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Summary

Chronic hypoxia, in animals and man, results in gdelling of the pulmonary
vasculature with consequent pulmonary hypertensiohe pulmonary artery
fibroblast (PAF) has been shown to play an earlg smportant role in hypoxia-
induced pulmonary vascular remodelling. In acutd ahronic hypoxia there is
excess proliferation of PAFs. Morevoer, it is likghat cell-cell interactions
between hypoxia-stimulated PAFs and other vasctddls — particularly smooth
muscle cells - initiates and progresses the chathggsoccur in pulmonary vascular
remodelling in the other vessel compartments. @lth hypoxic proliferation of
PAFs has been shown to be circulation specificdapendant on phosphorylation of
p38 mitogen-activated protein (MAP) kinase, thel cgignalling pathway(s)
underlying this are incompletely characterised. pé#c activation of PAFs is a
potential therapeutic target but, as p38 MAP kinakéitors are not established for
clinical use, work was proposed to better charasethis pathway and identify

agent(s) which may inhibit p38 MAPK indirectly.

The HMG-CoA reductase inhibitor simvastatin wasergty shown to inhibit
hypoxic pulmonary vascular remodelling in rats, the applicability of this finding
to clinical practice is incompletely establishedl@he mechanism of action of the
statin is unclear. Statins have been shown tawenite MAP kinase pathways in
other cell types and, as their modes of actioaaiéestablished, they can be used to
interrogate uncharacterised upstream cell sigmplpathways. On this basis, the
aims of this study were firstly to determine whetlséatins had a therapeutically
useful inhibitory effect on hypoxia-induced, p38 MAkinase-mediated PAF
proliferation. A second aim was to exploit theotwvn effects of statins to better
characterise hypoxic cell signalling upstream o8 p8AP kinase in PAFs. Lastly,
comparison of the effects of statins with estalgdshpulmonary hypertension
therapeutics and a preliminary assessment — aisg sfatins as an experimental tool
- of cell-cell interactions between PAFs and pulargnartery smooth muscle cells
(PASMCs) was proposed.
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1uM of fluvastatin was found to selectively inhibitide and chronic hypoxia-
induced p38 MAP kinase phosphorylation and pradiien in rat PAFs. At this

dose, fluvastatin had no effect on serum-inducetifpration in PAFs, no effect on

systemic adventitial fibroblast proliferation, and effect on the phosphorylation
status of other MAP kinases. Selective use of atet8 and inhibitors related to the
HMG-CoA pathway indicated that a geranylgeranylagieatein, probably Racl, had
an obligatory role upstream of p38 MAPK, in thigrslling pathway. Co-culture
and conditioned media experiments with bovine PARd PASMCs demonstrated
the release of PASMC mitogens from hypoxic PAFaM Tluvastatin and the p38

MAP kinase inhibitor SB203580 selectively blockduk thypoxic PAF-PASMC

interaction. Results with hypoxic PAF proliferativith the prostacyclin analogue
treprostinil, the phosphodiesterase-5 inhibitordesilafii and the endothelin-1
antagonist bosentan were negative. Bosentan, fewehibited the hypoxic PAF-

PASMC interaction, suggesting endothelin-1 relelgehypoxic PAFs, with pro-

proliferative effects on PASMCs.

The results reported in this thesis provide newermition on hypoxic signalling,
PAF proliferation and PAF cell-cell interactionshgpoxic states. A circulation and
stimulus specific anti-proliferative effect of flastatin on PAFs was identified and

this may be of clinical relevance in hypoxia-asaten pulmonary hypertension.
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1.1 General Introduction

Pulmonary hypertension is now recognised to benanoon and important condition
in humans. The last 10 years has seen signifjgargress in our understanding of
the pathophysiology and epidemiology of the differdorms of pulmonary
hypertension. These advances have allowed an e classification of the
spectrum of disorders causing pulmonary hypertensecognition and validation of
specific treatments for selected forms of pulmonlaypertension, and a resultant
improvement in the prognosis for patients, in paftthe world where these new
drugs are available. In addition, it is now ap@td that pulmonary hypertension is
an important complication of common hypoxic lungegdises If we can improve
our understanding of the pathophysiology of pulmmgriaypertension, in particular
hypoxia-related pulmonary hypertension, and idgrdijents which can tackle this
selectively, inexpensively and without major sidéees, then we would have
therapies which could potentially improve the qyadif life and survival prospects

of the millions of people worldwide suffering frotiis disordef.

Despite progress, our understanding of the pathoplogy of pulmonary
hypertension is incomplete. What we do know nowthat, regardless of the
aetiology, the pathology of the disease at the tapjmptoms develop is similar.
Structural remodelling of the pulmonary vasculad deads to an increase in
pulmonary vascular resistance which causes respyrand right heart failure. Data
from animal models indicates that an acceleratigmutmonary adventitial fibroblast
(PAF) proliferation is a primary event in the deymhent of pulmonary vascular
remodelling and pulmonary hypertension, when hypoisi the initial stimulus
Although hypoxia is only one of the causes of pulary hypertension, it is a useful
model, particularly when considering the behavioofs pulmonary adventitial
fibroblasts. Assessment of the cell signallingcesses, proliferation and other
behaviours of PAFs, in hypoxic conditions may pdavimportant insights into the
early events in the pathogenesis of hypoxic pulmphgpertension, and potentially
other forms of the disease. Also, use of thishdistaed model system allows for the

assessment of the potential new pulmonary vastuaapies.
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Recently, statin drugs have been shown to sigmifigattenuate the development of
pulmonary hypertension (PH) in rats exposed tomiarbypoxid and these findings
have subsequently been replicated in other expatahgulmonary hypertension
model$™°. Using statin drugs to treat human pulmonary hgoeion is an attractive
prospect: there is considerable clinical experieimcéhe use of these drugs for
hyperlipidaemia and cardiovascular disease, they ralatively inexpensive and
major side effects are rdféd’. There are, however, large gaps in our knowldédge
relation to the potential utility of statins for Imonary hypertension, which need
addressed before large clinical trials. Notablg, do not know the mechanism(s) of
the statin effect, we have no information to help judge how to combine or
compare statins with other established or propopetmonary hypertension
therapies, and we do not know which statin, at twwhdose, to select for clinical

studies.

Though the specific mechanism(s) of action of statin the animal models of
pulmonary hypertension are incompletely explorde effects of statins on cell
signalling pathways, in general, are well kndfvnlt was considered possible that
the effects of the statin may be mediated via decefon pulmonary artery
fibroblasts. Also, it is notable that whilst hywio signalling in PAFs is
incompletely understood, lipid raft structures anembrane GTPase systems — both
of which are sensitive to statin inhibition — angnslling systems which might
potentially be involved. Based on these possiedjtit was concluded that if positive
effects of statins on hypoxic PAFs were identifiganight present an opportunity to
better characterise hypoxic signalling in this impot cell type and add to the body
of preclinical knowledge of statin therapy for panary hypertension. Accordingly
a body of work on statins and hypoxic PAFs, to addrthree specific issues was
proposed. Firstly we sought to determine whetleélyesignalling events in hypoxic
PAFs were statin sensitive, and to exploit any tpaesifindings, in relation to the
known mechanism of action of statins, in order éttdr characterise the nature of
these signalling events. Secondly we wished ttuat@whether PAF inhibition was
a potential mechanism(s) of action of statins ipdxtc pulmonary hypertension and
use this as an approach to provide relevant irsiigitfuture potential clinical use of
statins in human pulmonary hypertension. Lastigré is an increasing awareness

that fibroblast-smooth muscle cell interactions an@ortant in the pathogenesis of
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hypoxic PH and we sought to extend our establigt¥B cell model and develop a
PAF-pulmonary artery smooth muscle cell (PASMC)eaxpental model, and study

the effects of statins on this.

1.2 Pulmonary Hypertension: Definitions and Classitation
Pulmonary hypertension is, by definition, a comitiof abnormally high pressure
within the pulmonary circulation. It can develepmany species, including humans,
either as ae novo condition, as a complication of common heart, lang systemic
diseases, or as a complication of prolonged res&lanhhigh altitude.

Haemodynamic definitions of pulmonary hypertensi@mve some deficiencies, as
information on normal and abnormal pulmonary haeynacics at all situations of
rest and exercise is limited: invasive measureneémulmonary haemodynamics
carries small but notable risks. A definition cisting of a persistent elevation in
mean pulmonary artery pressure >25mmHg at res3@mmHg on exercise is,
however, widely accepted, and the recelit World Symposium on Pulmonary
Hypertension (see below) will hopefully provide ther consensus on this.
Pulmonary arterial hypertension (where the pathplogginates in the pulmonary
circulation, rather than being a consequence di ffligv state or passive pressure
elevation due to left atrial hypertension and vendaackpressure) additionally
requires the exclusion of elevated left heart presss by identification of a normal
left atrial pressure (<15mmHg; estimated eithemfrpulmonary capillary wedge
pressure or left ventricular end-diastolic presgureAlso, demonstration of an
elevated pulmonary vascular resistance is reqyresistance = pressure/flow, where
flow is the cardiac output), to exclude passive 1is pulmonary artery pressure

simply due to a high flow stdfe

Dramatic rises in the incidence of pulmonary asldnypertension (PAH) were noted
in relation to the introduction of the appetite srgssant drugs aminoréxand
dexfenfluramine/fenfluramirfé 2 In response to these, the World Health
Organisation (WHO) convened international sympdsg in 1973 (following the
aminorex outbreak) and 1998 (following the dexferdgmine outbreak). These

summarised the state of knowledge in relation tdmpuoary hypertension,
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standardised disease classification and considatece research prioritié% In the
face of considerable scientific and clinical deypahents further WHO supported
world symposia were convened in 2003 (Venice) ad@B2Dana Point, California;
symposia summary not yet published). The 2003 img@t Venice provided a state
of the art overview of the current knowledge ofedise patholods; pathogenests
genetic&’, treatmerff and consensus statements on clinical assessmematiehts
with suspected P#i and clinical trial desigfi. Also, the conference revised the
clinical classification of pulmonary hypertensiomiosh had originally been made at
the Evian symposium in 1988 The current comprehensive clinical classifiaatio
shown in Table 1.1, is useful both as a clinicahdard and as a summary of the

principle aetiological factors from which pulmondrypertension may arise.

1.3  Pulmonary Hypertension: Epidemiology

Pulmonary arterial hypertension (PAH) and chroricommboembolic pulmonary
hypertension (CTEPH) are the forms of pulmonaryenignsion for which disease
specific medical or surgical treatment (rather tiganeral supportive measures) are
now validated', and it is for these that the most robust epidésgioal data, in the
developed world, is available. PAH and CTEPH are disorders, though probably
not as rare as previously thought. Epidemiologistaldies in this area are
challenging as these are difficult diseases togeise and classify and non-expert
care can lead to both under and overdiagnosis. h \ttiése reservations, recent
reports suggest that pulmonary arterial hypertenksas a prevalence between 26 and
52 / million®. This may still be an underestimate as it isljikbat PAH is under-
recognised in patients with HIV infection, portaipertension and other associated
conditions. Considering CTEPH, it has recently roeeported that significant
pulmonary hypertension may develop in as many asofi%atients following an
acute, symptomatic pulmonary thromboemboffSm Symptomatic pulmonary
thromboembolism is common and, additionally, a taisal number of patients
develop CTEPH in the absence of antecedent acutemboembolisri.

Accordingly, CTEPH may be a relatively common coiodi. Even taking our
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Pulmonary arterial hypertension (PAH)

1.1 Idiopathic (IPAH)
1.2 Familial (FPAH)
1.3 Associated with (APAH)
1.3.1 Collagen vascular disease
1.3.2 Congenital systemic-to-pulmonary shunts
1.3.3 Portal hypertension
1.3.4 HIV infection
1.3.5 Drugs and toxins
1.3.6  Other (thyroid disorders, glycogen stordigease, Gaucher
disease, hereditary haemorrhagic telangiectasia,
haemoglobinopathies, myeloproliferative disosgdsplenectomy)
1.4 Associated with significant venous or capjllanvolvement
1.4.1 Pulmonary veno-occlusive disease (PVOD)
1.4.2 Pulmonary capillary haemangiomatosis (PCH)

Pulmonary hypertension with left heart disease

2.1 Left-sided atrial or ventricular heart disease
2.2 Left-sided valvular heart disease

Pulmonary hypertension associated with lung disses and/or hypoxaemia

3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease

3.3 Sleep-disordered breathing

3.4 Alveolar hypoventilation disorders

3.5 Chronic exposure to high altitude

3.6 Developmental abnormalities

Pulmonary hypertension due to chronic thromboticand/or embolic disease

4.1 Thromboembolic obstruction of proximal pulmgnarteries
4.2 Thromboembolic obstruction of distal pulmonarteries
4.3 Non-thrombotic pulmonary embolism (tumor, jgées, foreign material)

Miscellaneous

Sarcoidosis, histiocytosis X, lymphangioleiomyoosis, compression of
pulmonary vessels (adenopathy, tumour, fibrosiegdiastinitis)

Table 1.1 Revised Clinical Classification of Pulmoary Hypertension®
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current understanding of prevalence, the numbgaténts suffering from PAH and

CTEPH justifies continued research and developnmethis field.

The true public health burden of pulmonary hypesiem is likely to be much
greatet. In particular, the number of patients with putraoy hypertension related
to respiratory disease and/or hypoxaemia is likelyoe substantial. Three points
seem relevant when considering this. Firstly, nhenber of individuals worldwide
who live chronically at high altitude is substahtisand severe pulmonary
hypertension develops in a significant proportioh thesé>.  Secondly, the
prevalence of the commonest respiratory disordesoa@ated with pulmonary
hypertension - chronic obstructive pulmonary dise¢€OPD) - has increased
significantly in recent years, and is projectedémtinue to do s8. It is likely that
the number of patients with pulmonary hypertensielated to this will increase
similarly. The number of patients with COPD whoelep complicating severe PH
is uncertain, but one recent study found that, atiepts with severe COPD, PH
develops in 50% of patients, with severe resting®P#% of patienty. Even if only
the patients with severe COPD and severe restingelperience morbidity or
mortality related to their pulmonary hypertensigiven how common COPD is, this
still represents a substantial burden of PH inwleldwide community. Thirdly,
although most patients with PH related to undedyiung disease have only mild-
moderate resting P this may be a significant underestimate of the ichjpd PH
on their health and on their symptoms. Pulmonatyehiension in these patients -
measured as mild-moderate at rest - may worsenifisently with exercise, sleep
and during exacerbations and therefore if we canmsidnly their resting
haemodynamics (whether they are invasive or noasive) we may be significantly
underestimating the contribution of the pulmonagsaular component of these

patient’s conditions to the overall morbidity andnality*°.

Taking all of this together it seems clear thatesevpulmonary hypertension -
including pulmonary hypertension related to lungedise and/or hypoxaemia - is an

important human disease, worthy of further research
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1.4 The Normal and Diseased Pulmonary Artery
1.4.1 Structure of Normal Pulmonary Arteries® !

The normal pulmonary circulation is a high-flop@ressure system and, by design
or by consequence, the pulmonary arteries arewhiled and compliant. There is

also, in health, a substantial reservoir vascuéal Wwhich is relatively unperfused, at
rest. These properties give the pulmonary cirautathe capacity to passively cope
with large changes in volume (when cardiac outseés), without the requirement

for high filling pressures (which the normal riglgntricle cannot generate).

A normal artery consists of circumferential layefstom the lumen outwards these
are the intima (comprising endothelial cells andirttbasement membrane), the
internal elastic lamina (a thin layer of elastiorés), the media (consisting of smooth
muscle cells and their associated extracellulariman external elastic lamina and
the adventitia (containing fibroblasts, extraceltunatrix and connective tissue). In
the proximal elastic arteries the medial smoothateukayer is thinner, may partly be
arranged longitudinally and the adventitia contasmeall blood vessels (vaso
vasorum) from the systemic (bronchial) circulationProgressing distally, the
muscular (resistance) arteries have a relativelgkén media, with the smooth
muscle cells arranged spirally. Further out, timalter arteries have an incomplete
media, and lose their elastic laminae. At the ndostel arteries and arterioles there
is no laminae or smooth muscle cell layer: mediasisis solely of undifferentiated

pericyte cells.

1.4.2 Pathology of Pulmonary Hypertension

The primary pathological processes which can cpuaonary arterial hypertension
are vasoconstriction, constrictive pulmonary vasculemodelling (consisting of
thickening / hypertrophy of the vessel wall layerg)stortion or loss of the
pulmonary vascular bed and pulmonary vascular thomis*. Additionally, in
idiopathic pulmonary arterial hypertension (anehain other forms of PH) complex
pathological lesions, in particular so-called plexn lesions, develop in the pre-
acinar and intra-acinar pulmonary arteries. Ptarif lesions consist of endothelial
channels lined by myofibroblasts, extending oubhfrdestroyed arterial walls, often
associated with intravascular thrombus. It is higpsised that these lesions may
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relate to a monoclonal proliferation of an abnormatiothelial cell clone, and that
this may be the primary / initiating pathologicafect in idiopathic PAH* 43

The relative contribution and the exact patholdgifematures of each of these
processes vary in the different forms of pulmonhypertension. For example,
certain individuals with IPAH have long term sympiatic responses to calcium
channel blocker therapl/ and it is assumed that vasoconstriction playsraidant
role in these patients. In contrast, extensiveriait thrombosis, in proximal and
distal vessels is typical in CTEPH, whilst it is arconsistent feature, typically
present only in the small arterioles, in PAHIn most instances, however, it is now
considered that the pathological process respan&iblthe clinical manifestations in
severe PAH is pulmonary vascular remodelling. sdaere pulmonary hypertension,
remodelling of the pulmonary arteries causes luhmestriction and loss of vessel
compliance, leading to a rise in pulmonary vascuaistance, an increase in right

ventricular afterload and, consequently, respisasord right heart failure.

1.4.3 Pulmonary Vascular Remodelling

Pulmonary vascular remodelling is a complex andnmgletely understood process.
There is some heterogeneity in the features, whendifferent forms of severe
pulmonary hypertension in humans are compared atswdin the different forms of
experimental pulmonary hypertension. However, gpears to be the common
endpoint to the diverse genetic errors or injuricisnuli which the pulmonary
circulation is susceptible. Medial hypertrophy ncrieased muscularisation of
muscular arteries and distal extension of smoothateunto normally non-muscular
arterioles are often considered to be the morphcdbghanges responsible for most
of the haemodynamic upset in severe PH. All vess#lcompartments are however
involved and intimal thickening, neointima formatjo thickening and distal
extension of elastic laminae and adventitial thitkg (+/- complex lesions) are also
hallmark4®. A schematic representation of some of the patiichl features of

pulmonary hypertension is shown in figure 1.1.

As discussed in Chapter 1.2, chronic hypoxia isafrtbe main causes of pulmonary
vascular remodelling and severe pulmonary hypedans humans. The nature of

the pulmonary vascular remodelling in hypoxic puhacy hypertension has been
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Figure 1.1: Schematic Representation of Key Aspect§ Pulmonary Vascular Remodelling
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described in humans, with some differences in ¢éimeodelling - notably longitudinal
intimal neomusclarisation of small pulmonary aderi- compared with other forms
of severe PH. Remodelling in hypoxic animal models has beeermsively studied
and summariséfl In animal models it is notable that the earli@singes are seen in
the adventitia, where the resident adventitialdiddast is seen to proliferate before
other cell type¥.

The view that luminal narrowing and vessel lossseguent on pulmonary vascular
remodelling are the key pathological features dfmmnary hypertension in chronic
hypoxia has recently been challenged. Emergingmxgental data indicates that
rather than a reduction in the vascular bed, thexg actually be angiogenesis and an
expansion of the pulmonary circulatt8n The subsequent identification by this
group of acute reversal of chronic hypoxic pulmgnhypertension with a Rho
kinase inhibitor, led to the conclusion that sustdi and relatively intractable
pulmonary vasoconstriction, arising on a backgrounfid structurally altered
pulmonary vessels, may be much more important teamodelling in causing the
haemodynamic upset in chronic hypoxic pulmonary emgnsiof®. With the
multiple failures of vasodilator therapies in ctial practice (other than calcium
channel blockers for a small subset of patient$ wdiopathic PAH) it had been
concluded that reversible vasoconstriction was @mportant aspect of established
severe PPf. It is intriguing to speculate that vasoconsimitf potentially reversible
by novel vasodilators acting via new mechanismsy @ relevant in hypoxia-

associated PH in humans, or other forms of seviré. P

Regardless of whether the nature of the vessel delitag is luminal narrowing

consequent on inward remodelling, reduction of fhdmonary vascular bed
consequent on proximal remodelling or sustainedoa@sstriction arising in

structurally abnormal vessels, pulmonary vascu@nadelling seems to be the
primary pathological process which leads to seyeflenonary hypertension. This
makes it an important area for ongoing research amamnportant target for new
treatments, for all forms of pulmonary hypertension
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1.5 Pulmonary Vascular Remodelling: Components &

Mechanisms
Despite advances, our understanding of the pattsiglgy of pulmonary vascular
remodelling remains limited: in particular the seqece of events in human disease is
far from clear. There have, however, been numemyserimental advances in
recent years, with considerable insights into t&utar and molecular factors which
contribute to the process. The specific componarftspulmonary vascular
remodelling and the cellular and molecular mechasishought to be involved are

considered individually.

1.5.1 Cellular and Extracellular Matrix Changes in Pulmonary Hypertension
1.5.1.1 Endothelial Cells

The normal pulmonary endothelium acts a semiperteebhrrier (between the
vascular and extracellular spaces) and importafuhctions to maintain normal
vessel homeostasis, vascular tone, proliferati@hthe coagulation system. It is the
vessel component most readily exposed to injurysfegar stress, drugs or toxins)
and the origins of many of the hallmark featurepwimonary vascular remodelling

have been related to alterations in normal endaihedll (EC) function.

Increased endothelial cell proliferation is seenaasearly feature in experimental
model§® ** and endothelial cells from pulmonary hypertensiuags have a
hyperproliferative phenotype  This endothelial proliferation is thought to
contribute to intimal thickening, and is the prima&onstituent driving the formation
of plexiform lesions. Though plexiform lesions amet thought to contribute
significantly to vascular obstruction, and are ordyely seen in forms of PAH other
than IPAH, the recognition that the endothelialetl IPAH plexiform lesions are
monoclonal’ — suggesting a semi-malignant process — provideseisting insights
into possible disease mechanisms. In additionciSpemutations in a TGHB
receptor protein in ECs from plexiform lesi6hsand infection of ECs with the
angioproliferative agent human herpes vird8 18ave been reported (though this
secondt finding is contentious and unreplicatedj Taken together, however, these
findings suggest the possibility that various esergsomatic mutations, viral

infection) may trigger clonal proliferation of erttielial cells as an early event in
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idiopathic PAH pathogenesis, with subsequent adll-and cell-matrix interactions
driven by these phenotypically abnormal, prolifeatECs causing the development

of the other features of pulmonary vascular remodg?.

Endothelial cell proliferation and dysfunction mbg the initiating factor in some
forms of PAH, and a secondary — but eminent - factothers. Regardless, it is
likely that the EC contributes significantly to tipepopogation and maintenance of
pulmonary vascular remodelling in most forms of tbendtion. Endothelial

dysfunction, leading to reduced production of vasbors / antiproliferative

mediators (eg nitric oxide and prostacyclin) andcreéased production of
vasoconstrictors / pro-proliferative mediators (egdothelin-1, angiotension II),
seems to be a ubiquitous feature in severé®PH.astly, loss of the endothelial
barrier (either as a consequence of endothelidldgsfunction or disruption of the
elastic lamina) may contribute to vessel oedemstudtion of the extracellular
matrix and allow influx of disruptive mediators iinathe circulation to the media and

adventitid®.

1.5.1.2 Smooth muscle cells

Under normal laboratory om vivo conditions the smooth muscle cell (SMC)
population in general demonstrates minimal prddifien and synthetic activity.
There are, however, different subpopulations of SNtentifiable within the medial
layer and these have been shown to have differeslifggative and synthetic
properties and responses to injury or growth fattorDuring the development of
severe PH, SMCs hypertrophy, proliferate, migratd aynthesise matrix proteins,
contributing significantly to pulmonary vasculamredelling®. In some situations
these changes in SMC behaviour may be intrinstbéocSMC (eg due to changes in
potassium channel activi§®) but there is significant evidence that the SMQis
relatively passive player, responding to paracsigmals from endothelial ceffsor
fibroblast§®. Also, the apparent SMC population in the neoiatiand media of
remodelled arteries may originate from differemtiatof other vascular cells, rather
than expansion of the native SMC population
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1.5.1.3 Fibroblasts

The adventitia was previously considered to belaively inert structure and many
observers fail to comment on it, when describingmmnary hypertension. It is now
considered likely that the adventitial fibroblastsaas a ‘concert leader’, particularly
in hypoxia-associated pulmonary hypertension, whdgsethe first cell to respond to
the injury’’.  Also, there is an evolving understanding themegalised excessive
fibroblast proliferation is a primary pathogenicestin the development of
complications in connective tissue disédseBased on this it is speculated that the
pulmonary adventitial fibroblast (PAF) is affectatbng with dermal and systemic
vascular fibroblasts in connective tissue diseasesthat this may be an important
and early pathogenic feature of pulmonary vasadarodelling in connective tissue
disease-associated PAH. It seems increasingylitkelt the fibroblast is a major
contributor in all forms of pulmonary vascular ramheting. Adventitial thickening
is generally difficult to assess histologically aschot consistently commented?8n
but, where it is assessed it is found to be a pmentifeature in forms of severe PH
other than hypoxia-associated BH Migrated and differentiated adventitial
fibroblasts likely also contribute significantly the population of myofibroblasts
which are found in the neointima and plexiform ¢&s in these other forms of PAH.
PAFs may also be the origin of mitogenic factorsl dacilitated changes in the
extracellular matrix, which may contribute to tidiation / progression / persistence

of the other cellular changes in pulmonary vascrdarodelling®.

The evidence for the role of the PAF in pulmonaasaular remodelling is most
established in hypoxic rat and bovine models. Hasé models, in addition to
increased proliferation, hypoxic PAFs synthesisetrimaproteins, demonstrate
increased migration and secrete paracrine factbishacause SMC proliferatidh
Pro-angiogenic factors (eg endothelin-1) secretgdhppoxic PAFs may also
contribute to the vasa vasorum neovascularisatibictwis seen in remodelled
vessel® and which may serve as a conduit via which citindaleukocytes and
progenitor cells (potentially attracted by the amfimatory mediators also released by
adventitial fibroblasts) enter the vessel Wall
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1.5.1.4 Circulating progenitor cells

Various circulating cells seem to have an importafg in the normal maintenance
and repair of the pulmonary vasculature, and dysagign of this function (leading
either to deficiency or excess activity) may berdtating or contributing factor in
PAH pathogenesi& There is strong evidence for an important rdleirculating
progenitor cells, particularly fibrocytes, in hypox pulmonary vascular
remodellind®. In hypoxic animal models, there is an increasebdne-marrow
derived circulating cells, and these cells, palidy the circulating fibrocytes, are
recruited into, and become resident in, the pulmpageries. These may contribute
directly (eg increase resident cell population, lifgmate, transform to
myofibroblasts, modify extracellular matrix) or inectly (eg via paracrine effects on

resident vascular cells) to pulmonary vascular ietimg.

1.5.1.5 Inflammatory cells

Inflammatory cells may be more important contribatdo pulmonary vascular
remodelling than previously thought. PAH does mpipear to be a typical
inflammatory disorder however a small, selectedugrof patients with SLE-related
PAH respond well to immunosuppressant therdpiesSystemic activation of
inflammatory pathways in PAH patients and local duction of inflammatory
mediators by pulmonary vascular cells has beentifteh Also, inflammatory
infiltrates can be seen in plexiform lesions. FEhehanges may be secondary
phenomena and there is certainly not evidencevatlaspread arteritis in pulmonary
vascular remodelling. It is notable, however, tr&gnificant numbers of
macrophages and neutrophils are seen transientheipulmonary circulation in the
early stages of hypoxic PH in animal models (a rhoaé conventionally seen as
inflammation-related) and pursuing the role ofanfimatory cells and inflammatory
signalling pathways in pulmonary vascular remodglliseems likely to be an

important future research directién

1.5.1.6 Extracellular matrix

Though the extracellular matrix in the normal vésgegpears relatively static, there
is, in fact, important dynamic turnover of matrikatrix protein synthesis (by ECs,
SMCs and fibroblasts) and breakdown (by metall@naises, regulated by tissue

inhibitors of metalloproteinases) is usually bakhc Interactions with the normal
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extracellular matrix — eg sequestration of growdilctdrs by matrix proteins and
facilitation of cell migration — are likely impomé& for normal vascular cell

function’.

Changes in the extracellular matrix (increasedagalh deposition, disruption of
elastic lamina) in remodeled pulmonary arteries rav@ble and the importance of
these changes is underscored by observations gkeatsawhich enhance or disrupt
matrix protein degradation significantly modify expnental pulmonary vascular

remodelind®.

1.5.2 Cell Signaling and Molecular Events in Pulmoary Vascular

Remodelling
Regardless of the cause of PAH, the vascular paglyadeen is stereotyped. This
suggests that the different forms of the diseasg heve similar cellular and
molecular mechanisms. Diverse initiating celllamolecular events may result in
stereotyped upsets in normal vasodilator / vasddotw, pro/anti-proliferative and

anticoagulant / procoagulant balances in the puamowasculature.

It is difficult to see that we will ever be fullyoofident about the early pathogenesis
of all forms of PH, given our inability to recogrishe disease clinically until it is
most advanced, and given the deficiencies of oun@nmodels. The discovery,
however, that mutations in the bone morphogenettep (BMP) type Il receptor
(BMPR-II) gene were responsible for most forms amilial PAH was a major

breakthrough”™ "

Familial PAH is a rare form of PAH, sporadic @idns in
BMPR-II do not appear to be common in other forhBAH and also it is observed
that only a minority of individuals carrying BMPR4inutations develop PAH and
accordingly the importance of this, at first glanseems limite®. Recognition of
the gene for familial PAH has, however, led to ¢desable insights. Broadly
speaking, normal BMP-BMPR2 signalling has an aotifarative and pro-
differentiation effect on pulmonary vascular c8lis Deficient and/or dysfunctional
BMP-BMPR2, or other TGIB-family signaling systems, is apparent in othemfer
of PAH, and it seems likely that disruption of teesystems is an early and important

contributor to the pathogenesis of forms of PH pthan familial PAHC.
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Study of the molecular nature of the underlyingedéfin the underlying primary
disorder has also led to observations about paientiolecular mechanisms
implicated in the early pathogenesis in specifiorf® of associated-PAH eg HIV
infectiorf:, HHT®), portal hypertensidfi, anorexigen-induced PAH
myeloproliferative disea&®

The majority of molecular signaling pathways impted in PH pathogenesis have
been initially characterized in animal models anghatients with established IPAH,
anorexigen associated PAH or CTEPH. It is not detefy clear which of these are
disease initiating mechanisms and which are seecgndachanisms contributing to
disease propogation. A summary of some of molecoiachanisms currently

considered important are illustrated in figure 1.2.

When considering the aims of this thesis, the mekvant pathways for further
elaboration are those which currently seem to bedmental to the disease process
and for which modifying therapies have had clinisatcess (ie the prostacyclin,
endothelin-1 and nitric oxide-cGMP pathway). Thes#n be considered as
‘benchmarks’ when considering any potential newapg (such as statins) and are
considered in specific detail below. Also relevamthis thesis are those pathways
potentially involved in hypoxia / MAPK signalingThese are considered in detail in
Chapters 1.6 and 1.7.

