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Abstract
Atherosclerosis is characterised by the deposition and accumulation of modified lipids in
the subendothelial space of the arterial wall, as well as vascular remodelling leading to
atherosclerotic plaque formation. Restenosis is a known complication of the surgical
interventions used to treat atherosclerosis and results in neointimal thickening, in part by
the action of vascular smooth muscle cells (VSMCs). Various physiological effects have
previously been attributed to the action of oxidised low density lipoproteins leading to an
exacerbation of the inflammatory response and vascular remodelling processes in
atherosclerosis and restenosis. Little is known to date about the effects of individual
modified lipids generated by the action of phagocytic myeloperoxidase (MPO) on these
processes.

The aim of the present study was to investigate the biological effects of

modified lipids, both chlorinated and oxidised species, in vascular injury and disease,
focussing primarily on their effects on vascular smooth muscle (VSM). Primary VSMCs
were used to examine the effects of these modified lipids at a cellular level.
Chlorinated lipids, phospholipid chlorohydrins and alpha-chloro fatty aldehydes were
found to have a limited effect on VSMC proliferation, viability or migration whereas,
oxidised phospholipids caused a concentration-dependent reduction in all of these vascular
remodelling processes.

As AMP-activated protein kinase (AMPK) has recently been

implicated in vascular disease and found to exert anti-apoptotic effects, the impact of
AMPK signalling on the effects of the modified lipids in VSM was assessed. Activation of
AMPK

prior

to

incubation

of

1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine

chlorohydrin resulted in an increase in VSMC proliferation while a greater level of VSMC
death was observed after treatment with the oxidised phospholipid, 1-palmitoyl-2oxovaleroyl-sn-glycero-3-phosphocholine than with the lipids alone. The occurrence of
these modified lipids in neointima formation was subsequently investigated using a carotid
artery injury model in healthy and atherosclerotic mice (mice deficient in apolipoprotein E,
ApoE-/-). Neointimal growth and levels of plasma MPO were increased in ApoE-/- mice
resulting in elevated levels of lysophosphatidylcholines and altered relative proportions of
phosphatidylcholines (PCs) in injured carotid arteries compared to their contralateral
uninjured right carotid arteries. Finally, in vivo AMPK activation by administration of 5aminoimidazole-4-carboxamide-1-β-D-ribofuranoside

(AICAR)

in

healthy

and

atherosclerotic mice and its effect on the lipid profile of the aorta were characterised.
Chronic AMPK activation resulted in a reduction in mean arterial and diastolic pressures
xix

as well as a dramatic increase in pulse pressure in ApoE-/- mice compared to their salinetreated littermates. Plasma MPO was elevated in AICAR-treated ApoE-/- mice with an
alteration in the relative intensities of PCs in aortae of AMPK activated ApoE-/- mice.
The present study is the first report of divergent effects of different classes of modified
lipids on vascular remodelling processes and how these processes may be modulated by
AMPK signalling in VSM in atherosclerosis. In addition, this study has generated novel
data on the relative changes in distribution of PCs in carotid arteries after vascular injury as
well as in aortic tissue of healthy and atherosclerotic mice after AMPK activation.
Additional analysis is required to confirm these differences which could offer further
insight into the involvement of modified lipids in vascular diseases. This study has also
highlighted a novel interaction of AMPK signalling and modified lipids in VSM and could
therefore provide novel therapeutic targets in the treatment of both atherosclerosis and
restenosis.

xx
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1.1 Cardiovascular system
1.1.1 Structural organisation
The cardiovascular system (CVS) transports and distributes essential substances such as
gases, nutrients and hormones to various cells and tissues in the body through its intricate
network of blood vessels.

It is also responsible for the clearance of by-products of

metabolism and is crucial in the maintenance of body temperature by transport of heat as
well as monitoring the water content of cells. The main components of this circulatory
system are the heart, blood and blood vessels. Oxygenated blood from the lungs is ejected
from the left ventricle of the heart and flows through the aorta to be distributed to the
peripheral tissues. The muscular aorta undergoes repeated arterial branching, ultimately
resulting in the formation of thin-walled capillaries which allow for diffusion of gases and
metabolites between the blood and cells of the body.

