive for hPAP using an hPAP-specific polyclonal antibody. For comparison, BM cells (A) and
aortic tissue (B) from wildtype F344 rats did not react with the a-hPAP antibody. These results indicate
that this staining method is specific and sufficiently sensitive to detect hPAP-expressing BM and
vascular cells.

Development 4-parameter (CD45, SMA, hPAP, DNA) immunofluorescent staining protocol

To validate a four-parameter immunofluorescent staining protocol and check for potential cross-
reactivity of the isotype-specific second-step antibodies, single and triple stainings for hPAP, SMA and
CD45 were performed on hPAP-transgenic F344 spleen sections. Sections were incubated with one
primary antibody and then detected with a cocktail of three fluorochrome-labeled isotype-specific
second-step antibodies. As shown in Figure 2, mIgG1 a-CD45 was only detected with a-mIgG1-Cy5
(A-E), mIgG2a a-SMA was only detected with a-mIgG2a-Alexa488 (F-J), and rIgG a-hPAP was only
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detected with a-rIlgG TRITC (K-O). When incubating sections with a mixture of CD45, hPAP and
SMA primary antibodies, expression of all antigens could be demonstrated simultaneously (P-T). This
four-parameter immunofluorescent staining protocol was then used to determine the origin of
neointimal VSMCs and ECs in TA and ISR.

WT F344 R26-hPAP Tg F344
A C !

BM cells

non-injured
aorta

Figure 1. The a-hPAP staining is sufficiently sensitive and specific to detect hPAP-transgenic BM and vascular wall
cells. (A) BM cells (magnification x1890) and (B) aortic tissue (magnification x200, inset x630) from wildtype F344 rats
did not react with the a-hPAP antibody, whereas (C) BM cells (magnification x1890) and (D) medial VSMCs and ECs
(arrowheads inset) in non-injured aorta (magnification x200, inset x630) from hPAP-transgenic F344 rats clearly reacted
with the a-hPAP antibody. Abreviations: A: adventitia, M: media.

Neointimal VSMCs and ECs in TA are non-BM-derived

Since we previously showed non-BM origin of neointimal VSMCs and ECs in transplant
arteriosclerosis (TA) using allogeneic BM-chimeric rats [15;21], we first performed aortic allografting
in WT F344™C and R26-hPAPY" BM-chimeric rats to test our model system for specificity and
sensitivity of detecting (non)-BM-derived VSMCs and ECs in established neointimal lesions. Two
months after allografting both the WT-F344™C (Figure 3A and B) and R26-hPAP™" (Figure 3C and D)
had developed marked TA characterized by a neointima consisting of a packed layer of SMA" cells
covered by ECs at the luminal side. The neointimal cells in allografts transplanted in wild-type
recipients reconstituted with hPAP-transgenic BM (WT-F344™%) expressed SMA but colocalization
with hPAP-expression was not observed (0% BM-derived a-SMA™ VSMCs, Figure 3A). Also
neointimal ECs did not express hPAP (0% BM-derived RECA-1" VSMCs, Figure 3B). The BM-
derived hPAP" cells that were detected in the neointima, media and adventitia expressed CD45
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indicating that these cells were infiltrating leukocytes (data not shown). These results suggest a non-
BM origin of the neointimal ECs and VSMCs in established TA. Analyses performed on allografts
transplanted in hPAP-transgenic recipients reconstituted with WT BM (R26-F344"") confirmed this
premise as shown in Figure 3C and D. Virtually all neointimal SMA" (Figure 3C) and ECs (Figure 3D)
coexpressed the hPAP transgene indicating ~100% non-BM origin of these cells in TA. These data
confirm our previous observations and indicate that the hPAP-transgenic F344 rat model is sufficiently
specific and sensitive to detect (non)-BM-derived VSMCs and ECs in established neointimal lesions.

a-migG2a a-rigG a-migG1
Alexa488 TRITC Cy5

DAPI merge

Figure 2. Simultaneous detection of CD45, SMA, hPAP and DNA by immunofluorescent staining on hPAP-
transgenic F344 rat spleen. (A-E) Primary incubation with OX1 (a-CD45, mIgG1) and secondary incubation with a-
mlgG1-CyS5, a-mlgG2a-Alexa488, and a-rlgG TRITC. OX1 reacted with the lymphocytes present in the white pulp (WP)
and red pulp (RP) around the central arteriole (arrowhead) and was only detected with a-mIgG1-Cy5. (F-J) Primary
incubation with 1A4 (0-SMA, mlgG2a) and secondary incubation with a-mIgG1-Cy5, a-mlgG2a-Alexa488, and o-rlgG
TRITC. 1A4 reacted with the stromal cells present in the white pulp and medial VSMCs in the central arteriole (arrowhead)
and was only detected with a-mIgG2a-Alexa488. (K-O) Primary incubation with a-hPAP (rIgG) and secondary incubation
with a-mIgG1-Cy5, a-mlgG2a-Alexa488, and a-rlgG TRITC. a-hPAP reacted with all cells present in the white and red
pulp and was only detected with a-rlgG-TRITC. (P-T) Primary incubation with OX1, 1A4 and a-hPAP and secondary
incubation with a-mlIgG1-CyS5, a-mlgG2a-Alexa488, and a-rlgG TRITC. Expression of all antigens could be demonstrated
simultaneously. (magnification x200). Abbreviations: RP: red pulp, WP: white pulp, arrowhead: central arteriole.
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Presence of BM-derived hPAP" cells in ISR

Stenting of the BM-chimeric rats resulted in the development of extensive and maximal ISR after 4
weeks. In this model of ISR at earlier time-points only mild lesions (without SMA-positive VSMCs)
are present which are characterized by local thrombus formation around the stent struts with surface
adhering leucocytes (1 day) or thrombus-infiltrating leucocytes (3 days and 1 week). Figure 4 shows
representative photomicrographs of the histological appearance of the composition of the lesions in
developing ISR at 1 (A) and 3 days (B) and 1 (C) and 4 (D) weeks after stenting. Since the aim of this
study is to determine the (non)-BM origin of neointimal VSMCs in established ISR, stented aorta’s
were analyzed 4 weeks after stenting. After removal of the stents the neointima was still attached to the
luminal side of the aortic wall (Figure 5). Immunohistochemistry for hPAP-transgene expression
revealed the abundant presence of hPAP" cells in the adventitia (Figure 5A) and media (Figure 5B and
C) whereas the neointima contained a relatively low number of hPAP" cells (Figure 5B and 5C).

Neointimal VSMC:s in ISR are non-BM-derived

To determine the smooth-muscle-like phenotype of the BM-derived neointimal hPAP" cells in ISR
triple staining for hPAP, SMA and CD45 was performed. The neointima consisted primarily of SMA"
VSMCs whereas the media was devoid of SMA™ VSMCs after stenting (Figure 6B). Although the
neointima contained considerable numbers of BM-derived hPAP" cells (Figure 6C) the absence of
colocalization of hPAP and SMA expression was consistently observed in all animals analyzed (Figure
6E) indicating a non-BM origin of neointimal VSMCs in ISR (0% BM-derived SMA™ VSMCs).
Similar results were obtained for the neointimal ECs which were however only sparsely present due to
the mechanical removal of the stents (data not shown). Colocalization of hPAP and CD45 expression in
the neointima (Figure 6D and E), media (Figure 6D and E) and adventitia (Figure 7) indicate that the
BM-derived hPAP" cells in ISR were infiltrating leukocytes.

DISCUSSION
In the present study we determined the contribution of BM-derived cells in the development of ISR and
TA after respectively experimental stenting and aortic transplantation in rats. In both models no BM-
derived neointimal SMCs and ECs were detected and the few neointimal hPAP™ BM-derived cells
turned out to be CD45" infiltrating leukocytes. We conclude that vascular cells originating from the
BM are not part of established neointimal lesions in both TA and ISR. Although the origin of
neointimal cells has gained considerable interest in the last decade, only a few studies have been
reported on the origin of neointimal SMCs after stenting[17-19] [20]. Identification of the anatomical
origin of the cells involved in development of ISR is of clinical importance since this may elucidate
new targets that can be used for therapeutic intervention in order to prevent or reduce development of
ISR. A putative source is the bone marrow. It is generally accepted that the BM contains hematopoietic
and mesenchymal stem cells which have the ability of self-renewal and which can differentiate into a
variety of cell types including SMCs [8;9]. Furthermore, the human peripheral blood contains CD34"
SMC progenitors[26] and therefore the BM is a putative source of SMCs involved in the development
of ISR. In line with this, increased frequencies of circulating CD34" cells were detected after coronary
stenting [17] and which was found to correlate with the late lumen loss i.e. ISR in stented patients[27] .
Not only numerical differences but also the differentiation fate of progenitor cells appear to correlate
with the development of ISR[17]. Mononuclear cells isolated from patients with and without ISR
preferentially differentiated into a-SMA " and endothelial-like cells in vitro respectively, indicating that
differentiation in favor of SMCs may predispose for ISR[17]. Despite these correlative studies direct
evidence of involvement of BM-derived cells in the development of ISR has not been reported. In
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clinical ISR it is furthermore hard to discriminate between potential BM-derived cells that appeared
after stenting or that were already present in the vicinity of the stenotic area before stenting[17;20].

__A | 2 5

Figure 4. Kinetics of the development of ISR after experimental stenting in rats. (A) 1 day after stenting: local
thrombus formation around the stent struts (asterisk) with surface adhering leucocytes (arrows). Toluidine blue staining,
magnification x200. (B) 3 days after stenting: local thrombus formation around the stent struts (asterisks) with an increased
number of infiltrating leucocytes (arrowheads). Toluidine blue-basic fuchsin staining, magnification x200. (C) 1 week after
stenting: organized thrombus with surface-adherent leucocytes (arrows) and increased leucocyte infiltration (arrowhead).
Toluidine blue-basic fuchsin staining, magnification x200. (D) 4 weeks after stenting: stent struts (asterisk) are completely
covered by neointima which mainly consist of VSMCs and extracellular matrix with the absence of large numbers of
infiltrating leucocytes. Elastica van Gieson staining, magnification x200. Abbreviations: A: adventitia, M: media, NI:
neointima.

In our model[22] no atherosclerosis is present at the time of stenting and therefore allows analysis of
the direct effect of stenting on the recruitment of BM-derived cells and the development of ISR as
reported in this article. However, in human atherosclerosis it has been shown that in atherosclerotic
plaques about 10% of the intimal cells is derived from the BM[13]. In case these BM-derived cells are
a main source for the SMA™ VSMCs in ISR after stenting of the atherosclerotic lesion, pre-existing
atherosclerosis might result in a higher percentage of BM-derived VSMCs in ISR than observed in our
study without the presence of pre-existing atherosclerosis. Recently, cells expressing stem cell antigens
like CD34, c-kit[18-20]and AC133 have been shown to be present in ISR albeit at low levels (maximal
~11%). Taking into account the indirect way of detecting putative BM-derived cells in these studies,
our data are in fact quite similar and support the previously published data that the BM compartment is
only marginally involved in the development of established ISR if involved at all. Although the BM
has been shown to harbor potential to provide cells that contribute to neointimal formation in various
models for vascular injury other than ISR the actual contribution of these cells is relatively
low[11;12;28]. We and others indeed showed that a non-BM source predominantly provides the cells
involved in neointimal formation in restenosis and TA[11;14;15]. A potential explanation for the
differences in the contribution of BM-derived cells between previous reports[11;12;28] and the current
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study is the severity of vascular injury since BM contribution in neointimal formation appears to be
dependent on the severity of endovascular injury[11;21].

a; Ly AT A - pr =

Figure 5. BM-derived hPAP" cells are present in ISR. Stenting was performed in hPAP-transgenic BM chimeric
rats and analyzed 4 wks after stenting. Photomicrographs of neointima formed in stented aorta immunostained for hPAP
(red-brown) and counterstained with hematoxylin. Few BM-derived hPAP" cells are present in the neointima (arrows, B and
C), whereas hPAP" cells are abundantly present in the adventitia (asterisks, B and C). Arrowheads indicate the internal
elastic lamina. Magnification: A: x20; B & C: x200 Abreviations: Adv: adventitia; M: media; NI: neointima.

Figure 6. Neointimal BM-derived cells in ISR represent inflammatory cells but not VSMCs. Triple
immunofluorescence staining for (A) Nuclear staining, (B) SMA (VSMCs), (C) hPAP (BM-derived cells) and (D) CD45
(Leukocyte Common Antigen, inflammatory cells). (E) Merged image of A, B C and D showing no colocalization of hPAP
(red) and SMA (green) expression and colocalization of hPAP (red) and CD45 (dark blue) expression (magnification x630).
Inset shows high-power magnification of hPAP™ neointimal VSMCs (magnification x1890). Abreviations: M: media; NI:
neointima.
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DA — WT F34479 DA — R26-hPAPWT

Figure 3. Neointimal VSMCs and ECs in TA are non-BM-derived. DA aortic allografts were transplanted in WT
F344™ (hPAP BM chimeric F344 wild-type rats; A and B) and R26-hPAP“" (wild-type BM chimeric R26-hPAP
transgenic rats; C and D) recipients and analyzed 2 months after transplantation. (A) Neointimal SMA" VSMCs (red) do not
express hPAP (magnification x630). (B) RECA-1" ECs (red) do not express hPAP (magnification x630). Insets show high-
power magnifications of neointimal VSMCs (A; magnification x1890) and ECs (B; magnification x2520) that do not
express hPAP. (C) Colocalized expression of SMA (red) and hPAP (green) in neointimal VSMCs (magnification x630). (D)
Colocalized expression of RECA-1 (red) and hPAP (green) in neointimal ECs (magnification x630). Insets show high-
power magnifications of hPAP" neonitimal VSMCs (C; magnification x1890) and ECs (D; magnification x2520).
Abreviations: M: media; NI: neointima.

Figure 7. Adventitial BM-derived cells in ISR represent inflammatory cells. Triple immunofluorescence staining for
(A) Nuclear staining, (B) SMA (VSMCs), (C) hPAP (BM-derived cells) and (D) CD45 (Leukocyte Common Antigen,
inflammatory cells). (E) Merged image of A, B, C and D showing colocalization of hPAP (red) and CD45 (dark blue)
expression (magnification x630). Inset shows high-power magnification of hPAP" inflammatory cells (magnification
x1890).
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However, we believe that our experimental model of ISR in rats also produces solid mechanical
endovascular injury as measured by the injury scores as reported previously [22] which makes
differences in severity of endovascular injury a less likely explanation for the observed differences in
BM contribution. In this study we for the first time clearly demonstrate that in experimental ISR in rats
the neointimal VSMCs are derived from a non-BM source. The BM thus plays a minor role in the
development of established ISR. However, our results do not exclude the possibility that early after
stenting BM-derived cells are recruited to the injured vascular wall and create a microenvironment in
which local progenitor cell niches are activated and mobilized by BM-derived cells in a paracrine
fashion. Localized progenitor cell niches in the media[29] and the adventitia[30;31]of the vascular wall
have been recently identified. Furthermore, isolated adventitial Sca-1" progenitor cells were shown to
differentiate into VSMC:s in vitro, but also to contribute to the development of atherosclerotic lesions in
vivo[30]. The contribution of vascular wall-derived progenitor cells in the development of ISR and TA
is as yet unknown but is currently under investigation.

In conclusion, non-BM-derived cells are the predominant source of neointimal cells in ISR and TA.
Vascular wall-derived progenitor cells may rather be the source of SMCs that contribute to ISR and TA
which may have implications for our quest for new therapeutic targets to treat these vasculopathies.
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ANGIOTENSIN IT AND ANGIOTENSIN II TYPE 1 RECEPTOR BLOCKADE

ABSTRACT

Aim: To evaluate the effect of supraphysiological levels of angiotensin II and selective angiotensin II
type 1 receptor (ATI1-receptor) blockade on neointimal formation and systemic endothelial function
after stent implantation in the rat abdominal aorta.