1521 Prostacyclin

Prostacyclin is an arachidonic acid metabolite, dpoed by the vascular
endothelium. It is a potent pulmonary and systewasodilator and inhibitor of
vascular cell proliferation. It also has antiplateand positive inotropic effects.
Prostacyclin acts via a G-protein / adenyl cyclegsepled cell membrane receptor,
causing an increase in intracellular cyclic AMP @i in pulmonary vascular
smooth muscle cells, leads to relaxation and deerkaroliferation. Studies in the
late 1980’s and early 1990’'s led to a recognitidnaorelative imbalance of
arachidonic acid metabolites (reduced prostacyahd excess of thromboxane A2,
which has opposing effects) in humans and PH animatiel§®. Pulmonary
endothelial cells from PAH patients have subsedudrgen shown to have reduced

levels of prostacyclin synthdSe It was considered likely that there was relative
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Figure 1.2 Molecular Signaling Pathways & Potentiallherapies in Pulmonary Arterial Hypertension
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prostacyclin deficiency in PAH, and that prostasydupplementation may have
therapeutic benefit. Initial observations of béndéfom continous intravenous
infusion of prostacyclin (epoprostenol) in indivadipatients were striking, and this
led to randomised control trials of these agents F&H, and the subsequent
development and validation in further clinical siaaf novel prostanoids / delivery
mechanismfS. Currently, intravenous prostacyclin remains ‘gudd standard’ drug
treatment for PAH with considerable evidence denratiag survival benefit.
Inhaled and subcutaneous prostacyclin is alsotefeedut oral analogues have been
less successful. Though prostacyclin therapiasfggntly benefit large numbers of
patients, treatment is very expensive, has sulatane effects and risks (making it
inapplicable to a large number of patients, everegource rich countries) and it only

retards disease progress: it doesn’t cure the shsea

There is also evidence for a role for the prosteymathway in the pathogenesis of
hypoxia-associated pulmonary hypertension. Hypartabits the production of
prostacyclin by pulmonary endothelial c&lsAlso, the development of hypoxic PH
is accentuated in mice lacking prostacyclin recept@nd diminished in transgenic
mice overexpressing prostacyclin syntffase Lack of benefit of prostacyclin
monotherapy in the chronic hypoxic rat model miginggest that prostacyclin is not
a major contributor in hypoxic PR but, in contrast, other observers have seen
reduction in experimental hypoxia-induced pulmonagscular remodeling with
prostacyclin therap¥ and some success with prostacyclin treatment obxigdung

disease related PH in humans has beer’$een

1.5.2.2 Endothelin-1

Endothelin-1 (ET-1) is a peptide hormone / paracmmolecule. In the lung, it is

principally considered to be synthesised and rekdy endothelial cells and act, via
G-protein coupled receptors, on adjacent smoothclauwlls with vasoconstrictive

and pro-proliferative effects. As shown in figute3, ET-1 is also known to have
effects on fibroblasts, platelets and inflammatoells and interact with nitric oxide

and prostacyclin pathways. From this it can bensbat excess of ET-1 would

potentially cause the development and / or progress pulmonary hypertension.
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Increase in production and reduced clearance of ETevident in PH modefsand
patient§®, and endothelin blockade has substantial poséffects on experimental
PH" %8 The importance of ET-1 in PH pathogenesis isetsmbred by the success
of endothelin antagonist therapy in PRHind chronic thromboembolic pulmonary
hypertensiof’® oral endothelin antagnosists have variously rsistently been
shown to improve symptoms and survival in PAH Many patients, however,
benefit from these drugs for only a short periodd agffects on pulmonary
haemodynamics are minimal: as with prostacylins¢hérugs do not cure PAH and

additional therapies are required.

In the normal pulmonary artery, vasoconstrictor amdliferative actions of ET-1
seem to be mediated via the endothelin A and Bpteceon smooth muscle cells,
whilst on endothelial cells the ET-B receptor faates a negative feedback loop on
ET-1 synthesis, triggers release of vasodilatoretues and mediates clearance of
endothelin-1 from the vascular interstitium and ¢freulation. The situation appears
more complex in the diseased state, as there is mxensive expression of the B
receptor in smooth muscle cells from the distatrégs and activation of both the A
& B receptor may contribute to adverse effects dfIEin the diseased pulmonary

artery®

Both selective endothelin A receptor antagonist$ dumal A/B receptor antagonists
have shown benefit in PH treatment, but whethaxcsieke or dual inhibition is better

in clinical practice remains uncert&if 1%

ET-1 release, endothelin receptor blockade and thetio receptor deficient mice
have been studied in hypoxic conditions and, EBlease, and its effects, likely
contribute to vasoconstriction and vascular renmiodgl” % although there is
conflicting data® *° Hypoxia triggers release of endothelin-1 fronvihe PAFs

and this may act as an autocrine fibroblast grofatiior and chemoattractaht

Hypoxic bovine PAF derived ET-1 has also been shtwpromote growth of vasa
vasorum endothelial celf§, and this ET-1 release may contribute to advetiti
neovascularisation and consequent influx of cituda mesenchymal cells in

hypoxic pulmonary vascular remodeling in these afsfh Lastly, differences in
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Figure 1.3  Endothelin-1 Signalling in Pulmonary Vasular Remodelling
Endothelin-1 (ET-1) synthesised and released bytletlal cells (green) acts on
smooth muscle cells (blue), fibroblasts (brown) amders the circulatidf. ET-1
mediates diverse effects which promote pulmonasoganstriction and pulmonary

03 as shown. Smooth

vascular remodeling, via the endothelin A & B re
muscle cell®* and fibroblast®® may also produce ET-1 and ET-1 derived from
these cells may also contribute to the initiatiard gpropogation of pulmonary

vascular remodelling.
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upregulation of ET-1 release, in response to hypdxave been suggested as a
contributory factor explaining the differential segtibility of different rat strains to
chronic hypoxic pulmonary hypertenstéh This last observation raises the
possibility that species differences in ET-1 reggsnmay explain some of the
contradictory results seen with ET-1 studies indxp pulmonary vascular cell
interactions. Overall, it is concluded that ETsllikely to be a hypoxia-responsive
paracrine mediator, contributing to pulmonary vdacuremodeling, but that
additional work is required to clarify its role ohfferent cell-cell interactions, in

different animals.

1.5.2.3 Nitric oxide

In pulmonary artery smooth muscle cells, via atiora of guanylate cyclase and
increase in intracellular cyclic GMP, endotheliallaerived nitric oxide acts as a
vasodilator and antiproliferative agent. Disruptiof endothelial nitric oxide

synthase (eNOS) is seen in PAH blood ves¥eind deficiency of nitric oxide is

seen in experimental chronic hypoxic PH Supplemental, inhaled nitric oxide
(NO) is used clinically in the acute assessmenvadoreactivity as part of the
diagnostic evaluation of patients with severe pularg hypertension and prolonged
inhalation is also used in neonatal intensive caits for the treatment of respiratory
failure of prematurity and pulmonary hypertensidhronic ambulatory nitric oxide

inhalation systems have been developed and triald@lAH'*> and PH-associated
with COPDH® with some success but the high cost and very ctsobee nature of

this makes it an unattractive prospect for furitherelopment.

More successful has been an indirect approach wifgnthe residual nitric oxide
signal in PAH, by inhibiting the degradation of tiracellular 3° messenger,
downstream of nitric oxide. In the pulmonary clation, cGMP is principally
degraded by phosphodiesterase - PDE-5. Seledieition of PDE-5 — an enzyme
which has relatively restricted expression in ottissues of the body - would
potentially allow relatively lung specific ampliition / persistence of any residual
NO-cGMP signal in the pulmonary artefi€s Therapy with sildenafil — a PDE-5

inhibitor - has proven successful in clinical tsiah the treatment of PA#f.
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Disturbance of NO-cGMP signaling likely contributés chronic hypoxic PH.
Chronic hypoxia leads to a decrease in nitric oxiceductiort*® and treatment with
sildenafil attenuates chronic hypoxic PH in ta&tsand micé*. In human trials,
PDE-5 inhibition with sildenafil improves haemodynias in acute hypoxic statés

'22and chronic therapy has been shown to improve ahrypoxic PH** 124

1.5.2.4 Other molecular signaling pathways in PAH

Disturbances of a variety of other signaling patysva- including serotonin,
potassium channel, angiopoietin, vasoactive imabkgpolypeptide, adrenomedullin
and tyrosine kinase growth factor/receptors — héeen implicated in PAH
pathogenesis and/or, based on experimental obsmsrgahighlighted as pathways of
interest for potential therapeutic manipulationPAH. These are not expanded on
here — they are outwith the focus of this thesksut-they are described in detail in

recent review> 126

1.5.2.5 Summary

Disturbances of a variety of molecular pathwayss@en in pulmonary hypertensive
blood vessels. Establishing whether these pathvaagsrestricted to established
disease, to subtypes of the disease, to restricddld within the vessel and the
interactions / relative contributions of these patiis is work in progress. The work
in the BMPR-2 field seems most promising and it rbaythat it will lead to novel

pathogenetic insights and therapeutic breakthraughs

At the current time, however, the pathways bestradiarised are the three
elaborated on in the preceding sections (prostayehdothelin-1 and nitric oxide).
Though the established therapeutics for PAH areerfept, any potential new
therapy needs to be considered in relation to tlaegk any effects additional or
alternative to these should be sought. For exangmeagent found initially to be
beneficial in an experimental PH model but subsetiyshown to simply duplicate

the molecular/cellular effects of sildenafil woulee of limited value. Work to

explore how these signaling pathways may complemeatanother in experimental
models, and in clinical scenarios, is ongdindf’ With regards to the work in this
thesis, comparison of statins (the focus of thesit) with a drug from each of the

established therapeutic classes, acting on these kley pathways seems relevant.
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1.6 Hypoxia

1.6.1 Definition

Hypoxia is a physiological term for the conditiam Wwhich the oxygen supply to
tissue, organs or whole animals is insufficient nb@intain a normal function.
Hypoxia is a relative condition: eg exercising skal muscle (where blood supply is
reduced and oxygen consumption is increased) ied'u® much lower oxygen
tensions in comparison to the brain or kidneyse fidsponse of a given organ or cell
type to a specific oxygen tension, and whether dusstitutes ‘hypoxia’ or not,
depends on the usual oxygen tension (under restirgctive conditions) that the
tissue under study is exposed to. In responselative hypoxia, mammals exhibit
systemic responses that decrease cellular oxygpnreenents and dependence and
increase tissue oxygen supply. Alterations in @xygension also elicit important

stereotyped responses at the organ, tissue andacédivel, which are site specific.

Hypoxia, either generalised to the animal (causgdeduction in inspired oxygen,
cardiopulmonary disease or other disturbance ofjemytransport) or occurring in a
specific organ (localised vascular insufficiencsgsults in what are now relatively
well characterised changes in molecular, cellufad argan status. For the purpose
of this thesis, the most relevant effect of hypawrighe body is its effect on the lungs
where hypoxia leads to pulmonary vasoconstrictiod gulmonary vascular

remodelling

1.6.2 Hypoxic Lung Disease and Pulmonary Hypertensn

Exposure to chronic hypoxia causes pulmonary hgpsidon in most mammalian
species. Hypoxic pulmonary hypertension is assediatith changes in vascular tone
and is nearly always associated with significamucitiral changes within the
pulmonary vascular bed (pulmonary vascular remoapif®. There are also marked
changes in the phenotype of endothelial, smooth clreuand fibroblast cell
populations. Over the last few years it has becolaar that the vascular responses
to hypoxia involve extremely complicated cell-celleractions mediated by growth

factors, cytokines and other biological messerifers
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The first recognition of hypoxia-induced pulmondrypertension in mammals was
brisket disease. This entity arose in cattle talcenew high pastures in Colorado
and was subsequently shown to reflect right heslire, secondary to pulmonary
hypertension, at this altitude (10,000 f&&t) Pulmonary hypertension secondary to
chronic hypoxia, consequent on residence at higfude is thought to be one of the
commonest forms of the disease worldwide

Diverse respiratory diseases can be associatedpwithonary hypertension. These
include COPD, cystic fibrosis, restrictive lung ehses (eg kyphoscoliosis),
parenchymal lung diseases (eg idiopathic pulmofiargsis, sarcoidosis) and sleep-
disordered breathifi§y The pulmonary vascular component of these cimmdithas
proven difficult to characterise: it is difficulb tdetermine how much is due to effects
of hypoxia on the pulmonary vasculature (vasocarigin and vascular remodelling)
vs non-specifc destruction of the pulmonary vascbid due to progressive lung
disease vs direct effects of the primary disorderttee pulmonary vasculatdré
Also, there seems to be individual susceptibilaggtérs which modify the effects of
hypoxia: some individuals develop severe pulmonlaypertension despite only
modest lung disease and/or hypoxia whilst someviddals seem relatively
‘immune’ to pulmonary hypertension, despite sevineg disease or prolonged
residence at very high altittfe Different animal species exhibit different
susceptibilities to chronic hypoxic PH and also ethnic origin seems to modify
human susceptibility to altitude-related pulmonahypertensioft™. These
observations suggest genetic factors which modifgceptibility to hypoxic
pulmonary hypertension and recently, polymorphismshe serotonin transporter
gene have been suggested to modify the severiBHoin COPD patienté?. Also,
polymorphisms in the angiotensin converting enzygyeee seem to be associated
with the varying susceptibility to high altitude Ipwonary hypertension in Kyrgyz
highlander®,

The importance of pulmonary hypertension in chramgpoxic diseases has been
disputed but there is now a substantial body o& dadicating that PH is a common
complication of chronic hypoxic disorders and thvalben it occurs, it carries a very
adverse prognosis. Altitude-related pulmonary ngmsion is definitely and COPD-

related pulmonary hypertension is probably a mapblic health problem.
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Pulmonary hypertension does not necessarily regvbss hypoxia is corrected (eg
by providing supplemental oxygen in COPD or mowagidence to lower altitude)
and correction of hypoxia in these conditions igewfimpossible. A better
understanding of the pathogenesis of hypoxic pubmpinypertension is therefore
required, and seeking therapeutic strategies toipukate the pulmonary vascular
response to hypoxia seems very relevant for hurnssease.

1.6.3 Hypoxic Pulmonary Vasoconstriction and Pulmoary Vascular
Remodelling
The ability of the pulmonary resistance arteriecaastrict in response to alveolar
hypoxia — hypoxic pulmonary vasoconstriction (HPYV)is of fundamental
importance to normal pulmonary vascular physiologygeneralised but reversible
constriction of the mammalian pulmonary circulatitatilitates the change from
fetal to infant circulation when the lungs are tfiventilated, at birthjn utero™®,
Also, the maintained ability of the pulmonary akerto constrict in response to lung
pathology (eg consolidation or atelectasis) allofes the maintenance of
ventilation/perfusion matching and systemic cirtiola oxygen tensions in the face
of acute lung illnesses. This response - congirncdf the pulmonary arteries to
alveolar hypoxia — is circulation specific (systemarteries dilate to hypoxia) and is

conserved across species.

Whilst essential for normal health, HPV is also ortpnt in human disease.
Generalised alveolar hypoxia (eg shift from seaell@e high altitude) results in
generalised constriction of the pulmonary arter@#) consequent rise in pulmonary
vascular resistance and development of pulmonapggnsiof®. Dysfunctions or
maladaptions of the molecular and cellular meclmasisf HPV have also long been
considered potential pathogenetic factors in PAH.

Although the hypoxia sensing mechanism at a cellieel remains controversial,
the effector mechanism of HPV, at both moleculat aellular level has been well
characterised. PASMCs (either in endothelium-dedudhscular rings or isolated in
cell culture) contract in hypoxia. This is depemtdan influx of extracellular calcium
through L-type calcium channels and, to a lesséengx release of intracellular

calcium from the sarcoplasmic reticulum. HypoxXsoaactivates smooth muscle cell
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RhoA & Rho-kinase (ROCK) and this acts to sensitisgosin to the effects of
intracellular calcium, facilitating and enhancinguge hypoxic vasoconstriction.
Persistence of Rho-ROCK activation may be an ingmbrtcontributor to the
sustained vasoconstriction which occurs in chromypoxia. The secondary,
sustained phase of HPV is also dependant on eltriacecalcium but also requires
an intact endothelium, with both reduction in eN@Sivity (leading to decreased
nitric oxide signal to SMCs with consequent decedasitracellular cGMP causing
cellular contraction) and endothelial cell relea$d&=T-1 (causing SMC contraction

via G protein coupled receptor), in response tdeahypoxia, implicated”.

As previously outlined, chronic hypoxia leads toambpes in the behaviour of
pulmonary vascular cells and structural changesalin vessel compartments:
pulmonary vascular remodelling (Chapter 1.4.3).scApreviously discussed is the
ongoing debate as to which aspect — remodepargse, sustained vasoconstriction
consequent on remodelling etc — is responsibledosistent pulmonary hypertension

in animal and human chronic hypoxia.

The link between acute hypoxic vascoconstrictiond goulmonary vascular
remodelling (and the newly emerging concept of olordypoxic vascoconstriction)
in chronic hypoxic PH, and also a connection betwid®V mechanisms and other
forms of PAH has been speculated on for some tine.is recognised that
constriction and remodelling share common mechasisnso called cell growth-
vasomotor coupling — and these continue to be atlmed?aracrine agents such as
prostacyclin, nitric oxide and ET-1 are now read#gognised for their effects both
on SMC contraction, and proliferation. Inhibitiaaf Kv1.5 (a cell membrane
potassium channel) activity is an important easgrg in acute hypoxia in SMCs,
mediating cellular depolarisation with consequepering of Ca++ channéfS.
Chronic hypoxia has been shown to downregulatekiie5 and Kv2.1 potassium
channels in rat pulmonary arteri&s Also, modification of potassium channel
activity has been implicated in the pathogenesipudfnonary vascular remodelling
secondary to anorexigen drugs, suggesting a monrerglesable link between
mechanisms of acute HPV and non-hypoxia relatethoof PH*. More recent
studies using inhibitors of Rho kinase have showmbition of both HPV and
chronic hypoxia-induced vascular remodelling, iroaling the RhoA-Rho kinase
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signalling pathway in both processes. Taken tagetthese findings significantly
support the concept of cell growth-vasomotor coupknd suggest that the field of
acute hypoxia and HPV remains important, offerimg potential for improvements

in our understanding of human PH, in general.

The specific mechanisms which may be involved iygex sensing in HPV are

considered in more detail below (chapter 1.6.5).

1.6.4 Effects of Hypoxia on Pulmonary Vascular Cedl

The contributions of the different resident vascutells to pulmonary vascular

remodelling have previously been considered (Chdpfel). The responses of each
individual cell to acute or chronic hypoxia, in Icellture, have been extensively
studied. The focus of this thesis is the advetftbroblast and, to a lesser extent,
the pulmonary artery smooth muscle cell and thecefbf hypoxia on these are

considered in more detail.

There is some controversy in this field and comitngs/ contradictory results have
been published. Important aspects to considethardifferent origins (species, size
of vessel derived from, cell harvest technique usdédhe cells studied by different
investigators and what constitutes hypoxia to déffe investigators, and to different
cell types. For example, smooth muscle cells ftbencentral media of a proximal
vessel, being distant from both the alveoli andvwbssel lumen, are likely routinely
exposed to low oxygen tensions vivo and therefore may be relatively hypoxia
‘resistant’. Smooth muscle cells from the distaksel (where all vessel layers are
thinner) may be more hypoxia sensitive — eitherahee of a fundamental difference
in their nature or because they are ‘used’ to highe/gen tensionsn vivo. As
adventitial fibroblasts reside closer to the alvélohn medial smooth muscle cells,
they may be ‘used’ to higher oxygen tensions aedetlore appear more sensitive to

a specific level of cell culture hypoxia vs proximassel medial SMC¥".

Smooth muscle cells proliferaite vivo in the chronic hypoxic animal models but this
is inconsistently replicated with explanted cefisvitro. Hypoxic proliferation of
PASMCs may be a function of an isolated, specifibset of PASMCs, it may be
that it is dependant on cell-cell or cell-matrixeractions, it may be that PASMC
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proliferation is not consequent on hypoxia directhyt a function of release of
mitogens by other hypoxic cells or it may simply theat we are inadequately
modelling the media of pulmonary arteries with PAS$in hypoxic cell culture.
There is, however, significant evidence of crogsta¢tween hypoxic PAFs and
PASMCs, and it seems likely that PAF activity isnajor contributor to PASMC
proliferatior?” °©

The effects of hypoxia on pulmonary artery fibra$aare considered in more detail

in a following section (chapter 1.8).

1.6.5 Hypoxia as an Experimental Model of PulmonaryHypertension

There are numerous animal models of pulmonary hgpsion but the two most
commonly used and best characterised are chrorpoxiey and monocrotaline (a
direct pulmonary endothelial cell toxin, used alooe in conjuction with
pneumonectomyj. Whilst the monocrotaline-pneumonectomy model atiter,
newer animal models recapitulate some of the lugtoal features of PAH not seen
with other models, the initiating factors are ne¢s in human disea$®. In contrast,
the chronic hypoxic model seems to have advantages:

« The haemodynamic, compensatory and pathologicahgdsa seen in this
model have been extensively described and arebkgliachieved with
standard experimental conditions (maintenance olt ashimals in hypobaric

hypoxia for 2 weeks§®.

« The model directly reflects one of the commonestiaiting factors in
pulmonary hypertension worldwide (pulmonary hypesten associated with
chronic exposure to high altitud®} Although imperfect (the pathological
changes seen in the hypoxic rat model incompletefiect those seen in
human pulmonary arterial hypertension and the ppthesis of the
pulmonary vascular remodelling may be differentls tmodel is the one

where the initiating insult most closely reflectawaman condition.

* The success of new pulmonary hypertension treasnkas significantly
reduced the number of patients with pulmonary hgmsion requiring lung
transplant. This limits the ability to perform woon pulmonary vascular
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cells derived from remodelled human vessels. Gitienrestriction, work on
animal models is essential. The relevance of worlanimal cells to human
disease remains uncertain and speculative butthivrexperiments in this
thesis, the recognition that pulmonary artery fildast responses to hypoxia
are conserved between species (see Chapter 18F ¢fbme reassurance
about the relevance of the model. In additiorhalgh this is not considered
in the experimental work of this thesis, animal elsdallows study of the
early stages of pulmonary vascular remodelling wagrwork on explanted
or post-mortem diseased human lung only allowssassent of end-stage

remodelling.

Experimentally, the effects of acute and chronipdxa can be studied separately,
or in tandem. When we consider the cell prolifieramodels under consideration in
this thesis, work with acute and chronic hypoxiaelsted, but complementary. An
acute hypoxic cell model has the advantage of afligwscreening’ studies of a
battery of different drugs / drug concentrations readily available tissue from
normal animals. Studying cells from chronic hymoanimals has the advantage of
allowing study of disease tissue in comparison tomal ‘control’ tissue and
allowing conclusions to be reached about mechangamsnon to acute and chronic
hypoxic signalling (helping to unify our understargl of the pathogenic links
between acute hypoxic signalling and cellular clesng chronic hypoxic pulmonary

vascular remodelling).

Experimentally, hypoxia can be induced by two medras:-
Normobaric hypoxia. Hypoxia is induced by reducihg fraction of oxygen
(from 21%) in normal pressure air. This is the hagsm utilised in the
acute hypoxic cell model in this thesis.
Hypobaric hypoxia. The fraction of oxygen in &@rmaintained but the
pressure is reduced. This directly reflects thaobgy of high altitude
pulmonary hypertension in humans and is the meshanitilised to generate
the chronic hypoxic rat model in this thesis.
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1.6.6 Hypoxia-Sensing Mechanisms

Our understanding of the fundamental mechanismysyHich cells recognise and
respond to low oxygen have progressed significantle last 15 years. In relation
to pulmonary hypertension and chronic hypoxic pulargy vascular remodeling the
most relevant and most studied pathways are the (KyBoxia inducible factor)
pathway and the sensing mechanism(s) of acute lypagoconstriction.

1.6.6.1 HIF-1 signalling

First recognised in relation to the hypoxia respenglement in the erythropoietin
gené*, the HIF-1 pathway is now known to function askiquitous mediator of
cellular responses to hypoxia, being present imadileated cell types. HIF-1 is a
heterodimeric protein consisting of 2 constitutwalanscribed proteins HiFeland
HIF-18'*2 In the presence of oxygen, proline residues B Ho are hydroxylated.
Hyrdoxylated HIF-Ii binds to the Von-Hippel Lindau protein which leatis
recognition by cellular ubiquitination mechanismsthwconsequent proteasomal
protein degradation. In hypoxia, prolyl hydroxyaactivity is reduced leading to
reduced degradation of HIFelwith consequent stabilisation of the HIF-1 protein
complex®® HIF-20 and 3 subtypes of the protein, expressed in a moreictsir

panel of cell types, are now being charactelfed

Stabilised HIF-1 protein complexes (whose existeregpromoted by hypoxia)
translocate to the cell nucleus where they arecestenl with coactivator proteins (eg
CREB or p300) and this association is also fatdidaby hypoxi&™. The HIF
protein-coactivator complex promotes transcriptaingenes containing a hypoxia
responsive element in the gene promoter. The atéreffect of this modified gene
transcription is cell specific but can involve ieased cellular proliferation, increased

production of mitogens etc.

The HIF protein system is likely important in thatlpogenesis of pulmonary
vascular remodeling. Proteins whose transcripteomediated by HIF-1 include
VEGF, ET-1 and voltage dependant calcium chanffend these are mediators
implicated in pulmonary vascular remodeling. S#sdwith knockout / transgenic
mice suggests activity of HIFelin PASMCs and HIF-2 in PAECs contributes to
hypoxic pulmonary vascular remodelifig
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1.6.6.2 Oxygen Sensing in Acute Hypoxic Pulmonary Vasoconstriction'

The connection between acute HPV and vascular relimgdis underscored by the
observation that the cellular processes mediati®§NPC constriction (Kv channel
closure, increase in intracellular Ca++, activattérRho-ROCK) can also influence
PASMC proliferation.

Consideration of the ongoing debate about oxygersisg mechanisms in acute
HPV allows for an elaboration of the experimentdficilties which exist in this

field. There currently exist two contradictory nedsl of oxygen sensing in HPV and
there is good experimental evidence for both. dthlthese models, reduction in
cellular oxygen is ‘sensed’ both at the inner plasmembrane and in the
mitochondria. This leads to alterations in acyivof NAD(P)H oxidases (either in

the cell membrane or the mitochondria) and/or ie thitochondrial electron

transport chain and/or in heme oxygenase-1 actiwthat is contentious is whether
alterations in these leads to an increase or deerea cellular reactive oxygen
species (ROS) and where the connection betweean firesesses (eg is the NADPH
oxidase activation a cause or a consequence ofjeban ROS) and the downstream

processes li¢&®

1.6.6.3 Summary

Difficulties with the experimental definition angb@lication of hypoxia to different
cell types and the deficiencies of the current Kiedge base and contentions which
exist in relation to oxygen sensing mechanisms I&esn noted. When results of the
experimental work — using ‘hypoxia’ as a very génderm - in this thesis are

considered, all of these problems are acknowledged.

1.7 Mitogen Activated and Other Protein Kinases irCell
Proliferation
1.7.1 Mitogen activated protein kinases
Cell activities (growth, differentiation, apoptosigene activation, cytoskeletal
conformation, mediator synthesis and secretior), &t regulated and influenced by

diverse extracellular signals. Extracellular sigrexre integrated and amplified with



52

signal-specific responses generated (eg gene aeotiydy complexes of signalling
cascades. The mitogen-activated protein kinase®\P#) process various
extracellular signals and constitute a key intdadai signalling complex.

15 activate diverse cell

Extracellular stimuli (mitogerts® hypoxid®, UV light
receptor complexes with consequent activation (ggpbosphorylation or GTP-
loading) of upstream kinase proteins in the MAPKczale. The signal is amplified
at two preceding kinase steps, leading to phosdtarg (at tyrosine and threonine
residues) of the MAPK protein (figure 1.4). MAPKi#ts in the cytoplasm and
phosphorylated MAPK can act directly, phosphoryigtiand activating substrate
cytosolic protein§? Also, once phosphorylated, MAPKs can translotatihe cell
nucleus and act on cell type specific transcripfiactors®®. The MAPK pathway
therefore acts as a physical link and also a sigamabplification step from

extracellular signals to cell nuclear responses.

Three distinct MAPK subfamilies are recognised immnmmalian cel®*. The
classical MAPK pathway, consisting of ERK1 & ERK2x{racellular regulated
kinases) and their associated upstream kinases damtstream substrates, is
typically implicated in mediation of conventionabnstitutive signalling by growth
factors. The stress activated protein kinase payh(8APK) is recognised as a key
mediator of cellular responses to stress signaldfpoxia, UV light). p38 MAPK
and c-Jun N-terminal kinase 1 (JNK-1) are the pgyp® SAPKs. Along with ERK
these constitute the three MAPK subfamilies. Witkach subfamily there exist
various isoforms which seem to have tissue-spefifictions>>. Aspects of the p38

MAPK signalling cascade are represented in figube 1

1.7.2 Upstream Signalling Events in MAP kinase actation

As illustrated in figure 1.5, phosphorylation of MKs is dependant on initial

processing of the extracellular signal by receptoother cell membrane-associated
proteins with consequent activation of MEKK protein The small GTP binding

proteins comprising the Ras superfamily have attthconsiderable experimental
attention in recent years, firstly based on thgwpaaent involvement in the

pathophysiology of diverse conditions and secoidlsed on the recognition of these

as potential therapeutic targefs A schematic of potential interactions betweelh ce
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1 Cell membrance receptor /
| signalling complex

Figure 1.4  Mitogen-Activated Protein Kinase Signalhg Pathways
Mitogen-activated protein kinases (MAPKSs) integrat® process various
extracellular signals. The MAPK cascade consit&mrotein kinases: a MAPK and
2 upstream kinases a MAPK kinase (MAPK or MEKK) anNtAPKK kinase
(MAPKKK eg raf or rho kinase)

ERK: extracellular signal-related kinase. JNKuckN-terminal kinase.
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Figure 1.5  Overview of the p38 MAP Kinase Signallig Cascade

Extracellular signals activate MAPKKKSs via variety signalling mechanisms. MAPKKKs activate MAPKKghich in turn phosphorylate and activate MAPKSs.
Activated MAPKs then phosphorylate downstream sabest, leading to altered cellular activity.

STK39: serine threonine kinase. PAK: p2l-actigdtimase. MAPKAP: MAPK-activated protein kinase.

TRAF: Tumour-necrosis factor receptor-associatetbfaATF: activating transciption factor.
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membrane receptors, extracellular signals, Radygmoteins and MAPKs is shown
in Figure 1.6.

Signalling from extracellular growth factors via $RBafl-ERK is well
characterised’. More recently a connection between Rho familgtgins and the
SAPKs has been shown in various cell typed®? Experimental evidence linking
the individual involvement of these proteins (RBRK, RhoA, Racl, p38 and JNK)
to the cellular processes of interest in this g hypoxia sensing, adventitial
fibroblast proliferation, pulmonary vascular remialg) is notable. Also notable is
the emerging evidence that other processes exttel cell membrane systems
potentially disrupted in PAH pathogenesis may ntediheir effects via SAPK
pathways: eg certain mutations in the BMPR-2 geaeehbeen shown to disrupt
normal antiproliferative downstream signaling (voosphorylation of SMAD
proteins) and result in activation of p38 MAPK (suenably with resultant
dysregulated cellular proliferatiofi}. It is considered likely that Ras superfamily —
MAPK signaling pathways are ‘final common pathways’'PH pathogenesis and
further investigation of these should provide ferthinsights into fundamental
disease mechanisms and potential therapeutic giedft.