1.1.2 Structure of the arterial wall
The arterial wall is made up of three concentric layers: the tunica intima, tunica media and
tunica adventitia with each layer composed of phenotypically distinct cell types (Levick,
2003). The innermost layer, the tunica intima, exists as a monolayer of endothelial cells
attached to a thin layer of connective tissue; the basal lamina. Endothelial cells encircle
the lumen of the vessel and are in constant contact with blood releasing vasoactive agents
such as the potent vasodilators prostacyclin and nitric oxide (NO). The tunica media
consists chiefly of vascular smooth muscle cells (VSMCs) arranged helically in a matrix of
collagen and elastin fibres with the internal and external elastic lamina (EEL) marking the
boundaries of the layer.

The tunica media is responsible for regulating the arterial

diameter and therefore vascular tone, as it is the only vascular layer capable of producing a
contractile response. The outermost layer, the tunica adventitia, is a connective tissue-rich
sheath containing collagen and elastin fibres with no distinct outer border. The adventitia
aids in the stability and anchoring of the vessel and contains tiny blood vessels called the
vasa vasorum which supplies nourishment to the medial layer.

1.1.3 Vascular smooth muscle function
Vascular smooth muscle (VSM) is continuously active with the concentration of cytosolic
calcium (Ca2+) being the major determinant of vasoconstriction or vasodilation (Levick,
2003). The movement of Ca2+ in the cytosol results from a change in membrane potential
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or the activation of receptors by contractile agents (Rang et al., 2007). This results in the
production of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol from the hydrolysis of
phosphatidyl inositol-bisphosphate by phospholipase C. Following activation, IP3 causes
Ca2+ release from its internal store, the sarcoplasmic reticulum (SR) via the IP3 receptor.
The calcium-binding protein calmodulin forms a complex with Ca2+ which in turn activates
myosin light chain kinase. The activated enzyme phosphorylates smooth muscle myosin
light chain (SM MLC), a process driven by adenosine triphosphate (ATP). This results in
the interaction of SM MLC with alpha smooth muscle actin (αSMA) filaments, initiating
crossbridge cycling and the generation of force which in turn produces contraction. For
relaxation to occur, the level of free cytosolic Ca2+ must decrease which occurs by the
movement of Ca2+ back into the lumen of the SR via the sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA) pump with the hydrolysis of ATP. Thus, VSM regulates the
luminal diameter of the vessel and therefore is fundamental in vascular tone as well as
arterial blood flow and pressure.

1.1.4 Cardiovascular disease
The term cardiovascular disease (CVD) encompasses all diseases involving the heart and
circulatory system including coronary artery disease (CAD), hypertension and stroke.
CVD remains the leading cause of premature death (in people below the age of 75) in the
U.K. today, claiming 28 % of men and 20 % of women in 2008 (www.heartstats.org,
2012). CVD is a multifactorial disease with interactions of both genetic and environmental
risk factors including lifestyle, smoking and diet, playing their part in the prevalence of the
disease. CAD and stroke are two of the biggest killers and the unhealthy diet of many
people living in the West of Scotland results in an extremely high incidence, with the
highest death rate from CAD in the U.K. occurring in this region. In contrast, there is a
low occurrence of CVD and reduced mortality rate within the French population despite a
high intake of saturated fats in their diet, known as the “French paradox” (Criqui and
Ringel, 1994).

This is attributed to the high consumption of red wine, containing

molecules such as the antioxidant resveratrol which is thought to be beneficial in the
prevention of CVD (reviewed in Lippi et al. (2010)). With CAD responsible for around a
third of all deaths in the U.K., it has been reported to cost the health care system around
£3.2 billion in primary patient care in 2006 with this value increasing up to £3.9 billion
with the addition of loss of productivity costs (www.heartstats.org, 2012). Although the
numbers of people with CVD has been falling in recent years, there is still a vital need for
continued research within this area leading to new prevention strategies and treatments.
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1.2 Atherosclerosis
One of the major causes of both CAD and stroke can arise from the same common
problem; the presence of atherosclerosis in the vasculature.