Methods: Male Wistar rats were randomized to one of three groups; control(n=8), angiotensin II
infusion (n=9, 200ng/kg/min), or candesartan cilexetil (n=8,AT1-receptor blocker: rats received 14.4
mg*kg-1*day-1). Stents were implanted in the abdominal aorta. Histological analyses were performed
at 4 weeks. Endothelial function was determined in isolated thoracic aortic rings. Results: Neointimal
area was increased in the angiotensin II treated group versus the control group, 0.88 mm?®+0.21 versus
0.66 mm’£0.16 (p<0.05). Neointimal thickness was 171pum +44 in angiotensin II treated animals and
120um£25 in the control group (p<0.05). In addition, endothelial function was attenuated in
angiotensin II treated animals (P=0.01). Candesartan cilexetil treatment did not result in reduction of
neointimal area and did not reduce neointimal thickness compared to the control group. Candesartan
had no effect on endothelial function. Conclusions: Supraphysiological levels of angiotensin II
aggravates neointimal formation in the stented rat abdominal aorta, and in parallel decreases
endothelial function. AT1-receptor blockade does not reduce neointimal formation in rats without
supraphysiological angiotensin II levels.
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INTRODUCTION

The renin-angiotensin system. has been implicated in the pathophysiology of in-stent restenosis (1).
Angiotensin II (Ang II) Type 1 (AT1)-receptors are found abundantly on smooth muscle cells derived
from human in-stent restenotic lesions and Ang II induces vascular smooth muscle proliferation
through the activation of mitogen-activated protein kinase (2;3), and elevated Ang II levels aggravate
neointimal formation after vascular injury (4). Several large trials investigated the effect of
Angiotensin Converting Enzyme (ACE)-inhibitors on restenosis after angioplasty and stenting, but
found no reduction in restenosis (5;6). This inefficacy of ACE-inhibitors to reduce restenosis has been
attributed to inadequate tissue ACE inhibition and the existence of alternative pathways of Ang II
formation, such as chymase (7-9). Alternative approaches, using direct inhibition of Ang II using AT1-
receptor blockers reduced restenosis after vascular injury in the rat carotid model(10;11). However,
clinical trials with AT1-receptors blockers this far have shown no effect (12;13). Considering the
discrepancy between animal research and clinical trials we hypothesized that supraphysiological Ang II
levels are needed for Ang II mediated neointimal formation. Accordingly, the effect of candesartan
cilexetil (a selective ATl-receptor blocker) in the setting of in-stent restenosis in rats with
physiological levels of Ang Il was determined. Restenosis after balloon injury is explained by negative
arterial remodeling (shrinkage) and also by neointimal formation, while restenosis after stenting
depends only on neointimal formation(14-16). To confirm the role of the renin-angiotensin system in
the setting of in-stent restenosis, we also determined the effect of Ang II infusion. We assessed the role
of Ang II infusion and candesartan treatment on endothelial function in relation to neointimal
formation.

METHODS

All procedures conformed to the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Stent implantation was
performed in thirty rats. Overall mortality was approximately 17%. Most animals died either of
perforation or thrombosis of the aorta immediately following stenting.

Animal Protocol

This study was approved by the animal care and use committee of the University of Groningen. Male
Wistar WU rats (Charles Rivers) weighing 450 to 520 g were anesthetized with O,, N,O, and isoflurane
2% (Abbot B.V.). Premounted, 2.5 x 8 mm, bare metal stents (Lekton Motion Petite, Biotronik) were
implanted in the abdominal aorta as described previously (17). There were 3 groups: control group,
Ang II infusion group and candesartan-treated group. In candesartan-treated animals normal rat chow
was mixed with candesartan(10 mg-kg—'-day—") and administrated ad libitum starting one week before
stent implantation. The concentration of candesartan in the diet was 0.25mg-g—'. Baseline weight,
weight at 4 weeks and daily oral intake were measured in the candesartan-treated group. Rats in the
Ang II infusion group received an osmotic minipump (Model 2004; Alzet) subcutaneously for Ang II
delivery (200 ng/kg per minute) after the stent implantation. Blood pressure was measured serially
(0,1,7,14 and 28 days after stent implantation) under general anesthesia using an
electrosphygmomanometer in the tail of the rat. After 28 days, animals were anesthetized and
heparinized with 500 IU intravenously (Leo Pharma B.V.). Abdominal aortas were harvested, fixed,
embedded in methylmetacrylate, sectioned, and stained for histological analysis. The thoracic aortas
were quickly excised and mounted in organ baths to assess endothelial function.
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Histology

Histomorphometrical analysis was performed on Lawson-stained sections by measurements of the
proximal, middle, and distal parts of each stent. To assess neointimal formation, areas within the
external elastic lamina, internal elastic lamina, and lumen were measured using digital morphometry by
means of an Olympus BX-50F4 microscope, an Olympus c-3030 zoom digital camera and Olympus
DP-Soft version 3.0 software (Olympus, Tokyo, Japan). The neointimal area, media area, lumen area,
and the percentage of stenosis were calculated as described previously (18).The injury scores were
assessed as described by Schwartz et al and Kornowski et al (19;20) .

N-terminal Atrial Natriuretic Peptide
Concentrations of N-terminal atrial natriuretic peptide (N-ANP) in plasma were measured with an
commercially available radioimmunoassay from Biotop (Oulu, Finland) as described previously (21).

Organ Bath Studies With Isolated Aortic Rings

Organ bath studies were performed as described previously(22;23). In brief, periaortic tissue was
removed and rings of 2 mm in length were cut and rings were connected to an isotonic displacement
transducer. After stabilization, during which regular washing was performed, rings were checked for
viability by stimulation with phenylephrine (10 pmol/L). Rings were washed and restabilized. Rings
were precontracted with phenylephrine (10 pmol/L). The endothelium-dependent vasodilation was
assessed by a cumulative dose of metacholine (10nmol/L to 10 pmol/L). Endothelium independent
vasodilation was assessed by a cumulative dose of nitroglycerine in parallel rings. Vascular
responsiveness to Ang II (0.1 nmol/L to 1 pumol/L) was assessed in parallel rings as described
previously(24).

Statistical methods
Data are expressed as mean +SD unless specifically stated otherwise. Comparison of means was
determined by ANOVA with Bonferonni correction for multiple comparisons. All P-values were two-

tailed, and a P-value of <0.05 was considered statistically significant. Analyses were performed using
SPSS software (SPSS version 12.0, Chicago, IL, USA).

RESULTS
Candesartan dose
Baseline weight (mean+SD) was 474 gram +£30,weight at 4 weeks was 510+£34 and daily oral intake
was 28+0.7. The mean candesartan dose received over the 4 week period was calculated to be 14.4
mg-kg—'-day—".

Histological analysis

Histomorphometric measurements are presented in Table 1. Stent expansion, expressed as the internal
elastic lamina area and injury score was similar among groups. In Ang II infused animals, neointimal
area (Figure 1) and neointimal thickness were significantly increased. Candesartan treatment did not
change neointimal area or neointimal thickness compared to the control group. Representative
photomicrographs of stented abdominal aortas of the three groups are shown in Figure 2.
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Table 1. Neointimal formation.

Variable A (N=B) B (N=9) C (N=8) P-value

Mean injury score 0.06+0.08 0.11+0.13 0.08+0.19 P=1.00/P=1.00

Neointimal area 0.66+0.16 0.88+0.21 0.71+0.14 P=0.048/P=1.00

Neointimal thickness(pum) 120£25 171+44 132+32 P=0.019/P=1.00

Media area(mm?) 0.29+0.06 0.30+0.05 0.30+0.04 P=0.86/P=1.00

Internal elastic lamina area(mm?)  3.79+0.39 3.59+0.22 3.68+0.38 P=1.00/P=1.00
A=Control B=Angiotensin II C=Candesartan (A:B/A:C)

Endothelial Function

The effects of Ang II infusion and candesartan treatment were examined in thoracic aorta rings.
Endothelium-dependent relaxation was decreased in the Ang II group compared tot the control group
(Figure 3). Candesartan did not change endothelial-dependent vasodilatory response to metacholine.
Endothelial-independent vasodilatory response to nitroglycerine did not differ among groups and are
shown in Figure 4.

Effectiveness of Ang II delivery and Ang II type 1 receptor blockade.

Blood pressure was increased in the Ang II group and decreased in the candesartan-treated group
(Table 2). N-ANP levels were raised (p=0.05) in the Ang II group as compared to the control group
(1.71£0.22, versus 1.21+0.14). Candesartan did not change N-ANP levels (1.10+£0.21, p=1.00)
compared to the control group. Ang II was notably blocked in the candesartan group (Table 2).

Table 2. Effect of Angiotensin II (Ang II) and candesartan on vascular responsiveness to Ang II and blood pressure.

Variable #=candesartan started 7 days A (N=8) B (N=9) C (N=8) P-value

before stent-implantation

Baseline blood pressure (mmHg) 97+8.0 93+14 74+11 # P=1.00/P=0.002

Mean blood pressure (mmHg) 99+11 148+20 76+11 P=0.001/P=0.001

Maximum Ang II response (%PE) 37£10% 38+£8% 1.0+£2% P=1.00/P=0.001
A=Control B=Ang II C=Candesartan (A:B/A:C)

42



ANGIOTENSIN IT AND ANGIOTENSIN II TYPE 1 RECEPTOR BLOCKADE

P|=1 .00
P=0.048
1.0 1
& 08
£
E
© _
o 06
@
©
E 04
£
o]
2 02-
0.0 -
mmmm Control
= Angiotensin I| Z
mmm Candesartan i 125 ym

Figure 1: Neointimal area is significantly higher in the Figure 2 Photomicrographs of stented abdominal

Ang II group (grey bar) compared to the control group aortas showing the neointima, internal elastic
(black bar), but neointimal area in the candesartan treated lamina , external elastic lamina, stent struts
group (dark grey bar) is not significantly lower compared (blank spaces in vessel wall) and media: A

to the control group. and B(control),C and D(Ang II infused)

E and F(candesartan-treated, x40 and x400).

DISCUSSION
In the present study, we examined the effect of high serum Ang II levels and Ang II type 1 receptor
blockade on neointimal formation in a rat abdominal aorta stenting model. Increased Ang II levels
increased neointimal area and thickness. Ang II also increased blood pressure. In contrast, Ang Il type
1 receptor blockade did not reduce the neointimal area or thickness. Endothelial function decreased in
the Ang II group, but did not change in the candesartan group.

Effect of candesartan on in-stent restenosis

The effect of candesartan on neointimal formation in this study seemingly conflicts with earlier studies
performed in the rat carotid balloon injury model where a reduction in neointimal formation after
treatment with AT1-receptor blockers was observed (25;26). However, balloon injury and stenting have
different mechanism of restenosis as demonstrated in different animal models and in humans.
Restenosis after balloon injury is explained by negative arterial remodeling (shrinkage) and also by
neointimal formation, while restenosis after stenting depends only on neointimal formation(27-29).
Sustained chemokine expression and leukocyte recruitment indicate that inflammation is more
prominent after stenting (30). Anti-inflammatory properties of AT1-receptor blockers after balloon
injury in the femoral artery have been reported, but are still unknown after stenting(31).
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Figure 3: Effect of stenting (mean, SEM) on Figure 4: Effects of stenting (mean, SEM) on

endothelial-dependent vasodilatation of the thoracic =~ endothelial-independent vasodilatation of the
aorta. Ang II infusion decreased metacholine induced thoracic aorta. No differences existed in

vasodilation of phenylephrine-precontracted aortic nitroglycerine induced vasodilatation of

rings compared to control (p=0.01). Candesartan phenylephrine-precontracted aortic rings in the
treatment did not change metacholine induced three groups (control versus Ang I p=1.00,
vasodilation of phenylephrine-precontracted aortic control versus candesartan p=0.20).

rings compared to control (p=0.25). PE indicates PE indicates phenylephrine; NTG indicates
phenylephrine; ME indicates metacholine. nitroglycerine.

Only two previous studies examined the effect of AT1-receptor blockade on neointimal formation after
stent implantation; their results were conflicting. Huckle et al. found no reduction of neointimal
formation in the coronary artery of pigs, while Ohtani et al. found a reduction of neointimal formation
in the iliac arteries of cynomolgus monkeys, and in the common carotid arteries of rabbits(32;33). An
important limitation of the study of Othani et al. was the omission of injury scores, an important factor
influencing neointimal formation. The groups in the study of Huckle et al. had equal injury scores,
making the groups well comparable(34). So the question should be raised whether the effect of
systemic AT1-receptor blockage on restenosis in the balloon injury model can be extrapolated to the
different process of in-stent restenosis, because most preclinical studies done in an angioplasty setting
are successful in reducing neointimal formation while results in studies evaluating the effect on in-stent
restenosis are not so clear. This question is justifiable by the fact that most trials with AT1-receptor
blockers have shown no effect of AT1-receptor blockade on in-stent restenosis(35;36). Only Yoshida et
al. found a reduction of neointimal formation (using intravascular ultrasound) after candesartan
compared to placebo treatment in clinically stable patients(37). However, this study suffered some
methodological difficulties. In the candesartan group up to 47% of the patients received a Multi-Link
stent, whereas only 28% of the control group did. This bias is important because Multi-Link stent
designs are known to be associated with decreased neointimal formation(38). In addition, in the study
of Yoshida et al. the clinical variables of restenosis rate and target lesion revascularization did not
differ between the two groups. There could be several other explanations for the lack of effect of the
ATl-receptor blocker on in-stent restenosis in this study. Inadequate dosing would be the most
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important one. The rats in this study however received a higher dosis of candesartan than in the balloon
injury models(39;40). A second explanation could be inadequate tissue levels of candesartan. However
the aortic rings in the candesartan treated rat showed no response on Ang II indicating high tissue
levels of candesartan (Table 2). Furthermore the rats were pretreated before stent implantation to
increase local tissue levels at an early stage after the stenting injury. Thirdly mechanical stretch can
stimulate AT 1-receptors without the involvement of Ang II. However, candesartan is an inverse agonist
which has been shown to inhibit AT1-receptor stimulation by mechanical stretch (41). Therefore, AT1-
receptor stimulation by mechanical stress is likely to have been blocked by candesartan in this study.
Fourthly, we only used a limited number of rats per group, leaving the possibility that we missed small
sized effects on our primary endpoint. Considering the standard deviation, post-hoc calculation of the
detectable alternative is approximately 0.22 mm2 (based on a power of 0.8 and an alpha of 0.05).
Considering the observed non-significant difference of 0.05 mm?2 between candesartan treated animals
versus controls, we will need to study at least 142 animals per group to detect such a small
difference(42).

Effect of high levels of Ang II on in-stent restenosis

We showed that high levels of Ang II can induce neointimal formation. We found also a diminished
endothelial function in rats treated with Ang II. The positive correlation between endothelial
dysfunction and increased neointimal formation found in this study after Ang II infusion is known
(43). One link which could explain the parallel effects of Ang II on endothelial function and neointimal
formation is oxidative stress. Ang I can induce oxidative stress by the NAD(P)H oxidase system and
this Ang II induced oxidative stress has been linked to endothelial dysfunction (44;45). The endothelial
dysfunction however may also be indirectly caused by hypertension which was observed in the Ang II
treated rats. We do not think that blood pressure affected neointimal formation since hypertension is
not a risk factor for in-stent restenosis(46).

