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ABSTRACT

An arteriovenous fistula (AVF) is vein graft which is created to permit vascular
access allowing haemodialysis to be performed. #@\%ife associated witfailure

rates as high as 50% at 6 months. Failure is principally due to vasouterth
musclecell proliferation, leading to the development of neointima causing stenosis
and impaired blood flow. The aims of this study were 19 explore the
inflammatory andoroliferative characteristics of AVF stenosis and the role of-TLR
4, 2) assess the ability of amiflammatory diclofenacto inhibit VSM cell
proliferation, 3) developa novel model of AVF in the rabbit to assess itmpactof
cannulation injury andthe effect of topical diclofenac and 4) investigate the

mechanisms responsible fdiclofenac mediated activity.

Human stenotic AVF segmenasmd cell explantsaken from haemodialysis patients
vs. healthy long saphenous veiontrolswere shown to have signdantly higher
TLR-4 expression and activation of the downstream kinase RRAWKIso associated
with AVF stenosis was an increased expression ofirflammatory cytokine
includingMCP-1. VSM cell explants derived from stenosed AVF haynificantly
increased capacity to proliferative vs. healthy controls, which was inhibited by
diclofenac treatment. Using a novel rabbit AVF model, cannulation injury was
shown for the first time to drivetenosis. Topical diclofenac significantly inhibited
this injury responsg reducing mean vein wall width from 46.8+5.7uM to
15.8+1.8uM, comparable to 16.7+1.6puM in the fAojured AVF. In addition to
previously well defined COX inhibition, evidence was generated in this stody

implicateAMPK in the antiproliferative activity of diclofenac.

Therefore, activation of TLH in AVF stenosis appears to plagignificant role in

the generation of an inflammatory and proliferative VSM cell response. Cannulation
injury, which undoubtedly causea pro-inflammatory esponse, significantly
contributes to AVFstenosisvhichis inhibited by prophylactic topical diclofenac via
the activation of AMPK.

XX
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Chapter 1 Introduction

1.1 General introduction

Kidney failure isa significant problem in the UK, with over 50,965 patients
receiving renal replacement therapies (RRT) in 2010, according to the 2011 UK renal
registry annual repoAnsell et al, 201Q. The creation of an arteriovenous fistula
(AVF) for vascular access is the first choice for patients receiving haemodialysis
(Rayneret al, 2004) One of the most common sites for fistula creation is the
forearm between the radial artery and cephalic {i€&inKonner, 2003) such as the
radiocephalic AVF shown in Fig..1L Using a successfully matured AVF is
associated with less complications and has longangy compared to alternatives
such as artificial graftBeathard and First, 2003)n fact, AVFs are associated with

asix fold reduction in the risk of systemic sepdisomsoret al, 2007)

The arteriovenous fistula was first developed in 1965 by Kenneth Appétleat
Bronx Veterans Administration Hospit@resciaet al, 1966) Radialcephalic AVF

were created in 12 patients to support haemodialysis treatmenter, LL&VF
revolutionised the treatment of kidney failure patients and was wiaglemented

in Europe and the US Before AVF and artificial grafts, external venous shunts
were used to provide long term accé®alinton et al, 2004. Cannulas would be
placed in the artery and vein v@esubcutaneous tunnel which formadight fitting
puncture. An external fitting was then used to connect the arterial and venous blood
flow which was left in place until dialysis, where it was substituted for the
haemodialyser. This type of access was uncomfortable for the patierd, higtu
incidence of thrombosis and infection, and could potentially disconnect causing
severe haemorrhadBurgeret al, 1995) Presently, in patients wheagfunctional

fistula is not available, an artifidipolytetrafluoroethylene (PTFE) graft may be used
to gain vascular access. Synthetic PTFE
vessels are not suitab(&enkayaet al, 2003) Using the Dialysis Outcomes and
Practice Patterns Study (DOPP&)study pblished in 2002 analysed the use of
PTFE grafts and other methods used for vascular access in 133 units acufSA.the

It was found that the failure rate of synthetic grafts was higher compared to AVF
(Younget al, 2002) Another alternative to AVF is the use atatheter inserted

into a central vein. However, as detailed by thieney Disease Outcomes Quality
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Initiative (KDOQ)I) this is widely discourage@Rayneret al, 2004) The KDOQI
aims to establish AVF as the most efficient method for vascular access, and highlight
the dangers of using methods such as catheters, which are 5 times more likely to

result in infetion.
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Figure 1.1. Radiocephalic arteriovenous fistid. This figure illustrates the
direction of blood flow which would occur in an end to side radiocephalic AVF. The
distal cephalic vein is ligated, with the proximal emdgastomosednto the radial
artery. The high pressure arterial flow now entering the venous circulation will
cause the cephalic vein to mature, making $uitable access point for cannulation

in haemodialysi¢K. Konner, 2003)
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Despite AVFs being the first choice for vascular access, they are also associated with
frequent complications. One study investigated the primary patency rates of AVF
created at the wrist (289 patients) and elbowg@®ent$ over 6, 12 and 24 months
(Field et al, 200§. The patency rates of these grafts were 49, 41 and 32%
respectively for wrist AVF, and 57, 51 and 38% for elbow grafts. While some
patients have grafts which remain usable for several years, there are aleagy
proportion of patients, 51% according to Fieldal, in which the fistula fails within

6 months. The main cause of failure is intimal hyperplasia dwagoularsmooh
muscle(VSM) cell proliferation, and thrombus formation, leading to occlusion of the
vein (Roy-Chaudhuryet al. 2007, Lee & RoyChaudhury 2009) This occlusion

limits blood flow through the AVF to the extenthere it is no longer enough to
support the haemodialysis proceduirimary revision and creation of new fistulae
due to complete failure hassignificant impact on patietife quality. Thereduction

in life quality is even greater when clinicians are forced to use central line catheters
whena functional fistula is not possible. Also associated with this is the significant
financial strain which is placed on the NHS. tte year 2000 the number of patients
receiving RRT was 30,000 attotal cost of £600 millionfRodericket al, 2005)
Later,in 20 the cost of treating the 41,776 patients on RRT wa%olof the total

NHS budget, even though RRT patients only represented 0.05% of the general
population(Baboolalet al, 2008) The latest figures show that 53,207 patients were
on RRT in 2011(Shawet al, 2013) Therefore, if the trend of increasing RRT
continues,the financial implications for the future will be significanCurrently,

there is no clear understanding of the specific mechanisms which are asssitfated
vascular occlusion in the renal patient, and no prophylactic intervention therapies
available to offseAVF stenosis. Thereforg greater understanding did triggers

and mechanisms of fistula failure are needed in order to increase the patency of AVF

and improve access for patients on haemodialysis.
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Blood vessels

Blood vessels are dynamic conduits which transport blood around the body. An
artery isa blood vessel which carries oxygenated blood away from the heart at high
pressure towards the rest of the body. As depicted in Fig. 1.2, arteries consist of
three layers, the tunica adventitia, tunica media and tunicaantifihe adventitia
contains flexble fibrous tissue containing large amounts of elastin and collagen,
giving structure to the vessel and preventing tearing during movement. This elastic
tissue allows continuous flow of blood along the periphery during cardiac relaxation,
and therefore ds asa pressure reservoifSherwood, 2003) The main cellular
components of the adventitia are fibroblasts and immune cells. The second layer,
tunica media, is made up of smooth muscle cells with an elastic connective tissue
portion at either side. In arteries, the layer of smooth musdke isetonsiderably
large, in order to maintain the high pressure of arterial flow. These cells can contract
and relax to control vessel diameter; vital to maintain cardiovascular regulation.
Finally the intima, the innermost layer around the lumen, idema of endothelial

cells which act as an interface between the circulation and vessel tissue, aiding the
transport of oxygen, nutrients and immune cells. Endothelial cells reduce the
turbulence of blood flow by providing smooth surface, as well as sston of
paracrine agents such as nitric oxide which can act on adjacent smooth muscle cells
to cause vasodilatiofWidmaier et al, 2007) Veins are also made up of three
layers, the adventitia, media and intima (Fig. 1.2). The adventitia provides structure
to the vein, ina function similar to arteries. However, it contains considerably less
elastin and more collagen, allowing greater distension of the vessel. The media of
veins also consists of smooth muscle cells; however this layer is considerably thinner
than in arteries. The smbomuscle layer of veins also havligle inherent
myogenic tone, allowing greater distension and stretch to accommodate greater
guantities of blood. Veins are therefore considered volume reservoirs, maintaining
peripheral veaus pressure and return volume to the heart. The large luminal
diameter in veins allows the transport of blood at low pressure back to the heart by

providing low resistancélhibodeau and Patton, 2003)
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Artery

Endothelial ~Basement o .
Cells Membrane

Vein

Endothelial Basement Elastin
Cells Membrane

Figure 1.2. lllustration of blood vessel structure. The tunica intima consists of
endothelial cells anda basement membrane (yellow), thaica media contains
smooth muscle cells withlayer of elastin (purple) at either side, and the adventitia
consists of loose connective tissue. One of the major differences between arteries
and veins is the size of the medial layer, which is consitlethicker in arteries due

to the transport of high pressure blood. However, the lumen of veins is larger than
that of arteries, providing little vascular resistance to allow the transport of low

pressure blood back to the heart.
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Maturation of arterioverous fistulae

Following the creation of an AVF, careful monitoring \wéin wall thickness and
blood flow using Doppler ultrasound is undertaken until sufficient maturation has
occurred. This process can take as little -&swkeks, but irsomecases it camake
several months. Maturation of the venous branch is initiated by an increase in hoop
wall stress(Hayashi and Naiki, 2009and shear streg#\sif et al, 2006) Shear
stress rate is an indicator of the differentbloodvelocity between the centre of the
vessel and the boundaryé. Following anastomosis, blood flow, shear stress and
hoop wall stress are increased within the vein. Mechanically, vessels try to maintain
their original level of wall and shear stress. In the AVF, vasodilation of the vein
occurs, eventually leadingp an increase in VSM cells of the medial layer and
maturation of the AVKKonner 2003Monos 1980) A larger vessel diameter means

a lower shear and wall stress. This response was demonstrated in 6 male patients
undergoing AVF creation and maturaticdbofpatauxet al, 2002) Within the first

week following AVF creatin, the flow rate within the vein had increased to 539
ml/min. This caused shear stress to increase &aormal range of A0 dyn/cnd to

24.5 dyn/crf, and subsequently vessel diameter to increase from 2.4mm to 4.4mm.
Blood flow and pressure within the vein was constant for the remainder of the study.
At week 12, the diameter of the vessel increased to 6.6mm, bringing the shear stress
rate down to 10.4 dyn/cinback to withinanormal range. This was accompanied by
anincrease in the wall cross sectional area, from 4.2mr6.9mni. In other words,

vascular remodelling of the venous arm and maturation of the fistula.

Vascular remodelling is vital to the success of an AVF, as without it the vein would
not be able to qaport haemodialysis. Unfortunately, maturation of AVF is highly
variable depending on the patient and their clinical history. One study has shown
that failure to mature is associated with increased age, Caucasian race and previous
peripheral and coronaryascular eventgLok et al, 2006) The distensibity of

veins prior to AVF creation has also been show to correlate with failure to mature.
However, patient clinical characteristics and history are not the only factdrs.

level ofas ur g e o nhassbees khownltoontribute to failure to mature, thi

factors such as vessel handling, kinking and endothelial injury thought ta piéey
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(He et al, 2002; Klaus Konner, 2003) AVF failure to maure should not be
confused with the later failure of AVF. In this thesis, failure to mature will not be
investigated as this process can be vastly improved by surgical skill and careful
attention to known risk factors. Instead, this study will investigiae late failure of

AVF which are used for dialysis and subsequently developed stenosis.
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1.2 Inflammation and arteriovenous fistula failure

Inflammatory profile in arteriovenous fistula stenosis

Currently, the specific mechanismghich are associated with peripheral vascular
occlusion in the renal patient are poorly definedowever, it is thought that an
inflammatory response is central to the pathology seen in these patients. The role of
TNF-U antibIliLn t he d eointarla inpveregnafts usetl fornbgpass
procedures has long been knofi#arieset al, 1996) This group usedrat model of
venous bypass intimal hyperplasia to measure the expression of several cytokines by
immunohistochemistry. The grafted veins were studied at 6 hours, 2 days, 1 week, 2
weeks and 4 weeks pestirgery. After 2 weeks, the venous intimal hypespla
reached its maximum. L b  @MFdJ) were shown to be significantly increased
compare to controls, with maximum expression oflllb occurring at
TNF-U occur r i n @ialysis patlientswhaveden shown to haviacreased
systemic expreson of preinflammatory cytokines compared to healthy individuals
(Papayianniet al, 2002) In andher studylooking atthe involvement of TNRJ

serum was collected from haemodialysis patients and healthy individuals and
analysed usin@ MultiAnalyte Profiling Base Kit Lobo et al, 2013) In this,Lobo

and colleagues demonstrated significantly increased levels ofU'NF1, CRP,
VCAM-1 and ICAM1 compared to controls. The expression of these inflammatory
proteins hada positive correlation with uric acid concentration. This suggests that
hyperuremia in these patients is likely to cause an increase in basal activation of

inflammatory pathways.

Patients undergoing haemodialysis are also widely accepted to exhibit high levels of
oxidative stresgNguyenrrKhoaet al, 2001) Nguyerhoaet al, analysed lipid and
protein markers of oxidative stress in dialysis patients. Levels of lipid oxidation
were quantified bythiobarbituric acid reactive substanc€EBARS) and protein
oxidation by advancedxidationprotein products AOPP). Lipid oxidation was
markedly increased compared to healthy individuals. Alke, importance of
superoxide productionfollowing arterial balloon injury in a rabbit intimal

hyperplasia moddias been demonstratedizevedoet al, 2000) This group found

10
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that immediately following insult, there wassignificant rise in superoxide which

had fallen dramatically by day 7, the heighintimal hyperplas.

Specifically in relation to AVFJL-6 has been highlighted askey protein in the
development of AVF stenosidM@rrone et al, 2007. Venous fragments and
peripheralblood mononuclear cells were collected at AVF creation and subsequent
failure. Immunofluorescence was used to assess the expression of gpl80 and
phosphorylation of JAK2/STAT3, part of thie-6 signalling pathway. Both proteins
were significantly upregulated in stenotic AVF tissue vs. control. Peripblerad
mononuclear cells ken following the development of AVF stenosis had
significantly higherlL-6 mRNA expression. The evidence presented in this section
establishes that haemodialysis patients ara heightened state of inflammation.
However, more experiments are needecdcussing oncomparisons between the
inflammatory cytokine/chemokine responsepatients with funtional AVF vs. AVF

stenosis, rather than comparisons to healthy individuals.

Toll-like receptor activation and vascular proliferative disease

The activation of ToliLike Receptors (TLR) could providelink between the pro
inflammatory and hypeproliferative responses seen in AVF stenosis. TLRsaare
family of transmembrane receptors preserved throughout evol(tlaghes and
Piontkivska, 2008) They recognizes number of microbial components, as well as
endogenous molecules which are released during tissue (#seaet al, 2002)

As part of the innate immune system, activation of these receptors is vital for the
generation ofa response, as well as the promotion of wound healing and other
healthy processgdontero Vega and de Andrés Martin, 2009Bince TLRs play

role in cell proliferation during injury, it is plausible that thelgoplay a role in the
development of intimal hyperplasi There are two possible meatisms through
which activation of TLR may occur in the AVF; the endogenous release of damage
assocated molecular patterns (DAMPsuch as heat shock proteins (HSP) in

response to haemodynamic change and needle ifilaghleitneret al, 2000) and

11
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the presence acd subclinical infection or commensal bacteria releasing pathogen
associated molecular patterns (PAME3It et al, 2006)

Damage associated molecular patterns (DAMPS)

HSP are found in all cells andre responsible for chaperoning proteins within the
cell to mediate their correct folding. However, H88 not take part in the final
assembly of new structuréXu, 2002) When cells areexposedto stress, these
proteins can be released into the ciriatawhere they alert the immune system via
TLR. The altered haemodynamic conditions that are created in the vein of an AVF
can cause the release of HSP from vascular @édlshleitneret al, 2000) Also, as

part of dialysis treatment, the AVF is subjected to multiple cannulations weekly,
causingtissue damage and potentially the release of HSP. The importance of HSP
60 on TLR mediated vascular smooth muscle cell proliferation has been
demonstrated Oe Graafet al, 200§. Double immunostaining for HS60 and
TLR-2/TLR-4 revealed co-localisation in failed human AVF. Expression of these
proteins was not found in control saphenous veins. Kéiliclear protein which is
associated with cell proliferation, was/estigated ira vascular smooth muscle cell

line to assess the ability of HE® to stimulate proliferationDe Graaf reported
significant dose dependent increase in cell proliferation, which was attenuated in
another experiment by the addition oftialLR-2/4 antibodies. Finally, this group
studiedHSR-60 stimulated human embryonic kidney (HEK) cells transfected with
either TLR2 or TLR-4/MD-2. The presence of either of these proteins caased
significant increase in cell proliferationLater, a study published in 2011 used an
interpositional vein graft in poE3 leiden mice to demonstrate increased AR
expression within the grafKarperet al, 2011) TLR-4 expression peaked at 1 day
post procedure and remained significantly increased over the following 28 days.
HSP60 was detected locally in the intimal lesiateng withTLR-4. The vein graft
procedure was then repeated in FéRleficient mice, resultingh 48% less vessel
thickening compared to wild type controls. Similar results were obtained in the

APOE mice when TLRI was silenced locally by lentivirus. These studies suggest

12
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that the release of HS80 in patients could significantly contribute to VSiéll

proliferation via activation of TLR/4.

Pathogen associated molecular patterns (PAMPS)

The presence of diverse bactesgnatures in atherosclerotic lesions of patients with
coronary heart disease could lead to TLR activation, suggesting thaP® fMmay
contribute to this vascular proliferative dised6dt et al., 2006) In AVF stenosis,
PAMPS may originate from infectious bacteria, but also the wide array of
commensal bacteria found in the body. In haemodialysis patients, the potential for
infection at the AVF cannulation site is considerable. PAMPs have been shown to
considerably contribute t&SM cell proliferation Lin etal., 2009. In this study,

the effect of lipopolysaccharide (LPS) upon human ad8d/ cells was assessed.
LPS is a molecular marker found only on gram negative bacteria, which is
recognised bya TLR-4/MD-2 complex as part of the innate immune systelts
presence is believed to fzerisk factor for cardiovascular diseag€iechl et al,
2001) As expected, the addition of LPS caused an increase in4TioRssenger
ribonucleic acid fiRNA) expression, as well as MAPK pathways (p38, ERK1/2 and
SAPK/JINK). This response was blocked by Rahibition, which is responsible

for reactive oxygen species and MAPK stimulation. It was also blockednioy+
specific NADP oxidase inhibitor, diphenylene iodonium (DPI). Finally, the addition
of LPS ina rabbit aorta balloon injury model resulted arsignficantly increased
neointimal hyperplastic response. The effect of LPS on VSM cellalsaassessed

in another studyYanget al, 2005. LPS stimulation of coronary artery smooth
muscle cells resulted in an increasagression of ERK 1/2, MGR, IL-6 and IL-12.
Addition of exogenous CD14 cell surface marker essential in Ti4Ractivation,
enhanced the stimulation of these proteins. In contrast, expresseédonfhinant
negative form of TLR4 inhibited the LPS indred effect. Therefore/SM cells
activated by TLR4 are likely to playa role in generating proliferative phenotype
through the production of inflammatory cytokines. Since only small levels of
PAMPs are needed in order to activateesponse, and swthinical infections are

extremely hard to diagnose, an dodicterial agent may not be effective under
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clinical conditions. Instead, targeting the activation of TL&tsthe resulting

downstream pathwaysay beabetter therapeutic strategy.

NF-a Band vascular proliferative disease

The main inflammatory pathway downstream of FRictivation isnuclear factor
kappalight-chainrenhancer of activated B cellsiF-a B, as shown in Figl.3. The
pathway regulates gene expressfon pro-inflammatory préeins which activatea
cascade of subsequent pathw#@hoshet al, 1998) NF-a Bis activated in the
TLR-4 pathway viaTRAF6 signalling to TAK1, which activates theB-kinase
complex to phosphorylatethe BB proteins (Sato et al, 2005) Subsequent
ubiquitination and proteasomal degradationa§ leads to the release NF-a Bnto
the nucleus, resulting in the transcription of inflammatoytokines and adhesion
molecules(Karin and BerNeriah, 2000) The importane of NF-a Bin vascular
proliferative disease has long been kno{@ourcier, 1997; Brancet al, 1996)
Also, NF-a Bis responsible for the generation of pnflammatory cytokines and
chemokinessuch as TNRJ a n d-1 WHP are associated with AVF stenosis.
Experimentally, it has been shown that inhibitiorN#¥-a Bin rabbit interpositional
vein graft using NF-o Bdecoy oligodeoxynucleotides significantly inhibits the
development of intimal hypplasia(Miyake et al, 2006) Also, usinga rat AVF
model it has been shown thidf-a Bactivity measured by chemiluminescenee
based assay kit is significantly incredske week post AVF creatiofuncoset al,
2011) ThereforeNF-a Bs another pathway downstream of TRactivation which
may be important in AVF stenosis.
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TLR-4

MyDSS

@ ([

Figure 1.3. TLR-4 activation leading to cell proliferation and inflammation.

Activation of TLR causes a cascade which leads to the activation of MAPK and NF

9B pat hways. This pathway results in a
VSM cells(Han et al., 1994; Boyer and Lemichez, 2004; Ha006; Landstrém,
2010)
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1.3 Vascular smooth muscle cell proliferation

Cell proliferation ofVSM cells plays an important role in the maturation of an AVF.
Thereatfter, in certain patiengshyperproliferative response can occur leading to the
developmat of intimal hyperplasia and stenosis. The activation of inappropriate
proliferation leading to occlusion in AVF is poorly defined. While there are parallels
between this condition and atherosclerosis, intimal hyperplasia of AVF remains very
different. For example, atherosclerosis can develop over y@g&oss, 1993)in
contrast with the matter of months it takes for AVF stenosis to occur. This suggests

that the events which trigger these two vasgoddhologies differ greatly.

VSM cells are normally ina quiescent GO phenotype, and hawdow rate of
proliferation(Gordonet al, 1990) However, when exposed @amitogenic stimulus,
they move into G1 of interphase and start to proliferate. There are numerous
activators of VSMcell proliferation;platelet derived growth factor (PDGF) produced
by thrombosis(Englesbeet al, 2004)and inflammatory cytokines such as TNF
and IL-1 (Charronet al, 2006)are just two examples. These proliferative processes
are driven by the activation of the mitogactivated protein kinase (MAPK)
pathwaygqJacd et al, 2005) There are three well defined sub pathways of MAPK
extracellulasignatregulated kinases 1(ERK1/2), c-Jun amineterminal kinases
(JNKs) and the p38 MAPKgChang and Karin, 2001) Stimulation of the
aforementioned pathways occurs continuously, lzegins witha stimulus, such aa
cytokine or growth factor, leading ta cascade of kinase phosphorylation and
activation of transcription factsicontrolling cellular everd such as proliferation or

apoptosigJohnson and Lapadat, 2002)

Cross talk of pathways controlling inflammation and proliferation

Activation of VSM cell proliferation can occur upon stimulation by an inflamnyator
signal such as the cytokine-B.(Y. Sonet al, 2008)or activation of TLR4 (Lin et

al., 20079). The majority of research in this field has been carried out in immune
cells. Within this program of workthe activation of TLR4 in proliferation of non

immune cells (VSM) will be investigated. As shown in Fig. 1.3, the activation of
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TLR-4 with a ligand such as LPS activatagascade leading to both inflammatory
and proliferative pathways. Signalling through the MyD88 pathway causes the
recruitment and autphosphorylation of IRAK4/IRAK-1. The phosphorylated
complex can then bind tBRAF6 andactivate MAPK kinase kinase (MAPKKK)
signalling pathways, leading to the activation MfF-s Band MAPK (Kopp and
Medzhitov, 1999) Activation of the MAPK pathway ultimately leads to the
translocation of transcription factors such as-JARto the nucleus, leading to the
transcription of proliferatiorassociated proteingarin, 1995) MAPK is discussed

in more detailvithin section 1.3.1.
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1.3.1 The mitogeractivated protein kinase pathway and vascular proliferative

disease

ERK pathway

ERK is amember of theMAPK signalling pathway whiclzonsists of two subunits,
ERK1 and ERK2(Boulton and Cobb, 1991Phosphorylation of ERK ignainly
associated witla proliferative response tamitogenic stimulugLewis et al,, 1998)
Classically ERK is activated by the stimulationadirosine kinase receptor, leading
to the activation of RasThis proteoncogene themctivatesa signalling cascade
including MKK 1/2, leading to ERK1/2 phosphorylation (Marshall, 1995).
Mutations which activate Ras have been linkedatowide range of tumours
(Lawrenceet al, 2008). Previougl research within the cardiovascular group at the
University of Strathclyde has shown the importance of the Ras activated MAPK
pathway in cell proliferation leading vascular pathology (Coatt al, 2008). Ras
membrane localisation was reduced in human VSM cells usiitas farnesyl
transferase inhibitor (FPT 1ll). This lead to inhibition of foetal calf serum (FCS)
stimulated cell proliferation and inhibition of platelet derived growth factor (PDGF)
stimulated ERK1/2 activation. Usinga rabbit stent insertion model, FPT Il

significantly reduced istent restenosis.

