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Abstract

Sphingosine kinase 1 (SK1) catalyses synthesis of thenportantbioactive sphingolipid
sphingosiné€l-phosphate (S1P)hat hasan important role in vascular tone regulation and
cardioprotection against ischaemia/reperfusion injditye work presented in this thesis
describes the influence ahort periods of hypoxia oexpression of SK1 in vascular
endotheliumand how this may regulate vascular functidine aims were achieved by
using wire myography to study vascular function and confocal microscopy for the studies

of expression and distribution of SK1 under normoxid hypoxic conditions.

In the first study, it was found that exposure of isolated rat coronary arteshtot period

of hypoxia increases SK1 expression and ser225 phosphorylation. It was also demonstrate
that the hypoxiainduced increase in SK1 expsém wasreduced by préreatment with
cycloheximide, a protein synthesis inhibitor, SKi, a 1seftective SK inhibitor and PF543,

a selective SK1 inhibitor. However, peatment with proteasomal and/or lysosomal
inhibitors did not increase SK1 expressiander normoxiaor hypoxia. Similarity, SK1
expression was also increased in aortic endothelium following exposure teteshort
hypoxia and this effect was also inhibited by cycloheximide, SKi and PF543. Collectively,
these data suggest that hypoxia imses SK1 synthesis in coronary and aortic
endothelium. Moreover, the Skinduced reduction in SK1 expression in coronary
endothelium was reversed by proteasomal and/or lysosomal inhibitors, indicatigiKthat
stimulates both proteasomal and lysosomal albgfion of SK1 under normoxia and
hypoxia. In chapter two, it was demonstrated that S1P and CYM5&4E51R, agonist,
induced doselependent relaxation in endotheliamtact aortic rings, whereate S1R
agonistSEW2871 was without effect. The S1P stintedhrelaxation was significantly
enhanced in endothelidmtact aortic rings subjected to shtetm hypoxia and this effect

was entirely endotheliurdependent. Interestingly, the vasorelaxation response to S1P was
inhibited by pretreatment with SKi and 543 but not ROMe, a selective SK2 inhibitor
under both normoxia and hypoxia nitric oxide synthasahibitor also inhibited the S1P
induced relaxation in aortic rings. Moreover, the enhanced relaxation response to S1P du
to hypoxia was maintained inodae obtained fronspontaneously hypertensive Wistar
Kyoto rats These findings suggest that the vasorelaxation response to S1P under normoxiz
and the enhanced response under hypoxia are mediated by SK1 and NO.

In chapter five, it was found that hypoxial ahot change the SK1b expression in HUVECs

and pretreatment with SKi or cycloheximide exedno effect under both normoxia and
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hypoxia. However, proteasomal and/or lysosomal inhibitors increased SK1 expression
under hypoxic conditions. In heart tissue, significant differencevasseen in expression
of SK1 following exposure to hypoxia. However, SK1 expression was reduced by pre
treatment with SK inhibitors and cycloheximide under normoxia but not hypoxia. SKla
was identified in heart tissue, which is one sensitive to the degradatiomduced by SK
inhibitors than SK1b.

In summarythe results of this study imphpat shorterm hypoxiainduces an increase in

SK1 expression in coronary and aortic vascular endotheliitna.increased SK1 induced

by hypoxia appears to mediate the enhanced vasorelaxation response to S1P i
endotheliumintact aortae. In HUVECs and heart tissue, it is likely that hypmdaces
resistance of SK1 to SK inhibiteanduced downregulation through compensatory

increase in SK1 expression.



Chapter one

1 General introduction



1.1 Cardiovascular system

1.1.1 Structural organisation

The cardiovascular system (CVS) is responsible for transporting essential substance:
including gases, nutrients, and hormones to various cells and tissues in the body. It is als
responsible for removing the waste products of metabolism and plays a significant role in
the regulation of body temperature by transport of heat as well asonogithe water
content of the cells. This system is composed of the heart, blood and an intricate network
of blood vessels including arteries, veins and capillaries. The heart is the key organ in the
cardiovascular system. Its main function is to maingaiaquate circulation of oxygenated
blood around the vascular network of the body. The oxygénblood is ejected from the

left ventricle through the aorta at high pressure to be distributed to the peripheral tissues
The deoxygenated blood returns tghti atrium via the inferior and superior vena cava and

is then pumped into the lung from the right ventricle via the pulmonary artery where the

gas exchange process takes place.

1.1.2 Histology of the arterial wall

The arterial wall consists of three concentagers: the tunica intima, tunica media and
tunica adventitia. The innermost layer, tunica intima, is a thin single sheet of endothelial
cells attached to a thin layer of connective tissue; the basal lamina. Endothelial cells line all
blood vessels from thheart to the capillaries and regulate the exchanges between the
bloodstream and surrounding tissue. The tunica media is composed mainly of vasculat
smooth muscle cells (VSMCs) arranged roughly in spiral layers and located between the
internal and exterreelastic laminae. The tunica media is responsible for regulating the
total peripheral resistance (vascular tone) and the distribution of blood flow throughout the
body. The outermost layer, the tunica adventitia, is made chiefly of longitudinally arranged
collagen fibres and surrounds the tunica media. The adventitia serves to anchor the bloo

vessels to nearby organs, giving it stability.

1.1.3 Vascular endothelium function

The endothelium is a thin monolayer that lines the inner surface of the entire vascular
system, separating the circulating blood from the tissues. This continuous layer constitutes
approximately 1% of body mass (1 ké(alley and Webster, 204 The shape of
endothelial cells varies across the vasctiee, but generally they are thin and slightly
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elongated, approximately 5 pm long, 1030 um wide, and 0.410 um thick. In the

blood vessel wall, endothelial cells are orientated along the axis of the vascular wall and
this helps to minimize the shedress forces induced by the blood flow. Up to the early
1970s, the endothelium was thought of as a mere diffusion barrier preventing the access ¢
the blood cells to the vascular matrix, but it has now become clear that this monolayer
plays a predominantole in the control of blood fluidity, platelet activation, cellular

adhesion, vascular tone and angiogenesis.

1.1.3.1 Blood fluidity, thrombosis and thrombolysis

In the heart, arteries and veins and under physiological conditions, the endothelium plays
an importanrole in maintaining the proper haemostatic balance. Under normal conditions,
endothelial cells help to maintain blood fluidity by means of different antiplatelet and
anticoagulant mechanisms. These cells prevent adhesion, aggregation and activation c
platelets and enhance plateletatggregation via expression of-h§droxyoctadecadienoic

acid (13HODE) on their surface cells, releasing nitric oxide (NO) and prostacyclin,
hydrolysing ATP and ADP by membrane ectonucleotidases and inhibiting the action of
thrombin, a potent aggregating enzy(wichiels, 2003 Verhamme and Hoylaerts, 2006

They also inhibit the action of thrombin by expressing the thrombin receptor
thrombomodulin on their sirface, which promotes conversion of thrombin from a
procoagulant to an anticoagulant enzyme. The thrombomebkalind thrombin activates
protein C/protein S pathway leading to inactivation of coagulant factors Va and Vllla and

ultimately blocks the coagation cascadéRajendran et al., 20).3

Moreover, endothelial cells play a pivotal role in all major haemostatic pathways upon
vascular injury and restrict clot formation to the areas where haemostasis is reguired
restore vascular integrity. Disruption of endothelial continuity results in the exposure of
blood to the subendothelial matrix and collagen fibres and this triggers platelet adhesion tc
these structures. Von Willebrand facte¥\(F), a multimeric proteinis mainly generated

by endothelial cells and plays a crucial role in initial platelet aggregation and clot
formation. It acts as a bridge between the tissue and the platelet through GPIb/IX/V
glycoprotein receptomra platelet receptor for VWF and otheolecules including thrombin,
P-selectin, factor XI and factor XlIThe rapid formation of a platelet plug provides an
initial defence mechanism against vessel wall injury and bleeding. Furthermore, the
activated platelets secrete different platelet agersstch as thromboxane, AADP and

serotonin that mediate vascular smooth muscle cell contraction and therefore induce
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vasoconstriction. Platelehediated primary haemostasis goes hand in hand with the
activation of the coagulation system. Clot formatisgoabccurs in response to exposure of
blood to subendothelial tissue upon endothelial damage. Endothelial cells are involved in
regulation of the haemostatic response, both in the initiation and amplification of thrombin
formation and in the anticoagulanathways that control the haemostatic response. The
initiation of the coagulation cascade is primarily mediated by tissue factor (TF). In heathy
blood vessels, TF is mainly located in the adventitial layer and the subcutaneous tissue
Direct contact of thélood with TF and the subsequent binding to factor Vlla initiates the
coagulation cascade. The-MHa complex converts circulating factor X and factor Xl into
active enzymes, namely factors Xa and Xla. Factor Xla promotes the activation of factor
X. Facta X catalyses the generation of thrombin. Thrombin plays a pivotal role in
amplification of the coagulation cascade via cleavage of fibrinogen to fibrin, activation of

factors V, VIII, XI, Xlll, and platelet activation (Figure 10).
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Figure 1-1 Schematic representation of the coagulation cascade.

-

In injured blood vessels, the tissue factor binds factor Vlla to activate factors X and IX: activated
factor 1X enhances the activation of factor X and the later catalyses the generation of thrombin. The
thrombin that is generated in the initiation phase promotes amplification of the coagulation cascade
via cleavage of fibrinogen to fibrin, activation of factors V, VIII.

When the blood clot is no longer needed for haemostasis, the fibrinolytic system degrades

the clot and restores the patency of the blood vessel. The fibrinolytic system dissolves the
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clot via action of plasmin which degrades the fibrin component of thedbdtot into
soluble degradation products. The plasmin is present as an inactive proenzyme,
plasminogen, which is converted to active plasmin via two different activators,-tissue
plasminogen activator-@A) and urokinaselasminogen activator {BA). Botht-PA and

u-PA are synthesized and released by endothelial cells.

1.1.3.2 Leukocyte trafficking

The interaction between leukocytes and vascular endothelium contributes to several
physiological and pathophysiological processes including the immune response, wound
repair and thrombosis as well as to acute and chronic inflammation. Transmigration of
leukocytes from the circulation to the surrounding tissue is a-stelbi process involving

the capture, rolling and arrest of the leukocytes, followed by their extraoragatthe
surrounding tissue (or diapedesi@)ey and Reutershan, 2006The recruitment of
leukocytes at sites of vascular injury is a very rapid response and mostly depends on the
expression of the selectin family of adhesion molecules, in both endothelialandlls
leukocytes. The capture and rolling of leukocytes is mainly regulatedssyeEtin and P
selectin. Following rolling, endothelial chemokines stimulate conformational changes in
integrins; adhesion receptors expressed by leukocytes. Integrins bin&dr taghinds on the
endothelial cells such as vascular cell adhesion molecule (VECANateletendothelial

cell adhesion molecule (PECAWN), intracellular adhesion molecule (ICAM) or
junctional adhesion molecule (JAM). Then, leukocytes migrate thrtluglendothelium
preferentially via inteendothelial junctions and this process is regulated mainly by
PECAM-1, ICAM-1 andVECAM-1 (Ley and Reutershan, 2006

1.1.3.3 Regulation of vascular tone

The endothelium acts not only as a physical barrier between the circulation and the tissue
but it plays animportant role in regulation of vascular tone by secreting a variety of
regulatory substances. Endothelial cells control the vascular tone by releasing vasodilator:
such as nitric oxide (NO) and prostacyclin (PGas well as vasoconstrictors including
erdothelin, thromboxane A angiotensin Il, superoxide, and platedetivating factor.
These different compounds are not stored in intracellular granules. Rather, their major
physiological effects are controlled by specific receptors on vascular celtheuaapid
metabolism, or at the level of gene transcription. Endothelial cells generate NO through
oxidation of the amino acid-arginine to NO and this process is catalysed by nitric oxide
synthase (NOSjPalmer et al., 1998 Three isoforms of NOS are identified: neuronal
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isoform (NNOS) which forms NO to work as a neuronal messenger that modulates synaptic
neuronal transmitter relea¢@rast and Philippu, 2001Macrophage or Inducible isoform
(INOS) which is only induced inells which have been exposed to particular inflammatory
mediators that activate the macrophadechel and Feron, 1997 and endothelial NOS
(eNOS) which synthesizes nitric oxide in vasculafuamas et al., 1992 These isoforms

are not only egressed in the cells they were originally found in but they also exist in other
cells. For example, all three NOS can be expressed in the vascular wall. nNOS is presen
not only in perivascular nerves but can also be expressed in endothelial and vascula
smooth muscl€Gonzalez et al., 199Boulanger et al., 1998iNOS expression has been
reported in all nucleated cells in the cardiovascular sy$Rapapetropoulos et al., 1999

and eNOS can be detected in cardiomyocytes and pla(Blglisggand et al., 1993Sase

and Michel, 199k It is known that the dilation of the blood vessels is largely dependent on

the activity of eNOS; therefore thistroduction will now focus on this isoform.

Inactive eNOS is attached to the protein caveolin and is located in caveolae; small
invaginations in the cell membraifBucci et al., 200D eNOS is detached from caveolin
and activated when the intracellular level of QOa increaseqBucci et al., 200D Several
receptordependent agonists such as bradykinin, acetylcholine, thrombin, adenosine di
phosphate (ADP), adenosine-phosmate (ATP) and substance P can stimulate the
detachment of eNOS from caveolin by releasing’ @am the endoplasmic reticulutBae

et al., 2003Sandoo et al., 20)0Depletion of intracellular GAstores leads to opening of
Cd*channels allowing Ga influx from the extracellular spacgSchilling et al., 1992
Schilling and Elliott, 199p C&* binds to the protein calmodulin in the cytoplasm of the
cells and this leads to structural changes which enables it to attach to(El®&g and
Busse, 199p Activated eNOShenconverts Larginine to NOand sathis pathway of NO
generation depends upon the intracellular levels &t @athe endoplasmic reticulum as
well as C&" influx into the cells from extracellar stores. A decrease in €aesults in
dissociation of the calciurnalmodulin complex from eNOS which in turn attaches to
caveolin and becomes inactivat€Bleming and Busse, 1999However, there are
additional mechanisms which can activate eNOS including phosphorylation via protein
kinases such as protein kinase (Bae et al.,, 2003 and cyclic guanosin8 6 ,- 50
monophosphate (cGMP) protein kinase depende(Butt et al., 200P Shear stress can
also activate eNOS via the action of protein kinase A and(Bkb et al., 200 Shear
stress is caused by increased blood flow in the vessel and can elevate NO generation L
eNOS phosphorylation or an increase in intracellulaf” Gavels through $mulation of
Cd*-activated K channels on the endothelial cell surface; allowirigefflux and C&"
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influx into the cells(Tran et al., 2000 Once generated, NO diffuses to the ulyieg
smooth muscle where it activates the enzyme soluble guanylyl cyclase (([§8&)o et

al., 1986. This enzyme catalyses the conversion of guanosine triphosphate (GTP) to
cGMP, which decreases €arelease from the sarcoplasmic reticulum in the smooth
muscle cells and also helps to restoré*@a the sarcoplasmic reticulugCornwell et al.,
1991). Both actions induce relaxation of smooth muscle cells. Apart from its vasodilator
effect, endotheliunderived NO also prevents leukocytehadion to endothelium and

decreases inflammatory mediators in response to vascular {Rjemng et al., 1998

Furthermore, prostacyclin (Pgl and thromboxane A(TXA;) are also involved in
regulation of vascular functio(Bunting et al., 1988 Their synthesis is catalysed by
cyclooxygenase enzymes (COX), of which there are two isoforms:-C@Xd COX2.
COX-1 is generated continuously in endothelial cells; in contrast-2®@Xonly produced
when the endothelium is injured and exposed to inflammatgtokines(FitzGerald, 1991
Needleman and Isakson, 199ZOX enzymes catalyse the conversion of arachidonic acid
to prostaglandin H(PGH,) and the latter is converted to B®ly prostacyclin synthase
(McAdam et al., 1999 Then PG/ binds to the prostacyclin receptors (IP) on smooth
muscle cells to activate adylate cyclase which produces cyclic adenosine monophosphate
(cCAMP). The latter then activates protein kinase A, which allows relaxation of the smooth
muscle by the same mechanism as for (S@tham et al., 2004 Prostacyclin receptors are
also expressed on platelets and their activation by R@ts to inhibition ofplatelet
aggregationHiggs et al., 1978 In contrast to PG) TxA; induces vasoconstriction and
platelet aggregatio(fhomas et al., 1998It is producd by converting arachidonic acid to
PGH, and then TxA is generated by thromboxane synthéBenting et al., 19883 TxA,
induces its décts through thromboxarmostanoid (TP) receptors which are expressed on
platelets andvhosestimulation enhances platelet aggregaiibiizGerald, 1991 The TP
receptors are also located on smooth muscle cells and their activation pye$xhs in an
increase in intracellular Galevels, leading to vasoconstrictig@ogolludo et al., 2003

The balance in the activity betwedAGL and TxA is important in maintaining

homeostasis in the healthy vessel.