In conclusion, candesartan does not decrease neointimal formation after stent implantation, however
high levels of Ang II can increase neointimal formation after stenting and lead to an impairment of
endothelial function. It could be that AT1-receptor stimulation by Ang II is not a major contributor to
in-stent restenosis and only high doses lead to neointimal formation. This is supported by our finding
that in normal rats without any prior activation of the renin-angiotensin system high dose AT1-receptor
blockade does not lead to a reduction in neointimal formation. The current study only examined
systemic AT1-receptor blockage, limited by its systemic side-effects like hypotension. However, local
delivery could allow even higher dosing, and should be a focus of future studies. Data of Wilson et al.
and Taguchi et al. has suggested that high local dosing of ATI-receptor blockers might be a more
successful approach for reducing neointimal formation compared to systemic delivery(47;48). Wang et
al. used drug-eluting stents for high local delivery of valsartan and found reduced neointimal formation.
Interestingly they found an increase in AT2-receptor expression(49). It has been suggested that AT2-
receptor stimulation has anti-inflammatory and anti-proliferative effects beneficial beneficial for the
reduction of neointimal formation and that AT1-receptor blockers can stimulate AT2-receptors (50;51).
Besides AT2 receptor stimulation, future studies could also focus on alternative ways of renin-
angiotensin modulation such as stimulation of the production of Ang 1-7 or alternatively stimulation of
the kinin system (52-54).
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Treatments of patients with combination therapy (ACE-inhibition and AT1-receptor blockade) might
employ these mechanisms. ACE-inhibitors would stimulate kinin production and ACE-inhibitors and
ATl1-receptors would work synergistly to increase Ang 1,7(55;56). One study by Kim et al. showed in
rabbits that combination therapy of ACE-inhibitors and AT1-receptor blockers was more effective in
reducing neointimal formation compared to ACE-inhibitors and AT 1-receptor blockers alone (57).
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ROSUVASTATIN ATTENUATES NEOINTIMAL FORMATION

ABSTRACT

Aim: Drawbacks of current drug-eluting stents include inhibition of reendothelialization, induction of
abnormal coronary endothelial function, and, most important, late in-stent thrombosis. Statin treatment
might be a more subtle approach, with known beneficial vascular effects. We investigated the efficacy
of oral rosuvastatin treatment to reduce in-stent neointimal formation, both in the absence and presence
of high levels of the pro-proliferative substance Angiotensin II (Ang II). Methods: Wistar rats were
allocated to 4 treatment groups by two consecutive randomization steps: one to allocate rosuvastatin
0.047% (wt/wt) supplemented rat chow, and one to implant an osmotic minipump releasing Ang II
(200ng/kg). Stents were implanted in the abdominal aorta in all groups. After 4 weeks, in-stent
neointimal formation and vascular function in the thoracic aorta was determined. Results: In the
absence of Ang II, rosuvastatin reduced neointimal formation by 23% as compared to control
(0.66%0.06 versus 0.51+0.02 mm?; P<0.05). The presence of Ang II enhanced neointimal area by 30%.
This was inhibited to the same extent by rosuvastatin (0.88+0.06 mm? versus 0.67+0.03; P<0.05). In
parallel, rosuvastatin improved endothelial dependent vasodilatation, both in the presence and absence
of high levels of Ang II. Conclusions: Ang II infusion increases in-stent neointimal formation and
decreases endothelial function. We now provide evidence that rosuvastatin effectively inhibits in-stent
neointimal formation and in parallel improves endothelial dilator function, both in the presence and
absence of high Ang II levels.
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INTRODUCTION

Restenosis after stent implantation is mainly caused by neointimal formation: a pronounced hyperplasia
of vascular smooth muscle cells that renarrows the vessel. This process is prompted and propagated by
endothelial denudation, thrombus formation, and inflammation.(1) Stents coated with the cytostatic
agents such as sirolimus and paclitaxel inhibit neointimal formation and reduce clinical restenosis.(2;3)
Unfortunately, drawbacks with such stents include inhibition of reendothelialization(4;5), induction of
abnormal coronary endothelial function distal to the site of sirolimus-eluting stents(6;7) and, most
important, late in-stent thrombosis.(8;9) Now that the initial studies prove that drug-coated stents are
promising, the search for more subtle pharmacotherapy has begun. To this end, the ubiquitously used
group of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)-reductase inhibitors, or statins, might
be an interesting drug class to study more specifically in a stent restenosis model. Although originally
developed to reduce plasma cholesterol levels, the benefit of statins is additionally ascribed to
pleiotropic effects, including improvement of endothelial function and reduction of tissue activation.
The positive effect of statins on endothelial function in patients with coronary artery disease is well
established.(10) (11)

With respect to tissue activation, statins might intervene in the pathophysiological processes of in-stent
restenosis by several other mechanisms: statins reduce platelet activation, accelerate
reendothelialization, and consequently reduce thrombus formation. Furthermore, statins attenuate
inflammatory responses, reduce oxidative stress, and inhibit vascular smooth muscle cell migration and
proliferation.(12) Within the plethora of activating processes, the inhibitory effects of statins on
angiotensin II (Ang II) signalling, e.g. by downregulation of the Ang II type 1 receptor(13), represents
a potentially beneficial pharmacological platform to intervene in-stent restenosis and endothelial dilator
function. However, they have not been investigated in this context. We hypothesize that statin therapy
inhibits in-stent restenosis and improves endothelial dilator function. Additionally, we hypothesize that
statin therapy is effective in the presence of high levels of Ang II.

METHODS

Animal Protocol

40 male Wistar rats (Charles-River) each weighing 450 to 520 g received regular rat chow during a
run-in period of 2-3 weeks. Thereafter, animals were randomly divided into 2 groups, one group
continued to receive regular rat chow, the other group received the same chow, but supplemented with
0.047% (wt/wt) rosuvastatin, selected to deliver 20 mg/kg per day based on food intake, as described
previously.(14) Rosuvastatin was provided by AstraZeneca. After one week of pre-treatment all rats
were anesthetized with O,, N,O, and isoflurane (Abbot B.V.) and a premounted 2.5 x 8§ mm bare metal
stent (lekton motion petite, Biotronik) was implanted in the abdominal aorta as described
previously.(15;16) In addition, both groups were divided into 2 subgroups of which one received an
osmotic minipump subcutaneously with a pumping rate of 0.25 pL per hour lasting for 4 weeks (Model
2004; Alzet) to receive Angiotensin II (500 ng/kg per minute). Systolic blood pressures and heart rates
were measured under anesthesia with an electrosphygmomanometer after rats were prewarmed for 20
minutes. Animals had free access to water and food. Food intake and body weight were monitored
throughout the study.

After 4 weeks, animals were anesthetized and heparinized with 500 IU intravenously (Leo Pharma
B.V.), euthanased without recovery, and abdominal aortas harvested, fixed, embedded in
methylmetacrylate, sectioned, and stained for histological analysis. The endothelial function was tested
in isolated thoracic aortic rings.(17) This study was approved by the animal care and use committee of
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the University of Groningen and performed in accordance with the Guide for the Care and Use of
Laboratory Animals.

Histology

Histomorphometrical analysis was performed on Lawson stained (modified Elastica von Giesson)
sections by measurements of the proximal, middle, and distal part of each stent. To assess neointimal
formation, areas within the external elastic lamina, internal elastic lamina, and lumen were measured
using digital morphometry. The neointimal area, media area, lumen area, and the percentage of stenosis
were calculated.(18) A semiquantitative injury score was determined according to the method described
by Schwartz et al.(18) Surface adherent leucocytes were counted at x400 magnification and expressed
as cells/field. To assess a single measurement for each stent, the mean values of the proximal, middle,
and distal sections were calculated.

Organ Bath Studies With Isolated Aortic Rings

Vascular measurements were performed as described previously.(17) In brief, periaortic tissue was
removed from the aorta, and rings of 2 mm were cut. Rings were connected to an isotonic displacement
transducer at a preload of 14 nmol/L in an organ bath containing Krebs solution, pH 7.5, containing (in
mmol/L): 120.4 NaCl, 5.9 KCl, 2.5 CaCl,, 1.2 MgCl,, 1.2 NaH,POy, 11.5 glucose, and 25.0 NaHCOs at
37°C and continuously gassed with 95% O, and 5% CO,. After stabilization, during which regular
washing was performed, rings were checked for viability by stimulation with phenylephrine (1
mmol/L).

Rings were washed and restabilized. Sets of rings were precontracted with phenylephrine (1 mmol/L).
The endothelium-dependent vasodilation was assessed by a cumulative dose of methacholine (10® to
10 mmol/L). In parallel rings, endothelium-independent vasodilatation was assessed by a cumulative
dose of nitroglycerine (10” to 10 mmol/L). Drugs were purchased from Sigma-Aldrich.

N-terminal Atrial Natriuretic Peptide
Concentrations of N-terminal atrial natriuretic peptide (N-ANP) in plasma were measured with
commercially available radioimmunoassays from Biotop (Oulu, Finland) as described previously.(19)

Statistical Methods

Data are expressed as means + SEM. Statistical analysis between groups was performed by a Student’s
t test. Differences in dose-response curves between groups were tested by ANOVA for repeated
measurements using Greenhouse—Geisser correction for asphericity. All P-values were two-tailed, and

a P-value of <0.05 was considered statistically significant. All analyses were performed using SPSS
version 12.0 software (SPSS, Chicago, IL, USA).

RESULTS

Determined from food consumption the average rosuvastatin intake was 25.9+2.24 mg/kg/day per day.
Consistent with previous studies(20) chronic Ang II infusion significantly increased systolic blood
pressure at 1, 2 and 4 weeks (1 week 13314, 2 weeks 1406, 4 weeks 165£9 mm Hg) compared to
animals not receiving Ang II (1 week 10443, 10143, 9844, all P<0.001 versus Ang II infusion). In
addition, 4 weeks of Ang II infusion resulted in a significantly higher plasma level of the cardiac load
marker N-ANP (1.69£0.18 in Ang II versus 1.19+£0.08 in controls; P<0.05). We did not observe an
influence of rosuvastatin treatment on either blood pressure or N-ANP levels.
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Effect of rosuvastatin and Ang II on neointimal formation

A neointima was present in all stented animals after 28 days. Representative photomicrographs of
stented abdominal aortas of the four groups are shown in figure 1. Injury score and stent expansion,
expressed as the area within the internal elastic lamina (IEL), were equal among the four groups.
Histomorphometrical data are presented in table 1.
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Figure 1. Photomicrographs of Lawson— stained sections of rat abdominal aortas. A and B, aorta from control rat. C and
D, from Ang II infused rat, G and H, aorta from an Ang II infused rat treated with rosuvastatin. (40 and 400x, respectively).

Furthermore, we did not observe differences in vascular media areas. Neointimal area was significantly
decreased by 23% in rosuvastatin treated animals compared to controls (figure 2). In addition,
neointimal thickness was significantly reduced by 19% in rosuvastatin treated animals (table 1). In the
presence of Ang II, rosuvastatin treatment significantly decreased neointimal area by 24% (figure 2)
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and neointimal thickness by 24% (table 1), both to a relatively similar degree as in the absence of Ang
II. There was a non-significant reduction in the number of surface adherent leukocytes in rosuvastatin
treated animals compared to controls and the number of surface adherent leukocytes was significantly
decreased in animals treated with rosuvastatin-treated animals which were exposed to Ang II treatment
compared to Ang II controls (figure 3).

The effects of Ang II infusion on vascular function with or without rosuvastatin treatment were
examined in thoracic aortic rings. Precontractions to phenylephrine did not differ among groups.
Rosuvastatin treatment resulted in significant improvement of endothelium-dependent vasodilatation
both in the presence and in the absence of Ang II infusion (P<0.05; figure 4a). The relaxation after
administration of endothelium-independent vasodilator nitroglycerine was equal in all groups (figure
4b).

Table 1. Histomorphometrical data

Variable Stent Stent+ P Stent+Angll Stent+Angll+ P
(N=8) Rosuvastatin (N=9) Rosuvastatin
(N=8) (N=10)

IEL Area (mm®) 3.79£0.14  3.51%£0.07 NS 3.59£0.07 3.52+0.09 NS
Media Area (mm®)  0.29+0.02  0.27+0.01 NS 0.30+0.02 0.32+0.01 NS

Neointimal 119.949.0 97.3+4.2 <0.05 171.3+14.5 129.9+4.5 <0.05

Thickness (um)

DISCUSSION

The present study demonstrates that rosuvastatin reduces the development of neointimal formation after
stent implantation in rats. Furthermore, Ang II infusion enhanced neointimal formation, which was also
reduced by rosuvastatin treatment to a similar extent as in the absence of Ang II infusion. In parallel,
Ang II increased surface adherent leucocytes and decreased endothelium dependent vasodilatation.
Rosuvastatin decreased these surface adherent leukocytes and improved endothelium dependent
vasodilatation. These results show that reduction of neointimal formation by rosuvastatin treatment is
related to improvement of endothelial function. Although numerous studies on neointimal formation
after balloon injury have been published, only limited information is available on the efficacy of statin
treatment in reducing neointimal formation after stent implantation. Two previous reports have
suggested that statin treatment reduces neointimal formation after stent deployment.(21;22) We used a
different statin in a different animal model, but have obtained similar results. In addition, we studied
statin treatment in the presence of high levels of Ang II, and assessed whether improvement of
neointimal formation is paralleled by improvement of systemic endothelial functioning. The exact
molecular mechanisms that underlie these associations cannot be deduced from the current or previous
studies. It is conceivable that an improvement in endothelial function may have mediated the decreased
neointimal formation.
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Figure 2. Neointimal area (mm?) in the four Figure 3. Surface adherent leukocytes in the
groups. Rosuvastatin reduces neointimal for- four groups.

mation and also reduces Ang II induced
neointimal formation.

Endothelial dysfunction is considered a systemic process and has been described as the next target in
restenosis prevention.(23) Both endothelial dysfunction and in-stent restenosis are pathophysiological
processes involving an abnormal vascular response to injury. The integrity of the vascular wall, and
especially the functioning of the endothelium, plays a key role in the response to injury and might
provide a common pathway for endothelial dysfunction and in-stent restenosis.(24) A recent study
demonstrated that impaired systemic endothelial function of the brachial artery 30 days after PCI,
independently predicted the occurrence of in-stent restenosis in patients.(25) Restenosis after balloon
injury has been associated with endothelial dysfunction and improvement of endothelial function by
local administration of L-arginine, resulted in reduced neointimal thickening.(26) Indeed, statins are
also well known to improve endothelial functioning.(10) This effect on endothelial function might be
largely independent of LDL cholesterol lowering.(11) Although we did not determine plasma lipid
levels in the current study, 20 mg/kg rosuvastatin treatment (and other statins) do not affect plasma
levels of total cholesterol, high-density lipoprotein, low-density lipoprotein, or triglycerides in rats. The
link between endothelial function and restenosis might also be found at a systemic level. The concept
of bone marrow-derived endothelial progenitor cells as a continuous source of endothelial cells to
repair vascular injury is emerging.(27) In mice, systemically applied endothelial progenitor cells home
in to the site of vascular injury, resulting in the enhanced reendothelialization associated with decreased
neointimal formation after balloon injury.(28) Ang II is critically involved in the pathophysiology of
multiple cardiovascular diseases, including hypertension and left ventricular hypertrophy. We found
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increased blood pressure and N-ANP levels in rats receiving Ang Il thereby confirming the biological
efficacy of Ang II in our model.

Figure 4
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Figure 4. Vascular function of the four groups. Effects of Angiotensin II infusion and treatment with rosuvastatin on

endothelium-dependent (figure above) methacholine (ME)and endothelium-independent vasodilation to nitroglycerine
(NTG).