In addition to classical activation of ERK by growth hormones, it has been widely
demonstrated that ERK can become phosphorylated diitiR34 stimulation by
LPS (Honget al, 2009; Linet al, 2007, 2006; Soset al, 2008; Yanget al, 2005)

The role of MAPK signalling in LPS stimulated -B production by human aortic
VSM cells has been demonstrat&bnet al, 2008) Three dominant negative genes
were applied to different groups of cells prior to stimulatiariNIKK1 (ERK1/2),
MKK3 (p38) and MKK4 (JNK) negative. These MAPK kinases form parthef t
cascade which leads to activation of each MAPK. Only the attenuation of/ERK1
and p38 pathways inhibited 46 promotion A similar result was shown when
MAPK inhibitors U0126 (ERK1/2) and SB202190 (p38) were added prior to
stimulation. In another sty the role of ERK andNF-a Bin the generation of the

pro-inflammatory cytokine IE8 was investigateHonget al, 2009) Human aortic
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VSM cells stimulated by LPS underwent significantly increased activation of ERK
andNF-a Bresulting in IL-8 production. When ERK was attenuatedajominant
negative of MKK1, LPS stimulated 48 production was reduced. These studies
clearly show that actation of the ERK1/2 pathway sdownstream consequence of
TLR activation which can contribute to VSM cell proliferation and inflammatory

cytokine production, as shown in Fig. 1.3.

p38 pathway

The p38 MAPK pathway is activated more so by environmental stresses than
mitogens, and was first identified in response to kB@ulation ofmammalian cells

(Han et al, 1994)through the mechanisms shown in Fig..1.38 MAPK can
become activateby ultraviolet irradiation, hypoxia, ischemia, heat shock, oxidative
stress, activation of TLRs and inflammatory cytokined land TNFU (Obataet al,

2000) Therefore, de to the nature of its activation, p38 MAPK is thought to play an
important role in the pathogenesis of cardiovascular disease.

p38, as well as ERK and JNK activation have been studied in response to vein graft
arterialisation $aundert al, 2004). A canine carotigugular vein graft mdel was
used, with tissues harvestedaatumber of time points up to 28 days, by which time
significant intimal hyperplasia had develope®¥ein to vein graft was used as
control which developed no intimal hyperpksiPhosphorylation of p38 and ERK,

but not JNK, were found to be significantly upregulated compared to the vein to vein
grafts up to 4 days after arterial graftiramalysed by immunoblotting. In another
study, the role of p38 activation in LPS induced6llproduction by rat VSM cells
was investigatedChu et al, 2010. Like the effect of attenuating ERK which was
discussed in the previous section, the attenuation of p3%Hhaymacological
inhibition (SB203580) greatly reduced the level of@lproduction. Therefore, the
p38 pathway has been shown to play an ingrdrrole in the generation of an

inflammatory and proliferative phenotype and may be involved in AVF stenosis.
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JNK pathway

JNK activation is one of the main signalling events activatagsponse to stressful
stimuli, such asTLR-4 activation by LPSDavis, 2000; Factoet al, 1998) As
shown in Fig. 13, activation of the TLR complex stimulates TRAF6, which in the
presence of TAB1/2 activatéke protein kinase TAKILandstrom, 2010) TAK1
activation can lead to phosphorylation of MKK4 or MKK7, activating JNK to
promote expression of transcription factedun (Satoet al, 2005) ¢Jun, whichis

also stimulated by the ERK pathwayg essentialfor the expression of AR to
promote cell proliferation; therefore it is likely to plag role in AVF stenosis
(Weston and Davis, 2007) The role of e€Jun in the development of intimal
hyperplasia has been investigated in sections of human saphenous vein obtained
during bypass surgeri€bli et al, 2010) The vessels were segmented and cultured
in RPMI (20%FCS. At random,a group of veins were treated with DzX8¢-Jun
DNAzyme, for ¥ days. Dz13 treatment significantly reduced intimal hyperplasia
compared to controls. Then, usiagrabbit jugularcarotid vein graft model, the
effect of blocking eJunin vivo was assessed. Prior to the procedure, veins were
incubated with either vatie or Dz13 containing solution. Intimal hyperplasia was
significantly lower in Dz13 treated group compared to controls. This study
highlights the role of JNK in vascular proliferation; however JNK activation is
associated with cell apoptosis which gastentiate an inflammatory and proliferative
respons€Onai, 1998)

The role of JNK and p38 mediated apoptosis and proliferation was assessea using
mouse femoral artery wire injury mod@ou et al, 2007) In this study JNKand

p38 activation peaked at 1din post arterial injury, measured by zymography. This
was immediately followed by an increase in cell apoptosis withiveseel peaking

at day 1, and cell proliferation peaking at day 7; resulting significant intimal
hyperplastic response. Pharmacological inhibition of JNK and p38 independently
reduced intimal hyperplasi Therefore, it appears that JNK induced apsj# at day

1 stimulates cell proliferation at day 7, most likely in an indirect matimeugh
release of intracellular components following cell dealNK maythereforeplay an

important role in AVF stenosis via activation of apoptosis and proliferation.
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1.3.2 The cell cycle and vascular proliferation

Downstream of the MAPK proliferative cascade, VSM cells must pass thr@ugh
number of checkpoints which allow cell cycfgogression and ultimately cell
division. VSM cell division involves two processes; interphase in which the cell
prepares and undergogsoxyribonucleic acid@NA) synthesis, and mitosis which is

the process of cell division. The four phases of integghalso known as the cell
cycle, are shown in Fig. 1.4. Normally VSM cells are quiescent, and in the GO phase
of the cell cycle(Gordm et al, 1990) When cells are stimulated kaymitogen,
activation of MAPK occurs, in turn resulting in the production of the proto
oncogenes -fos, cmyc, and ras amongst othgidunter, 1997) cfos and emyc

lead to inceased expression of cyclins D and E, which are essential for progression
through G1 phas€Phuchason and Tokuhisa, 1995) The activation of cyclin
dependent kinase€DK) is also essential for cyclin functiolCDK4/6 are required

for cyclin D activity during G1CDK2 is required by cyclins E amd during S phase
andCDK1 is essential for cyclin B during G2 and(Murse, 1994; Sherr, 1994 At

the end of G1 the cell reachdee restriction point(R), and it is then committed to
DNA synthess. The S phase is the stage at which DNA replication occurs, and G2 is
the stage at which proteins essential to division are synthesised. The cell can now

enter into mitosis (M) and begin to divig€harronet al, 2006)
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Figure 1.4. Vascular smooth muscle cell cycle.This figure demonstrateghe
different stage of the cell cycle which occuduring proliferation activated by
mitogenic stimulation. In blue are the cyclins and CDKs which are essential for
each phase of cell cycle progression. In red are the cell cycle inhibitotgips

which act upon specific cyclins to halt cell cycle progresgitimarronet al, 2006)
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Mediators of cell cycle

Cell cycle progression is directly controlled through the regulation of CDKs by cell
cycle inhibitory proteins (CKI). These can be split into two groups; inhibitors of
CDK4 (INK4) and the CDK interacting protekinase inhibitoryprotein (Cip/Kip).

The first group, INK4, is made up of pl5, pl16, pl8 and pl9. These CKls can
directly inactivate CDKs 4/6, causing inhibition of cyclin D activigherr and
Roberts, 1995) p15, shown in Fig. 1,4an be stimulated by transforming growth
factorb ( G F t acofmaex with CDK4 or CDK6 and inhibit their binding to
cyclin D (Hannon and Beach, 1994The Cip/Kip family of direct inhibitors include
p21, p27 and p57. These CKI regulators bind directly with the CDK/cyclin complex.
For example, both p21 and p27 (Fig. 1.4) can bind with either cycl@ZDE4 or
cyclin EECDK2 and stop G1 progressi@darperet al, 1993; Polyalet al, 1994)

There are various upstream activators of CKls which utilise their inhibitory actions

to halt cell cycle progression. T& can not only activate p
progression in the G1 phase. TGF i s @ largetfamiyfof proteins which

exhibit regulatory actions on cell growth, differentiation and matrix deposition
(Massagué, 20000TGFb act s by causing heteromeric
TGFb type | and | | .intraceliuar sggnaliing eascade nfiSMADa t e s
proteins which relay the signal to the nucleus and direct transcriptional responses
(Derynck et al, 1998) As aresult, there is an increase in the expression of p15
MRNA, as well as an increase in binding of p15 to CDK4/6, as shown in Fig. 1.4
(Hannon and Beach, 1994; Reynisdotir al, 1995) This p15 binding event
triggers the release of p27 and p@iddependent of p53 activation), which then
associates ith the cyclin E/CDK2 complex to halt cell cycle progression. Normally

in healthyVSM cells which are in the GO phagte expression of p27 is high.
Following cell stimulation, the resulting oncogenesiyc and ras inhibit expression

of p27 to allow ck cycle progressioiiLeoneet al, 1997)
Activation of VSM cell proliferation can occur when there is an imbalance between

the level of stimulation and expression of CKIs. The expression ofp@Z] ,CDK2

and proliferating cell nuclear antig¢gRCNA) was studied in failed AVF vs. healthy
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vein and arteriesDe Graafet al, 2003) p21 was found to be significantly
decreased in failed AVF vs. healthy controls; with no significant difference in p27
expression. In addition, CDK2 and PCNA wergngicantly increased vs. healthy
controls. This thereby indicates that AVF failure could be dwedisruption in p21
induced cell cycle regulation of VSM cells, allowing an increased rate of
proliferation. Other studies have also shown that p21 isngortant regulator of
VSM cell proliferationin vitro andin vivo (Tanneret al, 2000; Yanget al, 1996)
Therefore, targeting of key CKI regulators may beuseful stategy in the

development of new vascular proliferative disease therapies.

AMP-activated protein kinase mediated control of cell cycle

AMP-activated protein kinase (AMPK) is highly conserved serine/threonine
protein kinase involved in homoeostasis of cellular metabdisandie and Carling,

1997). AMPK exists asa heterotrimeric complegontainingt hr ee subuni t s;
9. The U subunit, consisting of U1l and
(Crute, 1998) AMPK is activated durin@reduction in the AMPATP ratio, due to

a decrease in nutrient supply or increase in cellular demand. This then activates
catabolic processes and inhibits energy consuming anabolic pathways such as cell
proliferation (Hardie et al, 1998) Fig. 1.5 shows the mechanisms though which
AMPK activation inhibits proliferation via cell cycle arrest. This process was
investigated in human aortic VSM cellgdtaet al, 2005) The AMPK agonist 5
Aminoimidazole 4-carboxamide ribonucleoside (AIGY was used to induce
AMPK phosphorylation. 1t is believed AICAR activates thtexia telangiectasia
mutated (ATM) kinase which can then directly phosphorylate AMBKn et al,

2007) Igata and colleagues demonstrated dAR mediated concentration
dependent increase in AMPK phosphorylation anldsequentlya decrease in cell
proliferation stimulated by both FCS and platelet derived growth f&Bo(PDGF

BB). AICAR induced an increase in total and phosphorylated l@ig)53, as well

as an increase in p21 mRN AICAR treatment resulted in an increagsapulation

of GO/G1 phase cellmeasured by flow cytometry. All of the AICAR induced

effects on cell cycle were reversed by insertiora@ominant negative AMPK by
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aderovirus. AMPK stimulated G1 arrest though p53/p21 has also been confirmed in
other cell types such as mouse embryonic fibrobl@dtmeset al, 2005) and
melanoma cellgPetti et al, 2012) Therefore, AMPK may ba valid therapeutic

target which could regulate VSM cell hypgaoliferation via cell cycle arrest.
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Figure 1.5. AMPK as an indirect regulator of cell cycle progression and
proliferation. The phosphorylation of AMPK leads to inhibition of cell cycle
progression via activation of p53 and p21. Protein synthesis, also essential for cell
proliferation, is dwnregulated by activation of AMPK via tuberous sclerosis
complex (TSCinhibition of mammalian target of rapamycin (mTQRfotoshimaet

al., 2006)
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1.41n vivo AVF models

A translationaln vivo model of AVF remodelling is an important tool in the study of
AVF failure. Sucha model would give greater insight into the events which take
place inAVF failure at different time points, and not just at the end as studied in
human tissues. Also, an vivo model would allow interventional studies to be
undertaken. This would allovwhé efficacy of various drugs and inhibitors to be

demonstrated in an intact system vattully functioning immunesystem

Rodent AVF models

There area number of vein graft models in uder the study of bypass failure.
However, the haemodynamic stresses which arise from interpositional vein grafts are
different to those which are present at the anastomosis of an AVF. Therefore,
general vein graft models are of limited use in the study\@¢¥ Aemodelling. Both

mice and rats have been used previoushAMF creation Juncoset al, 2011) An

end to side anastomosis between the common carotid artery and jugular aein of
mouse was used to study the role of monocyte chemoattractant {r¢t@P-1) in
remodellng. The advantage of this type of model is that genetically deficient mice
can be used to shoacausative role. It was found that creation of an AVF within
MCP-1 knockout mice were significantly protected from adverse remodelling. Also,
arat AVF modelhas been used to investigate the role BfiNro-L-arginine methyl

ester (.name),a nitric oxide synthase (NOS) inhibitor, in remodellir@rdattet al,

2010) An end to side anastomosis was created between the femoral artery and
femoral vein. The administration of-name was associated with significant
increase in venous naotima formation, as well as an increase in-pritammatory
MCP-1 and cyt&ine-induced neutrophil chemoattractent(CINC-1). An end to

side femoral rat AVF model has also been used in another staagef et al,

2010) In this study animals were split int@a control group anch group which
received an adenine rich diet to induce chronic kidney disgasB). Ultrasound

was used to demonstragesignificantly increased level of neointimal thickening in
the CKD group over time. This was accompanied by an increase in peak systolic

velocity at the anastomosia,sign of stenosis. Histological analysis confirmed the
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significant increase in neatima within theCKD group, as well as shrinkage in the
medial layer. CKD diseasewas also associated wita significant increase in
calcification of the AVF. Using thesa vivorodent modelsa number of important
proteins and mechanisms have been denmatestr However, the size of AVF which

can be achieved in these animals limits the studies which can be undertaken. For
example, these models woultbt allow the incorporation of cannulation injury,

which is as yet unexplored.

Rabbit AVF models

One ofthe first studies to use rabbit AVF experimental model was published in
1987 Greenhil and Stehbens, 1987)The aim of this was to investigate the chronic
effects of altered haemodynamics on arteries feeding the AVF. The fistula was
created by anastomosing the right femoral artery and femoral veiside to side
fashion fora distance of 8mm. This type of graft allows arterial blood flow to the
lower limb, as well as the draining of blood back through the femoral Viesimilar

side to side fistula can be created in humans for vascular access, although an end to
side anastomosis preferred(Klaus Konner, 2003) Greenhill and Stehbenssed
scanning electron microscopy to analyse the artery which feeds the AVF. It was
found that the diameter increased by 1.5 times, with the remaining artery distal to the
anastomosis showing no alteration. Over the course of the study (285 days),
transrerse and longitudinal tears in the internal elastic lamina were observed along
the entire afferent artery back to the abdominal aortic bifurcation, but not in the
unoperated left side. This study demonstrated the effects of altered haemodynamics
on arteres feeding the AVF; however it did not study the effect of this change on the
venous branch. In 1995, this group publishedibsequent paper which aimed to use
this method to establish model for atherosclerosi€lones & Stehbens 1995)
Animals were investigated up to 895 days post AVF creation for the development of
fibro-fatty lesions in arteries proximal the anastomosis. As before, they identified
micro-fractures in the internal elastic lamina, as well as considerable intimal
proliferation.  Other ultrastructural changes included dystrophic basement

membrane, necrosis of smooth muscle cells and acctiorulaf foam cells. These
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results suggest that augmented haemodynamic stresses associated with the formation
of afemoral AVF may induce changes in the feeding arteries similar to that which

occur in human atherosclerog§Williams and Tabas, 1995)

A rabbit femoral side to side AVF has also been created experimebyatlifferent
groupsin two other studiegRicardet al, 1992; Suret al, 2005) The aim ofRicard

et al.was to establish an original model for heart volume overlddey found that
femoratfemoral AVF causedh 50% increase in mean cardiac output, which was
evaluated up to 11 weeks post procedudemonstratedby dimensional
echocardiogram andopplerflow measurement at the aortic ring. The aim of 8un

al. was to evaluate colouDoppler flow imaging in the diagnosis of peripheral
vascular diseases. Again, these studies did not evaluate the remodelling which is
undergone in the venous branch of the AVF. However, these papers provide
assurance that with appropriate surgical techniqudsafter care the establishment

of aside to side fistula in rabbiémoral vessels is feasible.

An alternative method to establish an A¥¥Fan end to end anastomosis, where the
distal artery and vein are ligated. This technique was applieal tone issue
engineering modeldong et al, 2010. An end to end, femoral arteriovenous loop
was created which could then be placed roral bone construct. The increase in
wall sheer stress within the vein triggered angiogenesis within the coral construct,
which is normal a major obstacle in bone tissue engineering. Accordinthéo
study, no major surgical complicationsr thrombosisoccurred from this AVF
creationmethod Thereforean end to end anastomogsanothertechniquewhich
may be employed in creation afabbit femoral AVF, and may allow greater control
over the position due to the creationafoop. The unilateral blood flow that this
technique allows is only limited by the flow of the arterial blood. However, with this

type of anastomosis there isianreased risk of severe peripheral iscleemi
This study aims to develop, where possilaelinically relevant rabbit model of

AVF remodelling. The previous rabbit studies reviewed in this section have

focussed on either arterial remodellingtie cardiac effects of AVF creation. The
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model which is presented in this thesis will focus on the changes which occur in the
venous branch of the fistula, and for the first time evaluate the effect of needle injury.
In addition to this, the model will besad as part of an interventional study using

drug which is clinically available for use in renal failure patients.
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1.5 Therapies in AVF failure

Current treatment strategies

There are two parameters which are used to deteraf@nodyamically relevant
stenosisa greater than 50% reduction in lumen diameter measured by angiography
or ultrasound and the presence abhysiological abnormality such as elevated
venous pressure or decreased blood fi®esarab and Work, 2006) Current
treatment strategies consist of either surgical repair or endovascular techniques
carried out in an outpatient setting. Surgical repair includes among athesaipn

of amore proximal anastomosis, vein patchargl PTFE graftinterposition. Also,

surgical thrombectomy can be used to restuembosed fistuladLipari et al,

2007) However, surgical procedures hawsignificant patient burden. Therefore,
endovascular techniques such as percutaneous transluminal angioplasty are an
attractive option. Ppghylactic percutaneous transluminal angioplasty of stenosis in
functioning forearm AVF has been shown to significantly improve access survival
and decrease accessated morbidity(Tessitore, 2003) However, the disadvantage

of these procedures are that they require frequent revision as the 12 month patency
rate @n be as low as 26¢clark et al, 2002)

The potential of clinically available therapeutics

A prophylactic pharmacological intervention to increase AVF patency is the ideal
solution toa significant problem. However, the best stage at which to intervene is
not clear. The lack of kidney function in these patients must also be taken into
consideration. It is obvious that this will have an impact on renally excreted drugs,
but there is als evidence that agents which are extensively metabolised in the liver
and intestine may also be impairglunet al, 2006) This is thought to be caused

by thebuild-up of ureamic toxins which inhibit the action of cell transporters such
as; organic anion/cation transporters, intestinal efflux transporters, and hepatic
metabolising enzymes. These points must be taken into coatgienvhen selecting
possible therapeutics. The advantage of using agents which are already available for

other conditions is that they will be clinically well defined and extensively studied.
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Two main approaches have been taken in the trial of clipieafailable drugs to

treat AVF stenosis; anplatelet and aniproliferative.

Anti-platelet therapy in AVF failure

Non-steroidal antinflammatory drugs NSAIDs) are an extensively studied family
of compounds which inhibit the enzyme cyclooxygenase (COX) to produce
analgesic, anfpyretic and antinflammatory effects. Aspirin, part of the NSAID
family, is widely prescribed to patients at risk of cardiovascukease for its anti
platelet propertiegAntithrombotic Trialists' Collaboration 2002)This is achieved
by irreversibleinhibition of COXin platelets leading toinhibition of thromboxane
A2 production, a potent inducer of platelet aggregation. Cyclooxygelegsndent
production of the antthrombotic agent prostacyclin by cells within the vessel wall is
quickly recovered following aspirin treatment; thus, causingrall anti-thrombotic
activity (Weksler et al., 1983)It has been proposed that aspirin rbaybeneficialn
prolonging the survival of AVF grafts. This was investigated usingDid®PS
database Hasegawaet al, 2008) This study used the details of 28p&tients
consistently redeing aspirin collected betweett9962004. Continued use of
aspirin at one year significantly lowered the risk of final AVF failure, with no

association with increased gastrointestinal bleeding among the subjects.

The efficacyof other antiplatelet drigs havealsobeen studied in patients requiring
vascular acces®{xon et al, 2009) The effect ofdipyridamole plus aspirin therapy

on primary graft patency rates was investigatea double blind, placebo controlled

trial. The study took place over 13 centres in the US, and involved 649 patients over
4.5 years. The average primary patency rate at year 1 on the placebo group was
23%, which was significantly increased to 28% in theyddamole plus aspirin
group. No increased incidences of adverse events at the AVF site, or gastrointestinal
bleeding were found in this study. These studies suggest thatlatetet therapy,
particularly via inhibition of COX, may increase AVF patenmeyes. However, the

risk of adversebleeding is still of concern asprevious andomised clinical trial of

clopidogrel plus aspirin had to be halfed this reasorfKaufmanet al, 2003)
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Anti-proliferative therapy in AVF failure

The main issue for current and future therapies to address in AVF failure is the
formation of neointimal hyperplasia within the vein caused by VSM cell proliferation
(Roy-Chaudhuryet al, 2007; Lee and Re€haudhury, 2009) The majority of
therapies which have been trialled in the past have beeplatgiet drugs, with only
some small anecdotal studies focussed onpaaliferative agents. Indeed, some of
the therapeutic benefit of arglatelet drugs may arise from other gooliferative
activity. Dipyridamole, detailed in the previous section for its-platielet activity,

has been shown to inhibit vascular preddtion (Singhet al, 1994) Singhet al.
demonstrated in the nineties tltpyridamole inhibited VSM cell proliferation ia

dose dependent manner. Usengabbit carotid balloon injury model, dipyridamole
was shown to significantly reduce the amount of intimal thickening which
developed. Siitar effects were not seen in dipyridamole analogues86#% and
mopamidol, suggesting that cell growth inhibition was independent of the anti
platelet activity. More recently, the mechanisms responsible for dipyridémole
activity have been investigatedsiog human arterial and venous VSM cells
(Zhuplatovet al, 2006) Dipyridamole caused concentration and timdependent
increase in cyclic adenosine monophosphate (CAMP) and cyclic guanosine
monophosphate (cGMP) in both arterial and venous cells. Specific competitive
inhibitors of protein kinaseé& and G attenuated the aptioliferative effects of
dipyridamole,with inhibition of protein kinase G havirgmore pronounced effect

on venous cells. Cell cychnalysisof dipyridamole treated cells reveal an increased
population of cells in GO/G1, aralsubsequent reduction in the S phase. This study
suggestsa dipyridamole induced increase in cAMBnd cGMP can activate

downstream pathways which cause cell cycle arrest.

Likedi pyri damol e, some of aspirinbés therarg
anti-proliferative activity. The frequency of aspirin use and ittedence of fatal

cancerwas investigatedpreviously (Thun et al. in 1993. With an increased

frequency of aspirin usthere wasa significant decrease in recorded fatalities in

cancers of theoesophagus, stomach, colon, and rectum. Then in 1®9%ect

inhibitory effect of aspirin on rat glioma cancer cell proliferation was demonstrated
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(Aaset al, 1995) This effect was also demonstrated with salicylic acid treatment,
but not with indomethacin or piroxicam (also NSAID), indicating that the activity
was independent of prostaglandin inhibition. The main mechanistic irsighn in

this paper wass marked 35% reduction in ATP synthesis compared tetreated

cells. In the same study, aspirin was also shown to inhibit tumour formation induced
by the same rat glioma cells in Bnvivorat model. Frther mechanistimsight into
aspirin and other NSAID anproliferative activityhas beemlemonstratedBrookset

al., 2003. Salicylate based NSAIDs causadpost G1/S block via the hyper
phosphorylation of pl0T7esulting inincreased levels of cyclin A; whereas non
salicylate NSAIDs caused an accumulation of cells in GO/G1. All NSAIDs were

shown to induce expression of cell cycle regulators p21 and p27.

Recentl vy, i nhibition of an&pidiferativeadivity mp |l i c
(Sung and Choi, 2011) The tlerapeutic benefit was examined on VSM cells
explanted from healthy and spontaneously hypertensive rats. Aspirin significantly
increased the phosphorylation of AMPK and ac&glA carboxylase (downstream

protein activated by AMPK) i time and concentrain dependent manner. These

effects were more pronounced in VSM cells from the hypertensive rats; as basal
phosphorylation of AMPK was lower vs. healthy controls. This correlated avith
concentration dependent decrease in proliferation of cells derioedHypertensive

rats. Also in hypertensive VSM cells, aspirin increased expression of p53 and p21,
leading toa decrease in phosphorylation of cyclin D and cyclin E. These aspirin
induced changes in cell cycle proteins and overall proliferation wer&dalday the

addition of AMPK inhibitor compound C; as well as AMRKock-down by siRNA

More recently i was demonstrated hat aspirin directly bin
subunit(Hawley et al, 2012) This was shownn vitro andin vivo by mutating

AMPKb 1 which subsequently inhibi.t@&id aspi:r
mechanism of activation was the sameaa®mmercially available AMPK agonist
A-769662.

The extent to which aspirin mediated ANMN

reported therapeutic benefits is not clear. The cgdiective dose of aspirin
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(81mg) prescribed for its anplatelet activity in all of the trials may be toow to
activae the AMPK pathway Most studies have indicated that aspirin is needed in
the micromolar range in order to inhibit proliferatigkaset al, 1995; Brookst al,
2003; Hawleyet al, 2012) Such concentrations are achieved in high dose aspirin
(325mgQ) used for its animflammatory activity(Day et al, 1989) Howeveradverse
bleeding eventa/hich have ended clinical trials in the past are atillajor limitation

in its oral usgKaufmanet al, 2003) The role of AMPK in the anfroliferative

activity of other more potent, nesalicylate based, NSAIDs is yet to be assessed.

Application of therapiesn AVF failure

The therapies and trials discussed in previous sections have all involved oral delivery
of a pharmacological agent. Howevex,high systemic concentration of agent is
more likely to cause side effects suchaasersebleeding in the case of NSAIDs.
Therefore, targeted local delivery should resula imgher concentration of agent at

the site of action, while maintaining or reducing the original dosage. Perivascular
delivery is an example of such an approach; wheragent is placed around or near
the fistula/grafto release amgent over time A system for this type of delivery was
developed ina pig model of arteriovenous graf(gelly et al, 2006) Kelly et al.

used anethylene vinyl acetate (EVA) polymeric miatrcontaining polyethylene
glycol to control the release of the aptoliferative drugpaclitaxel. Paclitaxel is an
anti-proliferative chemotherapeutic agent that causes polymerisation of microtubules
in the cell during G2/M phase of the cycle, leading to cell afvganget al. 2000)
Previously, paclitaxel has been shown to be effectivenag malignant tumours
(Rowinsky, 1997) As with most antcancer drugs, adverse effects have ruled out
their systemic application in vulreble end stage renal failure patients. However
through local delivery, high concentrations of the agent can be achieved which would
be toxic if they were present systemically. Previous studies have demonstrated that
this type of delivery system allowsglitaxel to diffuse throughout the whole vessel
into the intima(Melhemet al, 2006) Kelly et al. useda porcine model irwhich a

PTFE graft was placed between the femoral artery and vein to create an

arteriovenous graftA paclitaxelelutingor control wrap was then applied around the
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graftvein anastomosis. The animals were sacrificed at earlyl{18ays), middle

(23 24 days) and late (338 days) time points. By the mid time point, the control
wrap grafts had developed20.6% luminal stenosis, which increase to 49.5% by the
later time point. The paclitaxel eluting wrap grafts showed no signs of luminal
stenosis up tohe end of the study. There was no local toxicity associated with the
drug eluting wrap, assessed histologically at the time of sacrifice. Also, paclitaxel
was not detected in the systemic circulation, even during the maximal release point.
Blood parameers of the animals remained normal. Clearly, this type of treatment
has the potential to limit juxtanastomosis neointimal developmert limitation of

this study was that the effect of this treatment on maturation of the graft was not
studied, which auld be assessed by ultrasound. Also, the long term effectiveness of
the therapy to control the development of stenosis is yet to be evaluatige,
multi-centre clinical trial using thiapproachwas halted in 2009 due &m increased
incidence of mfection in patients (ClinicalTrials.gov IdentifieRCT00448708). In
another randomized clinical trial, the efficacy of pacliteo@hted balloon vs. nen
coated balloon angioplasty in failing vascular access grafts was asfi€atsshos

and Karnabatidis, 2012)According to the 6 month interim réts, cumulative target
lesion primary patency forgelitaxelcoated balloon angioplasty was 70% vs. 25% in
noncoated balloon angioplasty. Again, no major or minor complications were

present in either group within the study.

