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1. Introduction
1.1. Clinical relevance of restenosis
Cardiovascular diseases are the leading causes of death in industrial countries.
Especially, atherosclerosis is responsible for stenosis formation in important vessels like
coronary and carotid arteries. Stenosis in the coronary arteries can lead to ischemic heart
disease, causing clinical symptoms of angina and myocardial infarction. Internal carotid
artery stenosis is responsible for a considerable proportion of transient ischemic attacks
and strokes. Significant coronary artery stenoses are currently treated either by stent
placement or by coronary artery bypass grafting. Carotid endarterectomy (CEA) is a
generally accepted surgical method to reduce the risk of cerebrovascular events in
symptomatic and asymptomatic patients with severe carotid stenosis (NASCET
Collaborators, 1991; Halliday A et al., 2004). In the recent years, carotid artery stenting
(CAS) has emerged as an alternative to carotid endarterectomy. Despite these modern
techniques, recurrent stenosis still limits the long-term success of these interventions
significantly.
Recurrent carotid stenosis or restenosis is the re-narrowing of the blood vessel
after surgical or endovascular revascularisation. As atherosclerosis predominantly
occurs in medium and large muscular arteries, recurrent stenosis is a complication of
these vessels, with most clinical relevance in the carotid and coronary territory, as well
as in renal and limb arteries. In 1976, Stoney and String reported the first large series of
patients operated on for carotid restenosis (Stoney RJ et al., 1976). Depending on the
defininiton criteria for recurrent carotid stenosis, the length of the follow-up period, and
the deviation in the number of patients assigned to these studies, the incidence of
restenosis varied widely between 1% and 36% (Carballo RE et al., 1996; Gagne PJ et
al., 1993; Norrving B et al., 1982; Stoney RJ et al., 1976). On the other hand, the rate of
restenosis may not be constant (i.e. the number of patients who have restenosis at a
given point in time may not be linearly related to time). According to a review by
Frerick et al., the risk of recurrent carotid stenosis was 10% in the first year, 3% in the
second year, and 2% thereafter suggesting, that most of these complications occur in the
first postoperative year (Frericks H et al., 1998).

8

Restenotic lesions are usually less thrombogenic than the primary atherosclerotic
plaques, with consequently lower risk of cardiovascular/cerebrovascular events. Despite
that, restenosis does have a significant clinical impact either in the coronary or in the
carotid region. While primary atherosclerosis often leads to sudden appearance of
clinical symptoms, restenosis generally appears asymptomically or presents as a gradual
recurrence of symptoms, permitting adequate time for evaluation and retreatment
(Weintraub WS et al., 2007). In a large comprehensive study, significantly more
patients with restenosis than without had angina after coronary angioplasty (70.7% vs.
38.7%; p<0.0001) (Weintraub WS et al., 1993). In addition, the impact of restenosis on
patient quality of life has been confirmed in several clinical trials, underlining the
relevance of restenosis (Weaver WD et al., 2000; Rinfret S et al., 2001). When
restenosis progresses in the carotid arteries, reintervention may also become necessary
to avoid the reoccurance of clinical symptoms (Ricotta JJ et al., 1992; Zierler RE et al.,
1982). Nowadays, most of the carotid restenotic cases are to be treated by CAS instead
of a redo CEA.
Finally, the economic impact of restenosis has to be mentioned as well. There
are a few comparative studies of coronary patients, which report lower follow-up costs
for patients without restenosis when compared to patients with restenosis. The costeffectiveness of coronary artery stenting compared to conventional angioplasty or drugeluting stent placement compared to bare metal stent placement has been shown,
especially because of the lack of need for reintervention and rehospitalization (Bakhai A
et al., 2006; van Hout BA et al., 2005). Regarding carotid artery stenting and carotid
endarterectomy, studies concordantly report higher procedual costs for CAS than for
CEA, however this will be compensated by higher additional costs for CEA (e.g.
intensive care after surgery). Total costs mainly depend on complications, like stroke
and restenosis, therefore total expenses shown in different studies are not in harmony
(Gray WA et al., 2002; Janssen MP et al., 2008; Pawaskar M et al., 2007). Ongoing
studies (SPACE, ICCS) may be able to provide data of such economic analysis.
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1.2. Pathophysiology of restenosis
Stoney and String described two pathologically different types of recurrent
carotid stenosis; early restenosis that results from myointimal (neointimal) hyperplasia
and late restenosis that results from recurrent atherosclerosis (Liapis CD et al., 2005;
Stoney RJ et al, 1976). Early restenosis usually occurs after 30 days but before 2 years
postoperatively, while late restenosis can be seen 2 years after the operation.
Additionally, residual stenosis due to technical failure can cause “restenosis” as well,
which can be observed even earlier than 30 days posoperatively. Neointimal hyperplasia
appears as smooth, firmly localized thickenings at the site of previous CEA, whereas
atherosclerostic lesions tend to be irregular, friable, and occasionally ulcerated with a
tendency to give rise to symptoms in the carotid territory (Liapis CD et al., 2005). Late
restenotic lesions contain foam cells, cholesterol deposits, abundant collagen and
calcium just like the primary atherosclerotic lesion (Sadideen H et al., 2006). As our
present work focuses on early restenosis, only the pathophysiology of early restenosis
will be further presented.
Principally, there are four overlapping stages in early restenosis development.
First (1), endothelial damage occurs during surgical as well as interventional vessel
reconstruction, which results in loss of antithrombotic factors, like nitric oxide,
prostacyclin and tissue plasminogen activator. On the other hand, fracture of the
atherosclerotic plaque exposes the thrombogenic contents of the plaque to the blood
stream, which induces platelet activation and adhesion (Bauters Ch et al., 1997;
Weintraub WS., 2007). Adhesion molecules, like selectines and integrins have been
shown to be immediately overexpressed after endovascular interventions (Barringhaus
K et al., 2002; Hayashi S et al., 2000; Orford JL et al., 2000). This is followed by an (2)
inflammatory phase triggered by platelet-derived inflammatory cytokines. Carotid
clamping during surgery causes ischemic/reperfusion injury and immediate complement
activation (Malek LA et al., 2005; Széplaki G et al., 2008). Activated platelets release
mitogens, including thromboxane A 2 , serotonine and platelet-derived growth factors,
which promote (3) smooth muscle cell proliferation and migration. Another important
mechanism regarding VSMC’s is the alteration of their phenotype from contractile to
synthetic. Due to this alteration, VSMC’s are able to secrete promigratory proteins,
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adhesion molecules, cytokines and growth factors, e.g. IL-1, MCP-1, BFGF, TGFα,
TNFα and VEGF. Finally, (4) extracellular matrix production and deposition contribute
to the neointimal hyperplasia. Extracellular matrix consists of collagens, elastine,
fibronectine and proteoglycans synthetised by smooth muscle cells and fibroblasts,
which is regulated by TGFα and PDGF (Batchelor WB et al., 1998). The matrix
metalloproteinases make another very important protein family, which allows VSMC
migration through ECM degradation. This concept has been proven by matrix
metalloproteinase inhibitor treatment, which was accompanied by decreased smooth
muscle cell migration and attenuated neointima formation (Galis ZS. et al., 2002).
Figure 1. shows the timeline of the above mentioned four stages of restenosis.

