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Summary

Percutaneous coronary intervention (PCI) improhestiood supply to the heart
by unblocking narrowed coronary arteries. Implaatatof a coronary stent is
usually required to scaffold the artery and imprdeeg-term vessel patency.
Drug-eluting stents (DES) have been developed toedse the incidence of stent
renarrowing, known as in-stent restenosis (ISR¢, tiain limitation of bare
metal stents (BMS). DES release potent drugs imecatrtery wall to inhibit cell
division and attenuate ISR. However, this strategyp also impair vascular
healing and increase the risk of stent thromboslgch is a serious concern.
Novel approaches to this problem are urgently meguiOxidative stress reflects
a state in which reactive oxygen species (ROS)girever antioxidant defences.
PCI causes a major release of ROS from the injun¢ery wall and these
molecules appear to play an important role in aaltisignalling pathways
involved in vascular repair. Numerous animal stsdiave found that oral
antioxidants may reduce ISR and improve healingtlyese strategies have not
been effective in humans. Stent-based deliveryntibridants may offer more
efficacious, targeted protection against oxidastress than oral administration.
The role of oxidative stress in endothelial repaiediated by bone marrow-
derived endothelial progenitor cells (EPCs) in guas with coronary heart
disease is also poorly defined. The main aims isf ttesis were: to determine
thein vitro effects of oxidative stress on key aspects ofrtitnasis and vascular
healing; to evaluate a novel antioxidant-elutirensin anin vivo porcine model,
and to examine the relationship between oxidised-density lipoprotein

(oxLDL), EPCs and coronary endothelial functiorpatients with stable angina.
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Oxidative stress, generated by the xanthine/xaatbiidase reaction, inhibited
whole blood aggregation in a concentration-dependeashion. This was
probably due to an excess of ROS which impairetherathan stimulated,
thrombosis. Healthy endothelial cells (ECs) alsdibited whole blood
aggregation, but this was not mitigated by oxidatstress. EC migration was
assessed using amvitro endothelial wound scratch assay. Oxidative stness
highly toxic to ECs and inhibited migratory activitNitrone D, a novel spin
trapping antioxidant, was evaluated for its sultgbias a novel DES coating.
Nitrone D displayed weak antithrombotic effectst Iovarkedly inhibited EC
migration. Nitrone D was therefore unsuitable foDBS that was intended to

improve re-endothelialisation.

Oral probucol has established efficacy in animatlel® of restenosis, but not in
humans. Probucol has been successfully incorpoesteddual DES coating with
rapamycin in clinical trials. Succinobucol is a rbderivative of probucol with
more potent antioxidant, anti-inflammatory and pidiiferative effects. A novel
polymer-free succinobucol-eluting stent (SES) anatcmobucol/rapamycin-
eluting stent (SRES) were developed and comparedctmmmercially available
polymer-free rapamycin-eluting stent (RES) and BN#&armacokinetic studies
demonstrated optimal drug elution from the SES. e\@w, in a porcine coronary
model, the SES significantly increased neointirhadkness and aggravated ISR.
The RES reduced neointimal thickness non-signiflgarwhereas the SRES
caused no difference in neointimal thickness, casgpavith the BMS. The SES
was associated with greater inflammation and persidibrin deposition around

the stent struts, which are signs of defectiveihgallThere were no significant
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differences in endothelial regeneration between gheups. Subsequent cell
culture studies found that succinobucol was toricECs and smooth muscle
cells. In the clinical study, circulating levels BPCs were strongly correlated
with coronary endothelial function, which is a nb¥ading. Plasma oxLDL

levels were not correlated with EPCs or coronagoémelial function.

In conclusion, ROS reflect a large array of molesuleleased after PCI that are
multi-faceted regulators of platelets and vasca#dis. As such, they represent a
complex target for novel DES technologies. ExcessROS may inhibit
thrombus formation and delay re-endothelialisatiorlowever, potent
antioxidants delivered to injured arterial tissdeeraPCI may not necessarily
encourage the physiological processes require@delerate vascular repair. At
high dose, local delivery of antioxidants may attjuaromote inflammation and
aggravate ISR. Although oxLDL is known to induceletinelial dysfunction, it is
not correlated with the number of circulating EPTsese findings underline the
complicated role of oxidative stress in vasculgrare after PCI. Further studies
are required to clarify whether antioxidants wilee provide advantages over

existing options in the rapidly evolving field afterventional cardiology.
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Introduction
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1.1 Preamble

Coronary heart disease (CHD) is the leading catiskeath and disability in the
developed world. In 2007, the age-standardised atityrtrates from CHD in
Scotland were 89 per 100 000 men and 30 per 100n@®%en, which are the
highest in the United Kingdom (UK) (1). Althoughetlincidence of CHD has
decreased over the past decade, the economic bigderge, costing the UK
around £9.0 billion a year in 2006 (1). As a resuatiuch effort is directed

towards the development of effective, safe andngdteatments for CHD.

Initial management of CHD includes lifestyle modgtion and drug therapy
which aim to reduce myocardial ischaemia and preweyocardial infarction.
Despite these measures, many patients remain sgmpto and therefore
mechanical methods of improving coronary arteryotloflow have been
developed (coronary revascularisation). The eardigempts to achieve coronary
revascularisation led to the introduction of comynartery bypass graft surgery
(CABG), in which autologous venous and arterialftgraare used to bypass
coronary artery stenoses or occlusions. CABG reguargeneral anaesthetic and
IS a major open heart operation, with a modest dppreciable early post-
operative risk of death (1-2%), a typical hospe&hy of several days and a

rehabilitation period of several months.

Percutaneous coronary intervention (PCI) offersaliarnative and much less
invasive method of coronary revascularisation.sltperformed under a local

anaesthetic and involves percutaneous access tadifumary arteries via a
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catheter which usually enters the circulation \ha tadial or femoral artery.
Placement of a thin guide wire into a diseasedr@mpartery allows the passage
of specialised equipment which is used to dilatstenosis by inflation of a
balloon catheter and ideally, deployment of an eadoular stent. PCI is capable
of reopening a narrowed or blocked coronary ar{erycoronary artery bypass
graft), restoring normal epicardial blood flow amdore importantly, re-
establishing normal myocardial perfusion. Patientslergoing PCI typically
require minimal preparation, recover within hounsl @an often be discharged on
the day of the procedure. Although procedural nlitytassociated with PCI is
very low (0.1%), many patients suffer from progressenarrowing or sudden
blockage of the stent, therefore, the probability quiring repeat
revascularisation after PCI is currently higherntithat after CABG (2). The
natural history of PCI since inception has provest refinement of technology
can help to improve this situation, but currentides have brought with them
their own limitations. Consequently, the discoverfy novel approaches to
improve the performance of stents remains cruoigthé future development and

success of PCI.

1.2 PCI

1.2.1 Historical aspects

In 1964, Dotter and Judkins were first to reponesv percutaneous technique to
treat lower limb arteriosclerotic disease (3). Hoare it wasn’t until 1979 that
Gruntzig et al. (4) published the first case series of 50 patigntsvhom

percutaneously introduced inflatable balloon catfsetwere used to treat
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coronary artery stenoses. The success of earlgdmboronary angioplasty was
tempered by the relatively high incidence of acutssel closure and chronic
renarrowing (restenosis), which often led to reenotr symptoms and a
requirement for repeat procedures. In 1985, Palmazl. published the
successful use of an endovascular metallic stegoteteent acute vessel recoil and
limit late negative remodelling after balloon ddabn in dogs (5). The following
year, Sigwart and Puel reported the first casesai patients who received self-
expandable stainless steel stents to treat ilicfairand coronary artery disease
after failed balloon angioplasty or CABG (6). Duwethe major reduction in the
rate of restenosis and requirement for repeat ceNassation, there was a
massive expansion in the use of coronary stentéddwmle. By the end of the
1990s, stents had become integrated into almoftGllprocedures. Like other
modern medical treatments, PCl was subject tocatitassessment of efficacy
and cost-effectiveness and in 2000 the Nationditine of Clinical Evidence
published a report supporting the routine useeritstduring PCI (7). The British
Cardiovascular Intervention Society have reportational audit data showing
that uptake of PCI to treat CHD has increased expibally over the past twenty
years, with 83 130 PCI procedures (1 345 PCI pdliom) performed in 105
centres in the UK in 2009, producing a ratio of R&CICABG in excess of 3:1.

(Figure 1.1) (8).

1.2.2 Clinical evidence

In patients with stable angina, PCI is effectiveinfyato reduce symptoms. A

systematic review of 6 prospective randomised odiett trials of PCI versus
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Figure 1.1 PCI versus CABG frequency in the UK.
An exponential rise in PCI procedures has occusirde the early 1990s, whereas the

number of CABG operations has remained fairly camist

medical therapy in stable angina confirmed an imgneent in symptoms and
quality of life, but no significant differences the subsequent risk of death or
myocardial infarction (9). The majority of trialedluded in this review were
performed in the 1990s, when most patients receibaidon angioplasty only.
The routine use of stents has considerably redtivedequirement for repeat
revascularisation compared to balloon angioplastyyever a major randomised
controlled trial in 2 287 stable angina patienitethto demonstrate a reduction
in death or myocardial infarction, compared to wati medical therapy (10).
This trial was limited by the exclusion of highkipatients and crossover to
revascularisation in around 30% of the medicalapgrgroup during the course
of the study. A large meta-analysis comparing P&sus CABG in stable angina
has yielded no difference in mortality or myocatdidarction, especially when

stents are utilised (11).
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PCI can also be used to treat acute coronary syrelFosuch as unstable angina
or acute myocardial infarction. After non-ST elewat myocardial infarction
(NSTEMI), an early invasive revascularisation siggtincorporating PCI or, to a
lesser extent CABG, has been shown to prevent qubsé myocardial
infarction and recurrent angina (12). Five yeatolwlup data from a large UK
randomised clinical trial has shown that high psltients with non-ST elevation
myocardial infarction achieve an overall mortalgnefit with the routine use of
invasive management (13). PCI for the treatmen&0felevation myocardial
infarction (STEMI) has clear benefits compared withg therapy and is now the
preferred reperfusion strategy in the UK. A systeor@view of the evidence for
PCI to treat STEMI has demonstrated reductionsesttld myocardial infarction

and stroke, compared with thrombolytic drugs (14).

1.2.3 Coronary stents

The introduction of coronary stents to improve therformance of balloon

dilation alone has been a major advance. The basicof an uncoated coronary
stent is known as a bare metal stent (BMS). Thet steist be biologically inert

and ideally provide a non-thrombogenic surfaceblood flow. It must possess
good radial strength to scaffold the artery reljailowever it must also be
conformable to tortuous coronary anatomy and vassgularities. The field of

stent design is continually evolving, although mB#MS consist of a stainless
steel or cobalt chromium tube into which laser gdidcuts are made. The
unexpanded stent is pre-mounted onto an angioplaatgon catheter and is

visible fluoroscopically during transit through tberonary circulation. When the
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stent is optimally positioned over a coronary sgsiothe stent is deployed by
inflating the balloon to high pressure (e.g. 14 @pheres). The balloon is then
fully deflated by applying negative pressure, whigaves the stent fully

expanded against the artery wall before the balt@iheter can be withdrawn.

Stents compress the fissured intima against theriymdg media, reducing the
propagation of arterial dissection after balloolatthn. Moreover, by scaffolding
the artery, the lumen is protected from acute ielastoil and chronic negative
remodelling of the artery, which are the main cause restenosis following
balloon angioplasty (15). Due to their superioticeify compared with balloon
angioplasty alone, stents are now utilised in @@% of PCI procedures (8).
However late luminal loss is not abolished by stentRenarrowing still occurs
and is caused primarily by excessive growth of miwoial tissue as a response to
the deep vessel wall injury resulting from stenutst and the presence of a
foreign body. This phenomenon is known as in-stestenosis (ISR), which
occurs to a greater extent than after balloon gotgsty and an example is shown

in Figure 1.2.

1.2.4 In-stent restenosis

ISR occurs in 10-50% cases, depending on varioast,stesion and patient
characteristics (16). The main predictors of ISR Hre presence of diabetes
mellitus, the treatment of long coronary lesiond amall vessel diameter. ISR
usually presents as a recurrence of stable angmptems but in around 10% of

cases it can present as an acute coronary syndfote
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Figure 1.2 Angiographic illustration of ISR.

An angiogram of the right coronary artery (RCA) si8ca coronary catheter (C) placed
at the ostium of the RCA, following injection ofdia-opaque contrast. The magnified
insert on the right demonstrates a previously imigd stent in the proximal segment of
the artery (position of struts indicated by brokmarallel lines) which has developed
partial obstruction. This is due to encroachmenthaf lumen by neointimal tissue,

causing ISR (visualised as a loss of contrast tengihin stent).

30



The process of ISR resembles the natural woundingeg@rocess following
vessel injury, typically occurring over several wedo months. An integrated
view of the molecular and cellular events leadindSR has been proposed by
Welt and Rogers (18). Stent deployment causes esex@iothelial denudation,
which leads to platelet and fibrin deposition oa thjured artery wall. Activated
platelets expressing adhesion molecules, suchsadeltin, attach to circulating
leucocytes via platelet receptors, such as P-selegtycoprotein ligand.
Leucocytes roll along the injured wall and thendbitightly to the surface
through the leucocyte integrin Mac-1 (CD11b/CD18pss of adhesion
molecules via direct attachment to the plateletepéar glycoprotein 1db
(GP1lw) and through cross-linking with fibrinogen to tk&PlIbllla receptor.
Under the influence of chemokines, such as monadyeenoattractant protein-1
(MCP-1), interleukin-6 (IL-6) and IL-8, releasedifin vascular smooth muscle
cells (SMCs) and resident macrophages, leucocyiitrate the artery wall.
Growth factors such as fibroblast growth factor EyGplatelet-derived growth
factor (PDGF), insulin-like growth factor (IGF),atisforming growth factof-
(TGF$) and vascular endothelial growth factor (VEGF) aeteased from
platelets, leucocytes and SMCs, which stimulate SMQoroliferate and migrate
from the media into the neointima. Ongoing SMC ifechtion, macrophage
infiltration and extracellular matrix production usse neointimal hyperplasia
(NIH); the pathognomic feature of ISR. Although tbeninal renarrowing due to
elastic recoil and negative remodelling common ralialloon angioplasty is
prevented by the stent struts, the neointimal nes@ois exaggerated and
proportional to the degree of stent injury (19).dB&tmelial repair involves

endothelial cell (EC) migration, which may be thetical and rate-limiting
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initiating step, followed by EC proliferation (20As the denuded endothelium
regenerates, it completely recovers the neointsudhce, allowing the vessel to

resume normal function.

1.2.5 Endothelial regeneration

The vascular endothelium lines the circulatory exysthroughout the body and
provides a highly selective permeability barrierctmtain the blood within the
vascular space. The endothelium is integral tactirerol of several key vascular
functions and provides extensive signalling capizdsl to other cells via the
release of cytokines and growth factors. Delayedihoomplete healing of the

endothelium after PCI is undesirable for a numbieeasons.

First, the early regrowth of a functional endothkeliayer is capable of
attenuating NIH, the principle cause of ISR. Aftejury, ECs regulate SMC
proliferation by the release of well-characterigeowth promoters and inhibitors
(21). Damage to the endothelium results in thevaton of SMC proliferation,
whereas repair of the endothelium leads to thersaveof this process and
restoration of SMC quiescence (22). Endotheliabprutor cells (EPCs), derived
from the bone marrow, also appear to contributertidothelial regrowth, and
intravenous transfusion of EPCs has been showredace NIH in a mouse
model of arterial injury (23). An early pilot studly patients using stents coated
with anti-CD34 antibodies to target EPC surfaceigams (Genous™ Bio-
engineered R stent, OrbusNeich, Hong Kong) dematestrclinical efficacy with
a low incidence of ISR (24). However, more recenlly Genous™ stent was

associated with a poor performance in lesions ghdri risk of ISR, with
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antirestenotic efficacy approaching that of a BMBeit with no cases of stent
thrombosis (25). Gene transfer of VEGF in a rabiwdel of balloon injury has
inhibited NIH in some cases (26), but not in oth@®), and the role of catheter-
based local VEGF gene delivery after human PChieu investigation (28). A
strategy utilising VEGF gene-eluting stents mayelfective if the results of a
promising rabbit study can be reproduced (29),0algfn one clinical study had

disappointing results (30).

Second, the regeneration of the endothelium isarte restore normal vascular
tone through the action of a number of vasoactives@nces, including nitric
oxide (NO) and prostacyclin. Coronary endotheligsfdnction is characterised
by a reduction in NO bioavailability and is a rentsgd precursor to the
development of coronary artery disease and subseaq@scular events (31).
Therefore, it is conceivable that persistent enelah dysfunction after PCI

would increase the risk of late procedural compiloces.

Finally, and particularly after stent deploymenggmowth of a functional

endothelium is fundamental to luminal patency. Aract endothelial monolayer
provides a non-thrombogenic surface for blood flamd acts as the primary
regulator of haemostasis and thrombosis. The ertloth also serves as a non-
permeable barrier between circulating platelets agohnists, such as collagen,
widely present in coronary plague and artery wahjch profoundly stimulate

platelet aggregation. The endothelium restrictsosype of blood coagulation
factors to the subendothelial layer, which is riohtissue factor, the primary

trigger of the coagulation system. ECs themseluestlly inhibit thrombosis via
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the antiplatelet effects of released NO (32), @ogtlin (33) and CD39, an ecto-
ADPase (34). Endothelial-derived heparan sulfategrhbomodulin and tissue
factor pathway inhibitor are inhibitors of coagudat (35). The endothelium also
regulates the endogenous fibrinolytic system byréiease of endothelial tissue
plasminogen activator (tPA), which plays a sigafit role in thrombus
dissolution during acute coronary syndromes (36jusl in the milieu of an
intrinsically thrombogenic metal stent, an absent fenctionally deficient
endothelium significantly impairs the natural defenof the stented coronary

artery against acute occlusion, an event knowneas thrombosis.

1.2.6 Stent thrombosis

Implantation of a coronary stent immediately create intensely prothrombotic

environment, which can lead rapidly to stent thromb (figure 1.3). As well as

denuding the endothelium and exposing the intinogitents, the stent itself is

highly thrombogenic. Platelet activation and aggtEm are unavoidable

consequences of arterial injury and preventativasuees must be employed to
prevent stent thrombosis. Improved operator tecleignd newer equipment
have reduced the incidence of acute stent throrapbst the greatest impact has
been made by the adoption of intensive adjunctintgheombotic regimens. This

usually includes at least two different antiplatelrigs (aspirin, clopidogrel and,

in high risk cases, a glycoprotein 2B/3A inhibitar)d intravenous anticoagulant
therapy (heparin or bivalirudin). Despite this nstitarombosis remains one of the
most serious and life-threatening complication®G1. Stent thrombosis is often
a catastrophic clinical event, resulting in a larggocardial infarction with a

high risk of death (37).
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Figure 1.3 Angiographic illustration of stent thrombosis.

A, Coronary angiogram with a coronary catheter f2lced at the ostium of the right
coronary artery (RCA) with a stenotic lesion (L) ithe proximal segment.
B, Angiographic result following dilation of thedi®n and coronary stent implantation.
C, Repeat angiogram several days later shows dn stnt thrombosis (ST) with
occlusive thrombus blocking the stent, which causedarge inferior myocardial
infarction. D, Final angiographic result after #tent thrombosis has been treated using

thrombus aspiration and further stenting.
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Overall, the risk of stent thrombosis is relatedatdarge number of patient,
procedural and stent factors (Figure 1.4). Premeatdiscontinuation of
antiplatelet drug therapy is the strongest predicb stent thrombosis and
patients with renal failure, diabetes or acute oarg syndrome are also at higher
risk (38;39). Patients undergoing non-cardiac syrgéer coronary stenting are
at greatly increased risk of stent thrombosis asdo@ated cardiovascular
complications during the first two months after P@D) and therefore non-
cardiac surgery should be deferred for several hmoninless absolutely
necessary. A recent study showed no differenc@earrates of stent thrombosis
between BMS and drug-eluting stents (DES) in thnygaost-operative period,
although important data on antiplatelet prescribingeither group were not
reported (41). It is now recommended that dualpdattlet therapy is continued
where possible during the perioperative period fogate against the risk of
stent thrombosis, unless there is an unacceptaheof serious bleeding (42),
such as neurosurgery.

Patient/lesion characteristics
Premature antiplatelet cessation, renal failure
diabetes mellitus, low LV ejection fraction,
acute stenting, bifurcation lesions, RVD

STENT THROMBOSIS
Procedural characteristics Stent characteristics
Stent underexpansion, malapposition, Drug-eluting stents (poor endothelialisation),
edge dissection, in-stent thrombus, polymer {inflammation/hypersensitivity),
inadequate antithrombotic cover small diameter, stent length, overlapping stents

Figure 1.4 Risk factors for stent thrombosis.

LV, left ventricular; RVD, reference vessel dianete
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In randomised clinical trials, stent thrombosis i¢gly occurred after
approximately 1-2% of PCls (43;44). However, obagonal data from patient
registries suggests the incidence of stent thromhasreal world populations
may be higher. Combined data from two large Euromeatres (including 8 146
patients) reported a 3 year incidence of angiogcalii proven stent thrombosis
of 3%, occurring at a constant rate of 0.6% per wadter the first year. (39). A
registry of 5 842 ST-elevation myocardial infarctipatients reported a 3.5%
incidence of angiographically confirmed stent thbamsis within a month of
primary PCI, of which half occurred during the fir24 hours (45). This
discrepancy underlines the differences in patieapupations selected for
randomised clinical trials compared with contemppidinical practice, with the
latter group having more severe underlying disegseater comorbidity and

more complex PCI, increasing the risk of stentittivosis (39).

In order to more accurately quantify the incidemestent thrombosis across
different populations and make comparison betwetnlies, the Academic
Research Consortium (ARC) have introduced a claasibn system which has
standardised the reporting of such events (46)trtheeincidence of which may
be underestimated if based solely on angiograpbidircnation (43). Definite

stent thrombosis requires the presence of an amutenary syndrome with
angiographic or post-mortem evidence of thrombusaatusion. Probable stent
thrombosis includes unexplained death within 30sdafythe procedure or acute
myocardial infarction involving the vessel terrigaf the implanted stent without
angiographic confirmation. Possible stent thromboscludes all unexplained

deaths occurring at least 30 days after the proeedusing this classification
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system, the cumulative rate of definite and probadtént thrombosis probably
more accurately reflects and is now commonly usegpproximate the incidence

of stent thrombosis in research studies.

Stent thrombosis is also categorised as early,rongubetween 0-30 days (this
can be sub-classified further into acute withinfurs and subacute after 24
hours); late, occurring between 31 days and 1 ywavery late, occurring more
than 1 year after stent implantation (46). Thidideion is important because
stent thrombosis may occur at different time pegiafter PCI due to different

pathophysiological processes.

The first month after PCI represents the periodrwpatients are at greatest risk
of stent thrombosis (39). Early stent thrombosisoften associated with a
procedural or technical problem with the stent.am intravascular ultrasound
(IVUS) registry of 53 patients with definite eadtent thrombosis, 94% of cases
demonstrated at least one abnormality on the @igwWiUS at the time of index
PCI, such as undersizing of the stent, strut malsigpn to the surrounding
artery wall, edge dissection, thrombus formationuotreated disease at the
inflow or outflow of stent (47). A registry of 2Gdarly stent thromboses after ST-
elevation myocardial infarction discovered thataawmgnised dissection, stent
undersizing and small stent diameter were the gasinpredictors for acute stent
thrombosis (45). Lack of dual antiplatelet therapynon-cardiac surgery are
major risk factors for subacute stent thrombosi8;4B;45). The distinction
between BMS and DES does not appear to play anrtargarole in early stent

thrombosis, as even BMS require at least one mumtre-endothelialise and
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therefore are both at increased risk of stent thiasis during this time period,
particularly if other risk factors are present. d.atent thrombosis occurs less
frequently than early stent thrombosis althoughlyeatiscontinuation of
antiplatelet therapy remains an important triggé;48). More complex PCI
such as bifurcation stenting is also associated igher risk during this period
(38). Very late stent thrombosis, occurring atiese year after stenting, usually
reflects impaired endothelial healing or persistimg/polymer toxicity. The risk
of stent thrombosis for BMS during this period @atively low, because the
stent struts are generally covered with new endiathend neointimal tissue. The
limitations of DES with regard to suboptimal hegliand their increased risk of
very late stent thrombosis will be discussed inendetail in section 1.2.7. A
Japanese registry of 294 212 PCI procedures (axelyssirolimus-eluting
stents) yielding 611 ARC-definite stent thrombosesfirmed previous studies
that the majority of events occur within the fingstonth after stenting (49).
Characteristic factors predicting stent thromba@dter one month (late or very
late stent thromboses) versus early stent thrommhbosiuded haemodialysis, end-
stage renal disease, chronic total occlusions ayed <65 years. Exploratory
analyses demonstrated some differences in patlearacteristics between late
and very late stent thrombosis groups, with oldgr, gower body mass index and
greater burden of vascular disease or diabetes prevalent in patients with late
as opposed to very late events, suggesting thabrdodity is a more prominent
factor during the late period whilst usually re@egs dual antiplatelet therapy.
The one year mortality rate after late stent throsnb appears to be higher than
after acute or very late events (45;49), probably t differences in presentation

and important clinical factors as described above.
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1.2.7 Drug-eluting stents

Implantation of a metal stent into a diseased camprartery has provided the
cardiologist with a unique opportunity to deliverugs directly into the
surrounding artery wall in an attempt to modify thaladaptive thrombotic and
hyperplastic responses to vessel injury and impabwecal performance. Local
drug delivery from a DES aims to reduce the toyi@hd compliance issues
related to systemic administration. In order totomnthe drug release from the
stent platform, the drug is eluted in a pre-spedifpattern. To achieve this, the
active drug is commonly carried by a polymer. Téheal polymer is biologically
inert and should not promote inflammation or hypasitivity because this may,

in itself, lead to ISR or stent thrombosis (50).

Clinical efficacy of first generation DES

The first DES introduced to clinical practice wdee tsirolimus-eluting stent.
Sirolimus (also known as rapamycin) is a naturatmoeyclic lactone, which is a
product of the bacterium3reptomyces hygroscopicus. Sirolimus acts by
inhibiting the mammalian target of rapamycin (mMTOR)has significant anti-
inflammatory and immunosuppressive effects andsesduto prevent rejection
after organ transplantation. Recognition of itsepbtantiproliferative properties
led to clinical studies, which confirmed its effoyaas an antirestenotic stent
coating. The Cypher® stent (Cordis, Johnson anahstot) is a commercially
available sirolimus-eluting stent and utilises ardess steel stent and permanent
polymer to control drug release. Early human exgpexe with both slow and fast
release profiles for the sirolimus-eluting stentswlavourable, demonstrating

long term efficacy in the prevention of NIH, padiarly with the slow release
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version which is currently used in clinical praeti(51). There have been many
large randomised controlled trials comparing smois-eluting stents with BMS
in stable CHD. Early trials such as RAVEL (52) aldRIUS (53) were first to
report. In a subsequent meta-analysis, it was fdbad sirolimus-eluting stents
led to an impressive reduction in ISR in the fyrgar compared with BMS, from
37% to 6% respectively (54). In addition, large r@ments in target lesion
revascularisation were found comparing sirolimugieg stents with BMS, from
19% to 4% respectively. Up to a year, there wadifference in the incidence of
myocardial infarction or death in patients with giolimus-eluting stent. It was
worth noting that these trials involved relativébyv risk patients and lesions,
often in the absence of multiple medical comoriedibr presence of multivessel
disease, which is misrepresentative of contempadrdeyventional practice. The
real world effectiveness of sirolimus-eluting sterttas been examined in
prospective registries, and these have shown repeascularisation rates of up

to 10% within a year in more complex cases (55).