Topical administration is reother form of application which could prove to be
efficacious. The advantage of this route is that it could be applied at any time
without the need foa surgical or endovascular outpatient procedure. Currently,
research into topical application of thpeutic agents to improve arteriovenous
fistula patency is limited. The main topical treatment currently in use is
lidocaine/prilocaine creamEMLA) used for its analgesic properties during fistula
venepuncturgCelik et al, 2011) However, the combined effect of topical heparin
spray and traditional anfilatelet therapyhas been assessed asmall number of
patients using the results afretrospective registry in ltalyStuardet al, 2010)
Topical heparirusein combination with antplatelet therapy for 6 monthiscreased

the amount of AVF still suitable for dialysis by 22.2%. Again, this is another
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potential treatment which may prevent early failure of AVF; but thecefia long

term patency is unknown.
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1.6 Summary

Failure of AVF through adverse vascular remodelling isomplex, multifactorial
process. However, it is clear that early and late failures of AVF are driven by
different events. EarlAVF failure tends to be du® the formation of neointimat

the venous anastomosis or the formation of thrombus. Both of these events result in
a reduction in flow through the vein, hindering the maturation response. There is
significant evidence to ggest that this type of failure is largely due to surgical
technique, vessel selection and patient background. However, less is known about
the late failure of AVEB which have been used successfully to dialyedore
developing stenotic lesions at diffatepoints along the vein Again, stenosis in
these grafts causes blood flow to decreasel&velwhich is no longer adequate for

the haemalialysis to occur. There is anecdotal evidence to suggest that these lesions
form in areas of the fistula whichagive cannulation injury. However, to date the
research into the contribution of needle injury in AVF stenosis is limited. What is
clear is that both inflammatory and proliferative mechanisms @kignificant role

in late AVF failure. The role that flammation plays in the hyperoliferative
response is unclear. However, previous research suggests thé fjatRway may

be involval in the pathological respongds stimulationof both inflammation and
proliferation. Identification of pathway whichs$ upregulated during AVF stenosis
could be an important discovery for the development of future therapeutics. In the
short term, these insights could justify the use of an already available
pharmacological strategy which targets both of these pathologieghanisms

downstream of TLRY4 activation, such as NSAID.

In order to validate observations made framvitro experimentationa clinically
relevantin vivo model isvital. Currently,a number of animal models exist in both
rodents and rabbits. Thadvantage of mouse models is the large variety of
geneically deficient strains which coulde used to validate the role afspecific
protein or pathway. However, tleze of rodent vessels makgsod anastomosis
difficult to achieve. Also, cannulatiasf the fistula in these rodent models would not
be possible, therefore limiting their clinical relevance to R failure. Studies

which have utilised rabbit AVF models in the past have done so for reasons other
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than AVF stenosis, i.e. cardiac overlpadterial remodelling, tissue engineering.
Thereforea need exists foa clinically relevant rabbit model which can be used to

investigate events and mechanisms in AVF stenosis and validate potential therapies.

1.7 Hypothesis andaims

The hypothesideing investigated in this thesis is that cannulainjury is a major
event in late stenosis of AVF. Through this injury, FERan become activated in
VSM cells and lead ta phenotypic switch resulting in hyperoliferation within the
vessel wall A prophylactic therapeutic approach which targets either-FL& the

downstream inflammatory and proliferative pathways will prolong AVF patency.

The aims of this PhD study are to:

1. Use tissue and blood samples from human failed AVF vs. healthy controls to
investigate inflammatory and proliferative characteristics present during AVF

failure and the role of TLH.

2. Use explanted human VSM cells to investigateurrently availabletherapy

which targets both inflammation and proliferation downstream of-ZLR
3. Developanovel and clinically relevant vivomodel of AVF remodelling which
can be used to investigate the contribution of cannulation injury to the

proliferative response.

4. Use thisin vivo model as part of an interventional study using the therapeutic
agent identified in aim 2.

5. Investigate the mechanisms responsible for any successful agents identified from

the interventional study in aim 4.
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General Methods

2.1 Materials

Amersham (UK)
®H thymidinesolution

Corning Incorporated (USA)

T25 tissue culture flasks

DakoCytomation (Denmark)

DAB chromagen and substrate

Gibco (UK)

Ham's F12 medium
Penicillin streptomycin
Tryple Express
Waymouth's medium

National Diagnostics (USA)
Histoclear I

Histomount

Nunc (Denmark)

6 well plate

PerkinElmer (USA)

Emulsifiersafe scintillation fluid

SigmaAldrich (UK)
3-aminopropyltriethoxysilane
Acetic acid

Acetone

Bovine serum albumin

Disodium phosphate
Dithiothreitol

EDTA

Eosin

Ethanol

Foetal calf serum

Glycerol

H.O,
Hematoxylin Gil
Monopotassium phosphate
Paraformaldehyde
Potassium chloride
Sodium chloride

Sodium citrate

Sodium diphosphate
Sodium hydroxide

Sodium lauryl sulphate
Trichloroacetic aid

Triton X 100

Trizma kase

Tween 20

TPP (Switzerland)
24 well plate
96 well plate

WVR (USA)
Glass coverslips
Microscope slides

Paraffin wax
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2.2 Ethical approval

Ethical approval for the use of human tissues was obtained from the West of
Scotland Ethics Committee and Strathclyde University Ethics Committee. Written
informed consent was obtained from each subject to utilise excess tissue for research.
Ethical appoval for the use of animals in this study was obtained from the Home
Office, as well as Strathclyde University Ethics Committee. il\livo work was

carried out according to thenhmals (Scientific Procedures)cA1986.

2.3 Histological sectioning andtaining of vascular tissues

2.3.1 Fixation, wax embedding and cutting of tissues

Vessel segments were fixed in 10% paraformaldehyda fimnimum of 24hr prior
to processing. Tissues were then processea @itadel 1000 (Thermo Shandon,
UK) processopnvernight in the following conditions:

70%ethanol: 3 hr

90% ehanol: 3.5 hr

100%ethanol: 2 hr

100% ehanol: 1 hr

1:1 (v/v) of ethanol: isto-clear: 1 hr

100% hstoclear: 1 hr

100% hstoclear: 1 hr

= =4 A 4 A4 -4 A4 -

paraffin wax: 2 hr

1 paraffin wax: 2 hr
Thereafter tissuewere embedded in paraffin wax usiag.eica EG1140H (Leica
Mi crosystems, UK) embeddealeicanRY21ZLRTTHR s ect
(Leica Microsystems, UK) microtome. Tissue sections were floated siiattated
slides usingawater bath at 60°C. Slides were silanated using the following protocol:

1 acetone wash: 10 min

1 submersed in @minopropyltriethoxysilane (APES) solution (0.1% APES in
acetone): 10 min
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1 running tap water: 10 min

1 covered and aidriedfor 48 hr
Wax embedded sections were mountedaimatedslidesandplaced in an oven set
between 665°C for 30 minutes. On their day of use, the slides were placed again in

an oven at 6®5°C for 15 minutes.

2.3.2 Rehydration and dehydration of tissue slides
Prior to histological staining or immunohistochemistry, tissue sections were
rehydrated usinga Varistain 244 auto strainer (Thermo Shandon, UK) in the
following solutions:
1 histoclear: 10 min
histoclear: 10 min
histoclear: 10 min
100%ethanol: 5 min
100%ethanol: 5 min
1 100% dHO: 5 min
At the end of staining, the slides were dehydrated using the following protocol:
1 100% ¢hanol: 10 min
100% ¢hanol: 10 min
100% ¢hanol: 10 min

)l
)l
9 histoclear: 5 min
9 histoclear: 5 min
1

histoclear: 5 min

2.3.3 Haematoxylin andeosin
The tissue slides were rehydrated as stated in sect8o® and placed into metal
racks for stainindpy haematoxylin and eos{iH&E) using the following procedure:
1 Haematoxylin: 6 min
1 dH2O: 1 min
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Acid alcohol (1%): 3 sec
dH,O: 1 min

Scots tap watesubstitute: 2 min
dH;O: 1 min

= =/ =42 4 -

Eosin: 1 min
1 dHxO: 1 min
Thereafter slides were dehydrated and mounted using histomount and 24x50mm

coverslips. Slides were left to dry overnight before analysis.

2.3.4 Immunostaining

Rehydrated slides underwent antigetriezal to break the formalin bonds which
form in fixed tissue. This was performed using either-EMSTA buffer (10mM Tris

base, 1mM EDTA, 0.05% TweeR0, pH 9.0) or Sodium Citrateutfier (10mM
Sodium Citrate, 0.05% Tween 20, pH 6.0), which vpasheated ina pressure
cooker The slides were placed in the cooker and heata®@®watt microwave for

7 min. After depressurisation and cooling, slides were washed in phosphate buffered
saline (PBS)(137mM NacCl, 2.7mM KCI, 10mM Na2HPO4, 2mM KH2POgH

7.4)

Thereafter endogenous peroxidase activity was blocked using buffered 232 H

for 10 min, followed bya PBS wash. To block nespecific binding, 10% serum

(from a source compatible with the antibodies) was added to the sections for 1 hr at
room temperature. Serum was then replaced with 10% serum containing the primary
antibody at an appropriate concentration f& ir at room temperature, or overnight

at 4°C. The slides were then washed in three changes of PBS before adding an
appropriate cocentration of the secondary antibody at room temperature for 1 hr.
Slides were then washed as before, and DAB added-i&r fin to visualise the
staining. The slides were counter stained with haematoxylin, dehydrated and

mounted.
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2.3.5 Computer analgis of histological/immunohistochemical sections

A digital image of each section waapturedunderidenticalconditions using Adobe
Photoshop v5 oa Leica DM LB2 microscope usinglLeica DFC320 camera (Leica
Microsystems, UK Image J was used to qui&y; the size ofa structure withina
vessel, thepercentagef positive staied nuclei withina field of view, the staining
intensity of a particular protein/component or thercentagestaining within the
vessel. The staining intensipgrcentagestaining was quantified by adjusting the
colour thresholds to isolate the colour of interest. The intensity of the signal or
percentagepositive pixels was then quantified relative to the area of the vessel.
Statistical significance between control atdnosed groups was calculated using an
unpaired TFtest on Minitab v15 and the graphs were plotted using Microsoft Excel

201Q A p value of <0.05 was considered significant.

2.41n vitro vascular smooth muscle cell studies

2.4.1 Vascular smooth muscleell explantation and culture

Within a Class 2 culture hood human/rabbit/mouse vascular tissues clesmeed

from adherent materiatut into 3mm segments and either placed into T25 tissue
culture flasks oma six well plate containing 1:1 WaymouthsaHn &%2 with 15%

FCS 1% penicillin streptomycin. The flasks/plates were plaoeatissue culture
incubator(37°C, 5% CQ, 100% humidity) where the medium wasangedevery 72

hr. Spontaneous explantation of vascular smooth muscle (VSM) cells occurred after
approximately one week, and reached 70% confluency by four weeks. Thereafter
cells were sufzultured for assay or stored-80°C. All experiments were conducted
with cells between passageg 1

2.4.2 Characterisation of vascular smooth muscle cells
VSM cell explants were characterised by their growth morphology analysed by
brightfield micr ossnoghynustleattin¢SMp)ramalysedbyn o f

immunofluorescence. Cells were grown to 50% confluency on 13x13mm glass
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coverslips. The coverskpwere then fixed in 4% paraformaldehyde, washed in PBS,
and permeablised using 0.1% Tritor1R0. To block nofspecific binding, 10%

goat serum was added to the cover slips for 30 min at room temperature. This was
removed and replaced with mouse mondonal ant-U-SMA 1gG used at1:400
dilution (Sigma, UK) overnight at 4°C. Thereafter slides were washed in three
changes of PBS before addiagluoresceinconjugated antmouse secondary 1gG

used at 1:100d@ilution (Vector Laboratories, UKat room tempeature for 45 min.
Coverslips were mounted using hard set vestoeld containing the nuclealye

DAPI (Vector Laboratories, UK)and visualised undea Nikon Eclipse E600

epifluorescent microscope (Nikon, UK)

2.4.3*H-thymidine incorporation assay

Cel proliferation was determined using serimduced fH]-thymidine incorporation

as described previouslfCoatset al, 2008) VSM cells were seeded at 20,000
cells/well intoa 24 well plate in the presence of culture medium containing either 10
or 15% FCS. Cells were then quiesced for either 24 or 48 hr in media containing
0.1% (v/v) FCS. The quiesced cells were stimulated with 16%S for 24 hr, with
the additi on®H thymidibe (Smersham, UK) fay the final 6 hr. The
cells were then washed with ice cold P&l four changes of 10% trichloroacetic
acid after whichthe contents of each weblvere solubilised with 28ul lauryl
sulphate (10%) plus sodium hydroxide (0.2M)he ®ntents of each well were then
transferred taa scintillant tube containing 2ndcintillation fluid and radioactivity

was quantified by liquid scintillation in DP¥

2.4.4lmmunoblotting of VSM cell lysates

Treated/stimulated VSM cells were washed with ice cold PBS and lysed by addition
of boiling sample buffer (0.125M Tii$iCl (pH 6.7), 0.5mM Na4P207, 1.25mM
EDTA, 1.25% (v/v) glycerol, 0.5% (w/v) SDS, 25mM dithiothreitol and 0.02% (w/v)
bromophenol blue). Samples were loaded oa 10% SDS page gel (minimum of

20ug total protein per well), and following electrophoresis, proteins were transferred
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to a nitrocellulose membrane. Membranes were blocked for 1 hr at room
temperature in 3% BSANnd incubated overnight in primary antibody. The following
day the membranes wewashed for 4x15 min in TTBS (B0M Tris-Cl, pH 7.6;
150mM NaCl) anch HRP-conjugated secondary antibody was added for 1 hr at room
temperature. The blots were then wash&d2x10 min in TTBS and developed

using an enhancathemiluminescenckit (Thermo Scientific Peirce, USA).
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Chapter 3

Investigation of the inflammatory and proliferative

characteristics of humanAVF failure and the role of TLR-4
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3.1 Introduction

The surgical creation of an AVF is vital to the treatment of patients with chronic
renal failure, providinga vascular access point for haemodialysis. However, AVFs
are unfortunately associated with relatively low patency rates, and often require
further surgery to repair or resection the veqsatld et al, 2008) Failure is
mediated by the development of intimal hyperplasia and thrombus, leading to
occlusion of the AVHRoy-Chaudhuryet al. 2007, Lee & RoyChaudhury 2009)

This reduces the amount of blood which can flow thought the vein, and is therefore
no longer suitable for haemodialysis. Intimal hyperplasia involves VSM cells
undergoing proliferation andnigrating into the lumen. Currently, the specific
mechanisms which are associated with peripheral vascular occlusion in the renal
patient are poorly defined. An inflammatory response is known to contribute to
neointimal development in these patients hwiertain inflammatory mediators such

as TNFU ,L-11b , -6, IL-B and MCP1 shown to hava crucial role(Scheperst al,

2006; Tedgui and Mallat, 2001) Specifically, dialysis patients have significantly
higher levels of ICAM1, VCAM-1 and MCP1 in their serum compared to healthy
individuals Papayiannet al, 2002) IL-6 has also been implicated in AVF stenosis,
demonstrated by an increaselL-6 RNA within peripheral blood mononuclear cells
assessed during AVF stenosis vs. AVF creatddar(oneet al, 2007)

Fistulae are subjected to regular venepuncture which provides an oppoftunity
infection.  Also diverse bacterial signatures are known to be present in
atherosclerotic lesions of patients with coronary heart disease. Theeefwssible
mechanism for activation of immune pathways in vascular proliferative disease could
be viaactivation of toltlike receptors (TLR)Ott et al, 2006) It has been widely
reported that when VSM ke are challenged with LPS (a TERagonist), there ia
significant increase in the phosphorylation of the ERK MAPK pathway, which is
central to cell proliferatior{fHong et al, 2009; Linet al, 2007, 2006; Sort al,

2008; Yanget al, 2005) The release of endogenous damage associated molecular
patterns (DAMPs) which activate TLR, such HSP, can occurin response to

haemodynamic change and needle injury during AVF sterfbsishleitneret al,
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2000. This was demonstrated by showinglooalisation of HSF60 and TLR
2/TLR-4 in human failed AVFDe Graatfet al, 2006)

Within a healthy vessel, VSM cells hawelow cell turnover rate and are therefore
mostly in a quiescent @ phenotype(Gordonet al, 1990) When stimulated by
mitogenicstimulus the cell can enter the cell cycle leading to proliferation. There are
anumber of key signalling pathways which drive this process, including activation
of MAPK (Lawrenceet al, 2008) Downstream of MAPK, there asenumber of
other pathways and check points which ultimately control cell proliferéGbarron

etal., 2006) However, the triggers which lead to the activation of VSM cell hyper
proliferation are not known, but inflammatory events (such as TLR activation) are
likely to contribute. Despite all the molecular and in vivo evidence, there remains
only one study which has demonstrated that activation of -FLBan lead to
increased proliferation of VSM cells in vitr@in et al, 2007) This study was
performed using human aortic smooth muscle cells. In response to LPS stimulation
these cells exhibited increased T4Rexpression, increased phosphorylation of
MAPKO&s ERK anmkcrea3ed Kroliferatiord measured by BrdU uptake.
TLR-4 mediated proliferation was confirmed by attenuation of proliferation wsing
TLR-4 neutralising antibody.

Given the potential importance of both inflammatory and proliferative pathways in
driving vagular remodellinga therapeutic agent which has both anflammatory

and antiproliferative activity may be beneficialNSAIDs are a family of clinically

well defined agents with established anfiammatory actions, as well as less well
studied antproliferative properties in VSM cell8Brooks et al, 2003) Despite

these activities, this class of agents have not yet been used successfully in dialysis
patients, with some concerns over adverse bleeding events associated with systemic

application (Kaufmanet al, 2003)
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In this chapter, the differences between human long saphenous vein (referred to as
Control) and stenotic cephalic vein taken from failed AVF (referred to as Stenosed)

will be compared. Using these tissues, the aims of this chapter are to:
1. Assess the morpihogical changes undergone during AVF stenosis
2. Investigate the inflammatory profile of AVF stenosis

3. Exploreapotential role for TLR 4 in AVF stenosis by examining quantitative

changes in expression

4. Determine the proliferative characteristics of vascutao@h muscle cells

derived from stenotic AVF

5. Assess the ality of diclofenac, an NSAID, to reduce VSM cell proliferation.
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3.2 Materials and nethods

3.2.1 Materials

SigmaAldrich (UK)
Acid fuchsin

Alcian blue

Aniline blue

Biebrich scarlet
Bromophenol blue
Diclofenac sodium
Fast red
Lipopolysaccharides from Escherichia coli 0111:B4
MTT
Phosphomolybdic acid
Phosphotungstic acid
Propidium iodide
RNase

Sirius red

Toluidine blue

Thermo Scientific (UK)
Hoechst 33342

3.2.2 Tissue cadéction

Long saphenous vein was obtained with prior consent from patients undergoing
elective surgery for varicose veins. Stenosed andstemosed cephalic vein was
obtained with prior consent from patients undergoing arteriovenous fistula creation
or revision. Immediately after the tissues were isolated they were placed in sterile
medium (1:1 Waymouths: Hams F12) and transported on ice to the laboratory

according to guidelines stipulated by
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on safety and ocpational health. For experimentation, long saphenous vein was
used as healthy control in comparison to the stenosed cephalic vein, which formed
the experimental group.

3.2.3 Patient data

The demographic details of patients providing tissue samples are summarised in
Table 3.1. Samples of long saphenous vein were obtained from healthy patients
(n=16) undergoing elective surgery for varicose veins. The nmaganof these
patients was 56:34.1 years. Mean serum creatinime this control group was
80.4#13.5umol/dl. All patients in this group were normotensive anddiabetic.

Failed fistula samples (n=16) were obtained from stenotic arterialised veins of
patients with established AVF. &bke patients required surgical revision for venous
outflow stenosis. All of the patients with failed fistulae had end stage renal failure
(ESRF) (Table3.2). All but two of the patients with failed fistula were on
haemodialysis (HD), with the remainingilied fistula donated from patients with
failing renal transplants. The mean duration on HD at the @mebtaining the
tissue was 4#3.6 years. Mean urea reduction ratio (URR) was369.6 43.75%

of patients with failed fistula had previously failed AVF. Two fistulae were

brachiobasilic, 11 brachiocephalic and 3 radiocephalic AVF.
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Control Failed p-value
(n=16) Fistula
(n=16)
Age (years) 56.3+ 14.1 61+ 13.8 0.42
Gender (percentage male 62.5% 58.8% 0.87
SystolicBP (mmHg) 131.6+ 19.5 | 136.9+ 10.9 0.33
Diastolic BP (mmHQ) 79.6+ 9.2 78.3£ 7.6 0.67
Diabetes 0.0% 35.3% 0.009**
Hypertension 25.0% 64.7% 0.013*
Haemoglobin 133.7+13.6 | 113.6+ 16.2] <0.001**
White Blood Cell 7.6+ 2.5 7.5+1.9 0.82
Platelets 307.9+101.1 | 223.1+ 67.0, 0.007*
Sodium 139.1+ 3.9 | 137.8+2.7 0.29
Calcium (adj) 2.4+ 0.2 2.4+ 0.2 0.7
Albumin 38.9+ 2.5 29.7+ 6.8 0.002**
C-ReactiveProtein 22+ 2.0 34.1+ 40.3 | 0.008**

Table 3.1 Demographic details of patients providing tissue sampleResults are

presented as mean £S.D., n=32chis quar ed test (or Fisher 0s

has been used to compare categorical.dat
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Cause of Renal Failure Number of Patients
Diabetic nephropathy n=5 31.3%)
Glomerulonephritis n=3 (18.8%)
Drug induced (cyclosporin/ NSAID) 2 (14.3% n=2(12.3%)
IgA nephropathy 2 (14.3%) n=2 (12.8%)
Hypertensive nephropathy n=1 ©6.3%)
Anti-GBM disease 1 (5.9%) n=1 6.3%)
APCKD 1 (5.9%) n=1 6.3%)
Reflux nephropathy 1 (5.9%) n=1 6.3%)

Table 3.2Cause of renalfailure in patients with failed fistula.
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3.2.4Alcian blue

To highlight extracellular matrix proteoglycans, rehydrated tissue slides were placed
in alcian blue staining solution for 20 min, followed &yl min wash indistilled

water. Slides were counter stained with nuclear fast red for 1 min and washed as
before. Finally the slides were dehydrated, mounted and left to dry overnight before

analysis. Quantitative analysis was performed on one section per humanesampl

3.2.5Picrosirius red

To highlight collagen deposition, rehydrated slides were placed in picrosirius red
staining solution for 1 hr, followed by two changes of acidified water. The slides
were then dehydrated, mounted and left to dry overtigfire analysisThe stained
tissues were visualised by brightfield microscopy, and crossed polarised filter
microscopy on d.eica DM LB2 microscope using a Leica DFC320 camera (Leica
Microsystems, UK).Quantitative analysis was performed on one seg&rhuman

sample.

326Massonb6s trichrome
To highlight collagen deposition and visualise smooth muscle the tissues were
stained in the following solutions:
1 weigert's iron haematoxylin: 10 min
running warm tap water: 10 min
dH;O: 1 min
biebrich scarletcid fuchsin: 15 min
dH;O: 1 min
phosphomolybdigphosphotungstic acid: 15 min
aniline blue: 10 min
dH,O: 1 min
acetic acid (1%): 5 min
dH,O: 1 min
95%ethanol: 3 sec

=4 =4 4 4 -4 -4 -4 -4 A4 -
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T 100%ethanol: 3 sec
The slides were then dehydrated, mounted and left to dry overnighe lzefalysis.

Quantitative analysis was performed on one section per human sample.

3.2.7Toluidine blue

To highlight mast cells present within the vessel, tissue slides were placed in
toluidine blue staining solution for 3 min, followed bByvash for 1min in distilled

water. Slides were counter stained with nuclear fast red for 1 min and washed as
before. Finally the slides were dehydrated, mounted and left to dry overnight before

analysis. Quantitative analysis was performed on one section per hseamaple.

3.2.8 I mmunohi s$mcbemi sia s M oactdin (U
Immunohistochemistry was performed as detailed in chapter 2, section 2.3.4.
Specifically, a sodium citrate buffer was used in the antigen retrieval step. Tissue
sections were blockeaasing 10% goaserum. A mousemonoclonal anti}SMA IgG
(Sigma, UK) was used at 1:4@d@ution for 3 hr at room temperature. An anmbuse

HRP linked IgG antibody (New England Biolabs, UK) was used at 1:1i(0flon

for 1 hr at room temperature to detect the primary, which was visualised by DAB
substrate.

3.2.9 Immunohistochemistry for proliferating cell nuclear antigen (PCNA)
Immunohistochemistry was performed as detailed in chapter 2, section 2.3.4.
Specifically,a TRIS EDTA buffer was used in the antigen retrieval step. The tissue
was then blocked using 10% goat serum rabbit polyclonal aniPCNA IgG
(Abcam, UK) was used at 1:2Qfilution overnight at 4°C. An antiabbit HRP

linked 1gG antibodyNew England Biolabs, UK) was used at 1:20@ition for 1 hr

at room temperature to detect the primary, which was visualised by DAB substrate.
The sections were measured by randomising the slides and selecting five fields of

view within each vessel. Hm this, the percentage of positively stained nuclei
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(brown) to negatively stained nuclei (dark blue) was calculat€uantitative

analysis was performed on one section per human sample.

3.2.10 Immunofluorescence for TLR4

Immunohistochemistry was perfoed as detailed in chapter 2, section 2.3.4.
Specifically,a sodium citrate buffer was used in the antigen retrieval step. The tissue
was then blocked using 10% goat serurA mouse monoclonal arliLR-4 IgG
(Abcam, UK) was used at 1:1@Mution overnicht at 4°C A Texas Red conjugated
antkmouse 1gG (Vector Laboratories, UK) was used at 1@&fion to detect the
primary. The slides were then mounted using {s&tdvectashield with DAPI
(Vector Laboratories, UK) aa counterstain and viewed undarLeica TCS SP5
confocal microscope, based @ DM6000B upright microscope. The optimal
spectral range of ®@610nm was identified for the Texag@antibody, at the same

time minimising inherent autofluorescence. Three fields of view were selected in
eachvessel and the percentage pixel staining was quantified. This process was also
carried out i n negative control s, whi ch
results of which were subtracted from the experimental sli@esmntitative analysis

was perbrmed on one section per human sample.

3.2.11 Proteome array of patient blood samples

In this experiment, blood samples were compared between patients who were
receiving haemodialysis veanonstenosed AVF vs. AVF with stenosis. The clinical
detailsof these patients are shown iablle 3.3. Blood samples were collected using
serum collection tubes (Greiner Bio One, Germany) from patients just prior to their
dialysis session. The samples where centrifuged at 2000g to collect theasetum
stored at80°C. A human cytokine array (Cat. No. ARYOOR&D Systems, USA)

was carried out by incubating the serum samples with nitrocellulose arrays
containing 36 immobilised antibodies against different human inflammatory proteins.
These were then detected usamgecondary HRP conjugated antibody which was
part ofthe kit, followed by visualisation using an enhanagtemiluminescenckit
(Thermo Scientific Peirce, USA).