Endothelinl (ET-1) is another vasoconstrictor which is released by endothelial celis. ET
is synthesized by converting big HT to ET1 via endothelin converting enzyme
(Yanagisawa et al.,, 1988ET-1 synthesis and release is stimulated by inflammatory
mediators such as interleukins and FNFnd reduced by NO and PGlAlonso and

Radomski, 2008 Shear stress causes a reduction inlE&xpression, after initially
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enhancing it. ET1 receptors (E4 and ETFg,) have been identified on smooth muscle cells
and (ETFg;) receptors on endothelial ce(Bavenport et al., 1995Activation of ETy and
ET-g, by ET-1 results in C& influx into smooth macle cells, leading to vasoconstriction
in a similar mechanism to TxA In contrast, stimulation of Eg; receptors on the

endothelium causes vasodilatation by releasing NO angl(B&Nucci et al., 1988

1.1.3.4 Angiogenesis

Recovery of cardiac function and prevention of heart failure follgwmyocardial
infarction remains a challenge and there is no satisfactory strategy to overcome suct
complications. In the last two decades, proangiogenic therapy to enhance reperfusion an
function of ischaemic hearts appeared a promising therapeutieeinten in preclinical
studies. However, in clinical trials, this strategy has shown disappointing results,
increasing the need for better understanding of angiogenic mechanisms in ischaemic
hearts. The endothelium plays an important role in blood vesseiafion. When a
primitive network has been formed via vasculogenesis, it expands and remodels into a
functional vascular network. This process involves angiogenesis; the growing of
microvessels from prexisting vessels. In the adult, angiogenesis isliaein regulation

of reproduction, in wound repair and in response to stimuli such as inflammation and
hypoxia. Several diseases are caused by abnormal angiogenesis or conversely b
insufficient angiogenesis or vessel regresgieischer et al., 2006 Although endothelial

cells are normally quiescent, during angiogenesis they can proliferate rapidly with a
turnover time less than 5 day&olkman and D'Amore, 1996 Angiogenesis is a
sophisticated phenomenaemarkably regulated in a spatial and temporal manner. In
response to angiogenic factors produced by surrounding hypoxic tissues, endothelial cells
degrade the extracellular matrix, proliferate, migrate towards these angiogenic signals anc
create tubulartsuctures, the basis of the new blood ves¢Elgeblad and Werb, 202
Vascular edothelial growth factor (VEGF) plays a pivotal role in this phenomenon with
additional contribution of other factors including angiopoidtiand integrins. VEGF and
angiopoietin might also be involved in tube formation whereas ephrins, Eph receptor
ligands, guide the forming vessel toward its target. Moreover, VEGF also promotes
survival of the endothelial cedlonstituted new blood vessel. However, the angiogenic
process can differ markedly depending upon the origin of the neovascularization

(physiologi@l or pathologicalandthe vascular bed involvdgFischeret al., 2005



1.2 Cardiovascular disease

Cardiovascular disease (CVD) is a general term that describes all diseases involving the
heart and blood vests including coronary heart disease (CHD), stroke, peripheral arterial
disease and aortic disease. CVD is one of the leading causes of death in the Unite
Kingdom. In 2014, CVD was the second most common cause of death in the UK, with a
total of around 15,000 death§British Heart Foundation, 20L.5Among them 41,000 were
premature deaths (people below the age of 75). CVD is a multifactorial disease with
interaction of both genetic and environmental risk factors such as smoking, diet and
lifestyle. The maet common causes of CVD deaths are CHD and stroke. In 2014, 44% of
CVD deaths were caused by CHD and 25% were from stroke in th€Btitish Heart
Foundation, 2016

1.2.1 Coronary heart disease (CHD)

Coronary artery disease (@A constitutes a major publizealth problem and is one of the
leading causes of morbidity and mortality among adults worldviddeh year more than

29 million people suffer a myocardial infarction, leading to 17 million deaths around the
world. Moreover, coronary artery disease isniest common aetiology of sudden cardiac
death which is responsible for 300 000 to 400 000 deaths every year in the United State:
alone(Santini et al., 20017 In 2014, CHD was responsible for 69,000 deaths in UK and
Scotland had the highest rate of premature CHD deaths for both men (83/100,000) anc
women (28/100,000British Heart Foundation,®5). There are several risk factors that
have been confirmed to increase the risk of coronary heart disease inchygiagension,

high cholesterol levels, cigarette smoking, and diab@esdon et al., 197 /Kannel and
McGee, 1979Gordon and Kannel, 198Khot et al., 2008 Other factors such as obesity,

left ventricular hypertrophy, previous family history of CHD, and oral contraception have
also beenansidered in defining CHD risKanne| 1991 Wilson et al., 1998Logue et al.,

2011).

1.2.2 Pathophysiology of coronary heart disease

Coronary atherosclerosis is by far the most common cause of ischaemic heart disease, ar
plaque disruption with superimposed thrombosis is the leading cause of acute coronary
syndromesincluding unstable angina, myocardial infarction and sudden déabab-

Zadeh et al., 20)2Coronary events can also be caused by coronary dissection, coronary

spasm, arteritis and thrombuobolism without obvious coronary artery dise&Bavies,
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2000. Coranary thrombosis is most commonly triggered by plaque disruption or
endothelial erosion. In white males more than 85% of major coronary thrombi are
associated with vulnerable plaque rupture. In contrast, endothelial erosion is responsible
for O 5 0 &y thrémbidnowomenBurke et al., 1997Arbustini et al., 1998
Several studies have demonstrated that the atherosclerotic plaque type at the greatest ri
of rupture is thircap fibroatheroma, characterized by a large necrotic core surrounded by a
thin fibrous layer of cagVirmani et al., 2006Calvert et al., 201,1Stone et al., 2031

During the atherosclerotic process, the necrotic core increases in volume as a result o
macrophage infiltration, the demise of macrophages and intraplague bleedingad@kito
separation of the necrotic core from the flowing blood by an-thiralayer of fibrous

tissue that is depleted of smooth muscle cells and is infiltrated by inflammatory cells. Thus,
plague growth, the inflammatory process within the fibrousarap external shear stress
may disrupt the thinnest part of the fibroatheroma, causing tearing and exposure of the
highly thrombogenic material to the blo@dirmani et al., 2008 This ultimately results in

thrombus fomation and, in severe cases, occlusion of the coronary artery.

1.3 Endothelium and myocardial ischaemia

Vascular endothelial cells play an essential role in regulation of vastoies,
angiogenesisas well as of platelet and neutrophil functi®@everal experimental and
clinical studiessuggest that these important physiological functions of the endothelium
deteriorate in numerous pathophysiological conditions, such as hypertension,
hyperlipidaemia or diabetes. Such dysfunction can be manifested Hecrease in
endothelial release of nitric oxide (NO) and an increased generation of edggead free
radicals(Laude et al., 20Q1A similar impairment in the endothelial production of NO has
alsobeen observed at the level of the coronary circulation after myocardial ischaemia and
reperfusion(Yang et al., 20183 This may lead to marked deleterious consequences for the

coronary aerial wall

Ischaemia is a process in which the demand for oxygen is greater than the available supply
most commonly caused by inadequate blood flow. In myocardial infarction, partial or total
occlusion of a large epicardial coronary artery results snugtion of blood flow to the
myocardium. In order to prevent irreversible myocardial tissue damage, it is essential to
restore blood supply after seeaschaemia. However, reperfusion itself results in further
tissue damage which might be more severa tha damage produced by ischaemia alone

Evidence that myocardial ischaemia causes coronary endothelial dysfunction was first
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observed by K who showed that exposure to a defined period of ischaemia (90 min)
followed by reperfusion for 1 to 2 hr led talacrease in endotheliudependent relaxation

to thrombin in canine coronary arteri@isu, 1982. Similar findings were also reported

with other endotheliurdependent vasodilators such as acetylchqlifenBenthuysen et

al., 1987 whereas the response to nitroprusside, an endothetdependent vasodilator,

was intact This impairment of endothehudependent relaxation to acetylcholine
appeared to be a manifestation of reperfusion injury as ischaemia alone did not alter the
relaxant response to acetylcholin@sao et al., 1990 It is likely that such prolonged
endothelial impairment was a consequence of dysfunctional regenerated endotheliurr
whereas the acute changes weeresult of structural injury to endothelial cglearson et

al., 1990 Kaeffer et al., 1996

1.3.1 Mechanism of reperfusion-induced vascular endothelium
dysfunction

Although endothelial cells (EC) are less sensitive to ischaemia alone, they are quite
sensitive toan IR insult in the heart(Brutsaert, 2008 It has ben demonstrated that
reperfusion causes a variety of cellular abnormalities that occur quickly such as increasec
reactive oxygen species (ROS) productioecrédased NO bioavailabilitynduction of
inflammatory process and impaired Gahomeostasis andése abnormalities enhance
apoptosis of the endothelial cells. ROS are negatively charged short lived oxygen specie:
that induce nonspecific and irreparable oxidative damage. It has been demonstrated the
exposure of human umbilical vein ECs (HUVECS) thrahypoxia with glucose depletion
followed by 1hr normoxia with glucose increased ROS produd¢fitveradeMatharan et

al., 2004 TheradeMatharan et al., 2005The major source of endothelial ROS during an

IR insult is the mitochondrial electron transport ch@@oudray et al., 1992uintero et

al., 2006. ROS generation oacs rapidly during reperfusion and is a critical mediator for
many downstream events. In cultured ECs, ROS production appears within minutes of
reoxygenation based on electron paramagnetic resonance spectr¢domgr et al.,

1994). Increased ROS production is associated with a decrease in vasoreé&Stoitg,

2004). In this regard, ROS release may overwhelm the endogenous antioxidant
environment, reduce NO bioavailability, and consequently impair endatrdipendent
vasorelaxatiorfSzocs, 2004 Moreover, increased ROS release during IR insult might lead
to expression of surface adhesion molec(Rseel et al., 1991Gaboury et al., 1994and
complement activatiofLucchesi, 1994 which collecively enhance neutrophil adhesion

to the EC surface. At the onset of ischaemia, NO release increases vithgebonds and
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this induces vasodilation but this effect decreases witflid Bin(VintenrJohansen et al.,
1999 Schulz et al., 20Q4Davidson and Duchen, 2007During reperfusion NO release
again increses rapidly but reduces within the same time frame as for isch@&taiey and
Zweier, 1998. Furthermore, several studies have demonstrated that delivery of an NO
donor (e.g sodium nitroprusside, nitroglycerin) or arginine, a substrate required for NO
synthesis, protects the heart against IR injury via at least 2 mech&pnisnesrJohansen

et al., 1999 First, NO activates theoluble guanylyl cyclase and this leads to activation of

a host of cGMP kinases including protein kinase G, ion channels (e.g. MitaKannel)

and phosphodiesterases (PDESyover and Garlid, 20QCFriebe and Koesling, 2003
Consequently this results in vasodilation and reduced platelet adhesion. NO has also direc
effects on neutrophil adhesion independent of its influenag&dnP activity(Schulz et al.,
2004). There is also evidence that endogenous Nfthsge inhibitors may have an
important role in ischaemia/reperfusion injury. Impaired NO production may result from
increased levels of asymmetrical dimethylarginine (ADMA), an endogenous competitive
inhibitor of NOS (Cooke, 2000 It has been observed that ADMA is elevated in newly
diagnosed patients with acute myocardial infarction compared to heathy siBgetst

al., 2009. Stuhlingeret al observed that increased ADMA levels during early phase of
reperfusion is due to inhibition of its metabolism by dimethylarginine
dimethylaminohydrolase (DDAH(Stuhlinger et al., 2007 The end result is reduction of
NO bioavailability and endothelial dysfunction and this effect can be reversed by
administration of exogenouk-arginine or partial elimination of ADMA in a genetic
mouse mode{Stuhlinger et al., 2097 Solid evidence exists that eNOS may contribute to
protection againsimyocardial injury. It was observed that IR injury increased in eNOS

knock out mice compared to wild type migéuang et al., 1995

Moreover, C&" homeostasis may play a pivotal role in ethétial cell IR injury. Under
normal conditions, Cé levels in both cytosol and mitochondria are maintained in a narrow
range(Davidson and Duchen, 200eters and Piper, 20071n contrast, during ischaemia
intracellular C4&" increases slowly and increases further during rfapen in both
endothelial cells and cardiomyocyt¢Symons and Schaefer, 2Q0Reters and Piper,
2007). Several studies assessed the contribution Sf@erload to IRinduced myocardial
injury and coronary vascular dysfunction in pigs and rats using cariporid€;d Namp
inhibitor (Symons et al.,, 1998Symons ad Schaefer, 2001Scheule et al., 2003
Specifically, coronary relaxation in response to acetylcholine but not sodium nitroprusside
was impaired after IR injury, suggesting anifiRuced endothelial dysfunctiqi®ymons

and Schaefer, 2001 Pretreatment with cariporide preserved endothelial function in
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coronary arteries after exposure to an IR insult and their relaxation in response to
acetylcholine was depressed to a lesser dd§waons and Schaefer, 200This suggests
that pharmacological attenuation of calcium ovetldaring ischaemiaeperfusion may be

a promising strategy for cardioprotection.

1.3.2 Mechanism of myocardial ischaemia/reperfusion injury

Restoration of blood supply after the onset of acute myocardial ischaemia is crucial to
preserve viable myocardium, limtyocardial infarct size, salvage left ventricular systolic
function and prevent the onset of heart failure. However, the reperfusion itself can
independently cause cardiomyocyte dg&taunwald and Kloner, 198®Piper et al., 1998
Hausenloy and Yellon, 20D7IR induces four forms of myocardial injury:raythmia,
myocardial stunning, microvascular obstruction and ultimately death of cardiomyocytes.
First, sudden reperfusion of ischaemic myocardium might be associated with ventricular
arrhythmia, which is usually reversible without treatm@dearse and Tosaki, 1987
Myocardial stunning, reversible myocardial contractile dysfunction, occurs on reperfusion
of acute ischaemic myocardium as a result of oxidative stress and intracelléfar Ca
overload in myocardiun(Kloner et al., 1998 Reopening of the occluded artery for
reperfusion of ischaemic myocardium does not guarantee that the blood flow will return to
pre-occluson values. In severe cases, even in the presence of a completely patent artery
no-reflow phenomenon may occur secondary to disrupted coronary microcirculation
(Menger et al., 1992Reffelmann and Kloner, 2004to, 200§. The major contributing
factors to disrupted corany microcirculation include capillary damage with impaired
vasodilation, evoked mechanical capillary compression by endothelial cells and
cardiomyocyte swelling, neutrophil trapping and /or platelet aggregation and-micro
embolization by friable materialeleased from the atherosclerotic plaque. Ultimately,
reperfusion causes death of cardiomyocyiper et al., 1998 This could potentially
result from oxidative stress, calcium overload, wtimndrial permeability transition pore
(mPTP) opening and hypercontract(rellon and Hausenloy 20D.7Reperfusiorinduced
cardiomyocyte death has been observed in both experimental myocardial infarction models
and in patients with BEMI, ST-segmentelevation myocardial infarctignby the
observation that therapeutic intervention applied only at the onset of reperfusion decrease
MI size by 40%50% (Yellon and Hausenloy 200.7

Therefore, it is important to undéasd the mechanism of IR injury at the level of the cell.