Paclitaxel-eluting stents were next to show enagingaresults. Paclitaxel is an
anticancer drug which also has potent antiprolifeeaeffects. Paclitaxel-eluting
stents are currently marketed as the Taxus® sBagt¢n Scientific). The main
source of evidence came from the TAXUS trial pragr®6). Paclitaxel is also
carried in a permanent polymer, and both slow amdlerate release profiles
have been studied. Although both DES provided éswebuppression of NIH,
the slow release Taxus® is currently the only comuma#y available version. A

meta-analysis of the TAXUS program demonstrateedaction in ISR using the
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Taxus® from 24% to 7%, and reductions in targeblesevascularisation from

12% to 3%, compared with BMS (54).

A comprehensive meta-analysis of all randomisedistand observational studies
of first generation DES (sirolimus- or paclitaxélteng stents) in which greater
than 100 patients were enrolled with at least ozer yollow-up was performed
by Kirtaneet al. (57). This demonstrated that in randomised t(@l470 patients
in 22 studies), first generation DES led to a gigant reduction in target vessel
revascularisation compared with BMS (hazard r&id5; 95% CI, 0.37 to 0.54),
with no significant differences in mortality or nyardial infarction. When all
observational studies were analysed (182 901 patiar34 studies), DES were
associated with a similar reduction in target vessgascularisation (hazard
ratio, 0.54; 95% CI, 0.48 to 0.61), but also a gigant reduction in mortality
(HR, 0.78; 95% CI 0.71 to 0.86) and myocardial icfi@an (HR, 0.87; 95% ClI,
0.78 to 0.97), compared with BMS. Whilst acceptihg potential for selection
bias and residual confounding of observational ,dhta suggests that real-world
use of DES retains efficacy outside of the cargfgiélected populations of
randomised controlled trials and may be responddie lower rate of adverse
cardiac events in higher risk patients with morenptex CHD, compared with
BMS. In the UK, DES are used in greater than 60%P&fl procedures,
especially in diabetic patients and those patientls long or narrow coronary
lesions, where the risk of ISR is higher and efficaf DES greater in absolute

terms (8).
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Limitations of the first generation DES

First generation DES limit ISR by inhibiting thellceycle of proliferating cells.
Sirolimus-eluting stents also reduce MCP-1 and llexpression (58), and
paclitaxel is known to influence inflammatory celtdhesion (59). However,
whilst they are designed to arrest vascular SMQvtrpit is not surprising that
these potent antiproliferative compounds also Hawg-term effects on other
nearby cells. Importantly, paclitaxel inhibits ECignation, whereas both
paclitaxel and sirolimus inhibit EC proliferatio®Q). Sirolimus also inhibits
proliferation of EPCs (61). These toxic effects aadent in pathological
examinations of sirolimus- and paclitaxel-elutirignds, which frequently show
evidence of poor healing, characterised by pertdistiorin deposition and
incomplete re-endothelialisation (62). In additiorchronic eosinophilic
infiltration (hypersensitivity), probably due toethpolymer, may be seen and
these findings have been closely linked to stemntivosis. As well as impairing
the endothelium regrowth, both sirolimus- and pag&l-eluting stents induce
endothelial tissue factor expression which promatdsombogenic environment
(63). Angioscopic examination of the sirolimus-glgt stent in situ has
visualised incomplete healing and exposed steutissprersisting at a time when a
BMS has fully re-endothelialized, and this may lssagiated with subclinical
thrombus formation (64-66). Sirolimus- and paclgb&luting stents may also
lead to an increased risk of late acquired malappos(67); a finding which
may predict stent thrombosis (47). The sirolimugiafy stent has been shown to
cause endothelial vasomotor dysfunction in the cjavessel segments (68),

indicating functional impairment resulting from DiS8plantation.
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Owing to suboptimal endothelial regeneration afd&tS treatment, combined
antiplatelet therapy with aspirin and clopidogrelextended by at least several
months during the perceived re-endothelialisatianiqol. If prolonged dual
antiplatelet regimes are used, DES do not appeanctease the risk of stent
thrombosis at 12 months compared with BMS (69). elav, as follow-up
continues beyond a year, there is concern thatgeseration DES may present
an increased risk of late myocardial infarction @eeth, a clinical surrogate of
stent thrombosis (70;71). Although complete patiemel meta-analyses of the
randomised trials with first generation DES demiatst no overall difference in
cardiovascular events compared with BMS, thera imereased risk of late stent
thrombosis (72). Therefore, there is now a conaiulerneed to ensure the next
generation of DES are effective and safe, and thaans ensuring the

endothelium is able to regenerate in a timely fashi

Recent developmentsin DES and polymers

Following the introduction of the sirolimus- andcptaxel-eluting stents and
especially since the reporting of late stent throgaiy there has been interest in
testing novel DES with alternative biological pted. By modifying the
chemical structure of sirolimus (rapamycin) slightlt is possible to create
derivatives with improved tissue absorption andfedéntial effects on cell
proliferation. Zotarolimus is a highly lipophilicirslimus analogue with
antiproliferative and anti-inflammatory properties. zotarolimus-eluting stent
has been tested as part of the Endeavor® stentgmo@Medtronic Vascular),
utilising a cobalt alloy stent platform and biocaatiple phosphorylcholine

polymer. The zotarolimus-eluting stent effectivedduced ISR compared with
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BMS (73), but led to higher rates of ISR and repeagascularisation compared
with first generation sirolimus-eluting stents (74jhe thin-strut permanent
fluoropolymer-based everolimus-eluting cobalt chiwom stent (Xience V®;
Abbott Advanced Cardiovascular Systems) has exudebéficacy in terms of
reducing the incidence of ISR compared with BMS) (@bd paclitaxel-eluting
stents (76). 3 year randomised clinical trial dataolving 1 302 patients in the
SPIRIT II and SPIRIT Il randomised trials reportadsignificant reduction in
myocardial infarction and target lesion revascgktion in the everolimus-
eluting Xience V® stent group compared with the lipaxel-eluting Taxus®
stent group. The cumulate rates of ARC-defined nitefi or probable stent
thromboses were 1.2% in the everolimus-elutingtspatients versus 1.9% in

paclitaxel-eluting stent patients, which was nghgicant (77).

Polymers used to coat the stent and act as a delige mechanism for
biologically active agents vary in suitability, Wwisome causing a considerable
increase in neointima formation in animal models8)(7 Although
phosphorylcholine (which occurs naturally in recbdd cell membranes) is
thought to be a highly biocompatible polymer, itBnical use in DES
(specifically zotarolimus-eluting Endeavor® stentsgs been associated with
increased rates of ISR compared with other durpblgmeric DES platforms
(73;74), most likely due to excessively rapid dretease. Furthermore, similar
neointimal responses to BMS have been reportedomescases (79). A
preclinical comparison of a phosphorylcholine versufluorinated copolymer

(as found on everolimus-eluting Xience V® stents)rabbit iliac arteries has
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reported that the extent of re-endothelialisatiod anflammatory response was

similar (80).

Localized hypersensitivity reactions in the artegll associated with long-term
exposure to first generation DES polymers (62) hpvempted attempts to
provide effective drug elution without the use gfexmanent polymer. One such
development is the introduction of the bioabsorbgiblymer, which degrades
over 6-9 months, removing the chronic stimulus fpolymer-induced
inflammatory reactions after drug elution is cont@leAn everolimus-eluting
stent with a bioabsorbable polymer (polylactic aguhich degrades into carbon
dioxide and water) has undergone investigation, @adly trials demonstrate a
reduction in the incidence of ISR compared with BNEEL;82). Excellent
efficacy and safety data have also been reportedle.EADERS randomised
trial of a biolimus-eluting stent (Biomatrix™; Biessors International) which
also utilises a biodegradable polylactic acid payni83) and showed non-
inferior efficacy to the polymeric sirolimus-elugrCypher® stent. Although an
optical coherence tomography substudy of the LEABEBRal demonstrated
improved strut coverage in the Biomatrix™ compavath the Cypher® stent
(84), a clear reduction in the risk of stent thrasib using biodegradable stent

polymers has not yet been shown.

Polymer-free DES technology
The ideal DES situation may be the carriage androlbed release of a drug
from a stent without the necessity of a polymeergéby obviating all potential

toxicity. It has been shown in rabbit iliac artatenting that whilst omission of a
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polymer altogether may attenuate the neointimapsegsion achieved by a DES
(likely due to accelerated drug release), it mayowval improved re-
endothelialisation and reduced local arterial miftaation (85). Reasonable
results were demonstrated by a non-polymer paeltabuting stent (86;87). If
non-polymer DES can achieve improved control ofgdelution, equivalent to
polymeric DES, then improved efficacy would be expd. The Yukon®
(Translumina®, Germany) stent platform incorporaesicroporous surface to
improve drug release characteristics and has les¢edt extensively as part of the
ISAR-TEST clinical trial program. An early randormds clinical study by Dibra
et al. initially showed that the surface modificationtbe Yukon® stent alone
caused a trend to reduced ISR compared with snmgmaofiace uncoated stents,
suggesting that the microporous stent surface wglslyhbiocompatible and
suitable for DES investigation (88). A polymer-freamycin-eluting Yukon®
stent was subsequently tested in the randomiseotied ISAR-TEST study in
450 patients and found to have equivalent efficecyhe permanent polymer
paclitaxel-eluting Taxus® stent (89). Later studeesnpared the polymer-free
Yukon® rapamycin-eluting stent with more effecti&S platforms. Two year
follow-up data from the ISAR-TEST-3 clinical stuthgs shown that whilst that
the polymer-free Yukon® rapamycin-eluting stent vessociated with greater
late loss in the first year, its efficacy was e@lawnt to both permanent polymer
(Cypher®) or biodegradable polymer rapamycin-elytstents after two years,
due to late “catch-up” luminal loss in the polyniesed platforms (90). Further
modification of the polymer-free Yukon® rapamyciliteng stent has been
investigated, leading to the incorporation of tmtiaxidant probucol as a dual

stent coating. The addition of probucol has beemwshto retard rapamycin
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release analogous to that of a permanent polynigr fpolymer-free Yukon®
dual rapamycin/probucol-eluting stent (dual-DES)s hdelivered excellent
clinical results as part of the ISAR-TEST-2 randsedi clinical trial. This study
in 1 007 patients found that the dual-DES led gmigicantly lower rates of ISR
and target lesion revascularisation than the Erm@votarolimus-eluting stent
and a trend to lower rates compared with the Cyplsrolimus-eluting stents
after two years follow-up (92). Exploratory anabysif this study showed that the
extent of late clinical restenosis (target lesienascularisation between 1 and 2
years) was significantly greater in the Cypher® ugrocompared with the
polymer-free dual-DES. Similar to previous triathere was no significant
difference in death, myocardial infarction or stéimtombosis, although these

studies are not individually powered to detectat#hces in these outcomes.

Perhaps the final frontier for stent-based drugvdey is the fully bioabsorbable
DES, so long as the mechanical properties of nettalts can be successfully
reproduced (93). A landmark clinical study of aydioabsorbable everolimus-
eluting stent utilising a polylactic acid polymeeported promising results,
although the mean in-stent late loss of 0.48 mm diatheter stenosis of 27%
after two years is inferior to contemporary DES)(%4uture refinement of the
bioresorbable scaffold is likely to allow these ideg to compete with the next

generation of metal stent based devices.

To summarise the DES story so far, the uptake olvewg technology has led to

major improvements allowing the provision of lagtipercutaneous coronary

revascularisation for patients with CHD. Improvemseim stent design and

48



incorporation of novel drugs and polymers with iowed efficacy and

biocompatibility have resulted in rates of ISR mlmer to that first witnessed
using BMS. In terms of antiproliferative drugs, lied preclinical data suggests
that everolimus (95;96), tacrolimus (97;98) or bmals (99) may have superior
effects on EC biology compared with sirolimus. Basing experience with
biodegradable and polymer-free DES has hintedttiearisk of late “catch up”

restenosis and very late stent thrombosis (bothroog after one year) may be
lower with these platforms. However, there is catlgeno consistent data yet to
prove that either second or third generation DESlten lower rates of hard
clinical events such as stent thrombosis, myochrlitarction and death.

Evaluation of aggregate long-term efficacy and tyafdata from large-scale

randomised trials of these newer DES is awaitet imterest.

1.3 Oxidative stress

1.3.1 Oxidative stress and cardiovascular disease

Reactive oxygen species (ROS) are highly reactiotecnles released from the
artery wall and circulating cells that have a purfd impact on many biological
processes. Increased production of ROS is a cleastat feature of several
cardiovascular diseases such as atherosclerosggertagsion and diabetes
mellitus. ROS are capable of oxidising other suixsta by becoming reduced
themselves. Oxidative stress is a phenomenon wdeshribes the net influence
of oxidants such as ROS over antioxidant defen@eg/igen is an abundant
molecule found in humans and the relatively statkggen molecule can

undergo univalent reduction to form the superoadsn (Q), a powerful ROS
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and a major component of oxidative stress. The &ion of Q occurs through
the action of a number of enzymes, the foremoswioich is believed to be
nicotinamide adenine dinucleotide/nicotinamide awkerdinucleotide phosphate
(NADH/NADPH) oxidase. This enzyme is active in EGsscular SMCs,

leucocytes and platelets, often as a responsestaulaa injury.

Other enzymes contributing to oxidative stressudel xanthine oxidase (XO),
which generates Oby catalyzing hypoxanthine and xanthine to uriicl agitric
oxide synthase (NOS), which generates the freeabdiO from L-arginine and
the lipoxygenases, which oxidise polyunsaturatdty facids to hydroperoxy
fatty-acid derivatives. Oxygen can also be conen¢o O nonenzymatically
as a result of electron transfers in the mitochiah@tectron transfer chain (100).
O, can be dismutated to form another biologicallyivactROS, hydrogen
peroxide (HO,) through the action of superoxide dismutase (S®GRQ, can be
decomposed into water and oxygen by the enzymelasataOther highly
influential ROS include peroxynitrite (ONOQwhich is formed by the reaction
between @ and NO, and the hydroxyl anion (QHwhich is generated by the
reaction between Dand HO,. Both ONOO and OH anions are very strong

oxidants.

Oxidative stress is critically involved in the pagiysiology of atherosclerosis
(Figure 1.5) (101). Circulating low density lipopeon (LDL) in the blood is
oxidised by ROS to form oxidised low-density lipof@in (oxLDL). OxLDL is

capable of causing damage to the vascular endothedind this promotes the
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Figure 1.5 Oxidative modification hypothesis of atherogenesis.

Circulating monocytes in the bloodstream are drawto the subendothelial space and
become macrophages. Native LDL is taken up andseddoy ROS such as,@eleased
from local vascular SMCs, ECs and macrophages. dfheges take up oxLDL to
become foam cells, which are precursors to athenmtic development. OXLDL causes
endothelial dysfunction and injury which encouragemocyte recruitment and inhibits

macrophage regress back into lumen.

transport of lipoproteins into the artery wall torrh the fatty streak (102).
Oxidative stress, and in particular the activitytbé ROS producing enzyme,
NADPH oxidase, is an important contributor to caon plaque instability,

which can trigger acute coronary syndromes by fepdd plaque rupture and

resulting in thrombotic occlusion of the artery 810

1.3.2 Antioxidants and cardiovascular disease
In response to numerous different ROS found indgjiclal systems, cells have
evolved to develop potent defensive antioxidantategies. Endogenous

antioxidant enzymes include SOD, catalase, gluathperoxidase and glucose-
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6-phosphate dehydrogenase. Non-enzymatic antiotedeaciude glutathione,
ascorbate (vitamin C)a-tocopherol (vitamin E) and high-density lipopraotei

(HDL).

Given that oxidative stress is a hallmark of marardiovascular disease
processes, much work has been done to determiomlifsupplementation of
antioxidants can prevent clinical events such aaandial infarction and
cardiovascular death. Some early trials showed @omresults. In addition to
its antiplatelet and anti-inflammatory actions,avitin E reduces the oxidation of
LDL and is perhaps the most widely tested antiaxidaerapy in clinical studies
(104). The Cambridge Heart Antioxidant Study (CHAQ&ndomised 2 002
patients with proven CHD to oral vitamin E or plaoeand demonstrated a
reduction in the primary endpoint of cardiovasculdeath or non-fatal
myocardial infarction (105). However, the encounggresults of CHAOS have
not been confirmed in larger randomised studiesthin 9 541 patient Heart
Outcomes Prevention Evaluation (HOPE) trial, vitank failed to reduce
cardiovascular events in patients with high cardsoular risk (106). Similarly,
negative results were reported using Vitamin Ehm post-myocardial infarction
GISSI-Prevenzione trial (107) and the Heart PratacStudy (HPS), which
investigated the use of a combination of antioxidatamins for primary and

secondary prevention (108).

The failure of systemic antioxidants to reduce waa@scular events in clinical

trials has been discussed widely and some autip@sukate on an inability to

target therapies to population subtypes with enb@draxidative stress such as
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diabetics or end-stage renal disease (109). Otbeggest that more potent
antioxidants are required to demonstrate clinicaddfit (110). Crucially, very

few studies have evaluated oxidative status atlalaelevel in treated patients,
instead opting to supplement antioxidants withowinfcming antioxidant

efficacy. Nevertheless, on the basis of currentdeawe, oral antioxidant
supplementation is not recommended for the prevemtf cardiovascular events.
The local delivery of antioxidants directly to thascular wall represents an
opportunity to achieve high concentration at theended site of action with

relatively few side-effects, although this techr@gsi currently poorly studied.

1.3.3 Oxidative stress and PCI

Evidence for increased oxidative stress following PCI

Inflation of an angioplasty balloon to high atmospb pressure to dilate a
stenotic coronary artery with deployment of a mefsdnt causes extensive
mechanical trauma to the artery wall, resultingmarked vessel injury. As a

result, the artery releases a large amount of ROS.

Ex-vivo rabbit artery rings subjected to balloon injuryramstrated immediate

release of ROS as a result of vessel wall NADPHIanaductase activity (111).

The release was proportional to degree of injurgl ant prevented by prior

removal of the endothelium or antagonism of oth@SRyenerating sources such
as XO, NOS or mitochondrial electron transport. #eo study demonstrated
that ex-vivo porcine coronary artery segments continue to seléarge amounts

of O, for at least several days afiervivo balloon injury (112). @ production

was essentially abolished after pretreatment ofatbery ring with the NADPH
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oxidase inhibitor, diphenyleneiodonium (DPI), agaiaonderlining the

predominance of this enzyme in ROS generation b&koon injury.

A method forin vivo estimation of oxidative stress as a result of PCGlumans
involves simultaneous assay of coronary sinus bleddch provides venous
drainage for the heart. Compared to upstream lefhrooronary artery blood,
isoprostanes (end-products of ROS mediated-lipichypeation) are increased
(113). Coronary angioplasty in humans also causescate increase in plasma
levels of oxidised lipoproteins (114;115). The aciricrease in oxidative stress
following PCI may be partly responsible for impaimmicrocirculatory function
after stent deployment. In a study of stable angai#ents, the administration of
intravenous ascorbic acid was shown to decreaserdlease of oxidative
biomarkers (8-hydroxy-2-deoxyguanosine and 8-isms{aglandinFzapng and
improve angiographic evidence of myocardial pedadiollowing elective PCI

(116), although no differences in clinical outcomere detected.

The influence of oxidative stress on cellular processes after PCI

It is clear that oxidative stress is enhanced aifterial injury and, by influencing
multiple signalling pathways of vascular repairagpears to play an important
role in the regulation of NIH (117). Early transieaxposure to oxidised
glutathione, a recognised consequence of oxidastress, is capable of
amplifying cell proliferation and NIH, which is giased for weeks after arterial
balloon injury and mediated through a redox-actinetal-dependent pathway
(118). The activation of the transcription factarclear factorkB (NF-«B) is

enhanced by redox processes after injury (111)}lasdnay have a lasting effect
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on the gene programme involved in NIH, includingm®ssion of vascular cell
adhesion molecule-1 (VCAM-1), MCP-1 and other prffammatory factors
(119;120). ROS also serve as second messengectitata many intracellular
proteins and enzymes, including the epidermal dndecttor receptor (EGFR), c-
Src, p38 mitogen-activated protein kinase (MAPKasRand Akt/PKB, which
suggests a significant role in the regulation obcwdar SMC growth and
migration, modification of extracellular matrix amdodulation of EC function
(121). The response of vascular SMCs to PDGF, whadtudes tyrosine
phosphorylation, MAPK stimulation, DNA synthesisdachemotaxis, is at least
partly dependent on elevated intracellular levdlshe ROS, HO, (122). The
prominent influence of oxidative stress on NIH aftascular injury is matched
by a major involvement in the regulation of enda#ieecovery. OxLDL formed
by the oxidative modification of native LDL in thdoodstream is widely present
in coronary artery lesions. Atherosclerotic plageasiched with high levels of
oxLDL are more likely to become unstable (123), atabma oxLDL is acutely
elevated after PCI (115). oxLDL is toxic to EPC24), which are likely to
suffer from impaired antioxidant defences in thesence of atherosclerosis
(125). oxLDL is also a potent inhibitor of EC migom and this occurs via an
O, dependent mechanism (126). As a result, oxLDL mé#yence healing of a
stent deeply embedded in coronary lesions so lieatate of endothelialization is
suboptimal, even after BMS. The inhibitory effe€toaLDL on EC migration in
culture is blocked by the antioxidant vitamin E TL2Uptake of the lipophilic
antioxidants probucol and vitamin E, both stimul&t@ proliferation in culture
(128) and are protective against the harmful effaft other ROS (129). NO

released by the endothelium encourages migratidrgeawth of ECs (130), and

55



endothelial NOS (eNOS) expression is increasedegemerating endothelium
following injury (131). However, in situations wieethere is major oxidative
stress, such as PCI, there may be widespread gpagesf NO by released ROS,
such as the reaction of NO with, Qo form ONOOQO, one of the most potent
endocellular oxidants (132). The protective effedt NO on endothelial
regeneration may be lost and, instead, ON@@duced, which is harmful to
ECs (133). These findings support a role for antiant therapy delivered to the
site of arterial injury to defend the regeneratiagdothelium against the
deleterious effects of oxLDL, Q ONOO and other toxic ROS, whilst allowing

NO to establish a protective effect on the endahkkaling process.

Inhibition of thrombus formation and promotion efd®ethelial regeneration after
PCI is highly preferable to reduce the risk of stdmombosis. The underlying
pathophysiology of arterial thrombosis is intriradig linked to oxidative stress
(134). Primarily, ROS inactivate NO, which has intpat antiplatelet actions
(32). Vitamin E supplementation in healthy indivadisihas been shown to inhibit
platelet aggregation (135). It has also been shtmvmecrease oxidative stress,
increase platelet NO release, delay intra-arteénedmbus formation (136) and
improve fibrinolysis via a reduction in plasminogaativator inhibitor activity

(137). The antioxidant, N-acetyl-cysteine has bedmown to reduce the
procoagulant response following aortic balloon ipjlby decreasing bound
thrombin activity and platelet adhesion (138). @thatioxidant compounds have
been shown to inhibit platelet aggregation. A sermé caffeic acid anilides

exhibited potent anti-oxidative activities and inked arachidonic acid-induced

platelet aggregation (139). Pomegranate juice,taralasource of antioxidants,
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inhibited human platelet aggregation in responseottagen (140). Antioxidant
flavonoids from black tea were found to decreasgefgt aggregation in healthy
human subjects (141). DPI, an inhibitor of NADPHease, also inhibits platelet

aggregation (142).

Despite the relative wealth af vitro and animal data implying the importance
of oxidative stress and the ability of some antlaxits to influence critical

molecular and cellular vascular pathophysiologipedcesses, less impressive
results have been witnessed in human studies withomsistent evidence that
these compounds have the capacity to influence tlantal outcomes such as

myocardial infarction or cardiovascular death.

1.3.4 Antioxidants and PCI

Much of the experimental data supporting the rdlardgioxidants to inhibit NIH
and improve endothelial repair has been reinforcgdseveralin vivo studies
suggesting that strategies to decrease oxidatressstan reduce restenosis and
encourage re-endothelialization after PCI (Tabl¥).1As the major source of
ROS after balloon injury is via NADPH oxidase, ibiors of this enzyme have
been tested and found to reduce NIH in animal nso(k43;144). Delivery of
extracellular SOD gene therapy to the artery witdirdballoon denudation of the
rabbit aorta reduced NIH and improved endotheledovery (145). Another
study in atherosclerotic rabbit iliac arteries skdwhat gene transfer of SOD and
catalase dramatically reduced ROS release fromattexy wall after balloon

angioplasty (146). This was accompanied by lessntie@l inflammation and
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Table 1.1 Main antioxidant studies for restenosis and re-dmlmlisation

Study Anti- Species and dose Main findings

(ref) oxidant

Jacobsoret al. NOX Rat carotid balloon injury Reduced NIH (p<0.05)

(143) inhibitor IP minipump

Dourronet al. NOX Rat carotid balloon injury Reduced NIH (p<0.05)

(144) inhibitor Gene transfer

Laukkaneret al. SOD Rabbit aortic balloon injury Reduced NIH, improved

(145) Gene transfer re-endothelialisation (both p<0.001)
Durandet al. SOD/CAT  Rabbit iliac balloon injury Reduced restenosis, improved

(146) Gene transfer re-endothelialisation (both p<0.05)
Schneidegt al. Probucol Pig coronary balloon injuryReduced NIH (p=0.007)

(147) Oral 2 g/day

Miyauchiet al. Probucol Rabbit carotid balloon injuryReduced NIH (p<0.05)

(148) Oral 1.3 g/day

Lauetal. Probucol Rabbit aortic balloon injuryReduced NIH, improved

(149) Oral 0.75% wt/wt re-endothelialisation (both p<0.05)
Tanouset al. Probucol Rabbit aortic stent Reduced NIH and restenosis (both p<0.05),
(150) Oral 1% wt/wt improved re-endothelialisation (p=0.008)
Tardif et al. Probucol Human PTCA Reduced restenosis (improved remodelling)
(151) Oral 1 g/day (p=0.003) and repeat PTCA (p=0.009)
Yokoi et al. Probucol Human PTCA Reduced restenosis (p<0.01)

(152) Oral 1 g/day

Sekiyaet al. Probucol Human coronary stent Reduced restenosis rate (17% vs 32%,
(153) Oral 500 mg/day p=NS), with cilostazol (p<0.05)

Kim et al. Probucol Human coronary stent Reduced restenosis rate (21% vs 24%,
(154) Oral 500 mg/day p=NS)

Wakeyamaet al. Probucol Human coronary stent Reduced NIH (<0.001) and reduced
(155) Oral 500 mg/day restenosis (p=0.1)

Tardif et al. Probucol Human coronary stent Increased follow up LA (p<0.05) due to
(156) Oral 1 g/day greater acute gain

Nuneset al. Probucol Human coronary stent No effect on NIH or restenosis

(157) Oral 1 g/day

Kim et al. Probucol Pig coronary DES No effect on NIH or restenosis

(158) Stent delivery

Tardif et al. AGI-1067  Human coronary stent Increased follow up LA (p<0.05) due to
(156) (succinobucol) - QOral 280 mg/day greater acute gain

Kim et al. Carvedilol Pig coronary DES Reduced NIH (p=0.004) and reduced
(158) Stent delivery restenosis (p=0.002)

NOX, NADPH oxidase; IP, intraperitoneal; CAT, caisé; PTCA, percutaneous

transluminal coronary angioplasty; LA, lumen area.
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reduced restenosis, with improved re-endotheliatinaand endothelial function.
However, there is no data yet to suggest that pawation of gene transfer to
reduce restenosis in humans is a viable optiontiaeckfore these studies have
poor applicability. Most techniques to deliver gdased therapy during
angioplasty rely on infusion of active treatmentgdly into the artery wall and
therefore have significant practical limitationgngared with DES. Despite
some evidence that NO encourages EC growtlvitro, L-arginine (a NO
precursor) had no effect on re-endothelializatiomlénuded rabbit iliac arteries,

although it effectively inhibited neointimal grow(h59).