Figure 1. Restenosis timeline (from Kraitzer A et al., 2008 and Nikol S et al., 1996)
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Mainly, the last two steps (VSMC migration/proliferation and ECM deposition)
are responsible for lumen loss after surgical/endovascular interventions. In case of a
balloon dilation without stent placement, these pathological processes are overtaken by
an initial elastic recoil, which results in an immediate lumen loss after angioplasty
(Rozenman Y et al., 1993). However, elastic recoil doesn’t occur after endarterectomy
nor does it play a considerable role in lumen loss in the stent era.
Programmed cell death plays a role in the neointimal development as well. On
one hand, apoptosis acts against the increased cell proliferation, on the other hand
apoptotic smooth muscle cells enhance the oxidative stress in the neointimal tissue and
promote macrophage migration. Macrophages directly affect VSMC’s apoptosis in a
nitric-oxide-dependet manner (Boyle JJ et al., 2002).
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1.3. Risk factors of restenosis
Risk factors of restenosis are in part similar to the classical risk factors of
atherosclerosis, and in part are different from those. They can be divided into systemic
and local risk factors (Liapis CD et al., 2005; Weintraub WS et al., 2007). Briefly,
general risk factors could involve smoking, hyperlipidaemia, diabetes mellitus, gender,
age, hypertension, multilocular atherosclerosis and some pharmacologic agents. In
addition, evidence is growing, that restenosis development can be genetically
determined as well. Local risk factors include plaque types, lesion length, vessel
diameter and type of the intervention. In the following section, these risk factors will be
discussed in more detail. In general, there is considerable debate on current risk factors
of restenosis and they are not yet clearly established, compared to the classical
atherosclerosis risk factors.
A statistically significant correlation between any of the recognized classical risk
factors of atherosclerosis and carotid restenosis hasn’t been clearly demonstrated
(Sadideen H et al., 2006). Continued smoking probably has the greatest predictive value
(Lattimer CR et al., 1997). On the other hand, any association shown between smoking
and restenosis may not be relaiable since it is very difficult to get an accurate smoking
history from the patients. Similarly to smoking habits, the role of hypercholesterinaemia
and hyperlipidaemia as risk factors of restenosis, are controversial also. Rapp et al.
showed higher rates of early restenosis in patients with higher serum cholesterol,
however this has not been confirmed by Weintraub et al. They failed to observe a
reduction in the incidence of restenosis in patients who were treated with cholesterollowering lovastatin (Rapp JH et al., 1987; Weintraub WS et al., 1994). Colyvas et al.
reported, that both LDL apolipoprotein B and HDL cholesterol were independent
predictors of the risk of recurrent carotid stenosis (Colyvas N et al., 1992). Regarding
gender, the rate of recurrent carotid stenosis appears to be higher in women according to
evidence from Harris’s study as well as from our own results (Harris RA et al., 2003).
Female gender is a risk factor for restenosis after carotid artery stenting as well (Khan
MA et al., 2003). Most of the other studies support this observation. Several authors
report, that diabetes mellitus is a risk factor for restenosis however others didn’t confirm
this (Atnip et al., 1990; Volteas et al., 1994). A suggested mechanism is the diabetic
endothelial dysfunction, which can trigger neointimal hyperplasia. The role of age as a
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risk factor for restenosis is questionable, since most of the studies failed to show an
association. However Khan et al. demonstrated a significantly higher incidence of
carotid restenosis after CAS in patients older than 75 years, compared to patients under
75 years of age (Khan MA et al., 2003). Hypertension probably doesn’t significantly
increase the risk of restenosis, as shown by Clagett et al., Khan et al. And Volteas et al.
(Clagett et al., 1983; Khan MA et al., 2003; Volteas et al., 1994). Regarding
multilocular atherosclerosis, some associations have been described between carotid
restenosis and coronary artery disease, peripherial arterial disease or bilateral carotid
disease. Liapis CD et al. as well as Volteas et al. found a significant correlation between
ischemic heart disease and recurrent carotid stenosis (Liapis CD et al., 2001; Volteas et
al., 1994). As a conclusion, female gender, smoking, diabetes, LDL-cholesterine level,
age, several concomittant diseases (coronary artery disease, peripheral arterial disease)
are probably the most important systemic risk factors for recurrent stenosis. Evidence
also suggests, that some patients may be genetically predisposed to restenosis. Genetic
abnormalities associated with high risk for restenosis include polymorphisms in genes
coding angiotensin-converting enzyme inhibitor, glycoprotein receptor IIIa, haptoglobin
and mannan-binding lectin (Di Castelnuovo A et al., 2001; Ribichini F et al., 1998;
Roguin A et al., 2001; Rugonfalvi-Kiss S et al., 2005).
Local risk factors involve mainly the different dimensions of the treated artery
and plaque. It has been reported, that small internal carotid arteries (<4 mm diameter)
have a significantly increased risk of restenosis compared with those of diameter ≥ 4
mm (37% vs. 12%) (Ouriel K et al., 1987). Since women have smaller carotids, this can
explain - at least in part - the higher restenosis rates observed in females. Other
important local risk factors are plaque type and features. Significant negative
association has been found by Liapis CD at al. between the presence of uniformly
echogenic plaques and the rate of recurrent carotid stenosis (Liapis Cd et al., 2001).
This is also supported by very recent, unpublished data of our research group. The
technique used for the treatment of significant carotid stenosis can also be taken as local
risk factor. Carotid endarterectomy with primary or patch closure, eversion
endarterectomy, transluminal carotid angioplasty or carotid artery stenting are
associated with different restenosis rates. Most of the studies reported lower rate of
recurrent stenosis after CAS compared to conventional angioplasty or carotid surgery.
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For example, Wholey et al. reported a rate of restenosis after CAS in only 4.8%
(n=2,048) at a mean clinical follow-up of 6 months (Wholey MH et al., 1998). Dietrich
et al. found a restenosis rate of 4.5% after 8 months of follow-up period (Dietrich EB et
al., 1996). Theron reported 4% at 12 months, Yadav et al reported 4.9% at 6 months,
Setacci et al reported 5.2% at 12.5 months, and Gable et al reported 6% in 28 months
(Theron JG et al., 1996; Yadav JS et al., 2004; Setacci C et al., 2005; Gable DR et al.,
2003).
As a summary, it can be stated, that the local factors seem to have more impact
on the restenosis development than general ones, and especially the role of classical
atherosclerosis risk factors is controversial. On the other hand, some new genetic factors
extend the range of general risk factors of recurrent stenosis.
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1.4. Restenosis prevention and treatment
Since the main risk factors for atherosclerosis are well known, prevention can be
achieved, for example, by lipid-lowering, antihypertensive, antidiabetic therapies,
weight control or by omitting smoking. Besides these modifiable factors, some risk
factors like age, gender or gene polymorphisms cannot be affected. In contrast, the
prevention of recurrent stenosis is not yet fully established. It is probably useful to pay
further attention to the classical atherosclerosis risk factors and a regular
ultrasonographic ckeckup of the carotids (6 weeks, 3 months, 6 months, 12 months
postoperatively, than every 12 months thereafter) should be scheduled regarding, that
the incidence of restenosis is highest within the first two postoperative years. In the
carotid and coronary ateries, methods for the prevention of the restenosis are both
pharmacologic and non-pharmacologic, while the treatment of restenosis is typically
non-pharmacologic.
Many pharmacologic agents have been proposed to lower the risk of recurrent
stenosis after coronary, as well as carotid interventions, but most of them failed to show
beneficial effects in clinical trials. Angiotensin II proved to be a stimulator of VSMC
proliferation in in vitro studies, in contrast to this, ACE inhibitors were not effective in
preventing restenosis (Meurice T et al., 2001). Trapidil, a PDGF inhibitor didn’t show
beneficial effects either, though this drug inhibited the mitogenesis of VSMC`s in
experimental studies (Poon M et al., 1999). Statins and omega-3 fatty acids have
demostrated no benefits in preventing restenosis, although these agents lower the risk of
primary atherosclerosis (Serruys PW et al., 1999; Johansen O et al., 1999). There are
promising data with the application of some antioxidant agents, like probucol, however
it hasn’t been approved for clinical use, because of its cardiac side effects (arrhythmias)
(Tardif JC et al., 1997). Low molecular weight heparine and platelet glycoprotein
IIb/IIIa inhibitors also failed to have beneficial effects. Despite these rather
disappointing results two drugs turned out to have efficacy in restenosis prevention,
which are already in clinical use in form of drug-eluting coronary stents: sirolimus and
paclitaxel (Frederick GP et al., 2002; Keltai M, 2007). These drugs act in two crucial
stages of restenosis pathogenesis, namely inflammation (2nd stage) and VSMC
proliferation (3rd stage), respectively. Sirolimus is an immunosuppressive drug; the first
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promising clinical study showed 0% restenosis rate in patients receiving sirolimuseluting coronary stent, while the control group demonstrated a restenosis rate of 26%
(Morice M-C et al., 2002). The difference was even higher in the subgroup of diabetic
patients: 0% restenosis in the drug-elutig stent (DES) group vs. 42% in the diabetic
control group. Other studies also confirmed beneficial effects of sirolimus-eluting
coronary stents, however the authors described higher restenosis rates in the DES group
as in the above mentioned study. Paclitaxel is an originally antineoplastic agent, which
interrupts proliferation and migration of smooth muscle cells as well. Besides positive
effects in in vitro studies, paclitaxel-eluting stents significantly reduced the restenosis
rate, too (Park S-J et al., 2003). Sirolimus proved to be more effective when compared
with paclitaxel. Morice MC et al. reported in their other study 9.6% restenosis with
sirolimus-eluting stent and 11.1% restenosis with paclitaxel-eluting stent 8 months after
interventions (Morice MC et al., 2006). Dibra A et al. reported 6.9 % instent restenosis
in the sirolimus-stent group and 16.5 % restenosis in the paclitaxel-stent group after
nine-months angiographic follow-up in diabetic patients (Dibra A et al., 2005).
Windecker S et al., showed 6.6% angiographic restenosis rate with a sirolimus-eluting
stent and 11.7% with a paclitaxel-eluting stent (Windecker S et al., 2005). The
effectiveness of both above mentioned drugs underlines the essential role of
inflammatory mechanisms and VSMC migration/proliferation in recurrent stenosis.
Although clinical evidence is already available on the use of these drugs in the
coronaries, clinical studies in the field of carotid and peripheral arteries are still lacking.
Bosiers M et al. stated in their review of the literature regarding drug-eluting stents in
the management of carotid and peripherial arterial diseases, that DES is still not
supported in the intracranial and extracranial cerebrovascular vasculature (Bosiers M et
al., 2008) Indeed, further studies are necessary in the evaluation of the benefit of
sirolimus-eluting and paclitaxel-eluting stents in restenosis prevention after carotid
interventions.
Regarding the non-pharmacologic prevention of restenosis, intracoronary
radiation has been investigated by several groups. In animals, intracoronary radiation
reduced neointimal proliferation after angioplasty as well as after endarterectomy,
presumably by decreasing smooth muscle cell mitosis and by inducing apoptosis (Scott
NA et al., 2001; Beller CJ et al., 2006). Investigators have used both, beta and gamma
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radiation for this purpose. Besides experimental studies, clinical trials demonstrated
good effects of brachytherapy in restenosis treatment. In the Stents and Radiation Trial
(START), patients with in-stent restenosis were randomly assigned to brachytherapy or
placebo after receiving mechanical treatment (primarily angioplasty) for in-stent
restenosis. Eight-month angiographic restenosis (≥50% diameter stenosis) within the
entire segment treated with intracoronary radiation was reduced from 45.2% in the
placebo-treated patients to 28.8% in the radiation-treated patients (p=0.001). As a result
of this trial, FDA has approved beta radiation in the treatment of in-stent restenosis
(Popma JJ SM et al., 2002).
Currently, coronary restenosis is treated by additional stent placement,
preferably by drug-eluting stents. In case of recurrent carotid stenosis, stent placement is
the method of choice. In special cases, carotid restenosis can also be treated by repeated
endarterectomy or by conventional angioplasty. The additional antiplatelet therapy
(aspirin, clopidogrel) is essential, especially for the prevention of thrombosis.
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1.5. Carotid interventions
1.5.1. Eversion carotid endarterectomy
Multicentric randomized trials, like the European Carotid Surgical Trial (ECST)
and the North American Symptomatic Carotid Endarterectomy Trial (NASCET) have
confirmed that carotid endarterectomy for a 70-99% carotid stenosis (as determined by
angiography) significantly reduces stroke risk in symptomatic patients. Similarly, the
Asymptomatic Carotid Atherosclerosis Study (ACAS) and the Asymptomatic Carotid
Surgical Trial (ACST) have shown a significant, albeit less marked, advantage of
surgery for asymptomatic stenoses of the same severity (Moore WS et al., 1998;
Halliday A et al., 2004). Since the introduction of CEA, it has undergone a number of
technical modifications that have increased its efficacy, safety and durability. To date,
the eversion type carotid endarterectomy is one method of choice in carotid surgery
(Entz et al., 1996; Cao P et al., 2000; Cao P. et al., 2004). In the following, a brief
description is given to the technique of eversion carotid endarterectomy. A longitudinal
incision is made along the anterior border of the sternocleidomastoid muscle, which is
followed by the exposure of the common, external, and internal carotid arteries.
Following systemic heparinization, the distal internal, common, and external carotid
arteries are clamped. The internal carotid artery is transected obliquely from the
common carotid artery and it’s wall is everted over the atheromatous core until a distal
endpoint is directly visualized. After the internal carotid artery has been completely
endarterectomized, plaques in the common and external carotid arteries is removed. The
internal carotid artery is then reanastomized to the common carotid artery. This
technique avoids the need for a suture line in the distal internal carotid artery where the
luminal diameter is small. Indication for CEA is in accordance with the American Heart
Association guidelines (Biller J et al., 1998). After evaluation of the risk factors,
patients received adequate medical treatment before and after surgery, in addition to
currently accepted anticoagulant and antiplatelet prophylaxis.
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1.5.2. Carotid artery stenting
In recent years, the less invasive endovascular techniques, like carotid artery
angioplasty and stenting have emerged as an alternative to carotid endarterectomy
(Coward LJ. et al., 2004). CAS has the advantages of a more comfortable, less invasive
treatment and quick recovery after the intervention. Multicentric studies, like the
CAVATAS, CaRESS, SPACE and EVA-3S trials compared PSMM (postoperative
stroke morbidity/mortality) after CEA and CAS; the SPACE and EVA-3S trials
revealed higher PSMM after CAS than following CEA (CAVATAS Investigators,
2001; CaRESS Steering Committee, 2005; Naylor AR, 2007; Mas JL et al., 2008). On
the other hand, the introduction of protection devices (embolic filters) significantly
improved the safety of carotid artery stenting. The CREST trial showed, that elderly
patients have an increased risk for severe complications (stroke, death) after carotid
artery stenting (Hobson RW et al., 2004). The SAPPHIRE study pointed out, that
among high risk patients, CAS with an embolic protection device is an alternative to
CEA and regarding severe postoperative complications, CAS is not inferior to carotid
endarterectomy (Yadav JS et al., 2004). Thus, carotid endareterectomy and carotid
artery stenting are complementary rather than competing methods, where the appropiate
patient selection is essential (Yadav JS et al., 1997; Craig R et al., 2006; Jordan WD et
al., 2002; Mas JL et al., 2006; Narins CR et al., 2006). The Society for Vascular Surgery
published the currently valid guideline for the management of patients with carotid
stenosis (Hobson RW 2nd et al., 2008).
The technique of CAS at the Department of Cardiovascular Surgery of
Semmwelweis University is as follows. Carotid artery stenting is carried out under local
anaesthesia, usually in the same session with diagnostic angiography by the
interventional radiologist. Whenever it is possible, the femoral artery is punctured to get
access to the carotid arteries. Heparin (10 000 U) is administered intraarterially at the
beginning of the procedure; patients with primary lesions receive routine prophylactic
i.v. atropine (0.5 mg) before balloon dilation. The common carotid artery is catheterized
with a 4F catheter over a 0.035-inch wire. A 0.035-inch stiff Jindo wire (Cordis) is
advanced into the external carotid artery; the sheath and the diagnostic catheter is
exchanged for an 8F guiding sheath which is positioned proximal to the lesion. The
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stenosis is crossed using FilterWire EX (Boston Scientific), and the filter is opened.
Very severe lesions are predilated with low-profile balloons. The stent is deployed
across the stenosis which is subsequently dilated using a 5 or 6 mm Ultrasoft balloon
(Boston Scientific). Wallstent is used in 90% of cases, Precise and Xact stents are used
approximately in 5%-5% of cases. Completion angiography is performed on the
bifurcation and ipsilateral intracranial vessels. The sheath is removed and the vessel is
closed by a percutaneous closer device (Angioseal, St. Jude Medical). Patients are
discharged on either the first or second postprocedural day. Indication for CAS is in
accordance with the American Heart Association/American Stroke Association
guidelines. Acetylsalicylate (100 mg) and clopidogrel (75 mg) are given for at least 3
days before the procedure and afterwards, clopidogrel is continued for 6 weeks, and
aspirin is continued permanently (Sacco RL et al., 2006).
The first carotid artery angioplasty and stent placement at the Department of
Cardiovascular Surgery had been performed in 2000. In the following years the number
of CAS cases increased year by year, while the number of CEA cases decreased (Figure
2.) It has to be noted that more than 1500 carotid artery angioplasty and stent placement
had been performed in the last decade, since the introduction of CAS at our Department.
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Figure 2. Carotid artery interventions at the Department of Cardiovascular Surgery
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1.6. Animal models of restenosis
The following section is a short overview of different restenosis models in
rodents. Several arterial injury techniques are established as models of restenosis. A
common step in these distinct models is the endothelial damage, which triggers
neointima formation. Some of the techniques resemble human endarterectomy
(arteriotomy with endothelial or endothelial/medial injury), while others rather resemble
the endovascular interventions (balloon-injury, wire-injury models). The rat carotid
artery has provided perhaps the most widely used experimental preparation for the study
of the response to arterial injury, however it differs from endarterectomy/angioplasty to
diseased human vessels at several points (Libby P et al., 1997). The first important
difference is that human atherosclerotic lesions already contain smooth muscle cells and
leukocytes, while in most animal restenosis models, endarterectomy or angioplasty is
performed on healthy vessels. Therefore the term “restenosis” is not very appropriate,
since stenosis caused by endothelial denudation is a primary phenomenon, while
restenosis after endovascular interventions in humans is a recurrent stenosis. Secondly,
smooth muscle cell migration/proliferation regularly occurs and is responsible for
neointimal hyperplasia in animal models, while in human restenosis, extracellular
matrix deposition has a more substantial role in postprocedural lumen loss (Libby P et
al., 1997). Regardless of these discrepancies, the previously (under 1.2.) mentioned
pathogenetic steps in restenosis development are similar to those in human as well as to
those steps in experimental arterial interventions, thus the following models are suitable
for studying the contribution of endothelial injury, thrombosis, inflammation, vascular
smooth muscle cell migration/proliferation and extracellular matrix production
associated with postprocedual lumen loss.
Kobayashi H et al. established a rat carotid endarterectomy model with
longitudinal arteriotomy, followed by mechanical removal of the endothelium and a part
of the tunica media. Finally, the artery was closed by a running suture (Kobayashi H et
al., 1989). In the model of Beller CJ et al., longitudinal arteriotomy is followed by a
more gentle chemical-mechanical deendothelization (by using a cotton-tipped applicator
immersed in 0.1% saponine), without accompanying medial injury. This chemical
skinning technique can be used to preserve vascular smooth muscle function
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postoperatively, and it was found to be easily standardized, being especially suitable for
small vessels (Beller CJ. et al., 2006). Probably the most commonly used model for
neointimal hyperplasia is the balloon injury model. Briefly, the common carotid artery
is denuded of the endothelium with a 2F Fogarty balloon catheter that is introduced
through the external carotid artery. Inflation and retraction of the balloon catheter is
repeated 3 times, and the external carotid artery is ligated (Yasukawa H et al., 1997). As
opposed to experimental ballon angioplasty models, the inflated balloon is not
withdrawn several times during the standard procedure, nor is the external carotid artery
ligated during human angioplasty. Another, catheter-based simple deendothelization
technique is the wire-injury model, which can easily be created in the carotid artery or
in limb arteries in rats, as well as in smaller rodents, like mice. Linder V. established a
wire-injury model to the mouse carotid artery, a similar technique was introduced to the
mouse femoral artery by Sata M. (Lindner V et al., 1993; Sata M. et al., 2000). Carotid
ligation model for neointimal hyperplasia is quite different from any other methods
previously mentioned. This can easily be standardized in very small arteries like mouse
carotids, but is limited by the immediate artificial occlusion and lack of continued blood
flow, hovewer it is suitable to study the molecular basis of neointimal hyperplasia
(Kumar A et al., 1997). More simiarities to the situation of atherosclerotic vessels can
be achieved in genetically altered animals (e.g. ApoE knockout mice) or with special
diet (cholesterin-fed animals) (Matter CM et al., 2006) Even stent placement is possible
in rat carotid artieries in order to study the mechanisms of in-stent restenosis and effects
of drug-eluting stents under experimental conditions (Finn AV et al., 2002).
Although none of the above listed animal models of restenosis resemble the
complex situation of a severely diseased atherosclerotic artery in patients, endothelial
injury to the native rat carotid artery triggers, even if in different proportion,
pathological processes that are similar to vascular interventions in humans. Some of
these methods more closely resemble surgical, rather than endovascular, treatment of
atherosclerotic arteries in patients.
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1.7. Estrogen receptor alpha
Estrogen has been shown to have several beneficial effects on the cardiovascular
system (Mendelsohn ME et al., 1999). According to in vivo studies on animal models,
estrogen inhibits the response to vascular injury and accelerates reendothelialization
(Pare G et al., 2002; Bakir S et al., 2000; Brouchet L et al., 2001). In addition, it has
been shown in in vitro studies that estrogen attenuates migration and proliferation of
smooth-muscle cells (Kolodgie FD et al., 1996 ; Bhalla RC et al., 1997). Most of these
effects act through the estrogen receptor alpha (ESR1), which is a member of the
nuclear hormone receptor superfamily, and functions as a ligand-activated transcription
factor (Parker MG et al., 1993). Besides long-term genomic activation, estrogen has
rapid, non-genomic effects as well (Mendelsohn ME et al., 1999) (Figure 3.).
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Figure 3. Genomic and non-genomic effects of estrogen
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ESR1 is expressed in several different tissues, including the vascular endothelial
and smooth-muscle cells (Karas RH et al., 1994). The ESR1 gene is located on
chromosome 6. Mutations, like transition can cause several single nucleotide
polymorphisms in the estrogen receptor alpha gene. The most frequently studied
polymorphisms of ESR1 are PvuII and XbaI. The PvuII polymorphism is caused by a
454–397T>C transition in intron 1 [rs2234693], while the XbaI polymorphism is caused
by a 454–351A>G transition only 50 bp apart from the former one [rs9340799] (Karas
RH et al., 1994; Ferrero V et al., 2003). Several associations have already been found
between these two polymorphisms of the ESR1 gene and cardiovascular diseases,
myocardial infarction, hypertension, preeclampsia and stroke (Molvarec A et al., 2007;
Peter I et al., 2005; Schuit SC et al., 2004; Shearman AM et al., 2003; Shearman AM et
al., 2005) Ferrero V et al. showed an association between PvuII polymorphisms and
coronary artery in-stent restenosis (Ferrero V et al., 2003).