During acute myocardial ischaemia, cessation of oxygen delivery switches cell metabolism
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to anaerobic respiration and this leads to an increase in lactate production and a decrease
intracellularpH to less than 7.0. In contrast, normal pH is rapidly restored by the washout
of lactate and stimulation of Na&d* exchanger at reperfusighemasters et al., 1996This
contributes to reperfusieinduced catiomyocyte death by permittingPTP opening and
cardiomyogte rigor hypercontracture. Moreover, the electron transport chain is reactivated
during reperfusion, generating R@Bowney, 1990 Li and Jackson, 200Zweier and
Talukder, 200B But ROS can also be generated in endothelial cells (xanthine oxidase) and
neutrophils (NADPH oxidase). ROS contribute to myocardial reperfusion injury via
opening of mPTP, damage to the cell membrane by lipid pextierd enhancing
neutrophil recruitment, and mediating dysfunction of the sarcoplasmic reticulurfL{SR)
and Jackson, 200Hausenloy and Yellon, 20)13As described above, &aoverloadin
cardiomyaytes is one of the major contributing factors to IR injury. This begins during
myocardial ischaemia and is exacerbated at reperfusion due to disruption of the plasme
membrane, dysfunction of sarcoplasmic reticulum and mitochondrighemgization
(Miyamae et al., 1996 The mPTP opening is one of the most importamtributors to IR
induced myocardial and endothelial cell injury. It has been demonstrated that they remain
closed during ischaemia and only open at the time of reperfusion in response to rapid
restoration of physiological pH, mitochondrial Caverload,oxidative stress and relative

ATP depletion(Griffiths and Halestrap, 199%alestrap et al., 200Ruiz-Meana et al.,

2007). The opening of mPTP is associated with cell de&ither necrotic or apoptotic
(Mattson and Kroemer, 200&row et al., 200 The severity of damage induced by
mMPTP opening depends upon the duration of their opening and the number of mitochondrie
involved. Long lasting mPTP opening causes loss of mitochondrial membrane potential,
ATP depletion and release of apoptotic factors such as cytochrome c, caspase 9 an
caspase 3. Consequently, this leads to cell death and loss of oxidative phosphorylatior
capacity(Crompton, 1999Mattson and Kroemer, 2008row et al., 2004Kroemer et al.,

2007 (Figure 12).



Reperfusion

A

Ca2+ y
ROS Y

pHZ

Limited damage

A

Ca2+ y

ROSY V

pHY

Ve Ve

NoZ Z

Cell death

l

Prolonged mPTP

opening

Figure 1-2 Flow chart shows the main mechanisms of ischaemia/reperfusion injury.
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Ischaemia causes a slight increase in ROS and Ca” overload and the opening of mPTP during
ischaemia is limited due to low pH. During reperfusion, pH returns to its baseline levels and ROS
generation increases, leading to prolonged mPTP opening which mediates irreversible cell damage

during reperfusion.
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1.3.3 The relationship between endothelial cells and myocardial

injury
ECs modulate cardiomyocyte growth, metabolism, contractility, apoptosis and
arrhythmagenicity by generating and releasing many signglimolecules(Brutsaert,
2003. In additian to its vasodilatory effects, NO acts as a signalling molecule and because
of the close proximity between ECs and cardiac cells, NO is able to diffuse to
cardiomyocytes and plays a role in regulation of contractility, electrical activity and
oxygen consuption of cardiomyocyte¢Brutsaert, 2008 Other EC signalling molecules
canalsocontribute to the interaction between ECs and cardiomyoeytdshesenclude
factors responsible for vasoregulation (e.g. prostacyclin, endothedind angiotensin 1),
inflammation (e.g. IL1, TNFU) a nhdPDGF, YBGF) Several studies have shown
that a strong correlation exists between vascular and cardiac function in an isolated hear
model immediately following an IR injur{Di Napoli et al., 1998Fedalen et al., 2003
Mohara et al., 2005In isolated rat hearts ptecated with verapamil before gabting the
hearts to 30 min global ischaemia, preservation of coronary flow was significantly
correlated with functional recove(ohara et al., 20051t is still unclear how preserved
endothelial function contribuseto cardioprotection againsRIinjury, however, several
mechanismshave been proposethcluding enhanced microcirculatiomnd decreased

capillary permeability and interstitial oedeiffi2i Napoli et al., 1998

1.3.4 Cardioprotection against ischaemia/reperfusion insult

The term cardioprotection refers to protection againshtfced myocardiahjury. In this
regard, several interventions have been studied to condition the heart in order to reduce th
severity of myocardial injty and improve the prognosis of patients exposed to acute
myocardial infarction. Indeed the most important determinant of myocardial damage
during any ischaemia and reperfusion event is the myocardial infar¢Csitenan, 198%

It is therefore the most significant goal in management of acute myocardial infarction to
reduce the infarct size as muchpassible and avoid subsequent serious complications of
AMI. Early reperfusion can help to prevent myocardial injury and reduce the infarct size
(Maroko et al., 197Pand this can usually be achieved by the use of primary percutaneous
coronary intervention (PCI) and thrombolytic therapgyowever as noted above,
reperfusion itself paradoxicallgontributes to the myocardial injury and attenuates the
benefits of restoration of the blood flow to the myocard{@raunwald and Kloner, 1985
GarciaDorado and Piper, 20p6Therefore several studies have been carried out to

develop new treatment protocols and/or surgical interventions to protect the heart agains
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ischaemia/reperfusiomsult. In this regard, it has been shown that brief episodes of
nonlethal ischaemia and reperfusion prior to sustained ischaemia can reduce myocardis
infarct size and this has become known as ischaemic preconditidvimgy et al., 198%
Moreover, brief episodes of nonlethal IR just at the onset of reperfusion have also reducec

myocardial infarct size and thistermed ischaemic postconditionighao et al., 2003

1.3.4.1 Ischaemic preconditioning (IPC) and postconditioning (IPost)

The phenomenon of myocardial ischaemic preconditioning has been confirmed(kurats
and Nattel, 1995 pigs (Schott et al., 1990/ahlhaus et al., 1998and rabbitgLiu et al.,

1991 Miura et al., 1992 as well as human isolated cardiomyocytbk®nomidis et al.,

1994). Furthermore, strong evidence exisitgt preconditning may occur in vivan
human heart¢Deutsch et al., 199CCribier et al., 1992Yellon et al., 1998 Ischaemic
preconditioning confersseveral beneficial effectsncluding infarct size limitation,
reduction ofIR-induced arrhythmia and contractile dysfunction and protects coronary
endotheliumMinamino et al., 1998Eisen et al., 20Q45arciaDorado et al., 20)1At the
cellular level, the significant effects of ischaemic preconditioning are assumed to prevent
cell death due to reperfusion injury. Many factors such as autacoids (eg, adenosine
bradykinin, and opioids), their receptors, kinase signalling pathways and mitochondria
modulation are involved in the cardioprotgeteffects of ischaemic preconditioning. Short
periods of ischaemia lead to production of endogenous autacoids and actiatieir
respective receptors. This results in activation of cardioprotective signalling pathways such
as ERK1/2, PI3K/At, protein C and protein G, leading to inactivation of mitochondrial
glycogen synthase kinaseb (-8&® K. ulfimatelsinhibits the opening of mPTP,
which plays a pivotal role in cardiac cell apoptosis and necfebisa and Tanno, 2032
Although the above studies shdhat IPC is effective in whole heart preparatiahias

also been reported that preconditioning provides a protection at the level of the coronary
endothelial cells and prevents the impaired endatimetlependent relant respamses to
acetylcholine induced by prolonged ischaem@perfusion in rat modelRichard et al.,

1994 Laude et al., 2002and in humangLuca et al., 2013

In 2003, Zhoa et al reported that short periods of coronary occlusion and reperfusion at the
onset of reperfusion following 60 min of ischaemia reduced myocardial infarction by 40%
in canine hearts (Zhao et al., 2003 The cardioprotective effects of ischaemic
postconditioning have been confirmed in many species including hu(Bsmst et al.,

2005 Skyschally et al., 20Q91Post protects the heart against IR through preventidmeof t
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dramatic increase intracellular pH duringhe early stages of reperfusion. Furthermore,
during the eayl stages of reperfusion, there is robust generation of RQemascular
endothelium, cardiomyocytes, and mitochondria and this can be reduced by
postconditioningSun et al., 20055erviddio et al., 20051Postalso activates intracellular

signal transduction in a way that is similar to preconditioning.

1.3.4.2 Pharmacological treatment

Several pharmacological aggs are cardioprotective when administered before ischaemia
or at the time of reperfusion. These drugs include adend%uingttaker et al., 1995%
bradykinin (Brew et al., 199§ insulin (Sack and Yellon, 2003 Glucagon like peptide 1
(Bose et al., 2005 cariporide(Zhang et al., 2006 atorvastatinBirnbaum et al., 2003
sphingosinéel-phosphatg Knapp, 2011 Somers et al., 20)2cyclosporine(Piot et al.,
2008 and sanglifehrin AClarkeet al., 2002 All thesedrugs likely work upstream from
MPTP except cyclosporine asdnglifehrin Awhich directly regulate mPTP. One of the
important strategies for cardioprotection againstinBult is to prevent microvascular
dysfunction as this will improve blood flow during reperfusion. Several studies
demonstrated that preservation of vascular integrity during ischaemia/reperfusiatsmay
protect the heart through limitation of {flow phenomenon, decrease in podarct
inflammatory response and limit the expansion of infarct size. In this regard, a number of
drugs such aangiopoietinlike 4 (Galaup et al., 20)2sevoflurang Annecke et al., 2090

and nitroglycerin (Lisi et al., 2012 protect vascular endothelium against an ischaemia
reperfusion insult and confer secondary cardioprotection during acute myocardial

infarction.

1.4 Sphingosine-1-Phosphate (S1P)
1.4.1 S1P overview

The eukaryotic cell membrane consists of three maid lkiygpesincluding cholesterol,
glycerophospholipid, and sphingolipids. Sphingomytietabolites are biologically active
lipids synthesized from membrane phospholipids upon cell activation. Sphingesine
phosphate (S1P) is one of the important phospholipid cellular metabolites that acts as at
extracellular mediator and intracellular mesger. It is generated and released from many
different cells by multistep enzymatic pathways in order to regulate diverse biological
functions involving cell proliferation, migration, growth and survival. Although S1P has

been extensively studied, mucHIsgmains to be investigated about this lysophospholipid.
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1.4.2 Sphingosine-1-phosphate synthesis and degradation

S1P biosynthesistarts withgeneration of ceramide from sphingomyelin via the action of
the enzyme sphingomyelina@¢annun et al., 20QIor de novoThis enzyme is stimulated

by growth factors, arachidonic acid and oxidative stress to catalyseettezatjon of
ceramide(Levade and Jaffrezou, 1999The next step ideacylation of ceramide to
produce sphingsine and nossterified fatty acidandthis step is catalysed lige enzyme
ceramidase. Then sphingosine king&#s) catalyse the phosphorylation of sphingosine to
produce S1P which in turn is dephosphorylated through the action of S1P phosphatase o
degaded by S1P lyas@-igure 13). Interestingly the effect of ceramide and S1P on cell
survival is completely different as ceramide promotes cell death (apoptosis) whereas S1F
enhances ceflurvival. The intracellular levels of S1P are regulated by thencal®etween
SK-mediated synthesis of S1P and its breakdown by S1P lyase or phosphatase. It has bee
reported that S1P can actasntracellular messengé®@livera and Spiegel, 1993 piegel,

1999 or bereleased from cells in response to agonist stimulation to allow aeti@ER. 5
receptorsDe novo ceramide synthesis occurs in endoplasmic reticulum and is initiated by
production of 3-Oxosphinganine from the serine palmitoyltransferasecatalysed
condemsation of serine andoalmitoyFCoA. 3-Oxosphinganineis then reduced to
dihydrosphingosine by an NAD(P)dependent reductase. Dihydroceramide is produced
from N-acylation of dihydrosphingosine via dihydroceramide synthase. Dihydroceramide
is laterdesaturted by dihydroceramide desaturase to produce ceraffgiee and Pyne,
2000.

1.4.3 S1P in circulation

S1P is present in plasma at elevatedcentrations 0 . 1 t (Murdata efial., 2080
relative to the interstitial fluid of tissue$his S1P gradient is important in regulation of
many physiological functions provided by extracellular SOHvera et al., 2018 The
high level of circulating S1P is maintained mainly by erythrocyReppu et al., 2007
Xiong et al., 2011 Thevascular endothelium is another important contributor to plasma
S1P in adultyVenkataraman et al.,, 2008nd the lymphatic endothelium is the main
source of lymphatic S1PPham et al., 2000 Furthermore, other blood cells such as
activated plateletspeutroplis and monocytesnay also contribute ybreleasing a small
amount of S1P to the plasnfdatomi et al., 199b Within the plasma, S1P is bound to
protein carriers such as HDL (#0%) (Blaho et al., 2016 albumin @0i 40%), LDL (~
8%) and VLDL (23%)(Okajima, 2002 Karuna et al., 201). S1P is associated to HDL
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specifically via apolipoprotein ApoM, which functions as an S1P chaperone that regulates
the levels of S1P in bloo{Christoffersen et al., 20)1.1Moreover, chaperones such as

ApoM may also protect S1P from degradatiod #acilitate its delivery to S1P receptors.

1.4.4 S1P receptors, Agonists and Antagonists

The S1P receptors were originally known as endothelium differentiation gene (Edg)
receptors because of the high expression of the gene encoding for this receptor ir
differentiating human umbilicavein endothelial cells They are a Gprotein coupled
receptor family and each consists of approximately 400 amino fdldsand Maciag,

1990 An et al., 19970kamoto et al., 1999m et al., 200D The common features for S1P
receptosi ncl ude t he s e vhelices thaeatend treugibtiedipidebilayer
creating a polar internal tunnel, the C terminus and three intracellular loops exposed to the
interior, and the N terminus and three extracellular loops exposed to the exterior. The S1F
binds to these receptors with higliirity and therefore they are now named S1P receptors
instead of Edg receptorA. set of five S1P receptors has been discovesd&.s but only

S1R.; receptors are expressed in the cardiovascular sy¢@kazaki et al., 1993
MacLennan et al., 1994%Graler et al., 19985lickman et al., 1999¥amazaki et al., 2000

The S1P receptors have 50% amino acid sequence homology and display overlapping a
well as different expression patterns in tissue.;®bRples to particular pathways vig.G
(Okamoto et al., 199&ondag et al., 1998 Stimulation of S1Preceptor evokes certain
responses including adenylyl cyclase inhibitiophospholipase C activation, €a
mobilisation(Okamoto et al., 1998&nd activation oRasERK and phosphatidylinositol-3
kinase (PI3KJO'Sullivan and Dev, 20)3S1R and S1Rreceptors couple viaig Gy and
Gio1zand their stimulation leado activation of phospholipase &on et al., 1999 C&*
mobilisation(Okamoto et al., 1998nd activation oRas and extracellular signal related
kinases (ERK)AN et al., 200D S1R, and S1PE couple via G, and G;13to activate Rho
(O'Sullivan and Dev, 2033