Individual signaling systems that we are specujatimy be involved in hypoxia-
induced p38 MAP kinase activation in PAFs have bewgplicated in hypoxic
pulmonary vascular remodeling. There is significarterest in the RhoA-Rho
kinase signaling pathway. Rho kinase inhibitiog ¢ath fasudil) inhibits hypoxic
pulmonary vasoconstriction, reverses experimenitthpnary hypertension, inhibits
pulmonary vascular remodeling and is likely to kdesfor human usé 62164
Clinical trials of Rho kinase inhibitors for PAHeaproposed. There is, however,
some evidence that activation of RhoA-ROCK may bseaondary phenomeon,
rather than an initiating factor in PH pathogen&sisknockout of a specific subunit
protein of the NADPH oxidase complex (NOX2 / gf%} inhibits the production of
reactive oxygen species and prevents pulmonaryulaascemodeling in chronic
hypoxic micé®. The Rho GTPase family proteins Racl and Rac2nardved in
signal transduction from extracellular signalsdieg to the activation of NOX (and
subsequent reactive oxygen species generation) ast rell types, including

fibroblasts®”. The recent observation that specific inhibitisinthe NOX4 protein



56

reduced hypoxic proliferation and p38 activationPAFs is particularly intriguing
and NOX4 has been specifically implicated in ththpgenesis of both experimental
hypoxic PH and IPARP® This last point also supports the relevanceoatiouing to

study experimental hypoxic PH, and relating finding PAH in humans.

This converging evidence suggests a fundamenw&lfoolthe RhoA-ROCK and Rac-
NOX signaling pathways in hypoxia sensing and tleh@genesis of hypoxic
pulmonary vascular remodeling. When we were spding about pathways
potentially upstream of p38 MAPK in hypoxic PAFsg wonsidered that these two
pathways would likely be of specific interest faurther study (if the initial

experiments conducted supported the involvemeat®T Pase protein).

Other signaling proteins are likely involved upatreof MAPKs in hypoxia, in other
cell types and situations. In acute hypoxia in BAffom neonatal calves,
phosphatidylinositol-3-kinase, Akt and mTOR haveerbeshown to be upstream
activators of ERK MAP kinase, and this signalinghpeay is necessary for acute

hypoxic proliferation of this cell typg&”.

In addition to the downstream substrates of MAPHKsstrated in Figure 1.4,
activation of MAPKs has been linked to increase&-f#i stabilisation and HIFd

phosphorylation (phosphorylation promotes nuclemndlocation of the HIF
complex, see Figure 118}, In particular, inhibition of p38 MAP kinase imwtely

hypoxic PAFs has been shown to reduce HiFstabilization and consequent
cellular proliferation, indicating a link betweerhese fundamental hypoxia-
responsive signaling systems, in a cellular proaeg®rtant in pulmonary vascular

remodeling®® 7% 172
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Figure 1.6  Pivotal Role of Ras Superfamily Proteing Cell Signal Transduction

Via G-protein coupled receptors, tyrosine or sethireonine kinase receptors or other mechanisnsfataily guanine exchange factors (not
shown) are activated, resulting in conversion Bia protein-GDP complex to Ras-GTP This active complex then activates specific &&s
(eg in the case of Ras, this can be Raf-1 whieltiiwated by translocation from the cytoplasm ®itiner plasma membrane) which in turn
phosphorylate downstream kinases (eg MKK3) withseguent MAPK phosphorylation. Hypoxia and/or cleanigp reactive oxygen species
have been implicated in the activation of RhoA Rat1l (members of the Ras superfamily) and this Imeaynportant in the molecular
pathogenesis of hypoxic pulmonary vascular remougll
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1.8 Fibroblasts in Pulmonary Vascular Remodelling ad Effects

of Hypoxia on Fibroblast Proliferation and MAP Kinase Pathways

In comparison to other resident vascular cellseatltial fibroblasts seem to have a
very notable capacity to proliferate, migrate arehsdifferentiate in response to
hypoxia. They play an important role in the irtiba and evolution of pulmonary
vascular remodeling in chronic hypoxic pulmonarypéension. Some of the
experimental evidence to support this has beerusks previously (chapter 1.5.1)
but is summarised here:-

* Adventitial thickening (with increased cell numbensd matrix deposition) is
the earliest and most prominent change in hypoxitmpnary vascular
remodelling. Increased proliferation and matripagtion by pulmonary
artery fibroblasts contribute to this adventittitkenindg >

« Pulmonary artery fibroblasts proliferate fasterhiypoxia than other vascular
cells'™

* In response to hypoxia, growth factors or injury H3Asynthesise collagen
precursors. Collagen subsequently accumulates h@ &dventitia,
contributing to loss of vessel distensibility. PA&Iso migrate to the medial
and intimal layers of the vessel and lay down cgm@ta here, further
contributing to reduction in vessel lumen and lokgessel distensibilifyf

* In response to pulmonary artery injury and hypokiaFs transform and
contribute to the population of subintimal, mediahd adventitial
“myofibroblasts.?”> These myofibroblasts seem to have a key roldén t
generation of the typical histological lesions seén pulmonary
hypertension.

« Signals generated by PAFs influence endothelial amiboth muscle cell
activities eg pulmonary artery smooth muscle chbse been found to
proliferate in hypoxic conditions only when cultdrén association with
PAFs (or in PAF conditioned medf4)

e The adventitial fibroblasts in the remodelled véssay be heterogenous.
Different subsets may have different proliferatiggnthetic and migratory
phenotypeY®. Some subsets of PAFs in the diseased vessebendgrived
from a hypoxia-induced influx of vascular mesenchystem cells, rather

than from resident adventitial fibroblaSts
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Previous work in the Scottish Pulmonary Vasculait (8PVU) laboratory?® 1
171, 171181 has characterised the effects of acute and chioypoxia on MAPK
phosphorylation and proliferation of PAFs. Notafahelings are:-

* Bovine, rat and human PAFs (from normal subjects)iferate excessively

when exposed to acute hypoxia.

PAFs from chronic hypoxic rats are constitutivelyparproliferative: they
demonstrate increased proliferation in comparisorPAFs from normal
animals, even when cultured and passaged in noemoxi

* Acute hypoxic proliferation in PAFs is associatethva biphasic increase (at 4
and 16 hours) in phosphorylation of theandy isoforms of p38 mitogen-
activated protein kinase. p38 MAPK is constitutyvg@hosphorylated
(abnormally) in PAFs from chronic hypoxic rats.

* ERK is always, and JNK may be, phosphorylated (deaet on species
studied) in hypoxic PAFs, but as hypoxic prolifesatis not affected by
ERK or JNK inhibition these do not seem importanthis hypoxia-induced
proliferative signalling pathway.

* p38 MAPK inhibition completely and selectively bksc acute hypoxic
proliferation and reverses the hyperproliferativeemotype of PAFs from
chronic hypoxic rats.

* No changes are seen in proliferation or p38 MAPKogmhorylation in
systemic artery fibroblasts in acute hypoxia or mheéerived from
chronically hypoxic animals: the p38 MAPK pathwagpwd seem to be a
mechanism responsible for the circulation specdgponse to hypoxia.

* p38 MAPK phosphorylation was found to be partiakbgponsible for HIF-d

stabilisation in acutely hypoxic rat and human PAFs

There is some data in the literature which conttadihese findings. In particular,
Stenmark’s group typically report that PAF prolggon is dependant on ERK
phosphorylation, rather than p38 MABK This may be a function of different cells
studied by this group (eg derived from neonatales) or study of the cells at
different time points (eg p38 MAPK phosphorylatisronly present at 2 time peaks
and is absent at other times during a 24 hour abtwygoxic period). The



60

reproducibility of the SPVU lab findings throughoptblications is notable and
similar findings (p38 MAPK dependant hypoxic preldtion of fibroblasts) have
been reported by othéfé& The experiments subsequently conducted in Hesis,

however, sought to examine this controversy again.

Based on the SPVU’s previous experimental respB38, MAPK inhibition would
seem an attractive therapeutic strategy, poteptathieving a circulation specific
inhibitory effect on one of the fundamental celtuf@mocesses in chronic hypoxic
pulmonary hypertension. This possibility is sugedr by the positive effects
(attenuation of pulmonary hypertension) seen wi8 pMAPK inhibitors in
experimental pulmonary hypertenstth and also the recognitions that p38 MAPK
mediates sustained hypoxic pulmonary vasoconsmi¢fi and pulmonary artery
endothelial dysfunction in chronic hypoxic réfs(adding yet further support to the
concept of cell growth-vasomotor coupling- see ¢dad.6.3) . A significant
concern, however, is potential toxicity of p38 MAdhase inhibitors in humans.
Although there have been clinical trials (for othdiseases) with p38 MAPK
inhibiting agents, therapeutic development of p38R¥K inhibitors is at an early
stage and safety has not been absolutely demardstrat®

The signaling pathway upstream of p38 MAPK in PAg=-mcompletely explored but
an intriguing observation - that mitochondrial R@Sivation was necessary for p38
MAPK phosphorylation - has been made. This raikespossibility that signaling
protein(s) under scrutiny in hypoxic pulmonary wasustriction eg Rho kinase
(ROCK) or NADPH oxidase (NOX) may be involved ingoxic signal transduction
and p38 MAPK phosphorylation in PAFs. This seeragible in the context of
MAPK in general: MAPKs have been linked to Ras stgmily proteins in
pulmonary vascular cell proliferatibfi. Also specific proteins from this family
(RhoA, Racl & CDC-42) have been linked to RG®K NOX*” and p38 MAP

kinasg®® 1°°

Based on this, we considered the literature furtherorder to determine an
experimental strategy which would allow us to dlatypoxic cellular signaling
upstream of p38 MAPK in PAFs. Also we sought aeptal indirect inhibitor of
this p38 MAPK pathway which might be more immedateherapeutically
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applicable to our patients than the direct p38hitbis currently only in early drug
development. Given their known effect on small tpio GTPase (ie Ras
superfamily) dependant signalifijwe considered the possibility that statin drugs
may fit these requirements, and that they wouldabgotential tool to interrogate

hypoxic signaling upstream of p38 MAPK, in PAFs.

1.9 Statins

1.9.1 Clinical Effects of Statins: Lipid Lowering and Cardiovascular Disease
Statin drugs are one of the great successes ofrm@i@rmacology. Based on the
(now considered relatively simplistic) observatiotisat elevated blood LDL-
cholesterol levels were associated with atherossigrand cardiovascular disease
and that statin drugs could inhibit hepatic ch@estsynthesis and thus reduce blood
cholesterol, clinical trials to determine the effexf statins on the primary and
secondary prevention of cardiovascular disease wetiated and reported in the
mid-1990's™ > 1* With their beneficial effects and good tolerapi(side effects
are usually minor, the major side effect of rhabglolosis is very raréj? statins
have revolutionised the management of atherosderdisease and are now
prescribed almost ubiquitously for patients withabtished cardiovascular disease or

who are at high risk of developing cardiovasculaedse.

Statins are competitive inhibitors of the rate ting step in cholesterol biosynthesis:
they inhibit the enzyme 3-hydroxy-3methylglutaryHMG) CoA reductase.
Inhibition of this in hepatocytes leads to a desee&n LDL-cholesterol (ie ‘bad
cholesterol) synthesis by the liver and also aregwlation in hepatocyte LDL
receptor expression, with resulting clearance ofLLDomplexes from the
bloodstream. This results in a reduction in tdiabd cholesterol, LDL-cholesterol
and an improvement in the blood lipid profile. riidial trials have latterly compared
the differential clinical efficacy of the differestatins, clarifying that the different
pharmacology of these drugs is clinically relevant that larger doses of statins
have additional benefft¥. Also, these large clinical trials and the widesyul
experience with statins in routine clinical praetidias provided substantial

reassurance about the safety and tolerability e$etdrugs, even at higher ddsés
195
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1.9.2 Clinical Effects of Statins: Pleiotropic Effets and Cardiovascular
Disease

Following on from the initial positive clinical repts there have been innumerable
experimental studies of the effects of statinsehl culture and animal models, in
order to elucidate their mechanism(s) of actionardiovascular disease. From these
experiments it has been realised that statins,dulitian to their lipid lowering
effects, have diverse other effects on molecular @ilular processes implicated in
atherosclerosis pathophysiology, which may contelio their clinical utility®. In
the systemic circulation, statins have been shownintrease production of
endothelial nitric oxide synthase, reduce productad endothelin-1 and reactive
oxygen species and inhibit smooth muscle cell androphage proliferatidf It is
observed that, if these effects were duplicatethen pulmonary circulation, statins
would potentially inhibit pathogenic processes unponary vascular remodeling.

Whether these so called ‘pleiotropic effects’ @tists contributes partly or wholly to
their clinical benefits, is unclear and much detidfe It is argued that, as their
benefit is on a par with their effects on lowersgyum LDL-cholesterol, additional
mechanisms of effect are not present. The evidenpporting the existence of
pleiotropic effects is, however, currently consatéto be stronger. In particular,
hydrophilic statins (which have effects limitedhepatocytes, rather than other cells
in the body) are generally less clinically potewtr fa given effect on serum
cholesterol. Beneficial effects on systemic vaaculeactivity, thrombotic and
inflammatory profiles are seen early after statittiation, before effects on serum

cholesterol are apparéfit

1.9.3 Clinical Effects of Statins: Pleiotropic Effets and Other Diseases
Experimental observations about the ‘broad spectpositive effect of statins on
disease-implicated cellular signaling systems dail tputative pleiotropic benefits
in cardiovascular disease led to the exploratiothefbenefits of statin therapy for
non-cardiovascular disedS$® Retrospective analysis of database/registry daid
substantial laboratory research suggests thanstiag may be beneficial in other
diseases (notably cancers, sepsis, neurodegemerdibeases, osteoporosis and

9—205.

respiratory diseases Based on more specific positive experimental
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observations, small clinical trials of statin thgyain various ‘non-cardiovascular’
diseases have been reported. Some of these hawenkegative but in each it is
acknowledged by the investigators that it is urnrcikthis is a true negative result or
a function of the trial desigff. It seems, however, that our knowledge aboutdise
mechanisms, statin pharmacology and choice of Bpetatin and dose needs to be
refined for any future trials of this natafé That this is likely to be worthwhile is
supported by the two notable positive prospectinalst of statin therapy for

rheumatoid arthrit/® and multiple sclerosi¥’.

1.9.4 Clinical Pharmacology of Statins

Mevastatin and lovastatin were first isolated fr@spergillus species and their
effects (potent inhibition of the HMG-CoA reductasgzyme) were characterised in
the 1970’s. Concerns about animal toxicity with vamsatin delayed clinical
application until safety data for lovastatin wasabbshed. Initial trials, however,
with this drug showed substantial reductions in t&Molesterol levels, much greater
than that seen with agents acting on serum chotésiie other mechanisfi$. This
led to the recognition of naturally occurring siamilcompounds (pravastatin and
simvastatin) and synthesis of related compoundslu@ing atorvastatin and
rosuvastatin) and their subsequent clinical vaiihat The different statins differ in
their pharmacology and cholesterol lowering potenchhe lipophilic compound
atorvastatin is currently considered by most ob=mnto be the benchmark for
clinical applications. The chemical structures phdrmacological characteristics of

the statins in current clinical use are shownguife 1.7 and table 1.2.

The different pharmacological properties of thdeidnt statins provides theoretical
reasons why they may differ in their clinical ugili for non-cardiovascular
diseas€s’. When considering lipid lowering, the target ardar statin action is the
liver and it would seem to matter little if theytamnly on hepatocytes (as pravastatin
and rosuvastatin are thought to do) or whether they extensively first pass
metabolised, achieving only very small drug levelshe pulmonary or systemic
circulations (as simvastatin and atorvastatin dd)his last point is difficult as

metabolites of simvastastin and atorvastatin (whégtcth the pulmonary and
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REICINEIGCIE Atorvastatin Fluvastatin® Simvastatin  Lovastatin  Pravastatin  Rosuvastatin

(oP(TIY//SImN 0.02 — 0.05

1.035 0.024 -0.082 0.024-0.048 0.1-0.123 0.045
Solubility Lipophilic Lipophilic Lipophilic Lipophilic Hydrophilic Hydrophilic

Metabolism CYP3A4 CYP2C9 CYP3A4 CYP3A4 Sulfation CYP2C9/C19

Table 1.2 Clinical Pharmacokinetics of HMG-CoA Redatase Inhibitors

Relevant properties of statins in clinical use agnmarized. Maximum serum
concentrations are following a 40mg oral dose atirst Lipophilic statins have
effects on non-hepatic cells whereas hydrophiliatiss (ie rosuvastatin and
pravastatin) typically do not. Statins metabolis@the cytochrome P (CYP) 3A4

enzyme have an increased potential for drug intieresz Adapted from Bellostet
a|192
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systemic circulation) may be active, but this isamfirmed. Nevertheless, it seems
relevant to consider that a drug which doesn't leixhinese problems, and also has
reduced drug-drug interactions (eg fluvastatin) fd@ynost relevant to consider for

non-cardiovascular disease studies.

1.9.5 HMG-CoA Reductase: The Cholesterol BiosynthesPathway and
Mechanisms of Action of Statins
At a cellular level, statins mediate their effeas competitive inhibition of HMG-
CoA reductase, inhibiting the intracellular synikesf cholesterol and intermediates
of the cholesterol pathway. Importantly, the pratchn of the intermediate
compounds farnesyl pyrophosphate (FPP) and gerenaylglpyrophosphate (GGPP)
are also inhibited (figure 1.8). FPP is the swistfor many important intracellular
molecules including ubiquinone, dolichol and tramd®NA but cells tend to have a
stable pool of these molecules present and stanapy, at clinical doses, has not
been shown to impact on cellular functions reqgitimese molecules. In contrast,
the membrane GTPases of the Ras superfamily regueady supply of either FPP
(Ras family*® or GGPP (RhoA famifi#3 for normal function. The GTPase
proteins undergo post-translational modificatiore(ylation) with addition of a FPP
or GGPP molecule. This prenylation step (which fm@ylynamic) is necessary for
normal association of these GTPases with the aathbmane (Figure 1.9). Inhibition
of the prenylation step - either indirectly via HMGA reductase inhibition, or via
inhibition of a specific prenyltransferase enzym#ith catalyses the addition of the
prenyl molecule to the protein) - prevents theirdiion. The majority of the
pleiotropic effects of statins have been associaidueffects on protein

prenylatiort®

The plasma cell membrane is not a homogenous steudpecific channels and
receptor proteins are maintained in relative asdiari by substructures in the plasma
membrane, such as lipid rafts (Figure 1.10). liigib of intracellular cholesterol
synthesis results in a failure of normal plasma im@me lipid raft maintenance.
Statins have been shown to disrupt plasma memli@deafts in vitro and in vivo
and it is speculated that some of their pleiotragffects may be mediated via this

mechanisrt?.
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Figure 1.8  Cholesterol Biosynthesis Pathway
The conversion of HMG-CoA (derived from Kreb’s aydhtermediates) to cholesterol involves a numbbémtermediate enzymes, but HMG-CoA reductase (tvhic

fnnnnn

catalyses the conversion of HMG-CoA to mevalonaté)e rate limiting step. Cholesterol can subsatjy be converted on to other steroid moleculésalready
intracellular supply is required for the mainterat cellular lipid raft structures (see Figure@).1Specific cholesterol pathway intermediatdse-fgrenyl
compounds (aka isoprenoids) farnesyl pyrophospradegeranylgeranyl pyrophosphate (purple boxe® remuired for diverse cellular functions, inchglitransfer
RNA and ubiquinone synthesis. These prenyl comgeane also required for the normal post-trangiationodification of proteins involved in centromere

assembly and also GTPase proteins of the Ras amguierfamilies, which couple extracellular-intladar signaling (see Figure 1.9). Adapted froradf.
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Figure 1.9 Prenylated GTPase Signalling Systems

Normal post-translational modification of Ras andoRsuperfamily GTPase proteins (RhoA shown heranagxample) involves the addition of a prenyl mgiet
either farnesyl pyrophosphate (FPP) or geranylggémyrophosphate (GGPP), depending on the spegifiease involved. Specific transferase enzymesysatéhe
addition of FPP or GGPP to the protein.

The molecular structure of the prenyl compoundg fgure 1.8) involves a long lipophilic portiondaiit is thought that the attachment of this, to gretein,
facilitates association with the inner aspect & fitasma membrane, where GTPases couple sign&lorgsextracellular receptors via guanine excharaggofs
(GEF). Removal of GDP and attachment of GTP byGE# activates the GTPase protein causing dowmstptesphorylation and activation of target protéets
Rho Kinase). Constitutive activation is prevengdhe rapid intrinsic phosphodiesterase activitthe GTPase, whereby GTP is rapidly broken backdtm GDP.
Prenylation of GTPase proteins appears to be athiglover protein system and reduction in supplpreinyl compounds, or inhibition of prenyltranstranzymes

rapidly disrupts the normal function of GTPase aejamt signaling systems, by blocking their nornsalogiation with the plasma membrane.
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Figure 1.10  Cell Membrane Lipid Rafts

Plasma membrane lipid raft structures and assacsagmaling pathways (the EGF-
Ras-Raf pathway is shown as an example). Cell mametcholesterol, in
conjunction with structural proteins such as Caweb) localises in islands or
invaginations (caveolae) in the plasma membraneeadly supply of intracellular
cholesterol seems required for the normal maintemafhthese structures. These
islands facilitate the normal association of cefimibrane receptors / intracellular
signaling proteins and, if disrupted, the assodiatgnaling systems may be

disconnected.
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Lastly, simvastatin and lovastatin have been shimapind directly and inhibit the
integrin LFA-1 (a lymphocyte adhesion/activationlenule), independent of their
effects on HMG-CoA reductaS8 This property is not shared by all statins drisl t
emphasises that a need exists to ensure that aitivp@xperimental observations
realised with an individual statin need to be fudiplored with other statins and the
mechanism of action interrogated, before cliniggdleation.

Given the potential effects of statins on cell slgrg systems (ie inhibition of
protein prenylation and disruption of cell membrépgl rafts), if statins are shown
to have an effect on a cellular process (eg grdadtor-induced proliferation) the
mechanism of action of the statin can be dedudfeal subsequent, complementary
experiment is conducted and a specific compound ftee cholesterol pathway is
added along with the inhibitory dose of the stétim experimental results achieved
will allow conclusion about which ‘arm’ of the clesiterol pathway is implicated in
the cell signaling system under considerationevi®us investigators have used this
approach to determine the mechanism of actionatihsbn a specific cellular
proces$'® we expanded on the experiments in this repategign the experimental
protocol used in Chapter 4 of this thesis.

1.9.6 Statins in Experimental Models of Pulmonagpéttension

Statins demonstrate notable antiproliferative éff@em smooth muscle ceit§
including pulmonary artery smooth muscle ceflsin vitro. It was also observed
that all of the noted pleiotropic effects of statin the systemic circulation (eg
increase in eNOS activity, reduction in ET-1 syst&e®) would be potentially
beneficial in PH. Based on this, investigatorsligtd the effects of simvastatin on
the chronic hypoxic rat model. Simvastatin givetaperitonealy or orally at a dose
of 80mg/kg/day before or subsequent to 2 week$afrec hypoxia resulted in
normalization of pulmonary artery pressures andicgdns in medial hypertrophy,
right ventricular hypertrophy and secondary poliiegmia. These effects were
negated by co-administration of mevalonate (impilhgpan HMG-CoA reductase
dependant mode of action of the statin) and weseaated with reductions in
ROCK activity (which may have been via a directrmtirect effect of the statifry**°
Similar results were reported - prevention and readeof pulmonary vascular

remodeling, pulmonary hypertension and compensaigiy ventricular hypertrophy
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— along with improved animal survival, in the morataline rat modé|®
Subsequent to this, these effects have been cardiimother PH modélsand
extended to other statfif& There has, however, been some conflicting d&tame
of this may relate to problems with preparationhef statin drug(verbal
communication from authors). The negative resafifglcMurtry et al with
simvastatin and atorvastatin in the monocrotaliAétPnodel are however, not
explained, in comparison to the many other positagort$2. The conclusion of the
authors and specific correspondence is that fugheclinical study of statins for
pulmonary hypertension is required, a statementhvbiupports the experimental
work of this thesis.

When considering statin benefits and potential rapidms of action in pulmonary
vascular remodeling, other notable experimentalifigs include the recognition that
simvastatin can inhibit growth factor release araliferation of lung fibroblasté®,
and that lovastatin can stimulate release of BMR4fich is an agonist for the
BMPR-2 receptor, which has a primary role in ththpgenesis of familial PAH)
from vascular smooth muscle céffs Mevastatin has been shown to inhibit serum-
induced rat PASMC proliferatiéff and atorvastatin inhibits serotonin-induced MAP
kinase nuclear translocation and proliferation @fihe PASMC&”. Statins have
also recently been shown to indirectly increaseattievity of the nuclear peroxisome
proliferators activated receptp(PPAR/)??°. There is an evolving body of research
relating insulin resistance (and consequent PPAdRudgtion) to PAH
pathogenesfé” %2 PPARYy is downregulated in human and experimdma and
PPARYy agonists are beneficial in animal mo@@i$* It can be speculated that
interactions with PPAR may partly explain statimiechanism of action in PH
animal models and, more importantly, that statpgsitive effects on PPARmay be
clinically useful in PAH. One notable problem, hexer, with the experimental
approaches in the above cited papers is the dostatof used in the cell culture.
This is typically in the range of 10-8®1 of statin, which is many orders above the
circulating dose of statin achieved after standaedl dosage (Cmax ranging from
0.082-1M, see table 1.2). Accordingly, the relevancerof af these experimental
studies to clinical application has to be questibraad it is again considered by us

that further experimental work, as we proposelie thesis, is required.



72

Whilst positive results have been reported in allsmlaservational case series of
simvastatin treatment of PAH patiefifsit is our group’s view that the currently
running clinical trials of statin therapy for PAH (sing simvastatin and 1
atorvastatin) are problematic. Firstly, thereiarportant considerations in relation
to statin choice for clinical use and dosage. é&@mple, the CH rat experiments
used 80mg/kg/day of simvastatin, whereas 80mg i®thke current maximum dose
of simvastatin used in humans. The problems wéatirsdosing in the reported cell
culture experiments have been discussed in thequeparagraph. Drug
interactions with currently used PAH therapies fasn, bosetan, sildenafil) are
notable for both atorvastatin and simvastatin amglnot clear how these — eg
simvastatin concentrations will typically be halviagatients taking bosentan - will

be controlled for in these clinical trial protocols

In conclusion, whilst there exists promising expesntal data for statins in relation
to pulmonary hypertension, a number of questioeslmesolved if we are to judge
how best to exploit them in clinical practice. Bdn the available knowledge
about the effects of statins, and the cell sigiggtirocesses (ie p38 MAPK
phosphorylation) involved in hypoxia-induced PABIgeration it seemed plausible
that statins would have an inhibitory effect orsthif an inhibitory effect were
identitifed, it would allow further interrogatiorf the hypoxic-proliferative cell
signaling pathway in these cells (in particuladétermine if prenylated protein or
membrane lipid rafts were involved). Also, ouraddished cellular models would
potentially allow experimental comparison of diffat statins, assessment of dose
responses and comparison with other establishedgnary hypertension
therapeutics. Given these conclusions, the exgerisrwhich form this body of

work were conceived and undertaken.

1.10 Hypothesis
Review of the literature provided the following kegints:-

* Hypoxia induces proliferation of PAFs and thisagher directly, or via
interaction with other cells (eg PASMCs) an impottaspect of hypoxic
pulmonary vascular remodelling. Further studyhef ¢ellular and molecular
mechanisms involved in this should provide impdriasights into the

pathogenesis of chronic hypoxic pulmonary hypertns
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* Hypoxia-induced p38 MAPK phosphorylation in PAFsisirculation and
stimulus selective proliferative signaling mechamisConsideration of
signaling mechanisms upstream of MAPKSs in othdrtgpkes and of hypoxic
signaling in other contexts strongly suggests @ foi Rho family GTPases.
As direct inhibitors of p38 MAPK are not yet cliaity available, inhibitors
of upstream pathways may have important therappotiential.

» Statin drugs have promising effects on cellular anidnal models of
pulmonary hypertension but the pre-clinical knowgeds incomplete. As
statins are now known to inhibit chronic hypoxidmanary vascular
remodeling and have well established inhibitorget$ on cell signaling
processes including prenylated Rho family GTPasesplausible that they
may have inhibitory effects on hypoxia-induced p88PK phosphorylation
and proliferation in PAFs.

» If an effect of statins on hypoxic PAFs were idBedi, further elaboration on
this should provide answers to key questions abgpbxic signaling in these
cells, and about the potential clinical utilitysiatins in hypoxic pulmonary
hypertension.

* Whether the cellular effects of statins complemeuplicate or contradict the
effects of established pulmonary hypertension feutics is unknown, and
this cannot be adequately addressed in the avaigaimal models.
Experimental cell models of pathogenic processgaiimonary hypertension

provide an opportunity to compare different potainiH therapies.

The hypothesis was that statins would inhibit hyperduced PAF proliferation and
that exploration of this would allow interrogatiohhypoxic cell signaling in PAFs
and provide useful insights into the therapeuti@ptial of statin therapy for human

pulmonary hypertension.
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1.11 Aims
The aims of this thesis are:-

* To establish competency with a cell model of fidash proliferation in acute
and chronic hypoxia.

* To establish the effects of statins on mitogeryteabypoxia and chronic
hypoxia induced proliferation and MAP kinase phasphation in pulmonary
and systemic artery fibroblasts.

» To exploit the known effects of statins to intertgyhypoxic cell signaling
upstream of p38 MAP kinase in pulmonary arterydibasts.

» To further explore the potential of statins as & pelmonary hypertension
treatment by studying dose responses, comparifeyelit statins and
differentiating any effects of statins from thodeestablished pulmonary
hypertension therapeutics.

Cell-cell interactions and release of PASMC mitagbg hypoxic PAFs is likely an
important factor in chronic hypoxic pulmonary hyteasion. A preliminary
assessment of this was also proposed by:-
» Establishing a PAF-PASMC co-culture and conditiormeztlia cell model.
» Assessing the effects of acute hypoxia on PAF-PASMEractions /
PASMC proliferation and establishing whether sgtpB8 MAPK inhibitors

or established PH therapeutics have any effecheset
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2.1 Materials

All general chemicals were of analar grade and lseghpy Sigma (Poole, Dorset
UK). All tissue culture plastics were from Greindrabortechnick Ltd
(Gloucestershire.UK). All components of tissuetatd medium were purchased
from Gibco Life Technologies (Paisley, Scotland)al&y-R incubators were
supplied by Wolf Laboratories (York, UK). mgthyl-*H]thymidine was from
Amersham (Little Chalfont, Bucks). Mevalonate, algme, farnesyl pyrophosphate
(FPP) and geranylgeranyl pyrophosphate (GGPP) fwvene Sigma (Poole, Dorset
UK). Simvastatin, pravastatin, cholesterol pathwagrmediates and inhibitors, Rho
kinase inhibitor (hydroxyfasudil) and Racl GEF exute inhibitor (NSC23766)

were from Calbiochem (Nottingham, UK).

| am grateful to Professor A Jardine (Glasgow Ursitg) for the gift of fluvastatin.
| am also grateful to Drs G Boutros (Pfizer, UK) &torvastatin and sildenafil, J Jepf
(Actelion, Switzerland) for bosentan and C Stefidhited Therapeutics, USA) for
treprostinil diethanolamine. All of these were dtwd by the manufacturing

pharmaceutical company without restriction.