25

1.8. NO-cGMP-PKG pathway
The major pathway for cGMP synthesis entails stimulation of nitric oxide
synthases (NOS) to produce NO in the intact endothelial cells, which can diffuse into
smooth muscle cells and activate the soluble guanylate cyclases (sGC) (Figure 3.,4.).
NO inhibits VSMC constriction, proliferation, and migration, and reduces platelet
adhesion and activation as well as vascular inflammation (Münzel T et al., 2003).
Soluble guanylate cyclases synthesize the second messenger cyclic guanosine
monophosphate (cGMP). It’s main effector is protein kinase G (PKG), while cGMP
degradation is carried out by different phosphodiesterases (PDE). These enzymes are
presently classified as PDE families 1 through 11, generating more than 50 PDE
isoenzymes. cGMPhydrolyzing PDEs include ones that specifically (PDE 5, 6, and 9) or
preferentially (PDE 1A 1 ) hydrolyze cGMP, as well as ones that hydrolyze both cGMP
and cAMP (PDE 1 to 3 and 10 to 11) (Münzel T et al., 2003).
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Figure 4. NO-cGMP-PKG signaling in endothelial and smooth muscle cells

The role of the NO-cGMP-PKG signaling pathway in neointima formation has
been confirmed by several studies. Melichar VO et al. showed that reduced NO-cGMP
signaling plays an important role in the pathogenesis of neointima formation (Melichar
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VO et al., 2004), which could have been prevented by local delivery of NO (Yoon JH et
al., 2002) or by using a short-acting NO donor in the perivascular area of the injured rat
carotid artery (Pearce CG et al., 2008). Furthermore, neointimal proliferation could have
been attenuated either by endothelial NO synthase gene transfer in a rat model of
balloon injury (Janssens S et al., 1998). Little is known about direct effects of cGMP
through its altered breakdown. A benzyl indazole derivative used in two different
studies decreased neointimal hyperplasia; the drug has partial phosphodiesterase-5
inhibitory effect as well (Liu YN et al., 2006 and Tulis DA et al., 2000). Other
phosphodiesterases that are not selective for cGMP metabolism have also been studied
in restenosis models (Yamamoto K et al, 2007).

27

2. Objectives
In general, the aim of our work was to reveal new risk factors which could affect
recurrent stenosis after surgical and endovascular carotid interventions as well as to
investigate new therapeutic possibilities to decrease neointimal hyperplasia. Thus, our
work consists of a clinical and an experimental part that are in strongly related .
1. Based on observations that vascular wall damage and ischemia/reperfusion
injury may trigger neointima formation, and upon our previous findings, that immediate
complement activation follows carotid endarterectomy (but not carotid artery stenting)
and is related to the clamping time, we aimed to study the difference in early restenosis
rates following carotid endarterectomy and carotid artery stenting. Thus, we performed
a retrospective clinical study recruiting all patients treated during one year at our
cardiovascular surgery department. Besides the evaluation of restenosis rates in both
groups, we aimed to investigate other risk factors in this patient population which could
be correlated with carotid restenosis.
2. As mentioned in the Introduction, genetic factors (like gene polymorphisms)
can exhibit additional risk for developing restenosis, in addition to other systemic and
local risk factors. Based upon recent studies which describe the beneficial role of
estrogens (through estrogenreceptor-α) in response to vascular injury, as well as another
study describing the role of estrogenreceptor-α polymorphisms in coronary restenosis,
we aimed to investigate the affect of two single nucleotide polymorphisms of the ESR1
gene in recurrent carotid stenosis. We performed a non-randomized prospective study
including patients who underwent CEA or CAS with one year ultrasonographic followup.
3. Smooth muscle cell migration and proliferation are essential in the generation
of neointimal hyperplasia. Recent studies suggest that decreased cGMP signaling may
be associated with neointimal proliferation, and upregulation of the NO-cGMP-PKG
pathway in preventing neointimal growth. In our experimental study we investigated the
possible beneficial effect of an oral phosphodiesterase-5 inhibitor treatment (which is
able to enhance cGMP signaling through its decreased breakdown) on a microsurgical
carotid endarterectomy model in the rat.
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3. Methods
3.1. Methods of the clinical studies
3.1.1. Subjects
3.1.1.1. Restrospective study
Baseline clinical parameters and perioperative results were retrospectively
collected from our electronic database, listing all patients with severe stenosis of the
internal carotid artery (ICA), treated between 1st of January and 31st of December in
2004 at the Department of Cardiovascular Surgery, Semmelweis University (685 carotid
interventions). The patient population was nonselective and consecutive. During the
mentioned period, 206 CAS procedures were performed on 201 patients (3 of them had
bilateral stenting at different time intervals and 2 of them had repeated stenting, because
of in-stent restenosis) and 479 CEA were undertaken on 453 patients (26 patients had
bilateral CEA at different time intervals).
3.1.1.2. Prospective study
The clinical study investigating the association between ESR1 polymorphisms
and early restenosis was designed as a prospective study. Eighty-seven consecutive
patients were enrolled between October 2005 and June 2007 with 90 lesions treated
with CAS (3 patients in this group had bilateral stenting at different time points) and 74
consecutive patients from the same time interval with 82 lesions treated with CEA (8
patients in this group had bilateral surgery at different time points).
3.1.2. Preoperative evaluation
All patients underwent preoperative duplex ultrasound (US) before carotid
revascularization. All carotid duplex scans were performed by an experienced
radiologist using the color scanner and a 7.5MHz probe (Toshiba, Aplio, Model SSA-
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700A). The common carotid (CCA), internal carotid (ICA) and external carotid arteries
(ECA) on both sides were examined in the standard fashion. The spectral measurements
were taken with a Doppler probe at an angle of 50° to 60°. Velocities were measured in
the distal CCA and the ICA. The diagnostic criteria for ICA stenosis was based on peak
systolic velocities (PSV), end diastolic velocities (EDV) as well as internal carotid
artery/common carotid artery (ICA/CCA) PSV ratios and modified to detect carotid
stenosis at the 70% level, in accordance with the recommended intervention threshold
from the Carotid Endarterectomy Trialists (Elgersma OE et al., 1998; Rothwell PM et
al., 2003). The velocity spectra of the ICA was further categorized as mild (<50%
stenosis), moderate (50-69% stenosis) and severe (≥70% stenosis). After US
examination, diagnostic angiography was performed in CAS patients if it was possible
in the same session with stent placement. Before surgery, CTA (computed tomography
angiography), MRA (magnetic-resonance angiography) or DSA (digital subtraction
angiography) was performed, as recommended in the statements of the Hungarian
Neurologist’s Consensus Conference.
3.1.3. Carotid interventions
Eversion carotid endarterectomy and carotid artery stenting have been performed
as previously described (1.5.1. and 1.5.2.).
3.1.4. Follow-up
The criteria for eligibility of patients for CAS were identical to the criteria used
for CEA. This included an ICA stenosis of 80% or greater for asymptomatic patients,
and 70% or greater stenosis for symptomatic patients as measured by duplex ultrasound
and angiography.
In the retrospective study, we collected the baseline clinical parameters and
perioperative results from our computerized database of a total of 685 carotid
interventions. Patients were then contacted by mail or telephone and were invited to a
control carotid duplex ultrasound examination between January and May in 2007. Of
the 479 CEA cases and 206 CAS cases we identified a subgroup of 368 CEA cases (in
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347 patients) and 144 CAS cases (in 140 patients) with complete follow-up (18.4
months mean follow-up time, range 6 to 38 months) for determining the early restenosis
rates. Finally, we had 368 carotid endarterectomy cases in 347 patients (21 patients with
bilateral CEA at different time intervals), among them 180 were right-sided and 188
were left-sided CEA, 362 were due to primary carotid stenosis and 6 due to carotid
reoperation. The CAS group consisted of 144 ICA stenting cases in 140 patients (4
patients with bilateral stenting at different time intervals), among them 100 ICA
stenoses were of primary origin, whereas 44 ICA stenoses were restenotic.
In the prospective study, follow-up was performed in all patients of both the
CAS and CEA groups by carotid duplex scan between May 2006 and January 2008,
resulting in a 12 months median follow-up time (7.32-14.65 months).
In both clinical studies, restenosis was considered above 50% based on PSV,
EDV as well as ICA:CCA ratios (see under 3.1.7 and 3.1.8.).
3.1.5. Perioperative complications and early restenosis
Transient ischemic attack was defined as a focal ischemic neurological deficit
with abrupt onset that resolved completely within 24 hours. A minor stroke was defined
as a focal neurological deficit that lasted >24 hours and had a National Institutes of
Health Stroke Scale (NIHSS) score <4. A major stroke was defined as a focal
neurological deficit that lasted >24 hours and had a NIHSS score >4. Cardiological
complications included tachyarrhythmia, bradyarrhythmia, hypotension, hypertension
and angina. Primary end-points of the study included early restenosis of the treated
artery. The evaluation of carotid restenosis was performed by US at our Department.
The diagnostic criteria for ICA restenosis was based on peak systolic velocities (PSV),
end diastolic velocities (EDV) as well as internal carotid artery:common carotid artery
(ICA/CCA) PSV ratios. Restenoses were further categorized as mild (<50%), moderate
(50-69%) and severe (≥70%).
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3.1.6. Ultrasound velocity criteria for restenosis after carotid endarterectomy
ICA restenosis lower than 50% was diagnosed when ICA PSV was less than
125cm/sec. Additional criteria included ICA/CCA PSV ratio <2.00 and ICA EDV
<40cm/sec. ICA restenosis between 50-69% was diagnosed when ICA PSV was 125230cm/sec. Additional criteria included ICA/CCA PSV ratio of 2.00-4.00 and ICA
EDV of 40-100cm/sec. ICA restenosis over 70% but less than subtotal occlusion of the
vessel was diagnosed when the ICA PSV was greater than 230cm/sec. Additional
criteria included ICA/CCA PSV ratio >4.00 and ICA EDV >100cm/sec. In cases of
subtotal occlusion of the ICA, the diagnosis was established primarily by demonstrating
a markedly narrowed lumen at color or power Doppler US. These criteria had been
established according to the Society of Radiologists in Ultrasound Consensus
Conference and were internally verified (Grant EG et al., 2003).
3.1.7. Ultrasound velocity criteria for restenosis after carotid artery stenting
Stented carotid arteries were measured within the ICA stent at three sites
(proximal, mid, and distal) as well as distal to the stent. Peak systolic velocity was
obtained from ICA velocities within the stent. End-diastolic velocity values were also
determined. The ICA/CCA ratio was calculated from the PSV within the stent and the
distal CCA velocity. A <50% ICA in-stent restenosis was diagnosed when ICA PSV
was less than 225cm/sec. Additional criteria included ICA/CCA PSV ratio <2.50 and
ICA EDV <75cm/sec. A 50%-69% ICA in-stent restenosis was diagnosed when ICA
PSV was 225-350cm/sec. Additional criteria included ICA/CCA PSV ratio of 2.50-4.75
and ICA EDV of 75-125cm/sec. A ≥70% ICA in-stent restenosis but less than subtotal
occlusion of the ICA was diagnosed when the ICA PSV was greater than 350cm/sec.
Additional criteria included ICA/CCA PSV ratio >4.75 and ICA EDV >125cm/sec. In
cases of near occlusion of the ICA, the diagnosis was established primarily by
demonstrating a markedly narrowed lumen at color or power Doppler US (Stanziale SF
et al., 2005).
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3.1.8. Biological Samples and Genotyping
Peripheral blood samples were taken before the interventions for laboratory
investigations and genotyping. Total genomic DNA was extracted from EDTAanticoagulated blood samples by the method of Miller et al (Miller SA et al., 1988). The
prevalence of ESR1 intron 1-397T>C(PvuII) and -351A>G(XbaI) genotypes was
examined in the prospective study. A fragment of 1300 base pairs (bp) was amplified by
a forward primer (5′-CTGCCACCCTATCTGTATCTTTTCCTATTCTCC-3′) and a
reverse primer (5′-TCTTTCTCTGCCACCCTGGCGTCGATTATCTGA-3′) in 20 μl
reaction mixture containing polymerase chain reaction (PCR) buffer, 2 mmol/l MgCl 2 ,
0.2 mmol/l dNTP’s mix, 1 μmol/l of both primers, 0.5 U recombinant HotStar Taq DNA
Polymerase (QIAGEN Diagnostics GmbH, Hamburg, Germany) and 100 ng genomic
DNA. The PCR conditions were as follows: initial denaturation at 95°C for 15 min
followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 53°C for 40 s and
extension at 72°C for 60 s, ending with a final extension at 72°C for 7 min and cooling
to 10°C in an AB 2720 Thermal Cycler (Applied Biosystems, Foster City, California,
USA). The PCR products, which contained a part of intron 1 and exon 2 of the ESR1
gene, were digested overnight with PvuII and XbaI restriction enzymes (Fermentas
International Inc., Burlington, Ontario, Canada) at 37°C, producing fragments of 1300
bp (C allele) or 850+450 bp (T allele) and of 1300 bp (G allele) or 900+400 bp (A
allele), respectively. The cleavage products were electrophoresed on 2% agarose gel and
stained with ethidium bromide. The restriction fragments were detected with visual
inspection on an ultraviolet table (Figure 5.).
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450-500 bp

850-900 bp
1300 bp

Figure 5. (Hirschberg K. et al., Orv Hetil 2009; 28: 1307-12)
Evaluation of the restriction fragment lenght polymorphism, genotypes
A) DNA ladder
B) homozygous wild type (XbaI polymorphism: 400 base pair + 900 base pair, PvuII polymorphism: 450
base pair + 850 base pair)
C) heterozygous (XbaI polymorphism: 400 base pair + 900 base pair + 1300 base pair, PvuII
polymorphism 450 base pair + 850 base pair + 1300 base pair)
D) homozygous mutant (XbaI polymorphism: 1300 base pair, PvuII polymorphism: 1300 base pair)
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3.1.9. Statistical Analysis
Data were collected in MS Excel 2003 and were analyzed with Statistica 8.1
(StatSoft, Tulsa, USA) and SPSS 13.0 for Windows (SPSS, Chicago, USA) softwares.
Categorical variables were reported as absolute numbers and percentages, and
continuous variables as medians and interquartile ranges. The normality of continuous
variables was tested using the Shapiro-Wilk-test. We used the t-test to compare
continuous parametric variables between groups, whereas for continuous nonparametric
variables we used the Mann-Whitney U-test. Categorical values were compared using
the chi-square test and Fischer’s exact test. After univariate analysis, multivariate
logistic regression was carried out with adjustment for age, gender, follow-up time and
type of intervention. Associations were calculated for vessels and not for patients which is also an accepted way of evaluation-, since some patients underwent bilateral
interventions. The genotype frequency of each single nucleotide polymorphism was
tested for deviation from Hardy-Weinberg equilibrium by using Pearson’s chi-square
test. Linkage analysis was conducted using the chi-square test and the Arlequin
software. D' was calculated from the haplotype frequencies, estimated by the program.
All analyses were performed two-tailed, and p<0.05 was considered as significant.
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3.2. Methods of the experimental studies
3.2.1. Rat carotid endarterectomy model
The protocol was approved by the Regional Ethical Committee for Laboratory
Animal Use and conformed with the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health (NIH Publication No. 8523, revised 1996). Eighteen male Sprague-Dawley rats (250 to 300 g body weight)
underwent right carotid endarterectomy with removal of intima, and 9 rats had a sham
operation. After adequate anesthesia with an intraperitoneal injection of ketamine
A