The Ang II type 1 receptor is the principal mediator of the detrimental effects of Ang II and is involved
in the release of reactive oxygen species elicited by Ang II induced activation of NAD(P)H oxidases of
the vasculature and inflammatory cells. Ang II and oxidative stress stimulate smooth muscle cell
proliferation and vascular hypertrophy.(20) Ang II aggravated neointimal formation in our model.
However, we did observe a similar reduction of neoinimal formation by rosuvastatin treatment in the
presence or absence of Ang II infusion (24 and 23% reduction, respectively). Again, the reduction of
neointimal formation by statin treatment was paralleled by improvement of endothelial function.
Downregulation of the Ang II type 1 receptors in vascular smooth muscle and attenuation of Ang II
induced vascular responses(29) by statin treatment has been reported. However, when Ang II receptor
downregulation is of importance, we would have expected to see more effects of rosuvastatin in the
Ang II infused rats. Even when Ang II type 1 receptor was indeed downregulated, the abundance of
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infused Ang II might still have resulted in maximal intracellular signaling. A limitation of our study is
that we did not measure Ang II type 1 receptor expression. On the other hand, as statin treatment has
been reported to influence an array of potentially relevant mechanisms, including reduction of platelet
activation, thrombus formation, inflammation, oxidative stress and inhibition of vascular smooth
muscle cell migration and proliferation proliferation it is as likely that statins interact with signaling
peptides other than Ang II in the process of in-stent restenosis.(12) In addition, AT 1-receptor blockade
does not reduce neointimal formation in rats without supraphysiological angiotensin II levels.(30) Our
study has limitations, which need consideration. We used a relatively high dose of statin. However,
local vascular drug delivery on coated stents will make it feasible to deliver a safe statin dose in an
anti-restenotic concentration range and might provide a new area of research. Preliminary results with
statin-coated stents in animals are promising. However, the release profile of this coated stent was only
3 hours, and re-endothelialization of the vasculature was not affected as assessed
semiquantitatively.(31) In conclusion, this study demonstrates that systemic treatment with rosuvastatin
after stent implantation in the rat abdominal aorta results in attenuation of neointimal formation, and
improvement in endothelial dilator function. Excessive tissue activation and endothelial dysfunction
brought about by high Ang II levels is effectively countered by rosuvastatin. It seems likely that this
beneficial effect was mediated by the improvement of endothelial function, although other relevant
mechanisms are possible. Therefore, statin coated stents without the potential side-effects of late stent
thrombosis and endothelial dysfunction seen with paclitaxel and sirolimus eluting stents may be a
possible alternative.

ACKNOWLEDGMENTS

We thank Dr. Frans Boomsma, Department of Internal Medicine, Erasmus MC, Rotterdam, the
Netherlands, for determination of N-ANP. We thank Hans Bartels, Azuwerus van Buiten and Maaike
Goris for their excellent biotechnical assistance.

FUNDING

Pim van der Harst is supported by Zon-MW 920-03-236 of The Netherlands Organization for Health
Research and Development. We thank AstraZeneca CVGI Research (Cheshire, UK) and the Jan
Kornelis de Cock Foundation for supporting this study.

60



ROSUVASTATIN ATTENUATES NEOINTIMAL FORMATION

(1
2

3)

(4)

©)

(6)

(M

®)

)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(7

REFERENCES
Costa MA, Simon DI. Molecular basis of restenosis and drug-eluting stents. Circulation 2005; 111(17):2257-2273.

Morice MC, Serruys PW, Sousa JE, Fajadet J, Ban HE, Perin M et al. A randomized comparison of a sirolimus-
eluting stent with a standard stent for coronary revascularization. N Engl J Med 2002; 346(23):1773-1780.

Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR, O'Shaughnessy C et al. Sirolimus-eluting stents versus
standard stents in patients with stenosis in a native coronary artery. N Engl ] Med 2003; 349(14):1315-1323.

Drachman DE, Edelman ER, Seifert P, Groothuis AR, Bornstein DA, Kamath KR et al. Neointimal thickening
after stent delivery of paclitaxel: change in composition and arrest of growth over six months. J Am Coll Cardiol
2000; 36(7):2325-2332.

Fukuda D, Sata M, Tanaka K, Nagai R. Potent inhibitory effect of sirolimus on circulating vascular progenitor
cells. Circulation 2005; 111(7):926-931.

Hofma SH, van der Giessen WJ, van Dalen BM, Lemos PA, McFadden EP, Sianos G et al. Indication of long-term
endothelial dysfunction after sirolimus-eluting stent implantation. Eur Heart J 2005.

Togni M, Windecker S, Cocchia R, Wenaweser P, Cook S, Billinger M et al. Sirolimus-eluting stents associated
with paradoxic coronary vasoconstriction. ] Am Coll Cardiol 2005; 46(2):231-236.

McFadden EP, Stabile E, Regar E, Cheneau E, Ong AT, Kinnaird T et al. Late thrombosis in drug-eluting coronary
stents after discontinuation of antiplatelet therapy. Lancet 2004; 364(9444):1519-1521.

Virmani R, Guagliumi G, Farb A, Musumeci G, Grieco N, Motta T et al. Localized hypersensitivity and late
coronary thrombosis secondary to a sirolimus-eluting stent: should we be cautious? Circulation 2004; 109(6):701-
705.

Asselbergs FW, van der Harst P, Jessurun GA, Tio RA, van Gilst WH. Clinical impact of vasomotor function
assessment and the role of ACE-inhibitors and statins. Vascul Pharmacol 2005; 42(3):125-140.

Landmesser U, Bahlmann F, Mueller M, Spiekermann S, Kirchhoff N, Schulz S et al. Simvastatin versus
ezetimibe: pleiotropic and lipid-lowering effects on endothelial function in humans. Circulation 2005;
111(18):2356-2363.

van der Harst P, Voors AA, van Gilst WH, Bohm M, van Veldhuisen DJ. Statins in the treatment of chronic heart
failure: biological and clinical considerations. Cardiovasc Res 2006; 71(3):443-454.

Nickenig G, Baumer AT, Temur Y, Kebben D, Jockenhovel F, Bohm M. Statin-sensitive dysregulated AT1
receptor function and density in hypercholesterolemic men. Circulation 1999; 100(21):2131-2134.

Kleemann R, Princen HM, Emeis JJ, Jukema JW, Fontijn RD, Horrevoets AJ et al. Rosuvastatin reduces
atherosclerosis development beyond and independent of its plasma cholesterol-lowering effect in APOE*3-Leiden
transgenic mice: evidence for antiinflammatory effects of rosuvastatin. Circulation 2003; 108(11):1368-1374.

Langeveld B, Roks AJ, Tio RA, van Boven AJ, van der Want JJ, Henning RH et al. Rat abdominal aorta stenting: a
new and reliable small animal model for in-stent restenosis. J Vasc Res 2004; 41(5):377-386.

Lowe HC, James B, Khachigian LM. A novel model of in-stent restenosis: rat aortic stenting. Heart 2005;
91(3):393-395.

Buikema H, Grandjean JG, van den Broek S, van Gilst WH, Lie KI, Wesseling H. Differences in vasomotor
control between human gastroepiploic and left internal mammary artery. Circulation 1992; 86(5 Suppl):11205-
11209.

61



Chapter 5

(18)

(19)

(20)

e2y)

(22)

(23)

24

(25)

(26)

27)

(28)

(29)

(30)

€2))

62

Schwartz RS, Huber KC, Murphy JG, Edwards WD, Camrud AR, Vlietstra RE et al. Restenosis and the
proportional neointimal response to coronary artery injury: results in a porcine model. ] Am Coll Cardiol 1992;
19(2):267-274.

van Veldhuisen DJ, Boomsma F, de Kam PJ, Man in t' Veldt AJ, Crijns HJ, Hampton JR et al. Influence of age on
neurohormonal activation and prognosis in patients with chronic heart failure. Eur Heart J 1998; 19(5):753-760.

Daemen MJ, Lombardi DM, Bosman FT, Schwartz SM. Angiotensin II induces smooth muscle cell proliferation in
the normal and injured rat arterial wall. Circ Res 1991; 68(2):450-456.

Indolfi C, Cioppa A, Stabile E, Di Lorenzo E, Esposito G, Pisani A et al. Effects of hydroxymethylglutaryl
coenzyme A reductase inhibitor simvastatin on smooth muscle cell proliferation in vitro and neointimal formation
in vivo after vascular injury. J Am Coll Cardiol 2000; 35(1):214-221.

Yokoyama T, Miyauchi K, Kurata T, Satoh H, Daida H. Inhibitory efficacy of pitavastatin on the early
inflammatory response and neointimal thickening in a porcine coronary after stenting. Atherosclerosis 2004;
174(2):253-259.

Losordo DW, Isner JM, Diaz-Sandoval LJ. Endothelial recovery: the next target in restenosis prevention.
Circulation 2003; 107(21):2635-2637.

Lerman A. Restenosis: another "dysfunction" of the endothelium. Circulation 2005; 111(1):8-10.

Patti G, Pasceri V, Melfi R, Goffredo C, Chello M, D'Ambrosio A et al. Impaired flow-mediated dilation and risk
of restenosis in patients undergoing coronary stent implantation. Circulation 2005; 111(1):70-75.

Schwarzacher SP, Lim TT, Wang B, Kernoff RS, Niebauer J, Cooke JP et al. Local intramural delivery of L-
arginine enhances nitric oxide generation and inhibits lesion formation after balloon angioplasty. Circulation 1997;
95(7):1863-1869.

Werner N, Nickenig G. Influence of Cardiovascular Risk Factors on Endothelial Progenitor Cells. Limitations for
Therapy? Arterioscler Thromb Vasc Biol 2005.

Werner N, Priller J, Laufs U, Endres M, Bohm M, Dirnagl U et al. Bone marrow-derived progenitor cells modulate
vascular reendothelialization and neointimal formation: effect of 3-hydroxy-3-methylglutaryl coenzyme a
reductase inhibition. Arterioscler Thromb Vasc Biol 2002; 22(10):1567-1572.

van der Harst P, Wagenaar LJ, Buikema H, Voors AA, Plokker HW, Morshuis W] et al. Effect of Intensive Versus
Moderate Lipid Lowering on Endothelial Function and Vascular Responsiveness to Angiotensin II in Stable
Coronary Artery Disease. Am J Cardiol 2005; 96(10):1361-1364.

Groenewegen HC, van der Harst P, Roks AJ, Buikema H, Zijlstra F, van Gilst WH et al. Effects of angiotensin II
and angiotensin II type 1 receptor blockade on neointimal formation after stent implantation. Int J Cardiol 2007.

Jaschke B, Michaelis C, Milz S, Vogeser M, Mund T, Hengst L et al. Local statin therapy differentially interferes
with smooth muscle and endothelial cell proliferation and reduces neointima on a drug-eluting stent platform.
Cardiovasc Res 2005; 68(3):483-492.



CHAPTER 6
Pattern of neointimal healing in drug-eluting versus bare metal
stents in the rat aortic stenting model.
Hendrik C. Groenewegen, Anton J.M. Roks, Maaike Goris, Felix Zijlstra, Wiek H. van Gilst, Bart

J.G.L. de Smet
submitted



Chapter 6

ABSTRACT

Objectives: Histological changes in the neointima might be associated with late stent thrombosis. We
wanted to determine if the neointima of drug-eluting stents is different from their bare metal controls.
Methods: Male Wistar rats were randomized to one of four groups: Express” Stent, Taxus® Express®
Stent, Bx Velocity” Stent and Cypher® Stent. Stents were implanted in the abdominal aorta.
Histological analyses were performed after 1 and 4 weeks. After 1 week the inflammation score,
neointimal cell density and signs of incomplete healing were measured. After 4 weeks the same
measurements were performed plus the neointimal area, neointimal thickness, media area and lumen
area. Results: no differences were observed after 1 week between bare metal stents and drug-eluting
stents. At 4 weeks neointimal cell density was lower, inflammation-score was higher in the drug-
eluting stents. The healing at 4 weeks was complete in the bare metal stent groups and incomplete in
more than 90% of the drug-eluting stents. Neointima area was reduced in the drug-eluting stents. No
differences in the neointima were found between the paclitaxel and the sirolimus eluting stent.
Conclusions: These results show that differences in inflammation, cell density and signs of incomplete
healing exist between drug-eluting stents and bare metal stents, especially adjacent to the stent struts.
Over time incomplete healing persists in drug-eluting stents but resolves in bare metal stents.
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INTRODUCTION

Drug-eluting stents are successful in reducing in-stent restenosis(1;2). However there have been some
concerns over the safety of drug-eluting stents especially since there have been reports of increased
late stent thrombosis(3). Joner et al found persistent fibrin deposition and delayed re-endothelialization
in patients who received a drug-eluting stent and had late stent thrombosis(4). This suggests that late
stent thrombosis might arise from incomplete endothelial healing. Alternatively, one could speculate
that not only incomplete healing of the endothelium but also incomplete healing and structural changes
in the neointima could lead to increased risk of late stent thrombosis. Although fibrin content of the
neointima was studied in drug-eluting stents, changes in the structure of the neointima (e.g. cell
density) have not been well characterized .(5) The goal of this study was to determine if the neointima
of drug-eluting stents is structurally different from the neointima of bare metal stents. Therefore we
measured neointimal cell density, inflammation-score and looked for signs of incomplete healing
(hemorrhage and acellularity) in the Taxus® Express® and the Cypher® Stent and their bare metal
controls (Express ® and Bx Velocity ® Stent). Furthermore to assess extracellulair matrix formation
and tissue strength we measured collagen content in both drug-eluting and bare metal stents. To assess
incomplete healing of the neointima these measurements were performed after 1 week (inflammation
phase) and 4 weeks (maximum neointimal area) . To this end, we employed the rat abdominal stent
model , previously shown to display reduced neointimal formation in the Cypher® Stent(6).

METHODS

Animals

All procedures conformed to the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Specific pathogen-free,
Male Wistar WU rats (Charles Rivers) weighing 450-520 g were fed standard rat chow and water ad
libitum. Stent implantation was performed on fifty-one rats. Overall mortality was approximately 8%.
Most animals died of perforation of the aorta, vena cava puncture or aortic thrombosis during or shortly
after stent implantation.

Stent Implantation

Animals were anesthetized with O2, N20, and isoflurane 2% (Abbott International Ltd).

Premounted stents were implanted in the abdominal aorta as described previously all 2.5 x 8 mm (6).
There were 4 groups: one group received the Express® Stent manufactured by Boston Scientific (the
same stent as the Taxus” Express2TM Stent only without the paclitaxel-eluting polymer), one group
received the Taxus® Express”  Stent , one group received the Bx Velocity® Stent manufactured by
Cordis (the same stent as the Cypher® Stent only without the sirolimus-eluting polymer) and the last
group received the Cypher® Stent . We gave clopidogrel to all rats to prevent early thrombus and
inflammation around stent-struts and to mimick the situation in humans. All animals received rat chow
mixed with clopidogrel (Plavix, Sanophi) 0,33 mg- gram rat chow starting 5 days before stent-
implantation until termination of the animals. After 7 and 28 days, animals were anesthetized and
heparinized with 500 IU intravenously (Leo Pharma B.V.). Abdominal aortas were harvested, fixed,
embedded in methylmetacrylate, sectioned, and stained for histological analysis.