Early trials of probucol administration in animabdels of balloon angioplasty
demonstrated a reduction in NIH and restenosis;{#8j. Probucol restricts the
severity of NIH by inhibiting vascular SMC prolifgron via enhanced G1/S-
phase growth arrest and improving endothelial hgal(149). A major
mechanism by which probucol mediates these beakgdliects is believed to be
via up-regulation of heme oxygenase-1, which indu&MC apoptosis (by
producing heme breakdown products carbon monoxitieerdin and bilirubin)
and promotes EC function (160). In keeping witrsth&ndings, supplementation
of probucol inhibited NIH and improved re-endoth&$iation in a rabbit model
of aortic balloon injury (149). Owing to the poséianimal studies, probucol has
now been extensively tested in clinical trials, hagrs more than any other
antioxidant compound. The Multivitamins and Produ¢MVP) trial and
Probucol Angioplasty Restenosis trial (PART) batharted a clear reduction in
restenosis after coronary angioplasty (151;152)wei@r, a subsequent IVUS

substudy of the MVP trial showed that the beneffietiect of probucol was
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related to improved post-angioplasty remodelligher than suppression of NIH

(161).

Investigation in the stent era has continued witaasiety of clinical trials
examining the effects of oral probucol on ISR. Qpabbucol approximately
halved ISR rates in one clinical trial, althougle tbffect was only significant
when the drug was combined with the phosphodiestenahibitor, cilostazol
(153). A trend to inhibit ISR was reported in arestltlinical study (162);
however, the trial design was criticised due todewuate preloading of oral
probucol, which accumulates slowly in tissues andisually commenced four
weeks before the procedure. A clinical trial desmjto determine the effect of
candesartan and probucol on ISR found no benefis fangiotensin receptor
blockade; however, using probucol, there were 8mgant reductions in

angiographic late loss and NIH by IVUS analysisi)15

The large Canadian Antioxidant Restenosis Trial RTAL) was a multi-centre,
double-blind, placebo-controlled randomised tmaBD5 patients comparing oral
administration of probucol, succinobucol (AGI-10@®7)placebo after PCI (156),
involving stents in 85% of patients. Succinobuso&inovel probucol derivative
with superior pharmacokinetic, antioxidant and -amlemmatory properties
compared with probucol (163-165). It has been shtawwprevent atherosclerosis
in animal models (164;166) and is discussed in na@etail in Chapter 5. Two
weeks prior to PCI, patients were assigned to dnthe@ 5 treatment groups
(probucol 500 mg twice daily, succinobucol 70 mg0 Ing, 280 mg once daily

or placebo) and treated for 2 weeks before an@ekw/after PCl. Angiographic
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follow-up with baseline and 6-month IVUS examinaBowas performed to
evaluate the efficacy of each group. Positive teswere reported, with greater
stent luminal area present in the highest doseuotisobucol and probucol
groups, compared with placebo after 6 months. Tivas a significant dose-
response relationship for succinobucol, suggestandgrue biological effect.
Although CART-1 is often cited to provide evidentteat succinobucol and
probucol are both capable of reducing ISR, nosttedilly significant difference
was demonstrated for this end-point unless complmatients were analysed
separately. Furthermore, detailed IVUS analysis waab clearly that
supplementation of neither oral succinobucol nabpcol caused inhibition of
neointimal growth and the advantages in final luahiarea were due to greater
acute luminal gain at the time of the index PCle Timderlying mechanism for
this effect was not clear but speculatively mayehéeen related to improved
endothelial function of the diseased segment codeable alterations in plaque
composition due to antioxidant pre-treatment, allgrvgreater luminal gain at
the time of balloon dilation and stent deploymeDART-2 was a subsequent
IVUS study originally designed to investigate tlffeet of oral succinobucol 280
mg once daily on ISR following PCI, however duectmsiderable difficulties
with the technical quality of serial IVUS examirats, the trial was altered to
examine the effect of succinobucol on coronary yésqin adjacent segments.
Although atherosclerosis regression was evidetihénsuccinobucol group, this
effect was not significantly different from placeft67). Taking the data from
the CART-1 and CART-2 clinical studies and thattloé ISAR-TEST clinical
research program into consideration, succinobucolunlikely to be an

efficacious oral antirestenotic agent in clinicatagtice but may provide
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advantageous if successfully incorporated in ayfildlocompatible DES or
potentially as a dual coating with a recognisedhindr of restenosis (such as
rapamycin) to improve its performance, similar e probucol/rapamycin dual

DES, and this strategy appears to merit furthefoeapon.

In more recent clinical study, oral probucol faitedreduce ISR following PCI,
as determined by IVUS (157). This result shouldvived with some caution
because confounding factors known to increaseitieof ISR were present in
the probucol group, such as the treatment of sagamfly smaller vessels and a
higher incidence of diabetes and acute lesionsalbit study which looked
specifically at the effects of probucol on healiaiger stent injury reported a
considerable improvement in stent endothelializati@accompanied by a
reduction in NIH and less evidence of stent throsd@150). In this trial, oral
probucol therapy also reduced leucocyte accumuladimund the stent struts,
suggesting its anti-inflammatory effects may exart significant role in

suppression of NIH, at least in animals.

These studies testing the ability of antioxidantseduce restenosis after balloon
angioplasty or stenting have generally relied oal @dministration. Studies
which consistently demonstrated the most impressagkictions in ISR were
performed in animals, where oral regimens are ptssit a dose not possible in
clinical practice. The application of stent-basesiveery of antioxidants may
provide an ideal opportunity to achieve optimaldioitssue concentration, whilst
minimizing toxic systemic side-effects. Such worshbeen performed with

carvedilol, ap-blocker with potent antioxidant activity. It hagdn shown that
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implantation of a carvedilol-coated stent in a pmecmodel was capable of
inhibiting ISR and providing complete re-endothigtiation (158). The same
study failed to demonstrate a beneficial effectmfra probucol-coated stent,

although there were concerns about adequate dtivgryan this study.

Given the broadly favourable preclinical data faghhdose oral antioxidant
supplementation after coronary angioplasty and mhedest effect of oral
antioxidants evident in humans, the challenge ufréutrials is likely to focus on
the incorporation of novel potent antioxidants intmntemporary DES
technology, which will provide targeted deliverydamcreased local tissue
concentration without the potential drawbacks ofstemic toxicity and
administration, mirroring the successful developmeof other potent

antiproliferative agents delivered via DES.

1.4 Preclinical models of restenosis

Several animal models have played a pivotal rolepiiaclinical studies to
examine the biological events resulting from PCd an test the efficacy and

safety of stents prior to investigation in humaurdsss.

1.4.1 Murine models

Murine models of arterial injury and restenosis devoured by cost-
effectiveness and ease of handling and housingefisas providing a relatively
accessible way to examine the influence of a wideiety of molecular

biomarkers. The rat carotid model for restenosis wiaveloped following
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extensive use as a model for human atherosclend8ifst these models have
provided extensive data on the effects of endahelenudation on SMC
proliferation and inflammatory responses (168), ¢henulative shortcomings of
the murine models are significant. The effects rtéral injury cause a modest
neointimal response in rodents and critically, Itssumn these models have failed
to consistently replicate the effect of test commsiin human studies, most

notably the effect of angiotensin-converting enzynigbitors (169).

1.4.2 Hypercholesterolaemic rabbit iliac model

The rabbit iliac model has been used extensivelgtimly atherosclerosis and
restenosis. Rabbits are readily susceptible toadieincreases in cholesterol
which leads to rapid atherosclerotic developmentjciv is similar but not
identical to that found in humans. Important diffieces exist in the histological
composition and behaviour of atheromatous lesiortke rabbit model compared
with humans, leading to limitations in the translatof data into clinical studies.
An important criticism of this model for assessmeintestenosis therapies is that
the abundant foam cells and extracellular matrixnegated by the
hypercholesterolaemic state are not heavily inwhie human neointimal
formation. Nevertheless, despite these caveatsratbieit iliac stenting model
remains a relatively cost-effective way to asséssefficacy of antiproliferative
drugs and has provided valuable data on the rela@fety and toxicity of DES

in the past decade (85;170).
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1.4.3 Porcine coronary artery model

Early pig models were able to demonstrate thatabate trauma related to
coronary angioplasty was responsible for severarynand provocation of the
restenotic cascade in humans (171;172). The respaofishealthy porcine
coronary arteries to overstretch injury closelylicgtes that found in human
restenosis. Stent injury in the porcine coronatgrgrleads to thick neointimal
development within 28 days, identical to human amstic tissue. Coronary
artery anatomy is similar to humans and therefdi@va the use of human
catheterisation equipment to accurately reflechichl practice. The flow
dynamics of the porcine coronary vasculature cloparallels that of humans,
enabling a more reliable estimate of drug pharmaetics to take place. The
disadvantages of the pig model are higher costspaoed to smaller animals
with related housing practicalities and expensakefOconsiderations in the pig
are potential differences in the inflammatory reats to stent injury, which may
display excessive granulomatous or eosinophilidtiates (173). Crucially, the
effects of DES in the porcine model have been mosdictive of their effects in
humans, providing the strongest rationale for ngstiovel devices in this species
(174). The pig coronary artery model has therefmeome the standard model

for the preclinical evaluation of DES (175).

1.5 Hypothesis and aims

The current literature indicates that oxidativessrmay play a substantial role in
modifying platelet and cellular responses followiA@l. The events leading to

ISR and stent healing are complicated and not cetelyl understood, but
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oxidative stress appears be involved in a numbenpbrtant aspects. This thesis
will investigate the effect of oxidative stress sewveral key processes closely
involved in the response to arterial injury and #dality of antioxidants to
favourably modify vascular healing. Specific apmtues to decrease the impact
of ROS will be tested, although it is appreciatealt focussing on one particular
antioxidant strategy may be insufficient to totakyiminate the effects of
oxidative stress during vascular repair, as othlxélative pathways may remain
active. As this may limit efficacy after PCI, coraplentary antiproliferative

strategies in addition to a purely antioxidant aggh may be considered.

The first part of the thesis will focus on vitro aspects occurring immediately
after stent deployment. The effect of abundant R@8ased after PClI may
directly promote blood aggregation which could ciimtte to a higher risk of
early stent thrombosis, the period at greatest bstause the stent has not yet
endothelialised. Enhancement of platelet aggregatichuman whole blood by
locally released oxidants may increase the riskpbcardial infarction, carrying
a substantial risk of death. This thesis will tfiere examine the direct effect of
ROS on blood aggregation and also whether ROSenéle the antithrombotic
properties of the endothelium, which is responsiblerapidly recovering the
stent surface and providing protection againsttsteembosis. The direct effect
of ROS on the migration of healthy ECs will alsoibeestigated, as this may
indicate that locally increased oxidative stress hlae capacity to impair
endothelialisation of stents, thereby exacerbatwegrisk of stent thrombosis and
also promoting the rapid growth of neointimal tisswhich is known to be

inhibited by regenerated endothelium.
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In vivo testing will provide the basis for the second parthis thesis. | will
evaluate the ability of a novel potent antioxidémdded on a DES to offer
improved healing and reduced neointimal thickenimg preclinical model of
restenosis, using the pig coronary artery oveddtrgtjury method. This is likely
to provide valuable information on the potentialr fantioxidant DES to
outperform other novel DES in clinical studies. Thaghly biocompatible
polymer-free microporous Yukon® stent platform wie used to avoid the
negative impact of persistent polymers on artehiehling and minimise the
likelihood of late “catch-up” restenosis or aggraeainflammation. This stent
platform will also enable “in-house” individualisd2ES coating and is already
supported by large-scale clinical research stud®&R program, Munich Heart
Centre). Scarce data exists reporting the effeatise of an antioxidant-eluting
stent approach in a preclinical or clinical reshasetting. | hypothesise that
delivery of a suitable, potent antioxidant from @ymer-free DES may be able
to achieve local suppression of oxidative stredsjstinhibiting platelet
aggregation and neointimal growth, and acceleratgagndothelialisation, with
minimal systemic toxicity (figure 1.6). These ditries may reduce the risk of

ISR and stent thrombosis.

The final part of the thesis will investigate mobeoadly the influence of
circulating ROS on another important aspect of tstexaling and the risk of
thrombosis. As described already, it is now recegmi that regrowth of
functional endothelium is supported by the mobiicgaand homing of EPCs to

sites of endothelial damage. This systemic mechamt vascular restoration
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Healthy artery Following PCI
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Figure 1.6 The potential role of antioxidants after PCI. Thel@thelium prevents
thrombosis via the actions of prostacyclin (PGADPase, tPA and NO, prevents
contact between blood and the subendothelial l@i@r in procoagulant materials), and
inhibits NIH. First-generation DES inhibit NIH, butnpair re-endothelialisation. PCI
injury causes major Orelease (primarily via NOX), which impairs re-etiggialisation
and promotes NIH. Antioxidants may limit NIH andduee thrombosis by accelerating

re-endothelialisation and scavenging.O

may constitute an important component of re-endistisation after arterial
injury secondary to PCI (176). The relationshipwestn systemic levels of
oxidative stress in the bloodstream, which is dldadue to PCI, on this
endothelial repair system is not well known. Theéeptial for circulating EPCs
to maintain coronary endothelial function in patseewith CHD is also poorly
recognised. This thesis will therefore investigdue correlation between plasma
levels of oxLDL (a major component of oxidativeests in humans), the number

of circulating EPCs and endothelial function inigats with CHD. Patients with
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stable angina already scheduled for PCI will beuiéed to facilitate invasive
testing of their coronary endothelial function &ie ttime of their planned
coronary intervention and also to provide accesspatient blood from a

population with significant CHD undergoing PCI.

To summarise, the overall aims of this thesis are:

1 Using human whole blood and cultured porcine EGsinvestigate
the influence of oxidative stress and antioxidamisWBA, the EC-

platelet interaction and EC migration.

2 Using anin vivo model of porcine coronary stent implantation, to
determine whether a novel antioxidant-eluting steatls to reduced

NIH and improved healing.

3 In patients with angina, to determine whether pkasenels of oxLDL
are associated with impaired endothelial repaidyced circulating
EPCs), impaired coronary endothelial function ocréased whole

blood aggregation.
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Chapter 2

The effect of oxidative stress on whole blood agggation

and the endothelial cell-platelet interaction
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2.1 Introduction

Oxidative stress is recognised as an important atediof atherothrombotic
events in cardiovascular disease (134). The clgssiadigm is the formation of
platelet-rich thrombus overlying a region of injdreor dysfunctional
endothelium. In addition to many other factors,daxive stress participates in
the regulation of platelet activation and thrombusnation. The effects of ROS
on thrombus formation are of direct clinical relega to PCI, which is known to
stimulate the release of ROS from the surroundiagcular wall. The direct
effects of ROS on platelet function are reportedsied. Previous platelet assays
in healthy individuals have reported both pro- anti-aggregatory effects when
platelets are exposed to exogenous ROS (177) |&kateemselves also generate
ROS and this appears to be of significant relevalurang recruitment, adhesion

and aggregation (178).

Although there is good evidence that oxidativesstrdamages the endothelium
in vivo, which predisposes individuals to thrombosis, these interactions
between ROS and ECs are not completely understdedlthy ECs inhibit
thrombosis (179), but the direct actions of ROSHEDs may influence their

antithrombotic properties, which may elevate tis& of stent thrombosis.

WBA offers the most physiological setting in whidh examine platelet-
mediated thrombus formation. Furthermore, it clps@plicates the milieu in
which clinical thrombosis occurs, where other bloocahstituents including

erythrocytes (180), leucocytes (181) and plasmargl@rsubstances (182;183)
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are involved. ECs are thought to inhibit platelgg@gation by release of NO
(32), prostacyclin (33), and the activity of endsihl ectonucleotidases (184),
although in the presence of heightened oxidativesst some of these effects
may be deficient. My aims were to quantify the efifeof ROS on WBA and to

assess the influence of ROS on the EC-plateletactien in patients with CHD.

2.2 Methods

2.2.1 Chemiluminescence

Lucigenin chemiluminescence (CL) was used in nabegical samples to
confirm generation of ROS (specifically superoxagon, Q) as a consequence
of the X/XO reaction (185). 908 phosphate buffered saline (PBS) was added to
a clear plastic sample cuvette. This was prewarat@¥ °C for 5 minutes in an
incubation chamber. 10d lucigenin solution (Sigma-Aldrich, Dorset, UK) wa
prepared in distilled water and added to the cewsith the test substance(s). As
lugenin may itself interfere with £ generation (186), a range of lucigenin
concentrations were tested and the concentratiodupmg the least additional
chemiluminescence signal was used for subsequeetiexents. The cuvette was
transferred immediately to a chemiluminometer (Beld, Germany). The delay
was set to 10 seconds and the chemiluminescencal sigs recorded after 120
seconds in relative light units per seconde (RLUX@nthine (Sigma-Aldrich,
Dorset, UK) was dissolved in 10 mM NaOH and XO (&gAldrich, Dorset,

UK) was dissolved in PBS.
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2.2.2 Study population for WBA

This study was approved by the West Glasgow andddsity of Strathclyde
ethics committees. All participants were provideithva Participant Information
Sheet (PIS) and gave their informed written consdreliminary WBA
experiments were performed on venous blood don#éedhealthy human
volunteers, recruited from the University of Stcylde cardiovascular
laboratory. In order to examine the effect of okl stress in a population
closely matched to those undergoing PCI, adulep&iwith symptomatic stable
CHD who were referred to the Western Infirmary @tas for out-patient
cardiology appointments were recruited. All patsentere over age 18 and
receiving chronic oral aspirin therapy. Patientsevexcluded if there was a
history of myocardial infarction within 3 monthd, they were unable to give

informed consent or if they were taking any othartarombotic therapy.

2.2.3 Whole blood aggregometry

After recruitment, venous blood was withdrawn imguum filled plastic 3.5 ml
Vacuette® tubes (Greiner Bio-One, Austria) contagni3.2% sodium citrate
(0.109 mol/L). Four Vacuette® tubes (approximatedyml) of whole blood were
collected from each donor or patient. Unless usedssess WBA over time,
blood was tested within 3.5 hours of venepunctdfBA was measured using an
impedance aggregometer (Chrono-log, Model 590)impedance was recorded
using a dual channel chart recorder (Kipp & ZonBbD, 41). 500ul citrated
whole blood was diluted 1:1 with 5Q0 normal saline to a total volume of 1 ml
in a plastic sample cuvette. A stir bar was addaethé cuvette, placed in the

device reaction well and prewarmed for 5 minute37atC, with a stirring speed
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of 900 rpm. An electrode containing two fine pallad wires was inserted. The
platelets in the whole blood adhered to the wifesning a uniform platelet

monolayer. A small voltage difference was applietoass the wires, and the
electrical impedance was measured. In the abseihaggvegating agonist, the
impedance between the two wires became constaat Zafninutes, producing a
stable baseline which constituted zero. The aggneger was then calibrated to
20 ohms Q) equivalent to 40 mm deflection using the chadorder controls.

When an agonist was added to the cuvette, platelétse blood were activated
and started to aggregate, coating the palladiuneswon the electrode and
causing a corresponding increase in electrical dapee. This change in
impedance was directly proportional to the exteftaggregation and was
measured if2 on the chart recorder set at 2 cm/min and folloveecd minutes

after addition of agonist. Collagen and adenosiphasphate (ADP) (Labmedics
Limited, Manchester, UK) were used as platelet &gsnn all experiments. For
X/XO experiments, individual aggregation values avecalculated as a
percentage of aggregation compared to control dondj for both agonists and
blood was incubated with the test substance(s} foninute prior to addition of

each agonist.

2.2.4 EC culture

Freshly removed pig hearts were obtained from allabattoir within 2 hours of

slaughter. The pulmonary artery was removed andegirto a Sylgard coated
block. Using a sterile scalpel blade, porcine pularyg artery ECs were scraped
gently from the luminal surface of the main pulmgnartery, under a sterile

hood. ECs were transferred to a 15 ml tube of lasggsel EC growth medium
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package (basal medium, growth supplement and ahtbjTCS Cellworks,

Buckinghamshire, UK]). The cell suspension was rceiged at 10,000 rpm for 5
minutes. The supernatant was removed and the E@s nesuspended in 1 ml
fresh growth medium. This was added to T-25 celltuce flasks (Nunc,

Kamstrupvej, Denmark) with additional growth mediuand cultured in an
incubator at 37 °C in a humidified atmosphere of G&. Growth medium was
replaced every two days and ECs were transferre@-16 flasks when 90%
confluence was reached. Fresh growth medium wagsaprd once weekly. All

ECs were used from passages 2 to 4.

2.2.5 EC-platelet interaction

ECs were collected from the flasks by removal awgh medium and addition
of 2 ml TrypLE Express (Invitrogen Corporation, $lay, UK) to detach the
cells. Following 15 minutes, the cell suspensiors wansferred to centrifuge
flasks and spun in a centrifuge (Mistral 1000, M&trifuge) at 10,000 rpm for
5 minutes. The supernatant was removed and thet péltells resuspended in 1
ml blank EC growth medium. The number of ECs in IL suspension was
counted using a haemocytometer. 1 X ECs were added to the sample cuvette
using an appropriate volume of cell suspension made up to 50Ql with
normal saline, to which 500 whole blood was added. In control experiments,
an equivalent volume of blank growth medium wasealdb the cuvette in place
of cell suspension. WBA was tested as previouskcdieed and the effect of
ECs was determined in the absence and presenceX@ ¥nd following 5
minutes pre-treatment of ECs with 1@B! N,-nitro-L-arginine methyl ester (L-

NAME) (Sigma-Aldrich, Dorset, UK), an inhibitor &OS.
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2.2.6 Statistical analysis

The SD of pilot WBA data under control conditionasnvfound to be 25%. A
sample size of 14 patients was calculated to peod@% power to detect a
treatment difference at a two-sided 0.05 signifezatevel, if the true difference
between groups was 40%. All data are expressed emnmt SEM unless
otherwise stated. Groups were compared by indepénsimples t test or
repeated measures analysis of variance and posBhuonett’s test. Statistical
analysis was performed using the SPSS statistmf@ivare package 14.0 for

Windows (SPSS Inc., Chicago, IL, USA).
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2.3 Results

2.3.1 Lucigenin concentration-response

The effect of 5 uM, 50 uM and 250 uM lucigenin dremiluminescence was
examined. This represents a range of concentratidnsh have the potential
influence baseline ROS production and redox-reogclihowever minimal

effects are previously reported for 5 uM (185).M lucigenin in the absence of
X/XO caused very low chemiluminescence (62 + 2 RA)UIn the presence of
100 uM X and 10 mU/ml XO, both higher doses of lucigef&® pM and 250

pHM) caused significantly increased chemilumineseemmompared to 5 pM
lucigenin (p < 0.001) (Figure 2.1). 5 pM lucigemniras therefore used for all
subsequent chemiluminescence experiments, as #ng dghe least assay

interference, as previously confirmed (185).
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15000

CL (RLUIs)

10000
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0_

5 uM 50 uM 250 uM
[Lucigenin]

Figure 2.1 The effect of lucigenin on chemiluminescence. Cheminescence
(CL) using different concentrations of lucigenim the presence of a constant

concentration of 100M X and 10 mU/ml XO (n = 4), * p < 0.001 vs. othgroups.
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2.3.2 Confirmation of O, production by X/XO

There was a highly significant positive correlatior= 0.94, p = 0.006) between
chemiluminescence and XO concentration in the paseof a constant
concentration of 10@M X (Figure 2.2). 50 U/ml SOD completely abolished
chemiluminescence in the presence of 100 uM X @hll/ml XO (p < 0.001),
indicating that @ was the principal active molecule generated unither

conditions of these experiments (Figure 2.3).
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Figure 2.2 The effect of X/XO on chemiluminescence. CL dudncreasing XO
concentration (log 10 scale) in the presence afrestant concentration of 1M X (n

=2),r=0.94, p = 0.006.
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Figure 2.3 The effect of SOD on X/XO-induced chemilumines@n€L due to
100uM X and 10 mU/ml XO with the effect of 50 U/ml SQD = 4-8), * p < 0.001 vs.

control.

2.3.3 Baseline characteristics of WBA participants

Venous blood was withdrawn from 12 healthy donaerd ased for preliminary
experiments. 8 (67%) donors were male and the raganwas 30.5 years (SD
9.2). No donor had a significant past medical hjstor was taking regular
medication. The baseline characteristics of 23uitant patients are shown in
Table 2.1. There was a high prevalence of additicaadiovascular risk factors
and regular medications prescribed. As patientsewiested on the day of
recruitment, all patients were taking regular aepiNo patient was taking

clopidogrel or any other antithrombotic medication.
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Baseline characteristics of WBA patients

Prevalence,
(n=23)

Patients’ characteristics
Age, mean (SD), y 62.7 (8.9)
Male, n (%) 17 (73.9)
Current smoker, n (%) 6 (26.1)
Hypertension, n (%) 11 (47.8)
Hypercholesterolaemia, n (%) 15 (65.2)
Diabetes mellitus, n (%) 10 (43.4)
Family history of premature CHD, n (%) 8 (34.8)
Previous myocardial infarction, n (%) 9 (39.1)
Previous stroke, n (%) 1(4.3)
Previous PCI or CABG, n (%) 7 (30.4)
Multivessel disease, n (%) 13 (56.5)
Preserved LV function, n (%) 18 (78.3)
Heart failure, n (%) 3 (13.0)
Drug treatment
Aspirin, n (%) 23 (100.0)
Clopidogrel, n (%) 0 (0.0)
Statin, n (%) 22 (95.7)
ACE inhibitor or ARB, n (%) 17 (73.9)
Beta-blocker, n (%) 17 (73.9)
Calcium channel blocken (%) 9 (39.1)
Diuretic, n (%) 5(21.7)
Nitrate n (%) 17 (73.9)
Nicorandil n (%) 11 (47.8)
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2.3.4 WBA intra-individual variability

Preliminary evaluation was performed on a singleaddlood sample to assess
the intra-individual variability of WBA. 6 experimés were performed within
one hour of venepuncture usingu@ml collagen as agonist. Agreement between

replicates was excellent, as shown in Figure 2dafmi3.612, SD 0.5164).
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Figure 2.4 Intra-individual variability of WBA (n = 6).

2.3.5 WABA agonist concentration-response

A range of collagen and ADP concentrations wergeteso assess the
concentration-response for each agonist, using rddmaod. The EGy for
collagen was found to be 3 pg/ml (Figure 2.5) amdADP was 5 uM (Figure
2.6). The EGy agonist concentrations were used for all subsegegreriments
to study the potential of ROS to modify aggregatioreither direction without
the limitation of testing near minimal or maximalntlitions. Therefore, although

maximal impedance values for each agonist wererdifft due to their different
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activation mechanisms, agonist concentrations weatched for the level of

activation of their respective receptors.
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Figure 2.5 WBA concentration-response curve for collagen {#).=
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Figure 2.6 WBA concentration-response curve for ADP (n = 5).
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2.3.6 WBA time-response

Due to the serial nature of experiments performadeach blood sample, |
assessed the variation in WBA over time, for eagbnest. WBA was tested
under identical conditions using donor blood ateimals of up to 6 hours
following venepuncture. There was a slight trenddollagen-induced WBA to
decrease after 6 hours although this was not stally significant (Figure 2.7).
ADP-induced WBA showed minor variation over timéhaugh there was no

significant change in aggregation between 1 andush(Figure 2.8).
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Figure 2.7 WBA time-response curve for collagen (3 pg/ml, B)=p = NS.
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Figure 2.8 WBA time-response curve for ADP (5 uM, n = 4), pIS.
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2.3.7 Comparison of WBA between donors and patients

There was no significant difference in WBA betwesmor blood and patient
blood, for each agonist. Under identical contratditions, WBA was 15.9 + 1.5
Q for donor blood (n = 12) compared with 15.4 + O &r patient blood (n = 23)
in response to 3 pg/ml collagen (p = NS). WBA w&#1.5Q for donor blood
(n = 10) compared with 9.3 £ 09 for patient blood (n = 23) in response to 5

UM ADP (p = NS).