B

Figure 6.
A) Instruments used for rat carotid endarterectomy
B) Right common carotid artery is exposed

hydrochloride (100 mg/kg) and xylazine hydrochloride (5 mg/kg), the right common
carotid artery was exposed under a dissecting microscope via a midline cervical incision
(Figure 6/A, B). A longitudinal arteriotomy was made with a corneal blade and
extended to 6 mm with microscissors after clamping of the right common carotid artery
(Figure 6/C, D).
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C

D

Figure 6.
C) Clamping of the right common carotid artery
D) Longitudinal arteriotomy

To denude the endothelium, a sterile cotton-tipped applicator immersed in saponin
(0.1%) was rubbed on the inner vessel surface. This chemical skinning technique was
used to preserve vascular smooth muscle function postoperatively (Legan E et al., 1990;
Beller CJ et al., 2006). The arteriotomy was closed with a running 9-0 Ethilon
monofilament nylon suture (Ethicon, Inc, Somerville, NJ) (Figure 6/E, F).
E

F

Figure 6.
E) Closure of the arteriotomy with 9-0 running suture
F) Declamping of the right common carotid artery, perfusion reestablished
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The superficial cervical muscles and skin were closed with running 4-0 absorbable
sutures (Figure 6/G, H).
G

H

Figure 6.
G) Deep cervical musculature is closed without suture
H) Superficial cervial musculature is closed by 4-0 running suture

Animals were placed postoperatively on a standard rat diet and provided with water ad
libitum.
3.2.2. Experimental groups
Animals were divided into four groups: (1) unoperated control rats (n=4) for
measurements of intact plasma; (2) sham operated animals (n=9) in which the carotid
artery was not incised; (3) control carotid endarterectomy group (n=9) treated with the
vehicle orally and (4) the treatment group (n=9) that received the phosphodiesterase-5
inhibitor vardenafil (10 mg/kg daily, administered orally) dissolved in distilled water.
This dose was drawn from recent literature reports showing efficacy of vardenafil in rat
models (Filippi S et al., 2007).
3.2.3. Perfusion fixation protocol
After 21 days, the carotid arteries were perfusion-fixed and harvested. First, the
inferior vena cava was transected and the abdominal aorta was cannulated. Normal
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saline solution was infused at 100 mm Hg until the vena cava effluent ran clear, and
then a solution of 4% formaldehyde was infused at a constant pressure of 100 mm Hg in
an equal volume to the saline infusion (200 mL) to complete the perfusion-fixation
process.
3.2.4. Histologic analysis
Morphometry was performed in three hematoxylin-eosin stained cross-sections
of each animal (proximal, mid, and distal region of the operated vessel segment) by
using computer-aided planimetry (Q-Win, Leica, Wetzlar, Germany). Luminal, intimal,
and medial dimensions were computed using the internal and external elastic laminae as
delimeters. The percentage of stenosis was calculated by the ratio between the
neointimal area and the original lumen area. In addition, the neointima/media area ratio
was calculated. From the three cross-sections the mean was calculated for each animal,
than again the mean was calculated for the different experimental groups (n=9 animals
per group) and these were compared between groups.
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3.2.5. Immunohistochemical staining
Immunohistochemical analysis was done in three representative cross-sections
of each animal using the avidin-biotin method. To test the phosphodiesterase-5 activity,
local cGMP content was determined. The primary antibody used for this staining was
rabbit polyclonal anti-cGMP antibody (AbD Serotec). We used transforming growth
factor-β 1 (TGFβ 1 ) staining to confirm proliferation activity. The TGFβ system has been
identified as a key defect of inhibitory systems, which regulates atherosclerosis and
other injury-induced hyperplasias such as restenosis. The primary antibody for TGFβ 1
was rabbit polyclonal immunoglobulin G (Santa Cruz Biotechnology, Santa Cruz, CA).
Alpha-smooth muscle actin staining has been used to prove that neointimal cells
originate from the medial layer of the injured artery. The primary antibody for alphasmooth muscle actin was mouse monoclonal immunoglobulin (alpha-sm actin
immunhistology kit, Sigma, Steinheim, Germany) The concentration that was optimal
for staining was evaluated testing different dilution series in a pilot study. The following
dilutions of antibodies were used: TGFβ 1 1:40, cGMP 1:1000, alpha-sm actin undiluted
antibody solution supplied in the immunhistology kit (Ehsan A et al., 2002). Negative
controls were performed by omitting the primary antibody. Immunohistochemical
stainings were evaluated by the COLIM software package (Pictron Ltd., Budapest,
Hungary). A digital camera was used to input microscopic pictures from a low power
(16-40x) magnification of the whole section and a high power (400x) examination of 5
adjacent fields. First, positively stained areas were separated from each other and from
the background based on the intensity of different colors in the specimen. The colors
were measured using densitometry and put in four color classes: one class for
background staining and three classes for positively stained areas. On the basis of the
measured intensity, the color classes were coupled with score values as follows: 0: no
positive staining, 1: weak staining, 2: intermediate staining, 3: extensive staining. The
program automatically measured the area of the objects in each class in each field,
assigned an area score (1 = up to 10% positive cells, 2 = 11—50% positive cells, 3 =
51—80% positive cells, 4 = >80% positive cells), and calculated an average score for
the whole picture (intensity score multiplied by area score, 0-12). Finally, each
specimen was characterized with the average of the 5 adjacent fields.
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3.2.6. TUNEL assay
Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) is a common method for detecting DNA fragmentation that results from
oxidative DNA damage or apoptosis. Since this is an unspecific assay, we used it for
screening purposes. The cells with clear nuclear labeling were defined as TUNEL
positive. The TUNEL positive cells were counted in 1000 μm2 of neointimal tissue
segments and were compared between the control endarterectomized and treatment
groups. The number of tissue sections in each group was the same as for the
morphometry analysis (Ohwada T et al., 2002).
3.2.7. Enzyme immunoassay
Blood samples were collected from each animal in the unoperated, control
endarterectomized and the treatment groups.

Plasma were separated and placed

immediately in liquid nitrogen. Cyclic guanosine monophosphate contentrations were
determined by competetive enzyme immunoassay by using a cGMP EIA kit
(Amersham).
3.2.8. Statistical analysis
Values are expressed as mean±SEM. Statistical analysis was perforemd using
the Origin 7 statistical software product. Two groups comparisons were determined by
Student’s t-test. A value of p < 0.05 was considered statistically significant.
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4. Results
4.1. Clinical studies
4.1.1. Retrospective study
4.1.1.1. Periprocedual complications
Twenty-four neurological complications (5.01%) occurred among patients
involved in the CEA group: 7/479 (1.46%) major strokes, 8/479 (1.67%) minor strokes
and 9 (1.88%) transient ischemic attacks (TIA). One (0.21%) acute myocardial
infarction (AMI), nine haematomas (1.88%) and five cranial nerve injuries (1.04%)
were also noted in this group of patients. In the CAS group, among all patients (206)
involved in the retrospective study, we recorded one major stroke (0.48%), 3 minor
strokes (1.46%), 18 TIAs (8.74%) and one AMI (0.48%). Two deaths were noted in the
CEA group (0.42%) and one in the CAS group (0.48%). According to the relevant
complications, significantly higher incidence of TIA was found after CAS than after
CEA. Table 1 shows the complication rates only for the patients with follow-up.
Regarding these patients we noticed no differences between those of the CEA and CAS
groups in terms of age and gender distribution and degree of carotid stenosis.
Comparing concomitant diseases, a higher incidence of hypertension and peripheral
arterial disease occurred in the CEA group, and a higher incidence of arrhythmias and
malignant diseases were found in the CAS group. According to the SAPPHIRE
definition, incidence of high risk patients was significantly different between the two
groups. There were no differences in relevant laboratory parameters (Table 1).
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Table 1.

Preoperative characteristics and perioperative complications of patients

(retrospective study)
______________________________________________________________________
CEA (n=368)

CAS (n=144)

p-value

Age

67.2 (59.3-74.1)

65.8 (57.4-74.0)

p=0.39

Gender (male)

56.25% (207/368)

62.5% (90/144)

p=0.10

Symptomatic

45.1% (166/368)

36.1% (52/144)

p=0.06

TIA/AFX

21.7% (80/368)

24.3% (35/144)

p=0.53

Stenosis grade

90% (80-90)

90% (85-90)

p=0.98

High risk patient *

46.74% (172/368)

70.83% (102/144)

p<0.05

Hypertension

86.7% (319/368)

69.4% (100/144)

p<0.05

CAD

32% (118/368)

38.8% (56/144)

p=0.14

PAD

31.8% (117/368)

15.9% (23/144)

p<0.05

DM

27.4% (101/368)

22.91% (33/144)

p=0.29

Heart valve disease

3.53% (13/368)

4.86% (7/144)

p=0.48

Arrhythmia

2.9% (11/368)

7.6% (11/144)

p=0.02

Malignant disease

2.2% (8/368)

5.5% (8/144)

p=0.04

Statin usage **

52.26% (150/287)

56.63% (47/83)

p=0.48

White blood cell count (M/L)

7.7 (6.3-9.3)

7.3 (6.3-7.9)

p=0.07

Red blood cell count (G/L)

4.4 (4.1-4.8)

4.5 (4.0-4.9)

p=0.80

Haemoglobin (g/dL)

13.4 (12.4-14.4)

13.6 (12.6-14.6)

p=0.48

Haematocrit (%)

39.0 (35.9-41.5)

39.5 (36.3-43.0)

p=0.35

Platelet count (M/L)

243.0 (196.0-295.0) 229.0 (198.0-266.0) p=0.21

Creatinine (mol/L)

90.0 (77.0-107.0)

88.0 (76.0-111.0)

p=0.79

Urea (mmol/L)

6.8 (5.5-8.3)

7.0 (5.9-9.6)

p=0.14

Protein (g/L)

75.1 (70.3-79.3)

74.5 (72.2-77.5)

p=0.83

Glucose (mmol/L)

6.6 (5.5-8.9)

6.0 (5.3-7.2)

p=0.08

Laboratory parameters †

43

Table 1. (continued)
______________________________________________________________________
CEA (n=368)

CAS (n=144)

p-value

Bilirubin (mol/L)

8.6 (6.8-11.2)

9.0 (6.7-11.6)

p=0.78

Cholesterol (mmol/L)

5.4 (4.6-6.5)

5.6 (4.7-6.3)

p=0.83

Triglycerides (mmol/L)

1.8 (1.2-2.4)

1.8 (1.4-2.3)

p=0.75

TIA

2.2% (8/368)

7.6% (11/144)

p<0.05

Minor stroke

0.8% (3/368)

2.1% (3/144)

p=0.23

Major stroke

0.8% (3/368)

0% (0/144)

p=0.27

Cardiovascular complication

1.1% (4/368)

4.1% (6/144)

p=0.02

Perioperative complications

______________________________________________________________________
CEA: carotid endarterectomy, CAS: carotid artery stenting, DM: diabetes mellitus, PAD: peripheral
arterial disease, CAD: coronary artery disease, TIA: transient ischemic attack, AFX: amaurosis fugax
Values presented in percentage (absolute numbers) and median (interquartile ranges)
Statistical test used: Mann-Whitney U test (age and laboratory parameters) and chi-square test (gender,
symptoms, concommitant diseases)
*Including at least one of the following risk factors: contralateral carotid occlusion, recurrent stenosis,
age>80 yr, ischemic heart disease
**Data of statin usage were available of approximately 80% of CEA patients and 60% of CAS patients
† Laboratory data were available of approximately 70% of CEA patients and 40% of CAS patients

The percentage of ICA stenosis was similar between CEA and CAS groups
before intervention. Overall, there was no significant difference in the frequency of
symptomatic lesions between the two groups: 45.10% of CEA patients and 36.10% of
CAS patients had preprocedural symptoms. With regard to the transient neurological
symptoms (TIA, amaurosis fugax) the difference also did not reach the significant level.
(21.70% vs. 24.30% for the CEA and CAS groups, respectively, p=ns.). These results
are summarized in Table I.
Significantly more transient neurological (TIA: 2.20% vs. 7.60% for the CEA
and CAS groups, respectively, p<0.05) and cardiovascular (1.10% vs. 4.10% for the
CEA and CAS groups, respectively, p<0.05) symptoms occurred after CAS than after
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surgery. We found no difference between groups in terms of minor stroke (0.80% vs.
2.10% for the CEA and CAS groups, respectively, p>0.05) and major stroke (0.80% vs.
0% for the CEA and CAS groups, respectively, p>0.05). (Table I.)

4.1.1.2. Restenosis rates in the CEA and CAS groups

In the CEA group, the mean follow-up time was 17.9 months. The number of
patients participating in follow-up was relatively high: 76.80% (368/479). Moderate
(50-69%) restenosis occurred in 11.41% (42/368), whereas the incidence of severe
(≥70%) restenosis was 10.05% (37/368) in the CEA group. Further evaluation regarding
the side of restenosis revealed no difference between right-sided and left-sided CEA
(data are not shown). For the CAS group, the mean follow-up time was 19.8 months.
The follow-up proportion of CAS patients was 69.90% (144/206), which did not differ
significantly from that of the CEA patients. Moderate (50-69%) restenosis occurred in
4.86% (7/144) of this group. Severe (≥70%) restenosis occurred in 3.47% (5/144) of the
CAS group. Further results - according to the type of the treated lesion - are
summarized in Table 2. Incidence of in-stent restenosis of greater than 50% was higher
in patients stented for postendarterectomy restenosis than in subjects stented for primary
stenosis (13.6% vs. 6%). However, the difference was not statistically significant.
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Table 2.