S1P receptors appear to be specific as they have the ability to bind only S1P and dihydro
S1P. In the past it was suggested that S1P receptors may be capable of binding
lysophospholipids due to their structural similarity &P, however it isnow widely
believed that this is not the cageontos et al., 20Q00Sphingosine receptor agonists such

as FTY720have been used to study the activity of S1P recepidrs. FTY720 is
phosphorylated by sphingosine kinagd¢o generate its active form, phospRdY720,

which is then able to bindto S1P receptorswith the exception of StRPaugh et al.,
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2003. FTY720 acts nosselectively andactivates both SIPS1PR receptors whereas
SEW2871 AUY954 and AKR11 can act asselective S1Pagonists(Pan et al., 2006
Tsukada et al., 2007Samuvel et al., 20)5and CYM5541 can selectively bind SP
receptor(Jo et al., 2012 In terms of antagonists, the Sliéceptor subtype can be blocked
selectively by suramiifAncellin and Hla, 1999and BML-241 (also named CAY10444)
but thereceptor selectivityf the latteris still subject to debat¢Salomone and Waeber,
2011, Pyne and Pyne, 201L1VPC23019is a dual S1PS1R antagonist, however its use
has been limited because of its pa@bdity and in vivo efficacyDavis et al., 2005Awad

et al., 2006 Salomone and Waeber, 201 Conversely, W146 is widle utilized as a
selective S1Preceptor antagonigSanna et al., 2006Although JTE013 is capable of
blocking S1R receptor activationseveral studies showed that it also has antagonistic
activity at S1R as well as nots1PRmediated effect§Salomone et al., 2008ong et al.,
2010 Pyne and Pyne, 20)11Furthermore S1P has also been suggested to act as an
intracellular messemy regulating intracellular G mobilisation, cell proliferation ah
survival (Ghosh et al., 199hang et al., 1991 S1P has been demonstrated to bind and
activate TRAF2, an E3 ligasethat plays an important role in Lys -fiked
polyubiquitination of RIPJand this process enhances cell survival by inhibisswgching

of RIP1 from a prosurvival to proapoptotic adaptmotein (Alvarez et al., 2010
Prohibitin 2 (PHB2)a highly conserved protein that plays an important role in regulation
of mitochondrial assembly and function, is another intracellular target for S1P. It was
shown that irgraction of S1P produced by SK2 in mitochondria with PHB2 is essential for
cytochromec oxidase assembly and mitochondrial respirat{@trub et al.,, 2011
Moreover, Takasugi et al showed that S1P can bind to BA@ELatelimiting enzyme

for amyloidb pept i de ( Arbyitro pnd emhances iitso proteolytic activity
(Takasugi et al., 2031 A recent study found that S1P generated by SK&hroblast
nuclei interacts withhTERT, human telomerase reverse transcriptgs@moting its
stability and consequently cell proliferatiffanneer Selvam et al., 2015K2 inhibition

or deletion or mutating the S1P binding site reducedsthbility of hTER in cultured
cellsand enhancedenescence and loss of telomere integitilyas also been reported that
S1P acts as a ligand fBPARy, Peroxisome proliferateactivated receptas t hat r eg
neoangiogenesi@Parham et al., 20)3 herefore, targeting S1P signalling pathway may

hdp to understand the regulation of multiple systems inclutliegardiovascular system.
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Figure 1-3 Summary of the steps involved in sphingosine-1-phosphate synthesis and
breakdown.

S1P synthesis is started by generation of ceramide from sphingomyelin via the action of the
enzyme sphingomyelinase. Then sphingosine is formed from ceramide through the action of
ceramidase enzyme. Thereafter, sphingosine kinases catalyse the phosphorylation of sphingosine
to produce S1P which in turn is dephosphorylated through the action of S1P phosphatase or
degraded by S1P lyase.
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1.4.5 Physiological Role of S1P in the Cardiovascular System

S1P and other sphingomyelin metabolites regulate a number pafrtant functions in
cardiac and vascular homeostasis. They may also play pivotal roles in the pathogenesis c
several cardiovascular diseases including coronary artery disease, atherosclerosis
myocardial infarction, and heart failure. Therefore S1P e kextensively studied in

recent years in order to elucidate its role in cardiovascular function.

1.4.5.1 Effects of S1P on vascular development and tone

Only S1R, S1R and S1R are expressed ithe cardiovascular system. Endetial cells
express mainly SLReceptors, les§1R and only very few S1Preceptors under normal
conditions(Ozaki et al.,, 2003Saba and Hla, 2004lewijnse and Peters, 20P80n the

other hand S1Preceptors are predominately expressed in vascular smooth mukgle ce
(VSMC) where &pression of S1Pand S1Ris much lower(Alewijnse and Peters, 2008
Moreover, there are relative differences in expression of SHptas in endothelial cells

of different vascular beds (aortic, cerebral, coronary, renal, and mesenteric vessels)
(Levkau, 2008 Igarashi and Michel, 20091t has been reported that S1P may play an
importantrole in angiogenesis as S{knockout mice die during embryogenesis as a result

of vascular haemorrhage due to a lack of support from vascular smooth elsthat

fail to surround and support the developing vasculaiiiiea et al., 2000h This
demonstrates that SiReceptors in endothelial cells but not VSMC play a decisive role in
recruitment of VSMC and this is confirmed by the appearance of the same ypleeot
endothelialspecific S1P knockout mice (Allende and Proia, 2002 SK1 and SK2
knockout mice that completely lack S1P have identical defdtizugishi et al., 200p

These studies provide considerable evidence that S1P has an important role in vascule

morphogenesis.

S1P has been implicated in regulation of vascular tone and the first study to ex@min
effects on vascular tone used rat isolated mesenteric artery antematavessels. In both
arteries, S1P induced vasoconstriction and this effect was mediated-pyote(@d coupled
receptor and associated with an increase in intracellular cal@isohoff et al., 200D
Sinceth s i niti al d e motenngeguladrt of vastulao tbne, $uitherdstudies
have been conducted in a variety of vessels which have shown that the degree and type
vascular response to S1P varies between species and vascular beds. For instanc
exogenous application of S1P to isolated ratentsic and cerebral arteries has been

reported to promote vasoconstriction in these vegbleisimingset al., 2004Salomone et
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al., 2008. Furthermore, Salomone et al (2008) demonstrated that the vasoconstrictor
response of rat cerebrarteriesto S1P was mediated through SXBceptor.lt has also

been reported that S1P may constrict rat coronaryyavtara mechanism requiring SiLP
receptor(Murakami et al., 2010 S1Rinduced vasoconstriction has also been observed in
porcine pulmonary(Hsiao et al., 2005 human placentalHemmirgs et al., 2006
intrarenal(Czyborra et al., 2006and hamster gracilis muscle resistance artékefier et

al., 2006. Rho-associated kinase activatifiemmings et al., 200&nd increased reactive
oxygen species productiofKeller et al., 200% are suggested mechanisms mediating
contractions in these arteri€gigure 14). On the other hand, S1P can also induce
vasorelaxation in particular vascular beds. It has been found that S1P induced relaxation o
rat mesenteric artery and this pesse can be abolished by removal of endothelium or by
addition of nitric oxide synthase inhibit@antas et al., 2003suggesting involvement of
endothelial isoforms of nitric oxide synthase (eNOS) in the relaxant resffeigsect4).

The relaxant effect of S1P has also been demonstrated in rabadrthis response was
S1R; receptor dependeand involvel activation of the eNOS pathwdMofer et al., 2004
Roviezzo et al.,, 2006 A reason behind the different effects of S1P on the same vessel
preparation may be due to the differences in the receptor subtypes expressed within th
vessels and the distribution of these recep@missin et al., 2002S1P is able to induce
vasorelaxation via activation of eNOS and this effect is mediat&1B receptor subtype,
which is highly expressed in vascular endotheliigarashi and Michel, 2000garashi et

al., 200). In contrast, S1R which is mainly expressed in vascular smooth muscle cells,
can mediate vasoconstriction via increased intracellular calcium levelacsindtion of

Rho kinag in VSMC (Hemmings et al., 200&Peters and Alewijnse, 20D7Thus, the
receptor subtype expression in the vascular bed and the balance béteveasadilator

and vasoconstrictor signals stimulated by S1P play an important role in determination of
the overall effect on vascular tone. Another important factor is the concentration range of
agonist used in the studies. For instance,-BtiBced vasaanstriction of rat mesenteric
artery only developed at high agonist concentration 3 T M)QHedemann et al., 20p4
whereas S1fhduced vasodilation developed at muctvéo concentration range (1x10

M - 1x10’ M) (Dantas et al., 2003Moreover, S1P had no effect on tone of rat aatta

hi gh c¢oncen t°rvCoussim st al.( 20¢2butl O lowerconcentration range
(1x10% M - 3x10° M) induced relaxatior{Roviezzo et al., 2006 Therefore, S1P may
have a relaxant effect at low physiological levels and cause constriction at higher, non
physiological levelsin the coronary artery, S1P may potentially have cartstriand
dilator effects. S1P has been observed to induce contraction of culturedrgosaorooth
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muscle cells via SLP(Ohmori et al., 2008 It has also been demonstrated that S1P
stimulates cAMP production in these cells, which would be expected to have a relaxant
effect via cCAMP-induced uncoupling of excitatiecontraction. CAMP production in these
cells was inhibited by indomethacin and the Sddeeptor blocker, JTHB13 (Damirin et

al., 2005. In mice hearts, S1P may reduce myocardial perfusion via its coronary
vasoconstrictor effeglLevkau et al., 2004 In contrast, there is growing evidence that S1P
can induce coronary artery vasorelaxation. It has been observed that sphingomyelinase, th
enzyme responsible for synthesis of S1P precursors, induces dilatation of the bovine
coronary artery via production oftric oxide (Mogami et al., 2006 Furthermore, Mair et

al demonstrated that S1P can induce vasorelaxation in rat coronary artery via a mechanisr
requiring CB andS1R; receptors. Indeed this study has shown that there is an interaction
between anandamide and S1P in mediating the relaxant effect on rat coronar{Matery

et al., 201D Moreover, transient receptoofential channels, of vanilloid subtype (TRPV),
function as sensory mediators, being stimulated by endogenous ligands, mechanical
osmotic and heat strefBaylie and Brayden, 20)1Within blood vessels, TRPV channels

are expressed in endothelial cells, smooth aleusells, as well as peviascular nerves.
Activation of TRPV1 channels in endothelial cells can contribute to vasorelaxation via
nitric oxide- and prostacyclidependent pathway@®Baylie and Brayden, 20)1Several
studies showed th&1Pand its precursor sphingine activate these channels and this may

play a role in regulation of vascular tofidumata et al., 2011angeslag et al., 20)4

1.4.5.2 Role of S1P in regulation of blood pressure

Several studies havdemonstrated that S1P signalling may contribute to regulation of
blood pressure. Administration of S1P and its analogue, FTY720 has been shown to induce
a transent decrease in blood pressure initially and a mild increase in blood pressure
following longterm use(Camm et al., 2014 It has been suggested that the initial
hypotensive effect is likely due to SIB1R-dependent activation of eNQSvhereas
downregulation of S1Pin endothelial cells might béhe causef long-term hypertensive
response. Cantalupo et al has recently shown that SLRESTS pathway is critical for
vascular function and blood pressure homeosi@atalupo et al., 20}5In the same
study, it has been found that deletion of NogaBnembrane proteiof the endoplasmic
reticulum that inhibits serine palmitoyltransferasesystemically or specifically in
endothelial cells led to hypotension and resistan@ngpotensin Hinduced hypertension
Increase in eNOS activity and NO production were alsortegan Nogo-B-null mice
(Cantalupo et al., 20)5Moreover, inhiltion of S1R but not S1P or S1R receptors
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reversed the enhanced vasorelaxatioNago-B-null mice In contrast, another study has
reported that knocking out or inhibition of SK1 attenuates Angiotensindiiced
intracellular C&' rise in vascular smalo muscle cells and consequently inhibits both the
rapid increase in blood pressure in respongengiotensin Illand the chronic hypertensive
response to continuous administration of S1P in mice, suggesting that S1P generated b
SK1 may contribute to development of hypertensf@dfilson et al., 201p Obviously,

more studies are reqgenl to interrogate the role of S1P signalling in control of blood

pressure and whether vascular response to S1P can differ under certain circumstances.

1.4.5.3 Influence of S1P endothelial integrity

The intimatlocated ECs in the blood vessels assential to maintain barrier integrity and
thus regulate extravasation of blood cells and other molecules. The permeability of this
barrier is regulated by extracellular cedll and celmatrix forces as well as intracellular
cytoskeleton configuratioby actinmyosin interactions. S1P stimulates synthesis of actin
lamellipodia and membrane ruffles and increases actin assembly leading to an enhance
barrier function(Garcia et al., 2001 Several studies have demonstrated that S1P promotes
EC barrier integrity primarily througlactivation of S1P receptor(Garcia et al., 2001
Feistritzer and Riewald, 200%ingleton et al., 2005 which strengthens EC junctions.
Moreover, the role of SkHn maintaining EC barrier was confirmed by studies using S1P
knockout mice(Liu et al., 2000bAllende and Proia, 2004Figure x4). In vivo studies
have also shown that Sl&ntagonism causes loss of capillary integrity in mouse skin and
lung (Sanna et al., 2006Christofferseret al showed that HDlassociated S1P arried

by ApoM which delivers S1P to SilReceotors in endothelial cell@Christoffersen etl.,
2017). S1P carried by ApoM in the HDL fractiomas shown to play an important role in
maintaining endothelial barrier integrity via promoting endothelial cell migration and
formation ofendothelial adherens junctiof€hristoffersen et al., 20)1Recentlyit has
beendemonstrated that the increased pulmonary vascular permeability of-debdient

mice was related to reducqaasma S1P levels and rapidly reversed by addition of
ApoM/S1Reniiched plasma or SEW2871, an $Hgonist(Christensen et al., 201L6This
study has also reportethat deletion of endothelial S1Peceptor was associated with
increased susceptibility to inflammatimduced vascular leakag€onversely, the effect

of S1R and 9P; activation on EC barrier is still an area of controversy. Several studies
ruled out a protective function for these receptors on EC bé&B#rcia et al., 20QLucke

and Levkau, 2010 However, other studies observed that these receptors are negative
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regulators of barrier integrityGon et al., 2005Singleton et al., 20Q6Sanchez et al.,
2007).

1.4.5.4 Influence of S1P on cell adhesion

Several studies demonstrated that S1P has an inhibitory effect on leukocyte adiresion
initial step for cell extravasation and inflammatory responses. For instance, Nofer et al
showed that HD}associated lysophospholipidecrease TNEinduced expression of-E
selectin in a partially SERlependent manngNofer et al., 2003 Other studies showed
thatthe S1R signalling pathway is also involved in the prevention of leukocyte adhesion
via a decrease in expression of adhesion molscsieh as VEadherin and £electin
(Krump-Konvalinkova et al., 2005Figure 14). In addition 0 the inhibitory effect on the
expression of adhesion molecules, S1P also reduced the production of proinflammatory
cytokines. Tolle et al provided evidence that S1P is able to reduce productmmaxfyte
chemoattractant proteih (MCP-1), via an actiomat S1R receptors(Tolle et al., 2008
(Figure 14) and Bolick et al showed that S1P inhibits TNRediated leukocyte adhesion

by reduction of proinflammatory cytokine production in an Sifédiated maner(Bolick

et al., 2005 Moreover, cross activation of T&§; a potent antinflammatory cytokine,

via S1R decreases the expression of proinflammatory genes such as inducible NO
synthase, secretory phospholipase A2 and matrix metalloprotén@senesangial cells

(Xin et al., 2004. However, others have demonstrated that S1P may enhance adhesion
molecule expression in EGKimura et al., 200pand stimulate the release of MQPRand
interleukin8 (IL-8) (Lin et al., 200§. It has also been reported that S1P increases E
sele¢in expression and leukocyte adhesion via intracellular signalling pathways in vascular
endothelial cell§Weis et al., 201)0and this is in agreement with othétee et al., 2004b

Lin et al., 2007.

1.4.5.5 Effects of S1P on inflammation and atherosclerotic plague instability

It has been demonstrated that treamwith FTY720, an S1P analogue, significantly
decreases atherosclerotic plaques in mouse m{dels et al., 2007pNofer et al., 200}

A recent study showed that deletion of $i€ceptors in endothelial cells enhanced the
expression of proinflammatory adhesion molesu such as ICAM., whereas
overexpression of S1exhibited protective effects against vascular inflammation in mouse
aortic endotheliun{Galvani et al., 2015 This study also found that HB&1P enhanced
the formation of a cell surface SiB-arrestin 2 complein HUVECs and reduced N{B
activaton by proinflammatory cytokind NFU Micaud et al provided evidence that $1P



28

has an inhibitory effect on macrophage migration in vi(kichaud et al., 2010
Moreover, S1Pand apoE knockout result in inhibition ofacrophage prinflammatory
activities and atherosclerog/ang et al., 201,05koura et al., 20)1Selective attenuation

of toll like receptor 2 may underlie the atheroprotective effects of (Blienas et al.,
2008. Furthermore, the S1P receptors might be involved in rebalance alterations in the
coagulation pathwafRuf et al., 200pand thus reduce the risk of thrombosis.