58



Chapter 3

TLR-4 driven inflammation and cell proliferation

Non-Sten_osed AVF 1 stenosed AVF (n=4)
(n=2)
Age (years) 65+ 1.4 67.75£ 2.5
Gender (% male) 100 100
Systolic BP (mmHg) 140+ 7.1 137.5£ 6.5
Diastolic BP (mmHQ) 75+ 7.1 83+ 10.1
Diabetes No No
Hypertension Controlled Controlled
Haemoglobin 106.5+ 13.4 110.3+ 180
White Blood Cell 6.6+ 1.4 7.6+ 1.5
Platelets 210+ 68.6 240.5+ 58.5
Sodium 136+ 2.8 139.8+1.9
Calcium (adj) 234+ 0.1 2.5+ 0.0
Albumin 32+ 9.9 29.8+ 3.8
C-Reactive Protein 23+ 19.8 41.8+ 35.7

Table 3.3. Demographic details of patients used for systemic proteome analysis.
Results are shown as the mean +S.D.
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3.2.12 MCR1 ELISA

The patents shown inable 3.3 were also used for MdRyuantification. An ELISA

was then carried out according 43804t he ma
Biolegend,San Diego, USADby first of all coating the wells ad 96 wdl plate with
capture antibody, followed bgblocking step. In between each step the wells were
washed 3imes withPBS. 100ul of serum sample/standard was added to each coated
well and incubated for 2 hr at room temperature. The wells were then wasthed
incubated witha detection antibdy for 1 hr at room temperature. This Wiabowed

by a 30 min incubatiorat room temperatureith Avidin-HRP. MCRL1 levels were

then detected by 3,3',5;betramethylbenzidine (TMB) substrate solution, followed
by the addition of 1M HSQO,. Absorbance was quantified arspectramax M5 plate
reader at 450nrtMolecular Devices, USA)

3.2.13 Stimulation of human cell explants

The VSM cells were quiesced for 48 hr in 0.29) FCS, during which time they
were incubated with or without; diclofenac sodium (43.75u0¥/5uM) for 24 hr,
OxPAPC (Invivogen, USA) for 20 min. Cells were then stimulated for ”2¢ith
eitherFCS (0.2-10%) or LPS (100ng/ml) + FCS (1%proliferation was measured

by a *H-thymidine incorpoation assay as described in section 2.4.3. Experiments

were carried out in triplicate wells.

3.2.14FACS cell cycle analysis of cell explants

Cell cycle analysis was carried out using propidium iodide to stain for intracellular
DNA content. Cells werseeded at 100,000 cells per wellao® well plate. Once

the cells were adherent, fresh medium was added and the cells were returned to the
incubator for 48 hr. Cells were then lifted with tryple express, centrifuged at 3009,
re-suspended in cold PBS,afixed by adding 70% cold ethanol faminimum of 1

hr. The cells were washed with PBS and centrifuged at 300g for 10 min, after which
50¢!l / ml Aowas eedéd and incubated at 37°C for 1 hr. The samples were
then stained wit hi/mlprCelpdydei parameterpetgeisdtéo ( 50 ¢
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10,000 gated events amahalysed using fluorescenaetivated cell sorting (FACS)
onaFACScan flow cytometer (Becton Dickinson, UK) running FACS Diva software
(Becton Dickinson, UK).

3.2.15 IRAK-4 expression invascular smooth muscle cell lysates

Western blotting was carried out as described in section 2.4.4. Quiesced VSM cells
were stimulated with LPS (100ng/ml) for 15 minA mouse polyclonal anti
phosphorylated IRAK4 or antitotal IRAK-4 (Abcam, UK) was usd at 1:1000
dilution overnight at 4C. For detection of the primaantibodya HRP-conjugated
antrmouse secondary at 1:75@@lution (Cell Signalling Technology, USA) was

used for 1 hr at room temperature.

3.2.16 Viability of cells following treatmentusing inclusion/exclusion of dyes

Cell membrane disruption was usedaasarker of cell death in explants treated with

a working concentration of pharmacological agent. Cells were grown to 50%
confluency on 13x13mm glass coverslips, and exposed to shagents for 24 hr.
The coverslips were incubated wighl:1 mixture of Hoechst 33342 (only retained
within the nucleus of live cells) and propidium iodide (only permeable when the cell
membrane has become compromised), followed by three washes of PBS.
coverslips were mounted using hard set vestoeld without DAPI and visualised
under x200 magnification om Nikon Eclipse E600 epifluorescent microscope
(Nikon, UK).

3.2.17 Viability of cells following treatment byMTT assay

Mitochondrial activityof cells treated with pharmacological agents was also used to
assess the viability of cells. Cells were quantifiedbaemocytometer using trypan
blue (0.4%) and seeded at 5,000 cells/welai@6 well plate. Once all cells had
adhered overnight, theedium was removed and replaced with medium containing
the test agent. After 24 and 48 the MTT assay (Sigma, UK) was performed
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according to the manufacturerdés i1instruct
reagent solution, followed by dilution oforimazan product by DMSO. The
absorbance was then measured at 590 nm avitference filter of 620 nm oa

Spectramax M5 plate read@iolecular Devices, USA)
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3.3 Results

3.3.1 Morphology of arteriovenous fistula failure

The pathophysiology of fé&d human arteriovenous fistulaes. healthy long
saphenous vein controls was investigated uaingmber of histological techniques.
Haematoxylin and eosin was primarily used to vigeathe structure of the vessels
(Fig. 3.7. Fig. 3.1.A shows three examples of healthy long saphenous vein controls.
These vessels hawerelatively thin medial layer and wide patent lumen allowing

the flow of blood. Fig3.1.B shows three examples of stenosed cephalic vein taken
from failed AVF. These examples show inward hypertrophic remodelling which has
caused stenosis in the vessel. This is quantifiedvassel wall lumen ratioin Fig.
3.1.C. Thrombus formation also plaggole in the failure of AVF, which can be

seen in the second atidrd images of Fig. 3.1.B.
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Figure 3.1. Haematoxylin and eosin stain showing the changes undergone in
AVF stenosis. A) Examples of healthy long saphenous vein (Control)B)
Examples of stenotic AVF vein segments (StenogadQuantification of thevessel
wall: lumen ratio witha significant increase in failed AVF vein segments. Results
are shown as the meatS.E.M.,n=7 & 8 for control & stenosed respectively,
*p<0.05 (urpaired Ttest), all scale bars= 5Qm.
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The ext-emobotof rus-SMA positiveé celfs présent within the
neointima was examined by immunohistochemistry (&ig). In the healthy control
vein and original medial layer of the stenotic vesdels evident that the VSM cells
are uniformly distributed around the vessel (BR.A-C). VSM cells within the

neointima wer e -8WA but hadbdas dhdoticvdestribdtionr The)

accumulation of these cells suggested that there woualcbangein the levels of

proliferation undergone within the vein. Therefore, the vessels were also probed for

proliferating cell nuclear antigen (PCNA), shown in B@. The percentage of cells
undergoing proliferationignificantly increased from 3.5+1.5% gontrol veins to
33.6#4.9% within the stenosed.
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Figure 3.2 | mmunohi stochesnncatly mws c ISHA) act i n
visualised by DAB staining (Brown). A) E x p r e s s-$MArwithin the rdedial

layer ofa healthy control long saphenous vein, scale bar=#00 B) Expression of

USMA withina stenotic AVF vein, scale bar= 2. C)Di st r i b«#sMA on of
positive cells within the original medial layer afstenotic AVF vein, scale bar=

100um. D) Di st r i b+BMA mositiveocélls Within the neointimaaktenotic

AVF vein, scale bar= 1Qm.
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Figure 3.3. Immunohistochemistry forPCNA visualised by DAB staining. A) An

example of PCNA expressi@gBrown) within a control vein. B) An example of
PCNA expression withia stenosed veinC) Comparison of the percentagrCNA

positive cells withircontrol vs. stenosed Results are shown as the meghE.M.,
n=5 & 8 for control & stenosed respectively, *p<0.05 (unpairededt), all scale
bars= 10Qum.
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Associated with VSM cell proliferation and vascular remodelling is the deposition of
extracellular matrix. Proteogtans area component of extracellular matrix which
were analysed using alcian blue staining (Fig. 3.4). Fig. 3.4.A shows the basal level
of proteoglycans expressed at the media/intima interface. Fig. 3.4.B shews up
regulation of proteoglycans at the leagl edge of proliferation. Medial layer
proteoglycan staining intensity was significantly upregulated by three fold for
stenosed vs. control. In addition to proteoglycans, total collagen was measured using
the picrosirius red stain analysed bgghtfield (Fig. 3.5.A) and crossed polarised
light microscopy (Fig. 3.5.B). lbrightfield, collagen was widely expressed in both
groups of tissue, with no significant differences. The polarised light, whicka has
higher specificity for collagerfPuchtleret al, 1973) also showed no significant
differences for control vs. stenosed (F&5.B) Since collagen deposition was
expected to increase along with vascular remodelling similar to proteoglycans,
massons trichrome was also used to measure collagen 36y Massonos
trichrome allows the differentiation of collagen and muscle withinvémesel. As

before there was no significant difference in total collagen composition3(Bif’).
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Figure 3.4. Alcian blue staining of extracellular matrix proteoglycans (blue).A)
Proteoglycan deposition withia control vein. B) Proteoglycan deposition withia
stensedvein. C) Proteoglycan staining intensity within the medial areResults
are shown as the meatB.E.M.,n=7, *p<0.05 (unpaired Rest), all scale bars=
50Qum.
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Figure 3.5. Picrosirius red stain for total collagen.A) Initial trial of brightfield
analysis of total collagen showing no significant difference in expression (Red)
between control and stenosed vein. Results are shown as the®&Ead. n=3. B)

Total collagen visualised by crossed polarised light, with no significant difference in
cdlagen expression. Results are shown as the m&ai.M., n=6, all scale
bars=50Qum.
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Figure 336 Massondés trichrome staining of t ot
(Red). A) Collagen andsmoothmuscle distribution withira control vein, scale

bar= 500um. B) Collagen andsmoothmuscle distribution withira stenosed vein,

scale bar= 50@um. C) Collagen staining intensity within the medial area showing

no significant difference in control vs. stenosed. Results are shown as the mean
+S.E.M.,n=7 & 8 for control & stenosed respectivel\D) Expression of collagen

within the neointima ad stenotc vein, scale bar= 50m.
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3.3.2 The inflammatory characteristics of arteriovenous fistula failure

A large cellular component of vascular access graft neointimal lesions are immune
cells Roy-Chaudhuryet al, 2009) As shown in Fig. 3,7nfiltration of what could

be leukocytes(Fig. 3.7.A) andlymphocytes(Fig. 3.7.B) were observed within
stenotic veins. Identification of these cell infiltrates was based on their distinctive
cell morphdogy when stained with H & E In addition to this, staining for specific
markers could also be carried outoluidine blue, which stains cells witt high
metachromatic content, was used to identify mast cells within the vessels. . In Fig
3.7.GE, the amount of mast cells/mmas quantified.Mast cellexpression was five
times higher in stenosed vs. control veifNo other immune cell types were

quantified.

Inflammatory cell infiltration has been shown to be an important part of the
pathogenesis, thus the inflammatory profiles of patients with AVF stenosis vs.
functional AVF was measured. Serum was collected from control and stenotic
patients, (male subjects, ndmabetic and age matched). The control group had
undergone dialysis throtiga functional arteriovenous fistula fa minimum of 2.9

years, with patency confirmed at time of blood collection by ultrasonography. The
stenotic patients met the same criteria apart from the presence of vascular stenosis
within their arteriovenous figla. The inflammatory profiles were investigated by
proteome array. This assay consists of 36 antibodies raised agamsge of
cytokines, chemokines and acute phase proteins that are immobilised on
nitrocellulose membrane. Fi§.8.A and 3.8.B sbw example blots for the control

and stenotic groups respectively. As shown in these figures, the top corners and the
bottom left corner of the blot are positive controls, and the bottomisghtegative
control. Densitometry was carried out on thésgplicate blots, which were then
expressed aa fold change relative to the positive control. Proteins which d&ad
greater than 2 fold change are summarised in Fig. 3.8.C. There appeared to be an
increase ina number of preinflammatory proteins within e stenotic group,
particulaty MCP-1 whichwas increased by 7.1 fold vs. contrdh Fig. 3.8.D, MCR

1 expression from the same samples was measured bAEMISre appears to lze
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smallincrease in MCHL associated with stenosis, however this change was not as

large as the one seen in the array experiment.

The TLR4 pathway could plag significant rolein AVF stenosisas it has the ability

to active both inflammatory and proliferatigégnalling as discussed in chapter 1
(pages 1114). Whole vessel expression of total TMMRwas quantified by
immunofluorescence in Fig. 3.9. Optimisation to reduce autofluorescence resulted in
alarge amount of the positive signal being lost. Howewemecting forremaining
autofluorescences significantly higher expression of TR in stenotic tissue was
demonstrated (6.6 +2.1 vs. 16.4 £3.3, *p<0.05 using an unpaitest)l
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Figure 3.7. Infiltration of inflammatory cells in stenotic AVF. Evident in H&E

| m Stenosed

| m Control *

Vein

Vein

stainedstenoticvessels is an infiltration afthat could bdeukocytesA, circled) and

lymphocytesR, circled)into stenotic tissue from the lume@) An example image of

toluidine blue staining for mast cells (purple, circled) in control vein @&\

stenosed veinE) Quantification of the number of mast cells perfmithin control

vs. stenosed Results are shown as the mes®.E.M.,n=8 & 7 for contol &

stenosed respectively, *p<0.05 (unpairedest), all scale bars= 1Qdm.
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Figure 3.8. Proteome array analysis of serum samples from patients with
stenosed AVF vs. patients with functional AVF.A) An example array taken from
control patients with functional AVF anB) from stenotic AVF patients. C)
Densitometry was carried oon the arrays, and proteins which hadjreater than 2

fold change are shown. Results are shown as the mean + S.E.M, n=2 & 4 for the
control and stenotic patients respectiveli) Serum MCPL concentration in the
same patient samples measured by BLIResults are shown as the mean + S.E.M,

n=2 & 4 for the control and stenotic patients respectively.
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Figure 3.9. TLR-4 expression and activation in stenotic vs. healthy veinA)
TLR4 immunofluorescence in control veinB) TLR4 immunofluorescence in
stenotic veins.C) Comparison of total TLH expression, quantified by removing
background autofluorescence and measuring the ratio of positive pixels/total pixels.
Results are lsown as the meanrxS.E.M.,n=8 & 7 for control & stenosed

respectively, *p<0.05 (unpaired-iest), all scale bars= 2Qdm.
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3.3.3 Stenotic arteriovenous fistula cell explant studies

VSM cells were explanted from either healthy long saphenous (eemtrol) or

stenosed AVF. Characterisation was based on their growth patterns, as well as their

ex pr es sIMA.nFigoZ10.AJshows the growth patternaafonfluent patch of

cells, which displays the characteristic hill and valley morphology asedcveaith

this type of cell . Fi g. 3. 1ISMMA.B s hows t h:

The cell proliferative capacity othese populations was compared usir
thymidine incorporation. This assay is based on the incorporatidh tdbelled
thymidine nto the DNA of cells which have entered the S phase of the cell cycle.
Thereforeit is ameasure of DNA synthesis in preparation for proliferation. Adter
48 hr quiescence period in 0.1%CS cellswere stimulated with FCS (0.12%0%).

As is shown inFig. 3.11, there wasa concentration dependent increase in
incorporation of ®H thymidine. The results are expressed aaold increase
compared to nostimulated cells. When the proliferation of both cell populations
are compared, explants derived froremnmsed vein hada significantly higher
capacity to proliferate (p<0.005 general linear ANOVA). At 10% stimulation, cells
derived from stenosed AVF hadl.7 fold greater proliferative capacity vs. control
cells. Cell cycle analysis was carried out ia #ame populations of cells (Fig. 3.12).
Propidium iodide was used to intercalate with DNA in individual cells, giving an
indication of the cell cycle stage. When both sets of cells are compared, the stenotic
explants appear to hagehigher population focells in the G2/M stages of tlugcle
(28.1+4.5 vs. 21.7x1); however these results failed to achieve statistical

significance (p=0.44, unpairedtést)
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Figure 3.10.Human vascular smooth muscle cell explant characterisationA)
Growth morphology of VSM cell explants, scale bar= |20 B)
| mmunocytochemi stry -8MA egpetsion vesualsédaloyt s

immunofluorescence (Green), scale barf160
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Figure 3.11. The proliferative capacity of stenosed vs. control explants®H
thymidine incorporation was used to analyse DNA synthesisneasure of
proliferation. After 48hr in low serum media (0.1%), the cells were stimulated with
various concentrations of FCS. Results are shown as the folelaincrease vs. nen
stimulated cellst S.E.M.,n=6, *=p<0.005 (general linear ANOVA).
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Figure 3.12. FACS analysis of stenosed vs. control explants. Cells were
stimulated with 15% FCS for 4& before fixation and analysisA) Example plot

from the control explant groupB) Example plot from the stenosed explant group.

C) The mean of cell cycle phases for both groups of explants. Results are shown as

the mean £ S.E.M, n=4 & 5 for control & stenosed respectively.
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3.3.4 Activation of TLR-4 during vascular smooth muscle cell proliferation

LPS, a potent TLR4 agonist(Yang, Coriolan, Murthyet al, 2005) was used to
investigate the activation of TR in VSM cell proliferation. Fig. 3.13.A shows that
stimulation of TLR4 by LPS in VSM cells directly causasignificant28% increase

in proliferation. Activation of the TLRI pathway was also investigated in these
cells. IRAK-4 isaserinethreonine kinase which acts downstream of activated-TLR
4, but is also involved in H1 signalling(Picardet al, 2011) Fig 3.13.B showshat
upon LPS stimulation, IRAKI phosphorylation increases. More importantly, the

basal phosphorylation of IRAK is significantly higher in stenotic cells vs. controls.

To confirm that activation of TLR was responsible for the increased prolifergtio

cells were prancubated with the TLRI antagonist OXPAPC (30ug/ml) 20in prior

to stimulation. Cell proliferation in the presence of OXPAPC decrease to baseline
levels equal to quiesced cells (Fig. 3.14.A). Therefore, OXPAPC inhibited the 28%
increase in proliferation caused by LPS, as well as the FCS mediated response. To
confirm this, cells were treated with OXPAPC and stimulated with 1% FCS only
(Fig. 3.14.B). Again, cell proliferation was reduced to baseline levels. An MTT
assay was used to dom that OxPAPC at 30ug/ml was having no effect on the
viability of the cells (Fig. 3.14.C).
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Figure 3.13. LPSdependent stimulation of TLR-4 in proliferating vascular
smooth muscle cells.A) The proliferation of quiescent VSM cells stimulated with
TLR4 agonist LPS (100ng/ml) in the presence of 1% FCS, measuretH by
thymidine incorporation. Results are shown as the m&ai.M.,n=6, *=p<0.05
(paired Ttest). B) Basal and stimulated (LPS0@ng/ml) expression of activated
IRAK-4 showing increased basal activation within stenotic (Sten) vs. control (Con)

explants. Results are shown as the mesuie.M.,n=3, *=p<0.05 (unpaired Ftest).
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Figure 3.14. The effect of OXPAPC (TLR4 antagonist) on the proliferation of
vascular smooth muscle cellsA) Cells stimulated with 1%CS + LPS (100ng/ml)

in the presence of OXPAPC (30ug/ml), n8) Cells stimulated with 1%CS in the
presence of OXPAPC, n=6C) The viability of VSM cells treated with 30ug/ml of
OXxPAPC for 2r, measured by MTT assay, n=2. All results are shown as the mean
1+S.E.M.*=p<0.05 (paired Ttest).
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3.35 The effect of dclofenac on human vascular smooth muscle cell
proliferation

The ability of diclofenac to inhibit VSM cell proliferation was investigated. The
maximum concentration used in these experiments w&glM,7 based on the
concentrations used mprevious studyBrooksetal., 2003) Quiescent VSM cells
were treated with diclofenac for 2#r prior to stimulation with 10% FCS
proliferationwasmeasured byH thymidine incorporation (Fig. 3.15.A). Diclofenac
caused a significant concentration dependent decrease inifpration when
compared to notreated VSM cells. There was no difference in the level of
diclofenacdependent inhibition in VSM cells derived from control or stenosed
tissues The ability of diclofenac to inhibit LPS stimulated proliferation was
measurd in Fig. 3.15.B. With diclofenac prgeatment (175uM), the LPS + FCS
mediated proliferative response was reduced to baseline levels. The viability of
diclofenac treated cells was assessed by inclusion/exclusion of fluorescent dyes and
MTT assay to ruleout cytotoxicity (Fig. 3.16). Diclofenac had no effect on cell

viability.
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Figure 3.15. The effect of diclofenac on the proliferation of vascular smooth
muscle cells. A) Inhibition of FCS stimulated VSM cells by diclofenac. Quiesced
cells were treated with diclofenac for P4, before being stimulated witt0% FCS

and quantified by’H thymidine incorporation. Results are shown as the mean +
S.E.M., n=6, general lineaANOVA p<0.05, *=posthoc Dunnett's vs. control
p<0.05 B) Inhibition of LPS (100ng/ml) stimulated VSM cells by diclofenac.
Results are shown as the meghE.M. n=6, *=p<0.05 (unpaired FTest).
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Figure 3.16.The viability of cells treated with diclofenac. A) An example image
from the inclusion/exclusion of dyes in treated cells. Hoechst 33342 selectively
stains live cells blue, and propidium iodide stains dead cells Bd3dQuantification

of inclusion/exaldon dyes on cells treated withctbfenac for up to 4&r. Results

are shown as the mean of one experiment, carried out in tripli€a)8s viability of

cells treated with diclofenac over P4, measured by MTT assay. Results are shown

as the mean dfvo experiments, carried out in triplicate

86



Chapter 3 TLR-4 driven inflammation and cell proliferation

3.4 Discussion

3.4.1 Morphology of arteriovenous fistula stenosis

Histological analysis of failed AVFs using haematoxylin and eosin demonstrated that
significant inward hypertrophic remodelling occurred (Figl)3 This, combined

with thrombus formation within the lumen of the fistula would likely render the AVF
inadequate to accommodate the necessary perfusion pressure and flow required for
haemodialysis. This observation is widely accept@oy-Chaudhuryet al. 2007,

Lee & RoyChaudhury 200% Van Trichtet al. 2005. To characterise the cells
present within the neointima of stenotic veins, the VSM cell matk6MA was

used (Fig3.2). All of the cells were positiveor this marker. These neointimal cells

| acked the organisation sBAigthemostwitleyy or i g
used marker to identify VSM cell@atigati and Murphy, 1984; Gabbiaat al,

1981; Owens and Thompsadlf86) however this marker is also expressed by other
cells types including myofibroblas(Skalli et al, 1989) Without the use of another
marker such as desmin, there as possibility that the cells could also be
myofibroblasts. The problem with these markers is that they can be expressed at
various levels degnding on the cell phenotygRenseret al, 2007) Expression of
USMA and asmin can become reduced when the cell phenotype switches from
contractile to synthetic, making standardisation of markers difficult. Alptgvious

study hasreported that the majority of cells within venous neointima vig8vA

and vimentin positive,suggestinga major myofibroblast componentR{y-
Chaudhuryet al, 2009. They also reportedl ow e x p r €&MA anddesminf U
positive cells, which they classed as VSM cells. However, the lack of classical VSM
cells reported within AVF neointima could be explained by an increasa in
contractile phenotype. Overall, this study does not rule out the possibility that the
cells within the neointima aramixture of myofibroblasts and synthetic VSM cells.

Whether the accumulation of cells within the neointima occurs due to proliferation of
cells within the vessel wall, or migration from other sources, has not been clearly
establised. What is clear is that regardless of their origin or phenotype, the
hallmark of this type of remodelling is hypproliferation. Withinstenosed AVF,
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the number of cells undergoing proliferation wasnost 10 fold greater in AVF vs.
nonstenosed comis (Fig. 3.3). As VSM cells are generally an quiescent
phenotype(Gordonet al, 1990) the data presented in this studgmonstrates
phenotypic switch of the cells ta synthetic, hypeproliferative phenotype. The
observation of an increased rate of cell proliferation within fa&F has been
shown previously using similar methodRekhteret al, 1993. The proliferative
characteristics of these raypetic phenotype cells warrafurther study, which was
performed later irsection 3.3.3 of thishapter. As for the mechanism driving cell
accumulation in the neointima, there is likelymixture of both proliferation and
migration. Previouslya pig vein graft model has been used to demonstrate the
migration of adventitial fibroblasts through theedia into the neointima, where they
took ona myofibroblast phenotypeShi et al, 1997. Circulating bone marrow
derived cells could also kesource of migratory cells. Evidemagenerated froma

rat AVF model demonstrated the presence of bone marrow derived endothelial and
smooth muscle cells in the neointima of the venous bré@Gepliceet al, 2007)
However, this study was later contradicted in 2011 by demonstrating that the origin
of cells within neointima are o local origin, and not derived from the feeding
artery or bone marrowSkartsiset al, 2011). Therefore, the origin of cells within
the neointima of stenosed AVF is not clear. What is known is thatgresence is

the main contributing factor to this pathology, and as such theytarget for future

therapeutic strategies.

Key to remodelling is deposition of extracellular matrix, which allows cells to
migrate into the lumen(Madri et al, 1991) Extracellular matrix isa major
component of intimal lesions within vein grafts; in particular collagen and
proteoglycans(Mitra et al, 2006) In this study there is clear evidence of
extracellular matrix deposition within the stenotic veins (Fig. 3.4). Proteoglycan
deposition was significantly increased at the leading edge of proliferation. Collagen,
another vital compaent of the extracellular matrix was also assessed by several
different methods. Picrosirius red revealed no significant differences in collagen
expression between control and stenosed veins when measured by brightfield and

polarised light microscopy (Fi®.5). Likewise massons trichrome staining was also
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used to visualise collagen, which again showed no significant differences in overall
expression between the groups (Fig. 3.Bpwever,massons trichromRighlighted

the differences in the arrangement of the VSM cells and collagen. In the healthy
controls and original media layers of stenotic veins, the cells are uniformly
distributed around the vessel lumen with thin layers of collagen between the cells
(Fig. 3.6.A and Fig. 3.6.B). Ini§. 3.6D, it was evident thatvithin the neointima

there wasa higher expression of collagen and less cellular material, which results in
stiffening of the vessel. A number of studies have demonstrated that collagen
deposition during vascular remodelling stimulates the migration of cells into the
neointima, which is particularly evident following inju¢iadri et al, 1991) The
conclusions which can be drawn from our data may be limited by the fact that only
total collagen expression was analysed. As there are many different collagen types,
immunohistochemistry for specific collagens may reveal differences in expression
between groups.As far as possible, the cross sections used have been taken from
similar sitesalong the failed venous branckiowever, due to variances in the size of
vessels and the availability of samples, there was considerable heterogeneity. This
makes the acquisition of statistically significant data difficult. Nonetheless, the study
of human tissues allows the elucidation of the important characteristics of AVF
failure which would not be possible with other methods alone (i.e. animal stidies,

vitro culture).

3.4.2 Inflammation and arteriovenous fistula stenosis

As discussed in the introduction (Section 1.2), inflammation ma lpessible
trigger which could lead to the activation and proliferation of VSM cells during
remodelling. From the batemistry profiles of the patients involved in this study
(Table 3.1), the stenotic patient group have significantly increased devklthe
inflammatory marker @eactive protein (CRP). This finding is supported by another
study Milburn et al, 2013) A heightened inflammatory state in these patients could
be due to hyperuremigKanellis & Kang 200% as well as the process of
haemodialysis§chouteret al.2000) The data in this present study demonstrates an
increased presence of inflammatory cell infiltrates within stenotic AVFs (Fig. 3.7).