Restenosis in the CEA and CAS groups at the end of the follow-up
(18.4 months)
______________________________________________________________________
CAS*

CEA

primary stents

postEEA stents
6.82% (3/44)

moderate (50-69%)
restenosis

11.41% (42/368)

4% (4/100)

severe (≥70%)
restenosis

10.05% (37/368)

2% (2/100)

6.82% (3/44)

Overall restenosis
above 50%

21.46% (79/368)

6% (6/100)

13.64% (6/44)

______________________________________________________________________
CEA: carotid endarterectomy, CAS: carotid artery stenting, postEEA stents: stent placement because of
surgical restenosis *Primary vs. postEEA stents were compared by using chi-square test, p=ns.
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4.1.1.3. Comparison of CEA and CAS restenosis rates

Evaluation with the Kaplan-Meyer life table analysis showed a significant
difference in freedom from both moderate (50-69%) and severe (≥70%) restenosis
between the CEA and CAS groups in favour of the stent. (Figure 7.)

Figure 7. Freedom from restenosis, comparison of all CEA and all CAS cases
A) Kaplan-Meyer analysis of moderate (50-69%)
restenosis for CEA and CAS groups (p=0.025)

B) Kaplan-Meyer analysis of severe (≥70%)
restenosis for CEA and CAS groups (p=0.006)
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The difference has become more apparent when severe restenosis (p=0.006) was
compared with moderate restenosis (p=0.025). After further adjustment of data
according to lesion type treated with stent results were as follows: there was a greater
difference in the incidence rates of moderate (50-69%) restenosis between CEA and
those CAS patients who underwent treatment with a primary stenosis (primary stents)
(p=0.016). In case of severe restenosis the statistical significance was even more
pronounced (p=0.002) when CEA was compared with primary stenting. (Figure 8.)

Figure 8. Freedom from restenosis, comparison of all CEA and primary CAS cases
A) Kaplan-Meyer analysis of moderate (50-69%)
restenosis for CEA and CAS groups (p=0.016)

B) Kaplan-Meyer analysis of severe (≥70%)
restenosis for CEA and CAS groups (p=0.002)
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Logistic regression analysis was performed to assess variables associated with moderate
and severe restenosis. Univariate analysis showed that female gender was associated
with severe restenosis irrespectively of the interventional technique (OR: 2.02 [CI: 1.073.80], p=0.028). The odds ratio was found to be higher when only those patients were
selected who underwent CEA (OR: 2.61 [CI: 1.28-5.32], p=0.006). No such association
was found for the CAS group or for male patients.

4.1.2. Prospective study
4.1.2.1. Baseline data

The allele frequencies in the PvuII and XbaI polymorphisms of the ESR1 were
similar between sexes (C/T; 0.40/0.60 in men and 0.43/0.57 in women, p>0.05, G/A;
0.35/0.65 in men and 0.32/0.68 in women, p>0.05, respectively). The genotype
distribution did not deviate from Hardy-Weinberg equilibrium for any of the single
nucleotide polymorphisms (p=0.744 for PvuII, and p=0.850 for for XbaI). Clinical
baseline characteristics of the 161 patients treated with 172 lesions are described in
Table 3, dividing study participants in two groups according to the type of carotid
intervention. Median age, gender distribution and the incidence of previous carotid
interventions were similar between the stenting and endarterectomy groups. We
compared lipid profile (triglyceride, cholesterol, LDL-cholesterol, HDL-cholesterol),
inflammatory markers (CRP, fibrinogen), renal (creatinine, urea) and liver (AST, ALT,
GGT) parameters as well as some other common laboratory parameters between the
groups. No significant difference has been found in these values, with exception of a
slightly higher LDL-cholesterol level in the CEA group. The frequency of coronary
artery disease (CAD) was higher in the CAS group, but there were no significant
differences between groups in the frequency of other concomitant diseases. Percantage
of high risk patients are shown in both groups according to the SAPPHIRE trial
definition (Yadav JS et al., 2004). Allele frequencies of the XbaI polymorphisms were
similar in the two groups, however regarding the PvuII polymorphisms, T allele
occurred with higher frequency in the CAS than in the CEA group (Table 3).
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Table 3.

Preoperative characteristics and perioperative complications of patients

(prospective study)
_____________________________________________________________________________________

CEA (n=82)
Age

CAS (n=90)

66.70(60.07-72.08)

p-value

66.67(59.72-74.90)

p=0.46

Age>80 yr(%)

3.66%(3/82)

7.77%(7/90)

p=0.25

Gender, male(%)

60.98(50/82)

66.11(55/90)

p=0.99

80(80-90)

85(80-90)

p=0.98

40.00(36/90)

p=0.07

Ipsilateral
ICA stenosis(%)
Symptomatic stenosis(%)

53.66(44/82)

Contralateral carotid
occlusion

7.32(6/82)

13.33(12/90)

p=0.20

3.66(3/82)

14.44(13/90)

p=0.02

High risk patient*(%)

29.27(24/82)

50.00(45/90)

p=0.01

Restenosis(%)

17.07(14/82)

15.56(14/90)

p=0.79

restenosis(%)

7.32(6/82)

6.66(6/90)

p=0.87

Triglyceride(mmol/L)

65(1.25-2.60)

1.70(1.10-2.10)

p=0.43

Cholesterol(mmol/L)

5.35(4.50-6.25)

4.90(4.30-5.90)

p=0.12

LDL-cholesterol(mmol/L)

3.60(3.20-5.00)

3.40(2.80-4.00)

p=0.04

HDL-cholesterol(mmol/L)

1.40(1.20-1.70)

1.40(1.15-1.60)

p=0.91

Recurrent stenosis
after CEA(%)

Severe(>70%)

Fibrinogen(mg/dL)

418.00(329.00-457.00) 379.50(332.50-446.50)

p=0.41

CRP(mg/L)

3.10(1.40-11.50)

3.35(1.20-8.40)

p=0.54

Glucose(mmol/L)

6.10(5.30-7.50)

5.80(5.20-7.15)

p=0.49

89.50(76.50-102.00)

p=0.08

6.10(5.20-7.20)

6.60(5.50-8.40)

p=0.09

8.35(6.50-10.20)

7.85(6.50-9.30)

p=0.28

Creatinine(μmol/L)
Urea(mmol/L)
3

WBC(10 /μL)
Thrombocyte(103/μL)
Total bilirubin(μmol/L)

83.00(73.00-95.00)

229.00(187.00-294.00) 232.50(198.50-280.50)
9.50(7.20-11.70)
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9.40(6.50-12.20)

p=0.92
p=0.74

Table 3. (continued)
_____________________________________________________________________________________

CEA (n=82)

CAS (n=90)

p-value

Hematocrit(%)

42.20(39.00-45.60)

41.95(38.80-44.20)

p=0.45

AST(IU/L)

21.00(19.00-26.00)

23.00(17.00-30.00)

p=0.63

ALT(IU/L)

20.00(15.00-33.00)

22.50(16.00-34.00)

p=0.40

GGT(IU/L)

32.00(21.00-50.00)

29.00(21.00-37.00)

p=0.32

1.04(1.00-1.09)

1.05(1.00-1.09)

p=0.64

Hypertension(%)

76.83(63/82)

84.44(76/90)

p=0.21

Hyperlipidemia(%)

43.90(36/82)

48.89(44/90)

p=0.51

DM(%)

37.80(31/82)

34.44(31/90)

p=0.65

PVD(%)

20.73(17/82)

16.67(15/90)

p=0.49

CAD(%)

30.49(25/82)

53.33(48/90)

p<0.01

INR

Previous AMI, PCI
or CABG(%)

19.51(16/82)

26.66(24/90)

p=0.27

Renal failure(%)

3.66(3/82)

2.22(2/90)

p=0.46

Complications
TIA(%)

2.44(2/82)

6.66(6/90)

p=0.19

Stroke(%)

0(0/82)

1.11(1/90)

p=0.34

AMI(%)

1.22(1/82)

0(0/90)

p=0.29

PvuII(C/T)

0.50/0.50

0.33/0.67

p=0.01

XbaI(G/A)

0.38/0.62

0.29/0.71

p=0.18

Allele frequency

______________________________________________________________________________________________

CAS:carotid artery stenting, CEA:carotid endarterectomy, LDL:low-density lipoprotein, HDL:highdensity lipoprotein, CRP:C-reactive protein, WBC:white blood cell count, AST:aspartateaminotransferase, ALT:alanine-aminotransferase, GGT:gamma-glutamyl-transferase, INR:international
normalized ratio, DM:diabetes mellitus, PVD:peripheral vascular disease, CAD:coronary artery disease,
ICA: internal carotid artery, TIA: transient ischemic attack, AMI: acute myocardial infarction, PCI:
percutaneous coronary intervention, CABG: coronary artery bypass graft
*Including at least one of the following risk factors: contralateral carotid occlusion, recurrent stenosis,
age>80 yr, previous AMI, PCI or CABG
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Table 4. shows a subgroup analysis of the whole study population, dividing them
into groups who had or had not at least 50% restenosis 12 months after carotid
interventions. No significant differences could be shown between these groups in terms
of age, gender, type of intervention and laboratory parameters. Although there was a
tendency of higher fibrinogen, CRP and fasting glucose levels in the restenosis than in
non-restenosis group. On the other hand, peripheral arterial disease (PAD) was recorded
more often in patients who developed restenosis than in patients without restenosis. The
percentage of CAD was also higher in the restenosis group, without statistical
significance. The frequency of T allele in the PvuII polymorphisms and the frequency of
A allele in the XbaI polymorphisms were higher in the restenosis than in the nonrestenosis group. This difference in allele frequencies suggests that A and T alleles (of
the XbaI and PvuII polymorphisms, respectively) are associated with higher incidence
of carotid restenosis, while G and C alleles (of the XbaI and PvuII polymorphisms,
respectively) are associated with lower incidence of restenosis.
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Table 4.

Patients characteristics in the restenosis and non-restenosis groups

(prospective study)
______________________________________________________________________
Restenosis (n=28)

Non-restenosis (n=144)

p-value

(CAS/CEA)

14/14

76/68

p=0.79

Gender(male, female)

15/13

90/54

p=0.38

Type of intervention

Age

66.67(56.00-75.05)

66.70(60.52-73.39)

p=0.57

7.14(2/28)

5.55(8/144)

p=0.74

14.29(4/28)

9.72(14/144)

p=0.47

after CEA(%)

14.29(4/28)

8.33(12/144)

p=0.32

High risk* (%)

57.14(16/28)

36.8(53/144)

p=0.04

Triglyceride(mmol/L)

1.50(0.90-2.10)

1.70(1.20-2.30)

p=0.13

Cholesterol(mmol/L)

5.00(4.30-5.80)

5.10(4.40-6.10)

p=0.72

LDL-cholesterol(mmol/L) 3.45(3.30-4.50)

3.50(2.80-4.45)

p=0.70

HDL-cholesterol(mmol/L) 1.40(1.30-1.70)

1.40(1.20-1.60)

p=0.91

Age>80 yr (%)
Contralateral carotid
occlusion
Recurrent stenosis

Fibrinogen(mg/dL)

410.50(341.00-461.00)

394.00(332.00-453.00)

p=0.78

CRP(mg/L)

5.60(2.80-11.50)

2.90(1.10-7.70)

p=0.07

Glucose(mmol/L)

6.35(5.20-7.80)

5.80(5.20-7.20)

p=0.38

Creatinine(μmol/L)
Urea(mmol/L)
WBC(103/μL)
3

Thrombocyte(10 /μL)
Total bilirubin(μmol/L)
Hematocrit(%)

87.00(73.00-98.00)

87.00(75.00-100.00)

p=0.96

6.85(5.60-9.05)

6.20(5.30-7.70)

p=0.26

7.80(6.20-9.00)

8.20(6.60-9.50)

p=0.37

233.00(193.00-286.00

p=0.60

8.85(6.25-14.15)

9.50(6.70-11.90)

p=0.78

40.30(37.80-43.80)

42.20(39.20-44.80)

p=0.17

224.00(198.00-274.00)
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Table 4. (continued)
______________________________________________________________________
Restenosis (n=28)

Non-restenosis (n=144)

p-value

AST(IU/L)

25.00(19.00-36.00)

21.50(17.00-27.00)

p=0.24

ALT(IU/L)

23.00(15.00-37.00)

20.50(16.00-33.00)

p=0.95

GGT(IU/L)

29.50(25.00-61.00)

30.00(20.00-39.00)

p=0.22

INR

1.07(1.00-1.10)

1.04(1.00-1.09)

p=0.13

Hypertension(%)

82.14(23/28)

80.56(116/144)

p=0.86

Hyperlipidemia(%)

42.86(12/28)

47.22(68/144)

p=0.67

DM(%)

35.71(10/28)

36.11(52/144)

p=0.97

PAD(%)

32.14(9/28)

15.97(23/144)

p=0.04

CAD(%)

50.00(14/28)

40.97(59/144)

p=0.38

32.14(9/28)

21.53(31/144)

p=0.23

3.57(1/28)

2.78(4/144)

p=0.59

PvuII(C/T)

0.30/0.70

0.43/0.57

p=0.05

XbaI(G/A)

0.20/0.80

0.36/0.64

p=0.01

Previous AMI, PCI
or CABG(%)
Renal failure(%)

Allele frequency

______________________________________________________________________
CAS:carotid artery stenting, CEA:carotid endarterectomy, LDL:low-density lipoprotein, HDL:highdensity lipoprotein, CRP:C-reactive protein, WBC:white blood cell count, AST:aspartateaminotransferase, ALT:alanine-aminotransferase, GGT:gamma-glutamyl-transferase, INR:international
normalized ratio, DM:diabetes mellitus, PAD:peripheral arterial disease, CAD:coronary artery disease,
ICA: internal carotid artery, TIA: transient ischemic attack, AMI: acute myocardial infarction, PCI:
percutaneous coronary intervention, CABG: coronary artery bypass graft
*Including at least one of following risk factors: contralateral carotid occlusion, recurrent stenosis,
age>80 yr, previous AMI, PCI or CABG
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4.1.2.2. ESR1 Genotypes and Carotid Restenosis

Strong linkage disequilibrium was found between the PvuII and XbaI
polymorphisms of the ESR1 gene. The likelihood of the linkage disequilibrium is 256.66, while the p-value is <0.00001. Analysing the distribution with chi-square test
p<0.00001 (chi-square value=182.08). The calculated D' is 0.949. Table 5 shows the
early restenosis rates in the whole study population and in the CEA and CAS as well as
in female and male patient subgroups. We analyzed the frequency of early restenosis in
all carotid interventions and also in CEA and CAS patient subgroups separately.
Significantly higher restenosis rate has been found in patients carrying AA genotype of
the XbaI polymorphisms as compared to patients carrying AG or GG genotypes (23.4%
vs. 10.5%, p=0.02). Regarding the other polymorphism tested, we found significantly
higher restenosis rate in patients carrying TT or TC genotypes as compared to patients
with CC genotype (19.3% vs. 3.1%, p=0.02). These associations could be shown in the
whole patient population, but especially in the subgroup of female patients. When
analyzing the subgroup of men only, these associations were no longer significant
(Table 5). We could also show a difference in the frequency of restenosis between CEA
and CAS groups according to the different genotypes. In the CEA group, TT and TC
carriers had a significantly higher restenosis rate, as compared to CC-carriers in this
group (22.6% vs. 0.0%, p=0.01). In addition, restenosis tended to occur more frequently
in patients carrying AA genotype as compared to AA-non-carriers (27.6% vs. 11.3%,
p=0.06), These associations couldn’t be shown in the CAS group of either sex (Table 5).
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Table 5.

