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Abstract: 3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) improve
endothelial cell (EC) function by enhancing the synthesis of Nitric Oxide (NO) and
attenuating the endothelial leucocyte interaction and platelet aggregation. However the
effects of statins on endothelial cell proliferation, apoptosis and the mediators of these
responses are not clearly defined.

The aims of this research were:

1) To determine the effect of statin on EC proliferation and apoptosis.

2) To assess these cellular processes in the presence of oxidative stress and hypoxia.

3) To study the cellular response to these stresses in the presence of a statin.

4) To assess the effect of sudden withdrawal of statin on the endothelial cell proliferation
and apoptosis

Statins exert a proliferative effect on EC at low concentrations and induce apoptosis at
higher doses. Oxidative stress and hypoxia induce apoptosis in the EC, mediated via
enhanced expression of an apoptotic protein, Bax. Statins abrogate the anti-proliferative
and pro-apoptotic effects of oxidative and hypoxic stress by modulating the expression of
Bax and cell cycle regulator protein Cyclin D. Acute withdrawal of statins reverses the
protective effects on EC survival by promoting apoptosis and inhibiting the proliferative

activity.
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Chapter 1. INTRODUCTION

1.1 Vascular Endothelium

Wilhelm His, Sr., in 1865 first coined the term endothelium [Greek for endos (within) and
(thelois) nipple] to describe cells lining surfaces within the body (1).Vascular EC form the
inner lining of all blood vessels and act as a dynamic barrier separating the blood and blood
cells from the smooth muscle cells. There are over 10'* endothelial cells in an adult human
being which occupies 1000 m? in surface area weighting approximately 1 to 1.5 kg (2).
Although the endothelial cell barrier was initially thought to be inert, it is now known that
this layer has a complex function. It generates factors that control vasorelaxation and
vasoconstriction, thrombosis and thrombolysis, platelet aggregation and inhibition. A
balance of these contrasting functions is vital for the maintenance of blood pressure, tissue
blood flow and patency of the blood vessel. When EC fail to maintain this equilibrium
chaos results with deranged blood pressure control, tissue hypoperfusion and end-organ
failure. It is now clear that endothelial function is deranged in conditions such as
hypertension, diabetes, hypercholesterolaemia, aging and smoking with resultant

manifestations of end organ damage.

1.1.2 Endothelial Structure

Endothelial cells are polygonal squamous cells measuring 25-50um long and 10-15pum
wide (3). The cells and their elongated nuclei are arranged in the long axis of the vessels
due to the longitudinal shear force of the blood flow. They have two faces, the luminal one
exposed to the blood flow and the abluminal front bathed in the interstitial fluid (4). The

endothelial cells are attached to each other by intercellular junctions of two different kinds.
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Occluding junctions (tight junctions) give anchorage to adjoining cells and the
communicating junctions (gap junctions) promote intercellular communication. There are
cell membrane infoldings called plasmalemmal vesicles which help in transendothelial
transport of molecules. Besides the nuclei, the cells also comprise of other cellular
organelles such as mitochondria, endoplasmic reticulum, ribosomes and golgi apparatus.
There are also certain rod shaped granules in the endothelial cells called Weibel Palade
bodies which are the sites of synthesis of Von Willebrand Factor. At the abluminal surface,
the cell rests on a matrix 30-50nm wide. There are fine microfibrils within the matrix
which anchors the endothelial cells to the basal lamina. The basal lamina is predominantly
composed of collagen type IV, V and VIII along with proteoglycans and glycoproteins. In
vessels with an internal elastic lamina the endothelial cells may have processes extending
through the elastic lamina to form myoendothelial junctions. Vascular smooth muscle
forms the contractile outer layer of arterioles and these cells are arranged in a helical

pattern in the media and longitudinally in the intima and adventitia.

1.1.3. Physiological Functions of the Vascular Endothelium
1.1.3.1. Vascular Tone

This is dependent on the constrictive and relaxing effects on the vascular smooth muscle

cells. The endothelium produces factors which have effect on both these functions.
Endothelium Derived Relaxing Factor

Stimulation of endothelial cells by neurotransmitters, hormones, platelet and coagulation
derived substances, and shear forces from blood flow cause the release of a factor which

results in relaxation of the vascular smooth muscle cells (5). This factor has now been
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identified as a free radical Nitric Oxide (NO). It is freely diffusible and has a half life of a
few seconds (5). It is easily destroyed by reactive oxygen species but potent anti-oxidant
systems such as catalase and superoxide dismutases improve tissue availability. NO
synthesis is catalysed by the enzyme endothelial NO synthase (eNOs) and this enzyme
occurs in various tissues including platelets, macrophages, vascular smooth muscle cells
and the brain (6). An inducible form of this enzyme (iNOS) is also produced by the
endothelial cells in response to endotoxins and cytokines (7). This can result in the
synthesis of large amounts of NO over a prolonged period of time which can result in
systemic cytotoxicity as in septic shock (8, 9).

In response to vasodilatory stimuli, the agonist binds to the cell membrane receptor and
activates regulatory G proteins. They activate phospholipase C to generate diacylglycerol
(DG) and inositol triphosphate (IP3) from phophatidyl inositol 4, 5-biphosphate (PTIP2). IP3
mobilizes intracellular Ca2+ and DG activates protein kinase C and transport of
extracellular Ca2+ to maintain high intracellular Ca2+ levels. Elevated Ca2+ levels along
with calmodulin are essential for activation of the enzyme NO synthase. L-arginine is the
precursor to NO synthesis and this step wise transformation is dependent on reducing
agents 6-methyltetrahydorbiopterin (BH4) and NADPH (10). Nitric oxide is freely
diffusible and it activates soluble guanylate cyclase to produce cyclic Guanine Mono
Phosphate (cGMP). cGMP mediates relaxation of the smooth muscle cells by inhibiting the

Ca”" influx in the sarcolemma (11) or by activating the sarcolemmal Ca®* extrusion pump

(12).
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Other Endothelium Derived Relaxing Factor

Prostacyclin is another factor largely produced by the endothelial cells and in smaller
quantities by platelets and smooth muscle cells (13, 14). It is metabolised from arachidonic
acid by prostacyclin synthase and has a short half life of 2-3 minutes (15). It has an
inhibitory effect on platelet aggregation, promotes platelet disaggregation and also causes
vasodilatation by relaxation of the vascular smooth muscle (16-18). The latter effect is
mediated by increasing the levels of cyclic adenosine monophosphate in smooth muscle

cells.
Endothelial Derived Contracting Factor

Endothelins are the most potent vasoconstrictors known. They exist in 3 isomeric forms
endothelin1(ET1), endothelin 2(ET2) and endothelin 3(ET3); of which ET1 is produced by
the vascular endothelium (19). It is a 21 amino-acid chain peptide which is synthesized
from its precursor preproendothelin. This is initially converted to big endothelin (bET1)
and then further by endothelin converting enzyme to ET1. Some of the stimuli for inducing
ET1 synthesis are thrombin (20), platelet transforming growth factor B-1(TGF-B) (21),
hypoxia (22), epinephrine (23), angiotensin II (23), vasopressin (24) and shear stress (25).
These stimuli mediate their effect through two endothelin specific receptors namely
Endothelin A (ETA) and Endothelin B (ETB). These receptors have G proteins coupled to
them which activate the phophatidyl inositol system in vascular smooth muscle cells to
release intracellular Ca*" and thus effect smooth muscle contraction. Although ET1 has a
half life of only 2 minutes, it has a protracted duration of action for over an hour and this is
due to its slow release from the receptors in the smooth muscle cells (26, 27). In intact

endothelial cells the endothelin related responses are diminished. This is effected by basal
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NO synthesis which inhibits stimulated endothelin synthesis and constrictor responses (28).
In contrast the ET1 can stimulate synthesis of NO and prostacyclin as a negative feedback
mechanism to attenuate its own vasoconstrictive effects (29).

Other Endothelial Derived Contracting Factors

Thromboxane A2 and Prostaglandin H2 are products of the cyclooxygenase pathway in
endotheial cells that can mediate vasoconstrictive effects. In response to stimuli from
factors such as arachidonic acid, histamine, acetylcholine and serotonin the cycloxygenase
pathway within endothelial cells generate Thromboxane A2 and Prostaglandin H2 (30).
These activate the thromboxane receptors in vascular smooth muscle cells and counteract
the vasodilatory effects of NO and prostacyclin. Besides this, the cycloxygenase pathway is

a source of reactive oxygen species which can also inactivate NO.

The renin angiotensin system is also regulated by the endothelium. Angiotensin Converting

Enzyme (ACE) which converts Angiotensin I to Angiotensin II is localised in the

endothelial cell membrane. Activated receptors for Angiotensin II in the endothelial cells

can upregulate the synthesis of ET1 with resultant vasoconstriction (31).

1.1.3.2. Homeostasis and Coagulation Antiplatelet Effects

The EC through different mechanisms exerts effect on the platelets. They prevent platelet

activation and adhesion to the EC wall and also aggregation to form platelet plugs.
Surface Charges

The vascular endothelial surface has a negative surface charge which repels the negative
charge of the platelet cell surface membrane. This acts as deterrent to platelet adhesion to

endothelial surface (32). However when the integrity of the vascular endothelium wall is
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disrupted, the exposed subendothelial matrix with a positive charge promotes platelet
adhesion due to its surface.

Nitric Oxide

Nitric Oxide modulates the interaction between platelets and endothelium. It inhibits
human platelet activation and adhesion to endothelial cells and promotes disaggregation.
Thus it plays a vital role in preventing thrombosis. The platelet inhibitory effects are
mediated by activation of the enzyme guanylate cyclase which results in accumulation of
cyclic GMP (33). Platelet activation and adhesion are dependent on low cGMP levels.
Increased ¢cGMP levels diminish the cytosolic Ca2+ levels and thus inhibit platelet
activation.

Prostacyclin

Prostacyclin (PGI,) which is a derivative of the cyclooxygenase pathway is a potent
vasodilator and has an inhibitory effect on platelet function (13, 16, 34). It is synthesised by
the endothelial cells from arachidonic acid in response to chemical stimuli such as
bradykinin (35), lipoproteins (36), thrombin (37) and histamine (38). Although PGI, has no
influence on adhesive properties of unstimulated platelets, it inhibits adhesion of stimulated
platelets to the endothelial wall. This effect is mediated through increased cAMP levels
within platelets.

Other mediators

Adenosine is a potent vasodilator and inhibitor of platelet aggregation. Aggregating
platelets release ADP which promotes further aggregation and platelet plug formation. EC
have membrane bound ectoenzyme which rapidly inactivates this ADP to AMP and

adenosine (39). Thus adenosine contributes to antiplatelet activity.
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Anticoagulant effects

The anticoagulant pathway helps prevent formation of microthrombi that interrupt blood
flow. This pathway comprises of thrombomodulin, antithrombin, protein C and protein S.
Following tissue injury mediated via endotoxins, there is enhanced tissue factor expression
with factor VIIIa-IXa and Va-Xa complex formation. This leads to thrombin generation

which activates the coagulation pathway.

Thrombomodulin is a protein bound to EC membrane that binds to thrombin. The
thrombin-thrombomodulin complex inactivates thrombin which is then easily removed
from circulation (40). Thrombomodulin has anti inflammatory effect by inhibiting
cytokine synthesis and decreasing leucocyte-endothelial interaction. This complex also
activates Protein C to promote receptor binding (41). Activated protein C inhibits factor V
and VIII of the coagulation cascade (42, 43). Subsequently the activated protein C is
released from its receptor and binds to Protein S. This complex inactivates factor Va-VIla

preventing further thrombin release (44).

Antithrombin is another mediator of the anticoagulant pathway which is synthesized by the
hepatocytes. It is activated by heparin sulphate within the EC (45). Antithrombin attaches
to the EC membrane and acts as a scavenger for thrombin with which it forms a covalent
bond (46). Thus the circulating thrombin is neutralised. Antithrombin also inactivates

Factors Xa and has similar effects on [Xa, XIa and XIIa of the coagulation cascade.
Procoagulant effects

von Willebrand Factor is a large glycoprotein synthesized by the EC and megakaryocytes.
It is stored in the Weibel Palade bodies within the EC and secreted into plasma and the

extracellular matrix. It serves as an adhesion protein that helps to aggregate platelets at
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sites of endothelial damage with exposed extracellular matrix (47, 48). vVWF from serum
attaches to exposed collagen with in the exposed subendothelial extracellular matrix and
uncoils the collagen structure. This enables trapping of platelets to collagen and the
activation of platelet membrane glycoproteins which in turn facilitate platelet to vessel wall
and platelet to platelet adhesion to form platelet plugs.

Platelet Activating Factors (PAF) are a group of structurally related phospholipids
synthesized predominantly by EC and leucocytes with a potent proinflammatory potential
(49, 50). PAF is a common mediator to many upstream signalling pathways and is
synthesized predominantly in response to oxidants which release peroxidised lipids from
cell membrane (51). These in turn activate p38 kinase enzyme with release of PAF by
acetyltransferase and phopholipase A2 (52). PAF mediates its effect through PAF receptor
which mobilises Ca2+ and depletes cAMP levels. This activates platelets and promotes
chemotaxis and adhesion of leucocytes.

Fibrinolytic Pathway

This is vital to maintain the equilibrium between bleeding and thrombosis. During
fibrinolysis, plasminogen is converted to active plasmin by endothelial derived
plasminogen activator (tPA). Plasmin can effect lysis of fibrinogen and restrict clot
formation. tPA synthesis can also be activated by PAF which further ensures that clot
formation remains under check (53). Plasminogen activator inhibitor (PAI) synthesized by
EC regulates synthesis of plasmin and hence the lysis of fibrinogen (54). Thus the activity

of these two components of the pathway, determine the net fibrinolytic effect.
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1.1.3.3 Host Responses

The EC being the first line of defence against blood borne stimuli, plays a vital role in
balancing the propagation and inhibition of inflammatory responses. This is brought about

through the release of cytokines and by promoting leucocyte adhesion.
Cytokines

EC release small peptides called cytokines in response to noxious stimuli and cytokines
target specific cells and modify their function (55). They communicate with the target cells
through receptors. The primary role of cytokines is to promote responses in order to
minimise damage and maintain a steady state. Based on their functions they may be pro-
inflammatory cytokines which are interleukin 1 (IL-1) , IL-6, tumor necrosis factor alpha
[TNF-a], and transforming growth factor beta [TGF-B]) (56, 57). These pro-inflammatory
cytokines propagate the inflamatory response. Immunoregulatory cytokines (IL-4, IL-10)
help regulate the immune response by inhibiting synthesis of cytokines and enhancing the
synthesis of neutralizing antibodies to foreign stimuli (58, 59). The role of chemokines (IL-
8) is to attract immune cells such as neutrophils to sites of infection (60).

Leucocyte interactions

The EC generates various membrane bound molecules ~ which ~ promote  circulating
leucocytes to target sites of inflammation. Selectins are a group of glycoproteins that
initiate the first step of EC-leucocyte interaction. Selectins are of three forms, E Selectin
(endothelium derived), L selectin (leucocyte) and P selectin (platelet and endothelium). P
selectin expression which is enhanced by TNFa and interleukin-1 accelerates leucocytes
rolling phenomenon before their adhesion to EC surface. The EC also express adhesion

molecules which promote adhesion of circulating leucocytes. ICAM- 1 (Intercellular
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adhesion Molecule-1) expression on endothelial cells is upregulated by interleukin-1,
interferon-gamma or TNF-alpha (61, 62) and it binds to leucocyte beta 2 integrins
(CD11a/CD 18) and CD11b/CD 18 which mediate leukocyte-endothelial cell adhesion and
transendothelial migration of leukocytes into tissues (63). VCAM-1 (Vascular Cell
Adhesion Molecule-1) expression in EC is enhanced by TNF-alpha, interleukin-1 or
interleukin-4 (64). VCAM-1 promotes EC binding to lymphocytes, monocytes, eosinophils

and Langerhans cells.

1.1.3.4 Synthesis of Growth Factors

The EC synthesises a melieu of growth regulators. Under physiological states, the net
effect of the influences of these growth regulators favours an overall inhibitory effect so as
to maintain luminal patency of the vessel and blood flow. Heparin Sulphate and NO are
potent inhibitors of smooth muscle cell proliferation (65). Some of the growth promoters
are vascular endothelial growth factor, platelet derived growth factors, endothelin,

epidermal growth factor and angiotensin II (66-69).

1.1.3.5 Metabolic Functions

The EC has metabolic functions such as presenting receptors for LDL, HDL and
chylomicrons (70, 71). EC membrane incorporates lipoprotein lipase synthesized in
macrophages and smooth muscle cells to hydrolyze glycerol groups from very low density
lipoproteins and chylomicrons. Thus LDL is transformed to promote uptake and further

metabolism by the macrophages.

25



1.1.3.6 Connective Tissue Synthesis

The basement membrane which anchors the EC comprises of collagen, elastin, laminin,
mucopolysaccharides, fibronectin and thrombospondin. EC secrete predominantly
collagen type IV and V to form the extracellular matrix (72). Elastin is synthesized as a
single chain tropoelastin by EC which subsequently transforms to the highly cross linked
elastin molecule (73). Synthesis of Laminin by EC, another component of the extracellular
matrix is enhanced when the EC are not confluent(74, 75). Mucopolysaccharides such as
heparin sulphate, dermatan sulphate and chondrotin sulphate form the extracellular matrix
whilst the cell membrane is predominantly composed of heparin sulphate (76, 77).
Fibronectin and thrombospondin are proteins secreted by the EC which form fibrillar
structures within the extracellular matrix that anchor EC to the basement membrane (78,

79).