Atherosclerosis is a

progressive disease characterised by a thickening and hardening of the arterial wall,
affecting large (aorta) and medium-sized (carotid, coronary, etc.) muscular and elastic
arteries of the CVS (Ross, 1999a). The narrowing or complete occlusion of the luminal
area of these arteries results in reduced blood flow and depending on the artery affected
can ultimately lead to myocardial infarction (MI) or stroke.

High plasma levels of

circulating cholesterol-containing lipoproteins such as low density lipoproteins (LDL) is a
primary risk factor as disease progression is attributed to lipid deposition and accumulation
within the subendothelial space. The pathology of atherosclerosis matures over many
years from the initial fatty streak, which can occur from childhood, up to an advanced,
complex lesion. However, most clinical manifestations are not observed until the disease
has progressed extensively and there is a large reduction in the diameter of the arterial
lumen, usually presenting clinically as angina-like symptoms.

1.2.1 Classification of atherosclerotic lesions
In the early nineties, the American Heart Association’s Committee on Vascular Lesions
devised a numerical classification of atherosclerotic plaques by consideration of the
composition and structure of the lesions (Stary et al., 1992, Stary et al., 1994, Stary et al.,
1995). Both type I and II lesions refer to small lipid deposits in the arterial wall, usually
termed early lesions. Type I lesions are the first detectable lipid deposits observed in the
intima of muscular arteries and are not usually visible to the naked eye. In contrast, type II
lesions include the formation of fatty streaks in atherosclerosis-prone regions which are
usually the first recognisable characteristic of atherosclerosis. Typically, areas susceptible
to lesion formation are arterial bifurcation points that are subjected to high pressure and
turbulent flow. Type III lesions manifest as the link between early and advanced plaque
formation and termed the transitional lesion.

These lesions accumulate additional

extracellular lipid pools in the medial layer causing greater intimal thickening. The first
plaques classified as advanced are type IV lesions due to the formation of an extensive
extracellular lipid core while type V lesions also contain fibrous connective tissue. These
forms of plaques are largely responsible for the morbidity and mortality associated with
atherosclerosis. Large complicated lesions have now been classified as type VI, VII and
VIII lesions with the presence of surface disruptions and the predominance of calcification
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and fibrous tissue respectively, which carry a high risk of thrombotic events due to the
rupture of the fibrous cap of vulnerable plaques (Stary, 2000). In some cases, this can lead
to acute closure of the vessel, resulting in a MI or can, in subacute cases, cause transient
ischaemic events as seen in patients with unstable angina.

1.2.2 Pathophysiology of atherosclerosis
Atherosclerosis is now widely acknowledged as an inflammatory disease with the first step
in disease progression believed to occur via dysfunction of the endothelium (Ross, 1999b).
This can occur at regions of arterial branching where there is turbulent flow and is
enhanced by a combination of endogenous factors including elevated levels of modified
LDL as well as environmental factors such as free radicals present in tobacco smoke
(Bassiouny et al., 1994, Ross, 1999a). Chronic infections have also been suggested to
initiate damage to the intima of the vessel (reviewed in Libby et al. (1997)).
Compensatory mechanisms that change the homeostatic control of the endothelium
subsequently occur to overcome the initial damage (Ross, 1999a).