Antibodies used for Western Blot analysis were frdwew England Biolabs
(Hertfordshire, UK). Gel electrophoresis equipmesis purchased from Bio-Rad
Laboratories (Herts, UK). Immobilon-P transfer nieeme was from Millipore
(Massachusets, USA). ECL Western blotting detaateagent was from Amersham
(Buckinghamshire, UK).
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2.2 Animal models

2.2.1 Rat model

Cells derived from the pulmonary artery and aoffteadult Sprague-Dawley rats
from the “In House” breeding stock of the Univeysif Glasgow’s Central Animal
Facility were used. Thirty to thirty-three day aofats were maintained in normoxic
conditions on a 12 hour (h) light/dark cycle anibwaed free access to standard diet

and water.

2.2.2 Chronic hypoxic rat model
The chronic hypoxic rat model was established aathtained in the laboratory of

Professor R Wadsworth (University of Strathclyde).

2.2.2.1 Chamber design

The chamber is designed to hold two standard ggs;awith up to four rats in each
cage. The structure of the chamber is made fromsparent high resistance
Plexiglas. Air is continually removed from the cHaem by the pump. Air constantly
flows through the chamber at 45L/minute, ensurimat tmoisture and COdo not

build up. Temperatures are similar both inside amdide of the chamber.

2.2.2.2 Maintenance of animals

The chamber was housed in a specially designedragrmental room which
maintains temperature at approximately@humidity at 55%, gives 20 changes of
filtered air per hour and maintains a 12h on 12Higit cycle. Animals used in the
experiments were obtained from credited commersugipliers (Harlan UK Ltd,
Nottingham). The Wistar rats supplied were maleioe pathogen-free and ordered
in at age 28-30 days (approximately 60g weight).infals were allowed to
acclimatise within the environmental chamber foefdays before being established

in chronic hypoxia.

2.2.2.3 Maintenance of rats in hypobaric hypoxia

The chamber door was removed and the rat cagedpiiadke chamber with the food
and water dispensers at the rear, thus allowingrghton of the rats. The chamber
door was replaced and the pump switched on. Thelseawas taken down to the
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desired pressure (55mbar — 418mmHg) in small shgpslowly closing the inlet
valve and observing the pressure reading on thgegddnce the stable experimental
pressure was reached, rats were checked every 1famithe following hour to
ensure that the pressure remained stable and thmalanwvere not in distress. The
chamber could then be left to run for the experitaletime required. Checks were
made 5 times a day to ensure that pressure readiegs not fluctuating beyond
desired levels, temperature inside and outsidehbenber remained between 20 and
23C, animals were not showing signs of distress &ad the pump was in good
operating condition. When the animals requiredHriood and water, usually every
three days, the chamber was taken down to atmaspgiressure over 2h by opening
the inlet valve. Once atmospheric pressure washeshdhe pump was switched off
and allowed to cool for half an hour while the cages were cleaned and animals
given fresh food and water. Following this, thenaais were placed back in the
chamber, the pump switched on and the chamber tadento 55mbar over a period

of two hours. After 14 days in the chamber, the ve¢re removed and sacrificed.

2.2.3 Bovine model

Cells derived from bovine pulmonary and mesentarieries were used. Tissue was
obtained fresh on the day of experimentation fronto@al abattoir (Sandyford,
Paisley). Lungs and small intestine/mesentery wenmeoved from healthy, freshly
slaughtered cattle and transported to the labgramoa container filled with chilled
Krebs-Henseleit Solution (NaCl 118mM, NaHE@5mM, KCI 4.7mM, KHPO,
1.2mM, MgSQ 1.2mM, CaC} 2.5mM, and Glucose 11mM).

2.3 Primary cell culture

Fibroblasts and smooth muscle cells used througtimdge studies were obtained
from primary culture by explant using tissues dedieither from bovine or rat. The
explant techniques and cell lines have been eshaliin the Scottish Pulmonary
Vascular Unit laboratory for many years. Thattéehniques achieve pure fibroblast

and smooth muscle cell lines has been previoualyfield by staining for-actin>".

To prevent fungal and bacterial contamination df loges, all steps such as making
up solutions, changing media or preparing expertaiereagents were conducted



79

under sterile conditions, within a clean Microfléaminar flow hood (model number
M25121/1) (Figure 2.1). The flow hood was dismashtéend cleaned regularly and
before use each day was sprayed liberally with 7@86 ethanol. Anything taken
inside the flow hood (i.e. pipettes and reagentiés)t was also sprayed with ethanol
and sterile gloves were worn throughout. Non-Eetbnsumables and reagents
were sterilised using a Prestige Medical “Classi©”2autoclave or sterile-filtered
(0.2uM pore filter).

2.3.1 Primary adventitial fibroblast culture

Lobar pulmonary artery was dissected free fromluhg of either a freshly dissected
cow or rat (Figure 2.2)A section of artery located towards the apex (FeguB) of
the lobe was cut longitudinally and opened intda& $heet (Figure 2.4). Pulmonary
artery fibroblasts were prepared using the tecteniqfi Freshned/?, with some
modifications’®. Muscular tissue and endothelial cell layers weraoved by gentle

abrasion of the vessel using a sterile razor b{&tpure 2.5). The remaining tissue
(adventitia) was then dissected into 5fportions and approximately 25 portions of

this size were evenly distributed over the basa abcn? culture flask containing
2ml of Dulbeccos modification of Eagles medium (DMEwith 20% fetal calf
serum (FCS), supplemented with penicillin/streptomy400iu/ml and 400g/ml)
and amphotericin B (f&g/ml) (Figure 2.6). The explants were incubatedain
humidified atmosphere of 5% GQ@n air at 37°C. Within a few days cells were
observed growing out from the tissue fragments.ceéDa monolayer of cells had
partially covered the flask (Figure 2.7), cells welifted from the flask by
trypsinisation as described in Chapter 2.3.3. uBEsBagments were removed by

aspiration.

In the bovine and rat model the main branch ofghknonary artery was used to
acquire pulmonary artery fibroblasts. To study dliasts from the systemic
circulation, the mesenteric artery was dissectenhfthe cow and the aorta dissected

from the rat with primary cell culture as for thelfmonary artery fibroblasts.
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Figure 2.1  Microflow Laminar Flow Hood



Figure 2.2

Pulmonary Artery

Main Bronchus

Location of Pulmonary Artery in Bovine Lung
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Figure 2.3

Dissected Main
Pulmonary Artery

Longitudinally Dissected Pulmonary Artery in Bovine Lung
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Figure 2.4  Cleaned and Dissected Pulmonary Artery

Figure 2.5  Removal of the Intimal and Medial Layers
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Figure 2.6

Explants in 25cm Culture Flasks

Figure 2.7

Pulmonary Artery Fibroblasts Growing From Explants
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2.3.2 Primary vascular smooth muscle cell culture

Smooth muscle cells were prepared from bovine polnp arteries, using a
modified explant technique. Other than the vegseparation step (when intimal
and adventitial layers were removed by gentle atmaseaving the medial layer) the

technique was identical to that used to obtain atitval fibroblasts (Chapter 2.3.1).

2.3.3 Routine cell maintenance

Cells were grown routinely in 75¢naulture flasks in Dulbecco’s modification of
Eagle’s medium (DMEM), supplemented with penicilli200 units/ml),
streptomycin (200 ug/ml),-glutamine (27 mg/ml) and 10% foetal calf serum $C
The cultures were kept in a humidified atmosphé@6 CQ in air at 37C. Culture

medium was changed every 2 days and cells weragedsgust prior to confluency.

For cell passage, culture medium was removed arldoRinypsin solution (0.05%

trypsin / EDTA 0.02%) was added to the layer ofscahd then aspirated. A further
2ml of trypsin solution was then added and lefttbe surface of the cells for
approximately 10s before aspiration. The cells wia@n incubated at 3¢ and

observed at 2 minute intervals using a light micope (Olympus CK2) until they
were seen to have partially dislodged from thekflaGentle tapping of the dish was
used to completely dislodge the cells and 10ml BEM containing 10% FCS was
then added to the flask to re-suspend them. Aqgwoof this cell suspension (1ml)
was then aliquoted into new flasks containing aeofimls of fresh medium. At this
stage cells could be also be aliquoted into 6, 124owell plates, as required for

experimentation. Cells were used for experimemabietween passage 3-10.

2.3.4 Cell freezing / thawing

Confluent cells at passage 2 or 3 were trypsingedbove, resuspended in 10ml of
10% FCS culture medium and centrifuged at 1000glbminutes. Medium was
removed and the cell pellet was resuspended in dinairyopreservation medium
(DMEM containing 10% FCS and 10% dimethyl sulph@j}id This was transferred
to a 2ml cryotubes and cooled for 1 hour each &C+dnd -20°C, then at -80°C

overnight. Cryotubes were then maintained in itpeid phase of liquid nitrogen.
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When required, frozen cells were removed from tigoitrogen and thawed rapidly
in a water bath at 37C. Cryotubes were swabbell ¥i¢6 v/v ethanol and the cell
suspension was transferred to a 75amlture flask containing 9ml of culture
medium with 10% FCS. After 4-6 hours the cellsevseen to have attached to the

flask and the medium was replaced with 10ml ofHfr&8% FCS culture medium.

2.4  Acute hypoxia

Maintenance of cells in a nitrogen-supplementedjilified, temperature-controlled
incubator (Galaxy R, Wolf Laboratories, York, UK)lcaved control of internal
oxygen levels at 0-21%, whilst G@vel was maintained at 5% (Figure 2.8). Due to
the large volume of nitrogen required to sustaisuitable degree of hypoxia,
nitrogen cylinders were linked using a Pneuchangenaatic gas cylinder change
over unit (NTC, Woulton, Liverpool, UK) which actted a fresh supply of nitrogen

as required.

Cells were routinely maintained for the acute hypghase of experiments in an
atmosphere of 5% Oand 5%CQ. Previous assessment of the tissue culture
supernatant with oxygen and pH probes has confirthadthese conditions B®f
35mmHg for the hypoxic conditions, with pH stableepthe 24 hour experimental
period*®.  Experimental controls were achieved with the aa second incubator
which could simultaneously maintain control cell3 normoxic experimental

conditions.

2.5 Preparation of statin drugs and other reagents

Statins, cholesterol pathway intermediates andbitdrs were prepared in stock
solution (0.04M and/or 2QMM, depending on experimental concentrations redjire
with appropriate diluent, as summarised in table 2All reagents had manufacturer
or supplier data indicating stability, in appropeigtorage, for >2 months.
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Figure 2.8  Galaxy-R Hypoxic Chamber: Humidity, O, and CO, Regulated



Reagent

Supplied as

Molecular

Weight

Diluent

88

Storage

Atorvastatin Solid powder 1209.42 DMSO -20C
Bosentan Solid powder 573.6 dH:0 @ 50T N/A*
Fluvastatin Solid powder 433.46 DMSO -20C
FPP 200ug in 200uL methanol  433.4 Ethanol -20C
FTAse inhibitor | Solid powder 470.7 DMSO -20C
GGPP 200pg in 200pL methanol  450.44 Ethanol -20C
GGTI-2133 Solid powder 456.5 DMSO -20C
Hydroxyfasudil 10mM solution in water 343.8 SFM _20T**
Methyl-B-cyclodextrin  Solid powder 1320 SFM +4C
Mevalonate Solid powder 130.15 SFM -20C
NSC-23766 Dry powder 531 SFM -20C
PDGF-BB Lyophilised Powder 28-31kDa HCL_ -20C
solution***

Pravastatin Solid powder 446.5 SFM -20C
SB 203580 Solid powder 377.4 DMSO 20T+
Sildenafil Solid powder 666.7 Ethanol +4C
Simvastatin Solid powder 458.6 DMSO -20C
Squalene Liquid (98%) 410.73 DMSO -20C
Treprostinil )

diethanolamine Solid powder 495.66 SFM +4C
Zaragozic acid Solid powder 756.7 SFM -20C

Table 2.1

SFM: Serum free medium

PDGF: Platelet derived growth factor

*Bosentan is unstable (precipitates) in solution324 hours

**Light sensitive

Preparation and Storage of Reagent Sto&olutions
DMSO: Dimethyl sulphoxide

***HCL solution for preparing PDGF-BB comprises ®l4hydrochloric acid with

1mg/ml bovine serum albumin
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2.6 Determination of cell proliferation and viability

2.6.1 PH] thymidine assay

Cell proliferation was measured by determining theake of fH]thymidine into
DNA.

Cells were seeded at a density of 5ki6lls / well into 24-well plates in 5Q0of
culture medium and grown to 60% confluency. Caléye then quiesced for 24
hours by replacing the medium with $00serum-free DMEM. Cells were then
stimulated with appropriate agonists and incub&e®4 hours, either in a normal
CO; incubator (5% Cg) or in the hypoxic incubator to obtain an acutgdwic
exposure (Chapter 2.4). In the latter case, thec@tent of the atmosphere was
reduced from 21% to 5% by flooding with.N

Dilute [methyl-*H]thymidine solution was prepared by adding 10uL of
[methyPH]thymidine (1.0mCi/ml) to 2.5ml serum-free DMEMror the final 4h of
agonist stimulation, 25uL of diluterithyl-*H]thymidine solution was added to each

well of the 24 well plate, achieving a radiatiomcentration of 0.ACi/well.

At 24 hours, the reaction was stopped by washirgy délls twice in ice-cold
phosphate buffered saline (PBS, fld@ell). Proteins were precipitated by washing
three times with 5Q@/well 5% trichloroacetic acid (TCA) and lipid fracns were
solubilised by washing twice with 100% ethanol (Gd@ell) for 30mins. The acid /
alcohol insoluble material was dissolved in 0.3Mism hydroxide (50Ql/well) for
30mins. The contents of each well were transfetoetiml eppendorf tubes, to each
of which was added 0.9mls of Ecoscint A (Ecosciitianta, Georgia, USA)
scintillation fluid. Vials were vortexed for 1mimd allowed to settle in darkness
overnight. Radioactivity was measured by scirtdla counting using a Wallac
1409 scintillation counter. Results are expresasddisintegrations per minute
(DPM).
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2.6.2 Cell counting and trypan blue staining

Cells were seeded into 12 well plates, grown to @@#fluency, quiesced and then
stimulated in normoxic or hypoxic conditions withbpaopriate agonists, as above.
At the end of the experiment cells were trypsinigatth 2 brief exposures to 410

of trypsin solution (0.05% trypsin / EDTA 0.02%)daronce detached, resuspended
in Iml PBS. 10(0L of cell suspension was mixed with 1000.4% w/v trypan blue
solution.  2@L of the resulting solution was transferred to a ubkauer
haemocytometer. Total cells and non-viable cdilsg-stained) lying in 4 corner
squares of 1 chamber in the haemocytometer wemg@dwnder low power with the
light microscope. Total number of cells in thegaral solution was then calculated

as standard ie:-

) o ) Total number of cells counted in 4 squares
Number of cells in original solution= 2 X 4 X 10000

2.7 Co-culture and conditioned media

2.7.1 Preparation of pulmonary artery fibroblast canditioned media

PAFs were grown to approximately 60% confluencp4nwell plates and quiesced
in serum free medium for 24 hours. PAF conditioneetlia was then prepared by
removing the current medium and adding 0.5ml o$Hreerum-free media to each
well. Drugs or other investigational compounds weadgled, as required for the

specific experiment.

Plates were then maintained for 24 hours in eitfeemoxic (21%) or hypoxic (5%)

conditions, as required. This process providedditimmed media containing any
growth promoting or inhibiting mediators secreteahi PAFs. The differential use
of untreated / drug-treated and normoxic / hypddd-s allows a comparison of the

effects of these condtions on PAF mediator release.

2.7.2 Application of conditioned media to pulmonaryartery smooth muscle

cells
PASMCs were separately grown to approximately 6@¥flaency in 24 well plates
and serum starved for 24 hours. This 24 hour gaiese period coincided with the
24 hours when PAF media was being conditioned.
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At the end of the 24 hour media conditioning / PASBuiescing period, serum-free
media was removed from the PASMCs and replacech&y0t5ml of experimental
PAF conditioned media. Experimental mediators veelged, as required, and plates
were maintained for 24 hours in normoxic (21%) gpdxic (5%) conditions. H]
thymidine assay was then performed, as before (€hap5.1) to determine PASMC

proliferation.

2.7.3 Co-culture of PAFs and PASMCs

The use of 24 well plate co-culture cell insertevas 2 different cell types to be
maintained in direct contact — sharing the sameianedor an experimental period.
The base of the cell inserts comprises a semi-p@Esteenembrane (Figure 2.9). We
selected inserts with a membrane pore sizeud, which allows free diffusion of
macromolecules within the shared cell culture melig not cell migration. For
these experiments we were interested in the effeftsPAFs on PASMC
proliferation. Accordingly, we grew the PASMCs ihve 24 well plate, and the PAFs
on the cell inserts (Figure 2.10).

PAFs were grown to 90% confluency on individuahi2dl plate cell inserts; for this
initial phase the cell inserts were maintainedhi@ wells of a ‘blank’ 24 well plate,
containing standard 10% supplemented DMEM. PASM@sre grown
simultaneously to 60% confluency, on separate 2iplagtes. Both cells types were
then quiesced for 24-48 hours (variable periodsymchronise’ the two cell types at

appropriate confluency) in serum free media.

Cell inserts containing PAFs were then placed withie wells of the 24 well plate
containing the PASMCs. 0.5ml of serum free media réequired experimental
mediators were applied to the wells of the 24 \phltes, containing the PASMC and
the PAFs (on the cell inserts). These co-cultutpeemental plates were then
maintained for 24 hours in normoxic (21%) or hymog%) conditions. The PAFs
on cell inserts were discarded and PASMC proliferatvas determined (chapter
2.6).
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2.8 Detection and analysis of proteins

2.8.1 Preparation of samples for protein analysis

Cells were seeded at a density of 15xdélIs/well into 6-well plates, grown to 90%
confluency and then growth-arrested in serum-fr&EDI for a period of 24 hours.
Cells were then stimulated with agonist and mam&diin normoxic or hypoxic
conditions for an appropriate time period (deteedirby protein in question).
Culture plates were thereafter maintained on iCelture medium was removed and
the cell monolayer was washed x2 with 2ml of icedd®@BS. The cells were then
lysed with 5@l radioimmunoprecipitation assay buffer (RIPA buffeomprises
Tris-HCI 50mM pH 7.4, NP-40 1%, £H3s04Na 0.25%, NaCl 150mM, EGTA
1mM, PMSF 1mM, N&vO4 1mM, NaF 1mM, CLAP 1/1000, pH 7.4). Cells were
mechanically disrupted using a cell scraper. Thbatents of each well were

transferred to 1ml eppendorf tubes on ice and dtare80°C.

2.8.2 Sodium dodecyl sulfate polyacrylamide gel efgophoresis (SDS-PAGE)
Protein samples were analysed using SDS-PAGE ysiegast 10% SDS-PAGE

gels.

Protein samples to be analysed by SDS-PAGE wese dituted to 5Q1g in SDS
Sample Buffer, (93mM Tris-HCI| pH 6.8 and 20mM ddthreitol (DTT), 1mM
sodium-EDTA, 10% glycerol (v/v), 2% SDS (w/v) and02% bromophenol blue
(w/v)). Samples were boiled for 5 min to denatpreteins and disrupt disulphide
bonds. The required volume was loaded into theviddal wells of the stacking gel
using loading tips. Pre-stained SDS protein mokacweight markers (Biorad) of
known size were also placed in one lane of the @déler loading samples,
polyacrylamide gels were assembled into a Bio-Radtm®phoresis unit. The two
chambers of the unit were filled with ElectrophaseBuffer and the polyacrylamide
gel subjected to electrophoresis for approximafelgour at a constant current of
240mA.
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Figure 2.9 24 Well Plate Co-culture Cell Insert.

Figure 2.10 Co-culture Cell Insert in a 24 Well Plge.
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The molecular weight of proteins was estimateddmgaring their mobility to that
of pre-stained SDS-PAGE standards. The standastswere myosin (205kD&};
galactosidase (120kDa), bovine serum albumin (87lkibd ovalbumin (48kDa).

2.8.3 Western blot analysis

2.8.3.1 Transfer to nitrocellulose membrane

Following completion of electrophoresis, polyacmide gels were removed from
the apparatus and washed once in Blotting Buff@é¥q2nethanol (v/v), 25mM Tris-
base, 192mM glycine). Proteins were transferrethftbe polyacrylamide gel to the
nitrocellulose by assembling a transfer cassetteh wihe nitrocellulose
juxtapositioned between the polyacrylamide gel #&mel cathode. By this method
negatively charged proteins were transferred tocgtlulose for 1.5-2h at a constant

1 amp current.

2.8.3.2 Immunablotting

The nitrocellulose blots were washed in PBS/T (RBStaining 0.02% Tween-20
(v/v)) and blocked for non-specific binding for &m a rocking platform at room
temperature in PBS/T supplemented with 10% nordit (Marvel) (w/v). Blots
were incubated for 1h in PBS/T supplemented with &svel (w/v) containing a
1:1000 dilution of primary antibody: either rablinti-dual phosphorylated MAPK
antibody (to assess MAPK activation) or rabbit aMAPK antibody (to assess total
MAPK and ensure equal protein loading). The bletse rinsed and washed 4
times over an hour with PBS/T and then incubatedfturther 60 mins in PBS/T +
5% Marvel (w/v) + secondary donkey anti-rabbit Ig@tibody conjugated to HRP
(1:15,000). The blots were then washed as before.

2.8.3.3 Secondary antibody detection

Following completion of washing procedures protesese detected using a method
of enhanced chemilumenescence (ECL). Blots werebied in ECL solution
(Amersham) for 30s and sandwiched between acakateGare was taken to ensure
all air bubbles were removed. Blots were then mlacean X-ray cassette and light

emission from the horseradish peroxidase enzyraation on its substrate contained
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within the ECL solution was detected following egpoe (1-10mins) of
nitrocellulose blots to a piece of X-ray film usimgKODAK M35-M X-OMAT

processor.

2.8.3.4 Re-probing nitrocellulose membranes

In instances where the same membrane was usedle fpor different proteins,

primary and secondary antibodies were stripped frma nitrocellulose by

incubating in Stripping Buffer (100mM B-mercaptagtiol, 2% SDS and 62.5mM
Tris-HCI, pH 6.7) for 30 minutes at %D with agitation. Blots were then rinsed with
PBS/T 4x over 40 mins before the immunodetectiatqmol was repeated.

2.9 Data analysis

For cell counting and DNA synthesis experiments$a @ae expressed as meas.D.
for 4 replicate plates from the same experimenpdexments were repeated in cells
from a minimum of 4 different animals. The statiatisignificance of differences
between mean values from control and treated gravgips determined by Student’s
t-tests and all graph preparation and data analassconducted using GraphPad
(Prism) software. Two-tailed probability valuesleds than 0.05 (P<0.05) were

considered to be significant.
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Chapter 3

Effects of Statins on Rat Pulmonary and Systemic

Artery Fibroblast Proliferation
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3.1 Introduction

As discussed in the general introduction (Chap)errdgardless of the aetiology,
pulmonary hypertension is characterised by vascunodelling affecting the
intimal, medial and adventitial layers of the pulmoy artery”. In hypoxic
pulmonary hypertension, in animals and humanse#ukest changes are seen in the
adventitial compartment of the pulmonary arteriggh fibroblast proliferation and
adventitial thickenin§f. There is now a substantial body of work charisitey
cellular and molecular changes in pulmonary vasaelaodelling. In particular, the
available data supports a concept of the pulmomargry fibroblast (PAF) as a
“concert leader” of the remodelling in hypoxic punary hypertensioh indicating
that this may be a valuable target for further aede into therapeutic agents which

may attenuate hypoxic pulmonary hypertension.

Previous work in the SPVU laboratory has charas¢eriaspects of hypoxic PAF
behaviour. In particular, PAFs have been showprddiferate in acute hypoxi&.
This response is selective for the pulmonary catoh (systemic adventitial
fibroblasts shown no change in proliferation in byga), is preserved across animal
specie¥®’ and is dependant on the phosphorylation of thesstresponsive protein
p38 MAP kinas®® *> "1 Also, proliferative and signalling mechanismsaicute
hypoxic PAFs have been shown to mirror those in $ABmM chronic hypoxic
animals”’. Firstly, this body of work provides a basis farther investigation of
cellular and molecular pathways in hypoxic pulmgnasascular remodelling.
Secondly, it demonstrates the utility of an acuigadxic rat PAF model. In
particular, the identical proliferative and celgysalling phenotype of acute hypoxic
PAFs, when compared with either human PAFs and gudmy hypertensive animal
PAFs demonstrates the relevance of this cell mddelpreliminary experiments
exploring potential hypoxia-selective antiprolifeva agents. As this cell model is
robust and readily available it was selected fa@ ittitial ‘battery’ of experiments
with statin drugs, proposed for this thesis.

Observations regarding the demonstrated pleiotragffects of the HMG-CoA
reductase inhibitors (statins) led to the suggedtat these drus may be effective in
pulmonary hypertension. Various groups have noowshpositive effects of statins
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on experimental pulmonary hypertension, in difféeranimal models, though there
has been one recent contradictory report (see €ha 0.6 for more details). Based
on this, clinical trials of statins for pulmonarstexial hypertension have commenced
but, as also previously discussed, there is stdllastantial gap in the pre-clinical

knowledge base in relation to statins and pulmohgpertension.

We considered the possibility of further statinatreent of animals models, in
particular the chronic hypoxic rat model. We distt®ed this as an approach to
address the aims of this thesis at an early st&gstly, whole animal studies do not
allow the assessment of the primary molecular nm@sha of action of the statin.
Secondly, dose-ranging and individual statin-conspar experiments would require
a prohibitive number of animals. Also, it is ndéar how well dosing studies in

animals translate to human use.

As statins have been shown to have antiprolifegatiffects on diverse cell types -
including fibroblast8* - we suspected that they may have useful antifprative

effects on PAFs. When the known effects of statimgell signalling pathways (see
chapter 1.10.5) are considered alongside hypogitafiing pathways (eg RhoA-Rho
kinase or Racl-NADPH oxidase) it was consideredsipts that statins may

specifically have effects on hypoxic proliferationPAFs.

If statins were shown to have an effect on acuohkia-induced proliferation in rat
pulmonary artery fibroblasts (RPAFs), this would\de a basis to further explore
the therapeutic potential of statins, using oumaldshed cell models. Also, the
known effects of statins on cell signalling coullden be exploited to further
interrogate hypoxic signalling in these cells. Wgothesised that statins would
have an inhibitory effect on acute hypoxia-indugedliferation in RPAFs and the

experiments in this chapter were conceived tofglahnis.
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3.2 Methods

As outlined in the general methods (Chapter 2) pamonary artery fibroblast
(RPAF) and rat aortic fibroblast (RAF) cell lineemg established from normal adult
male Sprague-Dawley rats. Cell lines were charizet® (by negative smooth
muscle a-actin staining) and morphology reviewed at eacheexnental stage to
exclude cell transformation or infection. Prol&Bon and viability of RPAF and
RAF cells was determined in experimental conditiemormoxia vs acute hypoxia
(5%) +/- serum, statin or other mediator - by aalnting, thymidine assay and
trypan blue staining. Results are expressed infiwges as mean +/- 1 standard

deviation.
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3.3 Results

3.3.1 Confirmation of the Fibroblast Cell Type
Initial cultures of individual cell lines were sta&d at the time of initial passage, after
explant, fora-smooth muscle actin. Positively stained cells Mondicate smooth

muscle contamination and this cell line would netused for experimentation.

Visual assessment of cell morphology undertakesaah passage and daily in cells
undergoing experimentation confirmed the stabibfythe cell lines. Figure 3.1
shows fibroblasts derived from the pulmonary arteonfluent in a cell culture plate.
In particular, the shape of the cell provided idestion of the cell type.
Fibroblasts appeared multipolar or bipolar and wepkhced when subconfluent but,

when confluent, typically appeared bipolar and lest spread®.

3.3.2 Effect of Fluvastatin on Serum-induced DNA Sythesis And

Proliferation of Rat Adventitial Fibroblasts
To determine the effects of fluvastatin on seruchdted proliferation of pulmonary
and systemic adventitial fibroblasts, incrementages of serum (1, 3 and 5%) and
fluvastatin (0.1, 0.5, 1, 2.5, 5, 10, 20 anduB) were variously added to serum-
starved semi-confluent cells during 24 hour preodifen assay. °H] thymidine
uptake and total cell counts were determined, alidv@ability was assessed using
trypan blue staining.

Figure 3.2 illustrates the effect of fluvastatin sarum-induced DNA synthesis,
measured by>H] thymidine uptake, in RPAFs (panel A) and RAFsir{el B).
Figure 3.3 similarly outlines the effects of flutatsn on serum-induced proliferation,

as measured by total cell counts.

Increased DNA synthesis and proliferation of RPA#&l RAFs was seen with
increasing concentrations of serum. Fluvastatinages<luM had no effect on
serum-induced proliferation. Doses of fluvastaiinlOuM or greater completely
inhibited serum-induced proliferation (p<0.001)mjtH] thymidine uptake and total
cell numbers similar to serum-starved control cell§luvastatin pM had an

intermediate effect on RPAF and RAF proliferation.
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Figure 3.1  Confluent Pulmonary Adventitial Fibroblasts
Fibroblasts from the pulmonary artery were viswliby light microscopy.
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Figure 3.2  Effects of Fluvastatin on Serum-induce¢H] Thymidine Uptake

by Adventitial Fibroblast Cells
Growth arrested rat pulmonary artery fibroblastan@ A) and rat aortic fibroblasts
(Panel B) were stimulated with graded doses ofrseand fluvastatin, for 24 hours.
DNA synthesis, as an index of cell proliferatiorasnmeasured byH] thymidine
uptake. Experiments with other doses of fluvastédi.1l, 2.5, 20 and 1) were
also undertaken but these are omitted from thehgréqr clarity. Values shown are
mean +/-SD from 4 replicate experiments on cellsmfrthe same animal,
experiments were repeated on cells from >4 aniraats representative graphs are

shown here.
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Figure 3.3  Effects of Fluvastatin on Serum-induceéroliferation of

Adventitial Fibroblast Cells.
Growth arrested rat pulmonary artery fibroblastan@ A) and rat aortic fibroblasts
(Panel B) were stimulated with graded doses ofrsefi+ fluvastatin 4tM (F1) or
fluvastatin 1@M (F10), for 24 hours. Cells were stained withpag blue and
counted. Experiments with other doses of fluvastgt.1, 2.5, 20 and %0) were
also undertaken but these are omitted from thehgrégr clarity. Values shown are
mean +/- 1SD from 4 replicate experiments on céitsn the same animal;
experiments were repeated on cells from >4 aniraats representative graphs are

shown here. (*value significantly greater thantcoinp<0.01).
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Proliferation responses of pulmonary and systerdieatitial fibroblasts to serum
were similar. Also, no significant differences wexeen when comparing the effects
of fluvastastin on serum-induced proliferation eirponary vs systemic adventitial

fibroblasts.