2.3.8 Effect of X/XO on WBA

The effect of oxidative stress on WBA in 14 CHDieats was determined using
the X/XO reaction. The concentration of X was kepihstant at 100 pM,
whereas the concentration of XO was tested at D0ad 100 mU/ml to
engender incremental levels of oxidative stresgvipusly confirmed using
chemiluminescence. ROS produced by X/XO causedhaerdration-dependent
inhibition of WBA in CHD patients compared to casitr for both collagen
(Figure 2.9) and ADP (Figure 2.10). 100 uM X and X8U/ml XO inhibited
WBA in response to collagen by 28.9% (95% CI 15-944.8%, p < 0.001) and
in response to ADP by 36.0% (95% CI 9.6% - 62.4%, @005). The effect in
patients with diabetes mellitus did not differ sfgrantly from the effect in
patients without diabetes mellitus (n = 7, data staiwn). A smaller number of
identical experiments were performed using heatlbyor blood, which also
demonstrated concentration-dependent inhibitiow8fA, which was significant

at the highest dose of XO (n = 4, data not shown).
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Figure 2.9 The effect of X/XO on WBA in response to collagef(uM) + XO
(mU/ml) caused a concentration-dependent inhibiobWBA in response to 3 pg/mi

collagen in CHD patients (n = 14), * p < 0.05 vsntol.
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Figure 2.10 The effect of X/XO on WBA in response to ADP. XMj + XO
(mU/ml) caused a concentration-dependent inhibibbWBA in response to 5 uM ADP

in CHD patients (n = 14), * p < 0.05 vs. control.
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2.3.9 EC-platelet interaction

The effects of ECs on WBA in 9 CHD patients arevamon Figures 2.11 and
2.12. The addition of 1 x 2@ultured ECs caused a significant decrease in WBA
in response to collagen by 31.2% (95% CI 12.2%.2%0 p < 0.01) and ADP by
31.6% (95% CI 2.5 - 60.7%, p < 0.05). The inhibiteffect of ECs on WBA
remained significant after pre-treatment of ECshwiite combination of 100 uM

X and 10 mU/ml XO, in response to collagen (29.P%p CI 10.1% - 48.1%, p

< 0.01]) and ADP (32.6% [95% CI 3.4 - 61.7%, p<Q)03owever, pre-
treatment with 10@M L-NAME attenuated the inhibitory effect of ECshieh

was no longer statistically significant in respotseither collagen (21.6% [95%

Cl -7.2% - 50.5%, p = NS]) or ADP (9.2% [95% CI :#% - 63.1%, p = NS]).
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Figure 2.11  The effect of ECs alone and after pretreatment XitKO or L-NAME
on WBA in response to collagen. Cultured ECs irteitbiWBA in response to 3 pg/ml
collagen. This effect was not affected by 0@ X and 10 mU/ml XO but was no

longer significant after pre-treatment of ECs wilOuM L-NAME (n = 9), * p < 0.05

vS. control.
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Figure 2.12  The effect of ECs alone and after pretreatment XitKO or L-NAME
on WBA in response to ADP. Cultured ECs inhibite@AVvin response to 5 uM ADP.
This effect was not affected by 10 X and 10 mU/ml XO but was no longer
significant after pre-treatment of ECs with 1081 L-NAME (n = 9), * p < 0.05 vs.

control.

2.4 Discussion

After arterial injury or atherosclerotic plaque tue, circulating platelets adhere
to the damaged vessel wall and become activatejbyists in the extracellular
matrix such as collagen, von Willebrand factor dilbdinogen. Other agonists

such as ADP, thrombin, adrenaline and platelewaiitig factor potentiate the
platelet response. Once activated, platelets relgesules containing cytokines
and growth factors which lead to a cascade of sveesulting in platelet

aggregation, formation of a platelet plug and imeocases vessel occlusion,

causing a myocardial infarction or stroke. Recerglyidence has accumulated
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that ROS are heavily involved in the regulationptdtelet function, although

their precise role is complex (177).

Clarifying the actions of ROS on WBA in patientstlwisymptomatic CHD
extends our understanding of the pathophysiologgcote thrombosis, which in
patients who have undergone PCI is associated avtary high mortality (38).
This chapter investigated the direct effects ofdakve stress on human whole
blood, which has direct relevance to PCI as lamgeumts of ROS are released
from the artery wall during this period and may bmeplicated in stent
thrombosis. The greatest influence of ROS on taetstessel wall interaction is
likely to be derived from locally generated ROSaasesult of arterial injury
(principally via NOX) but also from elevated sysiertevels of circulating ROS,

which are increased in patients with CHD.

2.4.1 Preliminary results

My initial experiments confirmed that the X/XO réiac was generating ROS
within the time frame of WBA. The potential intemé@ce of lucigenin used in
these experiments was minimal, due to the verydoncentration used, which
has been shown to exert only minor effects on g@oduction (185). 5 uM
lucigenin was associated with very low chemilumaegse in my experiments. |
demonstrated that the WBA assay was reliable andistnt, with a low intra-
individual variability. All samples were tested hirt a time frame that | have
shown to have no impact on WBA. Notably, WBA was significantly different

between healthy donors and patients. | proposettiieaddministration of chronic

aspirin therapy negated the increased plateletegagtjon likely to be present in
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CHD patients compared with healthy individuals anamtithrombotic therapy.
The lack of difference supported the translatiorpdliminary methodological

data to the patient population.

2.4.2 Effect of ROS on platelet aggregation

One of the primary purposes of the current studg twaexamine, for the first
time, the effects of exogenous ROS on WBA in pasiemth clinically proven
CHD. My results have shown that R@@nerated by the X/XO reaction, cause a
concentration-dependent inhibition of WBA in thgssients. This reduction in
aggregation is demonstrated in response to thedadlly relevant agonists,
collagen and ADP. Whilst | have confirmed usingralieminescence that Qs
generated by X/XO, this reaction also leads todiwnstream production of the
highly reactive molecule, #, (187), which plays a significant role in the
modulation of platelet function. Additionally, atthgh resting platelets do not
produce NO, intracellular NO is formed followinginstilation with platelet
agonists (188), and this can react with @ produce ONOO(132), a potent
oxidant and additional contributor to platelet aggation (189). | propose that
these secondary molecules may have played a marirr the inhibition of

WBA in these experiments.

The reported effects of ROS on platelet functioa aariable and depend on a
variety of factors, especially the type and coneditn of ROS and the milieu in
which it acts. Using washed platelets in buffepp@sure to ROS generated by
X/XO led to irreversible aggregation to subthreshtdvels of ADP, although

there was no effect on collagen-induced platelefregation (190). In another
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study, collagen (but not ADP or thrombin) induced f2lease from platelets,
which stimulated ADP-dependent platelet recruitmenpreformed thrombus,
but did not in itself cause platelet aggregatiof0j1 Others have shown that
addition of X/XO to washed platelets led to releadethe surrogate marker
serotonin, thought to occur as a result of platatgjregation, whereas exposure
of platelets to X/XO also lowered the threshold ftirombin-induced
aggregation (191). This effect was blocked by S@Bgesting that © was the
relevant molecule involved. The,Ogenerator pyrogallol increased thrombin-
induced platelet aggregation, an effect which wlas alocked by SOD (192),
and increased arachidonic acid-induced plateleteggdgion, an effect which was
inhibited by dipyridamole (193Rut together, these data suggest the more likely

effect of Q on isolated platelets is pro-aggregatory, albdd m some cases.

Importantly, the addition of X/XO to platelets itafelet rich plasma (PRP) has
led to different results compared to those foundsotated platelets. In healthy
volunteers, X/XO led to potent inhibition of plagelaggregation in response to
ADP, collagen and U-46619 (a thromboxane mimetik94j. These findings
were attributed to the abolition of the second waskease reaction with an
overproduction of BO,, stimulation of guanylate cyclase and an increase
cGMP. This inhibitory effect on platelet aggregatiwas blocked by catalase,
but not by SOD, which suggested thaOzwas the crucial inhibitory ROS. The
inhibitory effect of HO, on ADP-induced aggregation has been confirmed in
other studies (195;196). There have been repodis Itliver concentrations of
H,0O, have the capacity to enhance subthreshold collagdnarachidonic acid-

induced aggregation, but not ADP-induced aggregdti®7;198).The influence
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of ONOO on isolated platelets has been varied, causiigregro-aggregatory
(199) or anti-aggregatory effects (200;201), butlss in PRP show that ONOO
consistently inhibits collagen, ADP, and thromlmaiiced aggregation
(199;202). Subsequent reports suggested that theddp@ndent inhibitory
effects of ONOO occurred at lower concentrations than the pro-egggory

effects (203).

Taking all of these data into consideration, théioas of ROS on platelet
function are diverse, depending on the molecul®lired, and concentration-
dependent. Furthermore, assessment of plateletidnnoust take into account
the environment in which aggregation is stimulattihough washed platelets
suspended in buffer can provide information ongpecific effects of substances
on isolated platelets, a more physiological enwviment can be simulated in
plasma or whole blood, which allow other blood ¢dusnts and endogenous
antioxidants to be represented which may antagdhesetimulation of platelets

induced by ROS (204).

The key finding from my results is that oxidativieess (generated by X/XO)
caused a concentration-dependant inhibition ofef@ataggregation in whole
blood derived from patients with CHD. | proposetthidas was caused by the
generation of secondary inhibitory ROS such a®©:Hand ONOQ possibly

related to endogenous substances present in whobel.bThe main goal of
future studies would be to confirm the precise mgemvolved, the mechanism
and the importance of this effect with referencehi® levels of oxidative stress

present in clinical situations such as PCI. A dosstimate of the potential

91



mechanism of this effect could be assessed by istydlye effects of SOD given
prior to X/XO, thereby removing the effects ob @Qnd causing generation of
H,0,. Catalase could be used to specifically assessoizeof HO, from the

system. In addition, other specific scavengers efosdary ROS including

ONOQO could be used to clarify the influence of thesdenuales.

2.4.3 Effect of ROS on the EC-platelet interaction

| demonstrated that healthy ECs maintain the gbibt inhibit WBA derived
from patients with CHD. ECs are thought to inhithitombosis predominantly
through the actions of NO, prostacyclin (205) ane &ctivity of an endothelial
ecto-ADPase present on the surface of ECs, idedtds CD39 (206;207). It was
reported that depolarization of ECs led tp @roduction, which inactivated the
ecto-ADPase, thereby decreasing the inhibitory @rigs of ECs on ADP-
induced aggregation, (208). Therefore it was exguethat ROS would at least
partly neutralise the inhibitory effect of healtBCs on WBA by opposing the
effects of NO and/or endothelial ecto-ADPase. HaveV have demonstrated
that the addition of exogenous ROS using X/XO thtle influence the inhibitory
properties of healthy ECs. This may have resultechfan overall equilibrium of
negative and positive effects on blood aggregafidwe. X/XO reaction may have
produced ROS such as ;0 which inactivated NO and endothelial
ectonucleotidases (actions that would promote aggien), but also produced
H,O, and ONOQ leading to inhibitory effects. To explore thigther, | have
shown that the inhibitory effect of healthy ECslecreased by the pretreatment
of ECs with L-NAME. This supports the notion thablated removal of EC-

derived NO from the blood decreases its anti-aggoey capacity, which
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implies an increased risk of thrombosis where dmel@tl dysfunction and

reduced NO bioavailability occurs.

2.4.4 Limitations

Well recognised limitations exist concerning thanslation of this work to the
clinical field. It is unclear how the addition ok@yenously derived ROS relates
to the extent and nature of ROS release followi@¢ Fhe main source of ROS
after PCI is generation via NOX, the output of whimay differ significantly
from the X/XO reaction. The effects of ROS on blaaghregation have been
investigated in isolation and subsequently in thes@nce of healthy ECs, rather
than in the presence of damaged endothelium angrésence of a foreign body,
as is present after coronary stenting. We mustpadtet the applicability of
thesein vitro studies to the clinical scenario of early stemoiibosis may be
limited. Porcine rather than human ECs were usedepdicate the effect of
human endothelium due to cost constraints, bugetrs unlikely that the effect

would have been significantly different if humand$Eliad been used.

2.4.5 Conclusions

ROS generated by X/XO produce a concentration-dég@nnhibition of WBA

in patients with CHD. This concurs with previouadiés in healthy individuals
using X/XO as a source of ROS and is likely to beesult of highly reactive
molecules such as B, and ONOQ which share inhibitory properties that
appear to predominate over Owhich tends to promote aggregation. Healthy

ECs maintain their physiological role to inhibitafglet-derived thrombus

93



formation in blood derived from atherosclerotic rammpopulations, even after
short term exposure to ROS. This suggests thaegtes to preserve endothelial
function and improve re-endothelialisation are ljykeo be beneficial after PCI.
However, persistent endothelial dysfunction or pgtendothelial regrowth due
to persistent drug or polymer effects after PAiksly to diminish the capacity
of the endothelium to generate NO, which could jpatients at greater risk of

stent thrombosis.
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Chapter 3

The effect of oxidative stress

on endothelial cell migration
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3.1 Introduction

After PCI, the migration of ECs to reconstitute tthenuded endothelium is a
crucial process that occurs early after vesselmeaun the rat carotid balloon
injury model, the endothelium regenerates at apprately 2-3 mm per week
(209), depending on the degree of injury, with meegere cases taking longer.
Deeper medial injury encourages more SMCs to negiathe neointima, which
inhibit the migration and proliferation of ECs ihat area (210). Endothelial
regrowth is specific to the species involved. Fatance, stent healing in pigs is
slower than in rats but still occurs around sixetinfaster than in humans (174).
Identifying the factors controlling the movementtloése vital cells is paramount
to understanding the mechanisms that contribut8Ro Besides a central role in
modulating vascular tone and haemostasis, regémeradf confluent
endothelium provides an impermeable barrier betwesdial SMCs and
circulating growth factors. ECs also produce a nemd§ growth-promoting and
growth-inhibitory factors which regulate SMC preliation. Healthy ECs
maintain the quiescence of SMCs by releasing NQ)(2ence, regeneration of

the endothelium significantly influences the extehheointimal formation.

ECs themselves are stimulated to a lesser degmeenhibited, by many
substances that stimulate SMC migration, such g®#msin-Il (212), serotonin,
noradrenaline and IL-1 (213). Factors that pront&@emigration include VEGF
(214), platelet-derived EC growth factor (PD-ECQRL5), oestradiol (216),
oxytoxin (217), ACE inhibitors (212), heparins (218ndothelins (219),

thrombin (220), tPA (221), high density lipoprotét22) and shear stress, which
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increases EC migration onto metallic stent surfd228). NO appears to exert a
biphasic effect on EC migration. Acute release @), Njenerated by eNOS,
reportedly promoted EC migration towards angiogdaitors, such as VEGF
(224), endothelin (130) and substance P (225). Npeared to exert its
stimulatory effect on EC migration through actieati of soluble guanylyl
cyclase mechanisms (226). On the other hand, obtzefs observed that chronic
basal endogenous NO release inhibited EC migrd#@id), an effect which was
matched by other NO donors (228). Since the retiognithat endothelial
recovery may reduce ISR and lower the risk of sterdmbosis, more attention
has been re-focussed on revascularisation devitéshwnight accelerate EC
regrowth (229;230). The effect of ROS on EC mignatis not well defined and,
given that oxidative stress is a major consequesfc®Cl, requires further
evaluation. Therefore, the aim of this study wamtestigate the effect of ROS
generated by X/XO on EC migration, using a scratond assay. The effect of

the antioxidant, probucol, on EC migration woulscabe evaluated.

3.2 Methods

3.2.1 EC culture

The method for EC cell culture is described in dletasection 2.2.4. Briefly,
porcine pulmonary artery ECs were removed fromhfigig hearts and cultured
in large vessel EC growth medium. ECs were maisthat 37°C in a humidified
atmosphere of 5% GOand used from passages 2 to 4. After obtainifigcEnt
quantities, the ECs were collected from T-75 flagks\g TrypLE Express and

seeded in 6 well plates.
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3.2.2 EC migration assay

EC migration was measured by the scratch woundadedls described by Burk
(231). Once grown to confluence in 6 well plate€sBvere made quiescent by
exchanging the serum-containing growth medium wadrum-free medium,
followed by the addition of 1 mg/ml gelatin. The £@&mained in serum-free
medium for 24 hours. Following this, a wound wagima the EC monolayer by
pressing a rigid razor blade down on the well. Blagle was gently drawn across
the base of the well, scraping the ECs to one (§idpire 3.1). Care was taken to
avoid reusing a damaged blade which had developed o the cutting edge,
otherwise lines of ECs would remain attached towtled#, perpendicular to the
wound. After a successful razor scrape, the dethced debris and medium
were aspirated and disposed of. Serum-free medium vmg/ml gelatin was
replaced and the test substance(s) was added aspigette. The ECs were
incubated for a further 24 hours. For each weldfacent regions consisting of
1,300 pm lengths of razor wound in the centre ef thicroscopic field were
examined and the number of cell nuclei that hadssed the starting line
produced by the razor scrape was counted. Weleplatere fixed and stained
using modified Wright-Giemsa stain. Images of migiga ECs were captured
using an inverted microscope (Nikon) and attachejital camera
(CoolSNAP™-Pro, Media Cybernetics). Representatiietomicrographs have

been enhanced digitally for graphical purposes.

3.2.3 Cell treatments

EC migration was tested under control conditiorfggraexposure to oxidative

stress using different X and XO concentrations \aitll without the antioxidant,
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probucol, and with probucol alone. Control cellsravalways treated with the
relevant vehicles alone. X and XO were dissolvedOnmM NaOH and PBS,

respectively and probucol was dissolved in PBS.

3.2.4 Statistical analysis

All data are expressed as the mean number + SEECsfwhich had migrated

across the 1.3 mm starting line after 24 hourse&fleriments were performed in
duplicate, on at least 2 different cell isolatesoups were compared using a t-
test or repeated measures analysis of variance pat-hoc Dunnett's test.

Statistical significance was confirmed at p < 0.@atistical analysis was

performed using the SPSS statistical software gpek#.0 for Windows (SPSS

Inc., Chicago, IL, USA).

Figure 3.1 Razor scrape EC migration assay. Confluent cut&@s before (A)

and after the razor scrape wound at O hours (B).
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3.3 Results

3.3.1 General toxicity of X/XO to ECs

Severe generalised toxicity was encountered whers BEre exposed to
conditions of oxidative stress, using X/XO. Mulagbopulations of cultured ECs
were exposed to X/XO for 24 hours and, even atively low concentrations,

ECs detached from the base of the well, renderimg migration assay
impossible. ECs remained adherent to the basesiprégssence of X/XO vehicles.
Extensive concentration ranging experiments werdopaed and eventually it
was found that the highest concentration of X/XQakhallowed ECs to remain
consistently attached to the base of the well waM1X + 0.1 mU/ml XO (Table

3.1). The tolerability of serum-fed ECs to X/XO wesnsiderably better than

that of quiescent ECs.
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Table 3.1 Toxicity of X/XO to cultured ECs after 24 hours.

Xanthine (uM) Xanthine oxidase (mU/ml) Serum medium Quiescent medium

100 10 x x
100 2.5 v x
100 1 ND x
10 10 x x
10 25 v x
10 1 v x
5 2.5 ND x
2.5 2.5 v x
1 10 ND x
1 2.5 ND x
1 1 v V%
1 0.1 v v

Key: v =ECs remained attached to plate
x = ECs detached from plate
v'[x = Variable detachment of ECs

ND = Not done

3.3.2 Effect of low concentration X/XO on EC migraion

1 uM X and 0.1 mU/ml XO inhibited EC migration sifycantly compared with

vehicle solutions (11.5 £ 0.5 vs. 27.5 + 1.0 migmtcells/wound, respectively
[p < 0.01]), as shown in Figure 3.2. The additidn26 uM probucol did not
influence the effect of X/XO significantly (13.4Gt4 migrating cells/wound, p =

NS, probucol vs. X/XO).
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Number of migrating cells

Control X/X0 X/IXO0 +
probucol

Figure 3.2 The effect of X/XO with and without probucol on Eigration.

Representative photomicrographs of control (A),M. X and 0.1 mU/ml XO (B) and 1
UM X + 0.1 mU/ml XO with 20 uM probucol (C) in tlseratch wound assay. D, X/XO
inhibited EC migration compared with vehicle, arfeef which was not altered

significantly by 20 uM probucol (n = 2), * p < 0.9%. control.
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3.3.3 Effect of probucol on EC migration

Given that probucol did not appear to protect EQairsst X/XO, 20 uM

probucol alone was tested to determine whetheitldvhave an effect on EC
migration in isolation. There was no significanffelience between probucol
vehicle and 20 uM probucol (13.4 = 3.7 vs. 10.4.2 thigrating cells/wound,

respectively, [p = NS]).

10.0-

5.0

Number of migrating cells

0.0-

Control Probucol

Figure 3.3 The effects of probucol alone on EC migration. Repntative
photomicrographs of vehicle (A) and 20 uM probu@) in the scratch wound assay.

C, There was no significant difference between gsaum = 3), p = NS.
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3.4 Discussion

3.4.1 General cytotoxicity of oxidative stress touttured ECs

| found that oxidative stress, applied exogenousding the X/XO reaction,
caused severe toxicity to cultured ECs, leadingvidespread cell detachment
within 24 hours. Direct observation of well platestaining X/XO revealed that
detachment started within an hour of exposure tXOX/and was virtually
complete within 8 hours. Although | did not dirgcpirove that cell detachment
was a consequence of cell death, this was higliipgirle because floating cells
displayed severe morphological changes and genelalar debris was evident
on the surface of the culture medium. The cytotbxiaf X/XO was very severe
in quiescent ECs, whereas serum-fed ECs had gtedétesince. Toxicity seemed
more dependent on XO concentration than xanthinecedration, because
serum-fed ECs retained adherence by reducing thecot@entration from 10
mU/ml to 2.5 mU/ml, whereas they showed persisietachment when xanthine
concentration was lowered from 100 uM to 10 pMavé already demonstrated
in Chapter 2 that 100 pM X + 10 mU/ml XO producamsicant quantities of
ROS. Thus, | propose that a high concentration GfSRn the cell culture

medium, released by the X/XO reaction, was resjptméor EC death.

3.4.2 Effect of oxidative stress on EC migration

Unfortunately, the migration experiments were selerhampered by the
somewhat unexpected severe cytotoxicity of X/XOvéttheless, migration of
ECs appeared to be significantly inhibited in tihesence of exogenous oxidative

stress generated by X/XO, within 24 hours. Invedingy the underlying
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mechanism for this effect fell outside the timeniefor this work, however,
future experiments could investigate whether RO%gted by X/XO deactivate
molecular signalling pathways involved in normabnatory activity. The effects
of SOD and inhibitors of NOX may help clarify thpesific role of @ in EC
migration. Given that EC motility is reliant on N@oduction, attempts could
also be made to eliminate NO from the cell cultusthg NOS inhibitors to
examine its effect on migration. The effects ofi@ditlants to oppose these

negative effects could also be tested.

Previous work by other groups also merits constamraA large proportion of
published work regarding the negative influenceoafdative stress on EC
migration has surrounded oxLDL, which acts as a keydant in vivo.
Overwhelming evidence exists to support the role@xiDL in atherosclerosis
(232) and the triggering of acute coronary syndmifg#33), therefore it is not
surprising that EC function is a target for itshmdbgical actions. Given that
repair of injured blood vessels is dependent onnii@ration following arterial
injury, the effect of oxLDL on this phenomenon ikkely to be important after
PCI. OxLDL increases intracellular ROS productignBs (234). Murugesas
al. (235) found that oxLDL markedly reduced EC migyatusing a razor wound
assay and this effect was concentration- and agig@aependent. In this work,
the antimigratory activity of oxLDL was not relianoh mortal cell injury, since
migration was re-established after removal of oxLfitdm the culture. Chavakis
et al. (236) also reported that oxLDL inhibited VEGF-imgal EC migration,
without inducing apoptosis or necrosis. This obaeon was associated with

dephosphorylation of the serine/threonine kinas#paétein kinase B, which led
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to deactivation of eNOS and a reduction in NO gath@n, thus inhibiting a

process which is partly NO dependent (237).

More evidence that ROS are pivotal in inhibiting E@ration by oxLDL has
been provided by van Aalstal. (126), and this work also provides an important
insight into my results. As in other studies, tmdiraigratory effects of oxLDL
on ECs was demonstrated using the razor scrape.abdabition of EC
migration was also confirmed using other agentswkndo stimulate ROS
production (lysophosphatidylcholine and naphthognes). In this study, the
effect of oxLDL was blocked by the presence of SOGDNADPH oxidase
inhibitors (DPI, quinacrine and hydralazine). Iltsmaot affected by mannitol or
glutathione, which inactivate OHanions, or catalase, which scavenge®Jii
These data suggest that oxLDL inhibits migratiorE@fs by causing the release
of O,, produced enzymatically by NADPH oxidase. Thistum, supports the
proposal that the antimigratory effects of X/XO B&s observed in my study

may have been mediated by O

Interestingly, direct administration of,8, (10-50 uM) had no effect on EC
migration, however higher concentrations (> 100 (dslysed ECs to lift off the
plate (126). This probably explains the generabipxicity of the X/XO reaction
in my study, which is known to produce large qusdi of HO, (238). The
inability of H,O,to inhibit EC migration suggests that different R@8y lead to
cell death compared to those that modulate matiyY OO, which is created by
the rapid reaction between NO and’,Ohas been shown to impair actin

polymerisation and inhibit movement of neutroptalsd fibroblasts (239;240),
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therefore it could also affect ECs. However, thepamance of this potent
oxidising substance in my study, or that of othamsh regard to EC migration

has not been established.

3.4.3 Effect of probucol on EC migration

| found that 20 uM probucol had no effect on EC maign in this assay.

Moreover, | have shown that probucol at the samme@atration was unable to
preserve EC migration in the presence of X/XO. Tas interesting, since some
data already exists to support the use of probtwoéncourage endothelial
healing in animal models (data from Chapter 1, &dbll). Pre-incubation with

probucol also reportedly provided ECs with protmctagainst fatal oxidative

injury (129). However, the inability of probucol fweserve EC migration in the
presence of oxidative stress is in agreement witbtheer study which utilised

oxLDL as a source of ROS (127). In an identicahifas to my results, probucol

led to minimal improvement in EC migration compaxeith oxidative stress. |

propose that probucol is insufficient to opposeittgbitory effects of excessive
ROS on EC migration, possibly due to its delayethkgpinto ECs (163;241) and

poor solubility in aqueous solution.

3.4.4 Limitations

Significant limitations exist in this work and th@esented data should be
interpreted in this context. In a few cases, theorascrape method caused
marked damage to the EC monolayer, resulting ifrragular starting line and
rendering some wells invalid for the EC migrati@say. The severe generalised

toxicity of X/XO severely limited the number of wlexperiments, therefore the
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number of different cell populations available &ach group was low and only a
single concentration of probucol was tested. Thacentration of probucol
chosen was however similar to that used in prevstudies (127). Nevertheless,
a concentration-response curve for probucol woakkhbeen valuable. It would
have been interesting to confirm the nature andrgxaf general cell toxicity of
X/XO using specific methods such as lactate delgeltase release assay or
trypan blue staining (242). Confirmation that EQyration was abolished in the
absence of cell death could have been tested legdex) the ECs in standard
growth medium to ensure their motility was re-ekshled. However, even in
those groups in which migration virtually ceasednptetely, cells maintained
their normal appearance and adherence in contastet findings in chapter 5
(Figure 5.2.1). Direct measurement of @roduction in the EC culture medium
would have been valuable to quantify and charadeROS generation by the
X/IXO reaction and the effect of probucol, althoutie former could be
indirectly confirmed by chemiluminometry reported Chapter 2.3.2. The
observer performing microscopic examination of E@ration was not blinded,
similar to previous work published in this area @lI27). The standard error
within each group was relatively low, suggestingttthe selection of analytical

fields did not suffer from major variability.