89



Chapter 3 TLR-4 driven inflammation and cell proliferation

One component of this infiltrate mast cels, shown by toluidine blue staining to be
five times higher in human stenot®vF compared to controls (Fig. 3.7.C). The
infil tration of mast cells in vein grafts has been knowraflang time (Crosset al,

1998) Also, chymase expressing mast cell infiltration has been shown to take place
following AVF placement ina canine modelJin et al, 2005) In patients with
impaired kidney function, venous neointimal lesions have significantly higher
expression of mast cell chymase compared to healthy vessel segiiassedt al.,

201]). Therefore, mast cells appear to be an important cellular component within the
neointima of stenosed AVFThis studyis limited asthe presence of other immune
cells within the neointima, such monocytes/macrophagess not analysed. As

has been shown that macrophages make up a considerable cellular component in
stenotic lesions (ReZhaudhury et al., 2009), the presence of these cells should be

assed in the future by immunohistochemistry for CD14.

The production of pranflammatory/©iemotactic proteins by both immune and-non
immune cells is surelg factor in the process of immune cell infiltration during AVF
failure. The inflammatory profiles of patients with stenosis were investigatedaising
proteome array panel (Fig. 3.8@). Serum samples were collected from sex and
age matched individuals with or withoatfunctional fistula for comparison. The
largest difference seen between these groups was an increase ifh. M@Rvever,

this increase within the stenotic samples was ndiircoed by ELISA as the number

of patients available for this experiment was not enough to demonstrate statistical
significance. This data is the first report that MCRs not only increased in
haemodialysis patientéPapayianniet al, 2002) but may be specifically during
stenosis.The importance of MCR in AVF failure has been demonstrated using two
rodent modelsJuncoset al., 2011). In this study, following AVF creation, MGP
MRNA and protein were significantly increased which was accompanied by an
increased in Nf® B a n-tl act&i§. In an MCPL” strain, the development of
venous stenosis was significantly reduced. In anadel of AVF, Juncos and €0
workers demonstrated that M&Pwas celocalised with proliferating VSM cells, the
endothelium and infiltrating lymphocytes. These findings, aleitly data presented

in this current study, suggest that M@Pnay play a role in the pathogenesis of AVF
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stenosis.The overall profile of the stenotic patients from the cytokine array suggests
that theyare undergoing gro-inflammatory immune responseajdicated by the
presence of MCR, IL-1 b ,-2, MIB-1 b . This finding is supp
which have studied the roles of these types of cytokim@ascular stenosi@rody

et al, 1992; Croatet al, 2010; Farie®t al, 1996; Liuet al, 2008; Marroneet al,

2007; Yanget al, 2005) Also, previous unpublished work carried out by the
cardiovascular research group at Strathclyde University has found that when VSM
cells derived from stenotic AVF are challenged by phorba@nifistate 1Zcetate
(PMA), they produced significantly gremtamounts of MCR. and IL-6. The high
throughput ofa technique such asproteome array makes it ideal for generating an
inflammatory prolife. However, the main limitation of techniques such as this is that
they do not givea quantifiable concentratioof a protein, and they usually have low
statistical power. The fact that expressionagdarticular protein may be elevated
two fold does not necessarily mean that this increase would be clinically significant.
Therefore,a quantifiable method such as &LISA must always be used along with
high throughput screening methods, and preferably withigher number of

participants.

Inflammatory and proliferative responses are central to AVF failure, and
identification ofacommon pathway of activation coulelad toa powerful treatment
strategy in the future. In this study, we investigated whether-Z |gRaysarole in

AVF failure, and whether activation of this pathway could leac fwoliferative
response. Previously, the expression of 92.Rnd TLR4 with or without ce
localisation of TLR ligand HSP60 in stenotic AVF vs. controls was investigated by
immunohistochemistryDe Graafet al, 2006) This qualitative study found that
TLRs were only expressed in stenotic lesions, and were absent from contriblis In
study, the expression of TERwas quantifiedusing immunofluorescenceTLR-4

was present in both stenotic and healthy long saplsevein controls (Fig. 3.9/8).

More importantly, he expression of TLE was significantly increased within
stenotic AVF vs. healthy controls (Fig. 3.9.CPDther studies published sinceeD
Graafet al. have also reported expression of FURn freshly solated human long

saphenous veifKarperet al, 2011) Therefore it is likely that TLR staining in the

91



Chapter 3 TLR-4 driven inflammation and cell proliferation

control group is genuinend the failure to show this byeDGraafet al. couldbe due

to the sensitivity of their detection technique. Immunofluorescence was used in our
study to allow direct quantification of TL-R expression within the vessgetevealing

a significant increase within stenotic vessel$ie main limitation of thigxperiment

was endogenous autofluorescence within the vessel. Therefore, negative controls
(without primary antibody)were also quantified and subtracted from experimental
readings to increase the accuracy of ¥4.Rtaining. However, an isotypeontrol
antibody was not useaihd thereforghe possibility of secondary napecific signal
cannot be ruled outAlso, due to variation in length of tissue specimen and size of
stenotic lesion, choosing consistent regions for staining between sampmes wa
difficult. Therefore, the region were the stenosis was most severe was chosen for
guantification. As a result, this region may not be a true representation of the whole

sample.

3.4.3 The link between inflammation and hypeiproliferation

The role of TLR-4 activation in the proliferation of vascular smooth muscle cells in
vitro was investigated using LPS simulated V8®lIs harvested from control long
saphenous vein and stenotic AVEtimulation of cells with LPS causasignificant
increase in their proliferative response (Fig. 3.13.A). However, this response only
occurs in the presence of IB&S as no effect is generated in serum starved.célls
concentration of 1%-CS was chosen to evoka proliferative response beh the

ECso, leaving capacity for further proliferation by LPS. The lack of response with
low serum media suggests that LPS alone is not enough to cause proliferation, but in
the presence of another stimulus it can prime the cells towards proliferatits,

and other TLR agonists such as HSP6O0,
activate nearly all cells in the body adhreat(Aseaet al, 2002) Therefore, TLRA
stimulation of cells causes activation and increases their response to @iontkro
Vegaand de Andrés Martin, 20Q9)Also, in the body TLR activation leads to the
production of cytokines and growth factors from other cells which are not present in

these in vitro studiefHeo et al, 2008) Therefore, if LPS in the absence of other

92



Chapter 3 TLR-4 driven inflammation and cell proliferation

immune factors can lead to proliferation in vitro, then it is reasonable to assume that

this response would be everegterin vivo.

The phospholipid OXPAPC was used to validate the role of-ZIWRLPS mediated
proliferation. OXPAPC has been reported to antagonise 4 BRtivation at the cell
membrandgErridgeet al, 2008) Specifically, it acts by competitive interaction with

the accessory proteins CD14 and HBiSding protein. Therefore, in this study it
was hypothesised that there wouldax@duction in the proliferation caused by LPS
with OXPAPC pretreatment. However, botRCS and LPS mediated proliferation
were inhibited (Fig. 3.14). There are three possible explanations for this; 1)
OxPAPC was having an effect on the viability of the cells, 2) the culture medium
was contaminated by LPS or 3) OXPAPC was acting though another mechanism to
inhibit FCSdependent proliferain. OxPAPC was shown in this study to have no
effect on the viability of cells at the working concentration, and therefore the first
option is unlikely. The medium and tips used for these experiments are certified by
the manufacturers to be endotoxinefre However, it is possible they could have
become contaminated during the course of the experiment and therefore in the future
these components could be tested usirgjraight forward endotoxin assay. The
third explanation is the most likely; that OxPBRloes not solely antagonise TR
Oxidised phospholipids are known to hav&ide range of biological effects, both

pro and antinflammatory, and therefore OXPAPC is likely to act on many pathways
(Greig et al, 2012) To confirm that TLR4 activation is mediating the increased
proliferation, another method of antagonising the pathway such remutralising

antibody(Lin et al, 2007)could be used in any future experiments.

As well as expression of TR and LPS mediated proliferation, activation of the
TLR-4 pathway was also investigated in the healthy control vs. steredisc Two
pathways exist for the activation of the TH4Rpathway: the myeloid differentiation
factor 88 (MyD88jdependent and MyD8&dependent pathways. The MyD88
dependent pathwasignals throughhe IRAK -4 kinase to causgcascade which will
lead to the activation oNF-a Band MAPK as described in chapter 1 (Fig. 1.3)
(Akira and Takeda, 2004) This pathway is common to most TLR signalling,
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although much of the previous work has focussed on immune cells. Upon LPS
stimulation, IRAK -4 phosphorylation increased &similar extent in both sets of
cells (Fig. 3.13.B). More importantly however, basal phosphorylation of BRAK
was significantly increased within the stenotic explants. Therefore, for the first time
we have demonstred that TLR4 activation primes VSM cells to proliferate, and
cells derived from stenotic AVF have higher basal activation of the-Z lpathway.

This could be in part responsible for the increased proliferation which is seen within

the vein wall.

The proliferative characteristics of cells derived from stenotic AVF and healthy
controls were analysed further’H thymidine incorporation revealed significant
differences in the proliferative capacities of cells derived from stenotic AVF vs.
healthycontrols (Fig. 3.11). Upon FCS stimulation, the cells derived from stenotic
AVF had 17 times (p<0.005) greater proliferative capacity when stimulated with the
maximum concentration of FCS compared to controls. The implication of this is that
the cells lave retained their hypgroliferative phenotype, even after being placed in
an artificial culture environment. Cell cycle analysis was carried out by staining
cells with propidium iodide and analysing ByACs (Fig. 3.12). There were no
statistical diffeences between control and stenotic VSM cells. However, in the
stenosed cells there wadrend towards an increase in the G2/M stages of the cell
cycle, suggestinga greater level of proliferation. The time point used in this
experiment was 48r post simulation. As this type of analyses shoasnapshot of

the cell cycle at the time the cells were fixadjifferent time point may give more

insight.

Like all primary cell explantation and culture, there existpossibility that the
explants areheterogeneous in nature. What can be ruled out is the presence of
endothelial cells as the medium used was not conducive to their growth. All of the
cell s e x p | -aMAt expilessingemoah niliscle type cells. There as
possibility that the explaatcould contain myofibroblasts. However this has more

physiological relevance as it is known that within neointima of stenotic veins there
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are multiple smooth muscle related cells and phenot{Beg-Chaudhuryet al,
2009)

The mounting evidencéor the role of TLR4 in AVF stenosis presented in this
chapter highlights this pathway as potential future target for therapeutic
intervention. However, targeting of TE&Rsystemically could havawide range of

side effects as TLR is expressed inllatissues(Zarember and Godowski, 2002)
Therefore, localised targeting is essential. In AVF stenosis, the point at which it
would be best to inhibit TLR is not clear. As activation of this pathway primes
cells and triggersa response, one strategy would be to apply the therapy at fistula
creation. However, as it has been shown that-fLiR activated by HSP released by
haemodynamic forces during maturati@e Graafet al, 2006; Hochleitneet al,
2000a; Karpert al, 2011) this process may contribute to beneficial remodelling
and form an essential part of the mation response. These issues need to be
addressed for the successful use of TLR therapies in the prevention of AVF stenosis.
Currently, there are no clinically available inhibitors of TLR activation. However
Idera Pharmaceuticals are developing an amtisty of TLR7 and TLR9 (IMO-
3100) predominantly for use in autoimmune diseases.-BlIGD has been shown to
supress TLR7/9 inflammatory responses in treated human peripheral blood
mononuclear cellgJianget al, 2009) Safety of this lead agent was assessed in
phase | trials, and in phase Il it was shown to hesignificant therapeutic benefit in

the autoimmune disorder psoriasis. Therefore, it kelyi that pharmacological
inhibition of select TLRs may be clinically available in the near future. However, as
there are no TLR} therapies currently being trialled, targeting inflammation and

proliferation of VSM cells downstream of TLRis the best dpn.

3.4.4 The antiproliferative potential of a classically anttinflammatory drug

The therapeutic potential of diclofenac was investigated inctrapter As well as

its clinically well-definedantrinflammatory activity, diclofenac has also been shown
to inhibit proliferation of VSM cell{Brookset al, 2003) In this study, diclofenac
was shown to have antroliferative properties orCS and LPS stimulated VSM
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cell proliferation (Fig. 3.15). The level of inhibition seen was equal in both control
and stenotic explants. More importantly, this agent hadfecteon the viability of

cells atthe active concentratiorfFig. 3.16). The mechanism through which
diclofenac inhibits VSM cell proliferation are as yet not known. However many
NSAIDs have antproliferative actions independent of their anflammatay
cyclooxygenase activityTegederet al, 2001) Proposed mechanisms for NSAID
anti-proliferaive activity include the inhibition of transcriptional activity of NFB
(Kopp and Ghosh, 1994; Marra and Liao, 2Q0a% well as Ca dependent
inactivation of calcium release activated calcium chan{Migioz et al, 2011) A

third mechanism of action is the activation of AMPK, which was discussed in
chapter 1 (section 1.3.2 &figure 1 . 5) i n rel at ipoolferative aspi
activity (Sung and Choi, 2011) This could potentially link with the mechanism
proposed by Mufioet al, as an upstream kinase of AMPKdalmodulirdependent
protein kinase (CaMKK). To the best of our knowledge there have been no studies
to date which have investigated the role of AMPK in diclofenac mediated inhibition
of proliferation. Therefore, this pathwayasinvestigated in chaptedsand 5 of this

thesis.

3.5 Conclusion

In summary, the data presented in this chapter shows that inward hypertrophic
remodellingis due tothe proliferation of VSM cells, extracellular matrix deposition
and inflammatory cell infiltraion. For the firsttime, pro-inflammatory cytokines
have been shown to be specifically incredskiring stenosisand not just generally
increased in dialysis patien&though further experiments with larger populations of
patients are needed An increase in TLR} expression and basal activation in
stenotic patients may prime their VSM cells towards hypeliferation.
Interestingly, this hypeproliferative phenotype is even retained by the cells
following cell culture. Finally, diclofenac has the potential te lised
prophylactically to increas@&VF patency due to it@ntiproliferative activity in
stenotic VSM cell explants. The novel nature of this observation merits further

study.
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Chapter 4

Development and characterisation of an AVF model in the

rabbit; effects of topical diclofenac treatment
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4.1 Introduction

The response to vascular injury which develops into advensmdelling likely
evolved asareparative mechanism. Mechanical trauma from clamping, suturing and
changes in haemodynamic stresses are unavoidable consempferaseular surgery
which stimulate an inflammatory respongkonner, 2003) Endothelial cell
disruption isoneevent which occurs in such injuries, and has been found to stimulate
VSM cell proliferationeven in absence of medial injuia reduction of nitric oxide

and stimulation of inflammatiofFingerle et al., 1990; Tarry and Makhoul, 1994;
Topper et al., 1996) In AVF stenosis, haemodynamic injury has been highlighted as
amain upstream evelFEillinger et al, 1990) As discussed in chapter 1 (page),11
increased haemodynamic forces can cause an indreas@ression oHSP which
generate an inflammatory and proliferative respanséSM cellsvia the activation

of TLR-4 (Hochleitneret al, 200Q.

Another mechanical stress which is likely to contribute to AVF stenbgis
generating an inflammatory responisecannulation injury. However, to date the
majority of studes investigating AVF stenosis and cannulation have focussed on the
development of aneurysm and haematoma, rather than the development of vascular
stenosis. There arethree main types of cannulation technigu@ch can be used in
vascular access Rope lader puncture uses different cannulation site along the
length of the vein, area puncture always uses the same area for cannulation and
buttonhole puncture uses the exact same site each(kirbaung, 1984) During

each cannulation, vessel wall tissue is displaced leading to the formatian of
thrombus. This slightly increases tissue mass and leads to the deposition of scar
tissue a consequence of an immunesponse When area and rope ladder puncture
areused, scar tissue forms along the length of the vein which leads to an increased
chance of aneurysm and haemato(fa Konner, 2003) Recent findings have
suggested that the buttonhole technigliews easier cannulation of AVdfue to the
support of surroundingscar tissue(Verhallen et al.,, 2007) Also, buttonhole
cannulation causeslisplacement of the thrombus resulting froan previous
cannulation, ands therefore associated with lower complication rgtem Loonet

al., 2010) To date, only one study has examined AVF neointimal development
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during repeated cannulatiqHsiao et al, 2010) In this, 104 patientseceiving
buttonhole canulation for maintenance haemodialysis were studied for 1 year.
Intimal lesions were found in 40% of the venous puncture sites. However none of
these lesions resulted aclinically significant luminal stenosis. Significant stenosis
was found in 36.5%f the patients at nepuncture sites, 22.1% of which were juxta
anastomosis and 14.4% of which were between the outflow and inflow button hole
cannulation sites (sites shown in Fig. 1.1). This small study highlights the potential
for remodelling which ocurs at the anastomosis and in/near the cannulation sites.
Clearly, more research is needed to determine the extent that cannulation injury

contributes to vascular remodelling. Therefore, the aims of this chapter are to:

1. Developarabbit model of AVF renodelling which incorporates cannulation

injury of atype and frequency similar to that of haemodialysis.
2. Use this model as part of an interventional study to assess the therapeutic

potential of topical diclofenac, which has previously been shownhibit

VSM cell proliferation in chapter 1.
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4.2 Materials and methods

4.2.1 Study esign

AVFswere created in White New Zealand rabbits. The study was designed with two
phases post AVF creatioma maturation period between days28 and an
experimental period between daysZ®8 During the maturation period, the AVF
was monitored by ultrasound. In the second phase, animals were split into three
groups;a control group which received no injury or intervention, an injury group
which receivedarea cannulation injury three timasveek and an intervention group

which received injury as well as topical diclofenac.

4.2.2 Induction and maintenance of anaesthesia

The animals were givea premedication of hypnorm (0.3ml/kg, VetaPharma Ltd.,

UK)i ntramuscularly 15 min prior to surge
temperature, respiration and heart beat were observed and recorded. Based on
respiration and heart rate, the concentration of isoflurane wastadjbetween-1

1.5% (Oxygen 1lmit, Nitrous Oxide 1imin?). Subcutaneous Rimadyl (4mg/kg,

Pfizer, UK) was also given at the time of surgery.

4.2.3 Creation of the femoral arteriovenous fistula

A site proximal to the right knee was chosenreate theAVF due to the superficial
nature of the vessels. Followirsgscm skin incision on the inside right thigh, the
sartorius muscle was carefully parted. The femoral artery and vein were then
isolated as shown in Fig. 4.1. Heparin (10001.U.) was given intoaxaiy just prior

to proximal and distal clamping of the vessel& longitudinal 5mm incision was
made in the wall of both the femoral artery and vein. Thereafter, the artery and vein
were sutured together to createside to side anastomosis using-A(olyamide
suture (Ethicon, USA). The distal vein was then tied off uaitg suture (Ethicon,
USA) to ensure unidirectional blood flow through the vein, effectively creating an
end to side anastomosis. Blood flow was restored to the fistula by renalvirig
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the clamps. Following this, the wound was closed usangombination of
subcuticular and interrupted suturing. The animals were then recoverathieat
mat under supervision until they were moving independently. They were then

transferred baclottheir cage and periodicaltheckedor the remainder of the day.
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Figure 4.1. Femoral AVF creation. The hind limb otherabbit was chosen for the
creation of an AVF. The neurovascular bundle was separated into femoral artery
(A), vein (V) and nerve (N) A side to side anastomosis was createsing 160

polyamide suture (red=r&ery, blue=vein) followed by ligation of thdistal vein.
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4.2.4 Ultrasonography of arteriovenous fistula

Ultrasound measurements were performed usaiihilips Sono 5500 and linear

array probe (6.5mHz) 10 days following arteriovenous creatidrnis 10 day period
allowed sufficient time for thevound to heal. Prior to ultrasonography the animals
were premedicated with hypnorm (0.2ml/kg) intramuscularly. Animals were placed
supine ina sterile area and fur was removed from the surgical site wesedric
clippers. The probe was placed perpeuldr to the vessels and Brightness mode
(B-mode) ultrasound was used to visualise the patency of vessels and to measure
vessel diameter. Colour Doppler mode was used to visualise the direction of blood
flow within the AVF and Pulsed Wave Doppler modeswassed to measure the
velocity of blood passing though the AVF. At least two measurements were
recorded for velocity and diameter in the venous branch proximal to the anastomosis.

The blood flow (ml/min) was calculated using the following formula:

Blood Flow (ml/min) = Velocity (cm/s) x Vessel Area (& 60

4.2.5 Blood biochemistry and haematological profiles

Blood samples were taken from the marginal ear veinisprgery, immediately
following recovery from anaesthesia, at the end of the maturation period (Day 28)
and then at the end of the experimental period (Day 56) for each gAnglysis

was carried ou by Veterinary Diagnostic Services based at the University of
Glasgow. For biochemistryanalysis, blood samples were collected in EDTA coated
vials and analysed on an Olympus AU 640 clinical chemistry analyser using
IFCC/DGKC approved methodsBlood eletrolytes were analysed on the same
system by Indirect ISE. For haematological analysis, blood samples were collected
in heparin coated vials and analysedaddiemens Advia 2120 haematology system,

with an additional 5 part differential carried out malhy
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4.2.6 Cannulation injury

Cannulation injury to the venous branch of the AVF was performed three aimes
week during days 286 of the experiment usirg23 gauge needle (BD Microlance,
USA). As the vessels were not immediately visible urtderskin, cannulation was
carried out under the guidance of ultrasound to visualise the position of the needle in
the vein and ensure it hadndét penetrated
the procedure animals were preedicated with hypnorr{0.3ml/kg) intramuscularly

and placed supine. Fur was removed as before from the surgical site and the fistula
located by its pulse. The surface of the skin waslistat beforea saline (Dechra,

UK) charged needle was placed into the venous brandtedV¥F which sits on top

of the feeding artery. Successful injury to the vein was confirmed by the presence of
blood in the head of the needle, as well as visualisation of the needigti vein

by B-mode ultrasound. The needle was then removed after being in place for
approximately 30 sec. Pressure was applied to the cannulation site for several
minutes to avoid haemat@n The site was then monitored farfurther 5 min to
ensure the injuryite had clotted. Animals were also monitored later in the day to

ensure the puncture site had healed.

4.2.7 Application of topical diclofenac

Diclofenac diethylammonium gel (1.16%, Novartis, UK) was given topically to the
appropriate group of animatturing days 2&6. Animals received50mg of gel
overa 9cnt area (equivalent to 1mg/éndose of diclofenadwice a day, Monday
Friday. Onaday in which injury was to be performetthe first dose of diclofenac
was given3 hr prior to cannulationwhich allowed absorptiorof the gel and period

of time for the drug to take effectThe second dose was given immediately after
injury. In the days between the injury procedure, animals were given topical
diclofenac in the morning and afternoon. All animals receiving topical diclofenac
had an Elizabethan collar in place at all tin@savoid any oral dosing of the drug

while grooming.
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4.2.8In situ paraformaldehyde fixation of the arteriovenous fistula

Following euthanasia by intravenous injection of sodium pentobarbital (1rilieg)

ani mal 6s abdominal C aovacid agrta aral yenaogava werel  a n d
exposed A cannula was then positioned in the aorta distal to the renal artery and
proximal to the iliac bifurcation. Usingreservoir placed above the aninelitre of

saline was passed through the lower body and iauatv incision made in the vena
cava. Once the fluid leaving the animal was clear, 4% paraformaldehyde was
flushed through the lower body before the vena cava was clamped. The pressure of
the solution entering the artery was then set to 100mmHg by glétuenreservoir

1.3m above the perfusing animal, and left for 2 hafmme hood. The AVF and
contralateral control vessels were removed with some of the surrounding muscle still
attached and placed in fresh 4% paraformaldehyde solution. These wetk ator

4°C until use.

4.2.9 Immunohistochemistry for AMPK

Immunohistochemistry was performed as detailed in chapter 2, section 2.3.4.
Specifically,a sodium citrate buffer was used in the antigen retrieval step. The tissue

was then blocked using 10@®at serum A polyclonal rabbit antAMPK 1gG (Cell

Signalling Technology, USA) was used at 1:200 dilution overnight at 4°C. AMPK
expression was visualised usiregVectastain Elite ABC Kit according to the
manufacturer d6s 1 nst rabictihynlated sintréblit IgGrioc L b at i o
hr at room temperature, incubation with the VECTASTAIN® ABC Reagent for 30

min at room temperature (Vector Laboratories, UK) followed by visualisation with

DAB substrate.
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4.3 Results

4.3.1 Monitoring of AVF maturation

The maturation of rabbit femoral AVF was monitored usingumber of different
ultrasound teamiques. As shown in Fig. 4.2-B, B-mode was used to vislise the
patency of the vesseblnd measure their lumen diameters. This was carried out
when the surgical wound had sufficiently healed; around 10 days post AVF
procedure. Confirmation of flow through the fistula was also determined at this
point using colour Doppler ultrasound. Using this technique, blood moving away
from the heart was automatigal€oloured in red, and blood towards the body in
blue. As shown in the example imagdeg. 4.2.C) andschematic(Fig. 4.2.D), flow

could be detected traveling along the artery, which then crossed the anastomosis and

back along the vein.
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Control

Di st Proxin

Figure 4.2.B-mode andcolour Doppler ultrasound of rabbit femoral AVF. A)
Cross sectional Bnode ultrasound otontralateral control vessels. B) Cross
sectional Bmode ultrasound proximal to the anastomosis of the AVE. An
example colour Doppler ultrasound image showing the flow through the AVF from

the artery (red) to theain (blue). D) Schematic of AVF blood flow shown in C.
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The velocity of blood and vessel diameter were analysed every five days during
maturation using Bnode and Pulsed Wave Doppler. These measurements were
used to calculate blood flow through theirvéFig. 4.3). Fig. 4.3.A shows an
example velocity waveform during the early stages of maturation. The presence of
pulsatile waveform in the vein indicates arterial flow. Prior to fistula creation,
attempts were made to measure venous velocity. eMemas the vein sits on top of

the artery (as seen in Figl.2.A), and has relatively low velocity, reliable
measurements were not possible. At the end of the maturation period, velocity of
blood had increased, as shown in B .B example image. Thgaph in Fig4.3.C
shows a summary of this timedependent increase in velocity, which was
significantly higher at day 28 vs. day 10. Vendwsendiameter also appeared to
increase, although this was not statistically significant (#i§.D). Overallthere
wasa significant timedependentisein blood flow, increasing from 42.1+50/min

at day 10 to 60.5+7r@l/min at cay 28.