ESR1 gene polymorphism and restenosis after carotid interventions

______________________________________________________________________
all patients

women

men

Genotype

All

CEA

CAS

All

CEA

CAS

All

CEA

CAS

No. of lesions

172

82

90

67

42

35

105

50

55

Restenosis rate % (lesions with restenosis/all lesions)
AA

23.4% 27.6% 20.8%

33.3% 45.5% 27.3%

15.9% 16.7% 15.4%

(18/77) (8/29) (10/48)

(11/33) (5/11) (6/22)

(7/44) (3/18) (4/26)

AG/GG 10.5% 11.3% 9.5%
(10/95) (6/53) (4/42)
p-value* 0.02

0.06

0.14

5.9%

4.8%

7.7%

(2/34) (1/21) (1/13)
0.005

0.01

0.17

13.1% 15.6% 10.3%
(8/61)
0.69

(5/32) (3/29)
0.61

0.44

______________________________________________________________________
TT/TC 19.3% 22.6% 16.7%
(27/140) (14/62) (13/78)
CC

3.1%

0.0% 8.3%

(1/32) (0/20) (1/12)
p-value† 0.02

0.01

0.40

25.0% 30.0% 21.9%

15.9% 19.0% 13.0%

(13/52) (6/20) (7/32)

(14/88) (8/42) (6/46)

0.0% 0.0% 0.0%

5.9% 0.0% 11.1%

(0/15) (0/12) (0/3)
0.03

0.04

0.50

(1/17) (0/8)

(1/9)

0.25

0.68

0.22

______________________________________________________________________
*

AA vs. non-AA(AG or GG)

†

non-CC(TT or TC) vs. CC

56

At univariate analysis we found AA genotype to be a risk factor for developing
at least 50% restenosis in the whole patient population. At multivariate analysis AA
genotype proved to be an independent risk factor after adjustment for gender, age and
presence of recurrent stenosis (n=172, adjusted odds ratio [AOR]:2.51, 95% confidence
interval [CI]:1.07–5.90). Restenosis risk in the female patient subgroup after any type of
carotid intervention was 7.85-fold after adjustment for age and presence of recurrent
stenosis. (n=67, [AOR]:7.85, [CI]:1.52–40.55) In female CEA patients only, restenosis
risk was 18.73 (n=32, [AOR]:18.73, [CI]:1.40–250.91) No such association was found
in female CAS patients (n=35, [AOR]:6.72, [CI]:0.55–82.57). According to the
haplotype estimation in the whole population, the T-A haplotype carriers (homozygous
or heterozygous) had an increased risk of restenosis after carotid interventions, which
was again independent from age, gender and and presence of recurrent stenosis.
([AOR]:7.85, [CI]:1.01–60.98)
We found gene dose dependency in the XbaI polymorphism of the ESR1 gene.
Restenosis rates were 23.4% in patients carrying both A alleles, 12.2% in patients
carrying only one A allele and 4.8% in patients without any A allele. In the smaller
group of women only, these restenosis rates were 33.3%, 8% and 0%, respectively.
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4.2. Experimental study
4.2.1. Effects of the phosphodiesterase-5-inhibition on neointima formation
Three weeks after in vivo endothelial denudation, concentric neointima was
found in the control endarterectomized group, resulting in a 54.12% stenosis of the
original lumen area (Figure 9/A, D). In the phosphodiesterase-5-inhibitor treated group,
significant reduction of neointima formation was observed. Stenosis was 24.64% in this
group. (p < 0.05, treatment group compared with control endarterectomy group) (Figure
9/A, E). In addition, the neointima to media area ratio was calculated, which was found
to be significantly reduced after phosphodiesterase-5-inhibition (0.50 vs. 1.03 in the
phosphodiesterase-5-inhibitor treated group vs. control endarterectomy group, p < 0.05)
(Figure 9/B). In the sham and unoperated groups, normal morphologic structure was
found with a single endothelial cell layer (Figure 9/C).

Figure 9/A. Percent stenosis (neointima/original lumen area ratio) in the different groups. * p<0.05 vs.
sham; † p<0.05 vs. control endarterectomy

Figure 9/B. Neointima/media area ratio in the different groups. * p<0.05 vs. sham; † p<0.05 vs. control
endarterectomy
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Figure 9/C. Representative histologic cross-section from the sham group (HE)

Figure 9/D. Representative histologic cross-section from the control endarterectomy group (HE)

Figure 9/E. Representative histologic cross-section from the treatment group (HE)
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4.2.2. Effects of the phosphodiesterase-5-inhibition on the expression of TGFβ 1 and
alpha smooth muscle actin
Neointimal cells originate from the medial layer of the injured, deendothelized
vessel, by migration and proliferation of the vascular smooth muscle cells. To confirm
this, we detected alpha-sm-actin in the neointima of the control and treated animals.
Parallel to the extent of intimal thickening during neointima formation, significantly
less immunoreactive alpha-sm-actin was found in the injured and treated vessels,
whereas it was higher in the control group (5.98 ± 0.51 vs. 8.27 ± 0.73 in the control
group; p<0.05) (Figure 10/D-F). In addition, we used TGFβ 1 immunostaining. Usually,
marked TGFβ 1 staining can be seen in proliferating tissues; therefore it is a useful
marker of the proliferation activity in the neointima. An extensive TGFβ 1 deposition
was found in the control group, and the immunohistochemical score for TGFβ 1 was
significantly less in the vardenafil-treated group (2.0 ± 0.3 vs. 5.82 ± 1.09 in the control
group; p<0.05) (Figure 10/A-C).

Figure 10/A-C. Semiquantitative scoring (A) and representative photomicrographs (B, C) of TGFß 1
staining. *, p<0.05 vs. control endarterectomy; B: control endarterectomy group; C: treatment group
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Figure 10/D. Semiquantitative scoring of alpha-smooth muscle actin staining. *, p<0.05 vs. control
endarterectomy

Figure 10/E. Representative photomicrograph of alpha-smooth muscle actin staining; control
endarterectomy group

Figure 10/F. Representative photomicrograph of alpha-smooth muscle actin staining; treatment group
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4.2.3. Effects of the phosphodiesterase-5-inhibition on neointimal and plasma
cGMP levels
To confirm that the effect of vardenafil on neointima formation was related to
the elevation of cGMP levels in our endarterectomy model, we determined neointimal
cGMP content by immunohistochemistry as well as by measuring circulating cGMP
levels by enzyme immunoassay in deep-frozen plasma samples. As shown in Figure
10/G-I, immunoreactivity for cGMP was significantly higher in the neointima of the
vardenafil-treated group as compared with those of the control endarterectomized
group. Semiquantitative evaluation of all sections of both groups indicated a
significantly higher score for the phosphodiesterase-5 inhibitor treated group compared
with the control group (4.80 ± 0.76 vs. 2.84 ± 0.40 in the control group; p<0.05). The
elevated cGMP levels in the treatment group could be shown sistematically as well.
Plasma cGMP concetration was almost twice higher than in the control groups (84.65 ±
12.77 pmol/ml vs. 43.50 ± 3.30 pmol/ml and 38.20 ± 2.18 pmol/ml in the control
endarterectomy and unoperated control groups respectively; p<0.05) (Figure 11). On the
other hand, there was no difference in plasma cGMP concentrations between the two
different control groups (43.50 ± 3.30 pmol/ml in the control endarterectomy group vs.
38.20 ± 2.18 pmol/ml in the unoperated control group; p=ns).

Figure 10/G. Semiquantitative scoring of cGMP immunostaining. *, p<0.05 vs. control endarterectomy
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Figure 10/H. Representative photomicrograph of cGMP immunostaining; control endarterectomy group

Figure 10/I. Representative photomicrograph of cGMP immunostaining; treatment group

Figure 11. cGMP plasma concentrations (pmol/ml) measured by competetive enzyme immunoassay in
the different groups. *, p<0.05 vs. unoperated control and control endarterectomy groups
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4.2.4. Effects of the phosphodiesterase-5-inhibition on apoptosis of neointimal cells
In order to test a possible contribution of apoptosis to the decrease of neointimal
hyperplasia after treatment with vardenafil, we performed the terminal deoxynucleotidyl
transferase dUTP-biotin nick end labeling (TUNEL) assay on each section from both
groups. As shown in Figure 12., we did not find significant difference in the apoptotic
cell counts in the same unit (1000 μm2) of the control and treated neointima (4.23 ± 0.43
vs. 4.44 ± 0.64 in the control endarterectomy group; p=ns)

Figure 12. TUNEL-positive cell count in 1000 μm2 neointima in the control endarterectomy and in the
vardenafil groups
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5. Discussion
Restenosis following a wide range of surgical and endovascular interventions
(carotid endarterectomy, carotid artery stenting, percutaneous transluminal coronary
angioplasty and interventions on other peripheral arteries) is still an exsisting
complication that limits the longterm success of these techniques. The incidence of
restenosis after conventional coronary balloon angioplasty is 30-50%, with bare metal
stent placement about 10-30%, while the use of drug-eluting stents further suppressed
the rate of recurrent stenosis in the coronary arteries (Weintraub WS et al., 2007).
Although, the incidence of restenosis varies according to the method (stenting,
endarterectomy), gender, concomittant diseases, vascular region and to many other
factors, the pathomechanisms - at least in part - and the risk factors are similar.
Currently, one of the most promising method of prevention involves drug-eluting stents
with antiinflammatory or antiproliferative activity. In the current study new additional
risk factors of recurrent stenosis after carotid interventions have been investigated. In
addition, we aimed to study new therapeutic possibilities for the prevention of
neointimal hyperplasia in an experimental model of carotid (re)stenosis.
Carotid endarterectomy and carotid artery stenting are both, safe and durable
methods for the treatment of significant symptomatic and asymptomatic carotid artery
stenosis, however the appropiate selection of patients is of great importance (Yadav JS
et al., 1997; Craig R et al., 2006; Jordan WD et al., 2002; Mas JL et al., 2006; Narins
CR et al., 2006). There are considerable technical differences between CEA and CAS,
although both methods aim to eliminate significant atherosclerotic stenosis. Endothelial
damage and ischemic/reperfusion injury (due to cross clamping of the carotids) seem to
be the major triggers of neointimal hyperplasia and loss of lumen. The endothelial and
part of the medial layer are removed during endarterectomy, and a new surface with
inflammatory and smooth muscle cells is exposed. Even if, in different ways, significant
endothelial injury occurs during stent placement as well. Inflammation and subsequent
neointimal hyperplasia is proportional to the degree of stent strut exerted on the vessel
wall. In a study by Farb et al. in 56 patients receiving 116 stents, neointimal thickness,
inflammatory cell density, and neointimal vascular channel density were significantly
greater when struts were in contact with the ruptured arterial media, compared with
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fibrous plaque or an intact fibrous cap (Farb A et al., 2002). Penetration of stent struts
into the lipid core of plaques was also associated with the significantly greater
neointimal thickness and increased numbers of inflammatory cells. This phenomenon
could be effectively treated with drug-eluting stents covered with antiinflammatory or
antiproliferative drugs. On the other hand, ischemic/reperfusion injury is substantially
different in CEA and CAS respectively, since during carotid artery stenting there is no
cross clamping. Based on the above mentioned distinctions between CEA and CAS it
was supposed, that restenosis rates may also differ between these groups. Besides the
restenosis evaluation, perioperative complications, such as transient ischemic attack
after CAS and CEA have also been looked at in our study. Cao P. et al. showed higher
incidence of TIA after CAS compared to a matched-control CEA group. Our results are
consistent with their observation (Cao P et al., 2006). This can be explained by the lack
of general anaesthesia, which may obscure the signs of transient neurological
symptoms; but a higher rate of embolization cannot be excluded either. Regarding
concomittant diseases, we found higher incidences of arrhythmias and malignant
diseases in the CAS group, which may reflect that patients with more risk factors are
preferentially considered for endovascular intervention, rather than for open carotid
surgery (Yadav JS et al., 2004).
Our results showed, that both, moderate (50-69%) and severe (≥70%) restenosis
occurred statistically less frequently in the CAS, than in the CEA group. These findings
are also consistent with the results of Cao P. et al. They found 6.4% restenosis (≥50%)
rate after CAS, which is more favourable, than after CEA (7.9%) with an 18 months
mean follow-up time. Our finding of the 3.47% incidence of severe restenosis after CAS
is in agreement with previously published data (Setacci C et al., 2005). Bergeron et al.
suggested time-dependent increase of restenosis after CAS, resulting in a 3.7%
restenosis rate after two years, which seems to be supported by our results (Bergeron P
et al., 2005; Skelly CL et al., 2006). In the SAPPHIRE study, carotid revascularization
was repeated in fewer patients who received stents, than in those who underwent
endarterectomy (Yadav JS et al., 2004). Contrary to our and other findings, Christiaans
et al. reported considerably higher in-stent restenosis rate (21% of 217 CAS patients)
after 24 months (Christiaans MH et al., 2003). They published 14% in-stent restenosis
rate in the same population after three days, which may actually reflect the proportion of
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residual stenosis. In other trials the investigators reported lower in-stent restenosis rates
(Ouriel K et al., 2001; Robbin ML et al., 1997; Willfort-Ehringer A et al., 2002). Our
10.05% restenosis (≥70%) rate after eversion CEA is also comparable to those,
published by other authors (Sadideen H et al., 2006; Reina-Gutierrez T et al., 2005).
Brothers et al. reported >80% restenosis incidence in 6% of cases regarding eversion
endarterectomy at 36 months, which is also similar to our data (Brothers TE et al.,
2005). It has to be taken into consideration that in Brothers’ study 80% restenosis was
considered significant for severe restenosis. The lack of concordance in restenosis rates
in the various studies might be explained by the variations in definition criteria and
follow-up. One of the most recently published prospective study that compared early
restenosis rates after CEA and CAS is the Stent-Protected Angioplasty versus Carotid
Endarterectomy (SPACE) study with 1200 patients randomized either into the CEA or
the CAS groups. Authors reported no singificant difference in postoperative neurologic
complications between the different treatment groups. On the other hand, the incidence
of recurrent stenosis reported in this study was significantly higher in the CAS group as
compared to that of the CEA group. The randomized prospective design and the great
case number strengthen the evidence of this study, however there is also a cosiderable
limitation: same ultrasound criteria has been used for the evaluation of restenosis after
carotid endarterectomy and carotid stenting. Therefore the incidence of instent
restenosis might be overestimated (Eckstein HH et al., 2008). Other ongoing studies,
like the International Carotid Stenting Study (ICSS) will provide further data that make
the evaluation of our results possible in a wider context.
In a recently published cross-sectional study of our research group, the
complement activation profile after either CEA or CAS was investigated. The main
novel finding of this study was, that immediate complement activation follows and is
related to the time of clamping of the carotid artery during eversion CEA in humans.
We found an extensive increase in C3a levels accompanied by a modest elevation in
SC5b-9 levels immediately after surgery in patients with CEA. C3a levels remained
elevated one, and four hours postoperatively compared with the baseline values and
with that, of CAS patients as well. Peak C3a levels showed good correlation with the
time of clamping of the carotid artery in CEA, which reflects the duration of ischemic
tissue damage during surgery. In contrast, we were not able to detect complement