3.4.5 Conclusions

Taken together, the results of this study and sthedicate that oxidative stress
Is an important modulator of EC migration. The fdwt ROS may inhibit EC

migration has direct clinical relevance. In theisgtof PCI, potential sources of

ROS include oxLDL already present in atheroscleroticsidas and the
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consequence of the procedure itself, which is kndavgenerate ROS (243).
Elevated levels of circulating and local ROS, esdbcO,, could contribute to
delayed stent healing after PCI. Retarded re-emdlatisation would be expected
to encourage SMC proliferation and exacerbate miewah thickening.
Successful methods to reduce local levels of R@8iqolarly G, may promote
endothelial recovery and reduce ISR. Whilst thiglgtprovides no evidence that
probucol is beneficial, the evaluation of more potentioxidants with improved
pharmacokinetic profiles to achieve this goal magspnt an important step

towards the development of novel effective DES.
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Chapter 4

An in vitro evaluation of nitrone D

as a potential novel DES coating
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4.1 Introduction

Nitrone-based antioxidants represent a family o&cebn paramagnetic
resonance (EPR) spin-trapping agents, develop&dpoROS within biological
tissues (244). Investigation of several novel migdbased compounds in human
fibroblasts has suggested that the analogue, mittbhmay possess the most
favourable biological profile to take forward inpweclinical assessment (245).
The chemical structure of nitrone D is shown inufeg4.1. Nitrone D is a highly
lipophilic molecule which embeds deeply within lmigical membranes. This
renders it potentially appealing as a therapewgéentin atherosclerosis and other
inflammatory conditions characterised by lipid pedation and heightened
oxidative stress. Nitrone D has been shown to b&inationally effective
antioxidant by providing protection to human fibladis against oxidative
challenge with 150 uM D, (245). Another important effect of nitrone D was
the five-fold increase in relative SIRT 1 expressi245). SIRT 1 is a
deacetylase protein which is implicated in a broage of cellular functions
(246;247). Importantly, SIRT 1 promotes EC probfisosn and survival (248).
Furthermore, upregulation of SIRT 1 appears to gmewvxidative stress-induced
EC senescence, which may help to maintain a fumatiendothelium (249).
Established DES coatings (sirolimus and everolimggcrease SIRT 1
expression and cause a senescent phenotype in d&Csgffect which was

reversed by SIRT 1 overexpression (250).

Bearing in mind these encouraging data, nitroned3 whosen as a potentially

suitable DES coating for evaluation. First, | asedsthe effect of nitrone D on
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WBA to determine if it had favourable antithromlwoproperties that would be
attractive as a DES coating. As no data existsttfereffects of nitrone-based
antioxidants on platelet or blood aggregation, twsuld provide important
safety data for a novel compound to be potentiafigd as a stent coating. If
antithrombotic properties were identified, that npmtentially inhibit early stent
thrombosis and to some extent neointimal formatathough the antirestenotic
efficacy of anticoagulant coated stents has besmteld to date (251;252).
Second, and more importantly, | set out to test e¢ffect of nitrone D on
migration of cultured ECs. If nitrone D were topley favourable characteristics
in vitro, then it would be investigated as a DES coating preclinicalin vivo
model to assess whether it would improve endothedigrowth, reduce ISR or

lower the risk of stent thrombosis.
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Figure 4.1 The chemical structure of nitrone D.
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4.2 Methods

4.2.1 Chemiluminescence

Lucigenin chemiluminescence was performed withonigr D to establish that it
was acting as an antioxidant, according to the atetin Chapter 2.2.1.
Antioxidant efficacy was assessed using 50 U/ml S&3Da positive control in

the presence of 10@V X and 10 mU/ml XO.

4.2.2 Study population for WBA

This study was approved by the West Glasgow andddsity of Strathclyde
ethics committees. All participants were providedhwa PIS and gave their
informed written consent. All patients were receditfrom adult patients with
angiographic evidence of stable CHD, who attendesl Western Infirmary
Glasgow for out-patient cardiac appointments. Allignts were over age 18 and
receiving chronic oral aspirin therapy. Patientsevexcluded if there was a
history of myocardial infarction within previousronths, they were unable to
give informed consent or if they were taking anysstantithrombotic therapy (as

in Chapter 2).

4.2.3 Whole blood aggregometry

The method of WBA is described in Chapter 2.2.3a$sess the effect of nitrone
D, blood was incubated with increasing concentratiof nitrone D (1-100 puM),
for 1 minute prior to addition of each agonist. &y, to assess the effect of
nitrone D in the presence of oxidative stress, l0nitrone D was given prior

to adding 10uM X and 10 mU/ml XO, 1 minute before the additidragonist.
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4.2.4 EC culture and migration assay

The methods of EC culture and EC migration assaydascribed in Chapter
3.2.1-3.2.2. EC migration after 24 hours was mesbunder control conditions
and after exposure to 100 uM nitrone D. Controlscelere treated with the

relevant vehicle (PBS).

4.2.5 Statistical analysis

All data are expressed as the mean £ SEM, unlésswase stated. For WBA,
individual aggregation values were calculated gseecentage of aggregation
compared to control conditions. For EC migratidre humber of ECs that had
migrated across the 1,300 pm starting line afteh@drs was counted. All EC
migration experiments were performed in duplicate cultures derived from at
least 2 different animals. Groups were comparesgus t-test or repeated
measures analysis of variance with post-hoc Duisnetigst. Statistical
significance was confirmed at p < 0.05. Statistar@lysis was performed using
the SPSS statistical software package 14.0 for wusd SPSS Inc., Chicago, IL,

USA).

4.3 Results

4.3.1 Confirmation of antioxidant activity of nitrone D

The addition of 100 puM nitrone D prior to the reastbetween 100 uM X and
10 mU/ml XO abolished chemiluminescence in a simiéshion to 50 U/ml
SOD, indicating that nitrone D was acting as areaive antioxidant (Figure

4.2).
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Figure 4.2 The effect of nitrone D on X/XO-induced chemilumstence. CL due
to 100uM X and 10 mU/ml XO with the effect of 50 U/ml SCGihd 100uM nitrone D

(n=4), * p<0.001 vs. control.

4.3.2 Baseline characteristics of WBA patients

The baseline characteristics of 10 patients indude WBA are shown in Table

4.1. The prevalence of additional cardiovasculgk factors was high and most
patients were taking standard drug therapy for CAPIin Chapter 2, all patients
were taking regular aspirin and no patient wasnigldlopidogrel or any other

antithrombotic medication.
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Baseline characteristics of WBA patients

Prevalence,
(n=10)

Patients’ characteristics
Age, mean (SD), y 66.9 (10.0)
Male, n (%) 9 (90.0)
Current smoker, n (%) 3 (30.0)
Hypertension, n (%) 4 (40.0)
Hypercholesterolaemia, n (%) 5 (50.0)
Diabetes mellitus, n (%) 5 (50.0)
Family history of premature CHD, n (%) 3 (30.0)
Previous myocardial infarction, n (%) 5 (50.0)
Previous stroke, n (%) 0 (0.0)
Previous PCI or CABG, n (%) 1(10.0)
Multivessel disease, n (%) 6 (60.0)
Preserved LV function, n (%) 8 (80.0)
Heart failure, n (%) 2 (20.0)
Drug treatment
Aspirin, n (%) 10 (100.0)
Clopidogrel, n (%) 0 (0.0)
Statin, n (%) 8 (80.0)
ACE inhibitor or ARB, n (%) 6 (60.0)
Beta-blocker, n (%) 8 (80.0)
Calcium channel blocken (%) 4 (40.0)
Diuretic, n (%) 6 (60.0)
Nitrate n (%) 6 (60.0)
Nicorandil n (%) 5 (50.0)
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4.3.3 Effect of nitrone D on WBA

The effect of nitrone D on WBA in CHD patients isosvn in Figures 4.3 and
4.4. Nitrone D caused a concentration-dependeititidn of WBA compared to
control, for both agonists. Although the effecteafch individual dose fell short
of statistical significance, a linear trend wasdewit for each agonist (both p <
0.05 for trend). As in Chapter 2, 100 uM X and 10/ml XO inhibited WBA
non-significantly compared to control. However,tire presence of 100M X
and 10 mU/ml XO, 10@M nitrone D inhibited WBA significantly in response
to collagen by 18.4% (95% CI 3.9%-33.0%, p < 0&&%] in response to ADP by

39.0% (95% CI 0.2%-77.8%, p < 0.05).
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Figure 4.3 The effect of nitrone D on WBA in response to ag#n. Nitrone D (1-
100 pM) caused a concentration-dependent inhibiioWBA in response to 3 pg/ml
collagen in CHD patients (p < 0.05 for trend). 1M nitrone D and X/XO significantly

inhibited WBA (n =9), * p < 0.05 vs. control.
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Figure 4.4 The effect of nitrone D on WBA in response to AD##trone D (1-100
pLM) caused a concentration-dependent inhibitiodV&A in response to 5 UM ADP in
CHD patients (p < 0.05 for trend). 100 uM nitroneaBd X/XO significantly inhibited

WBA (n=7), * p <0.05 vs. control.

4.3.4 Effect of nitrone D on EC migration

Initially, the effect of nitrone D alone on EC magion was studied (Figure 4.5).
100 puM nitrone D caused a marked reduction in EGraion compared with
control (1.1 + 0.5 vs. 6.4 + 1.8 migrating cellsiwal, respectively [p < 0.01]).
Given that nitrone D alone severely limited EC ratgn, its influence on the

migration of X/XO-treated cells was not evaluated.
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Figure 4.5 The effect of nitrone D on EC migration. Represtwnta
photomicrographs of vehicle (A) and 100 uM nitrdn¢B) in the scratch wound assay.
C, 100 uM nitrone D severely inhibited EC migrat@mmpared with control (n = 4), p <

0.05 vs. control.
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4.4 Discussion

4.4.1 Nitrone D as an antioxidant
Nitrone D was found to perform well as an antioxidan chemiluminescence
experiments. In the presence of X/XO, nitrone D waldle to quench Ofrom the

surrounding environment in a similar fashion to SOD

4.4.2 Effect of nitrone D on WBA

Although no individual concentration of nitrone Dasvfound to inhibit WBA,
there was a trend across the concentration ranga afhibitory effect, which
may have reflected increasing antioxidant activAjthough antioxidants may
suppress the pro-aggregatory effects of plateleteld G, (177), this effect was
not confirmed by this study. When local oxidativeess was enhanced by X/XO,
addition of 100 uM nitrone D led to a statisticadignificantreduction in WBA.
As discussed in Chapter 2, the overall effect aigexous ROS generated by
X/XO in this assay is inhibitory, probably due teetrelative over-production of
anti-aggregatory ROS such agd4and ONOQ, rather than @. | speculate that
nitrone D may have been less protective againsibitoiny ROS; thus, co-
administration of X/XO and nitrone D resulted indéatve inhibitory effects on
WBA, which became statistically significant. | haleeind no data to suggest that
elevation of SIRT 1 or reduction in pl6 and p2l egg&xpression (245) are
alternative potential mechanisms of platelet irtiobi although this was unlikely
given the time frame of the experiments. To my kieolge, the effect of nitrone

D on platelet function has not previously been dbed. Therefore, this work
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provided evidence that nitrone D is likely to haaé,most, a minor inhibitory

effect on WBA.

4.4.3 Effect of nitrone D on EC migration

Surprisingly, nitrone D (100 uM) caused a marketuotion in EC migration. In
fact, migratory activity of ECs was virtually absitied by nitrone D. This was an
unexpected finding and rendered nitrone D very tuaetive as a novel DES
coating, which would ideally accelerate endothelegeneration. Although only
a single concentration of nitrone D was testedpdcslate that concentrations
less than 100 uM would not have been effectivealesince nitrone D was not
toxic to human fibroblasts up to 300 uM and rekdipvhigh concentrations are
desirable to trap ROS and the carbon-centred radieaulting from them (245).
Human fibroblasts grown in nitrone D had elevatdiRTS 1 transcription,
consistent with these cells being more adaptedreavty and survival (245).
Therefore positive effects were anticipated in #tisdy, as SIRT 1 is emerging
as a key protective regulator of ECs against okidastress (253;254). The
reason(s) for the marked inhibitory effect of niteoD on EC migration is
unclear, but can be explored by considering thecgs®es required for cell

motility.

Migration of ECs involves cytoskeleton reorganisatiextension of lamellipodia
and filopodia, with formation and detachment of eglons at the edges of the
cell to facilitate movement. Nitrone D is known teduce p21 expression in
human fibroblasts (245) and this effect may bevaaie to EC migration because

previous data supports a role for p21 activateddes in the coordination of
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leading edge adhesion formation and contractioati@hent of the trailing edge
of the cell (255). Another strong possibility wdsat the potent antioxidant
properties of nitrone D were responsible for reduE& migration. It is now
recognised that ROS have a dual role in affectelfraigration, which can be
stimulatory or inhibitory, depending on the typenaunt and duration of
exposure. Compelling studies by Moldovemnal. (256) and Ikedat €. (257)
found that ECs at the margins of a wound assayuysedmall amounts of ROS,
which appear to be essential for normal migratiblormal cell motility in
animals is based on changes in the actin cytoskelethich depends on the
response to numerous signals (258). Actin polyraBds, necessary for
cytoskeleton reorganisation, is mediated by tayeteysiological release of, 0
from ECs (256). Therefore, potent antioxidantsractieep within cells, such as
nitrone D, could disturb this process and leadrtpaired cell motility. In support
of this, a SOD mimetic and inhibitor of NADPH ox& both limited EC
migration (256). A finely balanced redox stateikelly to support EC movement
which, like platelet aggregation, is reliant on piojogical cellular ROS
generation, but may also be disrupted by disprapmately high levels of

oxidative stress present in pathological states.

4.4.4 Limitations

It would have been beneficial to test a varietycofcentrations and construct a
concentration-response curve for nitrone D in tRerkigration assay. The effect
of X/XO caused a lower chemiluminescence signal gamed to the values in

Chapter 2. This appeared to be due to considedatli variability in the assay,

which was unexplained. As a result, to maintainemsiic validity, all
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experiments for a given section were performeduiccession on the same day
and excellent reproducibility was achieved for idlead conditions within each
group. As in previous chapters, the relevanc oftro assays in whole blood to
the clinical setting is limited. Recent work ha®wh that some methods of
vitro platelet testing can predict clinical events aR€l and although supportive
data is not available for WBA, this method corretatwell with light
transmission aggregometry (259), which does disglayne prognostic value

(260).

4.4.5 Conclusions

Although | found that nitrone D displayed attraetiproperties by weakly
inhibiting WBA, it caused a marked reduction in Edigration. This latter
characteristic is highly undesirable as a potenD&S coating because, if
occurringin vivo, it could significantly impair endothelial healin@Given that
promotion of re-endothelialisation was a primaryjeghve of this research
project, nitrone D was no longer considered suitabt a potential novel

antioxidant DES coating.
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Chapter 5

The effects of a succinobucol-eluting stent

in a porcine coronary model
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5.1 Introduction

The advent of DES has enabled a vast array of cangsto be tested as local
treatments after stent deployment in a bid to nyoaliferial healing. The primary
objective of early DES was to inhibit neointimalpeyplasia and resulting ISR,
the main drawback of BMS. This goal has largelynbeehieved by the first
generation of DES, now in widespread clinical udewever, whilst DES have
successfully decreased the incidence of ISR, tHgnmos and drugs used as
coatings can cause delayed arterial healing annmmnfation, which both

increase the risk of late stent thrombosis, a p@tén life-threatening

complication (261). Thus, much effort is now beidgected towards the
development of novel polymer-free DES using dru@gcty inhibit ISR, but also

promote healing and reduce inflammation.

Previous studies have shown that probucol can eed@&R by inhibiting
neointimal hyperplasia and improving re-endothelalon after stent injury
(150;155). Probucol is thought to mediate theseehenl effects via its
antioxidant properties (148;262) and up-regulabbmeme oxygenase-1, which
induces vascular SMC apoptosis and promotes EQieum(160). Unfortunately,
in clinical trials, the effects of oral probucol ea been less consistent
(153;154;156;157). The efficacy of probucol as aSDEoating has been
evaluated in a preclinical model (263) and subsetiyien the ISAR-TEST-2
clinical trial, which showed that a non-polymer éasiual probucol/rapamycin-
eluting stent was equivalent to a polymer-basedmggin-eluting stent (264).

This was remarkable, given that rapamycin is knéavhave superior effects if
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delivered using a polymer (265). It is not clearettter probucol was exerting
polymer-like properties or if it was directly berogdl to vascular healing. The

efficacy of a probucol-eluting stent is currentlypuoven.

Succinobucol is a novel compound designed to imgprapon many of the
chemical and pharmacological properties of prob@€mure 5.1). It has several
properties highly attractive as a novel DES coatifige introduction of a
monosuccinate moiety onto a phenol group rendessirsnbucol slightly more
hydrophilic than probucol. This leads to considgraamhanced cellular uptake
compared with probucol, which suffers from poorasailability and requires
preloading for several weeks (157;163). Succinobpotently inhibits basal and
H.O»-induced levels of ROS released from human ECsnamabcytic cells in a
concentration-dependent fashion, whereas probuaslahmuch weaker effect
(163;166). Succinobucol also exerts antiprolifeateffects on vascular SMCs,
with 50% inhibition at 5 pM (165;166), compared hviprobucol which was
shown to exert no significant effect on SMC praotifieon up to 100 uM (165).
Succinobucol also has important anti-inflammataoeticas. In previous studies,
succinobucol potently inhibited pro-inflammatorytakine release by monocytes
and the expression of several pro-inflammatory sidimemolecules, including
vascular cell adhesion molecule-1 and MCP-1 (16351which may contribute
significantly to neointimal development (266;26¥he anti-inflammatory effects
of probucol in these studies was greatly limitecheSe comparisons with
probucol may partly explain the poor results ofl gmabucol in clinical studies

(154;157) and the negative preclinical effects gfrabucol-eluting stent (158).
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Finally, succinobucol also reduces platelet aggregawhich may be beneficial

in lowering the risk of early stent thrombosis (268

In the ARISE (Aggressive Reduction of Inflammati@tops Events) clinical
trial, oral succinobucol reduced the incidence gfooardial infarction, stroke
and diabetes mellitus (269). However, succinobgaoked more adverse effects
than placebo, worsened lipid profiles and increatie®l incidence of atrial
fibrillation. CART-1 tested oral succinobucol folng coronary stenting, but
the reduction in ISR was significant only if drugnaepliant patients were

analysed separately (156).

Succinobucol has never been evaluated as a DE8$gaatd appears to offer
significant advantages over probucol. It is possiblat locally targeted therapy
using stent-based delivery of succinobucol coulgrowe efficacy and reduce
systemic adverse effects. On the other hand, i&tneg cellular actions outweigh
the beneficial effects of succinobucol, deliveryhoh concentrations into the
artery wall may result in localised toxicity. Thensbination of succinobucol
with a recognised inhibitor of ISR such as rapamyuiay potentiate beneficial
effects on neointimal formation and negate the rgl@mmatory effects of

rapamycin on injured arterial tissue (170). Thege also some evidence
suggesting that oxidative stress may be linkedafmamycin resistance (270),
therefore local application of an antioxidant mawprove the efficacy of

rapamycin. Finally, succinobucol may improve thetieh profile of rapamycin

in the absence of a polymer, by retarding drugassein a similar fashion to

probucol (91) leading to improved efficacy. The ammthis study was to test
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whether succinobucol alone, or in combination wi#pamycin, coated on a
polymer-free DES would have a favourable effecti®R and vascular healing

after stent implantation.

HO OH

DR

Figure 5.1 The chemical structure of probucol (A) and sucbuewl (B).

5.2 Methods

5.2.1 Drugs

Succinobucol ([butanedioic acid, mono[4-[[1-[[3,5{,1-dimethylethyl)-4-
hydroxyphenyl]thio]-1-methylethyl]thio]-2,6-bis(1;1
dimethylethyl)phenyl]ester], previously known as IAT®67), the monosuccinic
acid ester of probucol, was synthesized by estatibn of probucol (Sigma-
Aldrich, Poole, Dorset). The identity of succinobligvas confirmed by NMR
spectroscopy and purity was in excess of 99%. 8abcicol is metabolically

stable and no significant active metabolites arméalin vivo (271). Rapamycin
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(sirolimus) is a macrocyclic triene antibiotic wigotent antiproliferative, anti-
inflammatory and immunosuppressive effects. It fancomplex with FKBP12,
which subsequently binds to and inhibits the mdbacgarget of rapamycin
(mTOR), causing arrest of cell proliferation. Rayam (purity > 95%) was

purchased from Cfm Oskar Tropitzsch (Marktredw@zrmany).

5.2.2 DES coating

The Yukon® DES (Translumina, Hechingen, Germanyg@dusn this study
consisted of a pre-mounted, sandblasted 316L etErdteel microporous stent,
which is designed for individualised and dose-adjole on-site stent coating.
The microporous stent surface enables increasagl dposition and improves
the drug reservoir capacity, allowing for retardidg release without recourse
to a polymer (272). All stents were 3.5 mm diameted 16 mm length. The
BMS were uncoated versions of the Yukon® stent. sMint coating solutions
consisted of drug(s) dissolved in 99.5% ethanodrilgt stent cartridges were
placed in the coating device (Figure 5.2) and cotateto a 1 ml syringe which
contained a predetermined volume of coating salu{@33 ml for a 16 mm
stent). Stent coating was achieved by a mobile corgaining 3 jet units, which
allowed uniform spraying of drug solution onto #tent surface. The total time
to spray coat the stent was approximately 6 mindiee coating device dried the
stent surface automatically by evaporating the rethavith pressurised air (4-6
atmospheres). When spray coating was complete, sthet cartridge was
removed from the machine and set aside for usaenwtiours. In the absence of
prior data, three succinobucol coating solutionS%®(5 mg/ml), 1% (10 mg/ml)

and 2% (20 mg/ml) were tested. The succinobucotewotnation that produced
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optimal strut coverage, using scanning electronresaopy (Hitachi S-4800),
was selected for preclinical evaluation. The coftregion of rapamycin coating
solution (2%) was derived from favourable data gsin identical Yukon® stent
platform (272;273). Three DES were evaluated: ecisobucol-eluting stent
(SES); a rapamycin-eluting stent (RES); a dual isobuicol/rapamycin-eluting

stent (SRES) and these were compared to an uncdaleth® stent (BMS).

positionable ring with
three jet units
disposable cartridge

balioon catheter |

: : drug reservoir
III
[ =

1 ] = J i |
drug

moving direction during drug supply conduit
coating process
sterile packaging

Figure 5.2 The DES coating device. Individualised, dose adhle DES coating
was achievable using a predetermined volume ofrapablution which was sprayed via

three mobile jet units onto the microporous stenfiage under sterile conditions.

5.2.3 Preoperative care and anaesthesia

Male Large-White/Landrace pigs (approximately 1Gekgeold, 20-25 kg) were
allowed to acclimatise for at least a week befammencement of the study.
Each pig was preloaded with oral aspirin 300 mg amad clopidogrel 300 mg 3
days prior to the procedure, followed by normalt diith supplementation of
oral aspirin 75 mg and oral clopidogrel 75 mg dddy the remainder of the
study. On the morning of the procedure, 2-3 stemeye prepared for

implantation. The pig was sedated by an intragluté@ection of
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tiletamine/zolazepam (Zoletil®) 100 mg i.m. and &tore of inhaled isoflurane
(1-2%) in oxygen/nitrous oxide. Intravenous aceess obtained via cannulation
of the marginal ear vein and propofol (Rapinove8®)mg i.v. was administered
slowly over 1-2 minutes. Immediately, tracheal bdtion was performed using a
5.5 French veterinary tracheal tube. The trachebé twas connected to the
ventilator and general anaesthesia maintained ghiut the procedure using a
mixture of isoflurane (1-2%) in oxygen/nitrous oxidPigs were given
buprenorphine (Vetergesic®) 0.15 mg i.m. for peeigive analgesia and
ampicillin (Amfipen®) 350 mg i.m. as antibiotic cen Electrocardiography

leads were connected to three limbs for cardiacitomng.

5.2.4 Invivo stenting

Heparinised saline (5,000 units heparin in 500 rAa¥®saline) was used to flush
all catheterisation equipment. The left groin anéahe pig was sterilised using
povidone-iodine (Betadine®) solution and the swabiteld was prepared with

sterile drapes. A 5 cm incision was made with ailstescalpel and the

subcutaneous tissue was divided. The underlyingclesisvere separated by
blunt dissection to expose the left femoral neuscu&ar bundle. The left femoral
artery was dissected carefully to separate it ftbenfemoral vein and femoral
nerve, which allowed a blunt suture holder to pase absorbable sutures
(Dexon™ [I) around the femoral artery (Figure 5.3Ahe femoral artery was

accessed between the two sutures using a humasradsal artery access kit
(Arrow® International UK Ltd, Middlesex). Arterigduncture was confirmed by
pulsatile arterial flow. The 0.025 inch soft tippgdidewire was passed through

the needle into the arterial lumen, the needlenea®ved and a 6 French sheath
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and dilator were placed over the wire. The wire ditator were removed and the

sheath was flushed with heparinised saline (Fi§38).

Figure 5.3 Intra-arterial access via the left femoral arterthe pig. A, Two sutures
were placed around the femoral artery, which liesveen the femoral vein and femoral

nerve. B, The sheath was inserted after arteriatfome and wire access.

Heparin 2000 units (100 units/kg) i.a. was admarest via the sheath. Real time
fluoroscopy (Siremobil 4N, Siemens) was used togenthe catheterisation. A
0.035 inch J-tipped guidewire was inserted into &rénch coronary guiding
catheter and both were advanced to the aortic dtod.guidewire was removed
and the catheter was attached to a 3 port maniéadnected to an electronic
pressure transducer, heparinised saline flush aadiographic contrast
(Omnipaque 140, GE Healthcare), with a luer lockrlGsyringe (BD 300-912)
attached to the distal end for intra-arterial iti@t. The catheter tip was placed
at the ostium of the left or right coronary artecgnfirmed by contrast injection.
Suitable guiding catheters were Judkins Right 3.8 for both coronary arteries
or Judkins Left 3.5 or Amplatz Right 1 for difficuhtubations. A 0.014 inch
coronary guidewire was introduced and advanced destal portion of a major

coronary artery. A Yukon® stent (type of stent vsdiaded to the operator) was
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prepared by passively filling the stent balloonhwit:1 contrast:saline and
advanced over the guidewire into a stable positiorthe proximal or mid
coronary artery, avoiding major coronary branchBslloon inflation was
performed for 20 seconds, aiming for a stent:antatip of 1.1-1.2:1 (typically 9-
12 atmospheres), i.e. slight over-sizing. Apprderianjury was confirmed by

angiography before the balloon and guidewire weneaved (Figure 5.4).

Figure 5.4 Angiograms of coronary stent implantation in thg @, Catheter in left

main coronary artery and guidewire in distal léftumflex coronary artery. B, Inflation
of balloon and stent deployment. C, Final angiogi@apesult with slight oversizing of
stent:artery ratio. All angiograms shown are righterior oblique 30° projection. In this

view, the left circumflex is medial to the left anbr descending coronary artery.

This procedure was repeated in a total of 2-3 amparteries in order to implant
2-3 stents per pig. Succinobucol was undetectabldood samples 1 hour and 1
day after stenting therefore implantation of mudigtent types in each animal
was permitted in accordance with published guiésli(175). During the
procedure, the pig received an intravenous sahifigsion (approximately 250
ml) to support blood pressure. The catheter andtBhwere removed and
haemostasis was achieved by manual pressure (btif2Qes) or ligation of the

femoral artery, if ongoing bleeding. The subcutarsetissues were closed with
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absorbable sutures (Dexon™ 1) and the skin waseclowith non-absorbable
sutures (Ethilon®). Anaesthesia was terminated &l pig was extubated.
Adequate recovery was ensured and the pig retunélde pen. All premature
and unexpected deaths were examined by post-mogewss evaluation and
stent examination. Approval was granted by Stratlecl University Ethics
Review Committee and all procedures were performaeder Home Office

Project Licence number 60/3410.