1.2. Endothelial Dysfunction

Endothelial dysfunction is characterised by an imbalance in the EC mediated vasodilator
and constrictor effects. The various risk factors for atherosclerosis such as smoking,
hypercholesterolaemia, hypertension and diabetes predispose to EC dysfunction which is
now recognised as the first step in the atherosclerotic process (80). EC dysfunction
precedes any morphological alteration to the vessel wall.

1.2.1 Vascular Aging

Aging is a physiological process where cardiovascular mortality is increased even in the
absence of any significant risks. This may be due to the cumulative effects of prolonged

exposure of EC to reactive oxygen species with resultant impairment in endothelium
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dependent vasodilatation (81). Studies have demonstrated ageing to decrease the basal (82)
and stimulated (83) NO synthesis by reduced expression of endothelial NO synthase gene.
This effect may be compounded by a decrease in NO bioavailability due to scavenging by

increased levels of free radical molecules (84).
1.2.2. Smoking

Smoking has a deleterious effect on the endothelial function. This is due to an impaired
vasodilatory response through reduced NO synthesis, although the synthesis of ET remains
unaffected by smoking (85). It also has an inhibitory effect on Prostacyclin synthesis which
attenuates vasodilatation and promotes platelet aggregation (86). Cigarette smoke has been
shown to activate Platelet-Endothelial Cell Adhesion Molecule (PECAM) which promotes
monocyte migration across the vascular endothelium and platelet adhesion (87). Apart from
these effects on the EC, it alters the prothrombotic and fibrinolytic pathways mediated by
tissue-plasminogen activator (t-PA) and tissue factor plasminogen inhibitor1 (TFPI-1) (85).
Nicotine causes intimal hyperplasia by smooth muscle cell proliferation which is mediated
through mitogens such as basic fibroblast growth factor (bFGF) and transforming growth
factor-b1 (TGF-b1) (88).

1.2.3. Hypercholesterolaemia

It is now well recognised that hypercholesterolaemia results in alteration of the
vasodilatation and vasoconstrictor effects mediated by the vascular endothelium (89).
There is increased generation of oxidised LDL in hypercholesterolaemia and this results in
endothelial dysfunction (90). Oxidised LDL inhibits the gene expression for eNOS in EC
and hence attenuates the vasodilatory effect (91). This effect is further compounded by an

increased production of superoxide anions in hypercholesterolaemia which scavenge the
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NO to form peroxynitrite (92). Peroxyntrite is a potent cytotoxic and proinflammatory
mediator (93, 94). Upregulation of enzyme superoxide dismutase to raise the antioxidant
capacity by exogenous supplementation in rabbits helps to reverse these effects of
imbalance between the superoxide anion generation and NO synthesis (95). There is a
simultaneous increase in the expression of inducible nitric oxide synthase (iNOS) and this
together with peroxynitrite could initiate lipid peroxidation. Oxidised -LDL also enhances
the gene expression of adhesion molecules such as ICAM-1, VCAM-1, P and E selectin to
promote leucocyte and monocyte adhesion to EC. It has procoagulant effects and inhibits
the fibrinolytic pathway, thus promoting thrombosis. There are specific receptors for
uptake of oxidised-LDL by EC known as LOX-1. This receptor enhances expression of
cellular adhesion molecules, cellular apoptosis and downregulates the gene expression of

eNOS.

1.2.4. Hypertension

EC dysfunction in hypertension results in the various manifestations of the disease in the
blood vessels and end organs. EC dysfunction related to hypertension (HT) is characterised
by an impaired vasodilatory effect. Animal studies blocking NOS synthesis have
demonstrated acute onset HT (96). An imbalance in NO bioactivity can be due to decrease
in the availability of substrate L arginine; competitive inhibition by L -arginine antagonist;
decreased activity of eNOS; and accelerated NO scavenging. Although experimental
studies on humans and animals have shown that arginine supplementation does increase the
vasodilatory effects dependent on EC in hypercholesterolaemia, a similar effect is not
observed in HT. This suggests that in HT, substrate deficiency does not affect the

attenuated vasodilation. To the contrary it has been documented that the NOS activity is
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enhanced in HT. However the NO bioavailabilty is affected due to scavenging by the
superoxide anions. In hypertensive patients there is an exaggerated synthesis of superoxide
anions and this is mediated through Angiotensin II. Angiotensin II is a major stimulus for
activating the xanthine oxidase system within the EC (97). Once activated the oxidases
utilise Nicotinamide adenine dinucleotide (NAD) and Nicotinamide adenine dinucleotide
phosphate (NADP) as substrates for electron transfer to molecular oxygen to form
superoxides. The superoxides combine with NO to form peroxynitrites thus depleting the
NO bioactivity. Peroxynitrite may have a further action by oxidising arachidonic acid and

releasing prostanoids which have a potent vasoconstrictor effects. .
1.2.5. Diabetes Mellitus

Elevated serum glucose levels predispose to EC dysfunction. This is due to an imbalance in
the NO pathway. There is a glucose induced increase in generation of superoxide anions
due to enhanced NAD(P)H oxidase activity (98). Recent studies have also shown that this
EC dysfunction may be further amplified by myeloperoxidase (MPO) which is leucocyte
derived protein (99). H202, the substrate of MPO oxidises chlorides to generate HOCL
which reacts with molecules to produce chlorinated L-arginine, chlorotyrosine and
modified LDL. The concentration of these molecules in atherosclerotic plaques is elevated
in hyperglycaemia and this furthers accentuates the NO deficit in hyperglycaemia (100).
The expression of LOX-1 receptor on EC membrane is increased in hyperglycaemia and

this mediates the enhanced monocyte and neutrophil adhesion to EC (33).

Another feature of EC dysfunction noted in hyperglycaemia is an increased cellular
permeability to macromolecules (101). This effect is mediated through Vascular

Endothelial Growth Factor (VEGF), a cytokine synthesised by smooth muscle cells (102).
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mRNA transcription for VEGF is mediated by Protein Kinase C (PKC). PKC levels are
elevated with high serum glucose levels and this mediates mRNA transcription to
synthesise VEGF (103). There are specific EC receptors for VEGF on the EC membrane.
VEGF has a potent mitogenic effect on EC and angiogenesis is another characteristic
feauture of EC dysfunction in diabetes (104, 105). Activated PKC has an inhibitory effect

on eNOS and promotes iNOS gene activity (106).

1.3. Cellular Proliferation and Apoptosis

The risk factors of EC dysfunction can also result in derangement of the proliferative and
apoptotic mechanisms of the cellular components of the vessel wall. Cellular proliferation
is vital to replace dead cells and for neovascularisation to maintain a confluent monolayer
of ECs. Besides this, cellular proliferation is characterised by the interaction of various
extracellular and intracellular mediators which determine the fate of the cell. Interference
to this highly complex signalling pathway would reflect in the ability of the cells to
multiply. In contrast, the apoptotic pathway is critical to maintain a constant cell number
among the various cellular components of the vessel wall. A derangement to this pathway
can result in denudation of the vascular endothelial monolayer and expose the

subendothelial matrix to the cellular blood components.

1.3.1. Cellular proliferation

Cell division is a highly regulated event and depends on the presence of multiple regulator

molecules through out the cell cycle.
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1.3.1.1. Cell Cycle

The eukaryotic cell cycle comprises of four phases, gap (G1), synthesis (S), second gap
phase (G2) and mitosis (M). G1 phase is vital in that it determines the fate of the cell. The
cell decides to progress through the cell cycle or exits depending on the positive and
inhibitory signals in this phase. In mammalian cells, there is a restriction point in G1 phase
beyond which the cell is committed to completion of the cell cycle. S phase is the interval
for DNA synthesis. The cell prepares itself to divide in G2 and during the M phase, two
daughter cells are formed with individual nuclei and intracellular organelles. There is a
further phase called GO where the cells have divided and remain quiescent. These cell cycle
phases are interrupted by check points to ensure that the complex process of cell division is

completed correctly.
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Figure 1. Cell Cycle Regulators
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Cyclins regulate the passage of cells through the phases of the cell cycle by interacting with

various types of Cyclin Dependent Kinases (CDK) to form complexes. Stress induced
DNA damage results in p53 accumulation in the cell which inhibit the cyclin/CDK
complex via p21 and p27. Retinoblastoma protein (pRB) when bound to transcription
factor E2F is in an inactive form. Phophorylation of pRB releases E2F which is free to

initiate DNA synthsis.

(Reproduced with permission from Sigma Aldrich, http://www.sigmaaldrich.com/life-science/cell-

biology/learning-center/pathway-slides-and/g1-and-s-phases-of-the-cell-cycle.html)
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1.3.1.2. Regulators of the Cell Cycle

The cell cycle is regulated by the close interaction of promoters and inhibitors. The
concentrations of these regulators peak at different stages of the cell cycle to promote
specific molecular pathways. Thus they act as check points to prevent aberrations in the
end product.

Cyclins

Cyclins are proteins which play a pivotal role in the cell cycle and their levels fluctuate
through the various stages of the cell cycle (107). Cyclins were first identified in marine
invertebrates. In contrast to the number of cyclins seen in lower eukaryotic cells, there are
over 16 types of cyclins identified in mammalian cells (A, B1, B2, C, DI, D2, D3, E, F,
GI1,G2,H, [, K, T1 and T2) . All these cyclins do not have a promoting function on the cell
cycle, some serve as catalyst for gene transcription, DNA repair and apoptosis. Cyclin D is
the rate limiting factor in the progression of the mammalian cell from the G1 phase. Unlike
others, the Cyclin D levels remain relatively static through the cell cycle. Cyclin D
synthesis is enhanced by mitogens such as growth factor and withdrawal of this stimulus
early in the G1 phase will prompt the cell to exit the cell cycle (108, 109). However once
the cell has passed the restriction point, then Cyclin D withdrawal does not affect the
progress of the committed cell. Cyclin E activity is maximal in the transition phase
between G1 and S and subsequently their levels taper (110). On the other hand Cyclin A is
active through the G1-S transition phase and the S phase (111).

CDK/Cyclin complex

Cyclin Dependent Kinase (CDK) are enzymes that can phosphorylate various substrates

Kipl

such as retinoblastoma family of proteins (pRb), p53, p27™"" and cyclin kinase inhibitors
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(CKI). CDK is activated by complexing with specific cyclins and phosphorylation of their
threonine residues. There are various combinations of Cyclin /CDK complexes that
phophorylate the retinoblastoma family of proteins during the cell cycle. During the early
Gl phase cdk4/cyclinD and cdké6/cyclinD complexes are active, cdk2/cyclinA and
cdk2/cyclinE through the G1/S phase, cdk2/cyclinA through S phase and cdc2/cyclin A,

cdc2/cyclin B through G2 phase (110, 112).

Retinoblastoma family of proteins

The retinoblastoma family of proteins (pRb) are phosphoproteins that are vital for the
regulation of the cell cycle. CDK-cyclin enzyme complex has substrate specificity to pRb
which it inactivates by phosphorylation. The hypophosporylated pRb is the active form
which has a cell cycle inhibitory role. The active pRb binds to a transcription factor which
activates various genes in preparation for the S phase. Thus phosphorylation state of pRb
determines the course of the cell cycle. pRb is in the active hypophosphorylated form in GO
and early Gl phase. Towards the late Gl phase it is hyperphophorylated and thus

inactivated (113, 114).

Cyclin-Dependent Kinase Inhibitors (CKI)

There are two different groups of CKI, the Cip/Kip family and the INK4 family. They act
on specific CDK to inhibit their complexing with cyclins. The Cip/Kip family comprises
of small protein units that have an inhibitory function by their ability to bind to cyclin
complexes and cdk. Absence of these growth regulators have been implicated in tumour
cell generation. The INK4 group of proteins prevent the interaction of cyclin D with cdk4

and cdk6 to form complexes and also has an inhibitory effect on preformed complexes of
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cdk4/cyclinD and cdk6/cyclinD. The role of these proteins is vital in the cell cycle by its
suppressive role in the emergence of tumour cells (115).

p53 Pathway

p53 is a tumour suppressing protein which can regulate cellular proliferation and apoptosis.
It is a phosphoprotein encoded by a gene located on chromosome 17q13 and it is composed
of multiple domains which determine the function and interaction of this protein (116). In
physiological state it is present in low levels and is bound to its inhibitor, human double
minute 2 (HDM2). However in response to DNA damage and other apoptotic stimuli such
as hypoxia, metabolic changes and nucleotide depletion, p53 expression is amplified in the
nucleus where it activates the transcription factor for genes which mediate cell cycle arrest,
DNA repair or apoptosis (117). p53 can arrest the cell cycle at the G1/S phase by inhibiting
transcription factors vital for activation of genes required for the transition from G1 to S.
p53 can also arrest the cell cycle at the G2/M phase. This transition requires activation of
the Cyclin B/CDK1 complex by a kinase. p53 inhibits this activation and can cause arrest
of the cell cycle at the G2 phase (118). The other vital function of p53 is DNA repair. This
is mediated through various nucleotide excision repair factors and DNA polymerase alpha
primase (119, 120). p53 also has an exonuclease activity which is vital in identifying

nucleotide mismatches, mediating excision of nucleotides and repair (121).

1.3.2. Cellular apoptosis

The term apoptosis was coined by Wyllie, Kerr and Currie to describe programmed cell
death which removes unwanted and damaged cells without recruitment of the immune

system (122).
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Figure 2. Apoptotic Pathway

Genotoxic insult

_.gggieﬂﬁ&

Pro-Apoptotic Bcl-2
Family Proteins

Anti-Apoptotic Bcl-2
Family Proteins

Mitochondria

FEO

(Caspase 94 Cyto ¢ :
st -

T

(oo Cyto ¢
Caspase 9
@ Apoptosom
ESEROSOMS Effector
dATP Caspase

Apoptosis

The pro-apoptotic proteins Bax, Bad, Bid and Bim can bind with the anti-apoptotic proteins
Bcl-2 and Bcel-X. This complex inactivates the cell survival promoting function of Bcl-2
and Bcl-X. The pro-apoptotic proteins cause leakage of mitochondrial cytochrome c (cyto
¢) which combines with Apaf-1 in the presence of ATP to form an oligomere called
Apoptosome. Caspase 9 is activated by this oligmerisation process which activates effector

caspases (3, 6 and 7) resulting in cell apoptosis.

(Reproduced with permission from Sigma Aldrich, http://www.sigmaaldrich.com/life-science/cell-

biology/learning-center/pathway-slides-and/programmed-cell-death.html)
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1.3.2.1 Apoptotic Pathway

There are two separate pathways involved in apoptosis, the death receptor (extrinsic)
pathway and the mitochondrial (intrinsic) pathway, which converge downstream to execute

the final phase.

The extrinsic pathway is initiated by direct activation of the death receptors by ligands such
as TNF. This activation leads to the formation of a protein called death-inducing signaling
complex (DISC), comprising of a death receptor with attracts an intracellular adaptor
protein called Fas associated death domain (FADD). Activation of the adapter protein by
oligomerisation follows and this activates the initiator caspases 8 and 10 (123). These in

turn catalyze activation of downstream executioner caspases 3 and 7.

The intrinsic pathway which is dependent on mitochondria is the predominant pathway in
eukaryotic cells and is initiated by stimuli such as oxidative stress, hypoxia, irradiation,
cytotoxic drugs and DNA damage (124). These stimuli mediate their effect on the
mitochondrial membrane permeability which is vital for the continuation of the intrinsic
pathway. There are two different mechanisms by which the mitochondrial membrane
permeability is relaxed, also known as mitochondrial outer membrane permeabilization
(MOMP). In the former pathway, proapoptotic Bcl-; proteins can stimulate the formation of
pores in the mitochondrial membrane (125). This causes the release of many proteins
including cytochrome ¢ which is a vital component of the mitochondrial respiratory chain
into the cytoplasm. In the second pathway the inner mitochondrial membrane is
permeabilized by permeability transition pore (PTP) causing the release of cytochrome c
and other proteins. Cytochrome c is vital for further progress of the pathway as it activates

Apaf 1 which is an inactivated monomer in the cytosol. This activation requires ATP and
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consequently Apaf 1 undergoes conformational change to form an oligomer “apoptosome”.
This oligomer activates caspase 9 which in turn regulates caspase 3. The death receptor and
the mitochondrial pathways converge downstream at the level of caspase 3 which activate
effector caspases 6 and 7 (33). The pathway further branches into multiple enzyme
mediated cleaving reactions which involve targeting specific substrates from the cell to
effect apoptosis. This is characterised by cell shrinkage, chromatin condensation, DNA

fragmentation and membrane blebbing (126).
1.3.2.2. Mediators of cellular apoptosis

Cellular apoptosis is regulated by the participation of numerous molecules and there are a

few rate limiting steps that determine the fate of the cell.
Bcl2 family of proteins

This family of proteins include both proapoptotic and antiapoptotic members. The
proapoptotic subgroup include proteins such as Bax, Bak, Bok, Bad, Bid and the
antiapoptotic members are Bcl-, and Bcel-x;p. They share homologous regions BH1, BH2,
BH3 and BH4 (BH means Bcl, Homology) which are vital towards their function and
interaction with other proteins. Based on the BH domains, the Bcl-2 family is divided into
Bcl-; subfamily which comprises of BH1, BH2 and BH4 domains, Bax subfamily (BHI1,
BH2 and BH3) and BH3 only subfamily (127). These domains play a vital role in protein
interaction and communication. All proapoptotic members have the BH3 domain and any
mutational defect to this domain can result in inhibition of the apoptotic pathway (127).
The Bcl-, family has a vital role in regulating mitochondrial permeability. Bcl-, proteins
are mostly attached to the intracellular mitochondrial membrane. Other proapoptotic

proteins migrate from the mitochondrial cytosol to incorporate into the mitochondrial
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membrane after priming by apoptotic stimuli. This results in the formation or inhibition of
pores depending on proapoptotic or antiapoptotic stimuli. As a mediator of MOMP, Bcl-,
promote release of endonucleases and cytochrome c (128, 129).