Damage to the

endothelium and the presence of high plasma levels of circulating LDL leads to deposition
of these lipids in the subendothelial space of the arterial wall (Davignon and Ganz, 2004).
Cholesterol-rich LDL is then subjected to oxidative and enzymatic attack which will be
discussed in greater detail in Section 1.3.2 (Skalen et al., 2002). The modification of LDL
results in the activation of endothelial cells which leads to the expression of inflammatory
cell adhesion molecules and the recruitment of blood-borne monocytes (Shih et al., 1999,
Glass and Witztum, 2001). This facilitates the adherence of leukocytes to the damaged
endothelium and results in the transmigration of these cells into the intimal layer by the
action of chemokines such as monocyte chemotactic protein-1 (MCP-1). Once inside the
arterial wall, migrated monocytes mature into activated intimal macrophages by the action
of macrophage colony-stimulating factor which also results in the up-regulation of
scavenger receptors (Yan and Hansson, 2007). Macrophages internalise oxidised LDL
(oxLDL) particles in an uncontrolled manner giving rise to lipid-laden foam cells. An
illustration of the foam cell and subsequent atherosclerotic plaque formation is presented in
Figure 1.1. Macrophage foam cells secrete a variety of pro-inflammatory products such as
cytokines and reactive oxygen species (ROS) which worsen the inflammatory response, as
well as resulting in VSMCs proliferation and migration (Libby, 2002). Accumulation of
foam cells results in the formation of fatty streaks, the type II plaques which consist mainly
of inflammatory cells (Stary et al., 1994). The artery can then undergo positive vascular
remodelling causing the lumen to be unaffected, thereby negating the effect on blood flow.
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However, these fatty streaks continue to grow with the accumulation of more foam cells,
dead macrophages, lipids and VSMCs forming advanced atherosclerotic plaques. These
lesions contain fibrous connective tissue which forms a fibrous cap and, with the addition
of inflammatory cells, lipids and debris over time becomes thinner and more vulnerable,
exposing the inner layer which is pro-thrombotic (Ross, 1999a). Fibrous cap erosion can
occur in numerous ways including inflammation which leads to apoptosis as well as the
absence of Ca2+ in the fibrous cap causing it to become weak and fragile (Mitra et al.,
2004). This results in exposure of the necrotic lipid core to circulating blood causing
thrombosis formation and a potentially fatal cardiovascular event.
1.2.2.1 Inflammatory cell recruitment
Both monocytes and macrophages are influential in the development of atherosclerotic
plaques and present at every stage of atherogenesis (reviewed in Moore and Tabas (2011)).
Monocyte recruitment has been shown to be a rate-limiting step in the formation of lesions
as they are responsible for the secretion of multiple pro-inflammatory agents including
cytokines, chemokines and matrix metalloproteinases (MMPs) (Ross, 1995, 1999a). This
is significant as these extravasated inflammatory cells can then multiply within the lesion
leading to the release of additional cytokines and chemokines. This in turn attracts more
inflammatory cells to the site of action causing further damage to the endothelium (Ross,
1999a). This forms the basis of the response-to-injury hypothesis where the inflammation
begins as a protective measure and then due to the continued response can become
detrimental to the vessel (Ross, 1999b). In atherosclerotic mice, monocyte attachment has
been observed through all phases of atherosclerosis (Reddick et al., 1994). This process
occurs through the binding of these inflammatory cells to various vascular adhesion
molecules such as P-selectin, vascular cell adhesion molecule-1 (VCAM-1) and
intracellular adhesion molecule-1 (ICAM-1), expressed on the endothelium.

Mice

deficient in VCAM-1 display reduced atherosclerosis while the loss of ICAM-1 or Pselectin is protective against atherosclerosis highlighting the importance of these adhesion
molecules in disease progression (Collins et al., 2000). Selectins present on the endothelial
surface attract and capture circulating leukocytes and monocytes which are then activated
by endothelial chemokines. This promotes rolling of the activated cells resulting in firm
adhesion followed by transmigration into the intima (Muller, 2003). Once inside the
arterial wall, monocytes mature to activated macrophages with the overexpression of
scavenger receptors, notably the scavenger receptor class A (SRA) and the class B
scavenger receptor, CD36 (Kunjathoor et al., 2002). This leads to the uncontrolled uptake
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of oxLDL by macrophages and the formation of lipid-loaded foam cells, a prerequisite for
the development of atherosclerosis (Suzuki et al., 1997).