5.2.5 Pharmacokinetic studies

Drug loading of succinobucol was quantified iloyvitro elution of the SES in
pure ethanol, followed by HPLC analysis. To det@enin vivo release
characteristics of the SES, stents were harvestenlud, 1, 3, 7, 14 and 28 days
after implantation. At the end of each predefinedqal, the pig was sedated and
euthanized by a lethal dose of sodium pentobarfiathatal®) 3000 mg i.v.
The heart was removed via midline thoracotomy afateu in saline. The
coronary arteries containing stents were carefdigsected from connective
tissue. Stents were excised and surrounding drtieseue was homogenised.
Succinobucol in surrounding arterial wall and remay on the stent was
extracted into acetonitrile. Samples were chronrafgged on a Sphereclone
ODS (2) column (5 um particle size, 150 x 4.6 mnhefomenex, UK]).
Samples were injected using an autosampler and pystpm (Gynotek 480) in
20 pl aliquots, at a mobile phase flow rate of Y/mmm acetonitrile:water
(92.5:7.5). The detector (Detector 432, Kontrontrimaents, UK) output was

measured at a wavelength of 242 nm.
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5.2.6 Tissue fixation and processing

To determine efficacy, stents were harvested 28 dégr stent implantation. At
the end of the study period, each pig was sedatddeathanized as previously
described. The heart was examined for gross evedehenyocardial infarction.
The coronary arteries were dissected free from ectiwe tissue and the stented
segments were excised, including 3-4 mm of nontsteartery at each end. The
segments were rinsed with saline to remove nonfadhelot. The specimens
were fixed overnight in 10% formal saline, in anpEpdorf tube at 4 °C,
followed by dehydration in 100% acetone, overnight4 °C. The specimens
were then placed in glycol methacrylate (Technowt®O0, Kulzer) infiltrating
solution in an Eppendorf tube and left overnight &C. The following day the
specimens were removed and placed in a small plagtindrical tube, using
circumferential foam padding to ensure correctraaton (distal end of the stent
at the base of the tube). The tube was filled Wigélchnovit® 8100 embedding
solution and air bubbles were removed using forcegfore placing in the fridge
to allow the plastic resin to harden. The Techr®v8100 infiltrating and
embedding solutions were made up according to @weufacturer’s instructions.
This produced a small cylindrical block of plast&sin containing the stented
coronary segment. All blocks were randomly labellsdan external observer
with a numbered code, which was placed in a sealgdlope until the end of all

data collection and analysis.

5.2.7 Slide preparation

Each resin block containing the stented artery segrnwvas removed from the

plastic tube using a scalpel. The distal end ofréis&n block was stuck to a glass
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microscope slide using toughened acrylic adhesii®9-3991, RS). This
produced superior bonding compared to Super Glaoete®). Using a diamond
edged rotary saw (Buehler Isomet® 1000), the slide mounted on a chuck and
a thin section cut 300-400 um from the slide erfte fiew distal end of the resin
block was then stuck to another slide with adhesivgs process was repeated to
produce 6 good quality sections from the distgbrimximal portion of the stent.
Once cut, the sections were ground and polishetbhbg using a grinder/polisher
(Buehler Metaserv® 2000) to reduce the thicknesthefsection to 1@m and
give a uniform surface for staining and microscopu@luation. Sections were
stained using haematoxylin-eosin and modified @asst stain. Images were
acquired using a Leica DM LB2 microscope and Lé&¢aC320 digital camera.
Blinded histological analysis was performed usiognputerized morphometry

software (Image-Pro Plus, Cybernetics).

5.2.8 Histomorphometric analysis

Histomorphometric analysis was according to Sclenarél. (274) (Figure 5.5).
Neointimal thickness was calculated as the medartis from each stent strut to
lumen; neointimal area was calculated as stentraieas lumen area; diameter
stenosis was calculated as 100 x (1 — lumen atE& area). Binary ISR was
defined as> 50% diameter stenosis. Stent endothelialisationesewas defined as
the extent of the circumference of the arterialénncovered by ECs and graded
from 1 to 3 (1 = 25%; 2 = 25% - 75%>375%). Inflammation was graded as O,
none; 1, scattered inflammatory cells; 2, inflamomatcells encompassing 50%

of a strut in at least 25% to 50% of the circunreee of the artery; 3,
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Figure 5.5 Histomorphometry and injury score. Injury scoreswdefined as O, IEL
intact, media compressed; 1, IEL lacerated, mealapcessed; 2, Media lacerated, EEL

intact; 3, EEL lacerated. Stent struts are reptesoy rounded squares.

inflammatory cells surrounding a strut in at led%% to 50% of the
circumference of the artery. The intimal fibrin temt was graded as 0, no
residual fibrin; 1, focal regions of residual fibrinvolving any portion of the
artery or moderate fibrin deposition adjacent t® s$krut involving < 25% of the
circumference of the artery; 2, moderate fibrin adiwing > 25% of the
circumference of the artery or heavy depositionoimwng < 25% of the
circumference of the artery; 3, heavy fibrin degiosi involving > 25% of the
circumference of the artery. All sections were exemd for presence of
uncovered stent struts and evidence of in-stenbnibus was determined

throughout the entire stent length.
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5.2.9 WBA studies

As succinobucol was to be used for the first tiseaanovel DES coating, its
effect on WBA was investigated, primarily for sgfgurposes. This part of the
study was performed following the premature dedthwo pigs, to ensure that
succinobucol was not exerting a prothrombotic eff8¢BA was performed

according to the method described in section 2Ph& effect of succinobucol
(1-100 pg/ml) on WBA was determined using freshcpar blood, withdrawn

from the main pulmonary artery immediately aftethamasia for 4 pigs. 1 pl of
1, 10 and 100 mg/ml succinobucol (in 99.5% etham@ys added to 1 ml of
whole blood:0.9% saline (1:1), 1 minute prior tadiidn of agonist. 3 pg/ml

collagen and 20 uM ADP were used as platelet atgmshigher concentration
of ADP was used in this study because pigs wermda&lopidogrel, an ADP

receptor antagonist. Vehicle (0.1% ethanol) haeffect on WBA.

5.2.10 Cell culture studies

Bovine pulmonary artery ECs, obtained from a latabatoir, were seeded on to
6 well plates (up to passage 4) and grown to 708élwence. Succinobucol or
probucol was added to each well at concentratidr20( pmol/L) that have
previously been shown to inhibit SMC proliferatid9;165;166). An additional
well received the maximum amount of vehicle (0.3%ethyl sulphoxide). After
24 hours, the well plates were inspected and phapdgd, taking account of any
evidence of cytotoxicity. The medium was removead adherent cells were
dislodged using trypLE Express (Invitrogen, UK).ypan blue (0.07%) was
added to the cell suspension and cells countedyusimemocytometer. The

percentage of the counted cells not stained byatryplue is reported as the
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percent viable cells. Identical experiments wenégomed using abbatoir derived
bovine pulmonary artery SMCs, grown to 90% confiesnin additional
experiments, 3-morpholinosydnonimine (SIN-1, a ggnitrite donor) 0.2 uM
was used to generate oxidative stress and admiuste bovine aortic SMCs
alone and in combination with succinobucol or pduOriginally, the effect of
succinobucol on cell proliferation was to be stddiehowever the
proinflammatory actions of the SES foumdvivo and the damaging effects noted
in cell cultures led to a change in the protocolatidress cytotoxicity and

viability.

5.2.11 Toxicology studies

Given that succinobucol is a close analogue of geob which is known to
prolong the QT interval, the effects of succinoduaan the surface
electrocardiogram was assessed. 500 pg succinofarc@pproximation of the
mass of drug carried on a SES) was infused intoranary artery of a pig, not
included in any other study. Electrocardiograpmd haemodynamic monitoring
was performed throughout, looking specifically fevidence of ischaemia,
dysrhythmias or QT interval prolongation. Succinotduconcentration in the
blood (withdrawn from the pulmonary artery) was swad 1 hour and 1 day

after implantation of 2 SES, using HPLC.

5.2.12 Statistical analysis
Histomorphometric data for each stent was the mefarsix sections from
proximal to distal end. The endothelial score, anfinatory score and fibrin

score were the mean of two sections per stent. fsmoeans were calculated and
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then compared by one-way analysis of variance asttHpoc Dunnett’s test. For
WBA experiments, aggregation in response to ADP sagerely reduced by
clopidogrel, therefore values are absolute impeelakor the efficacy study, a
sample size of 9 per group was calculated to peodd% power to detect a
treatment difference of 30% between groups at asided 0.05 significance
level, based on the assumption that the SD ofdbpanse variable (neointimal
area) was 20% as shown by similar studies in theip® model (58;272). All
data are expressed as mean + SEM unless othertaisel.sSignificance was
established by a value of90.05. Statistical analysis was performed usirgy th
SPSS statistical software package 14.0 for Wind@®®RSS Inc., Chicago, IL,

USA).
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5.3 Results

5.3.1 Optimisation of SES coating

0.5% (5 mg/ml), 1% (10 mg/ml) and 2% (20 mg/ml) goobucol solutions in
99.5% ethanol were sprayed onto a Yukon® stentexiadnined using scanning
electron microscopy. 1% succinobucol coating sotutproduced a smooth
uniform complete drug layer, optimal for the Yuko®#S delivery system and
was therefore considered most appropriate for jmieal assessment (Figure
5.6). 0.5% succinobucol produced incomplete stowecage, with some areas of
stent sparsely covered with drug. 2% succinobucmdyced excessive coverage,
with surplus drug deposition between struts andtatlysation of drug (10-25 pm
diameter) present on the surface of the stent,iwmay become hazardous after
balloon dilatation if distal embolisation were tacar. The coating device
provided drug deposition on the exterior (ablumirsirface of the stent struts,
whilst the interior (adluminal) surface remainedesgially uncoated with drug

(Figure 5.7).
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Figure 5.6 A comparison of stent coverage for succinobucotingasolutions. A,

0.5% succinobucol provided suboptimal coverage ditig (incomplete coverage areas
are white). B, 1% succinobucol produced optimaltstoverage. C, 2% succinobucol

caused surplus drug deposition and crystallisg&iM, x 100 magnification).

Figure 5.7 A comparison of uncoated and 1% succinobucol costeuts. ABMS

with microporous surface designed to act as a vesefor drug deposition (insert:
expanded BMS). B, 1% SES with smooth uniform draget (insert: SES with drug
deposition on abluminal surface). Main figures (SEM1000 magnification); inserts

(SEM, x 100 magnification).
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5.3.2 Drug loading of SES

The total drug loaded on the SES using 1% succrabwas measured in 4
stents. The coating process produced a mass of-4&6b g succinobucol per
SES. The drug loading of the RES using 2% rapamkeis been reported as
producing 479 + 26 pg rapamycin/tif265), which is equivalent to 842.7 + 46

pug for a 3.5 mm x 16 mm stent.

5.3.3 Invivo study plan

6 pigs underwent coronary stenting to investigat@vo pharmacokinetics of the
SES and 19 pigs underwent coronary stenting as gfattte in vivo efficacy
study. The study plan is shown in Table 5.1. N pigd prematurely during the
pharmacokinetic study. There were 2 unexpected giene deaths during the
efficacy study. One pig died the first night afseiccessful implantation of a RES
and SRES. Post-mortem examination identified negrevidence of myocardial
infarction, however careful dissection of the ca@ynarteries revealed occlusive
stent thrombosis (Figure 5.8) in both stents. Aordcpig died on the operating
table during recovery from general anaesthesiatileardiographic monitoring
displayed ventricular fibrillation during cardiacrest (Figure 5.9). Post-mortem
examination showed no gross cardiac abnormality,tiere was evidence of
occlusive stent thrombosis in both stents (SES @R&S). The diagnosis for
both premature deaths was acute stent thrombosikir{(w24 hours). 17 pigs
completed the 28 day efficacy study and 41 steet®\available for histological

evaluation.
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Table 5.1 In vivo study plan. Premature deaths are highlightedey (uig 2 and 5

in efficacy study). Each pig received 2-3 stents.

Pig LAD LCx RCA
Pharmacokinetic study
1 (1 hour) SES SES SES
2 (1 day) SES SES
3 (3 days) SES SES
4 (7 days) SES SES
5 (14 days) SES SES
6 (28 days) SES SES
Efficacy study
1 SES BMS
2 SRES RES
3 BMS RES
4 RES BMS
5 SES SRES
6 RES BMS
7 BMS RES
8 BMS RES
9 BMS RES
10 RES SES
11 RES SES
12 SES SRES
13 SES BMS RES
14 BMS SES RES
15 SRES SRES BMS
16 SRES SES SRES
17 SES SRES SRES
18 SRES SRES SES
19 SRES BMS SES
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Figure 5.8 Fatal stent thrombosis in the pig. A, Gross cardi@@cimen showing no
evidence of myocardial infarction. B and C, Disgmttof coronary artery revealed

occlusive stent thrombosis.
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Figure 5.9 Ventricular fibrillation during cardiac arrest aft stent implantation.
The electrocardiograph shows 4 normal sinus bed#ltsrMfed by an R on T phenomenon

inducing fatal ventricular fibrillation.
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5.3.4 Invivo release profile of SES

To determinean vivo release characteristics of succinobucol from inehSES,
13 SES were deployed in 6 pigs, using the techsi@sepreviously described.
Each pig received 2-3 stents in different cororaatgries (n = 2-3 for each time
point) and specimens were harvested 1 hour, 1, 34 And 28 days after stent
implantation. The SES provided sustaimedivo drug release for up to 4 weeks
(Figure 5.10). 59.4% of the total succinobucol lkeédn the SES was eluted
during the first week and 81.0% was eluted afted@@s. This was very similar
to the release profile of the RES, which retardggdrelease for greater than 3
weeks, with around two-thirds released during tlivst fweek (272;273).
Succinobucol concentration in coronary artery gsgumediately surrounding
the stent was quantified at 1 hour, 1, 3, 7, 142fhdays after stent implantation
(Figure 5.11). At 1 hour, succinobucol concentratio surrounding artery tissue
was 22.4 ng/mg. At 1 day, succinobucol tissue cotnagon peaked at 825.9
ng/mg. Succinobucol concentration in surroundirigrgitissue was > 200 ng/mg
for the remainder of the study. At 28 days, sudoutm| tissue concentration was

242.2 ng/mg.
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Figure 5.10 Invivo release profile of SES. Succinobucol elution wastolled over
4 weeks, with the majority of drug released in fingt week. Data points represent %

succinobucol released as a percentage of totalldaagd on the SES.
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Figure 5.11  Succinobucol tissue concentration after SES intptaon. Succinobucol
concentration in surrounding artery tissue peakeday after implantation and was

maintained for the duration of the study period: (8).
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5.3.5 Efficacy results

In total, 41 stents were implanted in the coronarteries of 17 pigs for
evaluation of efficacy at 28 days (BMS, n = 11; SES10; RES, n = 10; SRES,
n = 10). Representative photomicrographs from emohp are shown in Figure

5.12.

Injury score

There was no significant difference in injury scoetween groups (Figure 5.13).

Vessel size

EEL area was increased in the RES group, compaitédaW other groups (7.84
+ 0.30 mm, 7.52 + 0.28 m 9.03 + 0.30 mmand 7.61 + 0.22 mffor BMS,
SES, RES and SRES, respectively, p < 0.05). |[Eh 6874 + 0.27 mA) 6.35 +
0.30 mnf, 7.94 + 0.29 mrhand 6.56 + 0.24 mfjh and stent area (6.35 + 0.24
mn?, 6.01 + 0.27 mrf) 7.54 + 0.29 mmand 6.29 + 0.24 mfh were also
increased in the RES group (BMS, SES, RES and SRiSBectively, both p <

0.05). Other group comparisons were not statisyicagnificant.

Medial area
There was no difference in medial area at 28 daysden groups (1.10 = 0.06
mn?, 1.17 + 0.07 mM 1.10 + 0.06 mmand 1.05 + 0.06 mifor BMS, SES,

RES and RSES, respectively, p = NS).
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Figure 5.12  Representative photomicrographs of stent secti@hdS (A,B) had
moderate neointimal formation; SES (C,D) had theteatensive neointima; RES (E,F)
had minimal neointimal growth; SRES (G,H) had matkemeointima similar to BMS.

A, C, E, G (x 2 magnification); B, D, F, G (x 10 gméfication).
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Figure 5.13 A comparison of injury score between groups. Ngnigicant

differences were present (n = 10-11), p = NS.

Neointimal area and thickness

Neointimal area was increased significantly in 8S group, whereas there was
a trend to decreased neointimal area in the RE8pg(Bigure 5.14). Similar
results were evident for neointimal thickness (Fégb.15). There were no
significant differences in neointimal area/medisdaa Neointimal area/IEL area
and neointimal area/EEL area were both increasgdifisiantly in the SES,
compared with BMS (both p < 0.01). In all grougs theointima was composed
almost entirely of SMCs with inflammatory cells amal the struts and little

extracellular matrix (Figure 5.16).
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Neointimal area (mm2)
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Figure 5.14 A comparison of neointimal area between groupsimMinal area was

increased significantly in SES, compared with BMS$=(10-11), * p < 0.01 vs. BMS.
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Figure 5.15 A comparison of neointimal thickness between gsouNeointimal
thickness was increased significantly in SES, caeghavith BMS (n = 10-11), * p <

0.01 vs. BMS.
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Figure 5.16  Representative photomicrographs of stent sectifiligh power).
A, Neointima (n) over stent struts (s) was made prpdominantly of SMCs.
B, Inflammatory cells (i) around a strut in SES.T®jn endothelial monolayer (e) over
the adluminal surface of a stent strut in RES. Decdvered strut with interruption of
endothelium. E, Luminal thrombus (t) over an ardapoor re-endothelialization.

F, Fibrin (f) deposition around a strut in SES. gdctions (x 20 magnification).
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Diameter stenosis

SES caused a significant increase in diameter sienwhereas the decreased
diameter stenosis in the RES group was not sigmfi¢p = 0.17) (Figure 5.17).
The rate of binary ISR (> 50% diameter stenosispsueed by histological
analysis was 9.1%, 60%, 0% and 20% for BMS, SESS REd SRES groups,

respectively (p < 0.01).

Diameter stenosis (%)

BMS SES RES SRES

Figure 5.17 A comparison of diameter stenosis between groDjmneter stenosis
was increased significantly in SES, compared wiMB(n = 10-11), * p < 0.05 vs.

BMS.
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Lumen area

The lumen area was increased significantly in t&&SRroup and the decrease in

lumen area in the SES group was of borderline Bagmice (Figure 5.18).

Lumen area (mm2)

BMS SES RES SRES

Figure 5.18 A comparison of lumen area between groups. Lumea &as increased
significantly in RES and decreased of borderlimgnsicance in SES, compared with

BMS (n =10-11), * p < 0.05, ** p = 0.05 vs. BMS.
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Endothelial regeneration

28 days after implantation, all BMS and SES haermaothelial score of 3. Two
RES and two SRES had an endothelial score of 26v@l from mean of two

sections per stent). This resulted in a small bwt-significant reduction in

endothelial score in both rapamycin groups (p 0PpJable 5.2). The mean
semiquantitative percentage of circumference caveseendothelium was 98.3
+ 1.0%, 98.3 + 1.1%, 96.4 + 1.8% and 96.0 + 2.3%8MS, SES, RES and

SRES, respectively, p = NS. The rate of stents @it uncovered stent struts
was 9.1%, 0%, 30% and 0% for BMS, SES, RES and SiR&s, respectively

(p = 0.08).

I n-stent thrombus and fibrin deposition
The rate of stents with in-stent thrombus was 27.3986, 20% and 20% for
BMS, SES, RES and SRES groups, respectively (B%)0Fibrin scores were

markedly higher in both succinobucol groups (Td&h®.

I nflammation
Inflammatory infiltrates present in the sectionseea8 days were significantly
increased in SES and significantly reduced in RE&bke 5.2). Inflammatory

cells were most prevalent close to the stent s(Ritgire 5.16).
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Table 5.2. Healing and inflammation.

Group Endothelial Fibrin Inflammatory
Score Score Score
BMS (n=11) 3.00 £ 0.00 0.09+0.20 1.96 £0.4
SES (n=10) 3.00 £ 0.00 0.95 + 0.69* 2.35416*
RES (n=10) 2.90+0.21 0.15+0.24 1.55 862
SRES (n=10) 2.90+0.21 1.25+0.83* 2.00@00

*p < 0.005 vs. BMS; ** p < 0.05 vs. BMS.

5.3.6 Invivo toxicology of succinobucol

500 pg succinobucol infused directly into the kfiterior descending coronary
artery over 10 minutes (50 pg/ml at 1 ml/min) wasllwolerated with no
evidence of ischaemia, thrombosis or QT prolongati®he infusion was
repeated after BMS implantation (to induce endadh&hjury) with no adverse
effects. Vehicle (0.5% alcohol) was tested withimgident. The SES caused no
significant change in QTinterval (410.3 + 14.5 ms before vs. 422.3 + 7$ m
after SES implantation, p = NS). No succinobucos$ watected in blood samples

obtained from the pulmonary artery 1 h or 1 dagradeployment of 2 SES.

5.3.7 Effect of succinobucol on WBA

There was no significant effect of succinobucol1l(D pg/ml) on WBA
compared with control, in response to 3 pg/ml gdta (Figure 5.19) or 20 uM
ADP in porcine blood (Figure 5.20). All pigs wenedted with aspirin and

clopidogrel.
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[Succinobucol]

Figure 5.19 The effect of succinobucol on WBA in response tollagen.

Succinobucol (1-100 pM) had no effect on WBA inp@sse to 3 pg/ml collagen in

porcine blood (n =4), p = NS.
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Figure 5.20 The effect of succinobucol on WBA in response PA Succinobucol

(1-100 uM) had no effect on WBA in response to 20 ADP in porcine blood (n = 4),
p = NS.
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5.3.8 Effect of succinobucol on cultured ECs and S@k
Succinobucol caused marked toxicity to culturedibewpulmonary artery ECs

and SMCs.

EC culture

After 24 hours, 1 uM succinobucol caused a few ECdetach from the well
plates in culture, whereas above 5 puM, succinobcaosed almost all ECs to lift
off the plate (Figures 5.21). Trypan blue stainsigpwed that adherent ECs
remained viable up to 5 UM succinobucol. Howevath wigher concentrations

of succinobucol, there was a significant declin&@ viability (Figure 5.22).

SMC culture

After 24 hours, 1 uM succinobucol caused a fewscill detach from the well
plates in culture, whereas above 10 uM, succindlzaagsed almost all SMCs to
lift off the plate (Figures 5.23). The adherent SMi@ad significantly reduced
viability in 1, 5 and 20 puM succinobucol (Figure2%). Probucol was
considerably less toxic to SMCs than succinobuadthh minor detachment of
SMCs occurring only in 20 uM probucol (Figure 5.28robucol had no

significant deleterious effect on SMC viability ¢feire 5.26).

Protection against SIN-1
0.2 puM SIN-1 reduced viability of ECs and SMCs. M succinobucol did not
protect against SIN-1-induced toxicity, whereasM probucol provided some

protection (Figure 5.27).
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Figure 5.21  The effect of succinobucol on cultured ECs. Afdrhours, there was
evidence of concentration-dependent cytotoxicigguiting in total cell detachment in

10 uM and higher concentrations of succinobucolfmfecation x100).
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Figure 5.22 The effect of succinobucol on the viability of adént ECs. Cell
viability was reduced at concentrations of 10 uM &igher (n = 4-6), * p < 0.05 vs.

control.
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Figure 5.23  The effect of succinobucol on cultured SMCs. ARdrhours, there was
evidence of concentration-dependent cytotoxicigguiting in total cell detachment in

20 uM succinobucol (magnification x100).
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Figure 5.24 The effect of succinobucol on the viability of adent SMCs. Cell

viability was reduced in 1 uM, 5 uM and 20 uM (A4-8), * p < 0.05 vs. control.
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Figure 5.25 The effect of probucol on cultured SMCs. After Bdurs, there was
maintained cell adherence with only minor cell dataent at the 20 uM probucol

(magnification x100).
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Figure 5.26  The effect of probucol on the viability of adher&MCs. Probucol had

no significant effect on the viability of remainiaglherent SMCs (n = 4-5), p = NS.
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Figure 5.27 The effect of succinobucol and probucol on SINwdticed toxicity.
Succinobucol was unable to protect ECs and SMCm fRIN-1-induced toxicity,
however probucol provided some protection (n =4®) < 0.01 vs. control, ** p < 0.05

SIN-1 vs. SIN-1 + 1 uM probucol, p = NS all othengarisons.

5.4 Discussion

Since both oxidative stress (117;275;276) and nmfteation (18;277) are
responsible for increased neointimal formationhdse to investigate the novel
antioxidant and anti-inflammatory drug, succinoducoated on a stent, without
a polymer to reduce the potential for adverse &ffeSuccinobucol reportedly
had shown many properties which were extremelyactitre as a potential DES
coating. These included potent antiproliferativéeets on SMCs (165;166),
inhibitory effects on vascular inflammation (1636)6antiplatelet effects (268)
and rapid uptake into cells (163), all of which wesuperior to probucol, the
parent molecule with promising results for the greion of ISR and promotion

of endothelial healing, especially in animal modék9;150).
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5.4.1 Effects of succinobucol

Drug coatings were sprayed onto unexpanded stengshalloon, therefore drug
deposition occurred onto the abluminal surfacectins ideal for a modern DES.
Preferential abluminal DES coating allows more ¢ted drug release into the
artery wall, reduces systemic exposure and limdtemtially unforeseen drug
toxicity to the ECs which repopulate the adlumistalt surface. This technique
iIs now specifically employed in several modern D&8rently in clinical use
(278-280). Stent-based delivery of succinobucol wasmally controlledin
vivo, despite the absence of a polymer, with around-thwds of the drug
released during the first week. This matches cjoske period after stent

deployment when ROS are released in large quanfrioen the artery wall (243).

However, surprisingly, local delivery of succinobugncreased inflammation
and neointimal growth. Rate of ISR was also sigaiftly increased in the SES
group. Subsequently, succinobucol was found toatldste cells in culture
leading to cell detachment and loss of viabilityowéver, cell toxicityin vitro
was much less marked with probucol. Rapamycin getant inhibitor of SMC
proliferation but has no deleterious effect on e@bility (281). | postulate that
succinobucol exacerbated neointimal formation bwsoey direct cellular
damage and inflammation, negating any putative |ldoeneficial effects.
Localised cellular deterioration and necrosis wolive been likely to recruit
inflammatory cells, as was observed. Degree oaimfhation has been shown to
correlate positively with neointimal growth (282)cdathis relationship has been

reaffirmed by my results (Figure 5.28). Analysis laiman peripheral artery
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Figure 5.28  Scatter plot of inflammatory score and neointithédkness. Neointimal

thickness was strongly correlated with inflammatscgre (r = 0.67, p < 0.001).

atherectomy specimens demonstrated that macroplaagekucocytes account
for almost a quarter of neointimal cells in casdsI®R (283). Coronary
atherectomy specimens from several patients whorbeeived the paclitaxel
derivative, 7-hexanoyltaxol (QP2)-eluting polyméerdgs, which also increased
ISR, displayed widespread inflammatory aggregatesk féorin deposition in a
SMC-rich neointima (284). These histological fingsnare analogous to those
found with succinobucol in this study. Thus, | ppep that the accumulation of
inflammatory cells around SES struts caused inecagproduction of
chemotactic cytokines and growth factors, whichttethe proliferation of SMCs

and increased neointimal formation.

Succinobucol did not cause improved arterial hgalrecause increased fibrin

and excessive inflammation around SES stiatsivo after 28 days are both
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features of poor healing (274). Fibrin and platelet thrombus adhere to
metallic stent struts within hours of implantatidsiormally, this progressively
resolves over the following weeks, principally dagesorption by macrophages,
which secrete a number of fibrinolytic enzymes (286). Near-total fibrin and
thrombus resorption is a feature of complete atdrealing in both animal and
human models. Increased fibrin deposition seeroth BES groups after 28 days
in this study closely matched the late histologiiadings of other potent
antirestenosis therapies that impede arterial mgalsuch as intracoronary
radiation (287) and polymeric DES (62). Endothetedeneration was difficult
to assess in this model because, at the end ofstinty, the BMS were
completely re-endothelialised. However, the toxifeas of succinobucol on
cultured ECs suggest that endothelial healing wa$ accelerated by
succinobucol. In fact, succinobucol may have waegeneointimal formation
due to toxicity to ECs, which inhibit SMC proliféian (21;22). Although it has
been shown that phenolic antioxidants can providéeption against oxidative
stress, they can also lead to generation of secpnddicals that may modify
important intracellular targets with the potenttal cause pro-oxidant effects
(288;289). This may also explain some of the unfiaable cellular responses

identified in our study.