MOMP

This is known as the point of no return in the mitochondrial apoptotic pathway as it
mediates the release of vital proteins from the mitochondrial matrix which determine the
fate of the cell. Importantly, release of cytochrome c activates Apaf 1 to form apoptosome
which regulates the downstream effector caspases. As described earlier, MOMP is
dependent on two separate pathways. In the Bcl-2 dependent pathway, proapoptotic
proteins help in pore formation in the mitochondrial membrane. MOMP is dependent on
the BH3 domain of the Bcl2 family of proteins and is mediated by Bax and Bak. Other
proapoptotic proteins may trigger MOMP by indirectly activating these two proteins. On
the other hand the antiapoptotic proteins inhibit MOMP by inactivating the BH3 domain of
the proapoptotic members. In the second pathway, the inner mitochondrial membrane is
permeabilized by PTP to proteins smaller than 1.5Da. The PTP is a complex spanning the
entire width from the inner to outer mitochondrial membrane. An apoptotic stimuli causes
Ca2+ influx into the mitochondria which activates the PTP (130). Diffusion of water and
ions through the PTP causes swelling of the mitochondrial matrix and rupture of the
mitochondrial outer membrane and release of cytochrome c¢ and other proteins such as
inhibitors of apoptosis proteins, caspase-2 and caspase 9. Apoptotic stimuli such as
oxidative stress, hypoxia, ischaemia reperfusion and calcium overload mediate cytochrome

c release through PTP (131).
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Inhibitors of Apoptosis Proteins (IAP)

These proteins are important in regulating apoptosis by their effect on activated caspases.
There are § identified IAP in mammals and they have domains called Baciloviral IAP
repeat (BIR) which help in their recognition. The BIR domains are vital to the IAP for
recognition and binding to activated caspases and this in turn renders the caspases inactive.
There are certain IAP binding proteins within the mitochondria which can inactivate IAP
and thereby relieve the caspases of the inhibitory effect from IAP (132).

Heat Shock Proteins (HSP)

HSP are a family of protective proteins expressed by cells in response to stimuli such as
heat, hypoxia, ischaemia, free radicals and hypothermia. HSP are named according to their
molecular weight. They protect the cell by folding of denatured proteins and clearance of
irreversibly denatured proteins. HS vary in their localisation within the cell and the
distribution changes in response to stimuli. HSP have a predominantly antiapoptotic
activity by inhibiting proteolytic reactions and caspase activity (133, 134). HSP60
complexes with Bax and Bak in the cytosol and apoptosis is inhibited when HSP60
expression is enhanced.

p53 Pathway

pS3 plays a vital role in apoptosis. There are certain protein kinases that sense cellular
DNA damage and they phosphorylate p53. This activates the DNA binding capacity of
p53. In response to DNA damage, p53 stimulates repair of the damage and when the extent
of damage reaches a certain threshold, it stimulates apoptosis (135, 136). p53 activates

transcription of proapoptotic genes of Bax to effect apoptosis (110, 137, 138).
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1.4. Effect of Oxidative Stress and Hypoxia on the Endothelial Cell

1.4.1. Reactive Oxygen Species and Oxidative Stress

Reactive oxygen species (ROS) are intermediates in the oxidation reduction (redox)
reaction between oxygen molecules (O2) and water molecule (H20) and there are a variety
of ROS synthesised as a result of various enzymatic reactions. Although ROS is a toxic
derivative of O, metabolism, contrary to popular belief, it has a vital role in cellular

signalling and regulation of gene transcription and protein synthesis (139-141).
The major ROS include superoxide (O2°), hydroxyl radical (HO’), hydrogen peroxide

(H202), peroxynitrite (ONOO") and lipid radicals. O2" has an unpaired electron which
makes it unstable and highly reactive. It is water soluble and can act as an oxidising agent
forming H202 or as a reducing agent donating the uncoupled electron to NO to form
ONOO" (142, 143). Under physiological conditions the former reaction is favoured
although in the presence of excess superoxide, there is a large amount of ONOO" generated
(142). ONOO™ is a potent cytotoxic agent which oxidises arachidonic acid to form
isoprostanes which have potent vasoconstrictor effects. H202 is not a free radical and is
relatively stable with a longer half life. It is soluble in lipids and can hence cross cell
membranes. In the presence of metal containing molecules such as Fe*” it can generate HO'
which is a highly reactive radical (143). HO can produce localised damage at the site of
synthesis.

The primary sources of ROS are the oxidase system and NOS. The various oxidase systems
within the mammalian cells are named according to their substrate specificity such as

NAD(P)H oxidase and xanthine oxidase. NAD(P)H oxidase system is the main source of
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ROS synthesis in neutrophils, vascular EC and smooth muscle cells (144-146). It is an
enzyme that comprises multiple subunits which bind to flavin adenine nucleotide (FAD).
This complex with FAD forms cytochrome which is vital for the mitochondrial electron
transfer chain. They transfer electron from substrate NADPH to FAD, then to heme and
finally to molecular oxygen to form superoxide. On activation by stimuli such as growth
factors, hormones, metabolic and mechanical factors, the enzyme subunits are
phosphorylated and transported to the cell membrane to form active oxidase (147, 148).
The NAD(P)H oxidase system is a key target for Angiotensin II which up regulates
expression of the oxidase subunit. Excessive Angiotensin II stimulus enhances the
NAD(P)H oxidase activity and increases the generation of superoxide (147). It has been
implicated in the endothelial dysfunction as a consequence of hypertension. In
hyperglycaemia, accelerated metabolism of glucose through glycolysis and the
tricarboxylic acid cycle results in mitochondrial synthesis of excessive ROS (149). This
mobilizes protein kinase ¢ which activates NAD(P)H oxidase and furthers the generation of

ROS (150).

Xanthine oxidase is a flavoprotein that oxidizes hypoxanthine to xanthine and then to uric
acid. In this reaction, molecular O, which acts as an oxidant is reduced to H,O, which
subsequently disassociates to HO and O,. In aortic smooth muscle cells xanthine oxidase

produces a significant increase in ROS generation (151).

NOS which is the source of NO synthesis can also generate ROS under circumstances of
substrate (arginine) or cofactor (tetrahydrobiopterin) deficiency (152). High levels of ROS
can cause oxidative inactivation of tetrahydrobiopterin and the electron flow from NOS

reductase domain to oxygenase domain is diverted to molecular oxygen rather than L-
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arginine. This phenomenon known as uncoupling of NOS results in exaggerated synthesis
of superoxide and is observed in atherosclerosis, diabetes and hypertension (153-155).
Overproduction of ROS combined with NO can result in peroxynitrite generation which is
cytotoxic. It oxidizes proteins and lipids and thereby interferes with vital cellular metabolic

and signalling pathways (156).

There are various anti-oxidant mechanisms in place which help regulate the activity of
ROS within the cellular environment. In pathological conditions, an excessive generation
of reactive oxygen species (ROS) within the tissues overwhelms the neutralising effects of
the antioxidant mechanisms, resulting in oxidative stress (157, 158). ROS reacts with NO
at a rate of 6.7 x 10° M sec” which is quicker than the antioxidant mechanisms and this

preferential scavenging for NO, nullifies NO bioactivity within the tissues (146, 159).

Oxidative stress is implicated in the development of and progression of endothelial
dysfunction and atherosclerosis. High ROS concentration can cause DNA single strand
breakage which can activate poly(ADP-ribose) polymerase (160). This reduces the
intracellular concentration of substrate NAD" which slows electron transport chain and
ATP formation and predispose to EC dysfunction (161). ROS can induce vascular
remodelling, cellular proliferation and plaque formation. It induces synthesis of VCAM-1
and ICAM-1 which promote leukocyte endothelial interactions, IL-6 which is a pro-
inflammatory cytokine, LOX-1 an EC receptor for oxidized LDL and Id3 a protein
involved in proliferation of vascular smooth muscle cells (162-166). Oxidative stress is a
potent inducer of cellular apoptosis. The key target for ROS is the mitochondria, where it
effects lipid peroxidation, protein oxidation and DNA mutations. This can impede the

respiratory chain enzymes and ATP synthesis. Excessive presence of ROS can activate
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PTP by modulating the redox sensitive sites in the mitochondrial channel to promote the

release of mitochondrial cytochrome c to activate the caspase pathway.
1.4.2. Hypoxic Stress

A reduction in the tissue oxygen levels can derange the cellular metabolic and signalling
pathways. This state of increased cellular stress is associated with depletion of high energy
metabolites, accumulation of lactate and intracellular Ca** (167). There is also a coincident
increase in the generation of free radicals in hypoxia through the cycloxygenase,
lipoxygenase, lipid peroxidation and NOS pathways (168-170). This can result in cellular
dysfunction due to reduced bioavailability of the NO which is scavenged by the ROS. In
human umbilical vein endothelial cells hypoxia can enhance the synthesis of the potent
vasoconstrictor endothelin which has a prothrombotic and mitogenic influence (171).
Hypoxic stress can also induce apoptosis and, Bcl2 and Bax proteins play a crucial role in
determining the fate of the cell. Hypoxia induces phosphorylation of Bcl, and Bax proteins
in animal models. This can alter the function of Bcl2 and render it less anti-apoptotic (172).
Bcl, is unable to regulate the intranuclear Ca2” concentration once phosphorylated and this
may permit accelerated Ca2" influx and opening up of the PTP to promote apoptosis (173).
Other mechanisms that contribute to the effects seen in hypoxia include HSP mediated
responses. HSP60 and the proapoptotic protein Bax are complexed in the cytosol under
normal physiological states. However with a hypoxic stimulus this complex is split and the
HSP60 translocates to the membrane. The freed up Bax in the cytosol is oligomerized
which subsequently mediates activation of the PTP (174, 175). This induces mitochondrial
release of cytochrome ¢ which activates the effector caspases. The p53 pathway also

contributes to hypoxia induced cellular apoptosis. Hypoxia triggers the accumulation of
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p53 protein within the nucleus which acts as a transcription factor for the gene expression

vital for cell cycle arrest or apoptosis (117).
1.4.3. Potential Modulators of Oxidative Stress and Hypoxia

There are various agents that can regulate or inhibit the enzymatic reactions that generate
oxidative and hypoxic stress and thus these agents may also have a regulatory effect on the
downstream effects of these metabolic pathways. By their regulatory role in abrogating
these stress effects, they may also qualify as drugs for specific diseases related to the
impaired metabolic processes. The effects of both oxidative and hypoxic stress are
mediated through the excessive generation of ROS and its effect on the mitochondrial
metabolism. Although there are numerous agents with identified roles in interrupting the
pathways to ROS generation, there are only a handful of agents in clinical use with desired
effect on oxidative and hypoxic stress.

NO synthesis

An enhanced generation of NO can improve its tissue bioavailability and abrogate the
inhibitory effects of ROS. NO is synthesized by three isomeric forms of NOS; eNOS,
iNOS and nNOS which are activated by intracellular Ca2+ mediated by stimuli such as
shear stress, bradykinin and acetylcholine. Increased availability of L-Arginine, the
substrate for NO synthesis, enhances the NO generation. L-Arginine supplementation has
shown to improve the flow mediated vasodilatation in peripheral arterial disease (176) and
also improve cardiac ischaemic symptoms (177, 178). Nitro-glycerine and sodium
nitroprusside which are used in clinical settings for treatment of hypertension and

congestive cardiac failure have a potent vasodilator effect by donating NO.
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Antioxidant systems

There are numerous cellular mechanisms involved in the breakdown of highly toxic ROS
to water and O,. Superoxide dismutase (SOD), glutathione peroxide (GPXs) and catalase
(CAT) are the vital enzymes in this antioxidant system. SOD are of three isomeric forms,
mitochondrial manganese SOD (MnSOD), cytosolic copper -zinc SOD (CuZnSOD) and
extracellular SOD (ECSOD). SOD are the only enzymes that catalyze the degradation of
‘07" to HyO, (179, 180). H,0; is further degraded by GPXs and CAT to H,O (181) Under
normal physiological state, the rate of production of ROS is balanced by the rate of
degradation by the various antioxidant systems. However any disruption here, from
excessive generation of ROS or ineffective antioxidant mechanisms can result in a state of

oxidative stress.
Hypoxic Preconditioning

Exposure to hypoxia may initiate the synthesis of various proteins which may have a
protective effect and impart a survival benefit to the cell from future exposure to the
stimuli. Hypoxia inducible factor lalpha (HIF-1a) protein which is a transcription product

of the HIF-1a gene plays a vital role in this hypoxic preconditioning. HIF-1a is found in

very low basal levels during normoxia and is bound to HSP90 (182). In the presence of
oxygen, an enzyme called prolyl hydroxylase hyroxylates HIF-1a followed by acetylation
of the molecule. It is then bound to von Hippel Lindau protein. This complex molecule is
acted upon by enzyme ubiquitin ligase and subsequently degraded by proteasome (183).
This mechanism maintains the low basal levels of HIF-1a during normoxia. Normoxia also
prevents HIF-1a from activating the target genes by hydroxylation changes mediated via

enzyme asparginyl hydroxylase. This induces conformational changes to the HIF-la
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protein, preventing complex formation which is critical to stimulate target genes (184,
185). In a hypoxic environment, HIF-1a is activated by kinase and it then undergoes
dimerisation (186-188). This activates various genes regulating vasomotor control,
angiogenesis, erythropoiesis, iron metabolism, cell cycle and apoptosis (183). HIF-1a thus
prepares the cell to survive hypoxic stress by inducing cellular adaptations.

Bcl2 family

This family of proteins comprise of both antiapoptotic and proapoptotic proteins. Over
expression of these subgroups of proteins can result in inhibition or activation of the
apoptotic pathway. This creates opportunities to control the mechanisms of apoptosis
through molecules that mimic BH domains which are vital for the function and interaction
of the Bcl2 family of proteins. There are compounds such as antimycin which activate
Bcl2 protein via the BH3 domain and activate the apoptosis pathway (189). Another vital
role for these molecules with regulatory effects on the apoptosis pathway is in the
development of drugs against tumour cells.

MOMP

It is a vital step in the apoptotic pathway which determines the fate of the cell. High levels
of ROS can result in raised intracellular Ca2+ and this can increase the PTP activity which
triggers caspase activation through the release of cytochrome c. MOMP is a rate limiting
step in this pathway and hence a target for manipulation by synthetic molecules to regulate
apoptosis. Current research into MOMP regulation is focused primarily on compounds with

antineoplastic activity.
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pS3

This protein is vital for its regulatory role in cell cycle progression, cell cycle arrest and
apoptosis. Human double minute 2 (HDM2) molecule is vital in regulating p53 activity.
Binding to HDM2 renders p53 inactive and it presents p53 for degradation by the
proteasome enzymes. Activation of p53 is dependent on various proteins including Abelson
Murine leukaemia cellular oncogene (cAbl), ADP-ribosylation factor (ARF) and hypoxia
inducible factor 1 alpha (HIF-1) (190, 191). ARF specifically binds to HDM2 and
promotes its degradation. Regulating the p5S3-HDM?2 interaction is an area of great promise

in clinically manipulating the vital cell cycle and apoptosis pathway.

1.5. 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors

3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors or Statins inhibit the

mevalonate pathway for cholesterol synthesis and for this reason they have been utilized in
the clinical setting of high serum cholesterol. Although statins have been in use since the

early 1990’s for their lipid lowering effect, some of the noticed benefits in cardiovascular
morbidity and mortality were not completely explained solely by their lipid lowering
effect. Numerous randomised trials have since concluded that statins have beneficial effects
independent of their lipid lowering effect and these are now recognised as “pleotropic

effects”(192-197).

1.5.1. Structure and types of statins
Statins share the 3-hydroxy 3-methylglutaryl (HMG) like moiety in their chemical

structure. All statins are administered in their active form apart from simvastatin and
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lovastatin which remain in an inactive lactone form and are hydrolyzed by enzymatic
reaction in vivo to the active drug (198). Covalently attached to the HMG moiety are
hydrophobic molecules which give rise to different types of statins. Based on this
hydrophobic molecule, statins are categorized into two types. Type 1, which comprise of
Lovastatin, Pravastatin and Simvastatin, have a hydrophobic molecule covalently bound to
the HMG moiety. Type 2 includes Atorvastatin, Cerivastatin, Fluvastatin and Rosuvastatin
which are wholly synthetic with a larger hydrophobic molecule covalently bound to the
HMG moiety. Another distinguishing feature of the Type 2 compounds is the presence of a

flourophenyl group within the hydrophobic molecule.

1.5.2. Mechanism of action
Statins block the mevalonate pathway of cholesterol synthesis by competitively inhibiting
the enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR). This rate limiting
step is the deacylation of HMG CoenzymeA to reduced coenzyme A and mevalonate
which is catalyzed by HMGCoA reductase.
The reaction is described as follows.

Statins

L

HMG CoA + 2NADPH + 2H" Mevalonate + 2NADP" + CoA
—
HMG CoA reductase

Figure.3. The rate limiting step in the mevalonate/cholesterol synthesis pathway.