Histology

Histomorphometrical analysis was performed on Lawson (elastin staining), hematoxyline-eosine and
Sirius red stained sections by measurements of the proximal, middle, and distal parts of each stent.
Lawson-stained sections were used to measure neointimal formation and injury score. Hematoxyline-
eosine stained sections were used to measure neointimal cell density, inflammation score, and to look
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for signs of incomplete healing. The neointimal area, neointimal thickness, media area and lumen area
were measured or calculated as described previously(6). In short, the areas within the external elastic
lamina (EEL), IEL and lumen were measured by using digital morphometry by means of an Olympus
BX-50F4 microscope, an Olympus c-3030 zoom digital camera and Olympus DP-Soft version 3.0
software (Olympus, Tokyo, Japan). The lumen area was substracted from the IEL area to give the
neointimal area. The IEL area was substracted from the EEL area to give the media area. The
neointimal thickness (length perpendicular from the bottom of the stent strut to the roof of the stent
strut) was measured at each stent strut and averaged for all struts. For each stent part the mean of six
sections was calculated. The injury and inflammation scores were assessed as described by Schwartz et
al and Kornowski et al (7;8). Neointimal cell density was determined in hematoxylin-eosin—stained
sections at x400 magnification and expressed as x100/mm2 as described previously (9). Signs of
incomplete (neointimal) healing were defined as acellularity of neointima or the presence of a
hemorrhage in the neointima. Hemorrhage was defined as the presence of more than one hundred
grouped biconcave discs in the neointima. Acellularity of neointima was defined as absence of cells in
an area with an estimated width of half the nearest stent strut and one-third the neointimal thickness.
Signs of incomplete healing were scored in the proximal, middle, and distal parts of each stent. Each
parts was scored four times at 90 degree rotation apart. If none of the parts of the stent showed either a
hemorrhage or an acellular neointimal area a score 0 was assigned. If only one of the parts showed
either a hemorrhage or an acellular neointimal a score of 1 was assigned. The total score of incomplete
healing in each group was averaged, multiplied by 100 and expressed as a percentage. After 1 week
the inflammation score, signs of incomplete healing and neointimal cell density were measured. After
4 weeks the same measurements were performed plus the neointimal area, neointimal thickness, media
area, lumen area and injury score.

Collagen staining and analysis

0.1% Sirius Red F3B stained sections were used to measure collagen content using computerized
image analysis. The expression of collagen was measured using computer- assisted morphometry. A
total of 5 fields per slide were evaluated at a magnification of 200 x. Image analysis was performed by
a technician blinded to the source of the sample. Image analysis was performed using an automated
macro written with the software package Leica Qwin. A background image of a blank area of the slide
was obtained and background correction was performed to adjust for subtle irregularities in the
illumination of the microscope field. The software was set to substract background staining from the
stained sections, subsequently staining intensity was measured and used as an indirect measure for
collagen content.

Statistical methods

Data are expressed as mean =SEM. Differences between groups were determined by Student’s t-test
for unpaired samples with the bonferroni correction for multiple comparisons (dichotomous variables
were tested with Chi-square). All P-values were two-tailed, and a P-value of <0.05 was considered

statistically significant. Analyses were performed using SPSS software (SPSS version 12.0, Chicago,
IL, USA).

RESULTS
Weight
Baseline weight (mean+SD) was 508+44, weight at 4 weeks was 519+64.
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Histological analysis

Incomplete healing

After 1 week no differences exist between bare metal stents and drug-eluting stents in measurements
representing incomplete healing of the neointima as shown in Table 1 and Figures 2 and 3. However
after 4 weeks drug-eluting stents had a higher inflammation score, lower cell density and more signs
of incomplete healing (hemorrhage or acellularity of neointima) compared to bare metal stents as
shown in Table 2 and Figures 1, 2 and 3. These differences were mainly observed in the neointima
adjacent to the stent struts, but they were also found further from the stent struts. In Figure 4 the
irregularity of the pattern of incomplete healing in drug-eluting stents is shown. Collagen content was
decreased in drug-eluting stents compared to bare metal stents as shown in Table 4. In bare metal stents
collagen was evenly distributed over the neointima. On the contrary in the drug-eluting stents collagen
was not evenly distributed: almost absent in acellular areas but present in almost normal quantities
(compared to bare metal stents) in more cellular areas as shown in Figure 5.

Neontimal formation

Neointimal area and control parameters are presented in Table 3. Neointimal area and thickness were
decreased in drug-eluting stents.
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Figure 1: Hematoxyline-eosine stained photomicrographs (x400) of stented abdominal aortas after 4 weeks showing the
lumen, the neointima and the media. A striking difference in neointimal cell density is present between the bare metal stents

(A= Express 2 and C= Bx Velocity) and the drug-eluting stents (B=Taxus Express 2 and D=Cypher) Furthermore
hemorrhage and acellular areas are seen in the neointima of the drug-eluting stents (#=hemorrhage, *=acellular areas).
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Table 1. Incomplete healing after 1 week:

Variable (A=Express 2) (B=Taxus) (C=Bx Velocity) (D=Cypher) P-value

(N=5) (N=6) (N=06) (N=06) A:B/C:D/A:C/B:D
Neointimal cell density 24.0+1.5 28.94+4.9 26.1+1.60 27.0+£3.7 NS/ NS/NS/ NS
(x 100/mm?)
Inflammation score 0.69+0.05 0.80+0.15 0.56+0.02 0.56+0.08 NS/ NS/NS/ NS
Signs of incomplete 100 100 100 100 NS/ NS/NS/ NS
healing (% of rats)

DES versus DES (B:D): There was no significant difference in inflammation score, cell density and signs of incomplete
healing between the Taxus® Express”" and the Cypher® Stent.

BMS versus BMS (A:C): There was no significant difference in inflammation score, cell density and signs of incomplete
healing between Express® and the Bx Velocity® Stent.

BMS’s versus DES’s (A:B and C:D ): the Express® did not differ from the Taxus® Express®" Stent in inflammation score,
cell density and signs of incomplete healing. The Bx Velocity® did not differ from the Cypher® Stent in inflammation
score, cell density and signs of incomplete healing.

Table 2. Incomplete healing after 4 weeks:

Variable (A=Express 2) (B=Taxus) (C=Bx Velocity) (D=Cypher) P-value

(N=6) (N=7) (N=7) (N=8) A:B/C:D/A:C/B:D
Neointimal cell 37.2+1.1 22.2+42.5 42.4+2.5 28.744.9 P<0.05/P<0.05/NS/NS
density (x
100/mm?)
Inflammation score ~ 0.06+0.02 0.26+0.04 0.11+0.03 0.30+0.06 P<0.05/P<0.05/NS/NS
Signs of incomplete  0+0 82+11 444 96+4 P<0.05/P<0.05/NS/NS
healing (% of rats)

DES versus DES (B:D): There was no significant difference in inflammation score, cell density and signs of incomplete
healing between the Taxus” Express® " and the Cypher® Stent.

BMS versus BMS (A:C): There was no significant difference in inflammation score, cell density and signs of incomplete
healing between Express® and the Bx Velocity” Stent.

BMS’s versus DES’s (A:B and C:D ) the Taxus® Express”" had a higher inflammation score, lower cell density and more
signs of incomplete healing compared to the Express” Stent. The Cypher” Stent had a higher inflammation score, lower
cell density and more signs of incomplete healing compared to the Bx Velocity” Stent.

Table 3 Neointimal area and control parameters.

Variable (A=Express 2) (B=Taxus) (C=Bx Velocity) (D=Cypher) P-value

(N=6) (N=7) (N=7) (N=8) A:B/C:D/A:C/B:D
Injury score 0 0.05+0.05 0.05+0.05 0 NS/NS/NS/NS
Internal elastic 3.87+0.06 3.77+£0.25 3.56+0.09 3.68+0.11 NS/NS/NS/NS
lamina area (mm?)
Neointima area 0.77+0.04 0.56+0.02 0.73+0.04 0.52+0.03 P<0.05/P<0.05/NS/NS
(mm?)
Neointimal 165+6.3 122+7.8 169+9.4 144+5.5 P<0.05/P<0.05/NS /NS
thickness (um)
Media area(mm?) 0.22+0.02 0.20+0.02 0.23+0.01 0.21+0.02 NS/NS/NS/NS

In the drug-eluting stents the neointimal area and neointimal thickness were significantly decreased compared to the bare
metal stents. There are no differences in the control parameters (injury score, internal elastic lamina area, media area) of all
groups.
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Table 4. Collagen content and distribution

Variable (A=Express  (B=Taxus) (C=Bx (D=Cyphe (E=A+C) (F=B+D)  P-value
2) (N=0) (N=06) Velocity) 1) (N=8) (N=13) N=14) A:B/C:D/A:C/B:D/E:F
(N=T7)
Collagen 8.6+£2.3 3.3£1.1 6.5£1.5 3.3+2.1 7.5%1.3 3.3+1.3 NS /NS /NS/ NS /P<0.05
content

No significant differences in total collagen content were found when all 4 groups were separately compared however there
was a trend towards less collagen content in the drug-eluting stents. Furthermore a significantly lower collagen content
was found in the drug-eluting stents after we combined both drug-eluting and bare metal stent groups and compared the
two groups.
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Figure 2: Neointimal cell density after 1 week and. Figure 3 Signs of incomplete healing after 1 week and
4 weeks .After 1 week no difference is seen between the bare and 4 weeks. After 1 week no difference is seen between
metal stent groups and the drug-eluting stent groups. However  the bare metal stent groups and the drug- eluting stent
after 4 weeks cell density is lower in the drug-eluting groups. However after 4 weeks still signs of incomplete
healing stent groups are seen in the drug-eluting stent groups
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Figure 4 Hematoxyline-eosine stained photomicrographs (x400) of stented abdominal aortas after 4 weeks showing the
lumen, the neointima and the media. We observed an irregular pattern of incomplete healing in drug-eluting stents: in the
same cross section of neointima normal cell density areas existed next to completely acellular areas (A=Taxus,
B=Cypher,#=normal cel density, *=acellular areas).

Figure 5 Corresponding sirius red stained photomicrographs(B,D,F and H) and hematoxyline-eosine stained
photomicrographs (A,C,E and Gx400) of stented abdominal aortas after 4 weeks showing the lumen, the neointima,media
and adventitia. Absent collagen(less red) staining(B,F) in acellular neointima (A,E) and more collagen staining(D,H) in
neointima areas with higher cell density(C,G). (A,B,C,D=cypher E.F,G,H=taxus).
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DISCUSSION

In this study we explored the differences in neointimal healing between bare metal and drug-eluting
stents, 1 and 4 weeks after stenting. After 1 week neointimal cell density, inflammation score and signs
of incomplete healing were not different between bare metal and drug-eluting stents. However after 4
weeks neointimal cell density was lower, signs of incomplete healing were higher and the inflammation
score was higher in the drug-eluting groups, especially in the neointimal area adjacent to the stent
struts. To interpret these results understanding of the development of in-stent restenosis in our model is
needed. At 1 week smooth muscle proliferation and neointimal formation is incomplete and
inflammation is at its peak(6). At 4 weeks neointimal formation has reached its peak and inflammation
is low. The normal complete healing pattern of bare metal stents in our model is a high neointimal cell
density, low inflammation and absence of acellular areas and hemorrhages after 4 weeks(6). This
pattern was found only in the bare metal stents and not in the drug-eluting stents. These results
suggests that not only endothelial healing (as observed in other studies) but also neointimal healing is
delayed in drug-eluting stents. In this study incomplete healing was characterized by low cellular
density, acellular areas, hemorrhage and higher inflammation in the neointima of drug-eluting stents.
Low neointimal cell density was also found by Finn et al in drug-eluting stents, but this was found in
overlapping stent segments (drug and/or polymer concentrations are likely to be significantly higher at
sites of stent overlap). Also they did not compare their measurements of neointimal cell density in
drug-eluting stents with control bare metal stents.(10) Farb et al showed that systemic everolimus
treatment in rabbits reduced neointimal formation but they also noticed hypocellularity. This suggests
that the inhibiting effect of anti-restenotic drug (everolimus, sirolimus, paclitaxel) on proliferating cells
is responsible for the low neointimal cell density rather than the polymer or the stent itself (11).
However the exact mechanisms underlying incomplete neointimal healing in drug-eluting stents are
still unknown.

A link between late stent thrombosis and incomplete endothelial healing was suggested by Joner et al:
incomplete reendothelization and high fibrin content in drug-eluting stents could be a potent
thrombogenic stimulus. Our results showing low collagen content in neointimal areas with incomplete
healing suggest a second hypothesis: the neointimal tissue of drug-eluting stents is weaker and could
rupture more easily thereby exposing tissue factor and inducing thrombus. The presence of
hemorrhages (Figure 1) within the neointima of drug-eluting stents seems to support this hypothesis.
The low neointimal cell density could be correlated to tissue strength: there are not enough cells to
produce extracellular matrix and ensure a strong neointima. Both sirolimus and paclitaxel have a direct
effect on the extracellular matrix production in cells. Sirolimus inhibits collagen synthesis in rat
vascular smooth muscle cells and paclitaxel also reduces tenascin (a extracellular matrix glycoprotein)
in human arterial smooth muscle cells (12). Collagen and tenascin are both positively correlated with
tissue strength(13;14). Interestingly we found a lower collagen content in drug-eluting stents especially
in acellular areas.

We did not find significant differences in the neointima between the paclitaxel and sirolimus-eluting
stents at both 1 and 4 weeks. According to our findings both sirolimus and paclitaxel stents have
incomplete healing and prolonged inflammation after 4 weeks. After 4 weeks both the Taxus®
Express®  and the Cypher® Stent still elute some of their drug(4;15). So it could be that differences in
the neointima between the Taxus® Express’  and the Cypher® Stent would occur later after stenting
due to different release profiles of both stents.

There are some limitations to this study. Firstly, this study was conducted with juvenile rats without
preformed atherosclerotic plaque in arteries. The hydrophobic nature of sirolimus and paclitaxel could
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increase drug concentrations in atherosclerotic plaques with high lipid content. So it is possible that we
underestimated the effects of drug-eluting stents on the neointima due to lower tissue concentrations in
our non- atherosclerotic model. Secondly, due to the low incidence of late stent thrombosis it is
difficult to measure differences in the incidence of late stent thrombosis between drug-eluting stents
and bare metal stents in a small animal study (16). This study therefore can not directly link the
differences in the neointima with late stent thrombosis. It would be interesting to study to what extent
the differences in the neointima between drug-eluting stents and bare metal stents found in this study
are related to the incidence of late stent thrombosis.
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ABSTRACT

Aims: Some studies suggest that the paclitaxel eluting stent and the sirolimus eluting stent might differ
in their ability to reduce in-stent restenosis in diabetic patients. We wanted to determine in diabetic rats
which drug-eluting stent (paclitaxel or sirolimus eluting stent) is better in reducing in-stent restenosis
and secondly to assess if the neointima of drug-eluting stents is different compared to bare metal
control stents in a diabetic population. Methods: Male Zucker rats were randomized to one of four
groups: Express 2 stent, Taxus Express 2 stent, Bx Velocity stent and Cypher stent. Stents were
implanted in the abdominal aorta. Histological analyses were performed after 1 and 4 weeks. After 1
week the inflammation score, neointimal cell density and signs of incomplete healing were measured.
After 4 weeks the same measurements were performed plus the neointimal area, media area and lumen
area. Results: After 4 weeks neointimal area was reduced in the sirolimus eluting compared to the
paclitaxel eluting stent. No differences were observed after 1 week between bare metal stents and drug-
eluting stents.  After 4 weeks neointimal cell density was lower, inflammation-score was higher, signs
of incomplete healing were increased and collagen content was lower in the drug-eluting stents. No
differences in neointima healing were found between the paclitaxel and the sirolimus eluting stent.
Conclusions: The sirolimus eluting stent reduced neointimal formation compared to the paclitaxel
eluting stent. Secondly incomplete healing is also found in diabetic animals with drug-eluting stents but
with no clear differences between the paclitaxel and the sirolimus eluting stent.
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INTRODUCTION

Drug-eluting stents are successful in reducing in-stent restenosis'. Diabetes is a risk factor for in-stent
restenosis and drug-eluting stents are used more frequently in these patients®. A recent study suggest
that the paclitaxel eluting stent and the sirolimus eluting stent might differ in their ability to reduce in-
stent restenosis in a diabetic population®. Our first goal was to study if one of those two stents is better
in reducing neointimal formation in a diabetic population. Therefore neointimal area was measured in
the paclitaxel eluting stent (Taxus) and the sirolimus eluting stent (Cypher) after stent-implantation in
diabetic rats. We also measured neointimal area in bare metal control stents (Express 2 and Bx
Velocity) to see if stent design affected in-stent restenosis in a diabetic population.