1.4.5.6 Influence of S1P on proliferation and migration of ECS and VSMCS

S1P plays an important role in regulation of proliferation and migration of many cells
including ECs and VSMC&imura et al., 2000Kluk and Hla, 2001 Cell migration and
proliferation is an important process not only for embryogenesis but also for irdtamm
angiogenesis, wound healing and tumour growth. Kimura andotkers demonstrated

that S1k); receptors are essential in EC proliferatigmura et al., 200p(Figure 14).
Overexpression of S1AN VSMCs results in activation of p70S6 kinase and cyclin D
expression and therefore promotes VMSCs fation (Kluk and Hla, 2001Kluk and

Hla, 2003 (Figure }4). In addition to positive proliferation effects, aptoliferative
responses could be shown as well. Deletion of,3f@Pmouse embryonic filmblasts
(MEFs) enhances their proliferation compared with wild type MEBeparaju et al.,
2005. Therefore, it seems to be that S1P has both stimulatory and inhibitory effects on
proliferation and this may depend upon the cell and receptor subtype involved. Several
studies identified an important role for SiPreceptor subtypes in regulation of EC
migration (Kimura et al., 2000Panetti et al., 20Q0 It could also be shown that S1P
migratory effect is essential for the formation of blood vesgkigraves et al., 2004
Moreover, Anelli et al identified SK1 as an important mediator of-BfiBced migration

and tube formation in ECs in vitr@Anelli et al., 2010. In contrast, other studies
demonstrated an inhibitory potential of S1P on the migration of ECs and VSMCs. S1P
reduces the PDGHduced chemotaxis of human VSM{Bornfeldt et al., 1996
Moreover, Tamama et al showed that HBdsociated S1P inhibits VSMCigration
(Tamama et al.,@5). It has also been demonstrated that-Bitlaced inhibitory actions
were decreased by SiBpecific sSiRNA inhuman coronary artery smooth muscle cells
(Damirin et al., 200y and JTE013 an S1R antagonist, could promote EC and VSMC
migration (Osada et al., 2002 In vivo studies were consistent with these findings.
Deletion of S1PR induced large neointimal lesions after ligation of the carotid artery
(Shimizu et al., 2007 Moreover, S1P enhanced VSMCs migration rate compartd
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VSMCs in wild type micgShimizu et al., 2007 Others confirmed that inhibiting S1P

increases migration rafénoue et al., 2007

1.4.5.7 Apoptosis

Pathological conditions affecting the blood vesselsnofteluce endothelial dysfunction

that results in an increased cell turnover rate and hence ECs undergo apoptosis. S1P is
potent factor protecting ECs against apoptosis by inhibition of caspases, cytochrome c
release and DNA fragmentatiq@uvillier et al., 199% Moreover, HDl-associated S1P

can directly protect mouse cardiomyocydesl isolated hearts subjected to oxidative injury
and this prosurvival signal stimulation is dependent on both &idP S1R receptorgTao

et al., 201D The protective role of S1P is not only mediatedt®yeceptor activation and
downstream Gproteinmediated signalling pathwayRadeffHuang et al., 2004 but also
through its function as an internal signalling molecule. NO is a known inhibitory factor of
endothelial apoptosis and mediates protection via nitrosylation of cysteine residues in the
catalytic centre of caspases and thus results in enzymeévaieat (Rossig et al., 1999

Sun et al., 2006a Kwon provided evidence that S1P protective effects are mediated
through S1Bs activation and this effect is reversed by inhibition of NO syntliideen et

al., 200). Other studies showed cytoprotective effects of S1P througls$DPBnati et al.,

2007, Hofmann et al., 20QNieuwenhuis et al., 2009In many cell types, apoptosis is
enhanced by tumour necrosis fadthfTNF-U) which activates TNfeceptor 1. It has been
reported that activation of SK by tumour necrosis fattprotects human umbilical vein
endothelial cells from apoptosifXia et al., 1999 Other studies showed that an
overexpession of SK inhibits apoptosis in a pertussis toxin (RPifdgpendent way
(Olivera et al., 1999 Another important factor inducing apoptosis in vascular diseases is
the increased generation of ROS in the vasculature. It was deateddtrat S1P prevents

EC apoptosis via a decrease in ROS production. Indegd-iHduced apoptosis in ECs

can be reversed by S1P freatmen{Moriue et al., 2008

1.4.5.8 Role of S1P in cardiac development, function and heart rate

S1R, S1R and S1R are expresseth adult rodent heart with S1Being more highly
expressed than the other t{dlewijnse et al., 200dwhereas in human hearts, SHnd

S1R; are expressed in similar amour®d.R is mainly expressed in ventricular, atrial and
septal cardiomyocytes and in endotaktiells of coronary vesse(Mazurais et al., 2002
Moreover, the enzymes responsible for generation and breakdown of S1P also exist and ar
active in the heart. SK1 and SK2 are expressed in cardiac tissue as early as the linear hee
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tube stage (E8.5jWendler and Rivkees, 2006S1P phosphatase 1, the enzythat
catalysesS1P degradation is also expressed in the adult iijpmdala et al., 2000
Johnson et al., 200and throughout the early stages of cardiac develop(déendler and
Rivkees, 200% Cardiomyocytes have been found to express more S1P lyase than cardiac
fibroblasts(Bandhuvula et al., 20}1This indicates that S1P may play an important role in
early cardiac morphogenesihere itregulates migration, differentiation, and survival of

embryonic cardiac cel@Vendler and Rivkees, 2006

There was no significant change in blood puessand cardiac function i81R-deficient
(Lorenz et &, 20079 and Sl1R-deficient mice (Levkau et al., 2004 Systemic
administration of S1P wa®ported to decrease heart rate in (&snediktsdottir et al.,
2002 and miceg(Sanna et al., 2004This effect is thought to be medéed byS1R receptor

as in S1Rknockout miceS1P had no effect on heart rate. In cardiomyocytes in vitro, S1P
promotes protein synthesis and gkl hypertrophy mainly via S1ReceptorgRobert et

al., 200). Moreover, it has been reported that S1P activates STAT3 in ventricular
cardiomyocyteqFrias et al., 2009 which is involved in the physiological hypertrophic
responsgKunisada et al., 1998 Involvement of S1P in cardia@modelling was also
observed in in vivo studies. A significant association between increased S1P in the plasme
and left ventricular hypertrophy was reported in patients with Fabry disease, suggesting
that S1P may play a pivotal role in cardiac remodelimghese patient¢§Brakch et al.,
2010. Zhang et al has recently shown thhe SK1/S1P/S1P signalling pathway is
promoted within 4 weeks post MI and this markedbntributes to cardiac inflammatory
response, remodelling and dysfuncti@mnang et al., 201§aln contrast S1P levels have
been found uchanged in the peripheral circulation of patients with chronic systolic heart
failure (Knapp et al., 2012 Furthermore, S1P exerts many effeots ion currerg in
cardiomyocytes in vitro. It activates the inward rectifier potassium curr@dtAgh))
leading toa reduction of spontaneous pacing ré&t&uo et al.,, 1999and prevents the
isoproterencinduced increase in -type calcium channellCa,L) currents.It also
attenuates the hyperpolarizatiaativated inward current (If), thereby limiting the positive
chronotr opi eadreeefgit estomulis in ginbatrigdh node cells and ventricular
cardiomyocytegGuo et al., 1999 andeen et al., 2008
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1.5 Sphingosine kinase (s)

Two SK isoforms exist in mammalian cells, identified as SK1 and SK2. In humans, they
are generated from two distinct genes, SPHK1 and SPHK2, which are located on
chromosomes 17 and 1%spectively. Human SK1 and SK2 vary markedly in size (384
and 618 amino acid for SK1a and SK2a, respectivgliy) et al., 20008 but they share

80% similarity and 45% overall sequence identity. The two isoforms exhibit partial
redundancy sice SK1 knockout or SK2 knockout mice are phenotypically normal whereas
deletion of both genes causasbryonic lethalitydue to vascular and neurological defects
(Mizugishi et al., 200p SK1 and SK2 have five conserved domains-(5), with the
catalytic domain located within G@T3 and the ATP binding domain formed in the C2
region (Pitson et al., 2002 The activity of both SK isoforms is regulated in a spatial and
temporal manner by poestanslational modification and interamti with various proteins

and lipids. Furthermore, both SK isoforms are ubiquitously expressed in all human tissues
with highest expression of SK1 in lung, heart, spleen and leukocytes and SK2 in the liver
and kidney(Melendez et al., 200QLiu et al., 2000a For SK1, three isoform variants
(known as SK1la, SK1b, and SK1c) exist that differ only at their N teri@lRia has a
molecular mass of 42.5 kDa, while SK1b has an 86 amino atédminal extension and is

a 51 kDa proteiriPitson et al., 20Q@ta et al., 2004 Moreover subcellular localisation of

SK1 varies between cell types. For ins@nit exhibits cytoplasmic, plasma membrane,
and vesicular distribution in HUVECs and it is also localised to the endoplasmic reticulum
and Golgi apparatus and associated whi cytoskeletonn other cell lines such as the
cultured smooth muscle cell BrDDT1MF2 (Taha et al., 2006Wattenberg et al., 2006

Two variants of SK2 have been described and charactgiiaeckt al., 2000aOkada et

al., 2009, the shorter isoform is known a¥3a and the larger one is named SK2b which
hasan additional 36 amino acids at thetBrminus.Subcellular localisation of SK2 also
depends on the cell type. In Hekalls for example, SK2 predominantly localises to the
nucleus, whereas it is a cytoplasmic proteinHEK293 cells (Igarashi et al., 2003
Localisation of SK2 in endoplasmic reticulum has als®en reported under stress
conditions(Hait et al., 2005%.
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1.5.1 Role and regulation of SK1

Of the two SKs, SK1 is by far the most well studied. Several studies have demonstrated
that overexpression of SK1 increases cell survival and proliferation and induces neoplastic
transformation(Xia et al., 200 SK1 is a cytoplasmic protein and its phosphorylation by
Extracellular signal regulated kinasel anERK1/2) enhances its catalytic activity and
also facilitates translocation of SK1 from cytosol towards the plasma membrane through
binding to calcium adh integrinbinding protein 1 (CIB1jPitson et al., 20Q3arman et al.,

2010. It has been demonstrated that CIB1 mediates agoepsindent relocalisation of

SK1 to the plasma membrane and a subseiguncrease in S1P productionHielLa cells
(Jarman et al., 20)0Moreover, knock down ofIB1 in HeLacells led to a decrease in

S1P generation, indicating that CIB1 is required for activation and translocation of SK1 to

the plasma membrane.

ERK1/2 directly phosphorylates SK1 at ser225 which leads to-fold4rise in SK1
catalytic activity whilenot changing its affinity for sphingosine or AT{Pitson et al.,

2003. In most cases, thenhanced SK1 activityausedy phosphorylation is transient due

to dephospbrylation by an enzyme named phosphatase 2A (PPR&Y et al., 2008 At

this location, SK1 catalyses the generation of S1P from plasma membrane associate
sphingosine and this facilitates the extracellular transport of S1P to act on cell surface S1F
receptors and the interaction with irdeflular targets to mediate downstream signalling
and enhance cell survival, proliferation, migration, angiogenesis and inflammation
(Maceyka et al., 200Neubauer and Pitson, 201Byne et al., 2016 Interestingly, the
activity of SK1 can also be regulateda phosphorylationndependent mechanisnfter

Braak et al., 2009Gault et al., 201 Ser225 phosphorylation is not required for all
membrane translation of SK1. For example, ter Braak et al (2009) demonstrated that
translocation of SK1 in responsertmscarinic receptor activatios mediated byhe G, G-
proteinin HEK-293 cells It has also been reported that translocation of SK1 in response to
K-RasG12V in mouse embryonic fibroblastdoes not require ser225 phosphorylation
(Gault et al., 201R

1.5.1.1 Interacting proteins that activate and inhibit SK1

Several studies have revealed that a variety of proteins can directly interact with and
activate SK1. This interaction between SK1 and these proteins only leads to a modest risi
in SK1 activity, but it is sufficient to initiate a number of distinct cellukasponses. In

mast cells, two Src family protein tyrosine kinases (PTKs), Lyn and Fyn have been
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demonstrated to interact with and directly promote the catalytic activity o SK4 et al.,
2004 Olivera et al., 2006 Other studies showed thatateninand eukaryotic elongation
factor 1A (eEF1AXxould also enhance SK1 activity in vitrodaim cells(Fujita et al., 2004
Leclercq et al., 2008 Moreover, adgtor protein associated with TNF receptor 1
(TRAF2) may also associate with and activate SK1 when overexpr@ssedt al., 2002
Alvarez et al., 2010 This SKXTRAF2 interaction is essential for TNFinduced
stimulation of presurvival, preinflammatory transcription factoNF-a B On the other
hand, a number of studies have repbrieat some proteins can interact and inhibit the
catalytic activity of SK1. For instancEHL-2 (Sun et al., 2006iHayashi et al., 200%nd
PECAM-1 (Fukuda et al., 200qave been demonstrated to interact with SK1 and inhibit
its activity in cardiomyocytes and vascular endothelial cells, respectivelyeVswSK1
dissociates from these inhibitory complexes upon stimulation with extracellular signals and
becomes more active. SK1 interacting protein (SK{Bxcana et al., 2002and
aminoacylase IMaceyka et al., 20Q4are other proteins that could interact and inhibit

SK1, although the physiological roles of these interactions are patrkn

1.5.1.2 Interacting proteins that alter subcellular localisation of SK1

Subcellular localisation plays an essential role in the regulation and signalling functions of
many signalling proteins. A growing body of evidence has shown that the cellular
localisation of sphingolipids and sphingolipitietabolising enzymes is crucial for their
functions(Wattenberg etl., 200§. Given that SK1 is one of the important regulators of
the sphingolipid system and that the localisation of this enzyme seems to be essential fo
its function, a number of studies faunvestigated the control of the subcellular
localisation of SK1. Under basal condition, SK1 appears to reside in the cytqplasom

et al., 2003 However, phosphotgtion of SK1 at Ser225 by ERK1/2 results in
translocation of SK1 from cytosol to the plasma membrane. Numerous studies have
suggested that this process is mediated by calmodulin since either inhibition of calmodulin
or mutation of the calmodulibinding ste of SK1 prevented the plasma membrane
localisation of SK1(Young et al., 2003Sutherland et al., 2006Recently, it has been
demonstrated that SK1 translocation to the plasma membrane is mediated by the CaM
related, calciumand integrirbinding protein 1 (CIB1)YJarman et al., 20}0Like other
calciummyrisoyl switch proteins, translocation of CIB1to the plasma membrane requires
both its myristoylation and cala binding, providing a mechanism for active
relocalisation of SK1 to the plasma membrane following an increase in calcium levels that

are known to be associated with SK1 activa(i®piegel and Milstien, 2003The process
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of SK1 translocation to the plasma membrane appears to be integral not only for cell
survival and proliération but also for cell maotility. For instance, the plasma membrane
translocation of SK1 to the migrating front of the cell has been revealed to be fundamental
in the generation of lamellipodia and polarised cell movement in a process that is likely to
be mediated by filamin A, an actin binding protdidaceyka et al., 2008 Notably,
filamin A acts as a scaffolding protein that attaches to both SK1 andgi¥hted kinase

and binds the complex to S{L& lamellipodia to regulate cell migratigMaceyka et al.,

2008.