67

activation in patients with CAS, where no marked ischemic/reperfusion injury occurs
(Széplaki G et al., 2008). In a study conducted by Malek LA et al. it has been shown,
that carotid clamping time during CEA can be considered as an independent risk factor
for early restenosis. In their study, carotid clamping time was over 18 minutes in 69% of
patients with early restenosis. In contrast, only 44% of restenosis-free patients had a
clamping time over 18 minutes (p=0.002). Authors suggested, that clamping-induced
local ischaemia may accelerate restenosis, thus longer clamping times contribute to
higher incidence of restenosis (Malek LA et al., 2005). It is beleived, that the higher
incidene of restenosis following CEA in our retrospective study may be due to greater
endothelial and ischemic/reperfusion injury, that correlates with the clamping time and
extent of complement activation. The pivotal role of ischemic/reperfusion damage and
the complement system in early restenosis are supported by others as well. It has been
confirmed, that carriers of the normal (A) allele of mannose-binding lectin gene
(MBL2) have higher risks to develop early restenosis after eversion CEA (RugonfalviKiss Sz et al., 2005; Szabó A et al., 2007) and, that high complement C3 levels are
associated with a high degree of restenosis (Széplaki G et al., 2006).
Setacci et al. found previous ipsilateral CEA as a risk factor of in-stent restenosis
after CAS (Setacci C et al., 2005). In accordance with their findings, restenosis of more
than 50% was found in our study in 13.6% of CAS cases (6/44) with prior
endarterectomy and in 6% (6/100) with primary stenosis (p=ns.). De Borst et al.
analyzed restenosis in patients stented for postendarterectomy stenosis and found instent restenosis in 19% of the cases (≥50%) which is also comparable with our results
(de Borst GJ et al., 2007). By contrast, Skelly et al. did not find previous ipsilateral
carotid endarterectomy as a risk factor for in-stent restenosis (Skelly CL et al., 2006).
The tendency of higher restenosis incidence of carotid arteries stented for restenosis
after endarterectomy also shows that the stent placement in a preexisting neointimal
hyperplastic lesion may potentiate an ongoing process.
We found increased risk of severe restenosis in female patients, which is
consistent with most other authors’ findings (Hugl B et al., 2006). It was reported by
Ouriel K et al., that small internal carotid arteries (<4 mm diameter) have a significantly
increased risk of restenosis compared with those, with a diameter over 4 mm (37% vs.
12%; Ouriel K et al., 1987). Since women have smaller carotids, this can explain the
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higher restenosis rates observed in females. On the other hand, hormonal changes after
menopause could also explain this observation. The increased risk for restenosis in
female patients was assured in our patient population, irrespectively of the
revascularization

procedure.

Higher

odds

ratio

was

only

found

for

the

endarterectomized female patients compared to the whole group (CAS and CEA
together). No such association was found in male patients and in patients undergoing
CAS.
Although our retrospective study involved a relatively high number of
consecutive patients, its non-randomized design limits the value of the results. In
addition, there are more high risk patients in the CAS, than in the CEA group, which
means additional limitation of the comparison, and furthermore, this could explain the
higher complication rate seen after CAS. The higher complication rate is more
expressed in TIA-patients, however some TIAs may be overlooked in CEA patients
under general anaesthesia.
Our results suggest, that ischemic/reperfusion injury and the lack of stent
placement are additional local risk factors for restenosis development after carotid
interventions. In our prospective clinical study, novel general risk factors have been
proposed: we analysed the association between the XbaI and PvuII polymorphisms of
the ESR1 gene and early restenosis after eversion carotid endarterectomy and carotid
artery stenting.
In the prospective study, we also aimed to investigate early restenosis, which is
caused by neointimal hyperplasia and differs from late restenosis. Estrogen and estrogen
receptor alpha are involved in the protection against vascular injury and restenosis
caused by neointima formation according to several in vivo and in vitro studies (Bakir S
et al., 2000; Bhalla RC et al., 1997; Brouchet L et al., 2001; Kolodgie FD et al, 1996;
Pare G et al., 2002). We found significant associations between two ESR1
polymorphisms and recurrent stenosis after carotid interventions. In the whole study
population, AA genotype (XbaI polymorphism) was associated with a significantly
higher restenosis rate as compared to patients with AG or GG genotypes. On the other
hand, we found significant association between higher restenosis rate and TT or TC
genotypes (PvuII polymorphism) in the whole population as compared to patients
carrying CC genotype. The XbaI polymorphism seems to be in strong linkage
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disequilibrium with the PvuII polymorphism, seeing that homozygous normal AA
genotype carriers (XbaI) most likely have homozygous normal TT genotype (PvuII) and
homozygous variant GG genotype carriers (XbaI) most likely have homozygous variant
CC genotype (PvuII). In addition, the above-mentioned associations were different in
the CEA and CAS groups. Higher restenosis rate was found in CEA but not in CAS
patients carrying AA genotype as compared to AA-noncarriers. Higher restenosis rate
could be noted in CEA, but not in CAS patients carrying TT or TC genotypes compared
to CC-carriers. This difference might be due to distinct mechanisms leading to
restenosis, based upon differences in ischemia/reperfusion injury after CEA and CAS.
Besides the differences between the interventions, we could also show a gender
dependency, since most of these associations were significant in female but not in male
patients. In female but not in male patients, AA genotype was associated with a
significantly higher restenosis rate as compared to patients with AG or GG genotypes.
Also in female but not in male patients a significantly higher restenosis rate has been
found in TT or TC genotype carriers compared to CC-carriers. As shown in the
retrospective study, the incidence of „high risk” patients was higher in the CAS group
than in the CEA group in the prospective study as well. This is in harmony with the
current guideline of the Society for Vascular Surgery for the management of carotid
stenois. In symptomatic as well as in asymptomatic patients with „high risk” (e.g.
restenosis, age>80 years, contralateral carotid occlusion, ischemic heart disease etc.),
carotid artery stenting is the suggested alternative to carotid endarterectomy (Hobson
RW 2nd et al., 2008).
Ferrero et al. showed, that TT genotype of the ESR1 gene polymorphism was an
independent predictor of coronary artery in-stent restenosis in women but not in men
(Ferrero V et al., 2003). They analysed 148 women of similar mean age (66±9 years)
related to our study group (65.4±9.6 years). In Ferrero’s, as well as in our study, the
presence of T allele was associated with higher incidence of restenosis (after coronary
artery stenting or carotid endarterectomy, respectively) in postmenopausal women.
Follow-up time was 6 months in Ferrero’s study and 12 months (median) in our study,
thus in these two studies similar mechanisms (early restenosis due to neointimal
hyperplasia) of the restenosis-development my be considered. We show that A and T
allel-carrying of the XbaI and PvuII ESR1 gene polymorphisms, (respectively) can be
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associated with higher incidence of carotid restenosis, while G and C allel-carrying of
the XbaI and PvuII polymorphisms, (respectively) can be associated with lower
incidence of carotid restenosis.
Polymorphism in the ESR1 gene may affect the expression or the function of
ESR1, which is not yet clearly understood. In men, estrogen levels and ESR1
polymorphisms seem to play a less determinant role in cardiovascular pathology even
when compared to postmenopausal women. Herrington et al. studied the effects of
hormone replacement therapy (HRT) on serum levels of E-selectin and CRP in
postmenopausal women carrying different genotypes of the PvuII polymorphism. The
authors described beneficial effects of the CC genotype to HRT, which might be
assigned to the following: presence of the C allele might amplify ESR1 transcription or
the production of ESR1 isoforms, that have different properties than the full-length gene
product (Herrington DM et al., 2002). C allele forms part of a B-myb transcription
factor binding site and functions as an intragenic enhancer. Based on these findings it
might be speculated, that the presence of T allele may result in reduced ESR1
expression, leading to a relative estrogen deficit (Molvarec A et al., 2007; Herrington
DM et al., 2002). In an other study of ESR1 gene polymorphisms, the authors reported
association between T-A haplotype and myocardial infarction in postmenopausal
women (Schuit SC et al., 2004). The two ESR1 polymorphisms investigated in the
prospective study are in strong linkage disequilibrium, therefore it is possible, that the
association seen between these polymorphisms and carotid restenosis is caused only by
one of them. Furthermore, a third polymorphism can also be suspected, which might
also be in strong linkage disequilibrium with XbaI and PvuII. A complex process, such
as restenosis is likely to depend on several polymorphisms. Schuit et al. described an
allele dose-dependent decrease in estrogen level in postmenopausal women carrying TA haplotype. Patients in this study formed a subgroup of the Rotterdam study (Schuit
SC et al., 2005). Based on their findings we can speculate, that the response to vascular
injury after CEA may differ according to the lower estrogen levels in women carrying
AA, TT or TC genotypes.
In contrast, Alevizaki et al. showed the presence of C and G alleles to be in
positive association with the severity of coronary atherosclerosis in postmenopausal
women (Alevizaki M et al., 2007). In Shearman’s two different studies CC genotype
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proved to be a risk factor of stroke and ischemic heart disease as well (Shearman AM et
al., 2003; Shearman AM et al., 2005). Similarly to the above-mentioned results, Rokach
et al. found significant association between C-G haplotype and the angiographic extent
of coronary artery disease (Rokach A et al., 2005).
We presented a genetic association study in a relatively small sample size, with
considerably wide confidence intervals for odds ratios, therefore a spurious association
cannot be fully ruled out. On the other hand, the association found between restenosis
and these polymorphisms was strong, and a bigger sample size probably would
strengthen these results.
To date, the most promising approaches for prevention of restenosis are drugeluting stents covered with immunosuppressive or antiproliferative drugs. The currently
existing drugs target especially the inflammatory and proliferative stages of the
neointima formation. Evidence is growing, that NO-cGMP signaling may have
beneficial effects in remodeling after vascular interventions. NO-cGMP signaling plays
an important role in vascular endothelial and smooth muscle cells; cGMP, as a second
messenger, takes part in the inhibition of cell proliferation, apoptosis signaling,
inhibition of platelet aggregation, activation of antioxidant signaling etc. All of these
processes are important in restenosis formation, therefore we suggested, that direct
pharmacologic regulation of cGMP signaling may affect neointima formation. Recent
studies showed, that reduced cGMP signaling is associated with neointimal
proliferation, which could be prevented by an NO donor in a rat carotid artery injury
model, as well as in a porcine coronary injury model (Yoon JH et al., 2002; Pearce CG
et al., 2008). Additionally, neointima formation could be reduced by adenovirusmediated transfer of the endothelial NO synthase gene in a rat model of balloon injury
(Janssens S et al., 1998). To the best of our knowledge, it has not been tested, whether
the selective inhibition of phosphodiesterase-5, the enzyme which is responsible for
cGMP degradation, would also be able to prevent neointima formation after
endarterectomy. The main results of our experimental study are, that neointima
formation and expression of different neointimal markers were attenuated by the
treatment with the phosphodiesterase-5 inhibitor vardenafil. Treatment with vardenafil
significantly increased plasma cGMP levels, as well as neointimal cGMP content, as
determined at the end of the 3-week follow-up period. On the other hand, we found no
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significant difference in cGMP plasma concentrations between the unoperated and
control endarterectomized rats. The local injury of the carotids probably has no systemic
effects on plasma cGMP level, as the orally administered vardenafil was able to increase
plasma cGMP concentration. Endothelially derived NO is able to activate the soluble
guanylate cyclase in vascular SMCs, which is responsible for cGMP synthesis. cGMP
mediates its intracellular effects through activation of specific cGMP-dependent protein
kinases (protein kinase G [PKG]). The main effects of cGMP, which could be involved
in decreased neointima formation, are as follows: inhibition of migration and
proliferation of vascular SMCs and alterations of oxidative and apoptotic signaling
(Munzel T et al., 2003; Yu SM et al., 1997). A possible downstream signaling
mechanism, that contributes to the beneficial effects of phosphodiesterase-5 inhibition
on neointima formation acts through PKG, as was shown by Sinnaeve and colleagues in
PKG-overexpressed rats (Sinnaeve P et al., 2002). In another study by the same authors,
the antiproliferative and antimigratory effects of soluble guanylate cyclase gene transfer
after balloon injury in rats were demonstrated, which again confirms the role of cGMP
signaling in the reduction of neointima formation (Sinnaeve P et al., 2001). In
connection with these results, Tulis and associates showed reduced postangioplasty
stenosis after enhanced cGMP signaling by using a benzyl indazole derivate (YC-1) that
can stimulate soluble guanylate cyclase (sGC) in vascular endothelium and SMCs (Tulis
DA et al., 2000). The benzyl indazole derivate used in this study has, in addition, a
phosphodiesterase-5 inhibiting secondary effect, as well. Liu and coworkers showed
similar results on neointimal hyperplasia using YC-1 (Liu YN et al., 2006). Several
mechanisms for the potent protective actions of vardenafil on neointima formation can
be suggested based on results from in vitro studies. Yu and colleagues showed an
inhibition of DNA synthesis associated with diminution in mitogen-activated protein
kinase levels after enhanced cGMP signaling (Yu SM et al., 1997). Other work showed
cGMP-induced inhibition in anti-mitogen cyclin-dependent kinase activity and cyclin
D1 expression, leading to the suppression of cell cycle in vascular cells (Fukumoto S et
al., 1999). An interesting new finding of our study is a significant reduction of TGFβ 1
immunoreactivity in the neointima after treatment with the phosphodiesterase-5
inhibitor vardenafil. It has been shown in several studies, that the TGFβ system
contributes to neointimal proliferation and, that neointimal hyperplasia could be
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suppressed by using TGFβ antibody (Fu K et al., 2008; Wolf YG et al., 1994). TGFβ 1
seems to be overexpressed in fibroproliferative vascular lesions, it is associated with
slow but uncontrolled growth and overproduction of the extracellular matrix
components. In addition, Saura and coworkers found, that endothelial cells treated with
an NO donor exhibited a decreased response to TGFβ, resulting in a downregulation of
TGFβ target genes (Saura M et al., 2005; Wang S et al., 2003). Nitric oxide decreases
TGFβ 1 signaling through increases in cGMP levels, which finally leads to reduced
vascular SMC proliferation. In our opinion the same linkage is present in the
phosphodiesterase-5 inhibitor–treated neointima, because the treatment with vardenafil
leads to an increased cGMP signaling similar to the effect of NO. The observed
reduction in TGFβ 1 levels after treatment with vardenafil might be a primary
consequence of phosphodiesterase-5 inhibition because of the interrupted cytokine
production, rather than a secondary phenomenon. Nevertheless, we have no direct
evidence in the present study or in the literature that would support this hypothesis. In
addition to the decreased TGFβ 1 immunoreactivity after treatment with vardenafil, we
found decreased expression in a-smooth muscle actin as well. Cell culture studies
suggest, that vascular SMC migration is attenuated by the NO–cGMP–PKG pathway
(Munzel T et al., 2003; Gurjar MV et al., 1999). On the other hand, cGMP-increasing
agents have been found to prevent actin polymerization and thereby decrease vascular
cell migration. We can speculate, that the decreased alpha smooth muscle actin
expression found in the treated neointima might be due to decreased proliferation and
migration. Chiche and associates showed proapoptotic effects of the NO–cGMP
pathway in cultured rat pulmonary artery SMC's after adenovirus-mediated gene
transfer of cGMP-dependent protein kinase (Chiche JD et al., 1998). On the other hand,
cGMP is involved in antioxidant signaling. We used the TUNEL assay to screen
possible differences of neointimal cells exhibiting DNA damage. No difference was
found in TUNEL-positivity between the control endarterectomy and treatment groups,
thus we hypothesize that attenuated neointima formation might be due to decreased
proliferative activity rather, than to enhanced neointimal apoptosis. However, TUNEL
is an unspecific assay and not suitable for proving the underlying mechanisms of
neointimal decrease. Nevertheless, we cannot exclude the possibility that other
mechanisms could be involved in the beneficial effects of phosphodiesterase-5
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inhibition on neointimal hyperplasia. Vasodilatation or phosphorylation of protein
kinases could also influence this process.
According to the literature, cross-talk between estrogen-ESR1 and NO-cGMP
signaling exists at several points. Estrogen clasically exerts its effects by modifying
gene expression. The hormone-receptor complex binds to the estrogen responsive
elements in the nucleus and regulates gene transcription. There is strong evidence from
both, human and animal studies, that estrogen is protective against vascular injury. This
occurs both, indirectly by an effect on lipoprotein metabolism and directly through
effects on the vessel wall, including alterations in vascular cell gene expression,
mediated in part by ESR1, acting as a ligand-activated transcription factor. On the other
hand, estrogen has also nongenomic, rapid effects in a variety of tissues, including the
vasculature. Chen Z et al. showed that the nongenomic activation of eNOS is mediated
by estrogen receptor alpha (Chen Z et al., 1999). These nongenomic signaling pathways
involve cytoplasmatic proteins and membrane-initiated responses (Segars JH et al.,
2002). Russel KS et al. suggested that human vascular endothelial cells contain
membrane receptors for estradiol, which mediate rapid intracellular signaling (Russel
KS et al., 2000). Both the genomic and nongenomic activation of eNOS results in the
enhancement of NO-cGMP signaling (Lahm T et al., 2008). Indirectly, cGMP signaling
can be affected by estrogen through the alteration of phosphodiesterase-5 activity as
well. Morelli A showed that estrogens and the antiandrogen cyproterone acetate
significantly reduced phosphodieesterase-5 mRNA and protein expression, as well as
cGMP hydrolysis, however it was shown in corpora cavernosa cells (Morelli A et al.,
2004). Zoma WD et al. stated, that both estradiol and viagra (phosphodiesterase-5
inhibitor) exert their influence through nitric oxide-cGMP pathways on vascular smooth
muscle cells, which again confirms the cross-talk of estrogen-ESR1 and NO-cGMP
signaling (Zoma WD et al., 2003). (Figure 13.).
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Figure 13. Possible cross-talk between the estrogen-ERα and eNOS-cGMP signaling
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Gene polymorphism could exert phenotypic effects through several mechanisms. It may
enhance or reduce gene transcription and it can also affect RNA splicing. The
production of alternatively spliced mRNA variants may result in changes in gene
function (Scohy S et al., 2000; O’Neill JP et al., 1998). Regarding PvuII polymorphism
of the ESR1 gene, it has been reported by Herrington DM at al., that the C allele, but
not the T allele, forms part of a B-myb transcription factor binding site and functions as
an intragenic enhancer (Herrington Dm et al., 2002) Therefore, the presence of the T
allele (TT and TC genotypes) may result in reduced ESR1 expression, leading to a
relative estrogen deficit. Consequently, the above mentioned effects of the estrogenESR1 system may be decreased, which would results in decreased cGMP signaling.
However, there is no direct evidence, that supports this hypothesis. Whether the higher
incidence of carotid restenosis observed in patients carrying the T allele, is affected by
the cGMP signaling in the above mentioned manner, can not be confirmed by the
availible evidence (Figure 13.).
Despite that, determination of the relevant gene polymorphisms of restenosis
may help to select patients with increased risk for restenosis after surgical or
endovascular interventions. Regular monitoring or targeted therapy for selected patients
may be the benefits of genetic association studies like ours.
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6. Conclusions
1.