3.3.3 Effects of Fluvastatin on RaAdventitial Fibroblast Viability
Cell viability (as assessed by morphology and feilip stain with trypan blue) was
unaffected by fluvastatin at doses up to and inolpd QuM: <5% of cells stained

with trypan blue for all experimental conditions.

Fluvastatin 20 and %M were seen to induce cell death by the end of2théour
experiment with minimal residual cells seen attlighcroscopy (figure 3.4). These
residual cells stained with trypan blue, indicatiogs of plasma membrane integrity /

non-viable cells.

3.3.4 Effect of Fluvastatin on Platelet-Derived Graith Factor-induced
Proliferation of Rat Pulmonary Adventitial Fibrobl asts

To determine if the effects of fluvastatin on advteal fibroblast proliferation were

mitogen-specific, selected experiments were repeateing PDGF-BB in place of

serum. Given similar results obtained in the pdeugp experiments with serum in

both FH] thymidine uptake vs cell culture and with RPA#s RAFs only {H]

thymidine uptake in RPAFs was undertaken for thisgarison.

PDGF-BB stimulated DNA synthesis in RPAFs, with asel response seen, as
previously shown. As with serum-stimulation, dagefluvastatin <1@M had no
effect in DNA synthesis. 1M fluvastatin reduced DNA synthesis, but less snmth
in the serum stimulation experiments. As with gsum-stimulated cells, g¥

fluvastatin induced cell death, regardless of PIBE~eoncentration.



105

Figure 3.4  Effect of 2@M Fluvastatin on Rat Pulmonary Adventitial
Fibroblast Cell Viability

Rat pulmonary adventitial fibroblasts were visuadidy light microscopy, following

a 24 hour proliferation experiment. Quiescent céldel been maintained in cell

culture media supplemented with 5% serum and fhawias 2QuM, in normoxic

conditions for 24 hours.
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Figure 3.5  Effect of Fluvastatin on Platelet-Derivd Growth Factor-Induced
[*H] Thymidine Uptake by Pulmonary Adventitial Fibrob last
Cells.
Growth arrested rat pulmonary artery fibroblastsenstimulated with graded doses
of serum for 24 hours +/- fluvastatip or 10uM. DNA synthesis, as an index of
cell proliferation, was measured b{H|] thymidine uptake. Values shown are mean
+/- 1SD from 4 replicate experiments on cells frdre same animal; experiments
were repeated on cells from >4 animals and reptases graphs are shown here.

(*value significantly reduced vs control, p<0.01).
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3.3.5 Effects of Acute Hypoxia and Fluvastatin on dventitial Fibroblast
Proliferation

The effects of acute hypoxia on RPAF proliferatiwas confirmed by thymidine

experiments, with incremental serum concentratianigh [°H] thymidine uptake

compared in cells which had been maintained in earn(21%) and hypoxic (5%)

conditions for the 24 hour experimental period (ff@3.6). As had been previously

shown, acute hypoxia had no effect on quiescennt(@l) cells but caused a

significant increase in cellular DNA synthesisthie presence of serum.

This effect — increased proliferation in acute hyipo—- was seen across all serum
concentrations. The magnitude of the effect, h@reappeared less with higher
serum concentrations as the cells proliferatednto dxtent that they had become
confluent in the wells before the end of the 24rhmeriod. Contact inhibition results

and a relative reduction in DNA synthesis at thd ehthe experiment occurs. This
artefact is seen to be most marked with 10% serinerevearly proliferation is so

high even in normoxic conditions that the thymidassay falsely suggests reduced

proliferation.

Fluvastatin 1M — a dose shown not to affect mitogen-induced if@m@ition of
RPAFs in preceding experiments — completely blocted acute hypoxia-induced
increase in3H] thymidine uptake in RPAFs. Again, this was seeross the range
of serum concentrations (Figure 3.6).

The effect of acute hypoxia on DNA synthesis anitl m®liferation was found (as

previously) to be pulmonary-selective: RAFs ext@ditno increase in thymidine
uptake (Figure 3.7) or cell numbers (Figure 3.8paute hypoxia. Also the anti-
proliferative effect of fluvastatinyiM was confirmed to be circulation and stimulus
selective. Acute hypoxia-induced DNA synthesis anoliferation in RPAFs was

completely inhibited by fluvastatinuM. Serum-induced proliferation in RPAFs and
all proliferation in RAFs was again unaffected lvastatin at this dose. This is
compared to the non-selective effect of fluvastaindoses>10uM (significantly

inhibited serum-induced proliferation in both dsibes).
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Figure 3.6  Effects of Incremental Serum Concentrations, Acutédypoxia and
1pM Fluvastastin on [PH] Thymidine Uptake by Rat Pulmonary
Adventitial Fibroblast Cells.
Growth arrested rat pulmonary artery fibroblastsenstimulated in normoxia (21%)
or hypoxia (5%, 35mmHg) for 24 hours +/- serum (13%p, 5% or 10%) and
fluvastatin 1lM. DNA synthesis, as an index of cell proliferatiavas measured by
[*H] thymidine uptake. Values shown are mean +/- 188m 4 replicate
experiments on cells from the same animal; experisn@ere repeated on cells from
>4 animals and representative graphs are shown h&value significantly greater

than serum-normoxia, p<0.01).
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Figure 3.7  Effects of Acute Hypoxia and Fluvastatin onH] Thymidine
Uptake by Adventitial Fibroblast Cells.

Growth arrested rat pulmonary artery fibroblastan@ A) and rat aortic fibroblasts
(Panel B) were stimulated in normoxia (21%) or hyipo(5%, 35mmHg) for 24
hours +/- 1% serum and fluvastatin 0.1, 1 ouMNO(F0.1, F1 or F10). DNA
synthesis, as an index of cell proliferation, wasasured by®H] thymidine uptake.
Values shown are mean +/- 1SD from 4 replicate exy@mts on cells from the same
animal; experiments were repeated on cells fromanénals and representative
graphs are shown here. (* value significantly tgedhan normoxia-1%serum,

p<0.05; ** value significantly less than normoxi&lserum, p<0.05).
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Figure 3.8  Effects of Acute Hypoxia and Fluvastatin on Prolifeation of
Adventitial Fibroblast Cells.

Growth arrested rat pulmonary artery fibroblastan@ A) and rat aortic fibroblasts
(Panel B) were stimulated in normoxia (21%) or hyipo(5%, 35mmHg) for 24
hours +/- 1% serum and fluvastatin 0.1, 1 opMIO(F0.1, F1 or F10). Cells were
stained with trypan blue and counted. Values shawen mean +/- 1SD from 4
replicate experiments on cells from the same animgleriments were repeated on
cells from >4 animals and representative graphs slrewn here. (* value
significantly greater than normoxia-1%serum, p<Q.05value significantly less

than normoxia-1% serum, p<0.05).
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3.3.6 Comparison of the Anti-Proliferative Potencyof Different Statins

The effects of 3 lipophilic statins (atorvastatifyvastatin, simvastastin) and 1
hydrophilic statin (pravastatin) on serum and hyaorduced proliferation of
RPAFs and RAFs were compared. As before, serunmeremental doses of statin
was added to quiescent fibroblasts at the staat 24 hour experiment. Cells were
transferred to the normoxic or hypoxic incubatod 4fH] thymidine uptake was
measured. Rigorous attention was taken to ensuo@acy of the concentration of
the statin stock solutions and the doses adddtetexperimental wells. The number
of wells for each experimental condition was alsalded for these experiments (to
8), so that any small differences in potency cdoddesolved.

No difference in the potency of the lipophilic statwas identified. In particular,
hypoxia-induced proliferation of RPAFs was comgletnd selectively inhibited by
1uM fluvastatin, simvastatin and atorvastatin (Fig8r@). These 3 statins exhibited

similar anti-proliferative potency across a narrose range around this (0.5—

2.5uM).

The hydrophilic statin pravastatin had no effect aail viability, serum-induced
proliferation of RPAFs or RAFs or hypoxia-inducawlgeration of RPAFs, at doses
up to 5QM.

3.3.7 Effects of Established Pulmonary Hypertensiomherapeutic Agents on
Adventitial Fibroblast Proliferation

The effects of a prostacyclin analogue (treprostdiethanolamine, UT15c), a

phosphodiesterase-5 inhibitor (sildenafil) and adathelin antagonist (bosentan) on

serum and acute hypoxia-induced proliferation ofAR® was determined. As

before, graded concentrations of serum and expatahenediators were added to

quiescent cells and thymidine uptake was measuted2 hours in either normoxic

or hypoxic conditions.

50uM of UT15c, sildenafil and bosentan had a non-dmeanhibitory effect on
serum-induced proliferation (Figure 3.10) and alsocell viability as visualised by
light microscopy. With sildenafil and bosentanubQ) precipitated material (most

likely  drug) was  visualised in the  wells at 24 heur
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Figure 3.9  Comparison of the Effects of 4 DifferenStatins on Hypoxia-

Induced [PH] Thymidine Uptake by Pulmonary Adventitial

Fibroblast Cells.
The effect of a range of doses of lipophilic stati(fluvastatin, atorvastatin,
simvastatin) and a hydrophilic statin (pravastatim H] thymidine uptake in
quiescent RPAFs, stimulated with 1% serum and 2drshaf hypoxia (5%,
35mmHg), was determined. Results are plotted assr@f measured thymidine
uptake vs thymidine uptake in control cells (me&8 experiments on cells from the
same animal; respresentative results from expetsnen 4 different animals are
shown). The mean +/- 1SBH] thymidine uptakes of RPAFs stimulated with 1%
serum in normoxia or hypoxia without statin arewhas shaded areas. (p<0.05 for
fluvastatin, simvastatin, atorvastatin 1 & 2V treated cells, vs serum-hypoxia

treated cells)
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Figure 3.10 Effects of a Prostacyclin Analogue, PDE Inhibitor and ET-1
Receptor Antagonist on Serum and Acute Hypoxia-lduced FH]
Thymidine Uptake by Pulmonary Adventitial Fibrobl asts.
The effect of a range of doses of treprostinil lte@olamine (UT-15c¢), sildenafil and
bosentan on®H] thymidine uptake in quiescent RPAFs, stimulandth 1% serum
and 24 hours of hypoxia (5%, 35mmHg), was deterchinéalues shown are mean
+/- 1SD from 4 replicate experiments on cells frdma same animal. Experiments
were repeated once in cells from a different aniara respresentative results are
shown. (* value significantly greater than normagPoserum, p<0.05; ** value

significantly less than normoxia-1% serum, p<0.05).
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10uM of UT-15c partially inhibited serum-induced pffeliation, with no effect on
cell viability. 1uM of UT-15c and 1-10M of sildenafil and bosentan had no effect
on serum-induced RPAF proliferation. None of theéseys, across the range of cell
culture concentrations, exhibited any definite hyipeselective effect. The error
bars in the experiments with serum-normoxia andrearormoxia+1QM UT-15¢c
overlap — accordingly 10uM of UT-15¢c may be consdeo possibly have partially,
non-specifically inhibited proliferation or alteringely to have had no effect on

serum-induced proliferation and a specific effechgpoxia-induced proliferation.
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3.4 Discussion

In this chapter, the ability to establish and maimta previously characterised cell
model (pulmonary and systemic adventitial fibrotddsom normal rats, in normoxia
and acute hypoxia) was demonstrated. Techniquasgess cell proliferation were
undertaken and the effects of statin drugs on adiariibroblast proliferation were

determined.

For the initial experiments of this project, cetblferation was estimated by both
[*H] thymidine uptake and cell counting®H] thymidine uptake is widely used as a
proxy measure of DNA synthesis and cell prolifemati Though there are potential
sources of error with this (some of th#i] thymidine may be incorporated into
macromolecules other than DNA; some of the DNA intiaich it is incorporated
may be for cell repair rather than cell prolifeoafi, using {H] thymidine uptake to
determine cell proliferation has previously provebust in our laboratory. In
particular, the optimal timing of%H] thymidine addition (at 4 hours prior to

experiment completion in a 24 hour experiment) heeh previously verifid”.

For further clarification, 3H] thymidine and cell counting experiments werdiéatiy
used in tandem. As the tandem experiments in ¢hipter using these two
techniques mirrored one another completefif] [thymidine was used as a lone
assessment tool for cell proliferation hereafter.

Fluvastatin was the statin initially available t® for experimental work. The effects
of fluvastatin on serum and PDGF-BB induced praddif®en and viability of PAF and
SAFs are in line with numerous previous investigafmdings with other (normal or
tumor) cell type®® 234 A cell culture dose of M caused partial inhibition of
proliferation and doses of M or greater caused complete inhibition of
proliferation and cell death. This effect (inhibit of mitogen-induced adventitial
fibroblast proliferation +/- cell death) was notesgic to the mitogens studied,
though effects mediated by PDGF-BB may be slightigre resistant to statin

inhibition.
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Based on previous investigators findings, it iscsgeted that this non-specific
antiproliferative effect of fluvastatin, at doseSuk, was a consequence of HMG-
CoA reductase inhibition with consequent disruptioh prenylated G-protein
signalling and/or cell membrane lipid raft integritThis contention was not pursued
further in this project, firstly as hypoxic prolregion (rather than mitogen-induced
proliferation) was the focus and secondly, as #leaulture dose required for these
effects (5-1QM) is very much higher than that achieved in threudation,in vivo, in
humans, after standard oral dosing of this tHug Accordingly, it was not
considered likely that this effect is of major rdace to pulmonary vascular disease

in humans, or potential treatment.

Acute hypoxia has been previously shown to stineukgnificant increase in rat
PAF cell proliferation, with no effect on systemiadventitial fibroblast
proliferation®>. This was confirmed again in this chapter's ekpents. We also
established that statins have a selective inhipiffiect on hypoxic proliferation, at a
lower cell culture dose than is required for inhdn of mitogen-induced
proliferation. Fluvastatin, at a dose @f\l, demonstrated striking inhibition of acute
hypoxia-induced proliferation. At this dose, théeet of fluvastatin was selective
for hypoxia (fluvastatin {M had no effect on serum or PDGF-BB induced
proliferation) and this cell type (fluvastatinud had no effect on systemic
adventitial fibroblasts proliferation). This resul selective inhibition of hypoxic
PAF proliferation by fluvastatiniiM - is the foundation for the other chapters irsthi

thesis.

Inhibition of pulmonary vascular cell proliferatidoy statins has previously been
reported, but effects were only recognised witthhagll culture doses of statins (30—
80 mM)*8 which are much higher than those achieved wittndgsrd dosage of
statins in vivo, in humans. Furthermore, in these previous studies pulmonary
specificity of this antiproliferative effect was tnstudied: at these cell culture doses
statins have nonspecific antiproliferative effecs virtually any cell studied,
including systemic vascular céff§ possibly via disruption of centromere

assembl§**
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A dose dependant / stimulus specific / cell typectr in vitro effect of statin has
been noted previously. A suggested explanationthet the cell signalling
mechanisms unique to the stimulus or cell undetystoay be very reliant on ready
supply of individual compounds produced by the HI@GA reductase pathway,
accordingly rendering them very sensitive to statimbition. It seemed likely that
acute hypoxia-induced proliferation of RPAFs wagatwlant on a HMG-CoA
reductase product, but other mechanisms of actfothe statin were considered
possible. Experiments to fully address this wax@ppsed and these are considered

in detail in the following chapter.

There are 5 statins currently in mainstream clinicge in the UK (pravastatin,
simvastastin, atorvastatin, fluvastatin and rostatag and the effects of some of
these on cell proliferation have been comp&fed Simvastatin, atorvastatin and
fluvastastin are typically equipotent im vitro proliferation studies, whilst
pravastatin has much less, or no antiproliferagéffect. To clarify this in our cell
model, the acute hypoxia-selective antiproliferateffect in RPAFs was compared
across a range of statin doses, with 3 differepophilic statins (fluvastatin,
atorvastatin and simvastatin). No difference ihegi the nature of the effect, or in
statin dose-response was seen: we found the lipoglatins to be equipotent. This
result is compatible with the statin effect on acutypoxic proliferation being
mediated by HMG-CoA reducatase inhibition (for whithese statins would be
expected to be equipotent at a cellular level)eiathan an HMG-CoA reductase
independent effect (which depends on the specifiinss molecular structuréy.
Our findings -equipotency of fluvastatin, atorvdéista and simvastatin in
antiproliferative cell culture experiments - ardiime with most of the literature. For
our experiments, preparation and dilution of steckutions of these statins was
minimised and meticulous attention was taken, gleoto minimise any cumulative

error from repeated pipetting etc.

Lipophilic statins diffuse freely across cell membes and have been shown to have
effects on cellular processes in diverse cell typgscontrast, water soluble statins
(eg pravastatin, rosuvastatin) do not diffuse el membranes and are expected
only to have an effect on cells with specific meant® receptor mechanism to

internalise them (eg hepatocytes). There haveglieny been occasional reports of
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positive effects of pravastatin on cell lines othkan hepatocytes. To clarify
whether there was an effect of hydrophilic statinghis cell model, pravastatin was
studied. No effect on hypoxic or serum mediated-P#oliferation or cell viability
was seen, at doses up toudD This data suggests adventitial fibroblasts lack
cellular mechanism to internalise pravastatin. sThesult is typical for non-
hepatocyte cell culture studfé¥

Combined with the previous results of other gro@gmtin-mediated inhibition /

reversal of experimental pulmonary hypertensiom),was considered that the
observed cellular effects of statin - selectivabitton of acute hypoxia-induced PAF
proliferation by low dose fluvastatin, atorvastatand simvastatin - may be
theoretically beneficial in clinical application jpulmonary hypertension. It was
therefore felt relevant to determine if this caluleffect was novel, or simply
duplicates an effect achieved by drugs alreadybbsked in clinical use in

pulmonary hypertension. To address this, an afyjent each of the 3 established
drug classes (prostacyclin analogue, phosphodésstés inhibitor, endothelin-1
antagonist) in PAH was obtained and evaluatedstRegclin acts via cell membrane
receptors stimulating cAMP production and via PP#&Reptors, with direct effects
on intracellular processes. Phosphodiesterase DE-@ inhibitors inhibit the

breakdown of cGMP (thereby increasing the intratatl concentration of cGMP).
Endothelin-1 (ET-1) antagonists reversibly block ceembrane ET-1a +/- ET-1b
receptors. All of these mediator pathways havenbeplicated in hypoxic signaling
and pulmonary vascular cell proliferation (see Gaad.5.2). The manufacturing
drug companies provided treprostinil diethanolamif\¢T-15c, a prostacyclin

analogue), sildenafil (a PDE-5 inhibitor) and bdsen(a dual ET-1 A/B receptor

antagonist).

UT-15c, sildenafil and bosentan had non-speciftahbitory / cytotoxic effects, on
serum-induced RPAF proliferation, at high cell audt doses. We found no definite
specific effect of these drugs on hypoxia-inducedliferation which argues against
a role for prostacyclin, cGMP or ET-1 signallingtipsays in acute hypoxic
proliferative signaling pathways in this cell typelhe inconclusive results with
10uM UT-15c are, however, as acknowledged in sectich73 The results with

these agents should not be overinterpreted, phatiguas time constraints limited the



119

number of experimental repeats undertaken forsicsion, in comparison with all of
the other experiments presented in this chaptempbrary issues with cell-culture
infection interrupted experiments at this time #dmel decision was made to focus on
the most relevant results (with the low dose statther than the equivocal result
with a cell-culture dose of UT-15c which is of ddwib clinical relevance. With
caveats about less experimental repetition, howeter result with bosentan is
notable. Stenmark’s groupave previously showandothelin-1 release by PAFs in
acute hypoxia and implicated autocrine/paracrirlease of mediators (ET-1 and
adenosine triphosphate) in hypoxia-induced PAFiferattion®> %> The results we
obtained with bosentan are not incompatible withséhfindings, but they do indicate
that autocrine and/or fibroblast-fibroblast pamaerpro-proliferative effects of ET-1
do not significantly contribute to hypoxic prolitgion of rat PAFs, over a 24 hour

period.

Hypoxia-induced proliferation of pulmonary adveiafitfibroblasts is likely to be a
key process in pulmonary vascular remodelling idmmnary hypertension. In
previous work, and in the current series of expernts, the only agents which have
been identified as selective inhibitors of hypokiduced proliferation of PAFs are
p38 MAP kinase inhibitors® and low-dose statifi¥. Though these findings suggest
therapeutic potential for statins in hypoxia-asatex pulmonary hypertension, we
also considered that there was a more immediaterexental application. The
effects of statins on cellular processes have pusly been shown to be mediated by
a restricted panel of effects on intracellular pno¢ and signalling, and specific
inhibitors and mediators for each of these indigidmechanisms is available.
Combining an awareness of the HMG-CoA reducatagealling pathway with the
key results from this chapter (selective inihihitiof acute hypoxic PAF proliferation
by 1uM fluvastatin) offered the possibility to furtherterrogate hypoxic proliferative
signalling in this important pulmonary vascularlceThe experiments conceived in

order to achieve this interrogation are the fodube following chapter.



120

Chapter 4

Characterisation of Acute Hypoxic Signalling Patlgg/a
in Pulmonary Adventitial Fibroblasts: Mechanismtio¢

Antiproliferative Effect of Fluvastastin
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4.1 Introduction

In the previous chapter competencies with routeleaulture, an acute hypoxic cell
model and standard proliferation assays were estedol. Results from that chapter
showed the effects of statins on proliferation d¥entitial fibroblasts. In particular,
acute hypoxia-induced proliferation of rat pulmgnadventitial fibroblasts was
selectively inhibited by @M of fluvastastin, atorvastastin or simvastastifWe
sought to determine the mechanism of this inhiliteffect of statin, in order to

characterise hypoxic signalling pathways in rabhputary adventitial fibroblasts.

The general mechanisms of action of statins hawn hgreviously outlined (see
Chapter 1.10.5 and figure 4.1). Notably, intermatzi of the cholesterol
biosynthesis pathway and inhibitors of specific detseam steps related to this
pathway are now available for experimental use.seBaon this, a sequence of
experiments to determine the effects of these itdrdand intermediates (alone and
in combination with fluvastatin), on acute hypoxiguced RPAF proliferation were

conceived, in order to clarify the mode of actidnh@ statin.

Phosphorylation of p38 MAP kinaseandy has been shown to be an obligatory step
responsible for the differential response of pulargnand systemic adventitial
fibroblasts to acute hypoxia, mediating acute hypgroliferation®. p38 MAP
kinase inhibitors selectively inhibit hypoxia-indeet PAF proliferation (ie identical
effect to LM fluvastatin) whereas inhibitors of other MAP ksgaproteins have no
effecf®  This hypoxia-p38 MAPK-proliferation signallingafhway has been
confirmed in acute and chronic hypoXia and in rat, bovine and human c#lfs
There is, however, some contradictory data frone@natal calf acute hypoxia PAF
model. In these cells, there is also biphasicM2® kinase phosphorylation. Acute
hypoxic proliferation, however, of these PAFs igp@edant on phosphorylation of
ERK, rather than p38 MAPK™. Accordingly, given the similar effect ofiM statin
and p38 MAPK inhibitor on acute hypoxic RPAF pretdtion and this controversy
about MAP kinase signalling in hypoxic adventitiddroblasts, we also elected to
determine the effects of acute hypoxia, statinstaedther inhibitors and mediators

on MAP kinase phosphorylation.



122

Considering the known effects of statins, we cosr®d it likely that the positive
effect (ie inhibition of acute hypoxic RPAF proli&ion) identified in Chapter 3
might be mediated via effects on a prenylated Gé&Ppsotein. Based on
observations about acute hypoxic signalling in gainsee Chapters 1.6.5 and 1.7.2),
we additionally speculated that this GTPases maghm®A or Racl, acting upstream
of p38 MAP kinase. Based on this, we proposedviduate the effects of specific
inhibitors of Rho kinase and Racl activation on dxyp-induced MAP kinase
phosphorylation and proliferation or RPAFs, if thesults with the HMG-CoA
reductase pathway compounds were suggestive ofeafap a geranylgeranylated
signalling protein.
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Figure 4.1  Cholesterol Biosynthesis Pathway: Interediates and Related Inhibitors

The cholesterol biosynthesis pathway with its exlatell signalling systems (see chapter 1.10.5uidher description) is shown annotated with
available inhibitors (green boxes). Statins inhibe synthesis of mevalonate (the rate limitirgpsn this pathway) and accordingly have the
potential to interfere with the indicated cell simg pathways (blue boxes). Statins have alssnb&hown to have effects on cell activity

independent of this pathway, via direct interactioth cell receptors (eg the LFA-1 receptor on mphocytes).

Prenyltransferase enzymes (farnesyl transferaggmanylgeranyl transferase | and Il) facilitate gwest-translational modification of selected
target GTPase proteins, attaching the specifioeapd molecule (FPP or GGPP) onto the proteinecBip inhibitors are available for farnseyl
transferase (FTase |) and geranylgeranyl transddré@SGTase 1). Zaragozic acid A (squalestatirg gjualene synthase inhibitor, blocking the
conversion of sqalene to cholesterol. There isydver, some crossover inhibition of farnesyltrarese with this compouftf and an
additional agent was sought to comprehensivelysases ‘lipid raft arm’ of the cholesterol pathwalethyl-$-cyclodextrin doesn’t affect the
cholesterol biosynthesis pathway directly but iamsavid binding molecule of cholesterol, retainihgithin its molecular ring structure. When
added to cell medium for a short period (30ming toour) methyB-cyclodextrin disrupts lipid raft structures by édang cholesterol from the

plasma membrane and sequestering it in the waligbleaculture medfd®

Where statins are shown to have an inhibitory éfifecell culture (as with acute hypoxic prolifacat of RPAFs, Chapter 3) the mechanism of
this effect, and the cell signalling system impigchcan be clarified with reference to this pathwéay particular, the cell signalling events can
be interrogated by a sequence of experiments wsaign inhibition and sequential repletion with leaaf the pathway intermediates, with

concurrent experiments utilising each of the inidadownstream inhibitors.
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4.2 Methods

As outlined in the general methods (Chapter 2),p@monary artery fibroblast
(RPAF) cells were studied in experimental condgiemormoxia vs acute hypoxia
(5%) +/- serum, statin or other mediator. Und@&sthexperimental conditions, cell
proliferation was assessed by thymidine assay dmaspghorylation of mitogen-
activated protein kinases was determined by thécgpion of relevant antibodies to
nitrocellulose membranes containing proteins sépdriiom cell extracts using an
SDS-PAGE / western blot technique. Results areemged in the figures as mean
+/- 1 standard deviation.
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4.3 Results

4.3.1 Effects of Hypoxia and Fluvastatin on MAP Kimase Phosphorylation
Previous experimental work in the SPVU laboratoag klemonstrated the effects of
serum and acute hypoxia, at various timepoints @av&4 hour period, on MAP
kinase phosphorylation in rat PAFs. There is darste phosphorylation of
ERK1/2 in normoxic or hypoxic RPAFs. There are kzeaf p38 MAP kinase
phosphorylation at 4 and 16 hours and inhibitoregxpents confirm that hypoxic
proliferation is dependant on these. JNK is nobgptnorylated in these cells in

normoxia or hypoxig®.

In order to establish competency in protein analyschniques and as a precursor to
experiments with statin, phosphorylated MAP kinasd total MAP kinase in cells
maintained in normoxia or hypoxia for 16 hours wdetermined by Western Blot
analysis (Figure 4.2). Subsequent experiments dstraied complete inhibition of
p38 MAP kinase phosphorylation after 16 hours ofiteachypoxia, by @AM
fluvastatin. There was no effect of fluvastatiMLon phosphorylated ERK or JNK,
or total MAP kinase, at this time point.

4.3.2 Inhibition of Hypoxic Proliferation and p38 MAP Kinase
Phosphorylation by Low Dose Fluvastatin: Effect®f Mevalonate
Replacement
The first question regarding the statin’s mechanemaction on hypoxic signalling
in RPAFs was whether this was a consequence of M&+eductase inhibition, or
whether there was an HMG-CoA reductase indepenskaitin effect. To answer
this, we added supplemented statin-inhibited cglisultaneously with mevalonate,
‘bypassing’ the effects of statin-mediated HMG-Codductase inhibition (figure
4.3A).

Mevalonate, at doses up to 1mM had no effect oanser hypoxia-induced RPAF
proliferation. Mevalonate repletion completely atggl the inhibitory effect ofyiM
fluvastatin on acute hypoxia-induced RPAF prolifera after 24 hours and p38
MAP kinase phosphorylation at 16 hours (Figure8434.3C).
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Figure 4.2  Effects of Acute Hypoxia and Fluvastasti luM on MAP Kinase

Phosphorylation in RPAF cells

Quiescent RPAFs were maintained in normoxia (21€4)ypoxia (5%) for 16 hours.

Cell extracts were subjected to SDS-PAGE and westelot analysis of

phosphorylated (p) and total (t) JNK, ERK and p38RMkinase was conducted.

Each blot is representative of at least 3 indepen@speriments on cells from

different animals.
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Figure 4.3  Assessment of the HMG-CoA Reductase Pathy in Acute

Hypoxic Proliferative Signalling in RPAFs
Panel A shows the cholesterol biosynthesis pathaagyotated to indicate the
assessment of statin mechanism (via HMG-CoA-redeciahibition or cholesterol

pathway independent effect) achieved by mevalomgtietion.

Growth arrested rat pulmonary artery fibroblastgenstimulated with serum +/-
fluvastatin 1M (F1) or mevalonate 1mM (M) for 24 hours in norrme{21%) or

hypoxic (5%) conditions. DNA synthesis, as an wnaé cell proliferation, was
assessed byH] thymidine uptake at 24 hours (Panel B). Valshswn are mean
+/-SD from 4 replicate experiments on cells frone teame animal (*value

significantly greater than 1% serum-normoxia, p4d.0

p38 MAP kinase phosphorylation was assessed byewestiot analysis after 16
hours (Panel C). Data in panel B and C is reptasiga of >3 repeat experiments on

cells from different animals.
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4.3.3 Effects of Cholesterol Pathway Intermediatesn Rat Pulmonary
Adventitial Fibroblast Proliferation

Having confirmed that fluvastatin’s effects on a&ctiypoxic RPAFs was mediated

by HMG-CoA reductase, we sought to determine whitdlermediate compound

from the HMG-CoA pathway was required for acute dwp-induced p38MAPK

phopshorylation and RPAF proliferation.

We initially repeated the statin/acute hypoxia iechtion experiments with
repletion of squalene, FPP and GGPP, using 0.1-ohkhese compounds (these
cell culture doses were based on previous repadsaperience with mevalonate in
the preceding experiments). After 24 hours of exjppe to these cholesterol pathway
intermediates, at these concentrations, RPAF praliion was completely inhibited
and distortion of cell architecture / cell lysis svaeen under light microscopy
(photomicrographs not retained).

A direct toxic effect of these HMG-CoA reductaséhpeay compounds on the RPAF
cells was suspected. In order to determine a cafeentration of these for future
experiments, the individual effects of a gradedeseof concentrations of squalene,
FPP and GGPP on serum and hypoxia-induced prdlderaof RPAFs was

determined.

Threshold concentrations of squalene (2% FPP (LlM) and GGPP (04oM)

(which had no effects on cell architecture or oruseor acute hypoxia-induced
proliferation of RPAFs) were identified (Figure %.4At higher concentrations of
squalene, FPP and GGPP, non-specific antiproliferand toxic effects on RPAFs

were seen.