In light of the poorly performing SES, one of th@shobvious concerns related
to possible “overdosing” of the SES on injured male tissue. A 1%

succinobucol coating was selected for precliniclSDevaluation. This was
based on the physical properties of the coatirtberahan attempts to predict the

coating concentration necessary to replicate pusiyopublished cell culture
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data. The latter approach is not a common or sttfagvard method of DES
development, since estimating the concentratiordrofy coating required to
achieve a pre-specified local tissue concentraisofraught with difficulties.
From priorin vitro studies, 10 uM succinobucol exerted potent ardemi and
anti-inflammatory effects, whereas 5 puM was ~50%ilitory to SMC
proliferation (165;166). Unfortunately, quantifyingpe concentration of drug
coating required to obtain this narrow therapeuticge in target tissue would
require evaluation of multiple coatings, with refgeh measurement of
succinobucol levels in the artery wall. The relasbip between coating
concentration, drug loading and target tissue autnggon is dependent on
multiple factors including stent surface affinityrfdrug,in vivo release kinetics
and subsequent partitioning into local and distéesues. This level of
preparatory work has considerable resource deméeysnd the scope of this
research, and its value has not been proven by gtioeips. Another potential
method could utilise complex mathematical modellibgt this prediction is
likely to be imprecise as the relationships mayletinear. In my viewin vitro
techniques to simulatin vivo pharmacokinetics are of limited value, not least
because mosh vitro release kinetics are performed in aqueous sokito the
ability to replicate tissue absorption is greatippaired. Ultimately, 1%
succinobucol coating was chosen because it prowededllent coating of stent
struts, no overspill onto the balloon and no aasparse deposition, which was
present with lower concentrations. The local tissoecentration was quantified
at various time points after SES implantation dnd tvas compared to in-house
cell culture experiments, which were perfornaéy thein vivo study period, to

provide supporting data. The succinobucol concéatrameasured in arterial
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specimens throughout the 28 day study period (Z@D-Bg/mg, which is
equivalent to 300 uM — 1.3 mM succinobucol) wasuarb one hundred-fold
greater than the concentration reported to cauiexatant, anti-inflammatory
and antiproliferative effects in previous studies0 (UM succinobucol is
approximately 6 ng/mg tissue). However, 1-20 pMcsubucol was found in
this study to cause severe toxicity to cells intung. It was not possible to
investigate the effects of much higher concentratiavhich were measured in
the arterial tissue, to cells in culture due tauffisient solubility. The mass of
succinobucol loaded on the SES (~450 pg per stead)similar to that of other
drugs loaded on DES which are even more potenbitaing of cell proliferation,
but share similar release characteristics and disslubility. For instance, the
tissue concentration of rapamycin measured aftecessful drug elution in a
porcine model (272) was around one thousand-fadatgr than that required to
inhibit SMC proliferation (281;290), yet this steist currently used in clinical
practice. Similar findings were reported in anotpexclinical study of polymer-
based rapamycin (58), which provided positive datar to clinical trials. It
follows that adjustment of the coating concentratito target a narrow
therapeutic range (effective in cell culture) i¢ adundamental prerequisite for
early DES development. It is clear, however, thagd may differ considerably
in their safety margins. In retrospect, | belielattinclusion of a “low dose” (e.g.
0.1% or 0.5%) and “high dose” (e.g. 1%) SES wouwdslehbeen preferable and

this is supported by recently updated consenswefines (175).
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5.4.2 Effects of rapamycin

The inhibition of neointimal growth by around arthwith the RES in this study
was very similar to previous preclinical data usamgidentical non-polymer stent
platform (272) subsequently validated in a clinie¢aél (89), although this

finding was not significant. No evidence of mednaicrosis was evident in the
RES group, but the extent of re-endothelialisatwas reduced, albeit non-
significantly, consistent with previous reports X62Inflammation was

significantly reduced by the RES, which is in agneat with a similar study of
the same stent with rapamycin at a lower conceatrgd72) and another study

evaluating polymer-based rapamycin (58) in a percmodel.

5.4.3 Effects of succinobucol/rapamycin combination

When used in combination, the succinobucol coatimggired the antirestenotic
effect of rapamycin. It is likely that the undesie biological effects of
succinobucol on the artery wall opposed the actmhsapamycin, although |
cannot rule out the possibility that succinobucolpaired the delivery of
rapamycin. In terms of neointimal growth, the dD&S performed similarly to
the BMS. Persistent fibrin deposition was presad, in the SES group,
indicating suboptimal arterial healing, but inflamton was no different to
BMS, suggesting equipoise between the toxic pramfhatory effects of

succinobucol against the anti-inflammatory actibrapamycin.

5.4.4 Other predictors of neointimal growth

The increase in EEL area identified in the RES prafter 28 days may have

been a chance finding. A possible confounding fagtas increased rates of
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(blinded) implantation of the RES into the RCA, alniwas a significantly larger
vessel than the branches of the left coronary sy¢teean EEL was 7.86 + 0.21
mnv, 7.55 + 0.23 mA and 8.77 + 0.35 mimfor LAD, LCx and RCA,
respectively, p < 0.05). This discrepancy in vessed may have confounded the
results for the RES group, although injury scoresemvell matched. Without
baseline measurements, it was not possible to rdeterthe role of positive
arterial remodelling, an uncommon sequela of DE@lamtation, however no
cases of incomplete stent apposition occurred (2BEgardless of whether
vessel enlargement was acquired or not, neointtimakening was inversely
correlated with EEL (r = -0.53, p < 0.001), confing the relationship between
smaller vessels and ISR (292). As expected, thexe av positive correlation
between injury score and neointimal thickening (1056, p < 0.001), but
importantly, no relationship between vessel sizé @egree of injury (r = 0.01, p
= 0.95). Injury scores were also closely matchasivéen groups and < 20% of
sections showed excessive injury, which is consistaith consensus
recommendations (274). Overall the mean injuryeseas 1.61 (SD 0.19) which

was appropriate for the porcine restenosis model.

5.4.5 Premature deaths

Two unexpected premature deaths occurred duringetheacy study. These
were probably both caused by acute stent thrombdisis recognised that
difficulties exist in diagnosing whether stent timtmosis occurred premortem or
postmortem. Ventricular fibrillation was witnessgdor to the second death and
this was probably the mode of death for the fingt fvat died suddenly, also

within 24 hours. The occurrence of ventricular wgtimias suggested
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unrecognised acute ischaemia, which was most lidaby to stent occlusion. It
was not possible to determine whether a partidylae of stent was responsible
for stent thrombosis due to the small number ohesreSudden death may be
more common in drug-eluting stents, principally daestent thrombosis (293),
but importantly, the early mortality rate in thisidy was less than the suggested
maximum of 15% for the porcine model (274). To shbat succinobucol itself
was not likely to be directly responsible for thempature deaths, rather than the
stent procedure itself, it was found to be toletatesll when infused down the

coronary artery and not found to be proaggregdtmmantiaggregatoryin vitro.

5.4.6 Comparison with other studies

In CART-1, although oral succinobucol improved awny artery dimensions six
months after coronary stenting, the drug failethfluence neointimal growth, as
observed by intravascular ultrasound (156). Thétwloif oral probucol to reduce
neointimal growth has been variable, with encourggesults in predominantly
animal models (148-150;155;262), but negative rspdan other studies
(153;154;156;157;161;294). Other compounds reledsmad DES have been
shown to cause local cell toxicity and increasdidmmation following coronary
stenting. Polymeric paclitaxel (62;295) and siralsyeluting stents (62;272) are
both associated with impaired healing, greateamfhation and persistent fibrin
deposition after arterial injury. Despite theseetilious effects, both are widely
used in clinical practice because of their abiiityeduce ISR. Gold-coated stents
increased ISR compared with BMS, despite encougagarly preclinical results
(296). Aggravated neointimal growth and incomplegaling was caused by an

actinomycin-eluting stent (174), as was found iis s$tudy. The effects of the
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dual SRES contrasted markedly with the effects fodoucol/rapamycin stent on
an identical platform, which reduced ISR comparablya polymeric sirolimus-
eluting stent (264). The dual probucol/rapamycensalso caused no increase in
inflammation (263). Therefore, stent-based delivenfy succinobucol in
combination with rapamycin does not produce simgiffiects to probucol. This
study suggests that a critical factor determinimg efficacy of antioxidants used
in DES is the balance of their local cellular acfoand toxicity. It is also
possible that the inferior results of the SRES pgrazompared with the
probucol/rapamycin stent may relate to more ragsle uptake of succinobucol
compared with probucol, which could cause lesgdataon of rapamycin release

from the stent.

5.4.7 Study limitations

This investigation of succinobucol coated stent®rafrterial injury used a
standard preclinical model. It is possible that #feect of local delivery of
succinobucol in human atherosclerotic coronaryrimtewould differ from the
effect demonstrated in normal pig coronary arteridgevertheless, the
morphological characteristics of neointimal growththe porcine model are
similar to that found in human coronary arterie87)2 Further study is required
to determine the concentration-response (partigutar low dose) and the long-
term effects of succinobucol loaded on a stenhoalgh | think a beneficial
action is unlikely. The pharmacokinetic profiletbe SES was characterised by
measurement of drug remaining on the stent at wariime points and by
estimation of drug levels in surrounding arteriabtie, as described by a recent

consensus document for the preclinical assessmemES (175). In vitro
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estimation of drug elution was avoided due to te&ative insolubility of
succinobucol in aqueous solutions. An alternativethod to determine drug
release involves the use of radio- or fluorescaebéling to measure the
concentration of the succinobucol in blood or @atesegments adjacent to the
implanted stent, but this was not possible due ésource demands. Drug
concentration was not measured in downstream mgnoar from the target
artery or in other organs such as liver and kidteeywssess the possibility of
systemic effects. A very early time point (such7adays in the efficacy study)
would have been useful to help determine stenttbosis risk and the presence
of early re-endothelialisation. This was not paried in this research to preserve
group sizes, although smaller numbers (minimurne8ts) are probably required
for this endpoint. Further characterisation of ithfeammatory cells (for instance,
semiquantitative division into monocytes/macroplsagéymphocytes and
neutrophils) may have helped to unravel the cellated molecular mechanisms
responsible for excessive neointimal growth causgduccinobucol. It would
also have been beneficial to section the stenta fvoth premature deaths in the
efficacy study, as certain histological features ahnaracteristic of premortem
stent thrombosis (variegated platelet-fibrin, thbus layering and adhesion to

the artery wall, and presence of polymorphonudeacocytes (274)).

5.4.8 Conclusions

These data suggest that 1% succinobucol is nov@ufable stent coating for
clinical studies. After 28 days, the SES was asdedi with widespread
inflammation, substantial late fibrin deposition danncreased neointimal

formation. This maladaptive tissue response is mksly related to localised
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cell toxicity, increasing inflammation and impaigimealing. The succinobucol
coating also inhibited the effects of rapamycimira polymer-free DES, thereby
reducing its antirestenotic properties. More stsidiee required to determine the
role of succinobucol and other antioxidant compaufoit the prevention of ISR

and promotion of stent healing.
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Chapter 6

The relationship between oxidised LDL, endothelial

progenitor cells, coronary endothelial function andwhole

blood aggregation in patients with CHD
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6.1 Introduction

Vascular injury caused by PCI elevates oxidativesst (298;299) and leads to
increased oxLDL in the blood (114;115), which caracerbate endothelial
dysfunction and impair arterial healing (102;23®B0The mechanisms by
which oxLDL exerts these effects are not fully urseod. The traditional
paradigm of endothelial repair is based on the atign and proliferation of
mature ECs from the wound edge to repopulate ttee cfi injury. OxLDL
inhibits EC migration (126;235;236) and therefomapairs this process.
However, endothelial repair is also now thoughbeoregulated by mobilisation
and homing of bone marrow-derived endothelial pnitge cells (EPCs) to sites
of vascular damage, which have the potential téehhtiate into ECs (176).
Circulating levels of EPCs in blood are increasefloWing several forms of
endothelial injury including tissue ischaemia (30yyocardial infarction
(302;303) and PCI (304). Mobilisation of EPCs isdmaéed by cytokines such as
VEGF (305) and granulocyte macrophage-colony sttmg factor (GM-CSF)
(301), and is thought to be dependent on NO (3@d)culating EPCs are
augmented by measures which increase NO bioaV#@yalsuch as exercise
(307) and drug therapy with statins (308;309) or EA@hhibitors (310).
Conversely, the number of EPCs in the vasculatppears to correlate inversely
with the presence of cardiovascular risk factonsictv reduce NO bioavailability
(311;312). Patients with stable CHD have fewerutating EPCs than healthy
controls (311;313;314), and lower levels are asdedi with worse

cardiovascular outcome (315;316).
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EPCs are more resistant than mature ECs to the &ffacts of oxidative stress,
probably due to greater expression of potent amtéo® enzymes, including
manganese SOD, catalase and glutathione peroxuasgs) reduce intracellular
levels of ROS (317;318). This defence mechanism atlayw EPCs to proliferate
and differentiate in areas of high oxidative stresgh as inflamed and ischaemic
tissues. However, EPC function and survival rensisceptible to oxidative
stress (319), and their antioxidant defences maynpaired in the presence of
elevated C-reactive protein, a biomarker and agiasicipant in atherosclerosis
(125). The addition of oxLDL to cultured EPCs hasi shown to impair EPC
survival and function in a dose-dependent manri4;8R0), an effect attributed

to eNOS inhibition (321).

Taken together, then vivo relationship between oxLDL, EPCs and coronary
endothelial function is likely to be a critical tac which can influence vessel
healing. Oxidative stress, resulting in elevated.[@x, may increase vascular
damage and inhibit endothelial repair due to ingghiEPC mobilisation and
survival. This could exacerbate coronary endothetlgsfunction. As the
endothelium modulates thrombosis and haemostasigefect in endothelial
function may cause increased blood aggregabilityichvcould increase the risk
of stent thrombosis following PCI. A schematic dag depicting these

relationships is shown in Figure 6.1.

Through these suggested interactions, systemidslese oxidative stress are

likely to contribute to the ability of injured artal tissue to repair after PCI.

Oxidised lipoproteins represent one of the majoidative influences on the
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vascular system, being potentially responsible dogoing endothelial injury,
inflammation and impairing healing. There is linditdata supporting a direct
link between whole blood aggregability and clinidtalombosis (322), however
similar methods of platelet testing such as lighh$mission aggregometry have
demonstrated prognostic value (260). The aim af $hidy was to investigate the
in vivo relationships between plasma oxLDL levels, the lpemnof circulating
EPCs, coronary endothelial function and WBA in @ats with symptomatic
CHD. This information may provide indirect evidenas to whether elevated
levels of oxidative stress (which is increased IBl)Rould impair some of the
mechanisms involved in arterial repair after stepiry, exacerbating endothelial

dysfunction and rendering the stented artery movagto thrombosis.

Oxidative

stress
Increased oxLDL

Fewer EPCs

Endothelial dysfunction
(Abnormal response to ic Ach)

Figure 6.1 The potential relationship between oxidative strdsPCs, endothelial
dysfunction and blood aggregation. Increased oxubdy lead to fewer circulating

EPCs, exacerbating endothelial dysfunction andicguscreased blood aggregability.
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6.2 Methods

6.2.1 Study population

The study was approved by the West Glasgow ethmsindttees. All
participants were provided with a PIS and gavermfax written consent. All
patients were scheduled to undergo elective PCdtiordard clinical indications.
All patients were over age 18 and were receivingl aspirin and clopidogrel
therapy. The characteristics of each patient wa$pect to factors which can
modify endothelial and platelet function were retaat. Patients were excluded if
they had a history of myocardial infarction wittBrmonths, if they were taking
any other antithrombotic therapy or if they werabile to give informed consent.
On the same day, prior to angiography, venous bigasl taken for immediate
assay of circulating EPC levels and WBA. Plasma wsi@ased at -70 °C for

subsequent oxLDL assay.

6.2.2 OXxLDL Assay

OxLDL was detected by the commercial Mercodia stkd-site enzyme-linked

immunoassay (Diagenics, Bletchley, UK). In this agsstwo monoclonal

antibodies were directed against separate antigkrterminants on the oxidised
apolipoprotein B molecule. Samples were snap-thaate8l7 °C for 3 minutes.

All samples were run in duplicate on a single as3&e average coefficient of
variation of the duplicates was 0.6%. The lowestda value was 36 U, which
iIs above the lowest standard (10 IU). All samplesrentherefore within the

sensitivity of the assay.
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6.2.3 EPC Assay

Quantification of EPCs was performed by fluoresaaiivated cell sorting
(FACS) analysis using a flow cytometer. 1 ml of ED&nticoagulated blood
sample was added to 100 pl of FcR Blocking Rea@diitenyi Biotec). After
20 minutes of incubation, 20 ul of the blocked blawas added to 20 ul of anti-
VEGF receptor-2 (KDR) antibody with isotype contnabuse IgG1-APC used as
a control. The blood was incubated for 30 minutesce and sheltered from the
light. 20 pl of 7-amino-actinomycin D (AAD) viabili dye was added for the
exclusion of nonviable cells. 20 pl of CD45-FITC/8&DBPE antibody
combination was added and CD45-FITC/CTL-PE was wsed control. The
solution was incubated at room temperature for 2@utas, sheltered from the
light. Diluted lysis buffer was made up by addir@4ul 10x buffer to 3.6 ml of
water. After 20 minutes incubation, 500 pl of buffeas added before a further
10 minutes of incubation in the dark. 100 ul ofoflospheres was added to
prepare the sample for FACS acquisition. Data wesdyaed using Cellquest™
Pro software (BD). Analytical gates were used toneerate the total number and
subsets of circulating cells. Samples were run artbtal of 250,000 events were
counted or after a 20 minute cut off. Data wereestdor interpretation at the
same time by one observer to remove bias. EPC ntaten was calculated as:
(No. CD34KDR"™ events x concentration fluorospheres)/total flspteres

recovered.

6.2.4 Whole blood aggregometry

WBA was performed according to the method describedChapter 2.2.3.

Collagen (3 pg/ml) and ADP (20 uM) (Labmedics Ll Manchester, UK)
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were used as platelet agonists, within 3 hourseofepuncture. 20 uM ADP is
commonly used to assess clopidogrel response (3¥BA was measured as
absolute change in impedance 5 minutes after t#i@d of agonist, compared

to baseline.

6.2.5 Coronary endothelial function testing

All vasodilator medication was withheld for 24 hsurior to testing. Coronary
endothelial function was measured in a coronargrarwithout significant
stenosis (< 40% diameter), not scheduled for P@ik Was done by the standard
method of assessing the change in luminal diameseng quantitative coronary
angiography (QCA), in response to an intracoromafysion of the endothelium-
dependent vasodilator, acetylcholine. In healthyeraas, acetylcholine causes
release of NO from ECs, leading to vasodilationemalothelial dysfunction, the
NO response is blunted and the direct muscarinico$mmuscle response to
acetylcholine predominates, causing paradoxical oc@sstriction (324).
Following baseline coronary angiography, the opliaragiographic projection
for the study artery was selected, avoiding oveilagp side-branches. A 3
French infusion catheter (Cook Medical, Limericieland) was placed into the
proximal portion of the coronary artery to be saablvia a standard 6 French
guiding catheter. After intracoronary infusion ofo% saline as a control,
endothelium-dependent vasomotion was assessed bhgl gefusions of
acetycholine (Miochol-E, Novartis) in the followirgrder: 1 M, 10°> M and
10* M. All infusions were given at a flow rate of 2 /minute for 2 minutes.
Careful attention was paid to the dead space witteninfusion equipment to

ensure accurate delivery of acetylcholine. Assumanghean coronary artery
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blood flow of 50 ml/minute (325), the final bloodbrcentration for each
acetylcholine infusion was estimated at 4 M, 4 x 10° M and 4 x 10 M,
which was appropriate for assessment of a rangevasbmotor responses
(recommended range $@ 10° M) (326). At the end of each infusion, coronary
angiography was recorded using non-ionic contrasdiom (Omnipaque™, GE
Healthcare) in the standard fashion. Serial angiogr were performed using
identical projections, table height and magnificati The acetylcholine infusion
was terminated if significant ischaemia or bradgcar were observed.
Endothelium-independent vasomotion was then as$esgean intracoronary
bolus injection of 400 pg isosorbide dinitrate.réfquired, a further dose of
isosorbide dinitrate was administered to fully msee any latent effects of
acetylcholine, ensuring maximal coronary arteryodistion, before a final

angiogram was recorded.

Quantitative Coronary Angiography

Coronary angiograms were stored digitally at theld&o Jubilee National
Hospital, Glasgow for subsequent analysis. An aatech edge-detection
software system (Centricity CA1000, GE Healthcavey used to measure the
luminal diameter of the coronary artery distal ke tinfusion catheter, at end
diastole. The mean percentage change in luminaleter compared to control in
two distinct 5 mm segments was calculated for eaatient following each
infusion and after final nitrate injection (eachafsis segment consisted of five
separate measurements 1 mm apart). Each segmergasiyg identifiable by
anatomical landmarks (such as side branches). BEelt function was

represented by the vasomotor response to the higblesated acetylcholine
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concentration. One patient did not receivé' M acetylcholine due to recurrent
transient atrioventricular block. All other patisentreceived all three

concentrations of acetycholine. Negative changesessel diameter represent
vasoconstriction, compared to control. All QCA as&éd was performed by a

single observer, blinded to all other study results

6.2.6 Statistical analysis

A formal power calculation was difficult due to tl&ploratory nature of the
study, however a sample size of 23 patients wanaisd to provide 80% power
to detect a relationship between the independahtt@ dependent variables at a
two-sided 0.05 significance level, if the true chann the dependent variable is
0.3 units per unit change in the independent vhiabhis was based on the
assumption that the SD of the independent vari@xXeDL) is 0.3 and the SD of
the dependent variable (endothelial function) i$50(327). A previous small
study reported a significant correlation betweehix and endothelial response
to acetylcholine in 15 patients (328). All data agressed as mean + SEM
unless otherwise stated. Correlations were perfdrnosing the Pearson
correlation coefficient. Coronary responses forheadusion were compared
using analysis of variance and post-hoc Dunnedtss. tStatistical analysis was
performed using the SPSS statistical software gpekd.0 for Windows (SPSS

Inc., Chicago, IL, USA).
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6.3 Results

6.3.1 Baseline characteristics of patients

The number of patents included in each part ofstbdy is shown in Figure 6.2.
23 patients consented to the study between Jun& a0@ April 2010. The

endothelial function study was abandoned in onepatiue to time constraints
in the catheterisation laboratory. All 22 remainipgtients underwent coronary
endothelial function testing. OXLDL assay was pemied in the first 14 patients,
but was not available for the remaining patient8AMassays were performed
for all patients. Circulating numbers of EPCs wené/ available for 18 patients,
due to technical problems with the assay. The besealharacteristics of the
patients are shown in Table 6.1. All patients hlabiic stable angina and were
taking standard pharmacotherapy. There was a losvapgnce of diabetes
mellitus but high prevalence of other cardiovascuisk factors. Most patients

had single vessel coronary artery disease.

23 patients
consented to the studv

1 patient abandoned due
to time constraints in
catheterisation laboratory

A 4

A 4

22 patients underwent endothelial
function testing and provided
venous blood sample

4 EPC assay not
performed
2 machine breakdown,
1 analysis error, .
1 late arrival of sample

\ 4 A 4 A 4

18 patients had 14 patients had 22 patients had
EPC assav oxLDL assav WBA assav

Figure 6.2 Patient flow diagram for study.
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Table 6.1 Baseline characteristics of endothelial studyguasi

Prevalence,
(n=22)

Patients’ characteristics
Age, mean (SD), y 61.5 (9.5)
Male, n (%) 18 (81.8)
Current smoker, n (%) 2(9.1)
Hypertension, n (%) 10 (45.5)
Hypercholesterolaemia, n (%) 14 (63.6)
Diabetes mellitus, n (%) 2(9.1)
Family history of premature CHD, n (%) 9 (40.9)
Previous myocardial infarction, n (%) 7 (31.8)
Previous stroke, n (%) 0 (0)
Previous PCI or CABG, n (%) 0 (0)
Single vessel disease, n (%) 18 (81.8)
Preserved LV function, n (%) 21 (95.5)
Heart failure, n (%) 0(0)
Drug treatment
Aspirin, n (%) 22 (100)
Clopidogrel, n (%) 18 (81.8)
Statin, n (%) 21 (95.5)
ACE inhibitor or ARB, n (%) 15 (68.2)
Beta-blocker, n (%) 20 (90.9)
Calcium channel blocken (%) 6 (27.3)
Diuretic, n (%) 4(18.2)
Nitrate n (%) 10 (45.5)
Nicorandil n (%) 3(13.6)
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6.3.2 Coronary endothelial function

The mean vessel responses for each acetylcholifusion and isosorbide
dinitrate injection are shown in figure 6.3. Theameaesponse to incremental
concentrations of acetylcholine was progressiveos@sstriction, which was
significant for the highest concentration (-1.64L21%, -4.80 = 1.84% and -
13.20 + 3.33% for 16 M, 10° M and 10" M acetylcholine, respectively, p <
0.001 for 10" M acetylcholine vs. control). The mean responséstsorbide
dinitrate was 11.20 + 2.50%, p = 0.001 vs. contreijure 6.4 shows the mean
endothelial function of two segments for each pdti@ order of the study

performance.
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Control 10-6 10-5 10-4 Nitrate

Figure 6.3 Mean vasomotor responses to acetylcholine infugimoncentration
[M]) and isosorbide dinitrate. There was progressivasoconstriction to serial
acetylcholine infusions whereas administration afosbrbide dinitrate caused

vasodilation (n = 22) * p < 0.001 vs. control, **=00.001 vs. control.
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Figure 6.4 Individual patient vasomotor responses to the Hglmncentration

acetylcholine infusion in order of study. The grsumean response wa3.20 (SD

15.60) %.

There was good agreement between the two segmeadisad for each patient.
The mean difference in endothelial function betwdentwo segments analysed
in each patient was 7.87 (SD 8.15) percentage qoidtpatients displayed

vasoconstriction in one segment and vasodilatighemother segment.

6.3.3 Adverse events

Transient minor atrioventricular block was commapgroximately one quarter
of patients) during acetylcholine infusion, esplgiaduring the highest
concentration, but this was usually short-livedsgléhan 10 seconds) after the
infusion was stopped. Minor electrocardiographicdernce of ischaemia was
uncommon and clinical ischaemia was rare (two ptieomplained of mild

angina). Figure 6.5 shows an example of severeceastriction in the left
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anterior descending coronary artery in one patwho displayed marked
electrocardiographic ischaemic changes during ighelst acetylcholine dose,
but this was quickly reversed with isosorbide dateg injection (serial
angiography was successfully recorded). No sericosmplications were

encountered.

Figure 6.5 Angiographic example of severe coronary endothetigsfunction.
Progressive vasoconstriction of the left anteriesatnding artery after 0.9% saline (A),
10° M acetylcholine (B); 18 M acetylcholine (C) and 10M acetylcholine (D)
infusions. Isosorbide dinitrate caused completensal of vasoconstriction (not shown).

All angiograms shown are right anterior oblique &@hial projection.