The competitive inhibition by statin occurs by binding of its HMG moiety to the

corresponding active site in HMGR designed for recognition of HMGCoA. Although the
49



statin molecule is bulky and rigid, the HMGR binding site is relatively flexible to
accommodate the statin molecule. The tight binding between the HMGR and the inhibitor
is facilitated by van der Waals forces and this blocks the contact between HMGR and
HMGCoA (199). The liver is the principal organ of action for all statins. Inhibition of
cholesterol synthesis enhances LDL receptor presentation in liver. This promotes clearance
of LDL and other derivatives from circulation. Statins also inhibit hepatic LDL and
apolipoprotein B-100 synthesis and enhance the synthesis of HDL which has
antiatherogenic properties. The other intermediates of the mevalonate pathway are geranyl
pyrophosphate and farnesyl pyrophosphate which are also inhibited by statins. They
transform a variety of proteins such as Rho, Rac and Ras to a lipophilic state which is vital
for interaction of these proteins with the cell membrane. The Rho protein is activated by
attachment to geranylgeranyl pyrophosphate and Ras by farnesylpyrophosphate and this
reaction is generically termed as geranylation and farnesylation respectively. This promotes
translocation of the proteins from the cytosol to the cell membrane. Statins, by blocking the
synthesis of isoprenoids, inhibit this translocation and also the metabolic effects mediated
by the activated proteins. The pleiotropic manifestations of statins are due to the

downstream effects of inhibition of the critical pathways regulated by these proteins.
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Figure.4. The mevalonate cholesterol synthesis pathway

Acetyl CoA + Acetoacetyl CoA

HMGCoA Synthase
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HMGCoA
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Statins competitively inhibit the conversion of HMGCoA to mevalonate by HMGCoA
reductase. The end product of the pathway is cholesterol synthesis. Intermediate products
in the pathway are vital to the synthesis of intra cellular regulatory proteins such as Ras,

Rho and Rac.
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1.5.3. Metabolism of Statins

Statins are extensively metabolized in the liver by a super family of enzymes to the active
form via multiple intermediary forms. These enzymes, known as cytochrome P450’s
(CYP) are vital to the overall metabolic function of the liver. CYP super family is further
divided into families (eg. CYP1, CYP2) based on 40% homology of their amino acid
chains and subdivided into subfamilies with 55% homology of their amino acid chain.
CYP2C, CYP2D and CYP3A are the most clinically relevant enzymes of the 26 known
mammalian subfamilies (200). Lovastatin, Simvastain, Cerivastatin and Atorvastatin are

substrates of CYP3A4 (201, 202) and fluvastatin is metabolized by CYP2C9 (203).

1.5.4. Side effects

Although statins are relatively safe, there is one uncommon but important side effect
related to intake of this drug. Skeletal muscle abnormalities which have been defined as
statin myopathy (any muscle complaints related to statins), myalgia (any muscle complaint
without elevated serum creatinine kinase), myositis (muscle symptoms with CK elevations)
and rhabdomyolysis (CK elevated 10 times more than the upper limit of normal with
elevated creatinine levels from myoglobin related nephropathy) (204). Although the
incidence of the less serious adverse effects from large trials have shown no significant
difference in comparison with placebo group, there is a small but significant incidence of
fatal rhabdomyolysis which is estimated at 0.15 deaths per 1 million prescriptions. This
death rate from cerivastatin was 16 to 80 times greater than that of other statins (205).
Certain drug interactions contribute to the risk of rhabdomyolysis. Drugs that inhibit

specific hepatic CYP enzymes may increase the serum concentrations of statins and risk of
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rhabdomyolysis. Cerivastatin was withdrawn from the market in 2001 for 31 cases of fatal
rhabdomyolysis as a result of drug interaction with lipid lowering drug gemfibrozil (206).
The mechanism by which high serum concentration of statin causes skeletal muscle
manifestations is not fully understood. It may be manifest by the inhibitory effect of statins
on the regulatory proteins Ras, Rho and Rac which promote cell growth and inhibit
apoptosis (207-209). This effect on the skeletal muscle cell is reversed by supplementing

mevalonate, farnesyl pyrophosphate and geranylgeranyl pyrophosphate (210).

1.5.5. Pleiotropic effects of Statins

Endothelial Function

Statins have a vital role in reversing endothelial dysfunction and this is mediated through
multiple pathways. Statins enhance the bioavailability of NO by up regulating NO
synthesis. Statins prolong the half life of eNOS mRNA by blocking the activity of Rho
proteins (211). Noxious stimuli such as hypoxia, cytokines and oxidized LDL reduce the
half life of eNOS mRNA and here statins have a vital role in counteracting the effects of
these stimuli. Statins have an alternate mechanism to activate eNOS through protein kinase
Akt. This kinase is activated by various growth factors (VEGF, angiopoetin-1, fibroblast
growth factor) and shear stress (212). Statins activate the kinase via phosphoinositol-3-
kinase with resultant enhanced NO generation (213). One further mechanism by which
statins enhance NO synthesis is by inhibiting caveolins. These are small plasma membrane
pockets which play a vital role in cellular signaling and they bind to eNOS and inhibit
them. Statins inhibit caveolin and free eNOS for NO generation (214).

Statins attenuate ROS generation and thus reduces the cellular oxidative stress. Reduction

of serum lipid levels in itself reduces the oxidized LDL concentration which is a potent
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source of ROS. However a more important mechanism by which statins reduce the cellular
oxidative state is by influencing the NAD(P)H oxidase system. The NAD(P)H oxidase is
the most potent source of ROS generation in the vascular endothelium. Angiotensin II
which is elevated in hypertension activates Angiotensinl (AT1) receptor and induces over
expression of cytosolic protein subunits of NAD(P)H oxidase. Statin attenuate the
expression of AT1 receptor and thus NO generation (215). Isoprenylation of the Rac
protein is essential for translocation of these cytosolic proteins to the membrane and their
assembly to the NAD(P)H oxidase system. Statins, by blocking the isoprenylation of these
Rac proteins and other NAD(P)H subunit proteins, block ‘O2" generation (216, 217). In
addition statins also enhance the activity of the ROS scavenger, catalase. A net increase in
the NO synthesis with a concurrent reduction in the ROS generation improves the NO
bioactivity and promotes reversal of the endothelial dysfunction. Statins also inhibit the

expression of endothelin which is a potent vasoconstrictor and mitogen.
Anti-thrombotic activity

Tissue factor is a glycoprotein which binds to factor VII/VIla and activates the coagulation
pathway. Tissue factor expression is normally restricted to the adventitial layer and to a
lesser extent in the media. However this expression is more widespread in atherosclerotic
lesions with an increased predisposition to thrombogenesis. Thrombin from the coagulation
cascade is a potent inducer of tissue factor synthesis. In animal studies, statin therapy
reduces the expression of tissue factors in response to thrombin. This effect is mediated by

statin via inhibition of Rho kinase and activation of Akt (218).

Platelet activation and aggregation is vital to thrombus formation. Platelets are activated by

an increase in thromboxane A2 activity and a rise in cytosolic Ca®" levels. Statins inhibit
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this activation by a negative effect on the thromboxane pathway (219). This in turn inhibits
platelet aggregation and thrombus formation.

Atherosclerotic plaque rupture is the cause for acute ischemic effects in vital organs such as
the heart. The plaques have a fibrin cap which is prone to rupture due to the activity of
matrix metalloproteinases (MMP) expressed from macrophages. Statins contribute to
plaque stability by inhibiting macrophage activity and the synthesis of MMP 9 (220).
Statins can also influence the fibrinolytic system. It enhances the activity of plasminogen
activator and inhibits plasminogen activator inhibitor and thus interupts the progression of
atherosclerotic plaques (221).

Anti-inflammatory effects

Statins reduce the leucocyte/EC interaction which is one of the earliest steps in the cascade
of events leading to atherosclerosis. It attenuates the expression of ICAM-1, VCAM-1 and
cytokines IL 6/ 8 which are critical to the recruitment of inflammatory cells to the EC (222,
223). Statins directly bind to a regulatory site on B2 integrin called leucocyte function
antigen-1 (LFA-1) which is a counter receptor for ICAM-1 on leucocytes (224). This
further reduces the EC/leucocyte interaction.

C-Reactive protein (CRP) is an acute phase reactant synthesized by the liver in response to
proinflammatory cytokines. It aggravates the atheroscelorotic process by binding to LDL
within atherosclerotic lesions and attracting complements to the site. It promotes
endothelial dysfunction by inhibiting eNOS activity. Clinical trials have demonstrated a
significant reduction in CRP levels in response to statin therapy at the end of one year and
over a 5 year period (225, 226). This role of statins may be of significance in reducing the

systemic and vascular inflammatory response.
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Cell Cycle effects

Vascular smooth muscle cell (VSMC) proliferation results in narrowing of the vessel
lumen and decrease in blood flow which is a key feature of atherosclerosis. Statin mediated
inhibition of isoprenylation results in reduced DNA synthesis in response to stimulation by
Platelet Derived Growth Factor (PDGF) (227). Statin hypophosphorylates pRB (inactive
form) and inactivates CDK 4 and 6 which are vital for progression of the cell cycle from

Gl to S phase. In addition, it enhances the levels of CDK inhibitor p27.

The activated Rho and Ras proteins are also implicated in promoting cell cycle progression.
Rho promotes cellular proliferation by inactivating p27 and Ras acts via Mitogen Activated
Protein Kinase (MAPK) (228, 229). Statins block this influence by inhibiting the
isoprenylation of these proteins.

In contrast to the effects of statin on VSMC, recent in-vitro studies in EC have
demonstrated that statins promote proliferation, migration and cell survival (230). The
signaling pathway for this effect is the protein kinase Akt (213). This effect of statins is
vital to promote re-endothelialization of denuded vascular wall secondary to injury.
Cellular Signaling Pathway

Statins have influence on multiple cellular signaling pathways and many of the pleiotropic
effects of statins are dependent on these pathways. The two main pathways influenced by
statins are GTPases and MAPK.

The former comprises of three GTP binding proteins Ras, Rho and Rac. Ras remains in a
GDP bound inactive phase and GTP bound active phase. Activation requires farnesylation,
and then Ras is translocated from cytosol to the cell membrane. Activated Ras is vital for

transduction of growth promoting signals from cell membrane to nucleus. Blocking
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farnesylation by statins inhibits SMC proliferaton and migration mediated by Ras (231).
Rho activation is by prenylation and this mediates organization of cell cytoskeleton, cell
shape, motility and proliferation (232). Geranylation of Rac protein is essential for the
activation of NAD(P)H oxidase system (233). Statins block these activities by inhibiting
the synthesis of isoprenoids.

MAPK is a serine/threonine family of protein which is essential for translocation of signals
from activated proteins such as Ras from the cell membrane to the nucleus. This leads to
phosphorylation of various proteins that lead to gene transcription. MAPK promotes
cellular proliferation, differentiation and migration by these pathways and causes intimal

hyperplasia (234). Statins, by blocking MAPK activation, inhibits this signaling pathway.
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Chapter 2. MATERIALS AND METHODS

2.1. Materials

Suppliers of various reagents, kits and equipments are cited in the text. Concentration of
the various reagents and the solvents used are described under the appropriate headings.
The reagents and kits were stored as per the manufacturer’s instructions. Solid chemicals
were weighed using an electronic scale with a resolution of 0.001gm. Liquid reagents were
measured using Gilson’s pipettes for volumes less than 1ml. Disposable plastic pipettes and

graduated glass cylinders were used for larger volumes.

2.2. Methods

2.2.1. Cell culture media

The reagents and chemicals used for preparation of the cell culture media were medium
199, endothelial cell growth supplement (50pg/ml), heparin (0.Img/ml), antibiotic
(penicillin Sunits/ml, streptomycin 5pg/ml and amphotericin 25ng/ml) and 20% (v/v) fetal
calf serum. All the above were supplied by Sigma-Aldrich Company Ltd.UK. The prepared
media was stored in sterile glass bottles after filtering through a disposable bacterial filter. .

Cell culture media was stored in a refrigerator and used within three days of preparation.

2.2.2. Preparation of Statins
Cerivastatin was kindly donated by Bayer AG, Germany and was dissolved in distilled

water to make up a Imillimole/litre solution. It was aliquoted in plastic microtubes and
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stored at -70°C. Simvastain was granted by Merck Research Laboratories, USA in the
inactive prodrug form. It was activated by dissolving 4mg of the inactive simvastatin
prodrug in 100ul of ethanol. Then, 150ul of 0.1 N NaOH was added to the solution. This
was incubated at 50°C for 2 h. The pH of the solution was neutralised by 0.1N HCI, and the
final concentration of the stock solution was adjusted to give 4 mg/ml (235, 236).

Aliquotes of the stock solution were prepared in micro tubes and stored at -70°C.

2.2.3. Cell Culture Technique

Human Umbilical Vein Endothelial Cells (HUVEC) were supplied by Promocell GmbH,
Germany. They were pelleted in sterile micro tubes with Imillion cells per milliliter (ml)
and stored at -70° in liquid nitrogen bath. For propagation of the cells, the aliquots were
thawed in a water bath maintained at 37°c. The cell culture preparations were transferred to
an aseptic environment in a laminar air flow chamber. The media was removed from the
flask and the cells were washed with 8ml of phosphate buffered solution (PBS), (Sigma-
Aldrich Company Ltd. UK) to remove all traces of the media. Subsequently Tryp
si/EDTA (5ml) was added to the flask and cells were incubated for 4 minutes to separate
them from the flask surface. To release the cells, the flask was firmly tapped and then 5ml
of prepared complete media was added to neutralize the trypsin. After transferring the cell
suspension to a sterilin tube, it was centrifuged at 2500rpm for 5 minutes to pellet the cells.
The media was then carefully drained without disturbing the pellet and subsequently the
cells were resuspended in freshly prepared cell culture media. Total number of cells in the
suspension was calculated by mounting 20ul of the suspension on a haemocytometer and
counting the cells in the squares. The calculation is described in Fig. 3 and Fig. 4. A 75cc

cell culture flask with 15mls of freshly prepared culture media was seeded with 25,000
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cells. The cells were incubated in a standard CO2 incubator and were supplemented with
fresh media on alternate days. HUVEC’s between the second and fourth generation of cells
from the initial parent cells were used for the experiments. Cells were harvested when there
was a confluent colony formation. The adherent cells were released from the surface,
pelleted by centrifuging and resuspended in fresh culture media as described earlier. Cell
count was performed with a haemocytometer before seeding the required number of cells
on to plates. The experiments were initiated after letting the newly transferred cells

stabilize in the incubator for 48 hours.

2.2.4. Characterisation of Human Umbilical Vein Endothelial Cells

Morphologic criteria using microscopy at 40x100 magnifications was used to confirm the
growth of HUVEC. This was performed at 24hr intervals during cell growth in culture
flasks and in microtitre plates. They have a characteristic cobblestone appearance with

individual cells appearing elongated and flattened with a prominent nucleus (237, 238).
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Cell Counting using a Haemocytometer
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Method 1. Count total number of cells in the 4 outer squares (Fig.5). Cell concentration per
ml = total cell count x 2500 x dilution factor. Method 2. Count the total number of cells in
the 5 squares (Fig.6). Cell concentration per ml = total cell count x 50000 x dilution factor.

(Dilution factor is the number of times one aliquot of cell suspension is diluted.)
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2.2.5. Exposure to Oxidative Stress

Oxidative stress was induced in HUVEC’s by administering Hydrogen Peroxide (H,O»)
supplied by Sigma Aldrich Co Ltd, UK. H,0O; is a ROS produced as an intermediate of the
NAD(P)H oxidase system. Oxidative stress has been successfully induced by administering
H,0; in cell culture studies (239-241). H,0O; provided as a 1 molar solution was freshly
diluted with sterile water to achieve a range of final concentrations in the cell culture

media.

2.2.6. Exposure to Hypoxia

Hypoxia in a cell culture environment can be induced by hypoxic hypoxia and chemical
hypoxia. Cobalt Chloride has been shown to mimic hypoxia at a cellular level (242-244). It
is associated with induction of HIF-1 protein synthesis and accumulation of the protein
within the cell (245). In this study hypoxia was simulated chemically with Cobalt chloride
(CoCl,.6H,0) supplied by Sigma Aldrich Co Ltd, UK. Crystalline cobalt chloride was
diluted with sterile water to achieve a range of final concentrations in the cell culture

media.

2.2.7. Live cell counting

A quantitative assessment of cell survival and death was done at the end of the experiments
by counting for live cells using a microscope at 40x10 resolutions. A live cell was
identified by characteristic cell membrane and nuclear morphology. This includes an intact

cell membrane with a definite nuclear margin with no evidence of cell membrane blebbing
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or nuclear condensation (246). Total number of live cells from five random microscopic

fields was used as an index of the total number of live HUVEC’s in a plate.

2.2.8. Cellular Proliferation Assay

CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega UK) was used
for assay of proliferating cells in the plate subsequent to the experiment. It is a quantitative
technique that determines the number of viable cells. It contains an active tetrazolium
compound  [3-(4,5-dimethlthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, innersalt; MTS] and an electron coupling stabilizing reagent (phenazine
etholsulphate; PES). The tetrazolium compound is reduced by live cells to a coloured
formazan product which is soluble in cell culture media. The co—factors NADPH and
NADH in metabolically active cells are responsible for this biochemical reduction to the
formazan compound. The quantity of the active compound formazan is directly
proportional to the number of live cells in culture (Technical Bulletin No 245 1999,

Promega Corporation)

The microtitre plates were seeded with 3 X 10* HUVEC per well and allowed to stabilize
for 48 hours before the preliminary test. After treatment with the test drugs for the desired
duration, the assay was performed. The old culture media was removed and 200 microlitres
of fresh media and 40 microlitres of CellTiter 96 Aqueous One Solution reagent were
added to each well. The plate was incubated for an hour at 37°C in a humidified 5% CO,
and 95% air atmosphere and then 760 microlitres of PBS was added to the wells to make

up the volume to 1ml. The cellular proliferation which is a measure of the soluble
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formazan produced by reduction of MTS was assayed by a spectrophotometer measuring
absorbance at 4990nm. A blank with 200 microlitres of plain media, 40 microlitres of

CellTiter 96 Aqueous One Solution reagent and 760 pl of PBS was used as the reference.