4.3.4 Lipid Raft Disruption as a Potential Mechanis for the Fluvastastin
Effect on Hypoxia-induced RPAF proliferation and 38 MAP Kinase
Phosphorylation
Lipid raft integrity has been implicated in abnotnpaoliferation of pulmonary
vascular cells. Statins disrupt lipid raft integriby interrupting the supply of
intracellular cholesterol necessary for lipid rafaintenance. To determine if an

effect of fluvastatin M on lipid rafts was mediating the inhibitory eftean acute
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Figure 4.4  Effects of Cholesterol Pathway Intermedites on Serum and
Hypoxia-Induced [*H] Thymidine Uptake by RPAFs
RPAF cells were grown to 60% confluence and queksceThe cholesterol
biosynthesis intermediates - squalene (Sq) 25, Hd@ 25@M, farnesyl
pyrophosphate (FPP) 0.5, 1 and@bor geranylgeranyl pyrophosphate (GGPP)
0.5, 1 and 2.p6M - were added as indicated, with 1% serum. Gedise maintained
in normoxic (21%) or hypoxic (5%) conditions for Béurs with cell proliferation
assessed byH] thymidine uptake. Values shown are mean +/-8nf4 replicate
experiments on cells from the same animal and gpeesentative of experiments
from cells from >3 animals. (*values significantlyeater than control, ** values

significantly less the 1% serum-normoxia, p<0.01).
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hypoxic proliferation and p38 MAPK phosphorylatigdghe effect of squalene
repletion on the statin effect (ie did it negajentis established. Also, the effects of
direct intracellular cholesterol synthesis disraptvia squalene synthase inhibition
(zaragozic acid) or membrane cholesterol depletjorethyl$-cyclodextrin) —
specifically to enquire if these agents mimickee éffect of fluvastatin @M — were
studied (Figure 4.5A).

Co-administration of squalene |4 with fluvastatin 1M had no influence on the
statin effect (ie inhibition of hypoxic proliferath and p38 MAPK phosphorylation
in RPAFs; Figures 4.5B & 4.5C). Zaragozic acidy(@) had no effect on serum or
hypoxia-induced RPAF proliferation, or on hypoxmhiced p38 MAP kinase
phosphorylation.  Pre-incubation of cells with mgtb-cyclodextrin 1mM (a
concentration previously shown to disrupt lipidt nategrity) had visible effects on
cell architecture on light microscopy (not shownit Imno effect on proliferation or
p38 MAPK status in RPAFs in either normoxia or hyipo

4.3.5 Disruption of Protein Prenylation as a Potemal Mechanism for the

Fluvastastin Effect on Hypoxia-induced RPAF Prolieration and p38

MAP Kinase Phosphorylation
As discussed above (chapter 4.1), we suspecteenglpted protein, possibly one of
the Rho GTPase family, as a cell signalling intediai in acute hypoxic signalling,
upstream of p38 MAPK. To clarify this, and in orde focus the search, we
investigated the effect of FPP and GGPP repletiothe statin/acute hypoxia RPAF
proliferation and p38 MAPK protein experiments. eTprenyltransferase inhibitors
FTAsel and GGTI-276 were selected based on theienoy and selectivity, in
comparison to other available prenyltransferasabitdrs. The effect of these
prenyltrasferase inhibitiors on acute hypoxia-ireth@roliferation and p38 MAPK
phosphorylation in RPAFs was studied in conjunctiath acute hypoxia / statin /
FPP & GGPP repletion experiments (figures 4.6A 4Td).

Co-administration of FPP (QuM) with fluvastatin (1uM) restored hypoxia-induced
p38 MAPK phosphorylation and proliferation in RPAFsFTAsel M had,

however, no effect on acute hypoxic proliferatidigure 4.6B). Considering the
effect of FTAsel on p38 MAPK phosphorylation in $eeRPAFs (figure 4.6C) there
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Figure 4.5 Effects of Cholesterol Deprivation on Agtely Hypoxic RPAFs
Panel A shows the cholesterol biosynthesis pathamagotated to indicate the
assessment of the cholesterol biosynthesis patlanwdyipid raft integrity achieved
by fluvastatin / squalene co-administration, squalesynthase inhibition (by
zaragozic acid, ZA) and membrane cholesterol depléby methylp-cycoldextrin,
MBCD).

Fluvastastin M, squalene 2@M, zaragozic acid 6M and 1% serum were added
as indicated to quiescent RPAFs, prior to 24 haaubation in normoxic (21%) or
hypoxic (5%) conditions. Selected cells were peated with MBCD 1mM for 30
mins prior to the start of the 24 hour experimedA synthesis, as an index of cell
proliferation, was assessed BY] thymidine uptake at 24 hours (Panel B). Values
shown are mean +/-SD from 4 replicate experimentsadls from the same animal.
p38 MAP kinase phosphorylation was assessed byewestiot analysis after 16
hours (Panel C). Data shown is representative3ofepeat experiments on cells
from different animals. (*values significantly gter than 1% serum-normoxia,
p<0.01).
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Figure 4.6  Farnesyl Pyrophosphate Dependant Pathwayn Acutely Hypoxic
RPAFs

Panel A shows the cholesterol biosynthesis pathaagotated to indicate the

assessment of this achieved by fluvastatin / FpRtien and a farnesyl transferase

inhibitor.

Fluvastastin 0M, the farnesyl transferase inhibitor FTasel (FTIM§ and 1%
serum were added as indicated to quiescent RPAles,tp 24 hour incubation in
normoxic (21%) or hypoxic (5%) conditions. DNA $lyasis, as an index of cell
proliferation, was assessed BYi] thymidine uptake at 24 hours (Panel B). Values
shown are mean +/-SD from 4 replicate experimentseils from the same animal.
p38 MAP kinase phosphorylation was assessed byewes&tot analysis after 16
hours (Panel C). Data shown is representative3ofepeat experiments on cells
from different animals. (*values significantly gter than 1% serum-normoxia,
p<0.01).
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Is an apparent slight reduction in the pp38 bldiypoxia, with this inhibitor. This is
considered equivocal, particularly when considenedomparison to the abrogation
of hypoxic p38 phosphorylation seen with fluvastaind other the inhibitors

investigated subsequently, and as it was not cemsisith other results.

GGPP repletion (0/8V) also completely negated the inhibitory effectflofzastatin
effect. GGTI-276 (hM) selectively inhibited acute hypoxia-induced [fievation
and p38 MAP kinase phosphorylation in RPAFs, minmigkhe effects of fluvastatin
1uM (figure 4.7B & 4.7C).

4.3.6 Effects of a Rho Kinase and a Racl-specifiau@nine Exchange Factor
Inhibitor on Hypoxia-induced RPAF Proliferation and p38 MAP Kinase
Phosphorylation

The preceding experiments implicated a geranylgéatad protein (ie from the Rho

superfamily) in acute hypoxic prolfierative sigmad), upstream of p38 MAP kinase

phosphorylation, in RPAFs. We had previously saggd a RhoA-Rho kinase or

Racl-NADPH oxidase pathway in hypoxic signallindqRRAFs (chapter 1.7.2). As

a further (preliminary) assessment of these pdgsbiwe obtained a selective Rho

kinase inhibitor (hydroxyfasudil). Guanine excharfgctor (GEF) proteins, when

activated, convert GTPase proteins from the inac®DP-bound state to an active

GTP-bound state. NSC-23766 is a recently descridoedpound which selectively

inhibits the interaction between Racl and its SjgeGEFs (Trio and Tiamf}* We

also obtained this and repeated normoxia/hypoxiamRproliferation and p38 MAP

kinase phosphorylation experiments with these bitdrs.

Hydroxyfasudil had no effect on serum or hypoxidticed RPAF proliferation or
hypoxia-induced p38 MAPK phosphorylation, even ighlcell culture dose (20M.

In contrast, NSC-23766 (1(M) selectively inhibited hypoxia-induced p38 MAPK
phosphorylation and proliferation in RPAFs (fig4r8).
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Figure 4.7  Geranylgeranylpyrophosphate Dependant Raways in Acutely
Hypoxic RPAFs

Panel A shows the cholesterol biosynthesis pathaagotated to indicate the

assessment of this achieved by fluvastatin / G@plietion and a geranylgeranyl

transferase inhibitor.

Fluvastastin 0.pM, the geranylgeranyl transferase inhibitor GGT6ZGGTI fuM)
and 1% serum were added as indicated to quiescBAtF& prior to 24 hour
incubation in normoxic (21%) or hypoxic (5%) comaiits. DNA synthesis, as an
index of cell proliferation, was assessed #y][thymidine uptake at 24 hours (Panel
B). Values shown are mean +/-SD from 4 replicageements on cells from the
same animal. p38 MAP kinase phosphorylation wasess®ed by western blot
analysis after 16 hours (Panel C). Data showneesentative of >3 repeat
experiments on cells from different animals. (twed significantly greater than

1%serum-normoxia, p<0.01).



139

Mevalonate ) |
.—._J

v
Farnesyl
pyrophosphate
ol B ER—

™\

I Squalene | (USCIIMSSIRENEN ., Gﬁrariyigﬂranylataﬂ proteins

{vIIOIEStEIDI GGPP 0.25uM

eg RhoA, Rac1, Cdc42

)

Supplement /

Disintegrations / minute

30004

20001

1000+

=]

O Normoxia
W Hypoxia

% 1%&GGPP1%&F1 1%&F18GGPP ofo&GGTl

| N HI N HIN H|N H]

1% &
GGPP

‘ 1% 1% & F1

1% & F1‘
& GGPP



140

*
15004 * CINormoxia
A M Hypoxia

:

Disintegrations { minute
g

(0 [(W[

1% 1%8&HF 1%&NSC
B [ pp38
=
IN H[N H|N H|
1% | 1%& | 1% &
HF | NSC

Figure 4.8  Effects of a Rho Kinase and a Racl-GEFdehange Inhibitor on
Acutely Hypoxic RPAFs
The Rho kinase inhibitor hydroxyfasudil (HF, 20/1), the selective Racl GEF-
exchange factor inhibitor NSC-23766 (NSC B0 and 1% serum were added as
indicated to quiescent RPAFs, prior to 24 hour bation in normoxic (21%) or
hypoxic (5%) conditions. DNA synthesis, as an inaé cell proliferation, was
assessed byHi] thymidine uptake at 24 hours (Panel A). Valsswn are mean
+/-SD from 4 replicate experiments on cells frora §ame animal. p38 MAP kinase
phosphorylation was assessed by western blot asadyter 16 hours (Panel B).
Data shown is representative of >3 repeat expetsnen cells from different
animals. (*values significantly greater the 1%usemormoxia, p<0.01).
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4.4 Discussion

In this chapter, the mechanism of the inhibitorfgeff of fluvastatin on acute-hypoxia
induced proliferation of RPAFs (as identified inapher 3) was studied.

An obligatory role for p38 MAP kinase phosphorydatiin acute-hypoxia induced
PAF proliferation has been shown previot&ly**> ! Statins have been shown to
indirectly inhibit MAP kinase phosphorylation inhetr cell types and it was notable
that the effect of fluvastatinuM on acute hypoxic RPAF proliferation (Chapter
3.3.5) duplicated those previously seen with the8 jdAP kinase inhibitor
SB203586> We considered it likely that the inhibitory effeof 1uM fluvastatin
seen in the experiments in Chapter 3 would benhibition (directly or indirectly)
of a signalling component upstream of p38 MAP kenadt was also considered
possible that fluvastatin may have a ‘bystanddgéafon the other MAP kinases and
also that the effect of fluvastatin may be on aalpar signalling pathway,
independent of p38 MAP kinase. These contentioeiewhowever, refuted by the
initial data in this chapter where we found thawéstatin 1M completely inhibited
acute hypoxia-induced p38 MAP kinase phosphorytatwith no effect on total or
phosphorylated ERK1/2 or JNK, either in normoxidgpoxia.

Having confirmed that the inhibitory effect of flastatin was mediated upstream of
p38 MAPK, it was considered that exploitation ofstleffect, in conjunction with
available cholesterol biosynthesis pathway intenated, offered the possibility of
clarifying the nature of the upstream signallirgghpvay in the acute hypoxia-p38
MAP kinase—HIF-la—proliferation pathway (previousigntified in RPAF cells, in
this laboratory).

When an antiproliferative effect of statin on alcbhs been identified, co-
administration of mevalonate, in order to clarifythe effect of statin is via HMG-
CoA reductase inhibition, is a long established egixpental modalit§*.
Mevalonate, however, has been reported in othdrtgeés to have independent
effects on cell activity*®. In our experiments, mevalonate had no effecREAF

proliferation, even at high dose. Repletion witevalonate negated the effect of
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fluvastatin uM, implicating a cholesterol biosynthesis pathwaynponent as an
obligate compound for acute hypoxic proliferativgnglling in RPAFs.

Other investigators have variously used FPP and@Rurther study statin effects
on proliferative cell signalling pathways, in otleall types and with other mediators.
However, there is no known report where all 3 ‘drofsthis pathway have been
assessed together, as completely as was underteken Based on observations
from other cell types, each of the individual cjnalling systems in question (lipid
rafts, farnesylated and geranylgeranylated proteiasld conceivably be implicated
in hypoxic signalling and/or MAP kinase pathways RPAFs. As overlap or
redundancy between these different systems wasdewad a possibility (eg a cell
membrane based signalling protein may require lwtnylation and lipid raft
association for normal function), it was considetieat, even if positive or negative
results were found on early experiments with one otiner ‘arm’, that a

comprehensive experimental interrogation of thikiway was required.

The observation that standard experimental coragois of squalene, FPP and
GGPP could disrupt normal RPAF cell status (sedimseet.3.3) provided some
challenges.  We were able to identify ‘safe’ conrcations of each of these
compounds which did not disrupt RPAF cell status serum/hypoxia-induced
proliferation. This left us, however, with uncenty as to how to interpret a partial
or negative proliferation result. For example,tlie effect of fluvastatin was
unchanged when co-administered with the ‘safe’ eatration of a cholesterol
pathway intermediate, would this be a true negatgelt or a function of inadequate
repletion at the concentration of the intermedisged? Also, if a lack of effect was
seen with a downstream inhibitor from the choledtpathway, it would be unclear
if this were a true negative, or due to inadequddsing or other experimental

problem with the inhibitor under study.

To counter these concerns, we conceived and pegtbnomplementary experiments
for each arm of the pathway: statin/cholesterolhwaty intermediate repletion
experiment + specific inhibitor experiments combinéor each arm. Moreover,
when we considered the lipid raft arm, we notedpibkential for crossover inhibition

of farnesyltransferase with zaragozic acid. Thgatige result with this compound
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implied that products of squlaene synthase ancefattransferase were not required
for acute hypoxic RPAF proliferation. However ves also obtained negative results
the fluvastatin/squalene repletion experiment, augyht a third experiment to ensure
that these results were ‘true’ negatives, rathan tfunction of a problem with these
compounds or their cell culture dosing. Pre-intiomaof RPAFs with methyp-
cyclodextrin - to deplete membrane cholesterol dinectly disrupt lipid rafts - was
therefore also done. Though we haven't determieether fluvastatin @M and/or
MBCD had any effect or not on lipid raft integrityhe negative results with
fluvastatin/squalene repletion, zaragozic acid BRICD strongly suggest that the
inhibitory effect of fluvastatin AM, on acute hypoxic proliferation and p38 MAPK
phosphorylation, is not mediated via lipid raftrdistion. These results also argue
against a requirement for lipid raft integrity foormal acute hypoxic proliferative

signalling in these cells.

Repletion of RPAFs with FPP negated the inhibiteffect of fluvastatin 1uM on
acute hypoxic RPAF proliferation and p38 MAPK phosgylation. With review of
the cholesterol pathway, it can however be seenttha effect does not help to
discriminate the statin’s mechanism: FPP is a timecursor of farnesylated
proteins and other compounds involved in the cglle; and an indirect precursor
(via GGPP) or geranylgeranylated proteins. Thea dat acute hypoxic RPAF
proliferation and p38 MAPK phosphorylation whicHIdéev this - no effect with the
farnesyl transferase inhibitor, negation of theeeffof fluvastatin with GGPP
repletion and duplication of the fluvastatin effést the geranylgeranyl transferase
inhibitor — led us to conclude, however, that thatis effect is mediated via
inhibition of GPP synthesis. This conclusion dbasge a minor caveat in relation to
the slight reduction in pp38 intensity in the aclmgooxia blot with the FTase
inhibitor (chapter 4.3.5): this may have been dl@mr effect of this inhibitor to
GGTase at the experimental concentration exploned firther study of this at
different concentrations was not considered necgsgeven the clear cut result with

the GGPP compound and the geranylgeranyl transfenagitor.

These results also allow us to conclude that angkgaranylated protein is involved
in acute hypoxic proliferation in RPAFs, upstreamthe signalling pathway from
p38 MAP kinase. Specifically, we considered thegtality that either RhoA or
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Racl may be the geranylgeranylated protein in ghihway. The negative results
with the Rho kinase inhibitor and positive resuligh the Racl-GEF inhibitor
(mimicking the effects of fluvastatin ie selectivehibition of acute hypoxic RPAF
proliferation and p38 MAPK phosphorylation) providecumstantial evidence for
an acute hypoxia-Racl-p38 MAPK pathway in thesdscelLack of time and
resources meant that it was not possible to conelferiments to determine Racl-
GDP vs Racl-GTP (activated) status in normoxicolygpand statin-treated RPAFs
directly. The positive results with NSC-23766, lewer, do provide strong

circumstantial evidence for the signalling pathwiaat is proposed in Figure 4.9.

Data from other researchers supports this propgsstiway. Racl has been
identified as an upstream activator of p38 MAP kimin other cell typé%®. Small
inhibitory RNAs to NADPH oxidase 4 (NOX4) have besgmown to inhibit acute
hypoxia-induced increase in ROS production andiferakion in PAF$*". Function
of NOXs and their transduction of external signass intracellular ROS generation
is known to be dependant on association of the t@mmpvith intracellular
membrane$®. Activated Racl is known to be a constituent of DA oxidase
protein complexes, stabilising the interaction lesw inactive membrane-bound
components of the complex, and intracellular attivaomponents of the complex.
Based on the findings in this chapter, it seemsr@pfate to speculate that, in
RPAFs, acute hypoxia results in geranylgeranyl plRosphate dependant
translocation of Racl-NOX to the (plasma or endapia reticular) membrane,
leading to a localised increase ROS production lwiiiggers a signalling cascade
which results in phophorylation of p38 MAPK, stadaltion and phosphorylation of
HIF-10'*° and increased cellular proliferation. The presiofindings that
atorvastatin can inhibit intracellular ROS prodanti via inhibition of Racl
geranylgeranylation in vascular smooth muscle T8lland that enhancement of
Racl function leads to increased membrane assdd®PH oxidase complex and

ROS production, support this contenfiin

Even if the identity of the geranylgeranylated pmotinhibited by fluvastatin in
hypoxic RPAFs is considered to be incompletelyifiéat, the results in this chapter

provide insights into the intracellular processémsclv may be involved in the activity
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Figure 4.9  Proposed Model of Acute Hypoxic Prolifestive Signalling in Rat
Pulmonary Adventitial Fibroblast Cells

The results presented in this chapter, supplemdtguievious work (on p38 MAPK

inhibition and HIF-1 stabilisation) in the SPVU laboratdry, suggest the above cell

signalling pathway.
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of this protein. Specifically, acute hypoxic sifimg in RPAFs is blocked by a very
small cell culture dose of statin (10-50 fold I¢lsan is typical for other inhibitory
effects seen with statins). This finding - compbdated by the results in this chapter
- indicates a signalling process which is extrenddpendant on ready ‘supply’ of
GGPP. Differential sensitivity of individual cedignalling processes within a single
cell type, to statin inhibition, has been documente other cell type€s® The
observations in this chapter are also consistettt wievious observations that —
when activated - Rho-family proteins circulate frahe cytosol to the plasma
membran&>. The previous suggested explanation for this ichvis supported by
the results in this chapter — is that this intradat circulation is dependant on

dynamic prenylation of the protein.

In summary, a detailed interrogation of the HMG-Cs8luctase pathway and the
mechanism of fluvastatin’s inhibitor effect on aziypoxia-induced proliferation of
RPAFs was conducted in this chapter. The resubitgimed provide significant new
information on acute hypoxic signalling in this Icslpe and this is an important
outcome of itself. That fluvastatinu¥ had a stimulus (hypoxia), circulatation
(pulmonary) and MAP kinase (p38) specific inhibyt@ffect on this cell type, which

is important in pulmonary vascular remodelling, msehighly notable. When we
consider, however, potential application of thessults to the pathogenesis or
treatment of human hypoxia-induced pulmonary hyeion, acute hypoxia has
problems as a model. In this human condition, iy time treatment is sought,
hypoxia has been chronic. It therefore seemedanteto consider whether statins
have a positive effect on chronic hypoxic PAF beébay and whether

geranylgeranylpyrophosphate, Racl and p38 MAP kirfas/e a role in chronic

hypoxia-induced PAF proliferation. This is consete further in the following

chapter.
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Chapter 5

Effects of Fluvastatin on the Hyperproliferative
Phenotype of Pulmonary Artery Fibroblasts from

Chronic Hypoxic Rats
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5.1 Introduction

In the preceding two chapters the ability of lowsedluvastatin to selectively inhibit
acute hypoxia-induced RPAF proliferation, via inhdn of a geranylgeranylated
protein-p38 MAPK pathway, was established. Thoagirug which can selectively
inhibit acute hypoxic proliferation may be conselkto have therapeutic potential,
more impressive would be the ability to reverse tngperproliferative PAF

phenotype seen after exposure to chronic hypoxia.

The important contributions of changes in pulmonrangry fibroblast behaviour in
chronic hypoxia-induced pulmonary vascular remadglhave been discussed (see
chapter 1.8). Following chronic hypoxia, pulmonaaytery fibroblasts exhibit
increased proliferative capacity and this effectsiggs on cell culture passage,
regardless of whether the cells are maintainedommoxic or hypoxic conditions.
This sustained, excessive proliferation of PAFsmfrohronic hypoxic rats (CH-
RPAF) has been previously shown to be dependambostitutive phosphorylation
of p38 MAP kinase and reversed by p38 MAPK inhdit/”. Also, as with acute
hypoxia, this p38 MAPK response and increased fgraliion is circulation specific:
systemic adventitial fibroblasts (SAFs) from chwhipoxic rats behave identically

to SAFs from normal rats.

Based on all of this, we considered it possible kha dose fluvastastin (which had
acted as an indirect p38 MAPK inhibitor on acutepdwic RPAFs) might also
influence CH-RPAF proliferation, if the geranylgeyéated protein (speculated to be
Rac1l), which acted upstream of p38 in acute hypBHAFs, was also constitutively
activated in CH-RPAFs. To explore these possieditve proposed proliferation and
Western Blot analysis experiments, comparing PARkd 8AFs from normal and
chronic hypoxic rats, with assessment of the edfemt fluvastatin, cholesterol
intermediates and related inhibitors. We did nedeas MAPKs other than p38,
given the results obtained in Chapters 4.3.1.
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5.2 Methods

For the chronic hypoxic model, rats were maintaiiredypobaric hypoxia for 2

weeks (see general methods, chapter 2). Followlig pulmonary and aortic

fibroblast cell lines were established and scre&di for cell transformation and
infection regularly. Quiescent cells were studiedexperimental conditions —
normoxia +/- serum, statin or other mediator- aelll groliferation was assessed by
thymidine assay and phosphorylation of mitogenvatéd protein kinases was
determined by the application of relevant antibedie nitrocellulose membranes
containing proteins separated from cell extractaguian SDS-PAGE / western blot

technique. Results are expressed in the figureseas +/- 1 standard deviation.
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5.3 Results

5.3.1 PH] Thymidine Uptake and p38 MAP Kinase Phosphorylaion in
Pulmonary and Aortic Adventitial Fibroblasts from Normal and Chronic
Hypoxic Rats
Previous work in the SPVU laboratory on CH rats basfirmed the proliferation
and p38 MAPK status in vascular fibroblasts of nalremd chronic hypoxic rats. To
clarify competency with the chronic hypoxic rat nebdnd establish controls for the
following work, these experiments were repeated. 2A hours of acute hypoxia had
previously been shown to have no additional eftactCH rat proliferation or p38
MAPK phosphorylatiof®® all experiments in this chapter were conducted in

normoxic (21%) conditions.

Increased proliferation of adventitial fibroblastéth increasing concentrations of
serum was confirmed (figure 5.1A). Serum-treat@d$from chronic hypoxic rats
demonstrated increasetH] thymidine uptake at a given concentration oluserin

comparison with PAFs from normal animals. This drgpoliferative phenotype of
CH-RPAFs was independent of cell passage (datashotvn) and circulation
specific: SAFs from normal and chronic hypoxic rateliferated at similar rates

with serum stimulation.

In CH-RPAFs, p38 MAP kinase was phosphorylatedlldiraes points studied (16
hours is shown, to maintain consistency with presiexperiments, figure 5.1B). No
p38 MAP kinase phosphorylation was seen in PAFSAJFs from normal rats or in

SAFs from hypoxic rats.

The phenotype of CH rat systemic artery fibroblast®rmal proliferation to serum
and absence of p38 MAPK phosphorylation - in conspar to pulmonary artery
fibroblasts allowed the use of CH-RSAFs as contells for the following

experiments.
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Figure 5.1  PH] Thymidine Uptake and p38 MAP Kinase Phosphorylaion in
Pulmonary and Systemic Artery Fibroblasts from Nomal and
Chronic Hypoxic Rats
Growth arrested pulmonary (PAF) and systemic artiloyoblasts (SAF) from
normal and chronic hypoxic rats were stimulatedhwserum for 24 hours in
normoxic (21%) conditions. DNA synthesis, as atledn of cell proliferation, was
assessed by'Hl] thymidine uptake at 24 hours (Panel A). Valskswn are mean
+/-SD from 4 replicate experiments on cells fronffedlent animals. p38 MAP
kinase phosphorylation was assessed by westerrabédysis after 16 hours (Panel
B). Data shown is representative of >3 repeat ex@ats on cells from different
animals. (*value significantly greater than thatniormal rat PAF or CH-rat SAF, at

equivalent serum dose, p<0.05).
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5.3.2 Effects of Fluvastatin on the Chronic Hypoxi&kat Pulmonary

Adventitial Fibroblast Phenotype
The effects of fluvastastin on serum-induced peodifion of CH rat PAFs and SAFs
were determined, using dosesifl and 1QuM), based on experiments in Chapters
3.3.2 and 3.3.5.

Fluvastastin iM had no effect on CH-RSAF proliferation but it vegéd serum-
induced proliferation of CH-RPAF, such that 3[Hythidine uptake was at a similar
level to the control (SAF) cells (Figure 5.2A). ui#astatin 1M did not otherwise
interefere with the proliferative response of CHARR or SAFs to incremental doses
of serum. Fluvastatin 11 had a complete / non-specific anti-proliferateféect on
CH-RPAFs and SAFs, similar to that seen with PARS &AFs from normal

animals.

Phosphorylated p38 MAP kinase was wletected (ie constitutive phophorylation
was reversed) in CH-RPAF cells which had been iatatbwith fluvastatin dM for
16 hours (Figure 5.2B).

5.3.3 Effects of Cholesterol Pathway Intermediateand Related Inhibitors on

the Chronic Hypoxic Rat Pulmonary Adventitial Fibr oblast Phenotype
We next explored the mechanism of the selective8pjd&PK inhibitory / anti-
proliferative effect of fluvastatini@M on CH-RPAF cells. We duplicated a selected
panel of experiments used on the acute hypoxic RRwEel (chapter 4.3). In
particular, we used only the specific cholestendéimediates and inhibitors (at the
previously established appropriate dose) which YViattled positive results in the
acute hypoxia model. This allowed an interrogatidnthe HMG-CoA reductase
pathway in these chronic hypoxic rat cells, witkignificantly reduced experimental

workload.

As before, fluvastatin @M attenuated CH-RPAFHi] thymidine uptake to a level
similar to control (SAF) cells, and inhibited/resed constitutive p38 MAPK
phosphorylation (Figure 5.3A and 5.3B).
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Figure 5.2  Effects of Fluvastastin on3H] Thymidine Uptake and p38 MAPK
Phosphorylation in Chronic Hypoxic Rat PAFs
Growth arrested pulmonary (PAF) and systemic art@oyoblasts (SAF) from
chronic hypoxic rats were stimulated with serumfluvastatin (F) 1 or 0M for 24
hours in normoxic (21%) conditions. DNA synthesis an index of cell
proliferation, was assessed BY] thymidine uptake at 24 hours (Panel A). Values
shown are mean +/-SD from 4 replicate experimentsatls from different animals.
p38 MAP kinase phosphorylation was assessed byewes&tot analysis after 16
hours (Panel B). Data shown is representative fepeat experiments on cells
from different animals. (*value significantly leisan control cells, p<0.05; **value

significantly greater than control cells, p<0.05)
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Repletion of fluvastatin treated CH-RPAFs with mewate 1mM and GGPP bl
negated the statin effect. Treatment of CH-RPAFR# whe geranylgeranyl
transferase inhibitor GGTI-276 M), or the Racl GEF inhibitor NSC-23766
(10uM), attenuated *H] thymidine uptake to control cell levels. p38 MK
phosphorylation was also inhbited/reversed by thelsibitors. These reagents had
no effect on H] thymidine uptake by chronic hypoxic rat systeraitery fibroblasts

(data not shown).

5.3.4 Effects of Established Pulmonary Hypertensioitherapeutics on fH]
Thymidine Uptake in Chronic Hypoxic Rat Pulmonary Adventitial
Fibroblasts

Having demonstrated a positive and selective etie@itivastatin on CH-RPAFs, we

sought to determine if this effect simply duplichi@n effect seen with established

pulmonary hypertension therapeutics.

Cell culture concentrations of treprostinil dietblmine (UT-15c), sildenafil and
bosentan which did not have an effect on normalPraE proliferation had been
previously identified (chapter 3.3.6). These dogedv of UT-15c and 10M of
sildenafil and bosentan) were applied to CH-RPAfs the effect on’H] thymidine

uptake was determined.

The prostacyclin analogue, PDE-5 inhibitor and ETeteptor antagonist had no
effect on CH-RPAF proliferation (figure 5.4), non systemic artery fibroblast
proliferation (data not shown), at these dosesvesihis negative result, the effect

of these agents on p38 MAPK phosphorylation in OMARs was not studied.
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Figure 5.3  Effects of Fluvastastin, Cholesterol Patvay Intermediates and
Related Inhibitors on PH] Thymidine Uptake and p38 MAPK
Phosphorylation in Chronic Hypoxic Rat PAFs
Growth arrested pulmonary (PAF) and systemic arfénpblasts (SAF) from chronic
hypoxic rats were stimulated with serum for 24 Isour normoxic (21%) conditions.
Fluvastatin (F1, gM), mevalonate (M, 1mM), geranylgeranyl pyrophosphgGGPP,
0.5uM), GGTI-276 (GGTI, M) or NSC-23766 (NSC, 1Q0/) were added, at the start

of the experiment, as indicated.

DNA synthesis, as an index of cell proliferatiorgsrassessed b3H] thymidine uptake

at 24 hours (Panel A). Values shown are mean +f+8M 4 replicate experiments on
cells from different animals. p38 MAP kinase phusylation was assessed by western
blot analysis after 16 hours (Panel B). Data shasvmepresentative of >3 repeat
experiments on cells from different animals. (twalsignificantly greater than CH-
RSAF control cells, p<0.01).
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Figure 5.4  Effects of Fluvastastin and EstablisheBH Therapeutic Agents on
[*H] Thymidine Uptake in Chronic Hypoxic Rat PAFs

Growth arrested pulmonary and systemic artery Elagts from chronic hypoxic rats

were stimulated with serum for 24 hours in normdgt%) conditions. Fluvastatin,

prostacyclin analogue (UT15c), phosphodiesterasettibitor (sildenafil) and

endothelin A/B receptor antagonist (bosentan) watded along with serum, as

indicated.