1.5.1.3 Regulation of SK1 by phospholipids

While it is now known that relocalisation of SK1 to the plasma membrane following
phosphorylation by ER1/2 is mediated by CIB{Jarman et al., 20)0prevention of SK1

being redistribued to the cytosol is thought to be achieved by its interaction with
phosphatidic acid (PA) and phosphatidylserine (PS) that are normally found in the inner
leaflet on the plasma membrafeelon et al., 2004Stahelin et al., 2005 Moreover,
phosphorylation of SK1 at Ser225 appears necessary not only for translocation of this
enzyme to the plasma membrane but it is also required for SK1 to interact wigit$tH

et al., 2003 Stahelin etal., 2009. It was suggested that Ser225 phosphorylation of SK1
may regulate the membrane binding through a conformational change itn&HKéads to
exposure of Thr54 and Asn89 on the surface of the enzyme and this allows these residue
to interact with PS at the plasma membrama endoplasmigeticulum (ER)/Golgi
apparatus(Stahelin et al., 2005 Furthermore, the interaction of SK1 with these
phospholipids Bo leads to enhanced SK1 activii@livera et al., 1996Pitson et al.,

2000. Although the functional consequence of these interactions is not yet well
understood, it is possible that the interactions with these phospholipids may help to localise

SK1 in close proximity to its substrate, sphingosine, in the plasmeraee.

1.5.2 Regulation of SK2

Like SK1, the catalytic activity of SK2 can be increased rapidly following exposure to a
variety of agonists such as TNI(Mastrandrea et al., 205EGF (Hait et al., 2005and

IL-1 B(Mastrandrea et al., 20Pp5Since SK2 is closely relatestructurallyto SK1, SK2
activation can occur via phosphorylation by ERK{Hait et al., 200y. Notably, while

SK1 phosphorylation occurs at Ser225, SK2 was shown to be phosphorylated by ERK1/2
at two sitesSer351 and Thr57@ait et al., 200y. Under normal conditions, SK2 resides

predominantly in the nucleus and cytoplasm. Indeed, SK2 localisation appears to depenc
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upon cell type and cell density. For instance, SK2 mainly localises in the nucleus in HeLa
cells whereas in HEK293 cells it is predomtely cytoplasmiqlgarashi et al., 2003
Furthermore, it has been reported that the proportion of SK2 localised in the nucleus
increased in COS fibroblasts when they became more confluent in culfig@rashi et

al., 2003, suggesting that SK2 may play a role in contact inhibition responses which
reduce cell proliferation. It has also been shown that SK2 localises to the endoplasmic
reticulum (ER) under stress conditiofiaceyka et al., 2005 S1P generation at the ER

can fuel the sphingosine salvage pathway driven Byld€alised S1P phosphatases and
ceramide synthase, to ultimately puoe preapoptotic ceramidéMaceyka et a).2005.
Moreover, mitochondrial localisation of SK2 has been demonstrated to enhance apoptosis
via S1P and BAKdependent membrane permeabilization and cytochrome c ré¢&tase

et al., 2011Chipuk et al., 201R In contrast, several studies have shown that SK2 can have
a physiological role in mediating survival and proliferation. Downregulation of SK2 by
siRNA was associated with enhancement of apoptosis and reductobrenmotherapeutic
resistancén several cancer cell lindSankala et al., 200 Schnitzer et al., 200®ai et al.,

2014. Moreover, a recent study has demonstrated that hypoxic preconditioninggatotec
cardiomyocytes against hypoxia/reoxygenation injury through upregulation of SK2
expression and downstream activation FAK/Akt signalling pathway(Zhang et al.,
20168H.

1.5.3 Degradation of SKs

Treatmentof cells with DNA damaging agents such as etoposide, actinomycin D,
doxorubicin and UV irradiation has been demonstrated to decrease SK1 protein levels
while having no effects on levels of SK1 mRNA. Moreover, at least for UV irradiation,
this appears to @ar in a p53dependant manndiaha et al., 20Q4HeffernanStroud et

al., 2013. This suggests thaa further level of SK1 regulation occurs through its
breakdown. In this regard, recent studies have shown, using a number of cell lines, tha
SK1 might be degraded via ubigquHmmoteasomal pathway in response to different SK1
inhibitors  including  2(p-hydroxyanilino}4-(p-chloropenyl)thiazole  (SKi), N,N-
dimethylsphingosine (DM$)FTY720 and PF5438Loveridge et al., 2010Tonelli et al.,

2010 McNaughton et al., 2036 Moreover,ABC29464(Q a selective SK2 inhibitor, was

also demonstrated to induce proteasomal degradation of SKla in prostate cancer cell
(McNaughton et al., 20)36Furthermore, in most dslthis effect was abolished when cells
were treated with M&.32, a proteasomal inhibit¢Loveridge et al., 201,0ronelli et al.,

2010 McNaughton et al., 2036 However, SK1b was reported to resist degradation



37

induced by SKi in particular cell lines such as andreigeiependent prostate cancer cells
and this might be due to a compensatory upregulation of SK1b and/or modification of
SK1b that decreases its sensiti to SKi-induced proteasomal degradati@overidge ¢

al., 2010. The mechanism by whiclsKi-induces proteasomal degradationas been
suggested to be due to inhibition of catalytic SK1 activyty5Kithat results in an increase

in ceramide levels and this leads to proteasomal degradation ofL®Ké&ridge et al.,
2010. Recently, Yu et al showed that SKduld be acetylated on Lys27 and Lys29 which
increases the stability of the enzyme by preventing ubigmtdiated protein degradation

(Yu et al.,, 2012 Mutation of two lysine residuemhibited SK1 ubiquitination and
proteasomal degradation, suggesting that the process of acetylation and ubiquitination ma:
compete for the same lysine residues and play a role SK1 regulation. Interestingly,
however, a number of studies have demonstritadSK1 can also be degraded through
the lysosomal pathwafaha et al., 2006&en et al., 2010 This notion is supported by

the experimental evidence that SKduced SK1 degradation can be prevented by
treatment with chloroquine, a general lysosomal inhibitor, andOCMME, a specific
cathepsin B inhibitofRen et al., 2010 The X1 degradation by the lysosomal pathway
was further supported by the colocalisation of SK1 with the lysosome and cathepsin B (one
of the most abundant lysosomal proteases) in MCElIs(Taha et al., 2005Moreover, it

has been shown that SK1 can be cleaved by cathep@Sialt et al., 200§asuggesting

that SK1, under some circumstances, may be degraded via the lysosomal pathevay
SK2 degradation mechanism is still unknown, although Lim et al demonstrated that SK2 is
degraded by a neproteasomal and negsosomal route in response to ROMe, a selective
SK2 inhibitor in HEK 293 cellgLim et al., 201). It has also been reported that SK2 can

be cleaved by caspagewhich appears to facilitate its release from apoptotic cells
(Weigert et al., 2010

1.5.4 Sphingosine kinase inhibitors

A number of SK inhibitors have been discovered which have potential for development as
a treatment for several pathological conditions including cancer, inflammatory and
cardiovascular diseasdbleubauer and Pitson, 2013The majority of these inhibitors
selectively inhibit SK1 or both SK isoforms. Recently, however, several SK2 inhibitors
have been generated that show promggherapeutic properties. SKi is the most widely
used SK inhibitor(French et al., 20Q3and inhibits both SK1 and SK2. Among several
findings, it ha been shown that SKi reduces S1P production and induces apoptosis in

tumour cells in vitraFrench et al., 20Q3-rench et al., 20Q6abolishes tumour growth in
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a mammary adenocarcinoma xenograft mouse m@adehch et al., 2006@nd inhibits the
S1Rinduced relaxation in rat coronary artéMair et al., 2019 Indeed, this inhibitor has
been commonly used as a direct SK1/2 inhibftare et al., 2004aViaines et al., 2006
Nishiuma et al., 20Q8Ricci et al., 2008 althoughmany studies suggethat it works
mainly to target SK1 via promoting degradation of this enzyi®Ren et al., 2010
Loveridge et al., 201,0McNaughton et al., 2036 While widely reported as an SK1
specific inhibitor, SKi actually inhibits SK2 with slightly higher affinity than S¢GEao et

al., 2013, however, it does not enhance degradation of 8Katson et al.,, 20)3DMS

has been demonstrated to inhibit SK activity in a variety of cell [[iatomi et al., 1996
Edsall et al., 1998 However, ithas also been shown to inhibit PKKim et al., 2005,

basic fibroblast growth factofXu et al., 2002 and plateletlerived growth factor
(Katsuma et al., 2002 Safingol, L-threcdihydrosphingosineFTY720 and (S)FTY720
vinylphosphonatdave been found to inhibit SK1 actiyiin several cell typeflivera et

al., 1998 Tonelli et al., 201 They can also inhibit protein kinase ¢ and other kinases
(Schwartz et al., 1998ensken and Graler, 2018nd theefore, they are not considered
specific SK inhibitors. Recent studies have generated highly selective non lipid SK1
inhibitors with nhanomolar potency including PF543 &RIC96091(Kennedy et al., 2011
Schnute et al., 20)2PF543 has also been reported to induce a decrease in SK1 expressior
in pulmonaryartery smooth muscle cells (PASMC), which was reversed byrgaement

with MG132 (Byun et al.,, 2018 VPC96091 was found to selectively inhibit SK1 in
nanomolar concentrations, however both PF543 and VPC96091 were not effective in
reducing DNA synthesis in PASM({Byun et al., 2018 Furthermore, recent studies
showed that PF543 decreased right ventricular hypertrophy but not vascular remodelling in
mice subjected to chronic hypoxia for a period of 3 weeks and #ésassociated with
protection against cardiomyocyte apoptogiglacRitchie et al., 20106 (2S,3R-1-
Deoxysphinganine (531) is another selective SK1 inhibitor that induces proteasomal
degradation of SK1 and inhibits DNA synthesis, although it is a moderate potency inhibitor
of SK1(Byun et al., 2018 A number of SK2 selectiveliibitors have been generated such

as ABC294640, (RFTY720-OMe, SG12 and trand2a. ABC294640 is an orally
bioavailable agent specifically inhibiting SK2 in a sphingosine competitive manner. No
effect was reported with ABC294640 on SK1 at concentratipnt® . 00uM (French et

al., 2010 Gao et al., 2012 Different studies have examined the effect of thigibdr on a
variety of disease models. It has been demonstrated that ABC294640 significantly inhibits
tumour growth in vivo in different tumour models in miggench et al., 201Antoon et

al., 2011 Beljanski et al., 20L1Antoon et al., 2012 Moreover, ABC294640 also appears
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to have therapeutic potential for other diseases. For example, it attenuates diseas
progression irrodent models of osteoarthritfsitzpatrick et al., 201)b Cr ohndés ¢
(Maines et al., 2000 ulcerative colitis(Maines et al., 2008 rheumatoid arthritis
(Fitzpatrick et al., 201)aand diabetic retinopathiMaines et al., 2006 Biochemically,
ABC294640 has been shown to reduce S1P and increase ceramide levelgFfinerells et

al., 2010 Gao et al., 203), reduce plasma S1P level in mi&eljanski et al., 201)1and
inhibit the activation of STAT3, K, andERK2 (Gao et al.,, 2012 The mechanism by
which ABC294640 induces cell death is still a conflicting subject, with a number of studies
showing that apoptotic pathways are activaedench et al., 2010Antoon et al., 201p

and others demonstrating the preserfcautophagy marker@®eljanski et al., 201,05a0 et

al., 2012. Moreover, McNaughtonet al demonstrated that ABC294640 can indirectly
induce proteasomal degradation of SKla in prostate cancer(b&lidaughton et al.,
2019. (R)-FTY720-OMe (ROMe) is another selective SK2 inhibitor. It was found to
competitivelyinhibit SK2 and show no effect on SK1 activity ap®0 (Lim et al., 201}

It was also found to reduce expression of SK2 and stimulate autophagy, but notiapoptos
in LNCaP prostate cancer ce(/atson et al., 2093 Unlike ABC29464Q (R)-FTY720

OMe failed to reduce the expression of SK1la in prostate cancer(ieldaughton et al.,
2016. SG12 and trand.2a were also reported inhibit SK2 in a number of cell types
(Kim et al., 2005Raje et al., 2012 SG12 has been shown to induce cell death in €EHO

Kl cells, which might be a result of SK inhibition, however, it also can inhibit PKi®

et al., 2009.

1.6 Role of sphingosine kinase/S1P in cardioprotection

In the last decade, it has become abundantly clear that SK and S1P play an essential role
cardioprotection against acute or chronic ischaemia or ischaemia/reperfusion injury.
Therefore, these moleculasdtheir synthetic analogis have been studied extensively to
interrogate their therapeutic potential as modulators of cardiac responses to both acute an
chronic myocardial injuryMuch remains to be studied however, for example if the S1P in
HDL is responsible for the beneficiahd cardioprotective properties of HDL and also the
role of S1P in the remodelling process after myocardial infarction

1.6.1 Studies of S1P in cardiomyocyte cell culture

Several studies have demonstrated that S1P has protective effects against oxidative stres

induced conditions such as acute or chronic ischaemia/hypoxia or ischaemia/reperfusior
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injury. For example, exogenous S1P has been found to enhance neonatal rat cardiomyocy!
survival during hypoxigKarliner et al.,, 200l Zhang et al provided &@ence that S1P
enhanced survival in adult mouse cardiomyocytes exposed to prolonged in vitro hypoxia is
mediated by S1Preceptor and (=dependent activation of ki (Zhang et al., 2007
SEW2871, a selective SilReceptor agonist, and the sphingosine analogue FTY720 were
alsoas effective as S1P in protecting cardiomyocyte viability during hyg@kang et al.,

2007). Indeed, another study demonstrated that deletion of both &HPS1RE receptors
increased infarct size in mice exposed to ischaemia/reperfusion {(Megns et al., 2007

In these hearts, activation ofkAwas significantly decreased compared with wild type
mice, but deletion of either receptolo@e had no effect on either infarct size oktA
activation after ischaemia/reperfusion injyMeans et al., 2007 S1P also enhanceckA
activity in murine cardiomyocytes, but was not effectivedouble knockout myocytes.
Therefore, thee findings suggest that S1P receptor subtypes,(@1dPS1E) might also be
essential for cell survival during ischaemia/reperfusion injury (Figtbe 1

1.6.2 Role of sphingosine kinase in cardioprotection

Deletion of SKL gene in ventricular cardiomyocytes subjected to hypoxia resulted in
increased cell death and cytochrome c release compared with wild type c@ramét al.,

2007. Moreover, exogenous S1P was found to prevent hypoxic cell death in SK1 null
cardiomyocytes. It has also been shown thaheganglioside GML, which increases
intracellular S1P by activating SK1 was cytoprotective in wild type cardiomyocytes but not
in SK1 null myocytegTao et al., 200)/ This suggests that G activates only SK1.
Furthermore, the protective effects of @lvbn wild type cardiomyocytes werealeased

by preincubation with either S1Peceptor antagonist or pertussis toxin, indicating that
endogenous S1P was exported to the extracellular space for stimulation of its cognate G
protein coupled recepto(3ao et al., 200/ GM-1 induced increases in S1P can also be
inhibited by theSK inhibitor, DMS(Cavallini et al., 1999 In isolated adult mouse hearts,
exogenous S1P and GMseparately decreased ischaemia/repanusiyocardial injury in

wild type mouse hearts as determined by haemodynamic and infarct size measurement
(Jin et al., 2002Lecour et al., 2002 Further experiments studied the hypothesis that SK
may play a role in ischaemic preconditioning (ICP) in isolated mouse hearts. It was shown
that IPC sufficient to deease infarct size in wild type hearts enhanced SK activity and
translocation from cytosol to membran@ et al., 2004 Moreover, prereatment with