2.2.9. Cellular Apoptosis Assay

DeadEnd™ Fluorometric TUNEL System (Promega UK) kit was used for assay of cellular
apoptosis following treatment with the various agents in the experiment. It is a test
designed for the detection and quantification of apoptotic cells within a cell colony and it
measures nuclear DNA fragmentation which is an important character of apoptotic cells.
The DeadEnd™ Fluorometric TUNEL System measures the fragmented DNA of apoptotic
cells by catalytically incorporating fluorescein-12-dUridine Tri Phosphate at 3’-OH DNA
ends using the enzyme Terminal Deoxynucletidyl Transferase, Recombinant enzyme
(rTdT). This enzyme forms a polymeric tail using the principal of the TdT-mediated dUTP
Nick-End Labelling (TUNEL) assay (247). The fluorescein -12-dUTP-labeled DNA can
be visualized directly by fluorescence microscopy (Technical Bulletin No 235, 2003;
Promega.Corporation).

The microtitre plates were seeded with 3 X 10* HUVEC per well and allowed to stabilize
for 48 hours before the preliminary test. After treatment with the test drugs for the desired
duration the assay was performed. Controls were chosen and are discussed in the respective
chapters. The plates were washed twice with PBS and following this the HUVEC were
fixed by immersing in a 4% methanol free formaldehyde solution in PBS for 25 minutes at
4°C. The plates were washed by immersing in fresh PBS for 5 minutes and this was

repeated once again. The HUVEC were permeabilized by immersing the plates in 0.2%
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Triton X solution in PBS for 5 minutes followed by rinsing in PBS twice for 5 minutes.
Equilibration buffer was added to cover the cells and the HUVEC were equilibrated at
room temperature for 10 minutes. Next, 50ul of freshly prepared rTdT incubation buffer is
added to the plates. The rTdT incubation buffer is prepared by mixing 45ul of equilibration
buffer, Sul of nucleotide mix and 1pl of rTdT enzyme, in multiples dependent on the
number of plates. The plates were incubated at 37°C for 60 minutes for the tail reaction to
take place. Care was taken to prevent the plates from drying out and the plates were
covered with aluminium foil to protect the light sensitive rTdT incubation buffer.
Subsequently the reaction was terminated by immersing the plates in 2X SSC solution
(prepared by diluting 20X SSC 1:10 in deionized water) for 15 minutes. The plates were
rinsed in PBS for 5 minutes to remove unincorporated fluorescein-12-dUTP. The plates
were analyzed under fluorescent microscope using a flourescein filter set to view green
fluorescence at 520 + 20 nm. The total numbers of apoptotic cells were counted from five

random microscopic fields at 40 x 10 resolutions.
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Figure 7. Apoptotic cells under fluorescent microscope

Flourescein uptake by cells on the left demonstrates fewer apoptotic cells and on the right

the uptake is enhanced by a higher number of apoptotic cells
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2.2.10. Assay of modulators of cell cycle and apoptotic pathway.

Cyclin D are a family of proteins vital to the progression of the cell cycle and it is the rate
limiting factor in the progression of the mammalian cell from the G1 phase. Cyclin D
synthesis is enhanced by mitogens such as growth factor and withdrawal of this stimulus
early in the G1 phase will prompt the cell to exit the cell cycle. In contrast Bax proteins are

a subfamily of the Bcl2 family of apoptotic proteins. They are pro-apototic proteins that

play a vital role in mediating apoptosis by enhancing MOMP to promote cytochrome c
release and activate the caspase pathway. The expression of Cyclin D and Bax were
assayed by Reverse Transcriptase Polymerase Chain Reaction (RT PCR) after HUVEC

exposure to the stress stimuli and statins.

2.2.10.1. RNA isolation

GenElute™ Mammalian Total RNA kit (SigmaAldrich, UK) was used to isolate total RNA
from HUVEC. HUVEC were lysed and homogenized for denaturation of macromolecules
and inactivation of RNAases by using a guanidine thiocyanate containing buffer. RNA
binds to a silica membrane in a micro centrifuge tube when the lysate is spun

in ethanol. RNA is eluted in the elution solution after washing to remove any contaminants.
The purified RNA is then ready for reverse transcription (Technical Bulletin Product Codes
RTN10, RTN70 and RTN350, Sigma Aldrich, UK).

All work surfaces were carefully cleaned with RNAase Away to eliminate ribonuclease
degradation of RNA. HUVEC subjected to stress stimulus and/or statin in 25cc cell culture
flasks were released from the support surface with trypsin. They were pelletted and the

culture medium discarded. The HUVEC were loosened in a vortex. A mixture of freshly
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prepared lysis solution 250ul and 2-mercaptoethanol (2ME) 2ul was added to the pellet and
agitated in a vortex until all clumps disappeared. Next, the lysed cells were pipetted into a
GenElute Filtration column (blue insert with a 2ml receiving tube) and centrifuged at
16000 x g for 2 minutes. After discarding the filtration column, 250 pl of 70% ethanol was
added to the lysate followed by agitation in the vortex. The solution was pipetted out into a
GenElute Binding Column (red o-ring seated in a 2ml receiving tube), centrifuged at
maximum speed for 15 seconds and the flow-through liquid discarded. Subsequently 500
ul of wash solution 1 was pippetted into the column, centrifuged for 15 seconds at
maximum speed. After discarding the flow through liquid, the column was transferred into
a fresh 2ml collection tube. 500ul of diluted wash solution 2 (wash solution 2 diluted with
200 proof ethanol 1:4) was added to the column and centrifuged at maximum speed for 15
seconds. After discarding the flow through liquid, a further 500ul of wash solution 2 was
added to the column and centrifuged at maximum speed for 2 minutes. The column was
next transferred on to a fresh 2ml tube and 60ul of elution fluid was added to it and
centrifuged at maximum speed for 1 minute. The purified RNA collects in the tube and was
used immediately or stored at -70°C.

The concentration of the RNA yield was determined by measuring the absorption at 260nm
on a spectrophotometer. After initial calibration of the spectrophotometer using 54ul of
distilled water as a blank, 6ul of RNA sample was added to the cuvette and mixed
thoroughly by pipetting. RNA concentration was measured from the absorption values at
260nm.

RNA concentration (pug/ml) = Absorption (260nm) % 40 X dilution factor
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Purity of the RNA sample is determined by the 260:280 ratios and a value >1.3 indicates
purity sufficient for subsequent RT-PCR analysis. Lower value samples were unsuitable

for the experiment.

2.2.10.2. Reverse transcriptase-polymerase chain reaction (RT-PCR)

The Cyclin D and Bax cDNA sequence were obtained from published sequences on
Pubmed and basepair program was used for designing primers. Based on the basepair
program, expected DNA fragment sizes produced by these primers were 484 bp for Cyclin

D and 195 bp for Bax.

Cyclin D primer sequence
Forward: 5°’- GAG ACC ATC CCC CTG ACG GC-3’

Reverse: 5°- TCT TCC TCC TCC TCG GCG GC-3°

Bax primer sequence
Forward: 5°-TGG CAG CTG ACA TGT TTT CTG AC-3°

Reverse: 5°-TCA CCC AAC CAC CCT GGT CTT-3

B Actin primer sequence
Forward: 5'-CCAGAGCAAGAGAGGCATCC-3'

Reverse: 5'-CTGTGGTGGTGAAGCTGTAG-3'

RNAase free water was used to reconstitute the primers to a final concentration of

100pmol/pl. Ready-to-go RT-PCR beads (SigmaAldrich, UK) containing Taq DNA
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polymerase, Maloney Murine Leukemia Virus (M-MulLV) reverse transcriptase,
nucleotides and ribonuclease inhibitors were used for RT-PCR. The RNA samples were
amplified with Cyclin D, Bax and also § Actin primers which being a house keeping gene,
is constitutively expressed by cells and hence used as the reference. A specific volume of
each RNA solution (based on calculated RNA concentrations) was added to each RT-PCR
tube in triplicates. Subsequently forward and reverse primers for Cyclin D, Bax and 8
Actin were added to sets of tubes and finally the volume in each tube was made up to 50ul
using RNAase free water. The three sets of mRNA were amplified separately using

different programs based on the variation in annealing temperatures of the primers.
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Table 1. Annealing temperatures and cycle lengths used for RT-PCR analysis of

Cyclin D, Bax and p Actin
Primer sets Annealing temperature (°C) | Number of cycles
Cyclin D 65°C 22
Bax 58°C 28
B Actin 55°C 30
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2.2.10.3. Agarose gel electrophoresis for amplified DNA analysis

Gel electrophoresis was used to analyse the amplified DNA fragments produced by RT-
PCR to determine the expression of Cyclin D and Bax in the samples. A 2% (w/v) agarose
gel was prepared by dissolving 1g of agarose in 50ml of Tris-borate EDTA (TBE) buffer
pH 8.3 and heating in a microwave until clear. The gel was allowed to set in an
electrophoresis tray at 4°C for one hour and once the gel had set, the combs were removed
and the gel was placed in an electrophoresis tank and covered with the TBE buffer. The
samples for electrophoresis were prepared with 10ul RT-PCR amplified DNA, 2ul loading
dye and 1pl SYBR Green I. A DNA marker was prepared with 5ul PCR ranger DNA
marker, 2l loading dye and 1ul SYBR Green I. The marker and samples were loaded onto
separate wells in the gel and electrophoresis carried out at 100V until the bands were lecm
away from the end of the gel. The bands were visualised using the UV transilluminator
using the GeneSnap imaging system. The GeneTool imaging programme was used to
quantify the intensity of the bands in the sample and this was normalised against the

intensities of the  Actin bands.
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Figure 8. Agarose gel electrophoresis

Bax

Cyclin D

B Actin

The bands are visualised under UV illuminator and they represent amplified DNA
fragments following RT-PCR. The cellular expression of Bax, Cyclin D and B Actin
(reference protein) in response to various experimental stimuli was quantified using

GeneTool imaging programme
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2.2.11. Statistical Analysis
Statistical analysis was performed using the SPSS vI3 software for parametric data.
Experimental data was expressed in means + SEM. A Student’s t test was used to compare

two groups of data. A value of p <0.05 was considered to indicate statistical significance.
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Chapter 3. Effect of Statins on HUVEC

Introduction

Re-endothelialisation is of great significance in the event of denudation of the vascular
endothelial cell lining. A stimulus for this mechanism would be of immense therapeutic
value in the context of critical ischemia, ischemia reperfusion injury and post interventional
damage to the vascular wall.

The antiatherosclerotic effects of statins are partly attributable to its effects on the VSMC.
It initiates apoptosis of the VSMC and causes regression of atherosclerotic plaques and also
inhibits myointimal hyperplasia. This effect of statins is mediated through its inhibitory
effect on the isoprenylation of the GTPase proteins (Rho and Ras) and the MAPK pathway
(228, 229). Rho and Ras are cytosolic proteins that require post translational modification
for incorporation to the membrane. Ras acts as a transmitter of cell growth signals across
the cell membrane for cellular proliferation (231) and Rho activation helps reorganisation
of the cellular cytoskeleton, motility and proliferation (232). MAPK helps propagate and
amplify the signals from GTPase proteins. Activated MAPK is transported to the cell
nucleus where it phosphorylates various gene regulatory proteins to promote gene
transcription (248). This is mediated through specific pathways which involve kinases1/2
(ERK1/2), p38 kinase (p38) and c-jun N-terminal kinase (JNK) (234). Statins inhihit
intimal hyperplasia by specifically blocking ERK1/2 mediated cellular proliferation,
differentiation and migration (231).

Statins enhance EC function by increasing the synthesis of NO, attenuate the ROS

generation and reduce the EC-leucocyte interactions. In contrast to its effect on VSMC, a
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similar apoptotic effect on EC is not desired. In fact in vitro studies on endothelial
progenitor cells (EPC) have shown that statins evoke proliferation, migration and cell
survival (230). There is an enhanced synthesis of cell cycle promoter proteins such as
cyclins after statin therapy and simultaneous reduction in the levels of cell cycle inhibitors
such as p27 (249). In contrast to these effects in EPC, the effect of statins on fully

differentiated endothelial cells is not well elucidated.

Aim

The aim of this experiment was to determine the effects of exposure to Simvastatin and
Cerivastatin on HUVEC proliferation and apoptosis. Expression of the cell cycle pathway
promoter Cyclin D and pro-apoptotic protein Bax in response to HUVEC exposure to

various doses of statins was studied.

Materials and Methods

HUVEC between 2" and 4™ generation were seeded onto 48 well plates with 5 x10* cells
per well. Each well accommodates approximately 5x10* cells to form a single layer of
cells. They were allowed to stabilize for 48 hours in the incubator followed by
supplementation with fresh culture media. Simvastatin and Cerivastatin were added to the
plates to achieve a final concentration of Inmoles/l, Snmoles/l, 10nmoles/l, 1000nmoles/I

and 5000nmoles/litre with three repeats for each concentration and a control well. Live cell
counting, cellular proliferation assay using the CellTiter 96 Aqueous One Solution Cell
Proliferation Assay kit (Promega UK) and cellular apoptosis assay using the DeadEnd™

Fluorometric TUNEL System kit (Promega UK) were performed at 24 hours after
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treatment with the drug. RT-PCR for Bax and Cyclin D assay was performed on HUVEC
propagated in 25cc culture flasks following treatment with Snmol/l and 5000nmol/l of
statins at 24 hours, with a control receiving no treatment.

Data was expressed in means + SEM. The paired samples t test was used to compare the

groups. P <0.05 was considered to be statistically significant.

Results

Live cell count

Although in comparison with the control group there was no significant difference in the
cell numbers at lower doses of simvastatin and cerivastatin, there was a significant
reduction (p<0.05) in the total cell count at 24 hours in both statin groups treated with

1000nm/I and 5000nm/1 doses (Figure. 9 and Figure. 10).
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Mean cell count

Figure 9. Cell count 24 hours after treatment with Cerivastatin
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Mean cell count

Figure 10. Cell count 24 hours after treatment with Simvastatin
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Cellular proliferation assay

Assay of cellular proliferation at the end of the 24 hour period of treatment showed an
increase in the spectrophotometric absorption in both statin groups at lower doses in
comparison to the control group. In contrast, the cellular absorption at higher doses was

lower than the control group in both statin groups (Table.2).

Apoptosis cell count
There was a significant increase in the number of HUVEC undergoing apoptosis at higher
treatment doses in both statin groups although no similar response was noted at the lower

dose concentration (Table. 3)

RT PCR

Cyclin D expression

HUVEC expression of cyclin D after treatment with both statins for 24 hours showed an
enhanced expression at lower statin doses. This reached significance in the Cerivastatin

group at Inmol/l and in the Simvastatin group, at Snmol/l (Table. 4)

Bax expression
HUVEC treated with high dose (1000nmol/l) Cerivastatin and Simvastatin had a significant
increase (p<0.05) in the expression of Bax protein. Low dose treatment did not show any

HUVEC response to Bax expression (Table 5).
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Table 2. Spectrophotometric absorption 24 hours after statin treatment

Control Inmol/l Snmol/l 10nmol/1 1000nmol/l | 5000nmol/1
Cerivastatin | 29.9 (1.86) | 35.8(1.28) | 46.7(2.07)* | 46 (1.51)* 23 (4.24) 18 (1.65)*
Simvastatin | 78 (1.36) 82 (1.52) 86 (1.17)* | 82.9 (1.46) 69 (1.9) * 65(3)*

[* =p<0.05 Student’s t- test, values expressed as mean (Standard Error of Mean)]
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Table 3. Apoptosis cell count 24 hours after statin treatment

Control Inmol/1 Snmol/l 10nmol/1 1000nmol/1 5000nmol/1
Cerivastatin | 14.3(1.2) 14(1.15) 13.6(2.18) 14.6(1.6) 38.66(2.02)* | 42.6(4.9)*
Simvastatin | 15.3(1.45) 18.3(0.8) 18(1.52) 16(1.52) 32.6(2.02)* | 37.6(1.45)*

[* =p<0.05 Student’s t- test, values expressed as mean (Standard Error of Mean) |
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Table 4. Cyclin D expression 24 hours after statin treatment

Control 1nmol/l Snmol//1 1000nmol/l
Cerivastatin 0.7(0.03) 0.85(0.02)* 0.89(0.03) 0.68(0.02)
Simvastatin 0.7(0.03) 0.75(0.03) 0.91(0.03)* 0.64(0.03)

[* =p<0.05 Student’s t- test, values expressed as mean (Standard Error of Mean)]
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Table 5. Bax expression 24 hours after statin treatment

Control Inmol/l Snmol//1 1000nmol/1
Cerivastatin 1.53(0.26) 1.56(0.25) 1.55(0.23) 3.29(0.29)*
Simvastatin 1.53(0.26) 1.55(0.28) 1.6(0.29) 2.84(0.10)*

[* =p<0.05 Student’s t- test, values expressed as mean (Standard Error of Mean)]
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Conclusion

Higher doses of statins (1000 and 5000 nmol/l) cause cellular apoptosis as demonstrated by
a significant reduction in the number of live HUVEC at the end of the 24 hour treatment
period. Although there was no increase in cell number noted during the same treatment
duration for the lower statin doses (1, 5 and 10 nmol/l), an increased absorption rate from
the proliferative assay suggests metabolically active cells in the low dose category. TUNEL
assay for apoptosis demonstrated an increased fluorescent uptake by a significantly higher
number of HUVEC undergoing apoptosis at high statin doses. Bax expression was
enhanced in the high dose group suggesting that it may have a role in inducing apoptosis in
HUVEC. In addition, cyclin D expression was elevated in the low dose group suggesting

an enhanced cellular proliferative response to statins.
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Chapter 4. - Effect of Oxidative Stress on HUVEC

Introduction

The reactive oxygen species (ROS) are highly unstable molecules derived from the
metabolism of oxygen molecules. They play a vital role in the intracellular communication
and signalling mechanisms in various metabolic pathways including gene transcription and
protein synthesis (139, 140). Although it has a vital role in the normal physiology of the
EC, it is also involved in the pathophysiological processes of atherogenesis in
cardiovascular diseases such as hypercholesterolemia, hypertension, diabetes and ischemia
reperfusion injury (250, 251). These risk factors induce accelerated generation of ROS with
inability of the antioxidant mechanisms to balance their oxidant effect. This results in
“oxidative stress” within the cellular environment.