DNA synthesis, as an index of cell proliferationasvassessed byH] thymidine
uptake at 24 hours. Values shown are mean +/-8M # replicate experiments on
cells from different animals. (*values significengreater than CH-RSAF control
cells, p<0.01).
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5.4 Discussion

In this chapter, we sought to determine whethevafftatin had a selective anti-
proliferative effect on chronic hypoxic rat PAFsdarf this effect was present, if this
was indicative of constitutive activation of a geylgeranylated protein-p38 MAP
kinase pathway in CH-RPAFs, similar to pathway psed for acute hypoxic RPAF
proliferation, in Chapter 4.4.

The results in this chapter with CH-RPAFs mirrotedse seen with acute hypoxia
applied to RPAFs from normal animals. The selectnhibitory effect of fluvastatin
1uM on CH-RPAF proliferation and p38 MAPK phosphotida, negation of this
effect by mevalonate and GGPP and duplication isf ¢fffect with geranylgeranyl
transferase and Racl inhibitors strongly suggebts the hyperproliferative
phenotype of CH-RPAFs is dependant on constitueéivation of the same

signalling pathway as is activated by acute hypoxiaormal rat PAFs.

A phenotypic switch in PAF behaviour after expostoreehronic hypoxia, whereby
explanted PAFs from chronic hypoxic rats exhibiha&amced proliferation, dependant
on constitutive p38 MAPK phosphorylation, even @nexposed to normoxic
conditions / multiple cell passage, has been ptslhoproposed and suggested as an
important mechanism in chronic hypoxic pulmonargadar remodelling. In the
experiments conducted in this chapter, this phemotgwitch has again been
confirmed and linked to p38 MAPK status. The ekpents with fluvastatin,
cholesterol pathway intermediates, related inhibitand PH therapeutics further
characterise the molecular basis for this phenotgpitch and provide an indication
of the potential of statin therapy to positivelyflience cellular mechanisms

important in hypoxia-related pulmonary hypertension

As with the acute hypoxic RPAF work in chapter Ae tdata in this chapter
implicates a Racl-NADPH oxidase signalling compiexproliferative signalling,
upstream of p38 MAPK, in chronic hypoxic PAFs. Mover, the abrogation of
excessive CH-RPAF proliferation by fluvastatin suggests that the molecular

location of the phenotypic
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proliferative switch in these cells lies at an vpsmn location, prior to Racl. The
sensitivity of this to statin inhibition is againotable, and combined with the
repletion / complementary inhibitor experimentsitades again that the activated
signalling pathway here is very dependant on ayreagply of GGPP. This suggests
a dynamic process is continuing in these cells -Regl is continually cycling

through a prenylated / unprenylated state — rdtiaar a static, irreversible change in

this signalling protein’s status.

Lipophilic statins have been previously shown tteratate and reverse chronic
hypoxic pulmonary hypertension in rats® The results presented here complement
and extend these, in several ways. The animal hegberiments reported suggest
that the positive effects of statins are mediatedHMG-CoA reductase (agreeing
with our results) and exploratory work from the raal models suggested that
modification of eNOS by statins is not involvedthreir mechanism of action, but
that inhibition of Rho-kinase activity may be. Madthickening in the pulmonary
arteries of the CH-rats is also attenuated / regiedy statin therapy, suggesting a
direct or indirect benficial effect of statins omaoth muscle cells. Our data
suggests that the positive effects of statins onr&hpulmonary hypertensian vivo
may be mediated, at least partly, via positive atffeon adventitial fibroblasts, and
via a Racl1-p38 MAP kinase pathway. A particuldfialilty with all experiments of
potential new therapeutics on experimental PH nwdelthat the effects of many
drugs on these models (eg sildenafil, simvastatiR, adrenomedullin) are, broadly
speaking, similar, and typically out of proportibm the more modest effects seen
when translating findings (so far) to human clihidesease. The similarity of the
effects of these drugs on the animal models makedsdentification of whether a
new drug has a novel effect or simply duplicatesdfiect(s) of an established agent
difficult. The results in this chapter and in cteap3.3.6 — obtained in a cell-based
model rather than an animal model - indicate ttattrs have a potentially beneficial
effect on a disease-related cellular mechanism kwhiaes not simply duplicate an

effect of a drug from each of the three establidhddherapeutic drug classes.
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An unanswered question in relation to statins (andny other drugs with
demonstrated positive effects on chronic hypoxichid) is how essential they are:
do they simply duplicate the effects of re-oxygenat(ie the condition could as
easily be treated by oxygen, as by other drugsloathey enhance the effects of re-
oxygenation? Our finding of a phenotypic switch @H-RPAFs, persisting in
normoxic cell culture could be interpreted as enadethat simple re-oxygenation
would be inadequate to restore normal pulmonarycwas cell physiology.
However, if the interpretation of the sensitivitfytbis phenotypic switch to low dose
fluvastatin is correct (ie that the activation dketRacl-p38 MAPK pathway is
dynamic) this raises the possibility that the plgpic switch may itself be dynamic,
and potentially subject to reversal by re-oxygeamatin vivo where cell-cell and cell-
matrix interactions may modify the effects of hy@oihen subsequent normoxia, in

contrast to the explant cell situation.

When considering human hypoxia-related PH andé@tinent, it is notable that the
characteristics of the underlying lung problem wffgohibit complete correction of
hypoxia, even with supplemental oxygen. Also, grg8 may exhibit persistent or
progressive pulmonary hypertension, even if hypaxid the underlying condition is
treated. Therefore, drugs which can duplicate whaace the effects of re-
oxygenation on the pulmonary vasculature seem aalev The experimental data
previously reported and presented in this chapteradvsuggest that statins may have
the potential to complement re-oxygenation (whetlaehieved with oxygen
supplementation or treatment of the lung disordefhe ability of fluvastatin to
selectively normalise CH-RPAF proliferation at dl caulture dosage potentially
relevant to human pharmacology is notable. Fumyeek to extend this observation
and assess re-oxygenation formaity\itro or in vivo) was outwith the scope of this
project. It would, however, seem relevant in faetuo assess the effects of re-
oxygenation +/- statin therapy, in the chronic hgiporat model, in particular
considering the differential effects of these ogression of pulmonary vascular

remodelling and normalisation of the PAF phenotype.

In addition to general concerns about the applitgkuf cell culture experiments on

animal tissue to human disease, there are spetdiwbacks when considering the
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clinical application of the results in this chaptdgxperiments were only conducted
on cells from Wistar rats. Different strains otsrare known to exhibit different
pulmonary vascular cell responses to hyptiand it may be that the CH-RPAF
proliferative phenotype, the Racl-p38 MAPK sigmglipathway, and the effects of
fluvastatin on these, are unique to this rat stratuture work should extend these
observations to PAFs from other rat strains (ega@pe-Dawley or high altitude
susceptible rats) and to human cells, ideally flang tissue from normal patients
and patients with hypoxic lung disease related puakany hypertension. Access to
human tissue from patients with hypoxic PH is vdimited, and potentially
confounded by the effects of the underlying primang disease. Some reassurance
can, however, be taken from the previous obsemstimdicating the identical
proliferative and MAPK responses to acute hypoxdanswhen comparing human
PAFs with Wistar rat PARE. Overall, it is considered that the experiments
conducted here provide important insights into rogler and cellular processes
potentially involved in hypoxic pulmonary hypertes and reflect a reasonable

compromise between expediency and applicability.

When we consider pulmonary vascular remodellingnimals or humans, although
significant changes are seen in the adventitiantbst notable changes in established
disease are in the media, where the smooth mustie reside. In the chronic
hypoxic simvastatin experimental work, prevention régression of medial
hypertrophy was the notable histological findindno{igh the reports available
provide no information on the status of the adventr the fibroblasts). Interactions
between adventitial fibroblasts and medial smootisate cells are thought likely to
be important in hypoxic pulmonary vascular remadglland we considered it
possible that the positive effects of simvastamueedial hypertrophy in the chronic
hypoxic rat model might be mediated via an inijasitive effect on adventitial
fibroblasts, with consequent favourable modificatiof fibroblast-smooth muscle
cell interactions. Experimental work to better relzderise PAF-PASMC interactions
in hypoxia was ongoing in our laboratory at thiméi Having identified and
characterised a positive effect of fluvastatin oRl-RPAF proliferation in the
experiments in this chapter, it seemed logicalrtmypess to characterise the effects
of fluvastatin on hypoxic PAF-PASMC interactionslhis proposition led to the
work which comprises the following chapter.
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Chapter 6

Effects of Hypoxia and Fluvastatin on Bovine
Pulmonary Adventitial Fibroblast — Pulmonary Artery

Smooth Muscle Cell Interactions
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6.1 Introduction

In the preceding chapters, the focus has been @oxigrinduced adventitial
fibroblast proliferation and the signalling systenms/olved.  Although it is
considered likely that this proliferation is an ionfant contributor to pulmonary
vascular remodelling in pulmonary hypertension desussed in Chapter 1.8) it is
also acknowledged that the most profound changesli@hhypertrophy, sustained
vasoconstriction, muscularisation of distal artgrigeointimal formation) involve the
media of the vessel. It may be that migration txadsdifferentiation of adventitial
fibroblasts is important to the expansion in numslersmooth muscle/myofibroblast
cells in remodelled vessels but it seems likelyt firaliferation/phenotypic changes

in medial SMCs contributes significantly.

Much of this work on pulmonary vascular remodellifgs focused on the
endothelial and smooth muscle cells, and theiracteons. Notably, endothelial-
derived vasodilators (eg prostacyclin, nitric ojidand vasoconstrictors (eg
endothelin-1, thromboxane) have been implicatesimooth muscle cell proliferation
and consequent vascular remodelling: the procesdesvasoconstriction and
remodelling seem to be connected. In hypoxic pulnp vasoconstriction,
however, endothelial-independent constriction datga and the signalling
pathways involved (eg inhibition of membrane patass channels, RhoA-Rho
kinase activation) are intrinsic to the pulmonargtely smooth muscle cells
(PASMC). These cell signalling pathways are alsoplicated in PASMC
proliferation, supporting the concept of vasomatoupling (see Chapter 1.6.3). As
a counterpoint, however, many investigators (withveats about definitions of
hypoxia, Chapter 1.6.5) have been unable to demadtaghat the isolated PASMCs
proliferate to hypoxia,in vitro**’. Possible explanations are that the medial
hypertrophy seen is due to an expansion of a subgibpn of hypoxia-responsive
PASMCs (not represented in the PASMC populatiortimely cultured), or that the
medial hypertrophy/distal muscularisation is causdry an influx of
transdifferentiated cells originating from the adtiga, or the circulation. The
explanation with the most experimental support, éxmv, is that the presence of a
paracrine co-factor (either intrinsic or hypoxigedadant), released from other the
other cells in the vessel wall, in tiwevivo hypoxic pulmonary artery, is necessary
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for PASMC proliferation.  This mitogenic co-factanay facilitate PASMC
proliferation in response to hypoxia, or may beiradd PASMC mitogen which is
only released by adjacent cells or from the cirtboitg in response to hypoxia. Given
that the earliest vascular changes in hypoxia aen sn the adventitia, it seems
appropriate to speculate that the fibroblast maythee source of this PASMC
mitogen or co-mitogen. Mitogens (including enddithd and hypoxia-inducible
mitogenic factor, HIMF) have been shown to be melaby hypoxic pulmonary
adventitial fibroblasts and these are known to gkate PASMC proliferation,

supporting this speculatith >

We considered the possibility that the cell signgll pathways responsible for
proliferation of PAFs might also be responsible $ecretion by hypoxic PAFs of a
PASMC mitogen. Work on hypoxic PAF-PASMC interaa is ongoing in the

SPVU laboratory and, based on the results in tleeguling chapters, we proposed
experiments with statins, cholesterol pathway ntedsa related inhibitors and PH
therapeutics in order to better characterise hypoduced cell signalling events

which lead to mitogen release by PAFs.

Cell-cell interactiondn vivo can be modelled in the cell culture laboratorywoT
complementary techniques were used here:-

e Co-culture. This involves the use of basket-like cell cultyiate
inserts with a permeable membrane. The 2 cellsstyf interest are
grown separately, one in standard cell culture svafid the other on
the cell culture inserts. During the experimergatiod the inserts
(containing cell type 1) are placed in the celkard wells (containing
cell type 2). The permeable membrane allows angesed paracrine
factors(s) from the cells in the inserts to paselfr and interact with
the other cell type. Inserts with different mear® pore sizes are
available. Here we used pore sizes which frediywatransfer of
large molecules (including any experimental reageanid secreted
factors) but not cell migration.

» Conditioned media. Cell culture media which has been in contact

with one cell type (in this situation, PAFs) fopariod (under
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experimental conditions) can be aspirated and egplo cells of
another type (in this situation PASMCs). The dBeof this
conditioned media on proliferation can be compawéth control

media, allowing assessment of any mitogenic factlesased.

Both of these have drawbacks. Co-culture cellucalinserts are expensive. Any
experimental drug or inhibitor applied during cdtate experiments can diffuse
freely and affect either cell type in the experimnenin conditioned media
experiments, any drug or inhibitor applied to th#ial cell type will remain in the
conditioned media and can affect the second cp# Blso. These 2 experimental
techniques are, however, complementary. In addigmy experiments which yield
positive findings can be duplicated such that tkgeemental condition is applied to
cell type 1 for the period where media is cond#éidrand separately after
conditioning but before application to cell type R/ith these approaches, which cell

type the experimental reagent is affecting candzided.

Rat PAFs are problematic for these experimenthi@g only respond to hypoxia in
the presence of serdfi Any serum applied to the PAFs (in conditioneddiaeor

co-culture) would also affect PASMC proliferationdathis would require an entire
extra set of experimental control conditions. Alslee serum might confound /
overwhelm the effect of any secreted mitogen. Huraad bovine PAFs do not
require a serum-cofactor to respond to hypoxia acdordingly, bovine cells were

selected for the work in this chapter.

Previous work has reassured that there are noretiffes in proliferative or MAP
kinase responses to hypoxia with PAFs derived fdifferent species. It was,
however, considered relevant to exclude any diffeee(in comparison to rat PAFS)
in terms of the effects of statins and other medsabn hypoxia-induced bovine PAF
proliferation. Also, it was necessary to clarifyeteffects of acute hypoxia and
statins on bovine PASMC proliferation, to charasterthe isolated cell type. We
therefore proposed proliferation experiments — Wlithastastin and other mediators
- on bovine PAFs and PASMCs separately, as a pelodtudying the effects of
acute hypoxia, fluvastatin and other reagents oABBBPASMC interactions using

conditioned media and co-culture experiments.
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6.2 Methods

Bovine pulmonary artery fibroblast (BPAF) and bavipulmonary artery smooth
muscle cell (BPASMC) lines were established andrasttarised (Figure 6.1).
Interactions between these cells were studied Ioglitoned media and co-culture
techniques (see general methods, Chapter 2.7). iftheence of experimental
mediators on these cellular interactions, and tkerall effect on BPASMC
proliferation was determined by thymidine assayesuiits are expressed in the

figures as mean +/- 1 standard deviation.
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Figure 6.1  Bovine Pulmonary Artery Fibroblasts (A)and Pulmonary Artery
Smooth Muscle Cells (B)
Cells were visualised by light microscopy. Chagastic morphology was noted and

verified at each cell passage.
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6.3 Results

6.3.1 Effects of Hypoxia, Serum and Fluvastatin oBovine Pulmonary
Adventitial Fibroblast Proliferation

Bovine PAFs have previously been shown to prolieer@ acute hypoxia in the

absence of serufif. In the presence of serum, the proliferative @ffeof acute

hypoxia are augmented significantly.

The effects of fluvastatin on acute hypoxic anduseaugmented acute hypoxic
proliferation of bovine PAFs were studied usifig][thymidine assay. 24 hours of
acute hypoxia (5%) again resulted in increasedifpration of BPAFs, both in the
absence or presence of serum (Figure 6.2). FlawasluM selectively attenuated
BPAF proliferation in acute hypoxia, restoringatd level similar to normoxic cells,
both with and without serum.

6.3.2 Effects of Choleterol Pathway Intermediatesral Related Inhibitors on
Bovine Pulmonary Adventitial Fibroblast Proliferation

We next sought to determine if the effects of ch@ml pathway intermediates and

related inhibitors on acute hypoxia-induced bovw#d- proliferation were similar to

those seen with rat PAFs (Chapter 4).

The effects of fluvastatinydM on acute hypoxia-induced BPAF proliferation were
negated by mevalonate and GGPP (figure 6.3). T3& MAP kinase inhibitor
SB203580 (hM), geranylgeranyl transferase inibitor (GGTI-27M) and the
selective Racl-GEF inhibitor (NSC-23766, i) selectively inhibited serum-
augmented, acute hypoxia-induced BPAF proliferation

6.3.2 Effects of Hypoxia, Serum and Fluvastatin oBovine Pulmonary Artery
Smooth Muscle Cell Proliferation

Effects of acute hypoxia on bovine PASMCs, under standard experimental

conditions, had not previously been reported. difects of serum, 24 hours of acute

hypoxia (5%) and fluvastatin on DNA synthesis byvibe PASMCs were

determined.
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Figure 6.2  Effects of Acute Hypoxia and Fluvastatiron [*H] Thymidine

Uptake by Bovine Pulmonary Artery Fibroblasts.
Growth arrested bovine PAFs were stimulated in mxien (21%) or hypoxia (5%)
for 24 hours +/- 1% serum +/- fluvastatin (;hIM. DNA synthesis, as an index of
cell proliferation, was assessed BM] thymidine uptake at 24 hours. Values shown
are mean +/-SD from 4 replicate experiments. (feasignificantly greater than

normoxic cells, p<0.01).
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Figure 6.3 Effects of Acute Hypoxia, Fluvastatin, Golesterol Pathway
Intermediates and Related Inhibitors on fH] Thymidine Uptake
by Bovine Pulmonary Artery Fibroblasts.
Growth arrested BPAFs were stimulated in normoRie4) or hypoxia (5%) for 24
hours. 1% serum, fluvastatin (FuMl, mevalonate (M, 1mM), GGPP (Q8l),
SB203580 (SB, M), GGTI-276 (GGTI, mM) or NSC-23766 (NSC, 1QM) were
added to selected wells on the cell culture pl&@&A synthesis, as an index of cell
proliferation, was assessed B#] thymidine uptake at 24 hours. Values shown are
mean +/-SD from 4 replicate experiments. (*valigniéicantly greater than

normoxic cells, p<0.01).
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Acute hypoxia had no effect on BPASMCH] thymidine uptake, either in the
presence or absence of serum (figure 6.4). FlatasiuM had no effect but
fluvastatin 1QM significantly reduced serum-inducetH] thymidine uptake, similar
to that previously seen with fluvastatin M applied to serum-treated pulmonary

and systemic artery fibroblasts (chapter 3.2).

6.3.3 Effects of Fibroblast Conditioned Media, Fiboblast Co-culture and
Hypoxia on Pulmonary Artery Smooth Muscle Cell Prdiferation
We considered two possibilities:- either that adutpoxia caused PAFs to release a
BPASMC mitogen or that PAFs secrete a mitogen deitonstitutively or only in
hypoxia) which facilitates a proliferative effect acute hypoxia on PASMCs. To
clarify this, we first studied the effects, on BRAS proliferation, of different doses
of conditioned media derived from normoxic and hyipoBPAFs. Also, we
determined the effects of BPAF-BPASMC co-culturenormoxia and hypoxia, on
BPASMC proliferation.

Conditioned media from normoxic BPAFs had no effect BPASMC DNA
synthesis over 24 hours, either in normoxia or kgpdfigure 6.5). Conditioned
media from hypoxic BPAFs led to increased BPASM] thymidine uptake, and a
dose response was seen. Maintaining the BPASM@srimoxia or hypoxia had no
effect on the proliferative response to conditiomaddia. Co-culture of BPAF-
BPASMCs in normoxia had no effect on BPASMC DNA thgsis. Co-culture in
hypoxia, however, led to an increase’][thymidine uptake by BPASMCs.

6.3.4 Effects of Fluvastatin, p38 MAP Kinase Inhildor and Other

Therapeutics on Fibroblast Conditioned Media-Indwced Pulmonary

Artery Smooth Muscle Cell Proliferation
Results from the preceding experiment were in kegepvith previous reports,
indicating that acute hypoxia induces PAFs to mdeédirectly acting) PASMC
mitogen&®. The effects of fluvastatin, cholesterol pathiirgrmediates and related
inhibitors on hypoxia-induced PAF proliferation hiagen established (Chapters 4.3,
6.3.1 and 6.3.2).
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Figure 6.4  Effects of Acute Hypoxia and Fluvastatiron [*H] Thymidine

Uptake by Bovine Pulmonary Artery Smooth Muscle @lls.
Growth arrested bovine PASMCs were stimulated immaxia (21%) or hypoxia
(5%) for 24 hours. 1% serum and fluvastatin (For 1LQuM were added to selected
wells in the cell culture plate. DNA synthesis,amsindex of cell proliferation, was
assessed byH] thymidine uptake at 24 hours. Values shownraean +/-SD from

4 replicate experiments. (*values significantlgager than 0%-normoxia, p<0.01).
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Figure 6.5  Effects of Application of Fibroblast Corditioned Media, Co-
Culture with PAFs and Acute Hypoxia on fH] Thymidine Uptake
by Bovine PASMCs
Bovine PASMCs were quiesced for 24 hours in serewa media. In selected cell
wells, serum free media was then replaced by 0dkn@.5ml of conditioned media
taken from bovine PAFs which had been previouslyntamed for 24 hours in
normoxia (21%) or hypoxia (5%). In other wells;@dture cell inserts containing
confluent bovine PAFs were placed. BPASMCs mana@iin serum free media,

and in media supplemented with 1% serum serveodrasats.

BPASMC plates were maintained for 24 hours in notia@21%) or hypoxia (5%)
and DNA synthesis, as an index of cell prolifemativas assessed biH] thymidine
uptake. Values shown are mean +/-SD from 4 regliexperiments. (*values

significantly increased vs 0% serum-normoxia, p&p.0
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We therefore sought to determine if similar effestsre seen on hypoxia-induced
PAF mitogen release, using these drugs at prewioastablished experimental

concentrations.

In the previous experiment, the effects of condiéid media from hypoxic PAFs, on
PASMC proliferation, were found to be identicalgaedless of whether PASMCs
were in nhormoxia or hypoxia. Given this findingj, @ the following experiments

were conducted with the PASMCs in normoxia.

Conditioned media from hypoxic BPAFs again stimetaBPASMC proliferation
(figure 6.6). Conditioned media from BPAFs treateith fluvastatin 1M had no
mitogenic effect on BPASMCs but co-treatment of tH&8PAFs with
fluvastation/mevalonate and fluvastatin/GGPP resuih conditioned media which
stimulated BPASMC proliferation.

Conditioned media from BPAFs treated with fluvastatOuM had an inhibitory
effect on BPASMC proliliferation: this may have bea ‘spillover’ effect of the
fluvastatin still present in the conditioned mediajt may reflect release of growth
inhibitory substances from BPAFs damaged by thigelaose of statin.

Treatment of the hypoxic BPAFs during the mediadiboning phase with p38
MAP kinase inhibitor (SB203580, ®M), geranylgeranyl transferase inhibitor
(GGTI-276, 5uM) or Racl inhibitor (NSC-23766, 1QfM) resulted in conditioned
media which did not stimulate BPASMC proliferatioin contrast, treatment of the
hypoxic BPAFs during media conditioning with a gexyclin analogue (UT-15c,
1uM), phosphodiesterase-5 inhibitor (sildenafil,ud) or endothelin A/B receptor
antagonist (bosentan, ) had no effect on the conditioned media stimwate
BPASMC proliferation.
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Figure 6.6  Effects of Application of Fibroblast Coritioned Media from

Drug-Treated Hypoxic PAFs on Bovine PASMC Prolifeation.
Bovine PASMCs were quiesced for 24 hours in semgm edia. Serum free media
was then replaced by 0.5ml of conditioned mediartdkom bovine PAFs which had
been previously maintained for 24 hours in hypo&go) +/- fluvastatin (F, 1 or
10uM), mevalonate (M, 1mM), GGPP (@®&l), SB203580 (SB, 1tM), GGTI-276
(GGTI, 5uM), NSC-23766 (NSC, 1Q0M), treprostinil dethanolamine (UT-15c,
1uM), sildenafil (sil, 1@M) or bosentan (bos, LM).

BPASMC plates were then maintained for 24 hoursarmoxia (21%) and DNA
synthesis, as an index of cell proliferation, wasessed by’if] thymidine uptake.

Values shown are mean +/-SD from 4 replicate erpamnis. (*values significantly
greater than 0% serum control cells, ** value digantly less than 0% serum
control cells, p<0.05).
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The lack of effect of fluvastatinuM on BPASMC proliferation (figure 6.4) offered
some reassurance that the observed inhibitory teffe¢ fluvastatin in these
conditioned media experiments were a result ofoactf the drug on the BPAFs
during the media conditioning, rather than a diiabibitory effect of residual drug
in the conditioned media, on the BPASMCs. To fyahis for fluvastatin and all of
the other inhibitors, the conditioned media expenis were repeated, but on this
occasion drugs were applied to the BPASMCs atithe of addition of conditioned

media (from fibroblasts ndteated with drugs).

Fluvastatin 1M, SB203580 &M, GGTI-276 1M and NSC-23766 1Q0M had no
effect on BPAF conditioned media stimulated pro&feon of BPASMCs (figure
6.7). Fluvastatin &M inhibited BPASMC proliferation induced by serumBPAF
conditioned media, consistent with the non-speeifiects of this dose of fluvastatin,
identified throughout this thesis. UT-15c and aildfil again had no effect but
bosentan partially attenuated the stimulatory eéffet hypoxic BPAF derived

conditioned media on BPASMC proliferation.

6.3.5 Effects of Fluvastatin and Bosentan on Bovirfeulmonary Artery

Fibroblast - Smooth Muscle Cell Coculture
Only a small number of co-culture inserts were labdée at this time and
consequently only a very limited repertoire of hbitor experiments could be
undertaken. Effects of statins were the focuhegé experiments but the results in
the preceding experiment with bosentan were inmgyendothelin-1 release by
hypoxic PAFs has previously been shown). Accolginge effects of bosentan and
low dose fluvastation on BPAF-BPASMC co-culturenormoxia and hypoxia were
studied.

Co-culture with BPAFs in acute hypoxia led to irmse in fH] thymidine uptake by
BPASMCs. This increased DNA synthesis was prevebie fluvastatin M and
bosentan 1M (figure 6.8).
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Figure 6.7  Effects of Simultaneous Application of Broblast Conditioned
Media from Hypoxic PAFs and Investigational Drug on Bovine
PASMC Proliferation.
Bovine PASMCs were quiesced for 24 hours in semgm edia. Serum free media
was then replaced by 0.5ml of conditioned mediartdkom bovine PAFs which had
been previously maintained for 24 hours in hypof&). Fluvastatin (F, 1 or
10uM), mevalonate (M, 1mM), GGPP (@®&l), SB203580 (SB, 1tM), GGTI-276
(GGTI, 5uM), NSC-23766 (NSC, 1Q0M), treprostinil dethanolamine (UT-15c,
1uM), sildenafil (sil, 1uM) or bosentan (bos, M) was added to the PASMC,
along with the conditioned media.

BPASMC plates were then maintained for 24 hoursarmoxia (21%) and DNA
synthesis, as an index of cell proliferation, wasessed by*fi] thymidine uptake.
Values shown are mean +/-SD from 4 replicate expamnis. (*values significantly
greater than 0% serum, **value significantly lesgart 0% serum, ***value
significantly greater than 0% serum and signifitatdss than 1% serum, p<0.05)
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Figure 6.8  Effects of Fluvastatin and Bosentan on®ine PASMC

Proliferation in PAF-PASMC Co-culture.
Cell culture inserts containing confluent, quiesdeovine PAFs were applied to cell
culture wells on plates containing growth arrediedine PASMCs. Fluvastatin and
bosentan were added to selected wells and the lagreplates were maintained in
normoxia (21%) or hypoxia (5%) for 24 hours, asiégated. fH] thymidine uptake
by the PASMCs was then assessed at 24 hours antbrae expressed as mean +/-
SD from 4 replicate experiments. (*value signifitg greater than 0% serum-

normoxia, p<0.01).
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6.4 Discussion

This chapter focused on the interaction betweemnpnéry artery fibroblasts and
pulmonary artery smooth muscle cells in hypoxiaecscally studying whether

acute hypoxia causes PAFs to release a PASMC mitageether this is amenable
to low dose statin inhibition and if the cell sifjimgy pathway responsible for this is

similar to that in hypoxia-induced proliferation.

As a prelude to addressing these questions aboMFEEPASMC interactions, the
effects of hypoxia and fluvastatin on BPAF and BRKS proliferation were
individually characterised. As previously seenhwiat PAFs, the effects of acute
hypoxia on BPAF proliferation were selectively amdmpletely inhibited by
fluvastatin.  The results with mevalonate/GGPP e#ph and p38 MAPK,
geranylgeranyl transferase and Racl inhibitorscatdi that the speculative Racl-
p38-proliferation signalling pathway identified iat PAFs is also activated by acute

hypoxia in bovine PAFs.

Bovine PASMCs showed no proliferative response 4o0hBurs exposure to 5%
normobaric hypoxia. This result may be a functidrthe cell population obtained
(explant from proximal pulmonary arteries and necific single clone isolated) or
the level of hypoxia used (5% may be relative ‘hyipb to PAFs but relative
‘normoxia’ to medial PASMCs which typically residstant from the PA lumen or
the vasa vasorum). This result is, however, ctarsiswith the majority of the
literature and does support the contention thatbstantial component of PASMC
proliferation in hypoxic pulmonary vascular remdog) may be a consequence of
indirect effects of hypoxia on other pulmonary vdac cells, rather than a direct
effect of hypoxia on PASMCs. If we assume thatléwel of hypoxia (5%) studied
here is appropriate, given that PASMCs are hypegissitive in general (ie in acute
hypoxic pulmonary vasoconstriction), why they slibuabt exhibit a proliferative
response to hypoxia is unknown. The Racl-p38 MARKway, present in PAFs,
may be absent or insensitive to hypoxia, it maybttvated but ineffective, or there
may be additional hypoxia signalling pathways atd in PASMCs which
counteract its effects. Further exploration ofsthgossibilities was outwith the
scope of this thesis.
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Considering BPASMC proliferation further, fluvastatlOuM again had a non-
specific antiproliferative effect but fluvastatimuMl had no effect on BPASMC
proliferation. This result again supports the riptetations made previously (chapter
3.4): that 1LlM dose of statin has a selective effect on hypaxi@ated proliferative

signalling pathways.