10uM DMS prevented ICHnduced cardioprotection in wild type heafdn et al., 2004

In contrastJow dose DMS (0.3 tojiM) was reported to enhance cytosolic SK activity and
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protect murine hearts against ischaemia/reperfygiorand Karliner, 2006 DMS appears

to stimulate SK in the cytosel i a  a-depeKdend mechanis@in and Karliner, 2006
Sphingosine, the immediate precursor of S1P, has also a biphasic effect on
cardioprotection depending on the concentration used. At higher concentratidi, (5
sphingosine was cardiotoxic, but at a physiolabgooncentration (0i4M) sphingosine as

well as S1P was cardioprotective against ischaemia/reperfusion when both were adde

before ischaemia or at the time of reperfugidassey et al., 2008b

In vivo experiments demonstrated that permanent left anterior descending coronary artery
occlusion in mice led to a steadycdease in total SK activity over weekgeh et al.,

2009. In these experiments, SEW2871, the selective; &gBnist, was given orally to

mice and reduced apoptosis and improved echocardiographic ejection fraction over the
first two weeks after infarction. These results suggest that aRlr&ceptor agonist may
have potential therapeutlenefits inthe postmyocardial infarction heart. Furthermore,
SK1 knockout mice were used for a series of studies to strengthen the evidence that th
SK1 isoform can protect against ischaemia/reperfusiomny. Expression of SK2 increases

in hearts after SK1 gene deletion, leading to total SK activity half that of wild type mice
(Jin et al., 200) SK1 knockout hearts exhibited normal hemodynamic performance under
baseline conditions. However infarction and contractile dysfunction were more aéeere
ischaemia/reperfusion compared to that of wild type hearts. As predicted, knocking out
SK1 prevented IPdnhduced cardioprotectio@lin et al., 200y but, exogenous S1P was
able to induce cardioprotection in these SK1 knockout hearts. Although SK2 expression
increased in the SK1 knockout heatteatment with DMS did not affect the infarct size,
suggesting that the disruption of SK1 rather than increased expression of SK2 was crucia
to the loss of cardioprotection in SK1 null heaids et al., 200 Another study has
shown that prior adenoviral gene transfer of SK1 prevented haewrnodyeterioration

and deceased creatine kinase release and arrhythmias during acute ischaemia/reperfusion
isolated heartgDuan et al., 2007 In addition, gene transfer at the time of acute left
anterior descending omnary artery ligation resulted in improved left ventricular function

in the treated mice, decreased infarct size, more neovascularisation, and reduced collage
content (Duan et al.,, 2007 Ischaemic postconditioning as well as ischaemic
preconditioning is cardioprotectivZhao et al., 2003 A number of studies examined
whether the SK/S1P pathway is a determinant for successful postconditidimres al.,

2008. In this study, wild type hearts and SK1 knockout hearts were subjected to
ischaemia/reperfusion and selected hearts were subjected at the time of reperfusion to thre
brief cycles of postconditioning (5 sec of ischaemia followgd [sec of reperfusion). In



42

treated hearts, haemodynamics were improved and infarct size was decreased compared
controls(Jin et al., 2008 Phosphorylated K and phosphorylated ERK legelere also
increased. In postonditioned hearts SK activity at the end of reperfusion was higher than
control hearts. In SK1 null hearts, none of these findings were observed. Thus SK1 may
play an important role in mediating successful postconditioing et al., 2008 It has

also been reported that combined low dose sphingosine, S1P and ischaemic
postconditioning can protect isolated hearts from as much as 90 min of isclfdessay

et al., 2008a

Although, the significant role of S1P in cardioprotection against iscla&emperfusion
insult has been demonstrated in many studies, S1P has also been impliczstiaic
remodelling. It was reported that S1P stimulated cellular hypertrophyainneonatal
cardiomyocytesand this effect was inhibited by an Sl#htagonist(Brinkmann et al.,
2002). Overexpression of SK1 in heart tissue was shown to contribute significantly to
progressive myocardi degeneration and fibrosis in mi€Bakuwa et al., 2000 Another
study has also shown th@itGFb-stimulatedincrease inSK1 expression and/or activity
was associated with an increase in collagen production in cardiac fibroftkaslisgs
Lowe et al., 200Q Recently, Zhang et al (2016) has dentaied that increased S1P
production and SK1 expression following myocardial infarction was associated with
enhancement of cardiac remodelling and dysfunction in mice. Moreover, in the same
study, inhibition of SK1 by PF543, a selective SK1 inhibitor, wamective against post

MI remodelling.

1.6.3 S1P Lyase

S1P lyase (SPL) is responsible for the degradation of S1P. By decreasing available S1I
pools, SPL enhances apoptosis under stress conditions, whereas downregulation of SP
enhances cell survival. It has Ibeshown that SPL was stimulated by ischaemia in murine
hearts and hearts of heterozygous SPL null mice exhibited decreased SPL activity,
increased S1P levels, smaller infarct size, and improved functional recovery after
ischaemia/reperfusion injury compdreith littermate heartéBandhuvula et al., 20)1It

has also been found that givingtrahydroxybutylimidazole (TH))an SPL inhibitor,
overnight in he drinking water resulted in a-3@% increase in serum S1P and decreased
SPL activity, decreased infarct size and promoted haemodynamic recovery after
ischaemia/reperfusion in ex vivo hea(Bandhuvula et al., 20)1Thus, increased S1P

induced by inhibition of SPL is sufficient to induce cardioprotection and represents a new
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target in the metabolism of S1P that can be used to protect the heart against
ischeemia/reperfusion insult. In contrast Zhang et al has demonstrated that SPL inhibition
may exacerbate cardiac systolic dysfunction and aggravate post Ml remodelling which is
likely due to an increase in expression levels of remodelling getesg et al., 2016a
Moreover, it has been shown that SPL heterozygoige are more sensitive to hypoxia
mediated pulmonary hypertensi¢@hen et al., 2004and so caution has to be exercised

when considering SPL as a viable therapeutic target.

1.6.4 Cardioprotective effects of High Density Lipoprotein (HDL)

HDL is the major carrier of S1P in serum as described alfphgata et al., 2000
Okajima, 2002 It is well known that HDL plays an important role in prevention of
atherogenesisThis protective effect might be due to the ability of S1P carried by HDL to
preserve endothelium and reduce-prilammatory responses in endothelial and vascular
smooth muscléNofer et al., 200,1Kimura et al., 2003Tolle et al., 200y. Once FTY720,

a synthetic sphingosine analogue, is phosphorylated by SK2, it acts as an agonigt at S1F
and S1Rreceptor subtypes and has been demonstrated to decrease atlosissoldoth

low density lipoprotein receptor deficient mifidofer et al., 200yand in apolipoprotein
E-deficient mice(Keul et al., 2007p A recent study has shown that knocking 8af
receptors increased immunoexpression of proinflammatory adhesion proteins such as
ICAM-1 and VCAM1 in mouse aortic endothelium and overexpression of 8ideptors
reduced the abundance of these proinflammatory molecules, suggesting that it-has anti
inflammatory effect§Galvani et al., 2015 In the same study, it was demonstrated tha
HDL-S1P reduced the TNIFinduced NFB activation and adhesion protein expression in
HUVECs and this aniinflammatory properties of HDIS1P was mediated by S1P
receptors. Moreover, HBE1P stimulated the formation of an aimflammatory complex
betwee S1P and arrestin and the protective effects of HISILP were antagonised by
pre-treatment withP-FTY720, which enhances S1Eegradatior(Galvani et al., 20151n

acute myocardial ischaemia/reperfusion injury, it has been shown that HDL is a direct
cardioprotective agent and that this cardiopridteceffect occurs independently of its
atheroprotective effeqKeul et al., 2007a The biologically active HDL S1Pappears to

be responsible for the protective effects of HDL on myocardium via inhibition of adhesion
molecule expression and recruitment of leukocytes to the infarcted(/Aamgaves and
Argraves, 200) Toa et al demonstrated that HDL, via its cargo of S1P, can directly
protect adult murine cardiomyocytes against oxidative injury induced by

hypoxia/reoxygenatiofiTao et al., 2010 This cytoprotective effect was inhibited by $1P
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and S1R receptor antagonist VPC23019, CAY10444, an ;SHeeptor antagonist, RD
98059, a MEK infbitor and by the RB kinase inhibitor wortmanni(Tao et al, 2010Q.

Both Akt and ERK1/2 pathways were activated via $BBociated HDL and both S1P

and S1R receptors are involved in prosurvival sigradtivation. Moreover, HDL was
found to protect neonatal rat ventricular cardiomyocytes against doxorirmiciced
apoptosis and this effect was mediated by the, 8ddeptor, ERK1/2 and STATErias et

al., 2010. Furthermorepoth genetic disruption of S1P receptors and responses to HDL
have provided additional evidence for the involvement of SK/S1P pathways in
cardioprotection. For example, Nofer et al demonstrated that HDL stimulated NO release
in human endothelial cells anshduced NGdependent vasorelaxation through $1P
receptor(Nofer et al., 200 These effects could be inhibited in SIMMockout mice.
Based on these results, HDL may improve myocardial perfusion and protect the heart

against ischaemia/reperfusion insult in vivo throughsS1P

1.6.5 FTY720

FTY720, a stuctural homologue of sphingosine, is derived from myriocin. Once FTY720
becomes phosphorylated by SK2, it acts as a potent agonist pfeg&ptor and also binds
(though less avidly) to SiPeceptordMandala et al., 20QHla and Brinkmann, 2011t

iIs an FDAapproved drug as an oral treatment for patiests multiple sclerosigPelletier

and Hafler 201p Several studies have examined whether FTY720 is cardioprotective
against ischaemia/reperfusion injury. For example, Zhang et al showed that FTY720
promoted survival in isotad adult murine cardiomyocytes subjected to severe long
periods of hypoxia(Zhang et al., 2007 It has also been demonstrated that FTY720
prevented cardiac arrhythmia in an exivov rat heart model subjected to
ischeemia/reperfusionEgom et al.,, 2010 A subsequent study showed that FTY720 is
able to protect neonatal raentricular cardiomyocytes again€oCh-induced hypoxic
injury and stimulated NO release via a pertussis tgeimsitive PI3K/At/eNOS pathway
(Egom et al., 2011 Another study reported that treatment with FTY720 at the time of
reperfusion improved recowenf left ventricular developed pressure and decreased left
ventricular enetliastolic pressure in isolated rat hearts subjected to ischaemia/reperfusion
(Hofmann et al., 2009 A further study reported that long term treatment with FTY720
improved survival in a mouse model @éclusive coronary atherosclerosis, Ml and heart
failure through enhancing cardiomyocyte resistancéstbeemic injury, oxidative stress

and apoptosiand redicing inflammation in the heaf¥Vang et al.2014). Recently a study

showed that FTY720 exhibited cardioprotective effects against post MI cardiac
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dysfunction and remodelling tbugh interfering with SK1/S1P/SiRignalling pathway
(Zzhang et al.,, 2016aIn contrast to these beneficial effects in animals, it has been
identified that oral administration of FTY720 causes an initial bradycardia. Therefore the
FDA advises not to prescribe this drug for patients with heart problems or stroke within the

previous 6 months or patients on aatihythmic treatment.

S1P

S1P; S1P; S1P;

Il
e
N

Cardio
protection

Figure 1-5 Flow chart shows the mechanism of S1P-induced cardioprotection in
cardiomyocytes.

S1P; receptor activation enhances cardiomyocytes protection against ischaemia/reperfusion
via signalling pathway involving activation of PI3K, Akt and inactivation of GSK-3b. S1P, and

S1P; receptors also enhances cardioprotection via activation of Akt which increases
endothelial NO synthase.
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Hypothesis and aims

Myocardial hypoxia/ischaemia increases SK1 expression and generation of endogenou:
S1P in coronary endothelial cells and cardiomyocytes, which may have an effect on
regulation of coronaryreactivity and exert a cardioprotective effect against
ischaemia/reperfusion injury. Thus the principal research aim of this thesis was to
investigate the influence of hypoxia on SK1 expression in rat coronary artery and how this
may regulate vascular futien through generation of S1P. This was achieved through the

following experimental study aims:
1 Examine the expression of S1P receptaitkin normoxic rat coronary artery.

1 Examine the expression 8Klenzymewithin normoxicand hypoxic rat coronary

artery in the presence and absence of SK1 inhibitors.

1 Compare the SK1 expression in coronary artery endothelium in the presence and

absence of proteasomal and/or lysosomal inhibitors under normoxia and hypoxia.

1 Investigate the effect of hypoxia on SK1 expressn rat aorta and how this may

regulate vascular reactivity.

1 Evaluate the influence of hypoxia on SK1 expression in HUVECS and rat cardiac

tissue in the presence and absence of SK1 inhibitors.



Chapter two

2 Materials and methods

a7
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2.1 Animal source

All animal experiments were performed in accordance with the United Kingdom Home
Office Legislation under théAnimals (Scientific Procedure) Act 1986 (project licence
70/8572).SpragueDawley rats were purchased froENVIGO (UK) and spontaneously
hypertensive Wistar Kyoto rats were a generous gift fronL@raine Work (ICAMS,
Glasgow University)Rats were housed in the Central Research Facility at University of
Glasgow andnaintained on 12 hour cycles of light and dark and tbenrtemperature was

held at 21C. Rats had free access to both food and water.

2.2 Chemicals and reagents

S1P, CYM5541, SEW2871 and AMG9810 were purchased from Tocris Bioscience
(Bristol, UK). Cyclohexinide, CA-074 Me, SKi (2(p-hydroxyanilino}4-(p-chlorophenyl)
thiazole) and PF543 were from Merck Biosciences Ltd (Nottingham, UK). MG132 was
from Stratech Scientific Ltd (Suffolk, UK). Lactacystin was from Enzo Life Sciences
(Exeter, UK) and CAY10444 wasrdm Cayman Chemical (Cambridge, UK). The
following chemicals were purchased from SigAldrich (Poole, UK): U46619,
acetylcholine, and Nitric Oxide Synthase inhibitorNLN A , -NRKra~-L-arginine).ROMe,
(R)-FTY720 methyl etherwas akind gift from Prof Ssan Pyne (Strathclyde University)
(Table 21, page 5% Culture supplies were obtained from PromoCell Bioscience
(Heidelberg, Germany) unless otherwise stated. All Western blot materials were obtained

from Life Technologies (Paisley, UK) unless otherwitsed.

2.3 Confocal microscopy

The ®nfocal microscope was inventé&y Minsky in 1955 from the conventional light
microscope. The aim was to produce sharp images of thin cross sections, which had na
been possible with conventional microscopy. The basic cahfo@roscope system has
been improved upon over the last decadecamdocal laser scanning microscopy (CLSM)

is now a commonly used technique. Many confocal studies have been carried out on cell
but recently this technique has also been used on whadd bksseléArribas et al., 2007

Daly et al., 2011
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2.3.1 The confocal microscope

The confocal microscope is composed of a photomultiplier tube (PMT), a detector pinhole,
a source pinhole, a dichroic mirror and an objective lens. It is based upon thelgtimaip

an excitation light from a laser is focused into the source pinhole and reflected by the
dichroic mirror in order to pass it through the objective to the sample. The excitation light
fills a converging cone as it is focused through the specimgre tobject plane, and all the
excitation light passes out through a similar diverging cone. The fluorophore in the
specimen emits the fluorescent light in all directions. Light from the specimen returns
through the objective and dichroic mirror respectivahd is focused into the detector
pinhole, then measured by the PMT. The detector pinhole is designed to ensure that onl
light from the irfocus planes reach the PMT, and prevents the light scattered freof- out
focus planes reaching the PMT. An imagepieduced from individual pixels using a

computer with imaging software to visualise a complete image.

2.3.2 Principle of fluorescence

When molecules with luminescence properties absorb light energy of a particular
wavelength, they give off light of a differemtavelength. This occurs because of their
atomic structure. El ectrons are arrangec
levels. When an electron absorbs light energy, it reaches a higher energy or excited state
The higher energy state is unstabtel does not last long. The electron loses some of the
absorbed energy as heat and the remaining extra energy is emitted as a photon of ligt
(Figure 21). This emitted light is always of a lower energy than the excited light, so the

wavelength of the entéd fluorescence is longer than that of the absorbed light.