ROS is generated as a consequence of oxidative phosphorylation in mitochondrial aerobic
respiration (252). The oxygen consumed in this reaction is converted to water through a
series of reactions requiring 4 electrons. This sequential reaction involving donation of
electrons can result in ROS generation at each step (253, 254). Oxygen molecule accepts
the first electron to transform to a superoxide molecule (-O2"). This subsequently
transforms into hydrogen peroxide (H202) after second electron transfer. The third
electron transfer known as the Fenton reaction requires an iron molecule which converts
the superoxide to the highly reactive hydroxyl ion (-OH). Finally the -OH accepts the fourth
electron to transform to water. The antioxidant systems such as NAD(P)H oxidase,
uncoupling of eNOS and iNOS are all potent sources of ROS generation (255-257).

Surplus ROS reduces the bioactivity of NO and this results in endothelial dysfunction (146,
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258). This is characterised by attenuation of the NO mediated vasodilatory effects,
enhanced leucocyte endothelial interaction, smooth muscle cell proliferation and platelet
aggregation (33, 259-261).

Oxidative stress in itself can also activate apoptosis with resultant effects on the MOMP
which triggers the release of cytochrome c. This can activate the effector caspases and
result in apoptosis of the cell. The cellular manifestations of oxidative stress can thus range
from endothelial dysfunction to apoptosis. These effects can result in an attenuated EC
capacity to re-endothelialize in response to cellular injury. There is inadequate information
on the mechanism by which ROS affects EC proliferation and apoptosis. This
understanding is critical when considering treatment options for the widespread effects of

ROS on the EC.

Aim
The aim of this experiment was to determine the effect of varying doses of H,O, on

HUVEC survival. The response of the cell cycle pathway regulators, Cyclin D and Bax to

oxidative stress was studied.

Materials and Methods

HUVEC between passage 2 and 4 were utilized for this experiment. Cells were seeded onto
48 well plates with 5 x10” cells per well. They were allowed to stabilize for 48 hours in the
incubator followed by supplementation with fresh culture media. For induction of oxidative
stress, H,O, was added to the plates to achieve a final concentration of 50pmol/l,

100pmol/l and 200pumol/l with three repeats for each concentration and a control well. Live
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cell counting, cellular proliferation assay using the CellTiter 96 Aqueous One Solution Cell
Proliferation Assay kit (Promega UK) and cellular apoptosis assay using the DeadEnd™
Fluorometric TUNEL System kit (Promega UK) were performed at the termination of the
experiment 24 hours after initiation of drug treatment. RT-PCR for Bax and Cyclin D assay
was performed on HUVEC propagated in 25cc culture flasks following treatment with 50
and 100pumol/l of H,O, with a control receiving no drug.

Data was expressed in means + SEM. The paired samples t test was used to compare the

groups. P <0.05 was considered to be statistically significant.

Results

Live cell count

There was a steady decline in the number of live cells with increasing concentration of
H,0; in the test group over a 24 hour treatment period in comparison with the control

group, This reached statistical significance at 100pmol/l of H,O, (Table 6).
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Table 6. Live cell count 24 hours after H,O, treatment

Control

50umol/l

100umol/1

200umol/1

H202

109.6(5.7)

103(5.7)

87(2.5)*

59(3.5)*

[* =p<0.05 Student’s t- test, values expressed as mean (Standard Error of Mean) |
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Cellular proliferation assay
Assay for cellular proliferation at the end of the 24 hour treatment period showed a
significant reduction in the spectrophotometric absorption with higher dose concentrations

of H,0, in comparison to the control (Table 7).

Apoptosis cell count
There was a significant increase in the number of HUVEC undergoing apoptosis at higher

treatment doses of H,O, in comparison with the control (Table 8).

RT PCR
For assay of Cyclin D and Bax expression, 50umol/l and 100 umol/l of H>O, were used as
they exhibited optimal stress response, avoiding low strength treatment doses with

inadequate stress response and also overwhelming toxic response from high strength dose.

Cyclin D expression
HUVEC expression of Cyclin D after treatment with H,O, for 24 hours showed a
downward trend with increasing dose strength although this did not reach statistical

significance (Table 9).

90



Table 7. Spectrophotometric absorption 24 hours after H,O; treatment

Control

50umol/l

100umol/1

200umol/1

H,0,

64.66(3.28)

61.66(4.05)

53.33(1.85)*

38(2.08)*

[* =p<0.05 Student’s t- test, values expressed as mean (Standard Error of Mean) |
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Table 8. Apoptosis cell count 24 hours after H,O; treatment

Control

50umol/l

100umol/1

200umol/1

H0,

9.66(0.88)

10.66(0.66)

15.66(0.88)*

29(1.73)*

[* =p<0.05 Student’s t- test, values expressed as mean (Standard Error of Mean) |
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Table 9. Cyclin D expression 24 hours after H,O; treatment

Control

50umol/l

100umol/1

200umol/1

HzOz

0.7(0.17)

0.66(0.01)

0.63(0.02)

[* =p<0.05 Student’s t test, values expressed as mean (Standard Error of Mean)]
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Bax expression

HUVEC treated with higher dose of H,O, had an enhanced generation of Bax protein which
was statistically significant. Although there was an increase in the Bax expression with
lower treatment doses in comparison with the control group, this was not statistically

significant (Table 10).
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Table 10. Bax expression 24 hours after H,O; treatment

Control

50umol/1

100umol/1

H0,

1.51(0.03)

1.59(0.05)

2.03(0.03)*

[* =p<0.05 Student’s t test, values expressed as mean (Standard Error of Mean)]
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Conclusion

The survival of HUVEC declined with higher dose strengths of oxidative stress in the form
of H,0,. There was a reduction in the total number of live cells at 100/200umol/l of H,O,, In
addition, HUVEC subjected to these dose strengths had a significant reduction in the
spectrophotometric absorption to the cellular proliferation assay, suggesting a reduced
proliferative activity of these cells. TUNEL assay for cellular apoptosis confirms the above
observations. Higher doses of H,O, induced HUVEC to undergo apoptosis with an

increase in fluorescent uptake. The number of HUVEC undergoing apoptosis was
significantly higher than the control group. The expression of the proapoptotic Bax proteins
by HUVEC was significantly enhanced by H,O,, suggesting that the apoptosis pathway is
mediated by Bax proteins in response to H,O, However the expression of Cyclin D, the

cell cycle pathway promoter, was not significantly affected by oxidative stress in HUVEC.
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Chapter 5. Effect of Statins on Cellular Proliferation and Apoptosis

modulated by Oxidative Stress

Introduction

Oxidative stress, as described earlier, is pivotal to the pathogenesis of atherosclerosis. An
excessive generation of ROS in the absence of an efficient antioxidant mechanism results
in endothelial dysfunction which is characterised by attenuated vasodilatory effects,
enhanced leucocyte endothelial interaction, VSMC proliferation and platelet aggregation.
In addition to this effect, oxidative stress is also a potent inducer of apoptosis, which is
mediated via the mitochondria which activates the caspase pathway. In fact, atherosclerosis
is characterised by an increased incidence of apoptosis of EC along areas prone to plaque
formation. (262).

Statins have a wide ranging effect on the EC which help enhance endothelial function. It
has a potent antioxidant activity derived from increasing the synthesis of NO and the
antioxidant mechanisms. It promotes VSMC apoptosis by inhibiting the isoprenylation of
GTPase proteins Ras and Rho, and the MAPK pathway which are vital to transmission of
growth signals to the cellular nucleus in order to promote gene activation and protein
synthesis for cellular proliferation. However the effects of statins on the EC may be
different to this apoptotic effect on the VSMC. In vitro studies on endothelial progenitor
cells have demonstrated proliferative response and an increased cell survival as a result of
statin treatment. This may be mediated through the cell cycle promoter cyclin D. The
experiment in Chapter 3 did reveal an enhanced synthesis of cyclin D in response to statin

treatment in HUVEC. The hypothesis to this experiment was that statins offer protection
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against oxidative stress induced apoptosis in HUVEC. Secondly it may reverse the anti-

proliferative effects of oxidative stress and promote cellular proliferation.

Aim

The aim of this experiment was to determine whether statins offer any protection against
oxidative stress induced antiproliferative effects and apoptosis in HUVECs. Secondly, the
effect of statins on the cell cycle promoter cyclin D and the proapoptotic protein Bax were

studied in the context of oxidative stress.

Materials and Methods

HUVEC were prepared as described earlier, in chapter 3. After allowing the cells to
stabilise for 48 hours they were treated with Cerivastatin and Simvastatin to obtain a final
concentration of Snmol/l. Oxidative stress was induced in these HUVEC with H,O,
100pumole/l, 24 hours after treatment with statin. The experiments were performed in
triplicates with a control group receiving treatment with H,O; alone. Live cell counting,
cellular proliferation assay using the CellTiter 96 Aqueous One Solution Cell Proliferation
Assay kit (Promega UK) and cellular apoptosis assay using the DeadEnd™ Fluorometric
TUNEL System kit (Promega UK) were performed at termination of the experiment, 24
hours after treatment with H,O,. RT-PCR was performed for Bax and Cyclin D assay on
HUVEC propagated in 25cc culture flasks and treated as described above. The negative
control was treated with H,O, and the positive control received activated mevalonate
10pmol/l (downstream metabolite of the mevalonate pathway) in addition to statin and

H,0,.
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Data was expressed in means + SEM. The paired samples t test was used to compare the

groups. P <0.05 was considered to be statistically significant.

Results

Live cell count

There was a significantly higher number of live cells when HUVEC were pre-treated with
Cerivastatin before induction of oxidative stress. This cell survival benefit was enhanced at

the lower Cerivastatin dose of 1nmol/l (Figure 11).

HUVEC treatment with Simvastain showed a similar survival benefit with a higher number

of live cells in comparison with the control group. Statistical significance was reached in

cells treated with Snmol/l of Simvastatin (Figure 12).

99



Mean Cell Count

Figure 11. Live Cell Count after treatment with Cerivastatin and H,O,
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Mean Cell Count

Figure 12. Live Cell Count after treatment with Simvastatin and H,O,
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Cellular proliferation assay

Spectrophotometric absorption showed an enhanced proliferative response when HUVEC
were treated with statins before induction of oxidative stress. There was a significant
increase in the proliferative response to both 1nmol/l and 5nmol/l doses of cerivastatin as

opposed to only Snmol/l with Simvastatin (Table 11).

Apoptosis cell count

In comparison with the negative control group, there was a reduction in the number of
HUVEC undergoing apoptosis as a consequence of exposure to HyO, 100umol/l when they
were pre-treated with a statin. This was statistically significant for 1nmol/l dose
concentration of Cerivastatin (Figure 13). There was similar effect noted with Simvastatin
treatment in HUVEC exposed to oxidative stress with H,O, 100pmol/l although this did

not reach statistical significance (Figure 14).
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Table 11. Spectrophotometric absorption after statin and H,O, (100pmol/l) treatment

Negative control

Statin 1nmol/l +

Statin Snmol/l +

Positive control

(HUVEC + H,0, H,0, (HUVEC alone)
H,0,)
Cerivastatin | 55(1.73) 68(1.2)* 63(1.15)* 71.6(1.45)
Group
Simvastatin | 55(1.73) 62(1.73) 66(0.57)* 71.6(1.45)
Group

[Statin vs Negative control, (*

(Standard Error of Mean)]

= p<0.05 Student’s t-test) values

eXpressed as mean
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Figure 13. Apoptosis cell count after Cerivastatin and H,O, (100pmol/l) treatment
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Figure 14. Apoptosis cell count after Simvastatin and H,O; (100pumol/l) treatment
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RT PCR

Cyclin D expression

There was enhanced expression of Cyclin D in cells that were preincubated with statin
before exposure to HO, 100pmol/l (Table 12). The difference of the means in comparison
with the negative control which received only H,O, 100umole/l was significant for
Cerivastatin 1nmol/l and Simvastatin Snmol/l. Addition of mevalonate 10umol/l to the
cells to reverse the effects of statin resulted in abrogation of the Cyclin D expression

(Figure 15 and 16).

Bax expression

Expression of Bax protein in response to H,O, 100umol/l administration was attenuated by
preincubation of HUVEC in statin (Table 13). This reached statistical significance with all
the dose concentrations used with Cerivastatin and Simvastatin, in comparison with
positive control with HUVEC alone. Mevalonate treatment reversed the effect of statin on

Bax expression (Figure 17 and 18).
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Table 12. Cyclin D expression after statin and H,O, (100nmol/l) treatment

Negative Statin Inmol/l | Statin Snmol/l | Statin 1nmol/l Positive
Control + + + control
(HUVECsS + H,0, H,0, H,0, + (HUVECs
H,0,) Mevalonate alone)
10pmole/l

Cerivastatin 0.62(0.01) 0.71(0.01) * 0.67((0) 0.61(0.01) 0.72(0)
Group

Simvastatin 0.62(0.01) 0.64(0) 0.71(0) * 0.61(0) 0.72(0)
Group

[Statin vs Negative control, * = p<0.05 Student’s t- test, values expressed as mean

(Standard Error of Mean)]
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Figure 15. Difference in Cyclin D expression in comparison with negative control

(H,0; 100pmole/l) after treatment with Cerivastatin and H,O, 100pumol/l
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Figure 16. Difference in Cyclin D expression in comparison with negative control

(H20; 100pmol/1) after treatment with Simvastatin and H,O; 100pmol/l
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Table 13. Bax expression after statin and H,O; (100pmol/l) treatment

Negative Statin Inmol/l | Statin Snmol/l | Statin 1nmol/l Positive
control + + + control
(HUVEC + H,0, H,0, H,0, + (HUVEC
H,0,) Mevalonate alone)
10pmole/l
Cerivastatin 2.03(0.03) 1.55(0.04) * 1.66(0.05)* 2.01(0.05) 1.51(0.03)
Group
Simvastatin 2.03(0.03) 1.75(0.02) * 1.6(0.01) * 1.97(0.10) 1.51(0.3)
Group

[Statin vs Positive control, *

(Standard Error of Mean)]

= p<0.05 Student’s t- test, values expressed as mean
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Figure 17. Difference in Bax expression after treatment with Cerivastatin and H,0;

100pmol/l in comparison with positive control (healthy HUVEC)
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Figure 18. Difference in Bax expression after treatment with Simvastatin and H,0,

100pmol/l in comparison with positive control (healthy HUVEC)

Difference of mean

0.0 ]

Negative Simvastatin Snmol/l

control Simvastatin 1nmol/l M evalonate 10pmole/l

[Statin vs Positive control, @ =p <0.05, paired t test |

112



Conclusion

There was a significant increase in the number of live cells when HUVEC were
preincubated with a statin prior to H,O, exposure. This reached statistical significance in
both statin groups. The spectrophotometric absorption was also enhanced in HUVEC
treated with statins indicating that the proliferative activity in the cells exposed to oxidative
stress was increased by statins. The number of HUVEC undergoing apoptosis consequent
to oxidative stress was reduced by statin pre-treatment although this reached statistical
significance in the cerivastatin group alone. Cyclin D expression was increased in HUVEC
preincubated with statin which may in turn enhance the proliferative stimulus on the
HUVEC. There was a simultaneous reduction in the Bax expression in HUVEC suggesting
that statin may inhibit activation of this pro-apoptotic protein and therefore enhance the cell

survival capabilities.
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Chapter 6 — Effect of Hypoxic Stress on HUVEC

Introduction

An optimal oxygen level is vital for the normal cellular physiology and metabolism. A
reduction in tissue oxygen availability can adversely affect the various cellular metabolic
pathways. The vascular endothelium is subject to these effects of hypoxia in
pathophysiological states such as atherosclerotic diseases where there is a compromised
blood supply with consequent reduction in the oxygen delivery. Myocardial infarction,
stroke, peripheral vascular disease and acute/chronic limb ischemic episodes are all
examples of tissue hypoxia.

Hypoxic effects have been extensively studied in neuronal tissues. Here hypoxia mediates
its effects through multiple pathways. There is depletion of the energy reserves within the
cell, accumulation of lactic acid with consequent acidosis, reduction in the Na K ATPase
activity, intracellular accumulation of Ca*" and lipid peroxidation (167, 263, 264). It affects
the expression of endothelial vasoconstrictor endothelin and also alters the vasodilator
response of the VSMC to NO (265, 266). Hypoxia also results in enhanced generation of
ROS by the cycloxygenase, lipoxygenase and NOS pathways (168, 169, 267). These
effects can result in endothelial dysfunction.