Recently drug-eluting stents have been associated with increased late stent thrombosis’. Joner et al
suggested that histologic differences in drug-eluting stent such as increased fibrin deposition and
inflammation may be linked with late stent thrombosis®. So our second goal was to determine if the
neointima of drug-eluting stents is different from their bare metal controls in a diabetic population. We
also studied if differences existed between the neointima of the paclitaxel eluting stent and the
sirolimus eluting stent. We measured neointimal cell density, inflammation-score and signs of
abnormal healing (hemorrhage and acellularity) at two different time points in the two most used drug-
eluting stents (Taxus Express 2 and Cypher) and their bare metal controls (Express 2 and Bx Velocity).
Furthermore to assess extracellulair matrix formation and tissue strength we measured collagen content
in both drug-eluting and bare metal stents.

METHODS

Animals

All procedures conformed to the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Specific pathogen-free,
Male Zucker (Charles Rivers) diabetic fatty/ rats (ZDF/GmiCrl-fa/fa), characterized by obesity, insulin
resistance, and hyperlipidemia, as well as overt hyperglycemia, weighing 320 to 400 g were fed
standard rat chow and water ad libitum. Stent implantation was succesfully performed in fifty-six rats.
Overall mortality was approximately 30%. Most animals died of perforation of the aorta, vena cava
puncture or aortic thrombosis during or shortly after stent-implantation.

Animal Protocol

Animals were anesthetized with O,, N>O, and isoflurane 2% (Abbot B.V.). Premounted stents all 2.5
x 8 mm were implanted in the abdominal aorta as described previously’. There were 4 groups: one
group received the Express 2 stent manufactured by Boston Scientific ( the same stent as the Taxus
Express 2 stent only without the paclitaxel-eluting polymer) , one group received the Taxus Express 2
paclitaxel eluting stent , one group received the Bx Velocity stent manufactured by Cordis Johnson &
Johnson ( the same stent as the Cypher stent only without the sirolimus-eluting polymer) and one group
received the Cypher stent sirolimus eluting stent. All animals received rat chow mixed with clopidogrel
(Plavix, Sanophi) 0,33 mg-gram rat chow starting 5 days before stent-implantation until termination of
the animals. Clopidogrel intake was estimated by monitoring bodyweight over time (daily oral intake
was estimated at 25 gram/day/rat). After 7 or 28 days, animals were anesthetized and heparinized with
500 IU intravenously (Leo Pharma B.V.). Abdominal aortas were harvested, fixed, embedded in
methylmetacrylate, sectioned, and stained for histological analysis.

Histology

Histomorphometrical analysis was performed on Lawson (elastin staining) and hematoxyline-eosine
stained sections by measurements of the proximal, middle, and distal parts of each stent. Lawson-
stained sections were used to measure neointimal formation and injury score. Hematoxyline-eosine
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stained sections were used to measure neointimal cell density, inflammation score and look for signs of
abnormal healing. The neointimal area, media area and lumen area were measured or calculated as
described previously’. In short, the areas within the external elastic lamina (EEL), IEL and lumen
were measured by using digital morphometry by means of an Olympus BX-50F4 microscope, an
Olympus c-3030 zoom digital camera and Olympus DP-Soft version 3.0 software (Olympus, Tokyo,
Japan). The lumen area was substracted from the IEL area to give the neointimal area. The IEL area
was substracted from the EEL area to give the media area. For each stent part the mean of six sections
was calculated. The injury and inflammation scores were assessed as described by Schwartz et al and
Kornowski et al ®°. Neointimal cell density was determined in hematoxylin-eosin—stained sections at
x400 magnification and expressed as x100/mm?2 as described previously '°. Signs of incomplete
(neointimal) healing were defined as acellularity of neointima or the presence of a hemorrhage in the
neointima. Hemorrhage was defined as the presence of more than hundred grouped biconcave discs in
the neointima. Acellularity of neointima was defined as absence of cells in an area with an estimated
width of half the nearest stent strut and one-third the neointimal thickness. Signs of incomplete healing
were scored in the proximal, middle, and distal parts of each stent. Each parts was scored four times at
90 degree rotation apart. If none of the parts of the stent showed either a hemorrhage or an acellular
neointimal area a score 0 was assigned. If only one of the parts showed either a hemorrhage or an
acellular neointimal a score of 1 was assigned. The total score of incomplete healing in each group was
averaged, multiplied by 100 and expressed as a percentage. After 1 week the inflammation score, signs
of incomplete healing and neointimal cell density were measured. After 4 weeks the same
measurements were performed plus the neointimal area, neointimal thickness, media area, lumen area
and injury score.

Collagen staining and analysis

0.1% Sirtus Red F3B stained sections were used to measure collagen content using computerized
image analysis. The expression of collagen was measured using computer- assisted morphometry. A
total of 5 fields per slide were evaluated at a magnification of 200 x. Image analysis was performed by
a technician blinded to the source of the sample. Image analysis was performed using an automated
macro written with the software package Leica Qwin. A background image of a blank area of the slide
was obtained and background correction was performed to adjust for subtle irregularities in the
illumination of the microscope field. The software was set to substract background staining from the
stained sections, subsequently staining intensity was measured and used as an indirect measure for
collagen content.

Statistical methods

Data are expressed as mean =SEM. Differences between groups were determined by an unpaired
samples ¢ test with Bonferonni correction for multiple comparisons (dichotomous variables were tested
with Chi-square). All P-values were two-tailed, and a P-value of <0.05 was considered statistically
significant. Analyses were performed using SPSS software (SPSS version 12.0, Chicago, IL, USA).

RESULTS

Weight and blood glucose measurements:
Weight and blood glucose measurements of the 1 and 4 week groups are displayed in Table 1.
There were no significant differences in weight and blood glucose.
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Histological analysis

Neointimal formation

Neointimal area and control parameters are presented in Table 2.

DES versus DES: There was a significant difference in mean neointimal area between the Taxus and
the Cypher stent. Neointimal formation was especially higher at the stent edges in the Taxus stent.
BMS versus BMS: Mean neointimal area was higher in the Express 2 compared to the Bx Velocity,
however this difference was not significant. Neointimal area was especially higher at the stent edges in
the Express 2 stent. BMS’s versus DES’s: There was no significant difference in mean neointimal area
between the Express 2 and the Taxus stent. There was a significant difference in mean neointimal area
between the Bx Velocity and the Cypher stent.

Incomplete healing

After 1 week no differences exist between bare metal stents and drug-eluting stents in measurements
representing incomplete healing of the neointima as shown in Table 3 and Figures 2 and 3. However
after 4 weeks drug-eluting stents had a higher inflammation score, lower cell density and more signs
of incomplete healing (hemorrhage or acellularity of neointima) compared to bare metal stents as
shown in Table 3 and Figures 2, 3 and 4. These differences were mainly observed in the neointima
adjacent to the stent struts, but they were also found further from the stent struts. Collagen content was
decreased in drug-eluting stents compared to bare metal stents as shown in Table 4.

Table 1: Weight and blood glucose measurements of the 1 and 4 week groups.

1 week A=Express 2 B=Taxus C=BxVelocity D=Cypher P-value

N=7 N=5 N=6 N=6 A:B/C:D/B:D/A:C
Beginweight (g) 360+6 376+1 354+9 37245 NS /NS /NS /NS
Endweight (g) 342+3 340+6 334+7 357+6 NS /NS /NS /NS
Glucose(mmol/1)B 29.8+1.7 30.4+2.15 25.6+2.5 30.0+1.59 NS /NS /NS /NS
Glucose(mmol/l) 1 30.2+1.39 26.1+£2.15 26.9+£2.0 30.6+1.67 NS /NS /NS /NS
4 weeks N=8§ N=8 N=8 N=8
Beginweight (g) 354+£12 388+12 368+6 37245 NS /NS /NS /NS
Endweight (g) 354+12 388+14 368+6 357+6 NS /NS /NS /NS
Glucose(mmol/I)B 28.5+1.66 27.242.23 28.0+1.66 23.0+0.95 NS /NS /NS /NS
Glucose(mmol/l) 4 28.9+1.80 30.54€2.15 28.6+1.78 28.6+1.41 NS /NS /NS /NS

B=baseline 1=1week 4=4weeks

Table 2. Neointimal area, injury score, media and internal elastic lamina area after 4 weeks.

Variable A=Express2 B=Taxus C=BxVelocity D=Cypher P-value
N=8 N=8 N=8 N=8 A:B /C:D/

B:D/A:C
IS (mean) 0.16+0.10 0.34+0.19 0.13+0.12 0+0 NS /NS /NS/NS
IS (mid) 0+0 0+0 0.17+0.17 0+0 NS /NS /NS/NS
IS (edges) 0.31+0.21 0.69+0.38 0.09+0.09 0+0 NS /NS /NS/NS
NA mean (mm?) 0.92+0.06 0.89+0.13 0.77+0.07 0.56+0.05 NS/P<0.05/P<0.05/NS
NA mid (mm?) 0.77+0.10 0.60+0.07 0.66£0.07 0.52+0.06 NS /NS /NS/NS
NA edges (mm?) 1.07+0.09 1.18+0.25 0.87+0.09 0.61+0.05 NS/P<0.05/P<0.05/NS
IEL area (mm?) 3.06+0.16 3.60+0.25 3.12+0.05 3.05+0.11 NS /NS /NS/NS
Media area(mm?) 0.15+0.01 0.19+0.02 0.17+0.01 0.16+0.01 NS /NS /NS/NS

Abbreviations: IS = Injury Score, NA = Neointimal Area, IEL = Internal Elastic Lamina
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Table 3 . Incomplete healing: results in the 1 and 4 week groups.

1 week A=Express 2 B=Taxus C=BxVelocity D=Cypher P-value

N=7 N=5 N=6 N=6 A:B/C:D/B:D/AC
Inflammation score ~ 0.44+0.05 0.44+0.09 0.41+0.03 0.53+0.09 NS /NS /NS /NS
Neointimal cell
density (x 100/mm®)  20.31£1.9 20.39+4.9 21.14+2.8 18.17+2.6 NS /NS /NS /NS
Signs of incomplete ~ 100+0 1000 100+0 1000 NS /NS /NS /NS
healing (% of rats)
4 weeks N=8 N=8 N=8 N=8 A:B/C:D /B:D/A:C
Inflammation score ~ 0.03%0.02 0.1940.06 0.04+0.02 0.16+0.04 P<0.05/P<0.05/NS/NS
Neointimal cell
density (x 100/mm?)  44.62+2.59 14.30+1.87  43.37+2.84 17.91+43.39  P<0.05/P<0.05/NS/NS
Signs of incomplete ~ 25+16 1000 25+16 100+0 P<0.05/P<0.05/NS/NS
healing (% of rats)

1 week: DES versus DES (B:D): There was no significant difference in inflammation score, cell density and signs of
incomplete healing between the Taxus® Express”  and the Cypher® Stent.

BMS versus BMS (A:C): There was no significant difference in inflammation score, cell density and signs of incomplete
healing between Express® and the Bx Velocity® Stent.

BMS’s versus DES’s (A:B and C:D ): the Express® did not differ from the Taxus® Express®" Stent in inflammation score,
cell density and signs of incomplete healing. The Bx Velocity® did not differ from the Cypher® Stent in inflammation
score, cell density and signs of incomplete healing.

4 weeks:DES versus DES (B:D): There was no significant difference in inflammation score, cell density and signs of
incomplete healing between the Taxus® Express”  and the Cypher® Stent.

BMS versus BMS (A:C): There was no significant difference in inflammation score, cell density and signs of incomplete
healing between Express” and the Bx Velocity” Stent.

BMS’s versus DES’s (A:B and C:D ) the Taxus” Express” had a higher inflammation score, lower cell density and more
signs of incomplete healing compared to the Express” Stent. The Cypher” Stent had a higher inflammation score, lower

cell density and more signs of incomplete healing compared to the Bx Velocity” Stent.

2.0 4
Neointima
area (mm?)

1.5 4

1
1.0 4
T
0.5 4
0.0
Express 2 Taxus BxVelocity Cypher

Figure 1: Neointimal area (4 weeks mean, mid, end) in the four different groups.
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Figure 2: Inflammation score and neointimal cell density in the four different groups

(1 and 4 weeks). After 1 week there are no differences in inflammation score and neointimal cell density between bare
metal and drug-eluting stents. However after 4 weeks there is more inflammation and lower cell density in the neointima of
drug-eluting stents.

Table 4. Collagen content: results in the 4 week groups. In Group E (bare metal stents) collagen content was
significantly greater compared with group F(drug-eluting stents).

Variable = A=Express 2 B= Taxus C=BxVelocity D=Cypher E=A+C F=B+D

N=8 N=8 N=8 N=8 N=16 N=16
Collagen  4.4+0.9 1.5£0.7  2.1+0.6 0.4+0.4 3.25+0.6 1.0+0.4
content

No significant differences in total collagen content were found when all 4 groups were seperately compared however there
was a trend towards less collagen content in the drug-eluting stents especially in the sirolimus-eluting stent. However after
we combined both drug-eluting (E) and bare metal stent (F) groups and compared the two groups (E:F) a significantly lower
collagen content was found in the drug-eluting stents (Table 4).
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Figure 3: Signs of delayed healing in the four different groups (1 and 4 weeks). After 1 week there are no differences
in signs of delayed healing between bare metal and drug-eluting stents. However after 4 weeks there are more signs of
delayed healing present in the neointima of drug-eluting stents.

DISCUSSION
Neointimal formation
In the diabetic Zucker rat, no reduction in neointimal area was seen with the Taxus stent. The Cypher
stent had decreased neointimal formation compared to its bare metal control. It is not likely that this
difference in neointimal area can be explained by differences in cytostatic effects of both drugs,
because the effect on cell density was similar with both drugs.

A more pronounced edge effect with the Express 2 stent is the most likely explanation which is not
counteracted by paclitaxel. The trend towards an increase in neointimal formation seen in the Taxus
stent design (Express 2 and Taxus) was largely attributed to an increase in neointimal formation at the
edges of the stent (Table 2, Figure 1). Increased injury to the artery is correlated with more neointimal
formation''. Interestingly in the Taxus and Express (same stent) there was also a trend towards more
injury at the edges of the stent (Table 2). Diabetic arteries differ from non diabetic arteries: they contain
more hyaluronan, type IV collagen, and fibronectin in the media'>. So the Taxus and Express 2 stent
design may induce more neointimal formation at the edges and a diabetic population may be especially
at risk due to differences in vessel characteristics with vulnerability to injury. There is some evidence
for this Iakouva et al reported in a retrospective analysis of 977 patients (26% diabetics) who received
a Taxus stent a high incidence of in-stent restenosis at the stent edges'. This might indicate that stent
design is still important for in-stent restenosis even in drug-eluting stents possibly because of its effect
on local drug concentrations'”,
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Incomplete healing

Our results show no differences in neointimal cell density, inflammation score and signs of incomplete
healing after 1 week between bare metal and drug-eluting stents (Table 3, Figure 2 and 3). However
after 4 weeks neointimal is low and signs of incomplete healing and low inflammation are present in
the drug-eluting groups (Table 3, Figure 2 and 3). Also collagen content is lower in drug-eluting stents
compared with bare metal stents after 4 weeks (Table 4).

A B A

Figure 4: Examples of hemorrhage in Taxus en Cypher stents.