Emission

ExcitationA

e —

eNucIeus

@ Electron

Figure 2-1 Fluorescence generation
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2.3.3 Tissue preparation for immunofluorescence studies

Male Spragudawley rats (20250 g body weight) were killed by cervical dislocation.
The chest caty was opened and the heart and thoracic aorta vapidly removed and
placed into cold Krebslenseleit solution (NaCl 118 mM, NaHG@®@5 mM, KCIl 47 mM,
KH,PO, 1.2 mM, MgSQ 1 mM, glucose 11 mM, and Ca.5 mM) previously gassed

with 95% O,, 5% CQ at room temperaturé&Jnder a binocular microscope, the right and

left coronary arteries were carefully dissected free of connecting heart tissueneith f
dissecting scisse and the thoracic aorta was also cleaned of adherent connectiveltissue.

2 mm segments of freshly isolated coronang 23 mm segments of thoracactery were
carefully opened longitudinally, treated with specific inhibitory agdatshalf an hour
(Table 21, page 5% then subjected tnormoxia/hypola (see hypoxia protocah section

2.3.5 for 30 min and fixed by 3% paraformaldehyde overnight 4C4To determine the

most appropriate method of preparing the coronary and aotéides for imaging, a series

of experiments ascarried out using whole vessels (without opening them longitudinally).

In the whole vessels, it was not possible to focus into the endothelium and the smooth
muscle layers because of the thick elastic wélthe arteries. Therefore, both coronary
arteries and aorta were turned O6inside
exposing the endothelium. By using this preparation, it was possible to image the vessel:
from the endothelium through to theetha. Thus, the open preparation was applied in all
experiments as it enabled imaging of the endothelium and smooth muscle cells with

minimum damage.

2.3.4 Label protocol
2.3.4.1 Single label protocol

After fixation with paraformaldehyde, the@mpleswere washed 3 timesith phosphate
buffered saline (PBS) andcubated in blocking solution (10% normal goat serum) for 2
hours. Thereafter,sampleswere incubated ira primary antibodyagainst the protein of
interestovernight at 4°CPrimary antibodies were diluted in PB8pplemented with 1%
BSA (1:50 & 1:100 dilution used) (Table2 page 5% Sampleswere then washed 3 times
with PBS before incubation with an AlexaFlour 594 conjugated goatattit secondary
antibodyfor 1 hour at room temperatu¢gigure 22). Secouary antibody was also diluted
in PBSsupplemented with 1% BSAL:250 dilution) (Table B, page 5% Nuclear stain

Syto 61 (uM) was also added to the secondary antibody solution to stain the endothelial
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and smooth muscle cell nuclei. Nuclear shape arsitipo were used talistinguish
endothelial from smooth muscle cells.

2.3.4.2 Double label protocol for SK1 enzyme and S1P; receptor

Following fixation and washing as previously describedmpleswere incubated in
blocking solution (5% normal donkey serum) foh@urs and themncubated with ami
S1R antibody (1:50) overnight at 4 °CSampleswere then washed 3 times with PBS
before incubation wittAffiniPure fab fragment goat antabbit antibody(1:300) for 12
hrs. Thereafter,sampleswere again washed by PBS times) before incubation with
AlexaFluor 488 conjugated donkey agbtat secondary antibody (gregni)250)for 1 hr.
Sampleswere then washed 3 times with PBS and incubated raltbit polyclonalanti
SK1 primary antibody (1:50) overniglat 4 °C.Following washing with PBSsamples
were incubated for 1 hr at room temperaturéilexaFluor 594 conjugated donkey anti
rabbit secondary antibody (re@):250).Nuclear stain Syto 61 (tM) was also added to
the secondary antibody solution to stain theathelial and smooth muscle cell nuclei
Each staining step was performedgeentially in the dark. Primary and secondary
antibodies were diluted i°BS supplemented with 1% BSAA list of primary and
secondary antibodies is presented in tabl2 @Page 5% and table 2 (Page 55)

respectively.

Fluorochrome

Secondary antibody

Primary antibody
Antigen
Figure 2-2 Indirect immunofluorescence

2.3.5 Hypoxia protocol

Normoxia & 20% O,, pO, ~160 mmHg) was induced by placing the artery in IKml e b s 6

solutionwhich had been previously gassed v@8% O,, 5% CQ (Solution was not gassed
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during procedures) to keep oxygen tensior 20% G saturation) Hypoxiawas induced

by placing the artery i m| Kr e b s whicls had bedconstantly bubbled with 95%
N./5% CO, for approximately 30 min toeduce oxygen tension ta115% Q saturation

(PO, ~ 8-10 mmHg) An Optical OxygenMeterFire StingO, (Pyro Science, Germany)

was used to measure oxygen tensions before and after the expeBmeatthe oxygen
meter epeatedly yielded the same oxygen saturation values on several occasions, it wa:
deemed unnecessary to measure oxygen tension in all expeririypusxia was
maintained for 30 min and temperature vhatd at37°C. Arteries were thefixed in 3%

paraformaleéhydeand immunostained as outlined above.

2.3.6 Slide mounting

Once the incubation period was finished, each artery segment was laid flat on a microscop:
slide with the endothelial side uppermost. A small well was created on the microscope
slide using grease driilled with theKrebssolution(NaCl 118 mM, NaHC@25 mM, KClI
4.7 mM, KHPO, 1.2 mM, MgSQ 1 mM, glucose 11 mM, and Ca.5 mM) that the
vessel was incubated (Miquel et al., 200p(Figure 23). A coverslip (thickess 1.5um)

was placed on the top creating a chamber.

Endothelial surface

Coverslip i

( ‘) | o ) Grease

4N

Slide

Vessel

Figure 2-3 Slide preparation
2.3.7 Imaging

Initially, the objective was cleaned in order to remove any dust particles and a glass rod
was used to apply odnto the objective to prevent air bubbles forming in the immersion
oil. Then, the specimen was visualised through the microscope eyepiece and the
microscope (Nikon Eclipse TE300) applied conventionally to focus on the specimen.
When focussed, the visuaison was changed from the microscope eyepiece to the
computer. Prior to starting an exploratory scan, the scan setting for the confocal

microscope was selectefl.series of prelimingr experiments wasagried out to establish
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the best scan setting for tleenfocal microscope that allow to visualise the protein of
interest with less noise in the image backgroutlvessels were visualised by the Bio

Rad 2100 Confocal Laser Scanning microscegeaipped with argon, HeNe and red diode
lasers. x40 oil immerson and x20 oil/water immersion lenses were used for all
experiments. For the rat coronary artery, the images were recorded mainly at zoom 3 and ¢
HeNe laser intensity 100; a gain 30; offset 0.0 and pinhole setting of 3.0 were chosen. In
the case of thorac aorta, the gain was 40 with other settings remaining the same. The
standard scan speed of 500 lines per second was used in all experiments. An image size

512x 512 pixels produced a field size of 289 pm x 289 pm.

Each vessel was imaged from endatimal to the media. At least three images were
collected from random areas of the vessels. Each experiment was repeated at least thre
times in separate rat¥essels were scanned using lambda strobing to minimize-bleed
through on individual channelKalmanframe aeraging varied between 3 and 5 was used

to improve the quality of the image. Each fluorescent probe was imaged as close as
possible to its excitation and emission maxirAexaFlour 594secondary antibody (ex

591 nm, em614 nm); Syto 61 (X637nm, em 660 nm).

2.3.8 Image analysis

2D images were produced (8 bit) and displayed spatially as pixels, where each pixel
represents an intensity value between 0 (black) and 255 (white) from the Gray scale.
Following image capture, Image J software (1.47 va)sivas used to analyse 2D images
collected at zoom 3 and 6. Integrated densihe (total amount of fluorescencevas
measured from 3 imagé€zoom 3)taken from 3 different areas in each artery by Image J
software(the three areas combined to give a fraylerage value for each animahd the

mean data plotted in bar charts. Statistical comparisons between integrated densitie:
generated in the presence and absence of hypoxia and specific inhibitory agents-(Table z
1) were determined using an unpaireédttand one way analysis of variance (ANOVA)
with Dunnett's postest or Bonferroni multiple comparison pestst P-values were

considered statistically significant wher(p05
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Drugs Description Concentration Diluent

Cathepsin B Lysosomal inhibitor 10 uM DMSO

inhibitor (CA-

074ME)

CAY10444 Selective S1fantagonist | 10 uM DMSO

Cycloheximide | Protein synthesis inhibitof 10 uM Ethanol

CYM5541 Selective S1fagonist 1 nMi 30 uM DMSO

Lactacystin Proteasomal inhibitor 10uM Distilled water

MG132 Proteasomal inhibitor 10 M DMSO

N ¥Nitro-L- Nitric Oxide Synthase 100 uM DMSO

arginine (L Inhibitor

NNA)

PF543 Selective SK1 inhibitor 100 nM DMSO

(R)-FTY720 Selective SK2 inhibitor 10 uM DMSO

methylether

(ROMe)

S1P Sphingosinel-Phosphate | 1 nMi 30 uM PBS/BSA

SEW?2871 Selective S1Preceptor 1 nMi 30 uM Ethanol
agonist

Sphingosine Nonselective SK inhibitory 10 uM DMSO

kinase inhibitor
(SKi)
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Table 2-2 Primary antibodies used for immunofluorescence

Epitope Clonality Host Blocking Dilution Source
species serum

Phospho SK1 Polyclonal Rabbit 10% NGS 1:50 ECM
biosciences
SP1641

SK1 Polyclonal Rabbit 10% NGS 1:50 Abcam
ab71700

S1R Polyclonal Rabbit 10% NGS 1:50 Abcam
ab23695

S1R Polyclonal Rabbit 10% NGS 1:50 Santa Cruz
Biotechnology
sc-30024

NGS: normal goat serum. Primary antibodies were diluted in PBS supplemented with 1%
BSA and incubated at 4C overnight. Phospho SK1 antibodies were raised against
phospheSK1 (Sef225) synthetic peptideorresponding to amino acids surrounding serine
225 in human SK1SK1 antibodies were raised agaiasy/nthetic peptide correspding

to human SPHK1 aa 28815 S1R and SP; antibodies were raised againstyathetic
peptide correspawling to human S3Paa 241253 and human S3Paa 309378
respectively.

Table 2-3 Secondary detection agents for immunofluorescence

Linked Epitope Clonality Host species | Dilution Source
molecule

Alexa Rabbit IgG | Polyclonal | Goat 1:250 Stratech
Fluor® 594 Scientific
(Red)

Alexa Goat IgG Polyclonal | Donkey 1:250 Stratech
Fluor® 488 Scientific
(Green)

Alexa Rabbit IgG | Polyclonal | Donkey 1:250 Stratech
Fluor® 594 Scientific
(Red)

AffiniPure Rabbit IgG | Polyclonal | Goat 1:300 Stratech
fab fragment| Scientific

Secondaryantibodies were diluted in PBS supplemented with 1% BSA and incubtted
room temperature for 1 hour.
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2.4 Functional studies (wire myography)

2.4.1 Vessel preparation and mounting

Male Spragudawley rats (20250 g body weight)and spontaneously hypertensive
Wistar Kyoto rat§350-400 g body weightyvere killed by cervical dislocation. The chest
cavity was opened and the thoracictaavas rapidly removed and placed into cold Krebs
Henseleit solution (NaCl 118 mM, NaHGQ@5 mM, KCI 4.7 mM, KHPQO, 1.2 mM,
MgSO, 1 mM, glucose 11 mM, and Ca.5 mM) previously gassed with 95%,3%
CO, at room temperatureThen the thoracic aorta wasarefully dissected free from
adherent connective tissue and cut irH® &im rings.Vessel rings were mountexh two
stainless steel pins in a fedhannel small vessel wire myograph (DanishyoM
Technology, Aarhus, Denmark). One of the pins was conneatadrticrometer, to adjust
the tension on the ring, and the other one was attached to a force transducer, whicl
measures the force generated by the vessel ringlliiNewtons(Figure 24). Vessels were
incubated at 37 °C in Kreldenseleit buffewith congant supply of 95% ©5% CQ gas.
The vessels werthenallowed to equilibrate for 230 minat resting tensianThereafter,
vessels were stretched until an optimum resting tensiorgof (8.8 mN)was reached and
allowed to equilibrate for 30 mirC h a r & H¥o software (ADInstruments, Chalgrove,

U.K.) was used to record and measure vessel responses to different reagents

Figure 2-4 Representative picture of a rat aortic ring mounted in the small artery wire
myograph.

A 3 mm segment of artery was mounted on two pins with one attached to a force transducer and a
computer to measure the changes in the tone of the vessel ring. The other pin was connected to a
micrometer to adjust the tension on the ring.
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2.4.2 Experimental protocols
2.4.2.1 Wake up procedure

In order to assess the viability of the vessels after dissection and mounting, the vessel:
were exposed towo additions of 40 mM KC{Mair et al., 201 Once thaesponse had
reached a plateau the vessels were rinsed two to three timesrelitiHenseleit solution
and rested for 10 min between additio@sntractiontoKCbf ~ 0. 5 gram w

of vessel viability.

2.4.2.2 U46619 protocol

To investigate the effect of hypoxia aontraction to thethromboxane A mimetic
U46619 (9,11-dideoxyl 1 U-e @0 x y met hanopr ) saorte grings nvderen
subjectedto 30 min hypoxia, then rexygenatedand maintained under normoxic
conditions. Therconcentration response curves were generated by atimeubddition of
U46619 (1x10-1x10°M) with 10 min between each additiom. experiments where the
effects of Ki, a nonselective SKinhibitor (10 uM), on U46619nduced contraction were

to be invedgated under hypoxia and normoxia, th€i /as added 15 min before exposure
to hypoxia and was present during generation of the concentra8ponse curve.
Hypoxia was induced by altering the bubbling of the myograph chamber from 95% O
CO, to 95%N-5%CO0; (< 5% G saturation) for 30 min and thereafter the gas mixture was

returned tacontrol conditions.

2.4.2.3 Agonist comparison

After 30 min equilibration and challenge with KGiortic rings were submaximally
contracted with U466193x10%M) (Mair et al., 2019 Once a plateau was achieved,
concentratiorresponse curves were performed by cumulative addition of ago&isP,
CYM5541, a selective SiReceptor agonist, and SEW2874d selectie S1R receptor
agonist, (1x10-3x10°M) were added in haliog molar concentration in a cumulative
manner with 5 min between each additiMaximal response was measured five minutes

after addition of each concentrationdstig

2.4.2.4 Antagonists and inhibitors protocol

In experiments where the effects of antagorostmhibitorson agonisinduced relaxation

were to be assessed, the antagonist of interest was added 30 min prior to contraction wit!
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U46619, and was present during generation of the concentraspmse curveA list of
antagonists and inhibitors and their final bath concentrations used are provided inltable 2
(Page 54)

2.4.2.5 Hypoxia protocol

In order to investigate the effect of hypoxia on the -BitRiced relaxation in thoracic
aorta, thoracic aorticmgs were subjected to hypoxia for 30 min just after testing the vessel
viability with KCI, then reoxygenated arsibmaximal contracted with U46619 (5x10

®M). Once a plateau was achieved, concentration response curves were performed b
cumulative additionof S1P as described abovim experiments where the effects of
antagonistsr inhibitorson agonistinduced relaxatiorunder hypoxic conditiongvere to

be assessed, the antagomistinhibitor of interest was added 30 min before exposure to
hypoxiaand wa& present during generation of the concentratgsponse curveHdypoxia

was induced as described above.
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2.4.2.6 Endothelial denudation protocol

Vascular endothelial function was assessed at the end of the experiment by adding 1 ph
ACh. Relaxation to AClof . 50% was indicative of a vessel with an intact endothelium.
Where indicated, endothelium was removed by gentle rubbing of the intimal surface with
forceps. Relaxation to ACh < %®denoted an endothelium denuded vegsglure 25).

Figure 2-5 Representative experimental recordings showing isometric tension (g)
plotted against time in rat thoracic aorta.

(A) Represents a recording generated by an endothelium-intact aortic ring with more than 50%
relaxation to acetylcholine. (B) Represents a recording from an endothelium-denuded vessel
with less than 10% relaxation to acetylcholine.









































































































































































































































































































































































































































































