The incidence of both moderate and severe restenosis was less common after

carotid artery stenting than after eversion carotid endarterectomy according to our
single-center retrospective study. On the other hand, perioperative complications were
recorded more often after CAS than following CEA.
2.

Patients carrying the AA genotype of the estrogen receptor alpha XbaI

polymorphism had higher incidence of recurrent stenosis after carotid interventions
when compared to AG or GG genotype carriers. On the other hand, TT and TC
genotype carriers of the PvuII polymorphism exhibited higher risk for carotid restenosis
than CC genotype carriers. These associations were more highly expressed in women
undergoing carotid surgery.
3.

Strong linkage disequilibrium was found between these polymorphisms.

Homozygous carriers of the variant alleles (GG and CC genotypes of the XbaI and
PvuII polymorphisms, respectively) were associated with a lower incidence of early
recurrent stenosis.
4.
and

In a rat model of carotid endarterectomy, intensive alpha-smooth muscle actin
TGFß 1

immunoreactivity

has

been

found

in

the

control

neointima.

Phosphodiesterase-5 inhibitor treatment significantly reduced the expression of both
neointimal markers, which indirectly confirms the reduced migration and proliferation
of VSMC`s.
5.

Vardenafil treatment significantly suppressed the neointimal hyperplasia

(neointima/media area ratio, percent stenosis) after surgical endarterectomy in the rat.
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7. Summary
7.1. Summary
Long-term success of surgical and endovascular treatment of atherosclerotic
stenosis is limited by restenosis, a complication that has not yet been completely solved.
The incidence of restenosis varies according to the method (stenting, endarterectomy),
to the treated vascular region, and to several other factors, but the pathomechanics and
risk factors are similar. Risk factors for restenosis can be divided into systemic (e.g.
diabetes, gender) and local (e.g. type and length of the atherosclerotic plaques) ones. In
addition, evidence is growing that restenosis development can be genetically determined
as well. In the present work, we investigated these issues; clinical as well as
experimental studies have been performed. In a retrospective study, incidence of
restenosis following carotid artery stenting (CAS) and carotid endaretectomy (CEA) has
been compared by duplex ultrasound. In the prospective study, the role of the estrogen
receptor alpha gene polymorphisms in recurrent carotid stenosis has been investigated
by PCR-RFLP. Endothelial injury and ischemic/reperfusion injury during vascular
interventions trigger the pathological processes leading to restenosis, which consist of
the following four overlapping stages: (1) platelet activation and aggregation, (2)
inflammation, (3) vascular smooth muscle cell (VSMC) migration and proliferation and
(4) extracellular matrix deposition. Neointimal hyperplasia caused by VSMC migration
is primarily responsible for lumen loss. According to multricentric trials, the use of
drug-eluting stents covered by anti-inflammatory or antiproliferative drugs significantly
reduced coronary in-stent restenosis. In the present work, we investigated the nitricoxide(NO)-cyclic guanosine monophosphate(cGMP) pathway in neointima formation
under phosphodiesterase-5(PDE-5)-inhibitor treatment, in an experimental carotid
endareterectomy model.
Results from the clinical studies suggest, that incidence of severe (above 70%)
restenosis is higher after CEA than after CAS. On the other hand, postoperative
neurologic complications, especially transient ischemic attack, has been recorded more
often after CAS than following CEA. According to a genetic association study,
significantly higher restenosis rates have been found in patients carrying AA genotype
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of the XbaI polymorphisms of estrogen receptor alpha, as compared to patients carrying
AG or GG genotypes (23.4% vs. 10.5%, p=0.02). Regarding the other polymorphism
tested, we found significantly higher restenosis rates in patients carrying TT or TC
genotypes as compared to patients with CC genotype (19.3% vs. 3.1%, p=0.02). These
associations were shown in the whole patient population, but especially in the subgroup
of female patients undergoing carotid endarterectomy. We demonstrated by multiple
logistic regression analysis, that T-A haplotype carriers (homozygous or heterozygous)
had an increased risk of restenosis after carotid interventions, which was independent of
age, gender and and presence of recurrent stenosis. (adjusted Odds ratio: 7.85,
confidence interval: 1.01–60.98)
We found intensive alpha-smooth muscle actin and transforming growth factor
ß 1 immunoreactivity in the in the control neointima, which indirectly confirms the
migration and proliferation of VSMC`s. Phosphodiesterase-5 inhibitor treatment
significantly reduced the stenosis grade (24.64 ± 7.46% vs. 54.12 ± 10.30% in the
control endarterectomy group; p<0.05) and the neointima/media area ratio (0.50 ± 0.15
vs. 1.03 ± 0.13 in the control endarterectomy group, p<0.05) as well as the expression
of both neointimal markers. PDE-5 inhibitor treatment was correlated with local
(neointimal) and systemic elevation of cGMP concentration, that was demonstrated by
immunohistology and enzyme immonoassay, respectively.
Estrogen hormone has antiproliferative effects, and increases cGMP signaling by
genomic and nongenomic activation of endothelial nitric-oxide synthase. Our results
suggest that neointimal hyperplasia can be effectively attenuated by phosphodiesterase5 inhibitory treatment. The biggest long-term benefit of a genetic association study like
ours may be that it encourages regular check-ups and individual therapy for patients
with higher genetic predisposition to recurrent stenosis.
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7.2. Összefoglalás
Az atherosclerotikus eredetű érbetegségek sebészi és intervenciós kezelésének
hosszútávú sikerességét elsősorban a restenosis korlátozza, amely jelenleg még nem
teljesen megoldott szövődménye ezen beavatkozásoknak. Előfordulási gyakorisága
érterülettől, kezelési formától, és egyéb faktoroktól függően széles határok között
változik. Közös tényező azonban a restenosis patomechanizmusa és egyes
rizikófaktorai. Restenosis-rizikót jelenthetnek szisztémás (pl. diabetes, nem) és lokális
tényezők (pl. plakkok típusa, hossza) egyaránt. Ezen kívül egyre több irodalmi adat van
arra, hogy a restenosisra genetikai tényezők is hajlamosíthatnak. Munkánk során klinikai és kísérletes tanulmányokban - ezen tényezők újabb részleteire világítottunk rá.
Retrospektív tanulmány keretében, nagyszámú beteganyagon hasonlítottuk össze a
carotis artéria stentelés (CAS) ill. carotis endarterektómia (CEA) után fellepő restenosis
előfordulási arányát, az erek visszaszűkülésének százalékos mértékét duplex
ultrahangvizsgálattal

állapítottunk

meg.

Prospektív

tanulmányunkban

az

ösztrogénreceptor-alfa polimorfizmusainak szerepét vizsgáltuk (PCR-RFLP módszerrel)
carotis restenosisban. Az intraarteriális beavatkozások során fellépő endotélsérülés és
iszkémia-reperfúziós károsodás indítja el a restenosishoz vezető, egymás után
(átfedéssel) zajló patológiai folyamatokat: (1) trombocitaaktiváció, -aggregáció, (2)
gyulladásos

kaszkád

aktiválódása,

(3)

ér

simaizomsejtjeinek

migrációja

és

proliferációja, valamint (4) extracelluláris mátrix termelés. Az érlumen ismételt
beszűkülését a fentiek közül elsősorban a simaizom-proliferáció által a neointimális
hyperplasia okozza. A gyulladást és proliferációt gátló szerekkel bevont stentek
multicentrikus tanulmányok eredményei alapján hatékonyan gátolták a coronaria instent restenosist. Jelen munkánkban, állatkísérletes endarterektómia modellen a
nitrogén-monoxid(NO)-ciklikus

guanozinfoszfát(cGMP)

jelátviteli

út

szerepét

vizsgáltuk a neointimális hiperpázia kialaklulásában, foszfodiészteráz-5(PDE-5)-gátló
terápia mellett.
Klinikai vizsgálatunk eredményei alapján CEA után szignifikánsan gyakrabban
fordult elő a 70%-ot meghaladó restenosis, mint CAS után. Ugyanakkor gyakrabban
észleltünk posztoperatív neurológiai komplikációkat a CAS csoportban, ami főleg TIA
képében jelentkezett. A genetikai vizsgálatok szerint az ösztrogenreceptor-alfa XbaI
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polimorfizmusának tekintetében a homozigóta A allél hordozókban szignifikánsan
gyakoribb volt a restenosis az AG és GG genotípusúakkal szemben (23,4% vs. 10,5%,
p<0,05) az összes carotisos betegre vonatkozólag (CEA és CAS). A PvuII
polimorfizmus esetében a TT és TC genotípus-hordozás is magasabb restenosis
aránnyal társult a CC-vel szemben (19,3% vs. 3,1%, p<0,05). Ezen összefüggések még
kifejezettebbek voltak a női illetve carotis endarterektómia alcsoportokra. Többszörös
logisztikus regresszióval a T-A haplotípus bizonyult nemtől, kortól és a korábbi carotis
beavatkozástól

független

kockázati

tényezőnek

az

egész

betegpopulációra

vonatkoztatva (illesztett esélyhányados: 7,85; 95%-os konfidencia intervallum: 1,0160,98).
Állatkísérleteink során intenzív alfa-simaizomaktin és transzformáló növekedési
faktor (TGFß 1 ) immunreaktivitást észleltünk a kontroll endarterektomizált carotisok
neointimájában, melyek közvetve a vaszkuláris simaizomsejtek aktív migrációjára és
proliferációjára utalnak. Ezen neointima markerek expressziója a foszfodiészteráz-5gátló kezelés hatására csökkent, miközben a stenosis százalékos értékében (24,64 ±
7,46% a kezelt csoportban vs. 54,12 ± 10,30% a kontroll CEA csoportban; p<0,05) és a
neointima/média területarányban (0,50 ± 0,15 a kezelt csoportban vs. 1,03 ± 0,13 a
kontroll CEA csoportban, p<0,05) szignifikáns javulást észleltünk. A cGMP-lebontás
gátlásán keresztül ható PDE-5-gátló terápiával összhangban emelkedett lokális
(neointimális) és szisztémás cGMP-szinteket igazoltunk immunhisztokémiával ill.
enzimimmunoassay-vel.
Az ösztrogén antiproliferatív hatású hormon, ugyanakkor az endotheliális
nitrogénmonoxid-szintáz (eNOS) genomikus ill. nongenomikus aktivációján keresztül a
cGMP-jelátvitelt is fokozza. Eredményeink szerint PDE-5 gatló kezeléssel csökkenthető
az endarterektómia után kialakuló neointimális hyperplasia. A restenosisra fokozott
genetikai hajlamot mutató betegek kiválasztása, rendszeres kontrollja és célzott kezelése
lehet a miénkhez hasonló genetikai asszociációs vizsgálatok hosszútávú klinikai
jelentősége.
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