These results demonstrate that incomplete healing exist in a diabetic population with drug-eluting
stents. This might be relevant since drug-eluting stents are often used in diabetic patients because they
are more prone to develop in-stent restenosis. Increased inflammation, incomplete reendothelization
and fibrin deposition were reported by others studying incomplete healing in drug-eluting stents®'>. In
this study we report also low neointimal cell density, acellularity and hemorrhage (Figure 4) and low
collagen content as being characteristic for incomplete healing in drug-eluting stents in diabetic rats.
We found also incomplete healing in non-diabetic rats (data not shown here). This suggests that
incomplete healing is not specific for diabetic animals but rather a generic effect possibly due to the
inhibiting effect of both sirolimus and paclitaxel on proliferating cells which than induces low
neointimal cell density, impaired extracellualir matrix formation and prolonged chronic inflammation .
The precise mechanism underlying incomplete healing in drug-eluting stents is still unknown.
Incomplete neointimal coverage has been associated with subclinical thrombus formation'®. So it
would be interesting to study if our findings on incomplete neointimal healing in drug-eluting stents in
a diabetic population are associated with thrombus formation and late stent thrombosis.
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In recent years therapeutic advances of PCI such as antiplatelet drugs given before and after the
procedure, the stent and later the drug eluting stent have improved mortality and morbidity for patients
with CHD and this has led to a marked rise in the number of PCI procedures.'” Nowadays in the
Netherlands every year around thirty thousand PCI procedures are performed.” However PCI is still
troubled by two major limitations: in- stent restenosis and stent thrombosis. In-stent restenosis is the
narrowing of the vessel wall after stenting. In-stent restenosis usally does not lead to acute occlusion of
the vessel with myocardial infarction and death, however recurrence of angina pectoris is often seen
which in practice requires revascularization of the stented vessel. Stent thrombosis is the occurrence of
thrombus formation in or near the stent resulting in an acute occlusion of the vessel. Although its
incidence is much lower than in-stent restenosis nevertheless it is a serious complication because in
contrast with in-stent restenosis it leads more often to acute myocardial infarction and has a much
higher mortality rate. In this thesis the rat aortic stenting model was used to study several new
treatments to reduce in-stent restenosis and some aspects of the pathofysiology of in stent restenosis.
We also adapted our rat aortic model for studying in-stent restenosis in diabetics by developing two
different (type 1 and type 2) diabetic models for in-stent restenosis. Furthermore we tried to identify a
possible mechanism of late stent trombosis by comparing the neointima of bare metal and drug eluting
stents.

Chapter 2 describes a a novel type 1 diabetic model for in-stent restenosis after rat abdominal aortic
stenting. Diabetic animal models are useful for studying the mechanisms of increased in-stent
restenosis in diabetic populations’. We demonstrated increased neointimal formation in diabetic BBDP
(Bio-Breeding Diabetes-Prone) and significant proteinuria, polyuria and glycemia compared to non-
diabetic thymectomized BB-DP rats. These results validate this novel type 1 diabetic rat abdominal
aortic stenting model for studying the mechanism of increased in-stent restenosis in diabetic
populations and more specific in the type 1 diabetes population. Furthermore because of the genetic
similarity of the diabetic and normoglycemic rats in this model the mechanisms responsible for
increased in-stent restenosis in diabetic populations can more easily be identified in future studies.

In Chapter 3 we describe the contribution of circulating bone marrow cells to neointimal formation
after in-stent restenosis and transplant arteriosclerosis. In the specimens of both stented and
transplanted vessels no bone marrow-derived neointimal smooth muscle and endothelial cells were
detected. A few bone marrow-derived cells were found in the neointima but they were infiltrating
leukocytes. In conclusion, non-bone marrow-derived cells are the predominant source of neointimal
cells in stented and transplanted vessels. Vascular wall-derived progenitor cells may rather be the
source of smooth muscle cells that contribute to in-stent restenosis and transplant arteriosclerosis which
may have implications for our quest for new therapeutic targets to treat these vasculopathies®®.

In Chapter 4 we discuss the effect of the ATI-receptor candesartan on neointimal formation after
stenting. Systemic candesartan cilexetil treatment did not result in reduction of neointimal formation
however angiotensin II did result in an increase in neointimal formation. It is likely that AT1-receptor
stimulation by Ang II is not a major contributor to in-stent restenosis and only high doses lead to
neointimal formation explaining the inability of the ATI-receptor blocker candesartan to reduce
neointimal formation after systemic treatment. The current study examined systemic ATI1-receptor
blockade, limited by its systemic side-effects like hypotension. However, local delivery could allow
higher dosing, and could be more successful than systemic AT1-receptor blockade * .
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The effect of treatment with rosuvastin on in-stent restenosis was analyzed in Chapter 5. Rosuvastatin
treatment reduced neointimal formation both after Ang II infusion stimulated neointimal formation and
in the absence of Ang II infusion stimulated neointimal formation. Furthermore we found rosuvastatin
improved systemic endothelial function in the presence and absence of high levels of Ang II and
reduced inflammation. Retrospective analysis in patients suggest statins also slightly reduced in-stent
restenosis in humans and that the pleiotropic effects (involve improving endothelial function,
decreasing oxidative stress and inflammation, and inhibiting the thrombogenic response of statins) are
responsible for the reduction of neointima formation rather than the lipid-lowering effects'®. The
improvement of endothelial function by rosuvastatin as described in chapter 5 also suggest involvement
of the pleiotropic effects. Although the high dose of rosuvastatin greatly reduced neointimal formation
in our study, systemic treatment in patients is not feasible in these doses due to hepatotoxicity. A
rosuvastatin-eluting stent could circumvent this problem. In a recent study in the porcine coronary
stenting model a cerivastatin statin-eluting stent proved successful in reducing in-stent restenosis' .
Lipophilic statins like cerivastatin penetrate muscle cells at a higher degree than hydrophilic statins like
rosuvastatin. Therefore in theory cerivastatin will inhibit smooth muscle proliferation and in-stent
restenosis more strongly than rosuvastatin. However the potential for local tissue toxicity is also greater
in lipophilic statins. Indeed cerivastatin was withdrawn from the market for systemic treatment in
patients because of myopathy and rhabdomyolysis. Therefore both lipophilic and hydrophilic statin-
eluting stents should be tested in animal models for both efficacy and safety.

In Chapter 6 and 7 we describe quantative and qualitative differences in neointimal formation
between bare metal stents and drug eluting stents in normoglycemic (chapter 6) and diabetic setting
(chapter 7). The drug eluting stents reduced neointimal formation in the normoglycemic setting
compared with the bare metals stent. However in the diabetic setting only the sirolimus eluting stent
succesfully reduced in-stent restenosis in comparison with the bare metal stent. The qualitative
differences we found were low cell neointimal density, low neointimal collagen content and increased
low-grade inflammation. These differences developed in time: after 1 week cell density and
inflammation did not differ between bare metals stents and drug eluting stents but after 4 weeks they
differed.

We conclude that drug eluting stents were superior in reducing neointimal formation, although the
paclitaxel-eluting stent did not reduce neointimal formation as well as the sirolimus-eluting stent in
diabetic setting. In clinical trials the sirolimus-eluting stent seems also to decrease restenosis better than
the paclitaxel stent'?. Our results suggests that the decreased efficiency of the paclitaxel-eluting stent in
reducing stent thrombosis may be related to the stent design of the paclitaxel-eluting stent rather than
the drug itself. Second-generation paclitaxel-eluting stents with different stent design may thus be
better in reducing in-stent restenosis.

We found notable incomplete healing in both non-diabetic rats and diabetic rats. This suggests that
incomplete healing is not specific for diabetic animals but rather a generic effect possibly due to the
inhibiting effect of both sirolimus and paclitaxel on proliferating cells which may induce low
neointimal cell density, impaired extracellulair matrix formation and prolonged chronic inflammation.
A link between late stent thrombosis and incomplete endothelial healing was suggested by Joner et al:
incomplete reendothelization and high fibrin content in drug-eluting stents could be a potent
thrombogenic stimulus'™. Our results which demonstrate low collagen content in neointimal areas with
incomplete healing suggest a second hypothesis: the subendothelial neointimal tissue of drug-eluting
stents is weaker and could rupture more easily thereby exposing tissue factor and inducing thrombus.
The presence of hemorrhages found within the neointima of drug-eluting stents seems to support this
hypothesis. The low neointimal cell density could be correlated to tissue strength: there are not
enough cells to produce extracellular matrix and ensure a strong neointima. Both sirolimus and
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paclitaxel have a direct effect on the extracellular matrix production in cells. Sirolimus inhibits
collagen synthesis in rat vascular smooth muscle cells and paclitaxel also reduces tenascin (an
extracellular matrix glycoprotein) in human arterial smooth muscle cells'.

Future perspectives: Further reduction of in-stent restenosis will remain the most important goal in
stent development. However this reduction of in-stent restenosis should be accomplished while
minimizing the risk of stent trombosis. Several concepts need to be developed to reach these goals.

The prevailing concept to achieve those goals at the moment is that of the drug eluting stent. The
concept of the drug eluting stent is to use high local drug doses to inhibit the arterial healing response
after stenting and thus reduce in-stent restenosis. Indeed current first and second generation drug
eluting stents have been successful in reducing in-stent restenosis, however at the moment it is not
clear if they present a long-term risk of stent trombosis and this is currently being addressed in clinical
trials. Furthermore pre-clinical research will be needed to find the pathological substrate of stent
trombosis. It is possible that the aggressive inhibition of the arterial healing response predisposes to
stent trombosis. If the pathological substrate of stent trombosis is related to the strong anti-proliferative
drugs used on current drug eluting stents, a critical reevaluation of the advantages and disadvantages of
the use of these drugs on stents will be needed. In addition the search for new more ‘physiological’
acting drugs will start. Statins as discussed in chapter 5 may be a candidate for such drug eluting
stents. However it remains to be seen if these more ‘physiological’ acting drug eluting stents are as
efficient in reducing in-stent restenosis as the older ones.

Another concept is to reduce the vascular injury induced by the stent, resulting in a smaller arterial
healing response and less in-stent restenosis. An optimal stent design should combine maximum final
stent diameter with little arterial trauma'” ref. Significant improvements in stent design have already
been made by abandoning long, self-expandable, thick strutted, coiled stents for shorter, balloon
expandable, thin strutted stents of tubular design'>. Especially the thickness of the struts seems
important for reducing vascular injury and in-stent restenosis'®. At the moment high grade hard steel
and kobalt alloys are the preferred material for stents enabling thin struts which minimize arterial
trauma. However improvements in material sciences and nanotechnology may lead to stronger and
more elastic metal alloys. Stents made of these new alloys would enabling even thinner struts while
also being more flexible. Dense and radio-opaque elements such as hafnium and tantalum might also be
used in these alloys to maintain radiopacity of the thin stent struts.

Biocompatibility may also be important for stent design because increased thromboresistance may
reduce in-stent restenosis and are likely to reduce stent thrombosis. The thromboresistant substances
pyrolytic carbon and phosphorylcholine have been tested as coatings for hard steel and kobalt alloys
stents. These studies did not show a reduction in restenosis' "'*. The effect on stent thrombosis was not
evaluated and should be evaluated in new studies. A controlled registry of the biocompatible iridium
oxide-coated stent showed in-stent restenosis rates somewhat in between current drug-eluting stents
and bare metal stents. However if this difference is due to the better biocompatibility of the iridium
oxide coating or due to the thinner struts of the iridium oxide coated stents in comparison with first-
generation bare metal stents is not clear. More promising is the polymer
polybistrifluroexthoxyphosphazene (Polyzene-F). The haemocompatibility of a Polyzene-F-coated
stainless steel was much better than that of uncoated bare metal stents'’. More interestingly the
Polyzene-F nanocoated cobalt-chromium stent demonstrated similar rates of in-stent restenosis as the
paclitaxel and sirolimus-eluting stents in a porcine coronary model*’.
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Still randomized controlled trials comparing biocompatible coated stents with drug-eluting and bare
metal stents are needed to demonstrate the relevance of biocompatible stents for reducing stent
thrombosis and in-stent restenosis in humans.

A relatively new concept is that of the drug eluting balloon®'. In this concept drug-eluting balloon
dilatation is followed by bare metal stent implantation. It is similar to the drug-eluting concept in that it
aims to inhibit the arterial healing response after stenting. However this concept seems more attractive:
the drug itself is not present for long periods because no physical connection between drug and stent
exists. Another theoretical advantage of the drug eluting balloon over the drug eluting stent is in the
treatment of in-stent restenosis. Treatment of in-stent restenosis with a drug eluting stent creates an
undesirable amount of four metal layers whereas the drug eluting balloon does not.

Another promising concept is that of the resorbable stent. Directly after PCI a stent acts as a stabilizing

scaffolding device:it prevents collapsing of intimal flaps and plaque dissections leading to a smoother

surface and a larger lumen with more blood flow?. Furthermore a stent prevents abrupt vessel closure
and reduces restenosis rates by eliminating elastic vessel recoil and negative vessel remodeling®.
However on the long term the permanent nature of a stent has also negative effects: it prevents positive
remodeling and the stent may continue to evoke inflammatory responses and thus stimulate neointimal

formation. The resorbable stent acts in the early phase successfully as a scaffolding device like any

other stent. However after several months the stent dissolves into the body theoretically allowing
positive remodeling to occur and preventing neointimal formation due to the continued presence of
the stent. Preclinical and human studies with a magnesium resorbable stent have shown the safety of
the resorbable stent, although they had high restenosis rates due to both negative remodeling and
chronic wall recoil”**. Still the magnesium stent was almost completely resorbed and it successfully
functioned as a scaffolding device in the early phase after stenting. The rate of resorption of a
resorbable stent may be critical in preventing increased in-stent restenosis due to negative remodeling
and premature recoil. Recent preclinical research suggests that biocorrodible iron stents may be better
in preventing premature recoil than magnesium resorbable stents>. Future research on resorbable stents
will learn us more about the ideal resorption interval and material.

It is likely that in the near future less in-stent restenosis and stent thrombosis will be achieved by
developing new drug eluting stents with superior (less injury) stent design and possibly also with new
less aggressive drugs (e.g. statins) or with a polymer biocoating ( e.g.Polyzene-F). The drug eluting
balloon concept although interesting has yet to prove itself in large clinicial trials. The resorbable stent
is very promising but still in an experimental phase. In the long run combinations of these concepts(
e.g. a resorbable drug eluting or biocoated stent) may reduce in-stent restenosis and stent thrombosis
even better.
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De afgelopen jaren hebben verbeteringen in de behandeling met PCI (percutane coronaire interventie)
bestaande uit het geven van plaatjesremmers voor en na de procedure, de stent en de drug-eluting stent
geleid tot een verbetering van de sterfte en morbiditeit van patiénten met coronairlijden'~. Daardoor is
het aantal PCl-procedures fors gestegen en inmiddels worden in Nederland jaarlijks ongeveer
dertigduizend PCI-procedures verricht'. Echter PCI kent nog steeds twee belangrijke beperkingen: in-
stent restenose en stent trombose. In-stent restenose is het vernauwen van het vaatlumen na stenten. In-
stent restenose leidt meestal niet tot een acute afsluiting van het vat met een myocardinfarct of de dood
als gevolg, maar geeft vaak angina pectoris waardoor patiénten opnieuw een PCl-procedure moeten
ondergaan. Stent trombose is het ontstaan van een trombus in of nabij de stent leidend tot een acute
afsluiting van het vat. De incidentie van stent trombose is veel lager dan de incidentie van in-stent
restenosis. Daar staat tegenover dat stent trombose in tegenstelling tot in-stent restenose vaak leidt tot
een acuut myocardinfarct en de dood. In dit proefschrift is het buikaorta stent model in de rat gebruikt
om een aantal nieuwe behandelingen voor de vermindering van in-stent restenose te testen en om meer
inzicht in een aantal aspecten van de pathofysiologie van in-stent restenose te krijgen. Tevens werden
twee nieuwe (type 1 en type 2) modellen voor het bestuderen van in-stent restenosis bij diabetes
gevalideerd. Daarnaast werd de weefselopbouw van vaten gestent met bare metal stents vergeleken
met die van drug-eluting stents. Verschillen in de weefselopbouw tussen bare metal stents en drug-
eluting stents kunnen mogelijk aanknopingspunten geven voor de pathophysiologie van stent trombose.