Biochemical and haematological analysis was also undertaken in blood samples
collected pre/possurgery and at the end of medtion. The only significant changes

in biochemical parameters were small increases in giatasnd creatininelevels

and a decrease in alkaline phosphataseediately following surgeryTable 4.1)
Haematological parameters such as red/white bbatidcounts and were not altered

by surgery or AVF maturatiofTable 4.2)
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Figure 4.3. AVF maturation associated changes in blood flow and diameterA)
An example of blood velocity (cm/s) in the venous branch of AVF during early vessel
maturation. B) An example of blood velocity in the venous branch of AVF after
vessel maturation.C) Changes in blood velocity measured every fiagdover the
maturation periodby Pulsed Wave DoppleD) Changes in diameter of the venous
AVF lumenmeasured every five days over the maturation period usinpde. E)
Using the data obtained from Pulsed Wave Doppler amdo8e,blood flow through
the venous branch was calculated (ml/min). All results are shown as the mean
+S.E.M.n=11, *=p<0.05paired ttestfor day 10 vs. day 30.
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Biochemical| Pre-Surgery PostSurgery Day 28

Profile Mean | S.E.M.| Mean | S.E.M.| Mean | S.E.M.
Sodium 145.2 1.1 148.0 2.0 145.9 0.8 [ mmol/l
Potassium 3.3 0.0 4.1* 0.3 4.8 0.9 [ mmol/l

Sodium:
Potassium | 44.0 0.3 36.7 3.3 335 55 | mmol/l
Ratio

Chloride 95.8 25 94.2 0.2 93.4 0.5 | mmol/l
Calcium 3.2 0.1 3.3 0.1 3.5 0.1 | mmol/l
Phosphate| 2.4 0.2 3.8 0.3 4.3 1.2 | mmol/l

Units

Urea 6.2 0.5 10.2 0.3 7.3 0.3 | mmol/l
Creatinine | 77.8 3.0 122.0* | 134 100.0 7.5 | mmol/l
Cholesterol| 0.9 0.1 0.7 0.0 0.9 0.2 | umol/l
Triglyceride | 1.1 0.2 0.8 0.1 0.8 0.1 | mmol/l

arod | 08 | 05 | 10 | 04 | 05 | 03 [mmol
ALKPhos | 503.0 | 63.1 | 395.0* | 22.0 | 324.8 | 24.0 | pmol/l

AST 32.3 14.6 78.3 14.2 51.5 11.0 U/l

ALT 34.5 4.3 35.0 5.0 46.8 7.0 ul/l

GGT 3.0 0.6 5.0 2.6 5.8 1.0 U/l

Total

Protein 52.7 2.4 52.0 0.7 58.5 0.3 g/l

Albumin 40.3 15 37.8 0.9 42.0 1.0 g/l

Globulin 12.3 1.2 14.3 0.3 16.5 0.9 g/l

Albumin:
Globulin 3.3 0.3 2.7 0.1 2.6 0.2 g/l
Ratio

Table 4.1. Blood biochemistry profile during AVF maturation. Blood samples

were taken immediately before surgery, after recovery and then at the end of the
maturation period. The following parameters were abbreviated; alkaline
phosphatase = (ALKPhos), aspartate = aminotransferase  (AST), alanine
aminotransferase (ALT9 n dglutamyl transferase (GGT)Results are shown as the

meantS.E.M. n=4, *=p<0.05 for pre vs. possurgery (paired Ttest).
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Haemaltology NIT;:Surgery PostSurgery Day 28 Units
Profile n S.E.M. | Mean | S.E.M. | Mean | S.E.M.
RBC 59 | 0.0 6.1 0.1 6.2 0.2 | x10%
Hb 12.3 0.2 12.9 0.4 12.8 0.4 g/dl
HCT 38.1 0.7 39.6 0.7 40.7 1.3 %
MCV 64.6 11 64.8 0.7 66.0 1.8 fl
MCH 208| 03 | 211| 05 | 207 | 04 pg
MCHC 32.3 0.7 32.6 0.8 31.4 0.3 g/dl
RDW 13.7 0.3 15.1 0.5 15.3 0.3 %
WBC 38 | 04 5.0 0.5 4.8 0.4 | x10
Neutrophils | 0.8 | 0.1 2.8 0.4 15 0.0 | x10
Lymphocytes | 2.2 | 0.5 1.7 0.1 2.6 0.3 | x10/
Monocytes | 0.1 | 0.0 0.1 0.0 0.1 0.1 | x10%
Eosinophils | 0.2 | 0.0 0.1 0.0 0.1 0.1 | x10
Basophils | 0.5 | 0.1 0.3 0.1 0.4 0.1 | x10%

Table 4.2. Haematological profileduring AVF maturation.

Blood samples were

taken immediately before surgery, after recovery and then at the end of the
maturation period.The following parameters were abbreviated; red blood cell count
(RBC), haemoglobin (Hb), haematocrit (HCT), mean oegular volume (MCV),
(MCH),
concentration (MCHC), red cell distribution width (RDW), white blood cell count
(WBC). Results are shown as the meghE.M.,n=4.

mean corpuscular haemoglobin mean corpuscular haemoglobin
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4.3.2 Monitoring of AVF remodelling during injury and diclofenac intervention

In the second phase of the study, the animals were splia odotrol groupagroup

that received cannulation injury aragroup that received the same cannulation
injury along with diclofenac treatment. Thdesft of these variables on blood flow
was measured by ultrasound (Fig4). Venous blood velocity appeared to peak at
approximately 80cm/s in the diclofenac group at day 45. This did not occur in the
other groups until around day 55 (F@4.A). Incr@ases in vessdumen diameter
appeared more obvious at earlier stages following AVF surgery in animals receiving
cannulation injury, irrespective of diclofenac treatment. Taken together, blood flow
appeared to increase earlier in the diclofenac treatapgifFig.4.4.C). However,
none of these trends were statistically significant.

Again, biochemical and haematological parameters were measured during this
experimental phase at day 28, and then at day 56 for each group. There were no
statistically sigrficant changes in biochemical or haematological parameters

between any of the groups.
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Figure 4.4. The effect of cannulation injury and topical diclofenac intervention
on venous AVFdiameter and blood flow. A) Changes in blood velocity during
injury and intervention. B) Changes in venousimendiameter during injury and
intervention. C) Changes in venous blood flow during injury and intervention. All
results are shown as the mea8.E.M.,n=7, 6 and 6 for AVF, AVF + Injury and
AVF + Injury + Diclofenac respectively.
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Day 56 .
Biochemical Profile Day 28 Non-Injured Injured Units
Mean S.E.M. Mean S.E.M. Mean S.E.M.
Sodium 145.9 0.8 146.1 1.3 145.9 0.9 mmol/l
Potassium 4.8 0.9 6.4 2.9 4.3 0.8 mmol/|
Sodium: Potassium Ratic 33.5 55 33.5 7.9 36.8 4.9 mmol/l
Chloride 93.4 0.5 96.9 1.9 97.0 0.7 mmol/l
Calcium 3.5 0.1 3.5 0.0 3.4 0.1 mmol/I
Phosphate 4.3 1.2 3.6 2.0 3.6 1.2
Urea 7.3 0.3 8.1 1.3 6.8 0.4
Creatinine 100.0 7.5 99.0 13.6 98.8 54 mmol/l
Cholesterol 0.9 0.2 0.8 0.2 0.8 0.2
Triglyceride 0.8 0.1 1.0 0.2 0.8 0.1 mmol/|
Total Bilirubin 0.5 0.3 1.3 1.3 0.3 0.3 mmol/l
ALKPhos 324.8 24.0 280.3 29.7 2435 39.0
AST 51.5 11.0 445 7.2 58.3 9.8
ALT 46.8 7.0 47.8 6.0 52.0 5.3
GGT 5.8 1.0 8.3 1.9 4.5 0.5
Total Protein 58.5 0.3 58.8 0.9 57.3 1.3
Albumin 42.0 1.0 41.8 0.3 41.0 0.9
Globulin 16.5 0.9 17.0 0.7 16.3 1.8
Albumin: Globulin Ratio 2.6 0.2 2.5 0.1 2.7 0.4

Table 4.3. Blood biochemistry following cannulation injury and diclofenac intervention. Blood samples were collected at the

beginning of the experimental period, and at the end for each group. Results are shown as tfe Fisam=4.
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Day 56

Haematology Profile bay 28 Non-Injured Injured
Mean S.E.M. Mean S.E.M. Mean S.E.M.
RBC 6.2 0.2 6.3 0.2 5.7 0.2
Hb 12.8 0.4 135 0.4 12.2 0.1
HCT 40.7 1.3 41.5 0.7 38.3 1.1
MCV 66.0 1.8 66.4 2.3 67.5 15
MCH 20.7 0.4 21.5 0.5 21.5 0.5
MCHC 31.4 0.3 32.4 0.7 31.9 0.7
RDW 15.3 0.3 135 0.3 13.6 0.2
WBC 4.8 0.4 5.3 0.4 5.0 1.0
Neutrophils 15 0.0 1.3 0.4 1.4 0.4
Lymphocytes 2.6 0.3 3.3 0.5 3.0 0.5
Monocytes 0.1 0.1 0.1 0.0 0.1 0.0
Eosinophils 0.1 0.1 0.2 0.1 0.1 0.0
Basophils 0.4 0.1 0.4 0.1 0.4 0.1

Table 4.4. Blood haematology following cannulation injury and diclofenac intervention Blood samples were collected at the

beginning of the experimental period, and at the end for each group. Results are shown as te Fsam=4.
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4.3.3 AVF induced vascular remodelling in the artery and at the anastomosis

At the end of the study, vessels were perfusion fixeditu, wax processed and
stained using H&E. Figd.5 shows an example of the remodelling whmbk place

at the anastomosis site. Within 5mm of the anastomosis, both vessels were patent
and had undergone vascular remodelling (Big.A). Fig.4.5.B shows healthy
integration of the artery and vein at the anastomosis, with both vessels appearing t
have intact endothelial barriers. Also, in this image suture material is visible on the
outside of the vessels. Great care was taken during surgery to avoid loose suture
being trapped within the anastomosis, which as indicated in this image was

succeshll.

The focus of this study is remodelling within the venous branch of the AVF.
However,a degree of arterial neointima was also present within the feeding artery.
As shown in Fig4.6, arterial neointima was present within millimetres of the AVF,
along with some degradation of the original media layer (Fd.B). This

remodelling was not present 1cm proximal to the anastomosisi(Big).).
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Figure 4.5. Integration of artery and vein at anastomosis.A) Shows an example
image of the femoral artery (A) and ve{W) of the AVF, approximatelyntm
proximal to the anastomosi®) Shows an example of arteraénous integration at

the anastomosis site. Suture material is circled. All scale barg#®00
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Figure 4.6. Arterial remodelling within the AVF. A) Shows an example of the
feedingfemoral artery approximatelycin proximal to the anastomosi®) Shows
an example of the same artery, but within 3mm of the anastomobkes.original
internal elastic lamina is highlighted between two arrows, L=lumen, NI=neantim

All scale bars=5@m.
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4.3.4 Cannulation induced venous remodelling and intervention bgiclofenac

The effect of AVF creation, cannulation injury and diclofenac intervention on
vascular remodelling within the venous branch of the AVF was assessed by
quantifying vein wall width (Fig. 4.7). The creation of an AVF resultedain
significant incease in mean vein wallidth from 10.5+0.9um t016.6+1.6um (Fig.
4.7.B andd.7E). With cannulation injury three timesveek, there waa significant

2.8 fold increase in vein wall thickness vs. fAojured AVF (Fig. 4.7.C and E). This
remodellingconsisted of an increased cellular component, as well as degradation of
the original vein wall at the adventitial side of the vessel. Daily topical diclofenac

treatment causedlsignificant 3 fold decrease in vein wall thickness.
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Figure 4.7. Venous remodelling of AVF following injury with/without diclofenac
intervention. Venous architecture was visualised by H&E stainingA;control
unoperated femoral veirB) AVF, C) AVF with cannulation injury and) injured

AVF with diclofenac. Scale bsx50um, L=lumen. E) Remodelling was quantified

by measuring vein wall width faach group (indicated ithe examplg). Results

are shown as the mea$.E.M.,n=7, 7, 6 & 6 for control, AVF, AVF + Injury and

AVF + I njury + Diclofenac +#estdopunaperatede | vy .
control vs. AVF, *= p<0.05 one way ANOVAtwh post hoc bonferro
for AVF vs. AVF + Injury & AVF + Injury vs. AVF + Injury + Diclofenac.
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4.3.5 AMPK expression during diclofenac intervention

The expression of AMPK during fistula injury and diclofenac treatment was assessed
by immunohisbchemistry (Fig.4.8). An amplification step was needed to detect
AMPK by DAB. This resulted in some staining within the negative controls (same
tissue and protocol, minus the primary antibody). Therefore for each section used,
counterpart negative caots were also quantified and subtracted from the
percentage staining in the experimental tissues. AMPK was expressed in both
endothelial and VSM cell@~ig. 4.8.A) There was no change in AMPK expression
following creation of an AVF (Figd.8.B and E).However cannulation injury of the

vein appears to be associated watbecrease in expression, although this was not
statistically significant (Fig4.8.C and E). In the animals which received injury +
diclofenac treatment, percentage AMPK stainisgnificantly increased from
3.3£1.0 in the injury only animals to 19.5+4.2 (Fig. 4.8.D and E).
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Figure 4.8. AMPK expression in AVF foll owing injury with/without diclofenac
intervention. Immunohistochemistry was used to visualise AMPKAngontrol
unoperated femoral veirB) AVF, C) AVF with cannulation injury andD) injured

AVF with diclofenac. Scale berlOum, L=lumen. E) AMPK expression was
quantified in each group.Results are shown as the meghE.M.,n=4, 5, 6 & 5 for

control, AVF, AVF + Injury and AVF + Injury + Diclofenac respectively. *= p<0.05

one way ANOVA with postorAWectInjurg vef AF+ oni 0s

Injury + Diclofenac.
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4 .4 Discussion

4.4.1 Rabbit femoral AVF maturation

A number of ultrasound techniques were used in this study to monitor maturation of
the AVF. Following creation of the femoral AVF, vessels remained patehflow

was detected moving directly from the artery into the vein using colour Doppler
ultrasound. In the cross sectional image taken usingp8e in Fig.4.2.B, the vein

is positioned on top of the artery proximal to the anastomosis. This is the same
position that was present in the neurovascular bundle prior to AVF creation, which
can be seen in theontralaterakontrol vessels in Figd.2A Therefore, it appears

the surgical technique did not result in vessel torsamactor which has been
implicated in failure of AVHKonner 2003)

Using Pulsed Wave Doppler, the presenceaqgbulsatile flow in the vein was
demonstrated. As veins act as pressure reservoirs, their blood velocity tends to be
low with aflat waveform. In this study we were unable to reliably measure venous
blood velocity in unoperated control vessels due to the vessels proxonthe

artery. However, measurement of femoral vein blood velocity is possible and has
been successfully measured previoyghanet al, 2010) In this study the velocity

of blood within rabbit femoraleins (also White New Zealand) was 6.5cm/s aith

flat waveform. Thereforeg venous blood velocity of 52cm/s which was achieved 10
days post AVF creation in this study indicagesubstantial increase compared to
normal levels if compared to the Qian dyu(Fig 4.3.C). Along with velocity,
venouslumen diameter and blood flow increased over the maturation period (Fig
4.3C-E). Clinically, an AVF is said to have matured if there has been an increase in
venous diameter and blood flow, preferably to >4mmad >500ml/min(Robbin et

al., 2002) This response occurs due to outward hypertrophic remodelling which the
vein undergoes in order to compensate for the increase in wall and shear stress
exeted by the arterial flowyHayashi & Naiki 2009; Asitt al, 2006) Therefore, the
significant increase of venous blood flow seen in this study over the first four weeks
indicates the likelihood that outward hypertrophic remodelling has taken place and

the fistula hasindergone maturation
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Blood parameters were also &s&d during the first four weeks of the study. The
only statistical differences in the blood biochemistry profiles betweersyoery

and postsurgery were in potassium, ALKPhos and creatinine levels (Table 4.1). The
small changes in potassium and ALKRHue to the surgical procedure are unlikely
to be clinically significant. The transient increase in creatinineqosfery could be

due to the anaesthesia andféosmall degree of dehydration. At the end of the
maturation period, creatinine levels hadolved. There were no changes seen in the
haematological profileéTable 4.2) This is reassuring as it implies that creation and

maturation ofafemoral AVF did not affect the overall health of the animal.

4.4.2 The effect of cannulation injury anddiclofenac on blood parameters

The ultrasonography results of blood flow during the second phase of this study did
not reveal any significant differences and were therefore inconclusive. However,
both injury groups appeared to show an earlier changeséise) in venoukimen
diameter vs. the nemjured group (Fig4.4.B). In humans, it is known that repeated
cannulation ofa specific area in the AVF leads to dilatation of the lunfidaiaoet

al., 2010;Krénung, 1984) Therefore it is likely that the injury associated increase in
venous diameter seen in this model is also due to tissue displacement and

remodelling.

Blood parameters were again investigated in the second phase of the study. There
were no statistically significant differences in these parameters; implying that
cannulation injury to the AVF and diclofenac administration did not affect the
overall health of the animal. The lack of significant blood parameter changes in
animals whichreceived diclofenac is particularly important as this family of drugs
are potentially nephrotoxi¢Brater, 2002) In addition to these markers, MdP
measurement was also attempted in this study. HUG® a pro-inflammatory
chemokine increased in haemodialysis patients and has beeratess with stenosis

in a murine AVF model(Lobo, et al. 2013; Juncoset al. 2011) Due toa lack of
commercially available rabbit MCP ELISA/antibodiesa human MCP1 ELISA kit

124



Chapter 4 Effect ofdiclofenac on AVF remodelling

(Cat. No. 438804, Biolegend, UK) wased. Human and rabbit MEPshare 70%
homology; however this kit could not detect rabbit MCP

4.4.3 AVF driven remodelling and the effect of cannulation with/without
diclofenac

Previous studies using rabbit AVF models have focussed on the remod#diicty

takes place within the feeding arte(reenhill and Stehbens, 1987; Jones and
Stehbens, 1995) In these studies it was found that tears formed in the proximal
artery, with neointima formed close to the anastomosis sitesimilar pattern of
remodelling within he feeding artery was found in this study. However, the main
aim of the model in the current study was to assess the remodelling which occurs in
the vein. Creation of aAVF resulted imasignificant increase in vein wall thickness.
This change was subtand displayed no signs of endothelial damage. Therefore this
remodelling appears to be healthy, beneficial remodelling associated with maturation
of the AVF. This kind of remodelling is stimulated by the adaptation of the vein to

changes in haemodynanforces, rather thaapathological event.

In this study, for the first time we present evidence which suggests that cannulation
injury is a central event in adverse AVF remodelling. Previous evidence for the role
of cannulation injury in AVF stenosis has been based on limited clinical findings and
studies which have analysed the effect of injury on other types of vein(lgraiien

et al, 2001) In our study, needle puncture arfrequency similar to that which is
undergone in dialysis causa®.8 fold increase in the amount of remodelling which
occurs (Fig. 4.7). Therefe, future treatment strategies which aim to increase the
patency of AVF should target cannulation injury. Using this newly developed
translational model, an intervention study was conducted using topical diclofenac.
The aim was to give this antiffammatory and antproliferative agent
prophylactically after vessel maturation. It was anticipated that this would target
injury driven vessel remodelling. As is evident in Fig. 4.7, twice daily topical
delivery of diclofenac significantly reduced vein walickness induced by
cannulation. The resulting level of vein wall thickness was comparable to that of the
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norrinjured AVF. Therefore, prophylactic diclofenac inhibits cannulation driven
adverse remodelling. This suggests diclofenac has the abiligrget only injury
driven inflammatory and proliferative mechanisms, without affecting
hemodynamically induced maturation. The main advantages of this type of therapy
are that high concentrations of the drug can be achieved locally, while avoiding
possibe adverse side effects. Also, topical treatment can be introduced following the
initial maturation phase; unlike perivascular therapies which are usually delivered at
fistula creationMelhemet al, 2006)

Patients undergoing dialysis are known to have systemically increased levels of pro
inflammatory proteins due ta number of factos including activation of immune

cells in the dialysis circuifPapayiannget al, 2002) Howeverthe AVF itself can be

a major inducer of inflammatory proteins which can then enter the systemic
circulation. This highlights the importance of targeting the AVF locally with an
agent such as diclofenac. #study conducted on 26 patients with AVF, ldoo
samples from the AVF and contralateral vein were taken and measurements of high
sensitivityCRP (hsCRP) levels performedMilburn et al, 2012) Blood sampled at

the AVF had double the concentratioh hsCRP vs. blood from the contralateral
vein. This suggests that the AVFasnajor source of inflammatory proteins which

can affect systemic circulation.

Diclofenac was selected for use instpresent study as has beerclinically well
defined, has potent artiflammatory activity, antproliferative activity and is
available asa topical preparation (diclofenac diethylammonium). However, these
properties are shared by other members of the NSAID fasuith as indome#tin

which hasa similar antiproliferative 1Go as diclofenac(Piazza et al., 2010)
Therefore the therapeutic potential of these other agentddshtao be studied.
Also, higher preparations of topical diclofenac (up to 3%) are available for use in
humans. This preparation was not selected for the current study as it is only
approved for certain conditions. 3% diclofenac preparation is curnesely to treat
actinic keratosis, which is proliferative skin condition that can lead to invasive

squamous cell carcinom@elson, 2013) However, the mechanism of action in
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treating this condibn is not clear(Martin and Stockfleth, 2013)ut it is possible
that these mechanisms are similar to the mechanism responsible for the diclofenac
activity demonstrated in this chapter.

As discussed in chapter 1 (pages3%3, many of the drugs which belong to the
NSAID family have proven anproliferative activity(Brookset al, 2003) These
activities have been shown to be mediated by p21 activation, which inhibits cyclin
D1 and causes cell cycle arréBtock et al, 2007) Aspirin is the most studied
member of the NSAIDs, and litas been demonstrated that aspirin causes activation
of AMPK, which then signals through the pp231 pathway to inhibit cell cycle
progressior{Sung and Choi, 2011)Therefore, it is possible that diclofenac may also
exert its effects via activation of AMPK. Expression of AMRK the different
groupsof this studywas measured by immunohistochemistry F#.8). AMPK
expression in the injury + diclofenac group was shown to be significantly higher
compared to injury only (Fig. 4.8). Thus, diclofemaediated inhibition of adverse
AVF remodelling may be via AMPK activation ia manner similar to aspirin.
AMPK expression appeared to decrease in the injured vsinjued group,
however this was not statistically significant (p=0.09). As well as demonstrating that
aspirin mediates AMPK activation, the study by Sung and Choi also demonstrated
that hyperproliferative VSM cells from spontaneously hypertensive rats had
significantly lower AMPK expression. Since activation of AMPK results in
inhibition of ATP consuming cell processes such as cell proliferagitmyer basal
AMPK expression would allowa higher rate of proliferation, and therefore
remodelling. However, further studies using the rabbit model are needed to support
this hypothesis in AVF remodelling.A limitation in this experiment was the
significant background signal within negative contr@sthout primary antibody),

and that no isotype control was used.

The AVF model developed in this chapter was designed to be as clinically relevant
as possible. This included the creation of an AVF using an anastomosis technique
which is used clinicay, instead of usinga more straightforward approach such as
arterial end to venous end/sifféastieret al, 2006; Donget al, 2010) Ultrasonic
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monitoring during the maturation period in this model also mimicked the clinical
situation. However, iis the addition of regular cannulation injury to the AVF which
makes this model translational and original. The main limitation of this study is that
it does not take into account the effect of impaired kidney function, which results in
increased systemilevels of uric acid(Shahbaziaret al, 2009) Clinically it has

been shown that increased levels of uric acid in haemodialysis patietpdsitve
correlation with an increase in inflammatomarkers L-6 and TNFU ; which ar
known to contribute to vascular remodellifigobo et al, 2013) This variable can

be studied using subtotal nephrectomy, which has been carried out previoasly in
rat AVF model (Croatt et al, 2010) In this study it was found that subtotal
nephrectomy causedlsignificant increase in neointimal development in the venous
branch of AVF. This procedure has also been carried out in rabbits, althoufgi

the study of AVHEddyet al, 2013) Therefore, subtotal nephrectomy could be used

in future studies with the model presented in this chapter to further enhance its

translational relevance.

4.5 Conclusion

Creation ofa rabbitfemoratfemoral AVF with ligation of the distal vein resultsan
patent fistula which haa good exchange of blood from the artery directly into the
vein. Over the first four weeks this then stimulatesiaturation response which
results in an increasédmen diameter and blood flow, as well as an increase in vein
wall thickness. Regular cannulation injury to the AVF resulsfurther significant
increase in vein wall thickness, and therefore it is likely to @ayajor role in
adverse AVF remodellon Finally, in this modelprophylactic topical diclofenac
treatment causes inhibition of the injury driven response. This effect may be
mediated by the activation of AMPK, whiacherits further investigation.
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Chapter 5

The role of AMPK in the mechanisms underlying the anti

proliferative activity of diclofenac
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5.1 Introduction

Diclofenac isa member of the NSAID family and has well established -anti
inflammatory, antipyretic and analgesic actions. In 1971, Mane publisheda
study which demonstrated that cyclooxygenase (COX) mediated inhibition of
progaglandin synthesis was responsible for the mechanism of aspirin and-klspirin
drugs (Vane, 1971) This discovery was awarded Nobel Prize in 1982.
Subsequently, two isoforms of COX were demonstrated, - @@Xd inducible COX

2 (Kujubu et al, 1991) COX-1 is constitutively expressed in most tissues, whereas
COX-2 is expressed dow levels under basal conditiorffgkargmanet al, 1996)
COX-2 is termed inducible as it is upregulated in response to inflammatory stimuli
such as LPMacrophagest al, 1994) Inhibition of COX2 is responsibledi
many of NSAIDs therapeutic activitieBlitchell et al, 1994)

A treatment strategy which tats both inflammation and proliferation in AVF
stenosis would be advantageous. Potent inhibition of @Qny diclofenac would
have an impact on the resulting inflammation. However, thepaoliferative
properties of diclofenac are likely to be indepemidof this activity. This is based on
the significantly different concentrations of diclofenac required for each of these
effects. ThdCsg required for inhibition of COX2 is 50nM(Brideauet al, 1996)
whereas the 16 required for antproliferative activity is 170uM(Brooks et al,
2003) Interestingly, the anroliferative effect of selective and naelective COX
inhibitors are equal in wild type and cyclooxygerasé# mouse embryo fibroblasts;
indicatinga COX independent mechanisidhiang & Morham 1999) Therefore, it is
unlikely that diclofenac mediates aptioliferative activity via inkbition of COX.
Instead, another potential target of diclofenac during inhibition of cell proliferation
maybe AMPK. AMPK is a highly conserved serine/threonine protein kinase which
is involved in homoeostasis of cellular metaboligdardie and Carling, 1997)
Activation of AMPK occurs when ATP levels are low, causing an increase in
catabolic pathways and reduction h ATP consuming activities including cell
proliferation (Hardie et al, 1998; lgataet al, 2005) Acetyl-CoA carboxylase
(ACC) is a downstream enzyme which is directly phosphorylated by AMPK to

regulate the metabolism of tatacids(Parket al, 2002) and can therefore act as
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marker for AMPK activation. AMPK mayba potential target of diclofenac as the
anti-proliferative activity of aspirin is mediated by this kina&ung and Choi,
2011) Diclofenac has been shown to inhibit cell proliferatiommanner similar to
aspirin, via upreguhtion of p21 which causes cell cycle arr@tookset al, 2003)

This involves the down regulation of the G1 associated kinase Cyclin D1. The
expression of this cyclin is essential for cgjcle progression. It therefore seems
possible that the angroliferative action of diclofenac may also be via AMPK. This

is anovel hypothesis which to date has not been investigated.

The ability of topical diclofenac to inhibit injury driven advexsescular remodelling

in vivo has been demonstrated (Chapter 4, Section 4.3.4). However, mechanistic
insight into the antproliferative activity of diclofenac is essential. The elucidation

of this mechanism will provide further evidence to support timécal use of topical
diclofenac to increase AVF patency, as well as aiding the development of future
treatment strategies. Therefore, the aims of this chapter are to:

1. Investigate the effect of diclofenac on early proliferative events (ERK & p38
phosphoylation) and during the later stages of cell proliferation (cell cycle

regulation by p21, and expression of G1 associated cyclin D1)

2. Investigate the role of AMPK in the modulation of proliferation by diclofenac
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5.2 Materials and methods

5.2.1Stimulation of rabbit/mouse cell explants

VSM cells were quiesced for 24 hr in 0.19%v) FCS, during which time they were
incubated with or without; diclofenac (5¢M.70uM, lower concentrations rounded
to the nearest unit of 2.5uMsigmaAldrich, UK) for 24 hr, AMPK agonist A
769662 (30uM; Tocris, UK) for 1 hr or antagonist compound C (10uM; Tocris, UK)
for 1 hr. Cells were then stimulated for 24 hr with 10% FCS and proliferation

measured byH-thymidine incorporation as describedsection 2.4.3.