In addition, hypoxia can also trigger mechanisms to induce apoptosis. It opens the
mitochondrial PTP to large molecules with consequent loss of electrochemical gradient,
uncoupling of oxidative phophorylation, ATP hydrolysis and mitochondrial swelling (268).
PTP can also promote cytochrome c release which activates the caspase pathway with

resultant apoptosis. In pig neuronal cells, hypoxia induced apoptosis is accelerated by
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inactivation of the antiapoptotic Bcl-2 protein with consequent enhancement of apoptosis
from the unopposed effects of Bax (172). These effects are mostly from studies on
neuronal tissues. Although hypoxic stress is a potent and ubiquitous modulator of the
vascular endothelial function, its effect on the vascular endothelial cell cycle pathway and
apoptosis is not clear. Understanding the effects of hypoxia in EC and the mechanisms by

which these effects are mediated is vital.

Aim
This experiment was set to determine the effect of varying doses of CoCl, on the cell cycle

and apoptosis. The response of cell cycle promoter Cyclin D and pro-apoptotic protein Bax

to CoCl; induced hypoxia was also determined.

Materials and Methods

HUVEC were prepared as described in the earlier chapters. For induction of hypoxia,
HUVEC seeded onto 48 well plates were treated with 100pumol/l, 200umol/l and 500pumol/l
of CoCl, with three repeats for each drug concentration and a control sample. Live cell
counting, cellular proliferation assay using the CellTiter 96 Aqueous One Solution Cell

Proliferation Assay kit (Promega UK) and cellular apoptosis assay using the

DeadEnd™ Fluorometric TUNEL System kit (Promega UK) was performed at termination
of the experiment 24 hours after initiation of treatment with CoCl,. Bax and Cyclin D assay
were performed by RT-PCR on HUVEC propagated in 25cc culture flasks following

treatment with 100 and 200umol/l of CoCl, with a control receiving no drug.
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Data was expressed in means + SEM. The paired samples t test was used to compare the

groups. P <0.05 was considered to be statistically significant.

Results
Live cell count
Following CoCl, treatment there was a significant reduction in live HUVEC numbers in

comparison with the control group for strengths of 200pumol/l and 500pmol/l (Table 14).

Cellular proliferation assay
Spectrophotometric absorption showed a significant reduction in cellular proliferation of
HUVEC subjected to higher dose concentrations of CoCl, in comparison to the control

(Table 15).

Apoptosis cell count
There was a significant increase in the number of HUVEC undergoing apoptosis when

treated with 200pmol/l and 500umol/l of CoCl, in comparison with the control (Table 16).
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Table 14. Live cell count 24 hours after CoCl, treatment

Control 100pumol/1 200umol/1 500umol/1

CoCl, 109.6(5.7) 103.3(6.48) 79(3.6)* 61(4.16)*

[CoCl; vs Control, * = p<0.05 Student’s t- test, values expressed as mean (Standard Error

of Mean)]
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Table 15. Spectrophotometric absorption 24 hours after CoCl, treatment

Control 100pumol/1 200umol/1 500umol/1

CoCl, 64.66(3.28) 63.33(2.84) 54.33(2.6)* 43.66(2.6)*

[CoCl; vs Control, * = p<0.05 Student’s t- test, values expressed as mean (Standard Error

of Mean)]
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Table 16. Apoptosis cell count 24 hours after CoCl, treatment

Control 100pumol/1 200umol/1 500umol/1

CoCl, 9.66(0.88) 12.33(0.88) 19.33(0.88)* 26(2.08)*

[CoCl, vs Control,* = p<0.05 Student’s t- test, values expressed as mean (Standard Error of

Mean)]
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RT PCR
CoCl, dose concentrations of 100umol/l and 200umol/l were used to study the expression of

Bax and Cyclin D as response to hypoxic stress.

Cyclin D expression
There was no significant change to HUVEC expression of Cyclin D after treatment with

CoCl, in comparison with the control group (Table 17).

Bax expression

Expression of Bax protein in response to CoCl, administration reached statistical

significance at 200pumol/l (Table 18).
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Table 17. Cyclin D expression 24 hours after CoCl, treatment

Control 100pmol/1 200pmol/1

CoCl, 0.7(0.17) 0.69(0.02) 0.69(0.01)

[CoCl, vs Control, * = p<0.05 Student’s t- test, values expressed as mean (Standard Error

of Mean)]
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Table 18. Bax expression 24 hours after CoCl, treatment

Control 100pmol/1 200pmol/1

CoCl, 1.51(0.03) 1.59(0.03) 2.02(0.04)*

[CoCl, vs Control, * = p<0.05 Student’s t- test, values expressed as mean (Standard Error

of Mean)]
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Conclusion

Hypoxia induced by CoCl, resulted in reduction of the total number of live cells after 24
hour period of treatment. This reduction was significant at doses 200umol/l and 500umol/I.
These higher doses of CoCl, also resulted in reduction of the cellular proliferative activity
as shown by a reduced spectrophotometric absorption values. In addition, these higher
doses induced apoptosis in a significant number of HUVEC in comparison to the control
group. The expression of the cell cycle promoter Cyclin D remained unaffected by CoCl,
treatment doses although the proapoptotic protein Bax levels were enhanced with higher
doses. This study shows that hypoxia inhibits the proliferative activity of HUVEC and
induces apoptosis. Bax expression plays a vital role in induction of hypoxia mediated
apoptosis. However Cyclin D expression was unaffected by hypoxia which implies that

hypoxic stimulus does not have a negative impact on Cyclin D expression.
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Chapter 7. Effect of Statins on Cellular Proliferation and Apoptosis

modulated by Hypoxic Stress

Introduction

Hypoxia is a common occurrence in the vascular endothelium as a manifestation of the
atherosclerotic processes. It deranges various cellular metabolic pathways and results in
depletion of the energy reserves of the cell (269). More importantly it is also a stimulus for
accelerated ROS generation with consequent oxidative stress and endothelial dysfunction
(170, 270). Acute and chronic hypoxia are potent inducers of cellular apoptosis in cell
culture models (271). Hypoxia can induce apoptosis by directly promoting the PTP to open
and allow passage of molecules across the mitochondrial membrane, including cytochrome
¢ which activates the caspase pathway (268). Hypoxia may also induce apoptosis by
modifying the expression of the apoptotic proteins Bax and Bcl-2. In neuronal tissues,
there is increased inactivation of the anti-apoptotic BcL-2 protein with worsening degrees
of hypoxia (172). Thus hypoxia has effects on the EC ranging from metabolic derangement
and endothelial dysfunction to apoptosis.

There are various mechanisms which abrogate the metabolic effects of hypoxia on the cell.
Preconditioning to hypoxia induces activation of various metabolic pathways by
transcription of proteins. This enhances the cellular adaptive mechanism to hypoxic stimuli
(272). HIF-1 is the key mediator of hypoxic preconditioning through its effects on various
metabolic pathways which promotes cell survival (187, 188). Statins are pleiotropic drugs
which enhance endothelial function and have a potent antioxidant activity. Thus statins

may influence the hypoxia induced accelerated synthesis of ROS and consequent oxidative

124



stress. As mentioned in chapter 3, statins induce a proliferative response in endothelial
progenitor cells by promoting the cell cycle regulator proteins such as cyclin D and inhibit
apoptosis by inactivating the proapoptotic proteins. The hypothesis of this study was that
statins, by up regulating their effects on endothelial survival and proliferation, may offer

protection against hypoxia induced antiproliferative and apoptotic mechanisms.

Aim

This experiment was designed to determine if statins offered any protection against
antiproliferative and apoptotic effects induced by hypoxia in HUVEC. Expression of the
cell cycle promoter cyclin D and the proapoptotic protein Bax were studied in a hypoxic

environment.

Materials and Methods

HUVEC were prepared as described earlier in chapter 3. After allowing the cells to
stabilise for 48 hours they were treated with Cerivastatin and Simvastatin to obtain a final
concentration of Snmol/l. Hypoxia was induced in these HUVEC with CoCl,, 200umol/I,
24 hours after treatment with statin. The experiments were performed in triplicates with a
control group receiving treatment with CoCl, alone. Live cell counting, cellular
proliferation assay using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay
kit (Promega UK) and cellular apoptosis assay using the DeadEnd™ Fluorometric TUNEL
System kit (Promega UK) were performed at termination of the experiment 24 hours after
treatment with CoCl,, RT-PCR was performed for Bax and Cyclin D assay on HUVEC

propagated in 25cc culture flasks and treated as described above. A negative control was
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treated with CoCl, alone and a positive control was treated with activated mevalonate
10umol/l (downstream metabolite of the mevalonate pathway) in addition to statin and
CoCl,,

Data was expressed in means + SEM. The paired samples t test was used to compare the

groups. P <0.05 was considered to be statistically significant.

Results

Live cell count

HUVEC pre-incubated with statin before treatment with CoCl, to induce hypoxia had a
higher number of live cells compared to the control group which received only CoCl,. This

increased cell survival capability reached statistical significance with a Simvastatin dose of

Snmol/l (Figure 19 and 20)).

Cellular proliferation assay
Spectrophotometric absorption showed an enhanced proliferative response when HUVEC

were treated with either of the statins before induction of hypoxia (Table 19).

Apoptosis cell count

In comparison with the control group there was a reduction in the number of HUVEC
undergoing apoptosis as a consequence of exposure to CoCl, 200umole/l when they were
pre-treated with a statin. This was statistically significant for Cerivastatin and Simvastatin

in both dose strengths (Figure 21 and 22).

126



Figure 19. Live Cell Count after treatment with Cerivastatin and CoCl,; 200pmol/l
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Figure 20. Live Cell Count after treatment with Simvastatin and CoCl, 200pmol/1
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Table 19. Spectrophotometric absorption after statin and CoCl, 200pmol/l

Negative control

Statin 1nmol/l +

Statin Snmol/l +

Positive control

(HUVEC + | CoCl, CoCl, HUVEC alone
CoCl)
Cerivastatin | 53(2.08) 57.3(2.02)* 55.6(1.76) 64.6(3.28)
Group
Simvastatin | 54.3(2.6) 57(2.08) 60(3.21)* 64.66(3.28)
Group

[Statin vs Negative control, *

(Standard Error of Mean)]

= p<0.05 Student’s t- test, values expressed as mean
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Figure 21. Apoptosis cell count after Cerivastatin and CoCl, (200pumol/l)
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Figure 22. Apoptosis cell count after Simvastain and CoCl, (200pnmol/l)
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RT PCR

Cyclin D expression

There was an enhanced expression of cyclin D in HUVEC preincubated with a statin prior
to induction of hypoxia with CoCl, 200pumol/l (Table 20). In addition, the Cyclin D

expression in HUVEC exposed to statins, was abrogated by mevalonate (Figure 23 and 24)

Bax expression

Although the expression of Bax is enhanced with CoCl2 treatment, preincubating the cells
in statin significantly reduces the subsequent Bax expression by the hypoxic stimuli (Table
21). Mevalonate minimises these inhibitory effects of statin on Bax expression (Figure 25

and 26).
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Table 20. Cyclin D expression after statin and CoCl;, (200pmol/l) treatment

Negative Statin Inmol/l | Statin Snmol/l | Statin 1nmol/l Positive
control + + + control
(HUVEC + CoCl, CoCl, CoCl, + (HUVEC
H,0,) Mevalonate Alone)
10pmol/1
Cerivastatin 0.69(0.02) 0.75(0.02)* 0.76(0.01)* 0.69(0.02) 0.7(0.01)
Group
Simvastatin 0.69(0.02) 0.72(0.01) 0.78(0)* 0.69(0.01) 0.7(0.01)
Group

[Statin vs Negative control, * = p<0.05 Student’s t- test, values expressed as mean

(Standard Error of Mean)]
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Figure 23. Difference in Cyclin D expression in comparison with the negative control

(CoCl; 200nmol/l) after treatment with Cerivastatin and CoCl; 200pmol/1
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Figure 24. Difference in Cyclin D expression in comparison with the negative control

(CoCl; 200nmol/l) after treatment with Simvastatin and CoCl, 200umol/l
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Table 21. Bax expression after statin and CoCl, 200pumol/l treatment

Negative Statin Inmol/l | Statin Snmol/l | Statin Inmol/l Positive
control + + + control
(HUVEC + CoCl, CoCl, CoCl, + (HUVEC
CoCly) Mevalonate alone)
10pmol/1
Cerivastatin 1.99(0.02) 1.69(0)* 1.72(0)* 1.97(0.03) 1.51(0.03)
Group
Simvastatin 1.99(0.02) 1.82(0.01)* 1.85(0.03) 1.99(0.01) 1.51(0.03)
Group

[Statin vs Negative control, *

(Standard Error of Mean)]

= p<0.05 Student’s t- test, values expressed as mean
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Figure 25. Difference in Bax expression after treatment with Cerivastatin and CoCl,

200pumol/l in comparison with positive control (healthy HUVEC)
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Figure 26. Difference in Bax expression after treatment with Simvastatin and CoCl,

200pumol/ in comparison with positive control (healthy HUVEC)
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Conclusion

Statin treatment preserves the number of viable HUVEC in the context of hypoxia. The
proliferative activity of the HUVEC preincubated with a statin before being subject to
hypoxia have a significantly higher proliferative activity compared to the control group.
However this activity was not to the level of the normal HUVEC. Similarly the apoptotic
cell count by TUNEL assay showed a reduction in cell death confirming the above
findings. Although hypoxia does not have a stimulatory effect on Cyclin D, statin treatment
was noted to enhance their expression. HUVEC expression of Bax protein in response to
hypoxia was reduced by statin preincubation and this may have a vital role in the protective
effect of statins. The expression of Cyclin D and Bax by HUVEC in response to hypoxic
conditions was reversed by mevalonate, confirming that these protective effects of statin

were dependent on HMGCoA reductase inhibition.
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Chapter 8. Effects of Acute Withdrawal of Statins on Cellular

Proliferation and Apoptosis

Introduction

Statins are now recognised as a drug with pleiotropic effects which reduce the
cardiovascular morbidity and mortality. However, the emphasis of statin therapy has
recently shifted from treating hypercholesterolemia to atherogenesis prevention.

Rebound symptoms are well recognised with the withdrawal of many drugs and there have
been recent concerns about similar rebound effects after withdrawal of statin therapy (273-
276). Accumulation of the metabolite competitively inhibited by the drug can result in
larger concentrations of the metabolite entering the rate limiting reaction, with consequent
rebound effects following removal of the inhibitor. Statin withdrawal activates the
mevalonate pathway and isoprenylation of the G proteins vital for the cellular signalling
mechanisms. The Rac protein activation by geranylgeranylpyrophosphate following statin
withdrawal enhances the NADPH oxidase activity and this enhances the generation of
ROS. This results in attenuated NO bioavailability and consequent endothelial dysfunction.
However the effects of statin withdrawal on EC proliferative response and apoptosis are

not clearly defined.

Aim
The aim of this experiment was to determine the effect of statin withdrawal on the HUVEC
cell cycle. The effects on cellular proliferation and apoptosis were studied by assay of the

cell cycle regulator Cyclin D and the apoptotic protein Bax.
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Material and Methods

HUVEC were prepared as described in chapter 3. After allowing the cells to stabilise in
wells for 48 hours they were treated with Simvastatin to obtain a final concentration of
Snmol/l. Cells were propagated for 7 days with replenishment of cell culture media and
statin on day 3 and 5. On day 7 the plates were rinsed with cell culture media and fresh
media devoid of statin was added. A negative control was included with HUVEC in statin
free culture media and a positive control of HUVEC in culture media with statin. The
experiments were performed in triplicates. Live cell counting, cellular proliferation assay
using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega UK)
and cellular apoptosis assay using the DeadEnd™ Fluorometric TUNEL System kit
(Promega UK) were performed at termination of the experiment 24 hours after withdrawal
of statin. RT-PCR was performed for Bax and Cyclin D assay in HUVEC propagated in
25cc culture flasks.

Data was expressed in means + SEM. The paired samples t test was used to compare the

groups. P <0.05 was considered to be statistically significant.

Results
Live cell count
There was a significant reduction in the number of live cells after withdrawal of statin

therapy suggesting reduced cell survival capacity upon withdrawal of statin (Figure 27).
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Cellular proliferation assay
The spectrophotometric absorption of HUVEC after withdrawal of statin therapy was
significantly reduced. Withdrawal of statin reduces the proliferative activity of the HUVEC

(Table 24).

Apoptosis cell count
There was a significant increase in the number of apoptotic cells after withdrawal of statin

therapy in HUVEC when compared to the other two groups (Figure 28).
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Figure 27. Live Cell Count after withdrawal of statin therapy
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Table 22. Spectrophotometric absorption 24 hours after statin withdrawal

HUVEC

Snmol/1

Withdrawal group

Simvastatin

75(1.08)

79(1.47) *

51(1.88) *

[Statin vs withdrawal group, * = p<0.05 Student’s t- test, values expressed as mean

(Standard Error of Mean)]
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Figure 28. Apoptosis cell count 24 hours after statin withdrawal

28

26+

24 s

22

201

184

16+

141

Mean of cell count

12

HUVECs Simvastatin Snmol/l ~ Withdrawal group

[Statin vs withdrawal group, @ = p <0.05, paired t test]

145



RT PCR
Cyclin D expression
Withdrawal of statin therapy had no influence on Cyclin D expression in HUVEC in

comparison to the control group (Table 23).