6.3.4 Correlations
Endothelial function correlated significantly witthe number of circulating EPCs

(CD34'/KDR" cells) (Figure 6.6). Patients with fewer circutgtiEPCs displayed

187



e}
(=]
1

—
(=]
1

-

Qo (=1
1 L
o]

I{J
[=]
1

o

=30

Change in vessel diameter (%)

o A
(=1 Q
1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
CD34/KDR+/pl blood

Figure 6.6 Scatter plot of EPC number and coronary endothdiiaiction.
Endothelial function is represented by % changevassel diameter during highest
acetylcholine concentration, compared to contreiddEhelial function was strongly

correlated with EPC number (CD3KDR" cells) (r = 0.57, p = 0.01).

more severe endothelial dysfunction. Stepwise ipleliinear regression analysis
demonstrated that this correlation was independeage, gender, hypertension,
hypercholesterolaemia, diabetes mellitus, currenoksng, family history of
premature CHD and total number of cardiovascuksk factors (p < 0.05). No
other significant correlations were found betwetasma oxLDL concentration,
number of circulating EPCs (CD3&KDR" cells), number of circulating CD34
cells, endothelial function or WBA, except for aghly significant positive
correlation between WBA in response to collagen A in response to ADP
(Table 6.2). Figures 6.7 and 6.8 show the lack afetation between plasma

oxLDL and EPC or endothelial function, respectivéindothelium-independent
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vasodilation induced by isosorbide dinitrate in@etshowed no significant

correlation with any parameter (data not shown).

Table 6.2 Correlations between main study parameters.

oxLDL CD34 CD34+/ Endo. WBA WBA
(V) ul KDR+/  function (collagen) (ADP)

blood pl blood

oxLDL (IU) r 1 -0.134 0.197 0.452 -0.441 -0.369
p 0.648 0.519 0.105 0.114 0.194
n 14 14 13 14 14 14
CD34+/ul blood r -0.134 1 0.329 -0.089 0.107 -0.294
p 0.648 0.273 0.763 0.715 0.308
n 14 14 13 14 14 14
CD34'/KDR'/ul r 0.197 0.329 1 0.569* -0.185 -0.040
blood
p 0519 0.273 0.014 0.464 0.874
n 13 13 18 18 18 18
Endo. Function r 0.452  -0.089 0.569* 1 -0.283 -8.02
p 0105 0.763 0.014 0.202 0.903
n 14 14 18 22 22 22
WBA (collagen) r -0.441 0.107 -0.185 -0.283 1 0892
p 0.114 0.715 0.464 0.202 0.000
n 14 14 18 22 22 22
WBA (ADP) r -0.369 -0.294  -0.040 -0.028 0.692* 1

p 0.194 0.308 0.874 0.903 0.000

n 14 14 18 22 22 22

r represents the Pearson correlation coefficiept<*0.05; ** p < 0.001.
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Figure 6.7 Scatter plot of oxLDL and EPC number. There was significant

correlation between oxLDL and EPC number (CDRBR" cells) (r = 0.20, p = 0.52).
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Figure 6.8 Scatter plot of oxLDL and coronary endothelial fiime. There was no

significant correlation between oxLDL and endotaidlunction (r = 0.45, p = 0.11).
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Age was inversely correlated with number of cirtinig EPCs (Figure 6.9) and
positively correlated with WBA in response to 20 pADP (Figure 6.10).
Stepwise multiple linear regression analysis coméd that the correlation
between age and EPC number was independent of o#ndiovascular risk
factors (p = 0.05), however the correlation betwaga and WBA in response to
ADP was no longer significant after correction father cardiovascular risk
factors (p = 0.08). The total number of cardiovéactisk factors (male gender,
hypertension, hypercholesterolaemia, diabetes tullcurrent smoking, family
history of premature CHD) did not correlate sigrafitly with oxLDL, EPC

number, endothelial function or either WBA resdlata not shown).
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Figure 6.9 Scatter plot of age and EPC number. EPC number 4ZRBR" cells)

was inversely correlated with age (r = -0.47, pG5).
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Figure 6.10  Scatter plot of age and WBA in response to ADP. WBAesponse to

20 uM ADP was positively correlated with age (r.2@) p = 0.03).
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6.4 Discussion

This observational study in patients with stableBCHas demonstrated that
coronary endothelial dysfunction was common andetated with low levels of
circulating EPCs. Plasma oxLDL concentration did oorrelate significantly

with EPCs, coronary endothelial function or WBA.

6.4.1 Endothelial function in stable CHD

The high prevalence of endothelial dysfunctionhis {population was consistent
with other studies in patients with stable angi®24(327;329). Only 1 out of 22
patients displayed significant coronary vasodilat{p 5 % increase in diameter)
in response to acetylcholine, suggesting good detlat function (in that
artery). 7 patients exhibited a minimal responsadetylcholine (< 5 % change
in diameter). In 14 patients, a definite constvietresponse (> 5 % decrease in
diameter) to acetylcholine occurred, due to direatiscarinic effects of
acetylcholine predominating over acetylcholine-iceldi NO release from ECs,
indicating significant endothelial dysfunction (3226). These findings reflect
the patients’ persistent exposure to cardiovascuisk factors and high
probability of subclinical atherosclerosis in th&udy vessel, which cause

endothelial dysfunction and reduced NO bioavaiigbil

The incidence of clinical symptoms during the ehdbal function studies was

low and consistent with previous work using idestiacetylcholine regimens

(330). Aiming for a lower estimated final blood #&gdeholine concentration
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(between 18 and 1 M) may reduce the incidence of clinical symptoms

further, as in other studies (331).

6.4.2 EPCs and endothelial function

The observation that circulating levels of EPCsthe peripheral blood are
correlated with coronary endothelial function isrelatively novel finding.
During the initial stages of this research, no &sithad reported the relationship

between circulating EPC levels and coronary endiaitfanction.

Hill et al. (312) previously showed in 45 individuals withatdardiovascular
disease that peripheral vascular function (assebgeflow-mediated brachial
artery reactivity) was significantly correlated withe number of EC colony
forming units in culture, thought at the time tgmesent EPCs derived from
peripheral blood. It has since been established ttia widely cited study
assessed an aspect of endothelial biology whichndtdreflect the number of
EPCs present in the circulation (332;333). Uncetyastill surrounds the true
identity of cells previously described as EPCshim literature and, crucially, the
most accurate way to identify and measure them.sE&€ widely believed to
originate from haematopoietic stem cells, which positive for CD34 (or the
more immature marker protein CD133) and the EQyantiKDR. These putative
EPCs appear to make a valuable contribution toevdesmation (334). Hence,
the measurement of CD3KDR" cells is currently thought to be the most
appropriate way to define circulating EPCs (338)was the case in this study. A
more detailed discussion on the controversies sadiog the identification and

measurement of EPCs can be found elsewhere (176;332
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During the course of this research, Werdeal. (335) was the first to report a
correlation between EPCs and coronary endotheliattion. This landmark
study in 90 patients with stable CHD measured tmaber of circulating EPCs
in peripheral blood using flow cytometry to quapt@D34/KDR™ and CD133
cells. The ability of EPCs to produce endothel@bay forming units (described
as EPC function) was also measured. It was fouadl¢els of circulating EPCs
(using CD34/KDR™ and CD133 methods) and EPC function correlated with
coronary endothelial function, assessed invasiweding serial acetylcholine
infusions. CD3%4/KDR" cells were more strongly correlated with coronary
endothelial function than CD13Xells. After multivariate analysis, only the
number of circulating EPCs correlated with coronamndothelial function
independently of traditional cardiovascular risktéas. The failure of endothelial
colony forming units to independently predict ermdial function probably
relates to their dissociation with the number otwiating CD34/KDR™ cells

(333) and doubtful function in vascular regenera(ig32).

The work in this thesis therefore corroboratesntreel findings by Wernegt al.
that EPCs (defined as CD3KDR" cells) correlate with coronary endothelial
function. Evidence is accumulating that suggest€<£Provide an important
repair mechanism after vessel damage due to casbalar risk factors
including hypertension, hyperlipidaemia, smokingl ailabetes. Despite this, in
many cases, progressive vessel injury progressibe talinical manifestations of
CHD, stroke and peripheral artery disease. TheabEPCs to repair the vessel
injury caused by PCI is not well defined, but enmgggas an important

component of re-endothelialisation and restorabbrnessel function (176). By
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reducing the capacity of the endothelium to be iredaafter vessel injury, an
obvious link between circulating EPC numbers andrary endothelial function
exists. The confirmation herein and by Weraeal. (335) that lower numbers of
EPCs are associated with impaired coronary endatHehction (and hence at
risk of subsequent vascular events) provides aslasithe ability of EPCs to
predict cardiovascular outcome (315;316). Furtheenat also provides a
valuable link between cardiovascular risk factonsl &ndothelial dysfunction,

which are both associated with fewer circulating8P

6.4.3 The role of oxLDL

The relationship between EPCs and endothelial iomcivas independent of
traditional cardiovascular risk factors, which imepl that EPCs may be causally
involved in the regulation of endothelial functiand are themselves regulated
by other factors. In this study, plasma oxLDL levelere not correlated with the
number of circulating EPCs or coronary endothdlialction. Therefore, | have
failed to demonstrate a biological explanation erigheral biomarker for the
deficiency of EPCs and associated severe coronagtleelial dysfunction in
these patients, despite substantial evidence tR&Dlo is toxic to EPCs
(124;320;321,;336-338). Besides the diverse methoad®nfirm EPC identity in
laboratory studies, the absence of correlation y mesults may relate to a

number of issues.

In previous studies, EPC dysfunctiom vitro occurred at 1-10 pg/ml oxLDL

(124;320) and marginally increased EPC apoptosis0fs) was present at 25

png/ml oxLDL or higher (321;337). Wang al. reported a major reduction in
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cultured EPCs (~50%) at 100 pg/ml (336). In my giudle mean (SD) plasma
oxLDL concentration was 60.2 (18.3) 1U, which wasgpmoximately 18.0 (5.5)
png/ml (personal communication from manufacturer)xLDL levels were
therefore lower than would be expected to signifilyareduce EPC numbers in
the circulation. Furthermore, the studies that stigated statin pre-treatment
found that oxLDL-induced EPC dysfunction and seamse were both
profoundly inhibited by 1 uM atorvastatin (124;320pssibly via activation of
Akt (320;339). Thus, | speculate that the very hgbkvalence of statin therapy in
this contemporary CHD population (90.9%) proteatedulating EPCs against
oxLDL-induced damage in the blood and may have exdsk possible
correlation with EPC levels. Further studies coattiiress this relationship in
statin-naive patients; however, blood concentrathay represent a blunt way to

fully define the interaction between oxLDL and ERE@sivo.

This study was also underpowered to detect minmeladions between oxLDL
and EPCs, due to the small number of patients axhDL results (n = 14).

Nevertheless, there was no signal from the availdhta that plasma oxLDL was
correlated with EPCs. | believe a much larger stwduyld be required to confirm
or exclude with confidence a relationship betwedasipa oxLDL and the

number of circulating EPCs. A larger population Vdoveduce the impact of
important confounding factors such as co-existiregical conditions and drug
treatments, both of which can influence oxLDL andCEcount and probably
impaired the statistical validity of this componeft my study. If an inverse
correlation between oxLDL and EPCs was evident feotarger study, then the

ability of oxLDL to predict cardiac events in patie with CHD (340) would
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gain further mechanistic insights. Moreover, futdnections for novel therapies
may be possible, if they could provide EPCs witbt@ction from oxLDLin vivo

in a similar fashion to statin therapy.

In this study, plasma oxLDL levels also failed torrelate with coronary
endothelial function. | believe this relationshipasvsimilarly affected by (or
possibly even more susceptible to) factors whichoanted for the lack of
correlation with EPCs; that is, the protective uefhice of statin therapy, the
confounding effects of other risk factors and te&atively small sample size.
Hein et al. (300) has shown that oxLDL specifically impairedDMnediated
endothelium-dependent vasodilation to shear stees$ adenosine, but not
bradykinin (a cytochrom®-450 monooxygenase activator) in isolated porcine
coronary arterioles. A study of 15 CHD patients iest to report an inverse
correlation between coronary endothelial functi@presented by the vasomotor
response to acetylcholine, and plasma oxLDL (328)portantly, this small
study excluded patients taking lipid-lowering thmra which reinforces the
potential role that statins may have played in msults. A larger study in 36
cardiac transplant patients (17% were prescribedins) demonstrated that
coronary endothelial function was inversely relatedoxLDL antibody levels,
but not circulating oxLDL detected by monoclonatibody EO6 (341). More
recently, Matsumotet al. (342) showed that impaired endothelium-dependent
vasodilation in response to bradykinin was weaklyelated with oxLDL levels,

measured by an immunosorbent assay.
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6.4.4 Other predictors of EPCs and endothelial furtmn

In this study, age was inversely correlated with taimber of circulating EPCs.
This relationship was independent of traditionatd@a/ascular risk factors,
suggesting that other age-related factors are ns#igle for the decline in EPCs
in older patients. Older patients are likely to rhere sedentary than younger
patients and this may contribute to the reductionEPCs, because physical
activity increases EPC levels (307), even afteiingles episode of strenuous
exercise (343). Another factor may be the lowerafsmedications that increase
EPC levels, such as statins and ACE inhibitorghis study, patients prescribed
statin therapy were younger than those not prestrspatins (60.2 + 2.0 years vs.
74.0 = 2.8 years, respectively, p < 0.05). Statespription was associated with
more circulating EPCs (0.32 + 0.08 CDB84DR" cells/ul vs. 0.03 + 0.03
CD34'/KDR" cells/ul, respectively, p = 0.25) and improvedathdlial function
(mean vessel response to acetylcholine -12.4 193.8s. -20.9 £ 5.9 %, p =
0.33), but neither result was statistically sigrafit due to the very small number
of patients (two) not prescribed a statin. Thereewe discernable differences in
any of these parameters for the prescription of A@tbitors. Agingper se may
be associated with progressive exhaustion of boagow derived progenitor
cells after several decades of exposure to cardoaNar risk factors and vascular
damage (344). Even if not actually reduced in numdelecline in EPC function
(345) is likely to make older patients more at riglendothelial dysfunction and

cardiovascular events.
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6.4.5 Discussion of WBA results

This study demonstrated that age was correlated WBA in response to ADP,
but not with collagen, in patients taking aspirimdaclopidogrel. Since
clopidogrel selectively and irreversibly inhibitset ADP receptor on platelets,
this suggests a relative lack of clopidogrel resgom older patients (346).
Indeed, ADP-induced platelet aggregation is propatiie gold standard
technigue to assess clopidogrel response. Vatbiin clopidogrel
responsiveness is well recognised and known to bdiated by numerous
clinical, cellular and genetic factors (346). To kiyowledge, few studies have
specifically reported the influence of age on dllggrel responsiveness and have
provided contrasting results (347;348). Since tbgetation between age and
ADP-induced WBA was not independent of cardiovaaculsk factors, it is
likely that other factors such as female genderifaependent predictor after
multivariate adjustment in this study), diabetedd amoking are involved

(346:348;349).

6.4.6 Limitations

As already discussed, a limitation of this studysulae low statistical power to
confidently determine the true relationship betwgdssma oxLDL and other
study parameters. However, accurate assessmertiesé trelationships may
require a much larger population to avoid the iafice of confounding factors. It
is not known whether the specific oxLDL assay usedhis study may have
affected the results, as accurate quantificatiooxtDL can be challenging. The
method to identify EPCs in this study using specifiaematopoietic and

endothelial markers, CD34 and KDR respectively, asnsistent with
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contemporary recommended guidance (332), but thet raocurate way to
guantify EPCs currently remains speculative (178)38 would also have been
useful to assess EPC function, as this may havealed an association with
plasma oxLDL levels and provided further insighigoithe high prevalence of
severe endothelial dysfunction in CHD patientsw#ts noted that QCA using
automated edge detection software appeared to estdeate the change in
lumen diameter for the most severe cases of enlttidgsfunction, compared
to qualitative visual assessment, but this waskahlito have greatly affected the
correlations between variables. Despite a stadibficsignificant correlation
between EPCs and endothelial function, there waila variation in endothelial
responses to acetylcholine. This variation is ikl be due to the influence of
other mediators which contribute to vascular fumttisuch as the presence of
cardiovascular risk factors and other unknown figctds a result, measurement
of EPCs alone is likely to be a fairly blunt preadicof endothelial function in a

tested individual.

6.4.7 Conclusions

This observational study has confirmed a high deswe of coronary endothelial
dysfunction in patients with chronic stable angi@aronary endothelial function
in this population was strongly correlated with thember of circulating EPCs,
independent of traditional cardiovascular risk éast which is a relatively novel
finding and has only been reported by one otheng(835). Plasma oxLDL did
not correlate with EPC count or endothelial funetipossibly due to the high
prevalence of statin use, other confounding vaemldnd insufficient sample

size. Future studies should aim to define the $ipe@asons for a decline in

201



number and other functional aspects of EPCs inscasesevere endothelial
dysfunction. This may aid the development of ndlaerapies which can protect
or accelerate the vital endogenous processes eelquor rapid endothelial

healing after vessel injury, including PCI.
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Chapter 7

Concluding discussion
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7.1 Basic concept of the thesis

Oxidative stress plays an important role in vascukgpair by influencing
multiple targets after arterial injury. Oxidativeress is mediated by numerous
ROS including the superoxide anion,(Qwhich inactivates NO and leads to an
accumulation of peroxynitrite (ONOY) hydrogen peroxide (#D,) and other
potent oxidising secondary molecules. These ROS ahdrs affect critical
signalling pathways in platelets and vascular celter PCIl. The principal

aspects of this include:

e Stent thrombosis — modulation of platelet aggregati
e Healing — endothelial regrowth and function, EPi@ammation

¢ ISR - re-endothelialisation, neointimal growth,rextllular matrix

The vascular processes modulated by oxidative sstags also closely inter-
related themselves. Stent thrombosis is mediateal lBvge extent by platelets,
but it is also influenced by the presence of hgalit's. The regrowth of ECs not
only protects against stent thrombosis, it alstrictés neointimal formation, the
main cause of ISR. Inflammation is an importantredat of vascular healing, but
it is also strongly related to ISR and can predigpto stent thrombosis. The
research presented in this thesis aimed to imastithe effects of oxidative
stress on several of these key processes and explather a strategy to target

ROS would favourably modify vascular remodellinteaiPCI.
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7.2 Oxidative stress: effects on stent thrombosis

7.2.1 Specific effects on thrombosis

Many studies have reported diverse effects of R@$latelet function and this
is discussed in detail in Chapter 2 and by oth&7¥). The overall conclusion
from the literature is that ROS are heterogenogslators of platelet function.
Whilst some ROS appear to stimulate platelets,atteons of others may be
inhibitory. Stent thrombosis is predominantly mage of platelets, but other
factors in the circulation and in the vascular vwak also closely involved, so
particular attention in this thesis was given te #ffects of ROS on thrombus
formation in whole blood and in the vicinity of ECBhe X/XO reaction was
used to generate ROS in this thesis and althoughfdmation of specific
molecules was not characterised, this reactiomasvk to produce large amounts
of O, and HO, (238). The effect of oxidative stress in thisisgtiwas to inhibit
thrombus formation in a concentration-dependent nmean This was an
interesting finding, because ROS released by #astion were expected to cause
a stimulatory effect. This early conjecture wadified by the assumption that
ROS were uniformly prothrombotic molecules. By otiorating my results with
the extensive literature, it is now clear that thigoposition was inaccurate. |
speculate that my experiments generated abundan$ R@d secondary
molecules, which were toxic to platelets and otaggregating factors in the
blood. The ultimate effect of this “super-releas¢’ROS was a decrease in the
rate of thrombosis. The addition of ECs to bloodoaimpaired thrombus
formation, which was consistent with the primarydtion of the endothelium.

This effect was not significantly altered by theog&nous application of ROS,
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suggesting that ROS would not greatly oppose tlighammbotic properties of
nearby endothelium after PCI. Consistent with presi work, NO was partly
responsible for the inhibitory effect of ECs. Altlgh Q' may diminish this
influence, the formation of inhibitory ROS appearcounterbalance the effect
overall. Of course, whether this experimental $ituaapproximates with the
ROS generated by PCI is uncertain. Neverthelessyoitld seem that non-
specific targeting of the acute effects of ROS taigbets and other aggregating
factors in blood after PCI to lower the intrinsisk of thrombosis may be
ineffective. In fact, substantial release of RO&raPCl might even provide
some protection against stent thrombosis. The wigesl use of intensive
antiplatelet medications has dramatically reducée incidence of stent
thrombosis during the first month after PCI to lésan 1%, therefore novel
approaches to reduce acute thrombotic events fumioalld need to have
substantial inhibitory effects on thrombosis. Uraling the effects of oxidative
stress on other vascular processes associatedatgtistent thrombosis and ISR

(such as endothelial regeneration) may offer a mptaesable strategy.

7.2.2 Re-endothelialisation

The movement of ECs to regenerate the endothel@lotayer is a critical

component of vascular healing. The work presentedhls thesis implies that
EC migration may be inhibited by ROS, but it magoabe antagonised by
antioxidants. The explanation for this seeminglyadaxical observation may lie
in the fact that pathological release of ROS casarty disrupt important

biological functions but, on the other hand, taeggbhysiological release of ROS

often constitutes an essential component of noo@llactivity. In this case, the
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impact of ROS is not solely damaging to ECs, bukssary to support motility.
The important role of ROS during normal EC migmatibas been reviewed
comprehensively (258). This should guide futuratstgies away from near-total
elimination ROS after PCI, as that may negativaifluence some arterial
healing processes. The ideal antioxidant to proneoidothelial healing would
oppose pathological ROS production, but permit lolegel physiological ROS
release. If this were achieved, antioxidant therapyld potentially accelerate
endothelial regeneration. Some data in animal nsoslefjgest probucol may be
successful for this purpose (149;150), althougtvauld be gratifying if other
groups could validate this work. It is not clearetlrer the reported effectiveness
of probucol to promote re-endothelialisation isnparily due to its antioxidant
effects or its effects on HO-1 (160;350;351). EP@ay represent another
potential target to modify arterial healing aft€2IPA major current limitation of
this approach is the lack of clear understandintipefidentity and precise role of
these endothelial precursors. The work in thisithleas confirmed a crucial link
between putative circulating EPCs (identified byeratopoietic and EC
markers) and coronary endothelial function. Thisvates further impetus for
future studies to fully characterise the role ads cells in vascular repair after

PCI and the impact oxidative stress may exert.

7.3  Antioxidants: prevention of ISR

7.3.1 Nitrone D: the good, the bad and the ugly?
The initial compound to be investigated in thissieavas the spin trapping agent,

nitrone D, a potent antioxidant, but with relatiwdew supporting studies. |
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found that nitrone D caused slight inhibition of oldn blood aggregation.
However, subsequent evaluation was abruptly tet@thafter nitrone D was
found to cause a disturbing inhibitory effect on Edgration. Since acceleration
of arterial healing was a primary aim of this tkeshere was no option other
than to eliminate nitrone D from further investigat This was disappointing,
since nitrone D would have been an intriguing samst to take forward into
preclinical assessment. Other than its antioxiganperties, nitrone D has other
effects which may have influenced neointimal fororat Nitrone D decreases
p21 expression (245), which may be problematicraftent injury because
animal studies have indicated that p21 can attemeaintimal thickening (352).
Nitrone D also promotes SIRT 1 transcription, whisha negative regulator of
p53 gene expression (245). Although this may béeptive towards ECs (249)
and EPCs (353), it may accelerate neointimal thmoig (354;355). These
studies emphasise the need to recognise potentlalrse effects of novel

compounds as well as their primary intended actiomtil nitrone-based

compounds are tested in a preclinical stent matl&d, not clear which effects

would predominate and which tissue responses tbhatdyproduce.

7.3.2 Succinobucol: the end of the road?

In contrast to nitrone D, succinobucol had tantadissupportive data which
made it an exciting compound to test in a predihimodel. In many respects,
the properties of succinobucol matched those ofideal DES coating.
Succinobucol shares many of its appealing proewi¢h probucol, except it is
more potent and is taken up more readily by cel8l(356). It also has

additional anti-inflammatory effects on vasculahasion molecules, which are
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ideally suited to neointimal suppression. Desplteseé promising qualities, |
found that succinobucol was damaging to arterisbug after stenting, by
increasing inflammation and neointimal growth. Téneso effects were probably
inter-related. Speculation remains as to whethdoveer dose would have
improved the results. | am not convinced that syngplating a stent with a lower
concentration of succinobucol solution would havevmled beneficial effects.
Based on my pharmacokinetic results, targeting &cisabucol tissue
concentration in the range of favourabieitro data (published by Atherogenics,
who manufactured succinobucol) would be extremetfycdlt. Moreover, the
cell culture data presented in this thesis suggdss succinobucol at low
concentrations is toxic to ECs and SMCs. Of coumdcity towards SMCs is
not necessarily a negative characteristic of a D&sSthis may limit neointimal
proliferation, but the risk of inflammation and iaiped healing would present a
similar situation to that already offered by cutrBS, which are also uniformly
toxic to vascular cells. Incidentally, the develammof succinobucol as an oral
medication to treat cardiovascular disease waseswaga during the writing of

this thesis after disappointing results in clinicals.

7.4 The antioxidant-eluting stent: still a worthwhie concept?

This thesis investigated two novel antioxidant coommls, with ultimately
negative effects. In fact, neither came close twidiing promising data. In many
respects, this contradicts the scientific literattinat has broadly endorsed the
potential role of antioxidants in vascular remouigll after PCI. The relevant

studies have been reviewed in Chapter 1. Animatlissuof probucol have
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yielded the most positive results, yet this drug hat been effective in humans.
Clinical studies of oral probucol which included U8 measurements have
consistently found that this drug has no effect MiH (156;157;161). Oral
succinobucol was identical in this regard (156yvdis a central hypothesis of this
thesis that local delivery of antioxidants wouldrcamvent the obvious
limitations of oral dosing in humans compared taraats, but no studies have
reported a positive result for this strategy. Ipovation into dual DES
technology may offer the only viable alternativé. i$ worth noting that
successful reports of a probucol/rapamycin-elutstgnt have conspicuously
omitted probucol as a sole coating (264). The affyc of a probucol- or
succinobucol-eluting stent therefore seems imprehabo attention should

probably be re-focussed on other antioxidant tepies.

The obvious question relates to which antioxid&etrdpy holds most promise
for human applications. Given that NADPH oxidasehis principal contributor
to ROS production after PCI, it is conceivable thdtibitors of this enzyme
might offer the greatest chance of success (143;1Adtioxidants that
decompose ©and HO, (both promote SMC proliferation) may be a worthiehi
strategy and several animal studies using SOD auiith without catalase have
reported positive results (145;146;357-360). Unioately, the targeted delivery
of these agents in humans provides significantlehgés. Their ultra-short half-
life in the circulation presents their foremostitiamtion: the requirement for viral
gene transfer. Viral transfer of eNOS (361) and VH@9) has been effective in
animal models but suffers from the same disadvantabich is significant. The

concept of a gene-eluting stent has not been ssfodlgstranslated to humans.
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Accumulation of viral vectors in non-target tissussa concern, given their
relatively narrow therapeutic index and potentidgrmful immune responses.
Nevertheless, whilst gene-based therapy in gerieratardiovascular diseases
has so far provided limited successes, it offees gbtential to make a major
impact if translated to humans successfully.vivo antioxidant gene transfer of

progenitor cells may provide an alluring prospedtie future (362).

Ultimately, will an antioxidant-based strategy ewsr successful in improving
clinical outcome after PCI? Innumerable animal nith@ve provided satisfying
results, whereas human studies have been uniwerdabppointing. This
situation unfortunately mirrors the use of anti@ts in cardiovascular disease
in general. It is difficult to envisage that antidants will ever induce favourable
vascular responses after PCI to rival the succéssstablished devices. The
arrival of new generation DES on the market wihvate the competition further.
An antioxidant-based approach would need to benpogmough to inhibit
profound tissue stimuli without causing toxicityt the same time, it must permit
ROS signalling which is necessary for normal vascwell function. These
challenges may prove insurmountable for an antemtidout future attempts are

awaited with great interest.

7.5 Final conclusions

In conclusion, this thesis has examined the rolexadative stress in platelet and
EC function, known be important after PCI, and fouhis to be damaging.

Despite this, the effects of a novel antioxidanttialy stent were detrimental to
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vascular repair. Coronary endothelial dysfunctioasveorrelated with reduced
circulating EPCs, but plasma oxLDL was not relaeeither parameter. These
findings highlight the difficulties and complexisi®f targeting oxidative stress to
improve outcome after PCI. | hope the work contdine this thesis will

stimulate clinicians and scientists alike to coméirwith research in this exciting

and rapidly progressing area of cardiovascularadise
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