5.2.2 Western blotting of AMPK/proliferative proteins

Western blotting was carried out as described in section 2.4.4. VSM cells were
treated as outlined in section 5.2.1. To measure AMPK protein expression cells were
lysed before stulation. For analysis of MAPK proteins, cells were stimulated with
10% FCS for 15 min and lysed. To assess cell cycle proteins, cells were stimulated

with 10% FCS for 8 hr and lysed. The following primary antibodies were used:

antiphospho/Total AMPKabbit IgG, 1/100 (Cell Signalling TeglUSA)
antiphospho/Total ACC rabbit 1IgG, 1/1000 (Cell Signalling TetlSA)
anti-phospho/Total ERK rabbit IgG, 1/1000 (Cell Signalling T.etiSA)
anti-phospho/Total p38 rabbit IgG, 1/1000ell Signalling Tech.USA)
ant-Cyclin D1 rabbit IgG, 1/1000 (Santa Cruz Biotechnology Inc., USA)
antip21 rabbit 1IgG, 1/1000 (Santa Cruz Biotechnology Inc., USA)
anttGAPDH mouse IgG, 1/40000 (Cell Signalling TedbSA)

=4 =2 =4 4 -4 A -2

For detection of the primary antibodyHRP-conjugated ati-rabbit IgG at 1/2000
dilution (Cell Signalling Tech USA) or antimouse IgG at 1/10000 dilution
(Stratech Scientific LtdUK) was used. Fdhe detection of total proteins following
analysis of phosphorylatednmunoblotswere stripped using mildtripping buffer

(25 mM glycineHCI, pH 2, 1% (w/v) SDS) at room temperature for 1 hour.
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5.2.3 Viability of cells following treatment using trypan blue

Treated VSM cells were removed from their wells using Tryple Express before being
centrifuged at 200@nd resuspended in 3j@0of culture medium. The cells were

then mixed 1:1 (/v) with 0.4% trypan blue (Sigmaldrich, UK) and viability
quantified usinga haemocytometer. VSM cells with disrupted membranes appeared
blue, while live cells resisted the dy&he percentage of live cells was calculated in

an untreated control, and compared to cells which had been incubated with the test

agents.

5.2.4 siRNAsilencingof AMPKU 1 / 2
To transfect one wel |, AMPKU1/ 2 si RNA (
was diluted in 100l of Opti-MEM (Gibco, UK) to makea final well concentration

of 40pmol. The transfection solution was prepared by dilutingu/wBll of
Lipofectamine RNAI Max transfection reagent (Life Technologies, UK) in 100ul of
Opti-MEM. siRNA transfection solution was then prepared by mixarigl (V/V)

rato f AMPKU1/ 2 si RNA pafacthmirte isaution. aGraiwth méedium
was removed from the VSM cells, and replaced with 1.8ml of-RM for 6 well
plates and 450ul for 24 well plate200ul of siRNA transfection solution was then
added tawell of a6 well plate, and 50ul tawell of a24 well plate. The following
day, OpttMEM was removed and replaced with regular growth medium and the

cells were left foafurther 48hr before expementation.

5.2.5 Culture and explantation of mouse aortic AMPKIL™” VSM cells

Wild type and AMPKIL” aortas were obtained from 8 week old sv129 mice. VSM
cells were then explanted and cultured from the vessels as described in Chapter 2,
Section 2.4.1. Cell proliferation was measured*Hythymidine incorporation as

described in section 2.4.3.
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5.3Results

5.3.1 The effect of &lofenac on rabbit VSM cell proliferative mechanisms

VSM cells were explanted from freshly isolated rabbit femoral vein.
Characterisation was based on -§MAoRigt h pat 1
5.1.A shows the m@wth pattern ofa confluent patch of cells, which displays the
characteristic hill and valley morphology associated with this type of cell. Fig. 5.1.B
shows that al/l c-8MA Fo cerdirm ¢hat plidafenac mediatedf o r U
inhibition of VSM cdl proliferation was not specific to human VSM cells, diclofenac
[SUM-170pM] was assessed in rabbit VSM cells ustHgthymidine incorporation
proliferation assay. Fig. 5.2 showdiclofenac mediated concentration dependent

decrease in FCS stimulated V¥l proliferation.
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Figure 5.1. Rabbit vascular smooth muscle cell explant characterisation. A)
Growth morphology of VSM cell explantB) Immunocytochemistry of cell explants
f 0 ESMAJ expression visualised by immunofluorescence (Green), all scale bars=

50um.
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Figure 5.2. The antiproliferative capacity of diclofenac on rabbit VSM cells.
Quiesced VSM cells were treated with diclofenac and stimulated for 24 hr with 10%
FCS. Proliferation was measured #y thymidine incorporation. Results are shown

as the mean +S.E.M., n=4eneral linear ANOVA p<0.05, *=pogtoc Dunnett's vs.
control p<0.05.
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To assess the effect of diclofenac on the activation of proliferation early in the
response, activation of ERK was investigated (Fig 5.3). Under basal conditions
phosphorylation of ERK was high, although the cells still had the capacity tbefur
phosphorylation when stimulated by 10% FCS. Diclofenaetneament had no
effect on FCS stimulated ERK activation. Another MAPK pathway which is
activated early in the proliferative response is p38, which was investigated in Fig.
5.4. Under basatonditions p38 was not expressed. Upon stimulation with 10%
FCS there was an increase in both total and phosphorylated p38. Like ERK, p38 was
unaffected by diclofenac piteeatment. Therefore, cell cycle associated proteins p21
and cyclin D1 were invéigated in treated cells to assess diclofémampact on
events late in the proliferative response. The basal and stimulated expression of p21
was inconsistent between different sets of cells (Fig. 5.5)arasult, the diclofenac
mediated response wadso variable. Cyclin D1 showeal consistent increase in
expression upon simulation with FCS; which was inhibiteds idose dependent
manner by diclofenac (Fig. 5.6). At the maximum concentration assessed (170uM),

cyclin D1 expression was significantiigcreased by 60%.
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Figure 5.3. FCS stimulated ERK activation with diclofenac pretreatment.
Quiesced VSM cells were treated with diclofenac and stimulated for 15 min with
10% FCS. Immunoblotswere probed for pERK, strippeahd reprobedfor ERK.

Results are shown as the mean +S.E.M., n=3.
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Figure 5.4. FCS stimulated p38 activation with diclofenac préreatment.
Quiesced VSM cells were treated with diclofenac and stimulated for 15 min with
10% FCS. Immunoblots were probefbr pp38 stripped and reprobed fop38

Results are shown as the mean +S.E.M., n=3.
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Figure 5.5. Diclofenac mediated change in FCS stimulated p21 expression.
Quiesced VSM cells were treated with diclofenac and stimulated for 8 hr with 10%
FCS. Three different experiments for p21 expression in different sets of cells are

shown. Results are shownthe mean +S.E.M., n=3.
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Figure 5.6. Diclofenac mediated reduction in FCS stimulated cyclin D1
expression. Quiesced VSM cells were treated with diclofenac and stimulated for 8
hr with 10% FCS. mmunoblots were probed for cyclin D1, stripped and reprobed
for GAPDH. Results are shown as the mean £S.E.M., ngéneral linear ANOVA

p<0.05, *=posthoc Dunnett's vs. control p<0.05.
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5.3.2 Elucidating the role of AMPK in modulation of proliferation by diclofenac

using pharmacological inhibition

The effect of diclofenac on AMPK phosphorylation, and activation of downstream

ACC was assessed. The panel shown in Fig. 5.7.A shows example blots of VSM
cells treated with diclofenac and measifor AMPK and ACC expression. The
phosphorylated AMPK antibody detected one band, whereas the total AMPK
antibody detected two; orfier AMPKU 1 a n d foaAMPKUh2e. r Phosphoryl
of AMPK was detected at basal conditions, and phosphorylation sigmilfy

increased with diclofenac treatment anconcentration depeedt manner. At the

maximal diclofenac concentration, AMPK phosphorylation increased by 12.8 fold

vs. untreated controls (Fig. 5.7.B)n contrast, with an increasing concentration of
diclofenac total AMPK expressiosppeared taecreasedImmunoblotting for ACC

was performed to show progression through the AMPK pathway, examples of which

are shown in the lower half of the panel in Fig. A.7Both the phosphorylated and

total antibodiesd et ect ed two bands which represen
greater concentration dependent increase was seen in the phosphorylation of
downstream ACC; which was increased by 23.8 fold vs. untreated controls at the

maximum diclofenac concentration (Fig7 ).
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Figure 5.7. Diclofenac induced AMPK phosphorylation and ACC activation.
QuiescedVSM cells were treated for 2dr with diclofenac. A) Example blots
showing the activation (phosphorylation) of AMPK and ACC by diclofenac
Immunoblots were probed for either pAMPK or pACC, stripped and reprobed for
AMPK or ACC respectively B) Quantification of diclofenac induced AMPK
phosphorylation. C) Quantification of ditofenac induced ACC phosphorylation.
All results are shown as the mean +S.E.M., ng€heral linear ANOVA p<0.05,
*=post-hoc Dunnett's vs. control p<0.05.
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To confirm the role of AMPK in diclofenac activity, the pharmacological AMPK
inhibitor compound C, sawell as the activator X69662, were used. Firstly, the
effect of these agents on basal AMPK activation was measured (Fig. 5.8).
Compound C treatment for 1 hr significantly reduced basal phosphorylation of
AMPK (Fig. 5.8.A). Treatment with the agoni&t769662 appeared to caussmall
increase in AMPK phosphorylation; however this was not statistically significant.
The AMPK response to the vehicle (0.1% DMSO) was variable as two of the six
cells used showed decrease in phosphorylation. Compound C didafieict ACC
phosphorylation as ACC haslow expression under basal conditions (Fg.B).
However A769662 caused significant 11.3 fold increase in ACC phosphorylation
vs. untreated controls, indicatiagtivation of AMPK.

Fig. 5.9 shows the effect of these agents on diclofenac mediated AMPK activation
and progression. Compound C significantly reduced AMPK phosphorylation by
49% (Fig.5.9.A). Downstream of this, diclofenac mediated phosphorylafi®fC&

was reduced by 60% with compound C treatment (Bi§.B). Unexpectedly,
diclofenac in combination with 69662 caused statistically significant decrease

in AMPK phosphorylation, but had no effect on ACC activation.
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Figure 5.8. The effect of AMPK antagonist (compound C) and agonist €A
769662) on basal AMPK and ACC phosphorylation. Quiesced VSM cells were
treated with the agents for 1 hrilmmunoblots were probed for either pAMPK or
PACC, stripped and repbed for AMPK or ACC respectivel®) Quantification and

an example immunoblot showing the effect of these agents on basal AMPK
phosphorylation, n=6.B) Quantification and an example immunoblot showing the
effect of these agents on basalC phosphorylation, n=4. All results are shown as

the mean £S.E.M., *=p<0.05 (pairedt&stvs. untreatejl

145



Chapter 5

Anti-proliferative mechanisms dliclofenac

=P
o N
1 J

Sample:Control Ratio
(P AMPK UGAPDH)
o O O
N o @

0.2
0.0
pAMPK U s Bl
(62kDa)
AMPK U —
(62kDa)
T e -
(37kDa)
Diclofenac 170 170 170
(UM)
Compound C - 10
(UM)
A-769662 - - 30
(UM)

n
o
J

=
o
1

Sample:Control Ratio
(PACC/GAPDH)
) =
w1 o

0.0 -
pACC

(280kDa) [0 I8 -

ACC

esoo) [ .
GAPDH “
(37kDa) —

Diclofenac 170 170 170

(uM)

Compound C - 10

(M)

A-769662 - - 30
(MM)

Figure 5.9. The effect of compound C and A69662on diclofenac induced
Quiesced VSM cells were treatevith

AMPK and ACC phosphorylation.
diclofenac for 24 hr, and compound C/789662 for l1hr.

Immunoblots were

probed for either pAMPK or pACC, stripped and reprobed for AMPK or ACC
respectively. A) Quantification and an example immunoblot showing the effect of

these agents odiclofenac activated AMPK.B) Quantification and an example

immunoblot showing the effect of these agentsliolofenac activated ACC. All

results are shown as the mean £S.E.M., n¥§<0.05 (paired T-test).
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The effect of compound C and-769662 on the anproliferative activity of
diclofenac was assessed ¥y thymidine incorporation (Fig. 5.10). It was expected
that compound C would reverse some of the diclofenac mediated activity. Instead,
contrary to tle hypothesis, compound C in combination with diclofenac significantly
reduced proliferation t@ greater extent than diclofenac alone. This significant
inhibition of proliferation also took place when the cells were treated with compound
C alone. On itown, A-769662 had no inhibitory effect on cell proliferation, and
had no effect on diclofenacds activity.
experiments was assessed by the trypan blue. Fig. 5.11.A shows that none of these
agents effected cell vidhy at their active concentrations. Fig. 5.11.B shows that
compound C alone caused significant reduction in FCS stimulated ERK

phosphorylation, indicating neselectivity.
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Figure 5.10. The effect of compound C and\-769662 on the antproliferative
activity of diclofenac. Quiesced VSM cells were treated with or without diclofenac
(85um) for 24 hr and/or compound C (CC, ufn) / A-769662 (A7, 30m) for 1 hr
before being stimulated with 10% FCS. Proliferation was mmeasby’H thymidine
incorporation. Results are shown as the mean £S.E.M., ri=<0.05 (paired T

test).
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Figure 5.11. The AMPK independent activity of compound C. A) Viability of

VSM cells treated witbr without diclofenac (175um) for 48 hr and/or compound C
(CC, 10um) / A769662 (A7, 30um) for 25 hgnalysed by trypan blue, n=4B)
Quantification and an example immunoblot showing the effect of compound C
(10um, 1 hr)on ERK phosphorylation; n=3, *=p<0.05 (pairedt€st). Immunoblots
were probed for pERK, stripped and reprobed for ER¥#.resultsare shown as the

mean +S.E.M.
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5.3.3 Elucidating the role of AMPK in modulation of proliferation by diclofenac

using siRNA protein repression

The repression of AMPK U1/ 2 protein expr
different conditions in Fig. 5.12.AMPK was significantly repressed 48 hr post
transfection using 20, 40 and 80pmols siRNA (Fig. 5.12.A). At 72 hr post
transfection, AMPK expression was reduced further again (Fig. 5.12.B). Using the
maximum transfection time and siRNA concentration, AMRKpression was
repressed by 95% (Fig. 5.12.C). However, scrambled control siRNA also reduced
AMPK expression by 56%. Figure 5.13 shows the level of repression that was
achieved in each set of cells used, as well as the effect on diclofenac activity. The
level of AMPK repression that was achieved with 40pmol siRNA ath48
transfection was inconsistent. Shown in Ed.3.A is an example from VSM cell 1
which had the highest repression at 97.8%, as well as VSM cell 3 which had the
lowest repression at 3. The mean level of AMPK repression was 68.4+9.6%,
which reduced the mean diclofenac response to 91.3+11.1% compared to control
siRNA. Again, the resulting diclofenac response was also inconsistent, with two sets

of cells showing enhanced inhibitorgtevity.
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Figure 5.12AMPKU 1 / 2  gdprBsNidn optimisation. A) Shows an example
blot 48 hr post transfectionB) Shows an example blot 72 hr post transfecti@).
AMPKU1/ 2 repression wa sa tigesand tandentratidn,
dependent reduction in expression, Uipofectamine only. Results are shown as

the mean, n=2.
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Figure 5.13. Inconsistent repression of AMPK and diclofenac activity A) Shows
examples of the inconsistent repression of AMPK which was achieved using 40pmol
of siRNA over 48r. B) Showsa summary of AMPK repression in each set of cells,

as wellas theeffect on diclofenac activitnhibition of proliferation by diclofenac in
AMPKU s i rBl&dive to ontrol SiRNA treated cells) Results are shown as the

mean +S.E.M., n=5.

152



Chapter 5 Anti-proliferative mechanisms dliclofenac

5.3.4Elucidating the role of AMPK in modulation of proliferation by diclofen ac
using cells from AMPK UL"" mice

VSM cells were explanted fromv129wild type and AMPKIL”™ mouse aortas and
cultured. To confirm AMPKIL knock out immunoblotting for AMPK) was carri ¢
out as showrin Fig. 5.14.A As expected, cells explanted froaPKUL" aortas
had significantly reducedlevels of AMPKU e x p r &lseseffeot rof. diclofenac
(85uM and 170uM)n wild type andAMPKUL™ cell proliferationwasthenanalysed
by *H thymidine incorporatior(Fig. 5.14.B) In this data set, one result frothe
wild type and AMPKIL" was excluded athis data was4 standard deviations from
the rest of thegroup Diclofenac(85uM) inhibited wild type cell proliferationby
52%, in contrast toa 6% inhibition of AMPKUL" cell proliferation (p=0.001)
However, atthe higher concentration ofliclofenac (170uM), there were no
statistically significant differences between wild type akdPKUL™ cells (82%
reduction vs. 74%). The morphology of cells treated with diclofenaswdged and
images are shwn inFig. 5.15. Treatment with 170M diclofenaccaused no obvious
differences inthe morphology ofwild type cellswhen compared withuntreated
controk. However, as shown in the bottamght image of the panel in Fig. 5.15,
AMPKUL” cells treatedwith 17QuM diclofenac showed signs of stress and had
begunto detach fronthe plate. At 85uM diclofenac, the morphology GSMPKUL"

cellsdid not appear to differ frorie untreated contrel
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Figure 5.14 The effect of diclofenac owild type and AMPK UL VSM cells. A)
shows an immunoblot for basal AMBKxpression in VSM cells explanted from the
aortas of AMPKU'"™ and wild type mice (n=3)B) Quiesced VSM cells froboth sets

of mice were treated with diclofenac and stimulated for 24 hr with 10% FCS.
Proliferation was measured by thymidine incorporation. Results are shown as
the mean £S.E.M., n=4, *=p<0.05 (unpaireetdst).
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Figure 5.15 Brightfield imaging of wild type and AMPK U1”" VSM cells treated with diclofenac. Quiesced VSM cells were treated
with diclofenac at 85 and 1yon for 24 hours before being stimulated for 18 hours with FR& and imag# All scale bars= 5am.
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5.4 Discussion

5.4.1 The antiproliferative mechanisms of diclofenac

The first finding presented in this chapter demonstrates that diclofenac mediated
inhibition of proliferation is not specific to human VSM cells, wétltoncentration
dependat decrease in rabbit VSM cell proliferation measured (Fig 5.2). The
minimum concentration required for diclofenac mediated-pratiferative activity

was 42.5uM. At the highest concentration used (170uM), diclofenac reduced rabbit
VSM cell proliferation by 70%. This is comparable to the 80% reduction in human
VSM cell proliferation demonstrated in chapter 3, Fig. 3.16. The use of 170uM
diclofenac was based on thes¢@alue reported previouslBrookset al, 2003) In

that study, the minimum inhibitory concentration of diclofenac was >100uM.
However, asynchronous rat aortic VSM cells were used, which may rechigber
concentration to inhibit the larger proportiohaells already proliferating when the
agents are added.

The proliferative mechanisms affected by diclofenac, from MAPK activation down
to cell cycle regulation, were investigated. ERK1/2aismnember of the MAPK
family of proteins which isa key pathway in cell proliferatiofRoux and Blenis,
2004) It is activated early i proliferative response stimulated Aynitogen, such

as the growth hormones found in FQSwis et al, 1998) In this study, ERK
phosphorylation (activation) occurred following Inin stimulation by 10% FCS.
Diclofenac up to 170uM had no effect on the phosphorylation of ERK, suggesting
that diclofenac acts later in the proliferative cascade (Fig. 5.3& ptavious study,

the NSAID Indomethacin was shown to inhibit prostateceaell line ERK activity

and proliferation(Husainet al, 2001) However, limited evidence is available to
support direct inhibition of ERK activation by NSAIDs. Another MAPK member,
p38, was also investigated in this chaptpB8 is generally activated by stress related
stimuli suchas ultraviolet light, irradiation, heat shock, pndlammatory cytokines

and certain mitogens (Obata et al., 2000). In Fig. 5.4, p38 was only detected
following 15 min stimulation by FCS. Agailike ERK, p38 activation was not
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affected by diclofenac preeeatment. Therefore, the point at which diclofenac acts in

this signalling cascade is likely to be downstream of MAPK.

Diclofenac is known to cause arrest in the G1 phase of the cell cgchetwation of

p53 leading to increased p21 (Brooks et al., 2003). The expression of cell cycle
inhibitor p21 and G1 associated cyclin D1 following diclofenac treatment was
assessed in this study. Three different antibodies against p21 were usediniabbit
p21 (Cat. No. 2947, Cell Signalling Technology), mouse-g2ii (Cat. No. 2946,

Cell Signalling Technology) and rabbit ap21 (Cat. No. s897, Santa Cruz
Biotechnology Ing. Neither of the Cell Signalling Technology antibodies deteated
p21 sighal. The Santa Cruz antibody detecédubnd at 21 kDa, as well as multiple
other nonrspecific bands. Cell lysates were obtained from HCT116 p53 positive and
negative cancer cell lines to as act as controls. p21 expression is controlled by p53,
therefoe a p53 negative sample will have less p21 expression. The effect of
diclofenac on p21 expression was inconsistent (Fig. 5.5). Two sets of cells showed
degree of p21 increase, while the third set shoavddcrease. Therefore from this
data we cannot conclude that diclofenac activates p21 as repBrimuks et al,

2003) However, the effect of diclofenac on cyclin D1 expression was successfully
demonstrated in Fig. 5.6. Cyclin D1 is essential for cell cycle progression, and
thereforea decrease in expression causes cells to arrest in G1 (Masgan, 1995)
Diclofenac caused concentration dependent decrease in cyclin D1 expression. The
concentrations required for ghactivity (42.5170uM) were similar to those required

for inhibition of overall proliferation. This indicates that diclofenac inhibits cell

proliferation by reducing G1 associated cyclins, possibly via p21.

5.4.2 The role of AMPK in diclofenac mediatednhibition of proliferation

AMPK has previousl y b e eoliferativp &clivitya Foetlte i n
first time, this study presents evidence which shavselationship between
diclofenac and AMPK. In Fig. 5.7, diclofenac causedoncentrdon dependent
increase in AMPK phosphorylation from-8F0uM. In contrast to this, increasing
concentrations of diclofenac caused a decrease in total AMPK expression. However,
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it is likely that this decrease may be a form of negative feedback to megulat
activation. Even with this decrease in total expression, significant phosphorylation
of AMPK still occurred and resulted in downstream activatidn.demonstrate this
progressionthroughthe AMPK pathway, phosphorylation of downstream protein
ACC was also analysed. ACC is directly phosphorylated by AMPK to regulate the
metabolism of fatty acids within the céRarket al, 2002) but it is not thought to be
involved in the regulation focell cycle. Diclofenac cause@ significant,
concentration dependent increase in ACC phosphorylation. The response generated
was greater than that seen for AMPK activation, \&ithincrease in phosphorylation
occurring from 20puM. This pattern has been reportedaspirin and nifedipine,

both of which activate AMPK causing an amplified ACC activa{®ang and Choi,
2012, 2011) Again, the active concentrations ditlofenac in these experiments

closely correlate with those needed for qumtliferative activity.

A number of approaches were taken to block AMPK in order to assess the impact on
diclofenac activity. Firstlya pharmacological approach was taken ushegAMPK
antagonist compound C, as well as the AMPK agonigt68662. Compound C
treatment inhibited basal phosphorylation of both AMPK and ACC (Fig. 5.8).
Treatment with the agonist-A69662 failed to increase AMPK expression; however

it causeda significant 11.3 fold increase in phosphorylation of ACC compared to
untreated cells. A69662 binds directly with AMPK to cause phosphorylation
(Goranssoret al, 2007) leading tophosphorylation of ACQPark et al, 2002)
Therefore, the A769662 stimulated increase in ACC activation was via AMPK.
This is another example of an amplified downstream respas seen in Fig. 5.7
with diclofenac treatment. Next, these agents were applied to diclofenac treated
cells. Compound C significantly inhibited diclofenac mediated AMPK activation, as
well as downstream activation of ACC (Fig. 5.9). Thus demonstrdtm@bility of

10uM compound C to inhibit diclofenac stimulated AMPK activity. The
combination of diclofenac and-A69662 resulted in reduced AMPK activation, but
did not decrease ACC phosphorylation compared to diclofenac only treatment. This
down reglation of AMPK may represeranegative feedback mechanism stimulated

by ahigh concentration of diclofenac and769662.
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According to our hypot hesi s, AMPK- i nhib
proliferative activity. Therefore, following the dems t r at i on of comp
ability to inhibit diclofenac stimulated AMPK, the effect of compound C and A
769662 on di-pdiferdtieenaativity svas assdssed (Fig.10). In
contrast to what was expected, diclofenac + compound C treatment darbed
inhibition of proliferation, and compound C alone reduced proliferation to baseline
levels. This result suggests that inhibition of AMPK inhibits proliferation, contrary
to what is known(Motoshimaet al, 2006) However, it was more likely that
compound C was either haviagcytotoxic effect, or acting via different pathway.

The viability of cells was not affected by compound C treatment, demonstrated by
trypan blue (Fig. 5.11.A). Therefore the effect of compound C on ERkey
mediator in cell proliferation, was invegsited (Fig. 5.11.B). Compound C
significantly inhibited FCS mediated ERK phosphorylation, unlike diclofenac which
had no effect (Fig.5.3). Therefore it appears compound C has AMPK independent
antiproliferative activity via inhibition of ERK activation.Despite compound C
being used in several studies to antagonise activity downstream of ABIRI§ &

Choi 2011; Lianget al, 2008; Sung & Choi 2012nonspecific activity has been
reported(Peytonet al, 2011) In this study Peyton and colleagues demonstrated
compound C concentratiodependentdecrease in VSM cell proliferation and
migration. This response was not mimicked by siRNA silencing of AMPK or
transfection witha dominant negative AMPK mutant by adenovirus. Therefore, due
to the nonspecific activity of compound C, this was not afeefive model to test

our hypothesis. The agonist9662 had no effect on cell proliferation either on

its own, or in combination with diclofenac (Fig. 5.10). In other cell typ&%9662

has been shown to inhibit cell proliferati@hou et al., 2009) but the only studies
demonstrating A769662 in VSM cell proliferation arm vivo (Stoneet al, 2013)

The concentration of A69662 used in this study was 30uM, which is comparable to
other studieqCool et al, 2006) However, concentrations of up to 300uM have
been usedGoranssoret al, 2007) Thereforea higher concentration of this agent

may have more of an impact on AMPK activity without affecting cell viability.
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Due to the norspecificity of compound C for AMPK, siRNA repression of
AMPKU1/ 2 was investigated. As there we
complexes targeted to rabbit AMPK, siRNA targetingman AMPK was used.

Both AMPKU1/ 2 are exprless,sehdowenv eMSMI1ceils t houq
catalytically active subunitRubinet al, 2005) siRNA transfection was sucatsl,

and resulted in decreased AMPKU1/ 2 expre
control siRNA also reduced AMPK expression, though not to the same extent as the
targeted siR. This may be an artefact of the transfection process. Other studies
haveused this AMPK siRNA complex successfu(lgung and Choi, 2012, 2011)

although these groups were able to use spapesific SIRNA on rat VSM cells.