Bax expression
There was an enhanced expression of the pro-apoptotic protein Bax by HUVEC on
withdrawal of statin therapy. This was statistically significant in comparison with the

untreated cells (Table 24).
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Table 23. Cyclin D expression 24 hours after statin treatment

HUVEC Snmol/l Withdrawal group

Simvastatin 0.7(0.01) 0.84(0.02) * 0.73(0.02)

[Statin vs withdrawal group * = p<0.05 Student’s t- test, values expressed as mean

(Standard Error of Mean)]
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Table 24. Bax expression 24 hours after statin treatment

HUVEC Snmol/l Withdrawal group

Simvastatin 1.5(0.01) 1.52(0.01) 1.86(0.03) *

[Statin vs withdrawal group * = p<0.05 Student’s t- test, values expressed as mean

(Standard Error of Mean)]
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Conclusion

Withdrawal of statin therapy after preincubation of HUVEC in Simvastatin Snmol/l for 7
days showed a significant reduction in the number of live cells in comparison to the control
group which received uninterrupted treatment with a statin. Statin withdrawal was
associated with a reduction in the proliferative response of the HUVEC as shown by a
lower spectrophotometric absorption. The number of HUVEC undergoing apoptosis as a
consequence of the withdrawal of statin therapy was significantly elevated and this was
associated with a rise in Bax expression in comparison with the control group. The
expression of the cell cycle promoter Cyclin D remained unaffected by withdrawal of statin

therapy.
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Chapter 9. General Discussion

The indications for the use of HMGCoA reductase inhibitors have evolved from its initial
intended use in the early 1990s for hypercholesterolemia. Since then, with the evidence
based on large clinical trials, the “pleiotropic effects” of statins were identified. These are
the effects of statin independent of its lipid lowering property. Statins reduce
cardiovascular morbidity and mortality by improving endothelial function and slowing the
progression of atherosclerosis. This is achieved primarily by improving the NO
bioavailability within the tissues by enhancing the synthesis of NO and by the antioxidant
systems. Other important functions of statins are reduction in endothelial/leucocyte

interaction, inhibition of platelet activation and VSMC proliferation.

However, there is a dearth of evidence relating to the effects of statins on endothelial cell
proliferation and apoptosis. Statins have an inhibitory effect on vascular smooth muscle
proliferation and the regulatory mechanisms involved in this effect are well elucidated
(227). Statins block the activation of the Rho and Rac proteins which are critically involved
in the translocation of the proteins from the cytosol to the cell membrane (277). This
impedes cytoskeleton formation which affects cellular proliferation. However endothelial
cells do not behave in a similar fashion on exposure to statins. Large population based
clinical studies have demonstrated a survival benefit from statin therapy implying a
beneficial effect on endothelial cell survival by favourably modulating its
microenvironment. However, there is lack of cell culture based evidence on the response of
EC exposed to statins. In addition, it is relevant to characterise any beneficial effects of
statins on EC in an environment simulating ischemic insult with hypoxia and associated

oxidative stress. Cellular proliferation and apoptosis markers were used to categorise the
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degree of insult on the EC as they reflect the survival capability of the EC. An actively
proliferating cell has effective counter mechanisms in place to balance the ischemic insults
and hence is capable of responding to the natural stimulus to proliferate. However when the
counter mechanisms are inadequate, then the cell fails to respond to proliferative stimulus

and succumbs to the insult by undergoing apoptosis.

This study set out initially to characterise the cellular responses to statins in Human
Saphenous Vein endothelial cells (HSVEC). HSVEC were harvested from long saphenous
veins of patients during varicose vein surgery with appropriate consent and local ethics
committee approval. However, attempts at obtaining a reliable line of actively growing
cells failed due to slow rate of cell proliferation and contamination by vigorously growing
smooth muscle cells and fibroblasts. Hence it was deemed inadequate as a source for cell

culture studies for cellular proliferation and apoptosis.

At this juncture an alternative cell line was sought, which had rapid growth characteristics
for proliferation and apoptosis studies. Human umbilical vein endothelial cells (HUVEC)
were hence chosen for this study. They have been extensively studied and have
morphological and physiological similarities to arterial EC. In addition, they have been
characterised in cellular proliferation, apoptosis and statin related studies previously (278,
279). HUVEC are easily obtained through various commercial sources, can be stored by
freezing and are thus a good source for propagating reliable stock for cell culture

experiments.

In this study, Simvastatin was chosen as it is the most widely prescribed statin belonging to

the Type 1 family of statins. Cerivastatin, although discontinued from clinical practise due
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to the incidence of rhabdomyolysis, was the other statin used as it is the most potent statin

with clinical effects at lower doses. It belongs to the Type 2 family of synthetic statins.

The concentrations of statins used in this study were based on published data from in-vitro
studies on human and animal tissue (280, 281). In addition, the initial dose titration studies
helped choose the final statin concentrations for cellular apoptosis and proliferation assay

in the context of oxidative and hypoxic stress.

To characterise the response of HUVEC to statins on a time based scale, initial experiments
were performed at 24, 48 and 72 hours after incubation with the statin. The best cellular
response to proliferative and apoptotic markers were obtained at 24 hours with severe
depletion of cell numbers when incubated for longer durations. Hence, 24 hours of

incubation with the statin was used for all experiments.

Although pretreatment with statin has been explored in this study, there is a valid
arguement to determine the effects of statin treatment after exposure to oxidative and
hypoxic stress. There is clinical evidence to substantiate the use of statin after an acute
vascular event (282, 283). However, it was beyond the scope of this project to look at this

aspect of statins effect on EC.

Controls were used in this study to ensure all confounding effects were identified and
discounted. Negative controls were selected such that they were devoid of the active
ingredient which was being tested. The positive control with HUVEC alone, ensured that

the cells were of a healthy cell line.

Throughout this study, induction of hypoxic and oxidative stress on cells was by the use of
chemicals with properties to induce hypoxia or oxidative stress. H,O, was used for

inducing oxidative stress. H,O» is a ROS readily available in the cellular microenvironment
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and it degrades to H,O and O,. CoCl, has a high affinity for O, and renders the
microenvironment hypoxic. The use of both these chemicals has been well documented in
literature as discussed in Chapter 2. These chemicals allowed for easier and accurate
titration of the oxidative and hypoxic stress exposure to the cells. In addition, these
chemicals have high solubility in cell culture media which ensured contact of the chemicals
to HUVEC.

Statins block the rate limiting step converting HMGCoA to Mevalonate. Mevalonate was
used for the various experiments to ensure that the response noted with statin were due to
blocking the rate limiting step. Its use in cell culture studies is well documented and the

concentrations used were based on data from literature (284).

Chapter 3 examined the effect of statins on cellular proliferation and induction of
apoptosis. Higher doses of statin resulted in reduction of live cell count with associated rise
in Bax levels. This rise in Bax levels was only observed with high doses of statin which
would have been toxic to the cell and likely to have accelerated apoptosis via Bax. The
TUNEL assay confirms that the high statin dose related cell death is apoptosis. This is in
sharp contrast to the response of statins on human smooth muscle cells where physiological
levels of statin cause apoptosis and thus have a beneficial effect in atherosclerosis (285).
This study concludes that physiological concentrations of statin have different effects on
HUVEC and smooth muscle cells and this protects the integrity of the vasculature by
controlling intimal hyperplasia without compromise to the endothelial layer. The study by
Llevadot et al demonstrated proliferative response in endothelial progenitor cells exposed
to statins (230). In addition, Assmus et al were able to demonstrate a similar effect with an

associated rise in Cyclin D levels (249). However there is no evidence in the literature to
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suggest that statins have a similar proliferative effect on HUVEC. This is the first study to
demonstrate that statins induce a proliferative response in HUVEC. In addition, it has also
demonstrated that the proliferative effect on EC is associated with an up regulation of the
cell cycle promoter Cyclin D. This study was not designed to elucidate mechanism of
action of statin on Cyclin D. Further targeted work is essential to determine the mechanism

of interaction between statin and Cyclin D.

The cellular response to various strengths of statins also helped determine statin
concentrations best suited for experiments on oxidative and hypoxic stress. Higher statin
doses (1000nmol/l and 5000nmol/l) were toxic to HUVEC’s with accelerated apoptosis and
irreparably damaged cells. However 1nmol/l and 5Snmol/l concentrations of simvastatin and
cerivastatin produced apoptosis above the mean in the negative control and hence were

ideal doses for inducing oxidative and hypoxic stress.

In chapter 4, the effect of oxidative stress on the EC was examined. This was essential to
characterise the baseline response of EC to oxidative stress prior to conducting studies to
determine the modulating effects of statin in oxidative stress. H,O, is a potent ROS which
activates the pro-apoptotic proteins and cytochrome c release from the mitochondria to
effect apoptosis. Exposure of HUVEC’s to H,O, accelerated the apoptotic phenomena.
This was evidenced by a decline in the number of live cells and an increase in the
fluorescent uptake by the apoptotic cells. In addition, accelerated apoptosis was associated
with a rise in the level of pro-apoptotic protein Bax. This experiment confirms that cell

death from exposure to ROS is predominantly apoptosis related. It also confirms that
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apoptosis plays a key role in ROS induced cell death in EC and this is mediated by Bax

protein.

The proliferative capacity of HUVEC’s exposed to oxidative stress was explored in this
experiment. ROS have a deleterious effect on cellular proliferation on live cell counting.
This study failed to demonstrate a significant reduction in Cyclin D in association with
reduction in the proliferative capacity. There is a baseline level of Cyclin D within the cells
and its activity is regulated by binding to CDK as discussed in the introduction. Hence, it is
likely that Cyclin D levels do not drop in conjunction with reduced cellular proliferation
which would be in keeping with the finding of this experiment. In addition, the pathways
responsible for dampening the proliferative response are likely to be independent of Cyclin

D.

This experiment is akin to pathophysiological states of excessive oxidative stress such as
diabetes, hypertension and hypercholesterolemia where accelerated apoptosis and a
reduced proliferative response of the lining endothelial cells may predispose to

atherosclerosis by exposing the sub-endothelial layers to the cellular elements of the blood.

Chapter 5 explored the impact of statins on the EC subjected to oxidative stress. Although
oxidative stress augmented Bax expression in EC, pretreating EC with statins reduced the
expression of Bax and thus the oxidative stress related EC apoptosis. This experiment
demonstrates that statins offer a defence mechanism against apoptosis induced by oxidative
stress. Statins enhance NO synthesis as discussed in the introduction and it is likely that
this NO helps to neutralise the oxidative stress and thus facilitate reduction in the apoptosis

phenomenon. Cellular proliferation assay used in this study to quantify proliferation is
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dependent on activation of the tetrazolium compound by NADP and NAD in actively
proliferating cells. Augmented NO synthesis by statins ensure that these substrates are
spared of oxidation and thus influence proliferation.

Although oxidative stress had minimal influence on Cyclin D synthesis as demonstrated in
Chapter 4, statin exposure in Chapter 3 did show a rise in Cyclin D exposure. In EC pre-
treated with statins before exposure to oxidative stress, active cellular proliferation
persisted. This was accompanied by an increase in Cyclin D levels. Pre-treating EC cells
with statins activate the Cyclin D pathway and this persists with addition of oxidative stress
suggesting that statins are more efficient when administered before the oxidative insult.
There was a survival benefit in treating EC with a statin in the context of oxidative stress.
The expression of Cyclin D was enhanced and Bax expression reduced, indicating that
statin therapy has a normalising effect on the cellular proliferative mechanism. This
experiment simulates the effects of statin at a cellular level in the context of oxidative
stress prevalent in conditions such as hypertension, hypercholesterolemia and diabetes.
This chapter, in addition provides some explanations for the clinical benefits observed in

the cardiovascular risk reduction by statin therapy.

Chapter 6 was designed to characterise the baseline response of EC to hypoxic
environment prior to pre-treatment with statins in chapter 7. Three doses of CoCl, were
chosen for hypoxic stress induction and 200umole/l CoCl, produced statistically significant
results which were ideal to test the response of statin. However 100umole/l was noted to
have minimal effect on the EC and 500umole/l produced significant toxicity and poor

quality surviving cells for further experiments.
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In addition, this experiment design helped obtain baseline information on EC proliferation
and apoptosis response to hypoxic stress. Hypoxia resulted in a dose related increase in
apoptosis which was associated with an increase in Bax expression. Although hypoxic
stress can directly act on MOMP and cytochrome c to increase EC apoptosis, this
experiment has demonstrated an increase in Bax levels. Previous studies on hypoxia in
piglet neuronal tissue have demonstrated a similar increase in Bax protein and this study
confirms that apoptosis due to hypoxia is mediated in EC through Bax (286). Bax is
uncoupled from the antiapoptotic Bcl-2 protein by hypoxic stress and this renders Bax
protein free to activate the caspase pathway.

Hypoxic stress produced a reduction in the proliferative function of EC. However this was
not associated with any detectable changes in the levels of Cyclin D. As discussed earlier,
Cyclin D levels are relatively static and its activity is determined by binding to CDK.
Hence, these findings are in keeping with the conclusions drawn from chapter 3.
Atherosclerosis and thromboembolic events can result in acute and chronic hypoxia on the
tissues and adversely affect the EC function. Hypoxia in the cellular environment has a
negative effect on cellular proliferation and induces apoptosis by enhanced expression of

Bax protein.

The modulating effects of statin therapy on the EC subjected to hypoxic stress were studied
in chapter 7. Hypoxic stress has deleterious effect on EC proliferation and promotes
apoptosis. The effect of pre-treatment of EC with statins is vital to understand how statins
modify the effects of oxidative stress on the equilibrium between cell apoptosis and

proliferation.
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The apoptotic phenomenon was reduced by statin pre-treatment before exposure to hypoxic
stress. Chapter 6 had shown that hypoxic stress without statin pre-treatment accelerated
apoptosis with consequent rise in Bax protein levels. Here, Bax protein levels were noted to
be reduced, offering EC protection against apoptosis. Hypoxia results in accelerated
anaerobic metabolism which is an abundant source of ROS and pre-treatment with statins
neutralise the effects of ROS by production of NO. This reduces the toxic effect of hypoxia
on the EC and promotes cell survival by inhibiting Bax protein activation.

Statin exposure resulted in enhanced cellular proliferation as evidenced by cellular
proliferation assay and cyclin D levels. Although a similar effect was not observed when
EC was subjected solely to hypoxic stress, pre-treatment with statin helped maintain
cellular proliferation which was associated with elevated cyclin D levels.

Hence statin pre-treatment offers survival benefit by reducing the apoptotic influence of
hypoxia and promoting cellular proliferation. This experiment demonstrates the protective
benefits of statin treatment in pathophysiological states of tissue ischemia causing cellular
hypoxia. Pre-treatment with a statin helps abrogate the apoptotic effects of hypoxia and
promote cellular proliferation ensuring that the integrity of the vascular endothelial lining is

maintained.

Chapter 8 examines the effects of acute statin withdrawal on EC. Compliance to statin
therapy is determined by various issues such as drug side-effects and also cost (287).
Various trials have demonstrated that statin withdrawal is associated with higher incidence
of cardiovascular morbidity and mortality (288-290). Hence withdrawal of statin is an issue
of high clinical relevance. This experiment was aimed at determining how statin

withdrawal affected the balance between cellular apoptosis and proliferation. Withdrawal
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of statin results in accelerated apoptosis and this was accompanied by an increase in the
levels of Bax protein expression. With removal of the rate limiting step in cholesterol
synthesis, the activation of the messenger proteins G is accelerated via Rho and Ras
proteins. This reaction is statin dependent and unblocking this rate limiting step results in a
flux of substrates undergoing activation and thus influencing Bax protein activation (291).
In addition, reversal of the beneficial effects of statin on EC by mevalonate suggests that

metabolites of the mevalonate pathway mediate activation of Bax protein synthesis.

The expression of Cyclin D remained unchanged with statin withdrawal. This observation
on Cyclin D was in keeping with the previous experiments where toxic effects on the cell
failed to produce any change to Cyclin D levels. This phenomenon has been discussed in

the earlier paragraphs.

Statin withdrawal disrupts the balance between cellular apoptosis and proliferation with
more cells undergoing apoptosis. This reduces the capacity of the EC lining the vessel wall
to repair damage and predisposes to atherosclerosis. This experimental model explains the

cellular basis for clinical events observed in statin withdrawal trials.

This work has clearly shown that statins exert a beneficial effect on EC survival by
favouring a proliferative response. This is however different to its effect on vascular
smooth muscle cell where it favours apoptosis. This difference in its effect is critical to
curtail the pathological changes of atherosclerosis on the vessel wall. In addition, this work
has shown that statins have a protective effect on EC in the context of hypoxia and

ischemia by modulating intracellular mechanisms such as Bax protein and Cyclin D.
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These beneficial effects of statins can be extrapolated to the clinical scenario of ischemia
reperfusion. The mechanisms involved here include an initial ischemic insult on the cell
resulting in hypoxic damage to the cellular mechanisms. Subsequent reperfusion exposes
the cell to ROS and oxidative stress. This causes EC damage and death with predisposition
to a prothrombotic state.

Statins are well documented to have anti-inflammatory and anti-thrombotic effects as
discussed in the introduction. In addition, the evidence from this work supports the
hypothesis that statins offer EC a survival benefit by modulating the deleterious effects of
hypoxia and oxidative stress. Animal studies on ischaemia reperfusion have demonstrated
benefits from the use of a statin (292, 293). However the mechanisms involved at the
cellular level remain unknown and future studies in this direction would be invaluable to

understand the cellular responses to this complex phenomenon.
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