In Hoofstuk 2 wordt een nieuw type 1 diabetes model voor in-stent restenose in de rat beschreven.
Diabetische diermodellen zijn nuttig voor het onderzoeken van de mechanismen van in-stent restenose
in diabetische populaties’.We laten zien dat er meer neointima formatie, proteinurie, polyurie en
glycemie is in diabetische BBDP (Bio-Breeding Diabetes-Prone) ratten vergeleken met niet-
diabetische BBDP ratten waar de thymus van verwijderd is. Deze resultaten valideert dit nieuw type 1
diabetes model voor het bestuderen van de mechanismen van in-stent restenose in diabetische
populaties en meer specifiek type 1 diabetische populaties. De grote genetische overeenkomst tussen
diabetische en niet-diabetische ratten in dit model maakt het makkelijker om de mechanismen te vinden
die verantwoordelijk zijn voor de toegenomen in-stent restenose in diabetische populaties.

In Hoofdstuk 3 beschrijven we de bijdrage van circulerende beenmergcellen aan in-stent restenose en
transplantatie arteriosclerose. In de preparaten van zowel gestente als getransplanteerde vaten werden
geen gladde spiercellen of endotheelcellen afkomstig uit het beenmerg aangetroffen. Enkele
beenmergcellen werden gevonden in de neointima maar dit bleken onstekingscellen te zijn.
Concluderend zijn beenmergcellen niet de directe bron van neointima cellen in gestente en
getransplanteerde vaten. Het is waarschijnlijker dat voorlopercellen aanwezig in of nabij de gestente
vaatwand de bron vormen van gladde spiercellen welke bijdragen aan neointima formatie in gestente en
getransplanteerde®®. Deze bevindingen zijn belangrijk voor het vinden van nieuwe therapeutische
aangrijpingspunten voor het behandelen van in-stent restenose en transplantatie arteriosclerose. In
Hoofdstuk 4 wordt het effect van behandeling met de angiotensin II receptor blokker candesartan
cilexetil op in-stent restenose getest. Systemische behandeling met candesartan cilexetil leidde niet tot
minder neointima formatie. Echter infusie met angiotensin II gaf wel meer neointima formatie.

Het is waarschijnlijk dat angiotensin II receptor stimulatie een minder belangrijke rol speelt in in-stent
restenose en alleen sterke angiotensin II receptor stimulatie leidt tot meer neointima formatie. Dit zou
ook verklaren waarom de angiotensin II receptor blokker candesartan cilexetil niet in staat is om in-
stent restenose te verminderen. Aan de andere kant werd de dosis van de angiotensin II receptor
blokker candesartan cilexetil beperkt door systemische bijwerkingen zoals hypotensie. Locale dosering
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bijvoorbeeld met een drug-eluting stent heeft deze beperking in veel mindere mate. Het is mogelijk dat
hogere doseringen die gehaald kunnen worden door locale dosering wel effectief zijn in het
verminderen van in-stent restenosis’.

Het effect van de behandeling met rosuvastatine op in-stent restenose wordt beschreven in Hoofdstuk
5. Behandeling met rosuvastatine verminderde neointima formatie zowel met angiotensin II
gestimuleerde neointima formatie als zonder angiotensin II gestimuleerde neointima formatie.
Bovendien verbeterde rosuvastatine de systemische endotheelfunctie en verminderde ontsteking in
zowel de groep met angiotensin II infusie als in de groep zonder angiotensin II infusie. Een
retrospectieve studie bij patiénten suggereerde dat de pleiotrope effecten van statines (verbetering van
endotheelfunctie, vermindering van oxidatieve stress en ontsteking) leiden tot minder in-stent
restenose'". De verbetering van de endotheelfunctie gevonden in onze studie met rosuvastatine lijkt dit
te bevestigen. Alhoewel systemische behandeling met hoge doseringen rosuvastatine sterk in-stent
restenose verminderde, is systemische behandeling bij mensen niet mogelijk door met name
levertoxiciteit. Een rosuvastatine-eluting stent heeft dit probleem niet. In een recente studie bleek een
cerivastatine-eluting stent succesvol in het verminderen van in-stent restenose''. Lipofiele statines zoals
cerivastatine penetreren gladde spiercellen beter dan hydrofiele statines als rosuvastatine. Daarom
zouden lipofiele statines zoals cerivastatine beter in staat moeten zijn om gladde spiercel proliferatie en
in-stent restenose te remmen dan hydrofiele statines als rosuvastatine. Echter de kans op locale
weefseltoxiciteit is daardoor ook groter bij lipofiele statines. Cerivastatine bijvoorbeeld is niet
geregistreerd voor systemische behandeling bij patiénten door bijwerkingen als myopathie en
rhabdomyolyse. Daarom zouden zowel de lipofiele als de hydrofiele statine-ecluting stents getest
moeten worden op het veilig verminderen van in-stent restenose.

Hoofdstuk 6 en 7 beschrijven kwantitatieve en kwalitatieve verschillen van neointima formatie tussen
bare metal stents en drug-eluting stents onder normoglycemische en diabetische omstandigheden.
Onder normoglycemische omstandigheden waren zowel de paclitaxel eluting stent als de sirolimus
eluting stent beter in het verminderen van neointima formatie. Echter onder diabetische
omstandigheden was alleen de sirolimus eluting stent beter in het verminderen van neointima formatie.
De kwalitatieve verschillen tussen drug-eluting stents en bare metal stents bestonden uit lage
celdichtheid, minder collageen en meer chronische ontsteking in de preparaten van de drug-eluting
stents. Deze verschillen ontwikkelden zich in de tijd: na 1 week waren deze verschillen nog niet
aanwezig maar na 4 weken wel. We concluderen dat drug-eluting stents beter zijn in het verminderen
van neointima formatie, alhoewel de paclitaxel-eluting stent onder diabetische omstandigheden meer
in-stent restenose had als de sirolimus-eluting stent. In klinische trials bij diabetische patiénten bleek de
sirolimus-eluting stent ook minder in-stent restenose te hebben'?. Onze resultaten bevestigen dat maar
suggereren ook dat dit meer te maken heeft met de stent dan met het medicijn paclitaxel zelf. Nieuwe
paclitaxel-eluting stents met een beter ontwerp hebben mogelijk minder in-stent restenose.

We hebben een vertraagde genezing van de neointima van drug-eluting stents gevonden in zowel
diabetische als niet-diabetische ratten. Dit wijst erop dat de vertraagde genezing van de neointima dus
niet specifiek is voor diabetes maar een algemeen cytostatisch effect van sirolimus en paclitaxel is wat
leidt tot een lage celdichtheid, meer inflammatie en minder collageen in de neointima. Een verband
tussen late stent thrombose en vertraagde endotheel genezing is gesuggereerd door Joner et al'>. Onze
resultaten waarin we weinig collageen vinden in gebieden met weinig cellen suggereren een tweede
hypothese: het subendotheliale neointima weefsel van drug-eluting stents is mogelijk zwakker, scheurt
makkelijker waardoor tissue factor vrij kan komen leidend tot stent trombose. De aanwezigheid van
bloedingen in de neointima van drug-eluting stents zoals beschreven door ons ondersteunt deze
hypothese. Dus op plekken met een lage celdichtheid (geinduceerd door lokale toxische doseringen
sirolimus en paclitaxel in de neointima) is er mogelijk minder collageenvorming en daardoor
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weefselzwakte. Het is bekend uit studies dat sirolimus en paclitaxel extracellulaire matrix vorming (o.a.
collageen, tenascine) sterk verminderen'*.

Toekomstperspectieven: Vermindering van in-stent restenose zal waarschijnlijk het belangrijkste doel
blijven in de ontwikkeling van stents. Echter deze vermindering van in-stent restenose zou bereikt
moeten worden zonder een hoog risico op stent trombose.

Verschillende concepten zullen nodig zijn om deze doelen te bereiken.

Het belangrijkste concept om deze doelen te bereiken is op dit moment de drug-eluting stent. Het
concept van de drug-eluting stent is het gebruik van hoge locale doseringen van medicijnen om het
herstelproces van de vaatwand na implantatie van een stent te remmen en daarmee in-stent restenose te
verminderen. De huidige drug-eluting stents zijn inderdaad goed in staat om in-stent restenose te
verminderen maar het is op het moment nog niet duidelijk of deze stents op de lange termijn een
verhoogd risico op stent trombose hebben. Dit wordt momenteel onderzocht in een aantal grote
klinische trials. Preklinisch onderzoek zal nodig zijn om het pathologische substraat van stent trombose
te vinden. Mogelijk zal blijken dat sterke remming van het herstelproces van de vaatwand na
implantatie van een stent predisponeert voor stent trombose. Als het pathologische substraat van stent
trombose gerelateerd is aan het gebruik van sterk anti-proliferatieve medicijnen op de huidige drug-
eluting stents, dan zal een kritische evaluatie van de voordelen en nadelen van het gebruik van deze
medicijnen op stents nodig zijn. Bovendien zal dan een zoektocht beginnen naar nieuwe
kandidaatmedicijnen voor gebruik op drug-eluting stents welke minder ingrijpen in het normale
herstelproces van de vaatwand. Een statine zoals rosuvastatine beschreven in Hoofdstuk 5 is mogelijk
een kandiaatmedicijn voor een drug-eluting stent. Belangrijk voor het succes van deze
kandidaatmedicijnen is dan wel dat zij net zo goed zijn in het verminderen van in-stent restenose als de
oude sterk anti-proliferatieve medicijnen.

Een ander concept is het verminderen van de schade die de stent in de vaatwand aanricht. Daardoor
onstaat een kleinschaliger herstelproces met minder in-stent restenose.

Een optimaal stent-ontwerp moet dus streven naar een maximale diameter van het vat na het plaatsen
van de stent maar met minimale schade aan de vaatwand'”. Belangrijke veranderingen in stentontwerp
zoals verkorting van de stent, balloninflatie, dunnere stentstruts en een tubulair ontwerp hebben al hun
intree gevonden . Met name de dikte van de stentstruts lijkt belangrijk te zijn voor het verminderen
van schade aan de vaatwand en vermindering van in-stent restenosis'®. Op het moment bestaat de trend
om steeds hardere metalen, bijvoorbeeld kobaltlegeringen, te gebruiken om stents van te vervaardigen
zodat de stentstruts steeds dunner kunnen worden. Toekomstige ontwikkelingen in de materiaal- en
nanowetenschappen maken het misschien mogelijk nog sterkere en flexibeler materialen te
ontwikkelen en gebruiken voor het produceren van stents. Stents gemaakt van deze materialen zouden
dunner zijn en met betere flexibiliteit. Toevoeging van kleine hoeveelheden van dichte metalen zoals
hafnium of tantalum zou ervoor zorgen dat de radiopaciteit van zulke dunne stents behouden blijft.

Het gebruik van lichaamsvriendelijke materialen op de stent kan mogelijk ook bijdragen aan minder
in-stent restenose en stent trombose doordat het oppervlak van de stent minder trombosegevoelig is.

Coatings van stents met de trombose resistente stoffen pyrolytic carbon en phosphorylcholine
verminderden in-stent restenose niet, maar zijn nog niet getest op het verminderen van stent
trombose'"'*. Een studie met een lichaamsvriendelijke iridiumoxide gecoate stent verminderde in-stent
restenose vergeleken met bare metal stents, maar niet zoveel als drug-eluting stents. Echter in deze
studie was niet geheel duidelijk of de vermindering van in-stent restenose kwam door de
lichaamsvriendelijke iridiumoxide coating of door de dunne struts van deze stent. Veelbelovend is de
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polymeer polybistrifluroexthoxyphosphazene (Polyzene-F). De heamocompatibiliteit van Polyzene-F-
coated stents was beter dan van gewone bare metal stents'””. In een recente studie in varkens had de
Polyzene-F nanocoated cobalt-chromium stent in vergelijking met een sirolimus-eluting en de
paclitaxel-eluting stent evenveel in-stent restenose®. Klinische trials moeten uitwijzen of
lichaamsvriendelijke gecoate stents een meerwaarde hebben boven drug-eluting en bare metal stents.

Een nieuw concept is dat van de drug eluting ballon?'. In dit concept wordt inflatic met een drug-
eluting ballon gevolgd door implantatie met een bare metal stent. Zowel de drug-eluting ballon als de
drug-eluting stent proberen het herstelproces na stenten te remmen. Theoretisch heeft dit concept
enkele voordelen boven de drug-eluting stent: er hoeft geen drager van het medicijn aanwezig te zijn
op de stent en de kans is kleiner dat medicijnen voor langere tijd aanwezig blijven op de stent.
Bovendien als eenmaal in-stent restenose is opgetreden kan deze beter behandeld worden met een drug
eluting ballon dan met een drug eluting stent omdat bij behandeling met een drug eluting stent een
onwenselijke situatie ontstaat in de gestente vaatwand met dubbele lagen van metaal op elkaar.

Een veelbelovend concept is dat van de resorberende stent. Direct na PCI fungeert een stent als een
ondersteunend apparaat: het voorkomt het loshangen van delen van de intima in het lumen en van
dissecties in de plaques. Daarmee zorgt de stent voor een gladder oppervlak van de gestente vaatwand
met een groter lumen en een betere bloedstroom door het vat’’. Bovendien voorkomt een stent
plotselinge afsluiting van het vat en vermindert restenose door elastische recoil en negatieve
vaatremodellering”. Echter op de lange termijn heeft het permanente karakter van een stent nadelen:
het voorkomt positieve remodellering en de stent kan aanleiding geven tot chronische ontsteking en
daarmee neointima formatie stimuleren. De resorberende stent gedraagt zich als een normale stent in de
vroege fase na stenten. Maar na enkele maanden lost de resorberende stent op zodat positieve
remodellering kan plaatsvinden en de afwezigheid van de stent voorkomt meer neointima formatie.
Preklinische en klinische studies met een resorberende magnesium stent hebben laten zien dat deze
stent veilig is, maar deze stent had ook hoge restenose percentages door negatieve remodellering en late
elastische recoil®?*.  Gunstig was dat de magnesium stent vrijwel geheel was geresorbeerd aan het
einde van de studie en in de vroege fase succesvol functioneerde als een ondersteunend apparaat. De
snelheid waarmee de stent resorbeert is waarschijnlijk van belang bij het voorkomen van in stent
restenose door negatieve remodellering en elastische recoil. Recent preklinisch onderzoek suggereert
dat een biocorrosieve ijzeren stent beter is bij het voorkomen van elastische recoil dan een stent van
magnesium ». Toekomstig onderzoek naar resorberende stents zal ons meer leren over het ideale
resorptie-interval en materiaal.

Waarschijnlijk kan in de nabije toekomst in-stent restenose en stent trombose verminderd worden door
de ontwikkeling van nieuwe drug-eluting stents met superieure stent-ontwerpen (minder vaatschade) en
mogelijk ook door het gebruik van nieuwe medicijnen (b.v. statines) of lichaamsvriendelijke coatings
(b.v. Polyzene-F). De drug-eluting ballon moet zich nog bewijzen in klinische trials en de resorberende
stent is nog in een experimenteel stadium. Op de lange termijn kunnen combinaties van bovenstaande
concepten (b.v. een resorberende drug-eluting of lichaamsvriendelijke gecoate stent) in-stent restenose
en stent trombose verder verminderen.
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dit proefschrift. Prof. Dr. D.J. van Veldhuisen en Dr M. van den Berg wil ik bedanken
voor de mogelijkheid de opleiding tot cardioloog te volgen.

Dit proefschrift was niet mogelijk geweest zonder de excellente bijdrage in kennis en
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Bartels , Annemieke Smit-van Oosten en Anthony van Dijk voor het implanteren van de
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