Fig. 5.13 details the levels of AMPK repression and its effect on diclofenac activity

for each set of cells used. The level of AMPK repression was inconsistent; the
highest repression w&¥.8% compared to only 38.9% in another set of cells. In the

set of cells where AMPK was almost completely repressed, the diclofenac response

was reduced by half. Overall, the mean AMPK repression was 68.4% which resulted

in an 8.7% mean reduction in diclotn activity. These results suggest that

di cl of e-praliferatve aatimity is partially mediated by AMPK, although the
inconsistency in AMPK repression means this system cannot be used to robustly test

thehypothesis.

The final experimental modeised in this chaptartilised VSM cells cultured from
AMPKU T and wild typemouseaortas Cell proliferation of wild type VSM cells
was inhibited by 52% using @ diclofenac, whereas AMPH T cell proliferation
was only reduced by 6% (Fig. 5.14.B)For the first time, his experiment
demonstrates t hat AMP KU1 cellsprolifeatipu byr e d fc
diclofenac at 8aM, and therefore confirms the role of AMPK in this activitp
diclofenac mediatednti-proliferative effect was observed wi.7QuM diclofenac in
wild type cells howeverthis was not the case for teMP K U. 1 Instead, the
reduction in3H thymidine incorporation observed at this concentration in the
A MP K Udellsis likely due toreducedcell viability. This assumption is based on
the morphobgy of diclofenac treated cellshown in Fig. 5.15. Wild type cell
morphology does not appear ¢bangewith diclofenac treatmentHowever in the
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AMPKU T cells, diclofenac at 170M appeared tcause cell stress, witbme cells

detaching fronthe bottom of the wells The appearance of these cells is similar to
reported cytokine and 4@, induced VSM cell deatl{Genget al, 1996) This

change in mghology was not present in AMRKT cells treated with diclofenac at

85uM, where noantiproliferative effect was seenrherefore it appeatbat the lack

of AMPKU1 in knock out cells makes them mor
when treated witl70uM diclofenac,causingreduced®H thymidine incorporation.

Further viability assaysould be carried outo confirm the level of diclofenac

mediated cell deatim AMPKU T cells

The first clinically used drug which was shown to have AMPK activity was
metformin(Zhouet al, 2001) Metformin is used to treat typediabetes as it lowers
blood sugar levels without stimulating insulin secretion, as well as haaing
beneficial effect on circulating lipids linked to increased cardiovascular risk
(Stumvoll et al, 1995) Unexpectedly, it was shown that diabetic patients taking
metformin had significantly reduced risk of developing car{Emans et al., 2005;
Libby et al., 2009) which is believed to be via AMPK activatidiadadet al,
2012) Like diclofenac, metformin malyavea positive effect on AVF stenosis. As

a large proportion of renal failure patients are diabetics and may be receiving
metformin, a retrospective study should be carried out analysing the correlation

between metformin use and AVF patency.

5.5Conclusion

Similar to effects observed muman VSM cells, diclofenac reduce@$ stimulated
rabbit and mouse VSMell proliferation in a concentration depemdenanner In
rabbit cells, diclofenac had no effect on FCS stimulated ERK and p38
phosphorylatn, indicating that it waactingdownstream of thesgathways Data
presented in this chapter highlighted the fact thelbfena caused a concentration
dependet decrease in cyclin D1, which would arrest thesdellG1 phase of the cell
cycle. Importantly, and for the first time, data presented in this study provided
evidence that idlofenac also caused a concentration depeinghcrease in AMPK
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phosphorylation, as well as activation of downstream ACChe diclofenac
concentrations required for inliilon of cell proliferation closely correlate with those
required for AMPK activation and reduction in cyclin D1 (42.BuM). This, along
with previously reported diclofenac activisuggest that AMPK activations key to
diclofenac mediated inhibition of proliferatidBrookset al, 2003) In the current
study, @temptsweremadeto block AMPK using the agent compound C.oudever
this was not successful due to rgecific activityof compound Gwhich affected
ERK phosphorylation. siRNA repression of AMP&sulted in inconsistesilencing
of AMPKUL/2, and thereforeould not be used teliably validate the role of AMPK
in diclofenac mediated activity.A final approach usingnurine wild type and
AMPKU 1 VSM cellssuccessfullyddemonstratethatdiclofenac mediated inhibin
of proliferation wagelianto n A MP KHuslthe primargonclusionof this study
is that diclofenac reduces VSM proliferation by activefiAMPK and reducingthe
cell cycleprotein cyclin D1.
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6.1 Summary and discussion of main experimental findings

The objectives of this thesighich are set out in chapter 1 were to investigate the
inflammatory and proliferative characteristics of human arteriovenous fistula stenosis
and the role of TLRY. Secondary to this was identification @therapy which
targets the downstream mechanisofisTLR-4 activation using cells derived from
human failed AVF. In addition, develont ofa pre-clinical in vivo model of AVF
remodelling to investigate the contribution of cannulation injury w&itherapeutic
intervention identified on the human VSM cells. Finally elucaatof the

mechanism of action @ftherapy shown to be effective in timevivomodel.

Chapter 3 of this thesis involved the study of failed human AVF and characterisation
of the morphology of AVF stenosis. This data demonstrates that vascular access
stenosis involves the accumulation of immune and vascular smooth muscle type cells
within the neointima, along with deposition and restructuring of extracellular matrix.
The infammatory characteristics of AVF stenosis were demonstrated by histological
and proteomic analysis. Within stenotic AVF there wasignificant increase in
infiltration of inflammatory mast cells. Proteomic analysis of systemic inflammatory
proteins in paents with stenosed AVF vs. functional AVF suggests that MCQRay
play a role during stenosis. Up regulation of MQRduring AVF failure has been
shown in previousn vivo studies(Juncoset al, 2011), and haemodialysis patients

are known to have increab® CP-1 expression vs. healthy individugBapayianni

et al, 2002) The data presented in chaptaide8nonstrates for the first time that an

increase iMCP-1 expressions associated with AVF stenosis in humans.

The role of TLR4 in AVF stenosis was also investigated in chapter 3. Activation of
the TLR-4 pathway results in an inflammatory and proatere responséHanet al,

1994; Boyer and Lemichez, 2004; Han, 2006; Landstrom, 20T0%refore, it was
hypothesised that this mechanism would contribute to AVF stenosis. In the past, the
limited data which was available suggested that -ALRas increaskin AVF
stenosis, however this wémsed ora qualitative study which did not quantify the
increase in TLRA expressioride Graakt al, 2006) In chapter 3, TLRl expression

in healthy vein vs. stenosed AVF was qufsed. For the first time it was shown that
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TLR-4 expression within stenotic AVF was increased by almost three fold; thus

implicating TLR-4 in the pathogenesis of AVF stenosis.

Also in chapter 3, the proliferative characteristics of cells derived freamithy vein

and stenosed AVF was characterised. Prior to this it was shown that VSM cells
within the neointima of stenosdtuman arteriovenous fistuldead a significantly
higher rate of proliferation compared to rstenosed controls, analysed by
expresmon of PCNA. On comparison of both sets of explanted cells, it was shown
for the first time that VSM cells derived from stenosed AVF hasignificantly
higher capacity to proliferate compared to cells derived from healthy vein. Cell
cycle analyses dhese explants revealedyreater percentage of cells in G2/M phase
within stenotic derived VSM cells, indicating greater level of cell proliferation;
however this was not statistically significant. This data demonstrates the hyper
proliferative phenotpe of VSM cells within stenosed AVF, whichas retained
following explantation and cell culture. Therefore, the phenotype of these cells and
their clinical relevance make themgood model for the study of AVF stenosis.

The role of TLR4 in the prolifeative phenotype of VSM cells was also
demonstrated in chapter 3. Firstly, the ability of the archetypal TLR4 ligand LPS to
prime and stimulate VSM cells towards greater proliferative capacity was
demonstrated. To date, there remains only one studyhwisis demonstrated that
activation of TLR4 can lead to increased proliferation of VSM ceéllvitro (Lin et

al., 2007) Therefore, this observation within this thesis adds to the limited evidence
which is currently available. When activation of the TF&Rpathway was
investigated in stenosed AVF vs. healthy VSM cells, basal activatio
(phosphorylation) of IRAK4 was increask in the stenosed AVF cells. This
observation, as well as the increased expression of-ATMRthin stenosed AVF

further implicates TLR4 in vascular access failure.
The lack of reliable pharmacological TER inhibitors makes the study of this

pathway difficult. The antagonist OXPAPC was shown in chapter 3 to havel TLR
nonspecific activity (Fig. 3.14 OxPAPC is reported to inhibit the binding of LPS
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(Erridgeet al, 2008) which is currently the main mechanism of other experimental
compounds which inhibit TLR, such as LPRS (Coats et al, 2013) and
neutralising antibodies. An alternative to pharmacological agents is the use of gene
manipulation to cause repression of FT4R Adenovirus transfection @ dominant
negative TLR4 has been successfully used tondestrate the role of TLR in the
generation of an inflammatory VSM cell phenotypranget al, 2005b) Yang and
colleagues also demonstrated that VSM cells from TLR4 signalkfigient mice
(C3H/HeJ) had an impaired LPS induced inflammatory response and ER&tiant
compared to wild types. The advantage of an adenoviral approach is that it can be
used in normurinein vivomodels, such as the rabbit model described in chapter 4 of
this thesis. Delivery oflenes byadenovirus during balloon catheter injuryrabbits

has been shown to result in site specific transfection of arterial vascular smooth
muscle and endothelial cells, while avoiding adenovirus delivery to remote organs
such as the live{Steget al, 1994)

The final observation reported in chapter 3 was the ability of diclofenac to inhibit
FCS stimulated human VSM cell proliferation. While this obsemathas been
made previously in rat aortic smooth muscle c@lokset al, 2003) this is the

first report of diclofenac mediated aiioliferative activity on human VSM cells.
Also, for the first time it has been shown that diclofenag the ability to inhibit LPS
stimulated VSM cell proliferation (Fi.16). Therefore, diclofenac has the potential

to block TLR4 mediated inflammation (via inhibition of CGZ) and proliferation.

Chapter 4 of this thesis presetsiovel in vivo model of AVF remodelling which

has been developed in the rabbit. Maturation of this femoral AVF was successfully
demonstrated by significant increase in blood flow measured by ultrasound and
vein wall thickness measured histologically. The main olagienv demonstrated
using this model was that cannulation injury significantly contributes to AVF
remodelling, shown for the first time. Animals receiving puncture injury three times
a week exhibiteda significantly increased level of adverse remodellikgy( 4.7);
highlighting cannulation aa central event which should be targeted therapeutically.

Using this modelin an intervention study, it was demonstrated that twice daily
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topical application of diclofenaclfg/cnf) significantly reduced injury drive
remodelling. This is the first report of topical NSAID use in AVF remodelling, and
demonstrates the ability of diclofenac to reduce inflammation and proliferation
which isdrivenby cannulation injury, most likelgownstream of TLR} activation.

The cancentration of diclofenac which was achieved at the AVF site, approximately
4mm belowthe surface of the skin, was not assessed in this thesis. Using the results
from a human study of topical diclofenac absorption and the concentration of
diclofenac appéd in this rabbit model, it can be estimated that the concentration
achieved at the rabbit AVF after 30 minatlepth of 4mm would bé00-500uM
(Muller et al, 1997) The results from another study of diclofenac absorption in the
rat indicate an estimated local concentratior260-300uM would be achieved at the
rabbit AVF following 2 hr of absorption using the dose applied in the rabbit study
(Singh and Roberts, 1994)In thein vitro studies presented in this thesis, the
minimum inhibitory concentration of diclofenac was 42.5uM; vatil1% inhbition
achieved using 1{M (Fig. 5.2). Therefore, the concentration of diclofenac which
is required to inhibit proliferation of VSM cellgn vitro (42.5uM) should be
achievable locally at the rabbit AVF site, and would also result in inhibition of-COX
2 (Piazzaet al, 2010) During this study, animals receiving topical diclofenac had
an Elizabethan cdlr fitted to avoid interference via oral dosing during animal

grooming.

Topical diclofenac iscurrently used asa topical analgesic for muscle pain.
Therefore, diclofenac could potentially reduce the pain associated with venepuncture
of the AVF. Currently, patients are given topical lidocaine/prilocaine cream
(EMLA) for analgesia during cannulatigi¢elik et al, 2011) Therefore, topical
diclofenac has the potential not only to increase AVF patency, but to also to relieve
venepuncture associated pain. Howevecently some concerns have been raised
over the safety of diclofenac use. It has emerged that oral diclofenac should not be
used in patients witla serious underlying heart condition dueaemall increased

risk of heart attack and stroK®Vise, 2013)  This risk was highlight by meta

analysis revealing that the arterial thrombotic risk associated with oral diclofenac
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was similar to selective COX inhibitors which aralready contraindicated for use
in these patients. This risk is not associated with topical use of diclofenac and so this

preparation is still safe for use in most patients.

In order to explore the potential regulation of proliferation downstream of
cannulation ijury and TLR4, the antiproliferative properties of diclofenawere
investigated in chapter 5 of this thesis. Diclofenac has well established anti
inflammatory activity via the inhibition of COX. This has not been assessed further
in this study as it has been extensively reporfeédne, 1971; Cryer and Feldman,
1998) Fig. 6.1 details what h-areliferbtigee N e | u
mechanism in chapter 5, together witlthat has been reported previously. As
shown, diclofenac has no effect on MAPK (ERK and p38) following stimulation of
VSM cells. Instead, diclofenac caused phosphorylation of AMPK, which has been
shown by others to increase p53 and p21 expregdmreset al, 2005) This leads

to an overall reduction in cyclin D1 expression causi@gl phase cell cycle arrest,
which in turn inhibits VSM cell proliferation.In Fig. 5.14.B the use of VSM cells
from AMPKUL” vs. wild type mice demonstrated thlitlofenac mediated inhibition

of proliferation is dependent on the presence of ANIPK Therefore for the first
time data presented in this thesis demonstrates that AMPK plays an essential role in
diclofenac mediated activity.What remains to be investigated the mechanism
through which diclofenac activates AMPKSalicylate, a metaba& of aspirin, has

been shown to bind directly to AMPK causing allosteric activation and inhibition of
dephosphorylation at the activating phosphorylation site, thrednéHawley et

al., 2012). It is therefore likely that diclofeac may also act in this manner, which
could be investigated in a similavay using a cell free assay measuring AMPK
activity. If diclofenachad no AMPK activity on its own, but instead caused an
increase in activity when added with ATP/ADP, then this would suggest diclofenac
activates AMPK in an allosteric manner similar dalicylate If diclofenac pre
incubationantagonisedd\-769662 activity,it would suggest that, likealicylateand
A-769662, diclofenac binds to the AMBK s u.bHoweier, there aranumber of
upstream mechanisms which can lead to AMPK activation by which diclofenac
could alsobe working. The most established evena reduction in the ATP:AMP
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ratio, usually signalling an energy deficit within the ¢elardie and Carling, 1997)

The ati-diabetic drug metformin activates AMPK through this mechanism via
inhibition of mitochondrial respiratio(Owen et al, 2000) More recent evidence
analysingmetformin activity suggestthat activation of AMPK is mediated by the
upstream liver kinase B1 (LKB1{Xie et al, 2008) As well as LKB1, other
upstream kinases that adenown to directly phosphorylateAMPK include;
calmodundependent protein kinase kinase b
response to elevated intracellular Ca2+ concentrafibiasvley et al, 2005, and
TGFb activated kinase 1 (TakljMomcilovic et al, 2006) In the fuure,
experiments to ascertain the mechanism through which diclofenac activates AMPK
should include the assessment of the ATP:AMP ratio in treated cells. Also, the effect
of bl ocking LKB1, CaMKKb and TAK1 on
Full ucidation of diclofenac mediated activity is essential if this therapy is to gain
approval for use in haemodialysis patients. Therefore, further studies should be
undertaken to confirm the importance of AMPK and how it is activated by
diclofenac, as welas the exact inflammatory mechanisms which are antagonised by
this treatment. Further studies should also be undertaken to determine the

concentration of diclofenac which is achieved at the AVF in humans.
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Figure 6.1 Pharmacology of dclofenac. Inhibition of VSM cell proliferation by
diclofenac is mediated by AMPK, and has no effect on MAPK activation. This leads
to activation of p53 and p2@oneset al, 2005)causinga reduction in cyclin D1
expression leading to G1 arrg®rookset al, 2003; Igataet al, 2005) GF=growth

factor.
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6.2 General conclusion

The pathophysiology of AVF failure involvea significant inflammatory and
proliferative response which leads to vascular stenosis and therefore reduced blood
flow through the AVF. TLR-4 is upregulated during stenosis and results in
activation ofinflammatory andproliferatve mechanisms Specifcally TLR-4 has

the capacityto prime VSM cells towarda greater proliferative response. Furtier

vivo studies are needed to assess the effect of blockingdTd&ing AVF stenosis.

As there are currently no clinically available Ti4Rantagonists, tgeting the
resulting downstream inflammation and proliferation with an agent such as
diclofenac may prove therapeutically beneficial. Thgivomodel developed in this
study has highlighted for the first time that cannulation injury drives adverse AVF
remodelling. Prophylactic application of topical diclofenac greatly reduced this
adverse response. The evidence generated in thisdgaaynstratethat diclofenac

has thepotential to inhibit VSM cell proliferation via the activation of AMPK
leading tocell cycle arrest, as well as reduce inflammation via inhibition of €0X

as previously reporte@rideauet al, 1996; Racet al, 2008) Further studies should

be carried out to confirm which inflammatory pathways are effelsyediclofenac
treatment in AVF remodelling, and also to explore the mechanism by which

diclofenac activates AMPK.
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Appendix |

Rabbit Arteriovenous Fistula Model and Identification of a
Therapeutic Agent to Increase Fistula Patency

MacAskill, M.", Wadsworth, R.M.", Aitken, E.2, Kingsmore, D.2 & Coats, P.!
1. Strathclyde Institute of Pharmacy & Biomedical Sciences, University of

Strathclyde, Glasgow, UK.
2. Renal Unit, Western Infirmary, Glasgow, UK.

Maturation Period (Days 1-28) Experimental Period (Days 29-56)

An arteriovenous fistula (AVF) is a vein graft which
is typically created to permit vascular access
allowing haemodialysis in renal failure patients
(Fig. 1). AVF is considered the best option in
clinical practice; however is associated with
significant failure rate, with as little as 50%
remaining patent at 6 months (Field et al., 2008).
Failure of these grafts is largely due to vascular
smooth muscle cell (VSMC) de- differentiation and
hyper-proliferation, leading to the development of
neointima which invades the lumen causing
stenosis and impaired blood flow (Lee and Roy-
Chaudhury, 2009). Inflammation is known to play
a key role in the development of vascular stenosis;
although the exact mechanisms and triggers are
not fully known.

Figure 1. shows the
direction of blood
flow following the
creation of an AVF.

Our study of failed human AVF within the lab has
so far given insight into the role of inflammation,
the changes undergone in VSMC and potential
therapeutic agents. The next stage of our study
was to take these observations and apply them in
Vivo.

Aims:

1) Develop an in vivo model of AVF stenosis in a
rabbit

2) Investigate the contribution of cannulation

injury in vascular remodelling

3) Identify a potential therapy to prevent AVF
stenosis

AVF Creation

Rabbits were given a pre-med of hypnorm (0.3
mls Kg') 30 minutes prior to surgery. During
surgery body temperature, respirations and heart
rate were observed and recorded. Based on
respiration and heart rate, the isoflurane dose
was adjusted between 1- 1.5% (Oxygen 1L min™,
Nitrous oxide 1L min''). Subcutaneous Rimadyl
(4mg Kg') was also given at the time of surgery
for analgesia. The anastomosis was then created
as shown in figure 2.
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Figure 2. The hind limb of a rabbit was chosen for the
creation of an AVF.  The neurovascular bundle was
separated into femoral artery (A), vein (V) and nerve
(N). A side to side anastomosis was created using 10-0
polyamide suture, followed by ligation of the distal
vein.

| Maturation Period | Experimental Period |

| I |
Day Day Day

0 28 56
For 28 days post AVF creation, maturation of the
venous segment was monitored using colour
doppler ultrasound to confirm arterial flow
though the venous segment (Fig. 3.A and 3.B).
The velocity of blood passing through the vessels
was measured by pulsed wave ultrasound. There
was a significant increase in venous velocity over
the 28 day period, which is associated with vessel
maturation (Fig. 3.E).
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Figure 3. Ultrasound of rabbit femoral AVF. A) Image
showing arterial flow (Red) crossing through the
anastomosis and flowing back towards the body (Blue).
B) AVF blood flow schematic. C) Example of velocity
waveform 10 days post AVF creation. D) Example of
velocity waveform 35 days post AVF creation. E) Mean
velocity of blood passing through the artery and vein
over 29 days (+S.E.M., n=19, *= p<0.05 paired t-test for
day 10 vs. 29).

Experimental Period (Days 29-56)

Following maturation period, the animals were
randomly split into three groups:

AVF-
Control group which receives no injury or drug
treatment.

AVF + Injury-
To receive cannulation injury to the AVF three
times a week, analogous to haemodialysis
procedure.

AVF + Injury + Diclofenac-
To receive cannulation injury to the AVF three
times a week, as well as topical diclofenac
(125mg/cm?) twice a day, 5 days a week.

University of

Strath lyde

Science

56 days post AVF creation the vessels were
perfusion fixed in situ, wax processed and stained
with H&E. Vein wall width was measured to
determine the degree of injury dependent
remodelling and effect of topical drug intervention
(Fig. 4). The vein wall width was significantly
increased in the AVF vs. contralateral control.
Animals which received cannulation injury had a
significantly increased vein wall width compared to
the non injured group. Finally, vein wall width in
the injured + diclofenac group was significantly
reduced compared to the injured
Control

D) AVF + Injury
+ Diclofenac

Control AVF AVF + Injury  AVF + Injury +
Diclofenac

Figure 4. shows examples from A) Control unoperated,
B) AVF, C) AVF + Injury and D) AVF + Injury + Diclofenac
groups. E) shows the mean vein wall width for each
group, + S.E.M., n=6-7, ¥= p<0.05 unpaired t-test for
unoperated contralateral control vs. non injured AVF, *=
p<0.05 one way ANOVA for non injured vs. injured &
injured vs. injured + Diclofenac.

Conclusions

« For the first time, cannulation injury has been
shown to significantly contribute to AVF
remodelling in vivo.

« Topical diclofenac appears to reduce injury
driven remodelling within AVF.

C)  AVF + Injury

50

FY
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s 8

=

Therefore, topical diclofenac could be used as a
prophylactic treatment to reduce vascular stenosis
in AVF.
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Development of a rabbit arteriovenous fistula model
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Introduction Monitoring of AVF maturation

An arteriovenous fistula (AVF) is a vein graft which
is created to permit access to the bloodstream
allowing haemodialysis to be performed in renal
failure patients (Fig. 1). An AVF is considered the
best option in clinical practice; however a
significant failure rate is reported, with as little as
50% remaining patent at 6 months (Field et al.,
2008). Failure of these grafts is largely due to
vascular smooth muscle cell (VSMC) hyper-
proliferation, leading to the development of
neocintima which invades the lumen causing
stenosis and impaired blood flow (Lee and Roy-
Chaudhury, 2009). Inflammation is known to play
a key role in the development of vascular stenosis;
although the exact mechanisms and triggers are
not fully known.

Figure 1. This figure
shows the direction
of blood flow
following the
creation of an AVF.

The study of failed human AVF within the lab has
so far given insight into the role of inflammation,
the changes undergone in VSMC and potential
therapeutic agents. The next stage of this study is
to take these observations and apply them in vivo.

Aims:
1) Develop an in vivo model of AVF stenosis in a
rabbit

2) Investigate the contribution of cannulation
injury in vascular remodelling

3) Identify a potential therapy to prevent AVF
stenosis

AVF Creation

Rabbits were given a pre-med of hypnorm (0.3
mls Kg') 30 minutes prior to surgery. During
surgery body temperature, respirations and heart
rate were observed and recorded. Based on
respiration and heart rate, the isoflurane dose
was adjusted between 1- 1.5% (Oxygen 1L min™,
Nitrous oxide 1L min'). Subcutaneous Rimadyl

(4mg Kg'') was also given at the time of surgery
for analgesia. The anastomosis was then created
as shown in figure 2.
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Figure 2. The hind limb of a rabbit was chosen for the
creation of an AVF.  The neurovascular bundle was
separated into femoral artery (A), vein (V) and nerve
(N). A side to side anastomosis was created using 10-0
polyamide suture, followed by ligation of the distal
vein.

For 28 days post AVF creation, maturation of the
venous segment was monitored using colour
doppler ultrasound to confirm arterial flow
though the venous segment (Fig. 3.A and 3.B).
The velocity of blood passing through the vessels
was measured by pulsed wave ultrasound. There
was a significant increase in venous velocity over
the 28 day period, which is associated with vessel
maturation (Fig. 3.C).
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Figure 3. Ultrasound of rabbit femoral AVF. A) Image
showing arterial flow (Red) crossing through the
anastomosis and flowing back towards the body (Blue).
B) AVF blood flow schematic. C) Mean velocity of blood
passing through the artery and vein over 29 days
(£S.E.M., n=19, *= p<0.05 paired t-test for day 10 vs.
29).

Maturation Period (Days 1-28)

28 days post AVF creation, the vessels were
perfusion fixed in situ at 90 mmHg and processed
in paraffin for histology. H & E staining was used
to visualise remodelling of the vessels. The
proximal vein underwent a maturation response,
with the medial layer increasing from 2 to 7
smooth muscle cells thick.

Figure 4. A) Contralateral control vein with a medial
layer ~1-2 VSMC thick. B) Thickening of the proximal vein
with a medial layer 7 VSMC thick.

Experimental Period (Days 29-56)

Following the initial maturation period, the animals
were randomly split into three groups:

Non Injured-
Control group which receives no injury or drug
treatment.

Injured-
To receive cannulation injury to the AVF three
times a week, analogous to haemodialysis
procedure.

Injured + Diclofenac-
To receive cannulation injury to the AVF three
times a week, as well as topical diclofenac
(125mg/cm?) twice a day, 5 days a week.

Experimental Period (Days 29-56)

56 days post AVF creation, the vessels were
perfusion fixed in situ and processed as described.
Vein wall width was measured to determine the
degree of injury dependent remodelling and effect
of topical drug intervention (Fig. 5). The vein wall
width was significantly increased in the AVF vs.
contralateral control.  Animals which received
cannulation injury had a significantly increased
vein wall width compared to the non injured
group. Finally, vein wall width in the injured +

diclofenac group was significantly reduced
compared to the injured.
Control AVF

Non Injured

Injured

Injured + Diclofenac

*

Injured
Figure 5. This figure shows control and AVF examples
from A) Non Injured, B) Injured and C) Injured +
Diclofenac groups. D) shows the mean vein wall width
for each group, %S.E.M., n=6-7, ¥= p<0.05 unpaired t-
test for contralateral control vs. non injured AVF, *=
p<0.05 one way ANOVA for non injured vs. injured &
injured vs. injured + Diclofenac.

Conclusions

+ For the first time, cannulation injury has been
shown to significantly contribute to AVF
remodelling in vivo.

+ Topical diclofenac appears to reduce injury
driven remodelling within AVF.
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Therefore, topical diclofenac could be used as a
prophylactic treatment to reduce vascular stenosis
in AVF.
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