Having characterised the effects of fluvastatinB#PAF and BPASMC proliferation
individually, we proceeded to study the effects BIRAF-BPASMC interactions.
The effects of hypoxic BPAFs on BPASMC proliferatilmave been previously
reported by othef8 but results with our experimental conditions haa been
described. We found an increase in BPASMC praifen with BPAF in acute
hypoxia, but not in normoxia. Conditioned mediaivkd from hypoxic BPAFs
caused a dose dependant increase in BPASMC patidarbut conditioned media
from normoxic BPAFs had no effect. Also, proliftoa of conditioned media
treated BPASMCs were similar in normoxia and hypoxiTaken together, these
results suggest acute hypoxia causes secretiomloble mitogen(s) by BPAFs,
which have a direct pro-proliferative effect on BRMCs, rather than facilitating a
BPASMC proliferative response to hypoxia. Thessults are consistent with all

previous data reported in this field.

We considered it possible that hypoxia-induced gatorelease by PAFs may be
mediated by the same signalling pathway as is resple for hypoxia-induced PAF
proliferation. The results with fluvastatinn in the conditioned media and co-
culture experiments (where the fibroblasts weregdraated) were indicative of
complete inhibition of acute hypoxic BPAF mitogeelease, supporting this
contention. Negation of the effect of fluvastatim mevalonate and GGPP again
implicated a geranylgeranylated signalling proteinMoreover, inhibition of

BPASMC proliferation, in the conditioned media esipents, by treatment of the
BPAFs with the p38 MAP kinase inhibitor and RaclFGHteraction inhibitor

strongly support a cell signalling model for actmgpoxia-induced PAF mitogen

release (figure 6.9), similar to that
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Figure 6.9  Proposed Model of Acute Hypoxic Signahig Leading to PASMC
Mitogen-Release by Bovine PAFs
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The results presented in this chapter, supplemebyecesults from Rose et®|
suggest the above cell signalling pathway
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proposed for PAF proliferation (figure 4.9). Thisodel is also supported by the
work of Rose et &. They confirmed mitogen-release by hypoxic PARs a
confirmed that this was dependant on hypoxia-industabilisation of HIF-a:
previous SPVU research has linked acute hypoxic prfiferation to p38 MAPK
dependant HIF-d stabilisation. Considering these 2 reports almegthe results in
this chapter adds further weight to the contentioat proliferation and mitogen-
release by acutely hypoxic PAFs occur as a conseguef activation of the same

signalling pathway.

With these conditioned media experiments, the pdagithat ‘spillover of drug
still present in the conditioned media had a dinelibitory effect on the BPASMCs,
rather than on BPAF mitogen release, was considefddvastatin tM and p38
MAPK, GGTI and Racl-GEF inhibitors, when added tBASMCs along with
conditioned media derived from hypoxic BPAFs, haul effect on (conditioned
media stimulated) BPASMC proliferation, excludirtge tpossibility of a spillover

effect.

We found the prostacyclin analogue UT-15c and thesphodiesterase-5 inhibitor
sildenafil to have no effect on BPAF-BPASMC intdracs in these experiments.
These findings argue against either a prostacymlim GTP / PDE-5 influenced
signalling pathway mediating either hypoxia-indud@AF mitogen release or the
proliferative response of BPASMC to this mitogen(Byostacyclin is known to have
inhibitory effects on BPASMC proliferation, in geaé We did not explore this
further but the lack of inhibitory effect of UT-15sn BPAF-induced BPASMC
proliferation may have therapeutic implications:ogiacyclin therapy may be
ineffective or less effective as an anti-remodglliherapy in situations where an
important pathophysiological mechanism is BPASMOliferation driven by

mitogen(s) derived from BPAFs (ie a mechanism thowg be important in chronic

hypoxic pulmonary hypertension).

Hypoxic pulmonary artery fibroblasts have been shaw release a variety of
mitogens, including ATB®, HIMF?® and ET-1®. These previous reports have
identified an autocrine effect of these compouna$AFs and a paracrine effect on

vasa vasorum endothelial cells and smooth musdie cA comprehensive study of
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compound(s) released by hypoxic PAFs with chareseton of the individual
effects of each on PASMCs would seem very relelsahtime constraints prevented
inclusion of this work in this project. As a prainary observation, however, the
results with bosentan in the conditioned media@nrdulture experiments suggest an
important role for PAF-derived ET-1. In these exmpents, co-treatment of
BPASMCs with bosentan 1M along with hypoxic PAF-derived conditioned media
partly attenuated PASMC proliferation and appli@atof bosentan to co-cultured
BPAF-BPASMCs blocked the increase in BPASMC prodifeon. Treatment of
BPAFs with bosentan during the media conditioniegqal had no subsequent effect
on BPASMC proliferation. This result could inifialbe considered contradictory:
should residual endothelin antagonist in the comd media not block interaction
of BPAF-derived ET-1 with ETA/B receptors on BPASBIC It is known, however,
that bosentan is only stable in solution for pesiad less than 24 hours (personal
communication, Dr J Jepf, Actelion). Consequerlythe time conditioned media
was added to the BPASMCs, there would be no adtosentan present, and this
result is therefore compatible. It is also coesédl notable that angiotensin-Ii
induced ET-1 release by systemic vascular fibrablds®as been shown to be
regulated by NADPH oxidas€& there are common themes in these cellular

signalling pathways.

It was considered notable that the effects of hyp®AF-derived conditioned media
were consistent, regardless of whether the PASM@&s wnaintained in normoxia
and hypoxia. It seems appropriate to speculatethia— along with the previously
discussed proliferative phenotypic switch in choatly hypoxic PAFs (Chapter 5.4)
—is a cellular mechanism which could account fensistent/progressive pulmonary
vascular remodelling and pulmonary hypertensiohypoxic lung disease, even if
hypoxia is corrected therapeutically. If the piefative phenotypic switch in PAFs
also led to persistent release of PASMC mitogemdich seems likely, given the

identical intracellular signalling pathways whichvie been identified here - whose
effect is independent of oxygen tension, then mnhadadaptive proliferative cell-cell

interaction would require drug treatment which cospecifically block it (eg statin),

if it were confirmed in humangn vivo. Future work to characterise PASMC

mitogen release by chronic hypoxic PAFs is proposed
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These results were obtained at the end of the Empstal program comprising this
thesis and time did not permit even experimentiriectly confirm ET-1 release by
these hypoxic PAFs (though ET-1 release by BPAFs dleeady been shown by
others). As a result of these findings, howevapeements to fully characterise
endothelin-1 (and other possible mitogen) relegskeyipoxic PAFs and further study
receptor interactions and proliferative mechanismshe PASMC are in progress in
the SPVU laboratory.

In conclusion, the results in this chapter indidat acute hypoxia causes release of
BPASMC mitogens from BPAFs. This is likely to bedmted by a Racl-p38 MAP
kinase pathway in the PAFs and inhibition of thig & dual A/B endothelin
antagonist suggests endothelin-1 is likely to be oh the mitogens responsible
(figure 6.10). This BPAF-BPASMC hypoxic interactics likely to be an important
pathophysiological mechanism in the initiation gretsistence of chronic hypoxic
pulmonary vascular remodelling and the observatiat this was completely and
selectively inhibited by fluvastatin, at cell cuku concentrations which are

potentially clinically relevant, may have importaherapeutic applications.
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Chapter 7

General Discussion
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7.1 Summary of Results

The data presented in this thesis show that stain®w cell culture dose (M),
have a marked, but selective, inhibitory effecthgppoxia-induced pulmonary artery
fibroblast cell proliferation. Using establishedute and chronic hypoxic cell

models, this effect of statin drugs has been cleiged. We have shown that:-

» Large doses of statin (rRM) have a non-specific antiproliferative effect on
mitogen induced proliferation of all cell types died (pulmonary and
systemic artery fibroblasts from normal and chrdmypoxic rats and bovine
pulmonary artery fibroblasts and smooth musclesgell

* Low doses of statin (M) inhibit the augmented proliferation of pulmonary
artery fibroblasts in acute hypoxia, or in cellsided from chronic hypoxic
rats, via selective inhibition of hypoxia-induced38 MAP kinase
phosphorylation. This dose of statin has no effent serum-induced
proliferation of pulmonary artery fibroblasts or @oth muscle cells, or on
proliferation of systemic artery fibroblastsuM statin also had no effect on
ERK or JNK MAP kinase status in normoxic or acutdlypoxic rat
pulmonary artery fibroblasts.

* The lipophilic statins fluvastatin, simvastatin atdrvastatin were equipotent
when the effects of these on acute hypoxic pulmoratery fibroblast
proliferation were compared.

* A geranylgeranylated protein, probably Racl, isohfigatory component
upstream of p38 mitogen-activated protein kinasethie acute hypoxia-
proliferative signalling pathway in pulmonary astéibroblasts.

* This geranylgeranylated protein—p38 MAP kinase wath appears to be
constitutively activated in chronic hypoxic rat pudnary artery fibroblasts
and this is likely responsible for the ‘phenotypigitch’ in these cells which
results in sustained increases in proliferativeacap, even when they are
restored to normoxia. Despite this phenotypic dwlow dose fluvastatin is
able to attenuate the proliferation of these csligh that their proliferation is
at a rate similar to fibroblast cells from the gysic circualation..

* The hypoxia-selective antiproliferative effect ol dose statin on pulmonary

artery fibroblasts is notluplicated by a drug from each of the established
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pulmonary hypertension therapeutic classes (prgsliac analogue,
phosphodiesterase-5 inhibitor and endothelin-1gmmist).

« Though human cells were not available for this grtjwe were able to show
that the statin effect and hypoxic signalling padle implicated were
identical in pulmonary artery fibroblasts from Zfeient species (rat and
cow). This is consistent with previous reports camservation of this p38

MAP kinase-proliferative hypoxic signalling pathvealyetween specits.

We also studied the potential for smooth musclé m#iogen release by hypoxic
pulmonary artery fibroblasts and were able to shuat:-

» Acute hypoxia causes bovine pulmonary artery filasis to release soluble
mediator(s) which act directly to cause smooth reusell proliferation.

* This hypoxia-induced mediator release by PAFs agppeared related to
activation of a Racl-p38 MAP kinase signalling patl, and was sensitive
to inhibition by low dose fluvastation. This sugtgethat fluvastatin may
have broad spectrum effects on pathophysiologi@dhanisms implicated in
hypoxic pulmonary vascular remodelling.

* The effect of the hypoxic pulmonary artery fibradilaerived mediators on
smooth muscle cells is not influenced by subseqggmbxia.

* Bosentan attenuated the effects of hypoxic PAFvddriconditioned media
on PASMC proliferation, implicating endothelin-1 asprinciple PASMC

mitogen released by the hypoxic pulmonary artdsgoflasts.

7.2 Cell Signalling in Hypoxic Pulmonary Artery Fibroblasts

The initial results with fluvastatin — selectivehihition of acute-hypoxic induced
PAF proliferation — offered the potential to expltie known effects of statins to
interrogate PAF cell signalling events. A numbdr ather investigators have
reported on a limited panel of experiments usingleteon of cholesterol

intermediates along with statins. The experimeptatocol that we devised and
successfully employed involved a comprehensive essopl of experiments (more
extensive than any previous reports that have siified) in order to completely
characterise the effects of the statin. The rat®rfor this protocol has been

previously discussed (Chapter 4.4).
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Four novel observations in relation to hypoxic sijng in pulmonary artery

fibroblasts have been made:-

A protein which requires a ready supply of geraasdmyl pyrophosphate is
an obligatory signalling molecule upstream of p3&mMMkinase. Though
time did not permit direct demonstration of hypekiduced Racl activation,
the consistent observation that a Racl inhibitglidated the effects of low
dose statin and p38 MAP kinase inhibitor providé®rgy circumstantial
evidence the Racl is this signalling protein.

The sensitivity of this hypoxic signalling pathway statin inhibition is
relatively novel. The majority of reported ben&fleeffects of statins in cell
culture experiments have required doses around10 Our findings of
inhibitory effects on hypoxic PAF proliferation amditogen release with a
statin dose of 1uM indicate a signalling systemahiequires a consistent
supply of GGPP,. This suggests that the protemlvwed is not prenylated
prior to hypoxic stimulation. Possibilities aratlactivation of the protein by
hypoxia facilitates prenylation, that there areimioacellular stores of GGPP
to draw on and that ongoinde novo synthesis of GGPP is required.
Alternatively prenylation of this protein could ke dynamic / unstable
situation where GGPP is required for constant rephenent of the modified
protein. Recognition of this has implications four understanding of
hypoxic signalling and Rho family protein function.lt is considered
relatively likely that hypoxia-induced activatiohtbe protein involved (Racl
or GTPase?) involves an prenylation-facilitatederaltion of cellular
localisation from the cytosol to an intracellulaemmbrane. Also, the fact that
we have found that some cell signalling systemsnawee sensitive to statin
inhibition than others may be a mechanism explginthe successful
translation of statin therapy in some clinical dgl but lack of effect at
standard dosage in other clinical trials (desprec@ding observations about
disease pathophysiology and pre-clinical cell Wmglostudies suggesting
statins would be beneficial).

We have shown that the proposed hypoxia-Racl-p3® MiAase pathway is
responsible not only for PAF proliferation but alfmr mitogen release.

Though mitogen release by acutely hypoxic PAFs bhaen shown to be
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dependant on HIFel stabilisation, this is the first study to directly
demonstrate a common molecular mechanism for thebelar processes
(proliferation and mitogen release) which likelyntdbute significantly to
hypoxic pulmonary vascular remodelling. Also, tigentical patterns of
inhibition on these separate cellular process Wty dose statin, Racl
inhibitor, geranylgeranyl transferase inhibitor gs88 MAP kinase inhibitor
suggest that these compounds may have a broadwspanhibitory effect on
hypoxic PAFs, which may be therapeutically morefuise comparison to an
agent which only possess anti-proliferative prapert

* Previous observations about the “phenotypic switclipersistent
hyperproliferation of PAFs from chronic hypoxicsatespite re-oxygenation,
with constitutive phophorylation of p38 MAPK) hadedn considered to
reflect a potentially irreversible change in thesdls. Positive effects with
low dose statin and the other inhibitors utilised only demonstrate that the
phenotypic switch is reversible; they also implattithe signalling pathway
involved is dynamic. The requirement for a readgpy of GGPP suggests
an aspect of this signalling pathway must be comtiisly in flux, rather than

constitutively altered.

Our results are consistent with the majority of likerature in this field, as noted in
the relevant chapter discussions. One notableradintion - with the data in this
thesis and our previous results - is with the wofkStenmark’s group in Denver,
Colorado. As previously briefly discussed (Chapte8), rather than attributing
hypoxia-induced proliferation of PAFs to p38 MAm&se phosphrylation, they find
hypoxia-induced proliferation to be dependant ontivaton of both a
phosphatidylinositol-3-kinase - AKT — mTOR signadi pathway (which we have
not assessed in our cell model) and ERK1/2 (whick also find to be
phosphorylated in our cells, but not required faoliferation). These results are not
completely inconsistent: the Stenmark group alsmashypoxia-induced biphasic
p38 MAP kinase phosphorylation in hypoxic PAFs (fwd it not to be required for
hypoxic proliferation). Also, Racl — which we araplicating upstream of p38
MAPK in our hypothetical cell signalling model irAPs — has been shown in other
cell types to associate with AK® we may be looking at different aspects of the

same pathway, or parallel signalling pathways. tThath our group and the
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Stenmark group find complete / selective inhibitiohhypoxic PAF proliferation
with inhibition of our competing pathways is, howeyconfounding. The most
likely explanation for these discrepancies lieshi@ nature of the cell types studied.
We experiment on PAFs from of adult rats, cows @ndrevious work but not in
this thesis) humans whilst Stenmark’s group repartPAFs from neonatal or fetal
calve§’. The neonatal pulmonary circulation in all speci&udied is known to
respond more briskly to hypoxia than the matureutation, with a tendency to
increased constriction and more rapid remodellige differences in hypoxic PAF
cell signalling shown by our group and Stenmark&ug may reflect maturation and
may explain the different responses of the pulmpraculation, at different ages.

7.3 Acute and Chronic Hypoxic Cell Models: Strengthk and

Weaknesses
The results obtained (effects of statins on PAFstaipoxic cell signalling pathways
illustrated) are only directly related to the cedis which they have been obtained.
Problems with the definition of hypoxia, animal Icedrigin and different
subpopulations of resident cells within differeatritories of the pulmonary artery

have been commented on previously.

5% hypoxia, used in the acute hypoxia experimeats lbeen previously shown to
achieve a supernatant PO2 of 35mmHg, which appratesntypical alveolar PO2 in
chronic hypoxic disorders. Also, previous work lheassured that changes in pH in
acute hypoxia for this time period are insignifitdh Perhaps most important is the
observation that maintenance of PAFs for 24 haus% normobaric hypoxikeads

to proliferative and cell signalling responses vhicimic exactly those seen in PAFs
from chronic hypoxic animals. It is considered teersgth of the experimental
program presented in this thesis that experimermte wepeated in the acute and
chronic hypoxic models, with consistent resultfie Tonsistent results obtained with
statins, cholesterol intermediates and inhibitarthese models also provides further
reassurance about the relevance of our acute hypa cell model. An advantage
of the acute hypoxic model are that it offers tlweptial to rapidly screen dose

ranges of a large number of compounds, allowingfiibure experiments on less
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readily available cells (eg chronic hypoxic or hurha@o be rationalised, as was
achieved in this thesis.

Whether 24 hours of 5% hypoxia is relevant to pularg artery smooth muscle cells
Is, as previously discussed, less certain. Whe&8MCs have been previously
found to proliferate to acute hypoxia, it has baemwxygen fractions of 1-5%. Our
results therefore cannot be taken as conclusive idwated PASMCs do not
proliferate to hypoxia, however, our observatiores @nsistent with the majority of
the literature. Whilst it seems likely that whildtere may be a population of
PASMCs which proliferate in direct response to hgpan the native pulmonary
artery, proliferation of PASMCs as a consequencehyoxia-induced mitogen

release by other cells is likely important in pulmoy vascular remodelling.

We derived both our PAFs and PASMCs from proximegsels and this may be a
weakness when considering the application of osulte toin vivo pulmonary
vascular remodelling, where the dominant changesnathe distal vessels. We also
did not distinguish between different subpopulaian fibroblasts or SMCs: PAFs
and PASMCs with differing hypoxia / proliferativesponses have been previously
demonstrated to reside in both proximal and disedsel8" 1’ Again, similar
results in this thesis with the acute and chrogoxic PAFs offer some reassurance
that the population of PAFs obtained for the at¢wjgoxic studies is of relevance. It
is, however, possible that subpopulations of PARd BASMCs, whose hypoxic
proliferative and cell signalling responses difiiemm those that were cultured in this

project are importann vivo but this is not being appreciated in our experits.en

An important limitiation of this project is thateéhmajority of work was carried out
on rat cells. The applicability of any of thesedings to human disease is uncertain.
As previously outlined it has, however, previoubben shown that rat and human
PAFs have a number of shared responses to acutxibyfincreased proliferation
and p38 MAP kinase phosphorylation). Some addiioaassurance can be taken
from the fact that results with acutely hypoxic @y PAFs duplicated those
obtained with statins and other mediators on theels: bovine PAF proliferative
and MAPK responses have previously shown the gseatamology to human cell

responses. There is difficulty in obtaining anterpreting results on PAFs derived
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from human tissue. PAFs from “normal” patients #&ypically acquired from
elective lung resections, usually carried out torg cancer surgery. These patients
will typically have been exposed to tobacco smokehich has direct effects on the
pulmonary circulation - and it is therefore diffitto regard these PAFs as “normal”.
Pulmonary arteries are occasionally available fronused lungs acquired from
organ donors but there will usually have been aifsognt pre-morbid injury and a
period of invasive ventilation and, again, it iffidult to regard these cells as truly
“normal”. PAFs from hypertensive pulmonary amsriare typically sourced from
explanted lungs at the time of transplant surgerfxgain there are problems with
these: there is considerable heterogeneity in tidenlying primary lung disease, the
cells will have been exposed to various pulmonaagcular therapeutics prior to
explant and the pulmonary arteries are at the tagk<f the disease (rather than at
the early stage, when we would be hoping to tdeatcondition). The relevance of
any results obtained solely on PAFs from eithernrar patients or pulmonary
hypertensive patients is therefore considered tasbguestionable as those obtained
on animal cells. Taking all of this together,stdonsidered that human and animal
cell models are complementary. The results froim pioject provide a necessary
foundation for performing a limited profile of colementary statin experiments on

human PAFs and this is proposed as future workngrfsom this thesis.

7.4 Relevance of Observed Effects of Statins on PAehaviour to

Hypoxia-Induced Pulmonary Vascular Remodelling

The initial premise to this research project wasdhserved reversal of experimental
PH with statin drugs. Determining the mechanisnactfon of the statins in these
animal models is difficult: differentiating celluland molecular events which are a
direct consequence of statin therapy from thosechvldre simply a secondary
consequence of reduced remodelling is not possifilbserved effects of statins in
these experimental models include a reduction gseflewall thickness, reduction in

medial hypertrophy, smooth muscle cell apoptogiduced Rho kinase activity and
upregulation of eNOS and BMPR1a transcription (@espter 1.10.6). All of these

observations, however, were based on experimenth@mnimals at the end of a

period of statin treatment. Early effects of statwere not studied and, notably, any
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effects of either experimental conditions (chrohigpoxia, monocrotaline etc) or
statin on the vessel adventitia or the advenfitimbblasts have not been reported.

Given that the earliest changes — possibly thétimg changes - in chronic hypoxic
pulmonary vascular remodelling occur in the adientit may be that the efficacy of
statin drugs at preventing CH rat PH are a consemguef the inhibition of hypoxia-
induced PAF proliferation and mitogen release thwat have demonstrated here.
Also, the demonstration that low doses of statia;m completely reverse the
proliferative phenotypic switch in PAFs may be acthremism responsible for the
reversal of CH rat PH achieved by statins: restamadf normal fibroblast behaviour
may allow normal pulmonary vascular homeostasisetestablish. Alternatively,
there may be additional cellular effects of statinsthe remodelled pulmonary
circulation (eg pro-apoptotic, anti-inflammatoryhieh contribute. We have not yet
studied the effects of statins on other fibrobkadtaviours influenced by hypoxia (eg
migration, transdifferentation, collagen, elastmdanatrix synthesis): these may be
under control of the same hypoxic signalling patyhwaa proliferation and mitogen
release, and they may be additionally importantutzel targets for any potential

pulmonary vascular remodelling therapy.

Based on previous observations about the roleefdkident pulmonary adventitial
fibroblasts to hypoxia-induced pulmonary vascukmodelling and all of the data
presented in this thesis, Figure 7.1 illustratés/othetical model of this aspect of
pulmonary vascular remodelling and indicates tkelyi effects of fluvastatin and the

other drugs used in this project on this.

The relevance of any experiments conducted ontesbleell culture to then vivo
situation (where cells are in contact with one hentwith the extracellar matrix, the
extracellular fluid, vascular mediators etc) is emain. For all of the reasons
previously noted experiments to elucidate basichaeisms or compare different
therapies in whole animal experiments are diffiantl cell culture models offer the
only available compromise. The work described lvate PAF-PASMC co-culture
is an early aspect of a proposed future major rekedirection, whereby we hope to

better model thén vivo pulmonary artery with cell culture techniques.atiis look
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likely to remain a useful experimental tool to mbogate the different cell-cell and
cell-matrix interactions that we hope to explore.

7.5 Potential Clinical Applications

A major obstacle in the treatment of pulmonary hgresion in the past has been an
inability to selectively affect the pulmonary citation: this was a particular problem
with vasodilator therapies. The results obtaimethis thesis once again underscore
the fundamental differences between the pulmonady systemic circulations and
suggest that—with appropriate dosing— statins mayeha stimulus (hypoxia) and

circulation (pulmonary) selective anti-fibroproliétive effect.

There are substantial limitations in applying arfytlte results obtained here to
pulmonary hypertension in humans, or its treatmefhese were experiments on
animal cells, in artificial conditions, with drug®sed directly onto cells. Failure of
results obtained at the bench to translate to kerafthe bedside is, in general, more
common than success. With all of these provisosielver, some speculation does
seem appropriate, particularly as clinical trialstatins for pulmonary hypertension
have already been commenced, with only the liméeidnal experiments previously

commented on (chapter 1.10.6) as their foundation.

The observations that low doses of statins carbinRIAF proliferation and mitogen
release in acute hypoxia, and reverse the prdiiferghenotypic switch in chronic
hypoxic PAFs, suggest that statins may have brpadtsim inhibitory effects on a
cell type which is likely to be an important cobtrior to the initiation, maintenance
and progression of chronic hypoxic pulmonary vascutemodelling. The
proliferative PAF phenotypic switch, which persidisspite cellular re-oxygenation,
may be a factor in the failure of chronic hypoxialmonary hypertension to
consistently improve with oxygen therapy and th@esdnental results presented
here may indicate a potential for statin therapyatagment the beneficial effects of
oxygen therapy in patients with chronic hypoxicdutisease and related pulmonary

hypertension.



198

In the cell models, we found positive effects orpdwic PAFs identical to those
achieved with fluvastatin, with a geranylgerangihgferase inhbitor, a Racl inhibitor
and a p38 MAP kinase inhibitor. Geranylgeranyhsfarase inhibitors and the Racl
inhibitor are recently described compounds andaisthese in animals or humans
has not yet been described. p38 MAP kinase itdrare in a more advanced state
of drug development but there are concerns aboutity and progression of these
beyond phase Il clinical trials appears to haviesta Whilst alternative strategies to
achieve p38 inhibition may come to fruition (eg NiR inhalation of drug rather
than systemic treatment), the ready availabilitjy Icost and established safety
profile of statins makes them more attractive ttrease inhibitors for any proposed
clinical study. Also, statins have theoretical éferial effects in the pulmonary
circulation (eg anti-inflammatory, enhance eNOS)atexceed those of these other

inhibitors.

With the exception of inhibiton of hypoxic PAF-catidned media induced PASMC
proliferation by bosentan, the identified benefigtiects of statins on hypoxic PAFs
were not duplicated by a drug from each class &skegal in pulmonary hypertension
therapy. This is an important observation as tlagonty of patients with severe
pulmonary hypertension (in resourced parts of tleeldy are currently treated with
one or more of these drugs. The beneficial effettatins on PAF behaviours may
therefore complement the mechanisms of action e$eghestablished drugs, rather
than simply duplicate it.

When we consider the current therapeutic scenamoPAH in general, the PH
community is moving towards combination therapyd aarrently treating all forms
of PH similarly (on a relatively empirical basiskiven patient heterogeneity and the
difficulties of comparative clinical trials, esta&iing the most appropriate drug
treatment(s) for the different forms of severe Rid astablishing the most rational
combinations (with complementary rather than dw@dic or contradictory
mechanisms) requires basic science work. Thisoggpr has been successfully
employed in oncology, where laboratory researchdsaablished the most rational
combinations from the large complement of chemaibeutics and biological agents
now available, for different tumour types, with able (though qualified) clinical

success. It would seem sensible to duplicate themeslational strategies in
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pulmonary hypertension research, studying the #tffeof established and
experimental therapies on different cell typesexperiments aiming to model the
different forms of pulmonary hypertension. As conaion and comparison

experiments in animal models are impossible (tfecef of a single drug are usually
too marked to allow any differentiation) we considbe experimental approach
utilised here — comparing effects of a new drughwestablished drugs in
complementary cellular modles — one which should dwopted for future

experimental programs studying disease pathoplogyoand potential therapeutic

strategies in pulmonary hypertension.

Considering statin therapy for PH more specificallye compared different
lipophilic statins, in the acute hypoxic rat PAF dey and found them to be
equipotent. Comparisons of different statins i@ éxperimental PH animal models
are incomplete, but no clear cut differences iicafly have been shown. There are
notable differences in the pharmacokinetics of éhstmtins in humans (see Table
1.2). Simvastatin and atorvastatin undergo suhbatarepatic first pass metabolism
and, whilst there may be circulating active metabslof these drugs, only very
small peak circulating concentrations of these dlrage achieved in humans. In
contrast, fluvastatin undergoes relatively littlestf pass metabolism and achieves
much higher concentrations in the post-hepatic gystemic and pulmonary)
circulations) after standard oral dosing. It idambe that standard oral dosage of
fluvastatin achieves peak circulating concentraiaf ~JuM, a dose that had a
positive and selective effect in our experimen@®ur study is therefore the first to
demonstrate that statins - specifically fluvastatmmay have an inhibitory effect on
pulmonary vascular cell proliferation at cell cu#udoses that are within the
concentration range achievable in the human pulnyocieculation, with oral statin

dosing.

The clinical trials of statins for pulmonary hyparsion currently in progress have
selected simvastatin in their protocols. Our nssahd observations suggest that this
drug may be problematic: it may not achieve adexjgahcentrations in the human
pulmonary circulation to achieve the beneficialeets seen in the animal models.
Also, simvastatin metabolism is enchanced by base(which a substantial number

of enrolled patients will be taking) which will pattially confuse interpretation of
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results. In relation to this, perhaps the mostartgmt message which can be derived
from this thesis is that if these initial clinicadals of simvastatin for PAH are
negative, we should not dismiss statins as poteatants for selected forms of
severe PH. Hypoxia-associated PH may be partigwaisceptible to statin therapy
and fluvastatin may be a more appropriate choicestafin. It is concluded,
however, that substantial additional preclinicalrkve determining the differential
actions of statins and other drugs in complementatlyand animal PH models - is
required if we are to avoid potentially confoundiagd wasteful negative clinical

trials.

7.6 Future Work

The work in this thesis has extended our undergstgndf hypoxic signalling in
pulmonary artery fibroblasts and identified potaltyi therapeutically relevant
effects of fluvastatin on this. Some of the gap®ur experimental program have
been acknowledged in the chapter discussions. ofpo@ite immediate future
directions would include clarifying Racl prenylatié turnover in acute hypoxia,
clarifying Racl involvement in proliferative hypaxisignalling (eg via siRNA
studies) and extending the experimental protocetius Chapters 4 and 5 to human

cells.

The pattern of experiments conducted here — comgpaaifects of a potential new
therapy with established therapies — is considareglevant template for future work
on cellular and molecular pulmonary arterial pathygiology and drug exploration.
As indicated, the success of this approach in theology field suggests this
template should be more widely adopted and extendgukcifically, utilisation of

other proposed PH therapeutics (eg PDGF inhibitorasoactive intestinal
polypeptide) in our hypoxic cell models may faalé new insights into cellular
mechanisms, therapeutic potential and allow dedoctbf rational combination

therapies for clinical study.

The single cell type cell culture model will alwalge problematic in translational
medicine but novel approaches to better model trenal and diseased pulmonary
vessels in the cell culture lab are proposed. filreblast-smooth muscle cell co-



201

culture and conditioned media experiments that aedacted would seem to be a
small step towards better modelling the completémpnoary arteryin vitro.
Improving on this, initially by including other delypes (eg endothelial cells and

distal rather than proximal vascular cells) seestsvant.

Lastly, it is clear that pulmonary vascular reméidgland pulmonary hypertension
is not a process involving simply a segment of plémonary artery: circulating
cells, pulmonary veins and the right heart areicalitin the overall clinical
manifestation. Whilst it remains likely (thoughllstontentious) that the primary
problem is an arteriopathy, the contribution ofsta@ther cell and tissue types to the
disease state, and the effects of experimentaubt{eg hypoxia) and investigational

therapies (eg statins) on these need to be chesacte

In conclusion, the data and interpretations preskemt this thesis are considered a
small, but significant aspect of an increasinglyivecworldwide research program
into this important group of diseases. In addittonthe ongoing research in the
SPVU laboratory which this thesis has promptedsitioped that the conclusions
made will prove to be interesting and stimulatiry the pulmonary vascular

community in general.
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