However, alternative

mechanisms of lipid uptake may also be in operation as hyperlipidaemic mice lacking in
SR-A and CD36 still demonstrate macrophage foam cell formation and atherosclerotic
lesions (Moore et al., 2005). The increased quantity of leukocytes such as neutrophils can
also provide a source for the modification of lipids, discussed in detail in Section 1.3.
Taken together, this highlights the inflammatory nature of atherosclerosis and the need for
inflammatory cell recruitment for disease progression.
1.2.2.2 Involvement of VSMCs
While inflammatory cells are essential in the development of foam cells and fatty streaks,
VSMCs become more dominant as atherosclerosis progresses (Raines and Ross, 1993). In
a normal adult blood vessel, the VSMC doubling time is greater than 80 years whereas in
atherosclerosis this is reduced to about 20 years and found to be only about 4 weeks in vein
grafts. The phenotype of intimal VSMCs within atherosclerotic lesions is found to differ
significantly from their medial counterparts (Mosse et al., 1985). Medial VSMCs usually
express high levels of smooth muscle myosin heavy chain (SM MHC) and αSMA as these
proteins are involved in the contractile function of the cell (Owens et al., 2004). In
contrast, intimal VSMCs have a high proliferative index and express much lower levels of
SM MHC and αSMA.

VSMCs exhibit this plasticity as they are not terminally

differentiated and can therefore undergo phenotypic switching from a quiescent
“contractile” phenotype to an active “synthetic” state, displayed in Figure 1.1 (Campbell
and Campbell, 1994, Gomez and Owens, 2012). This can occur in response to numerous
pro-inflammatory and atherogenic stimuli including components of the extracellular matrix
(ECM), cytokines and modified lipids (Thyberg and Hultgardh-Nilsson, 1994, Hautmann
et al., 1997, Pidkovka et al., 2007). In addition to macrophages, VSMCs are responsible
for a significant number of lipid-loaded foam cells in atherosclerosis due to increased
expression of scavenger receptors facilitating more efficient lipid uptake and foam cell
formation (Stary et al., 1994, Rong et al., 2003). VSMCs are also key producers of ECM
in both healthy and atherosclerotic vessels with synthetic VSMCs able to produce up to 25
to 46 times more collagen and therefore able to synthesis large amounts of ECM,
contributing to vascular remodelling (Doran et al., 2008, Ang et al., 1990).
Synthetic VSMCs also assist in remodelling as they are able to migrate and proliferate
more readily than their contractile counterparts.

VSMCs undergo proliferation in a
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regulated cell cycle. Quiescent VSMCs are usually maintained in a nonproliferative phase,
gap 0 (G0) and only enter interphase, firstly to the gap 1 (G1) checkpoint when stimulated
after injury or disease. During this time, all the factors necessary for DNA replication are
produced and assembled for the synthetic (S) phase after which VSMCs enter another gap
phase, G2, in preparation for mitosis (M). Restriction points at the G1-S and G2-M
junctions ensure orderly cell cycle progression controlled by cyclins and other regulatory
proteins (Dzau et al., 2002). Although an important component of atherosclerosis, the
proliferation rate of VSMCs in lesions has been revealed to be relatively low using
antibodies to cell cycle-related proteins with a similar result observed with macrophages
(Gordon et al., 1990). VSMC proliferation can be induced by a variety of mechanisms
including mechanical stress and growth factors (reviewed in Rivard and Andres (2000)). A
lower proliferative index may suggest a greater role of migratory VSMCs from the medial
layer in remodelling of the arterial wall.

There are a variety of signal transduction

pathways found to induce traction force and therefore VSMC migration, reviewed in
Gerthoffer (2007). These include activation of the p38 mitogen-activated protein kinase
(MAPK) and Rho-activated protein kinase (ROCK).

VSMC migration occurs by

subsequent remodelling of the cytoskeleton and a change in the matrix adhesiveness
resulting in activation of motor proteins in the VSMC. There is also a link between
migration and proliferation as VSMCs were found to migrate in the G1 phase but not in
later stages of the cell cycle (Fukui et al., 2000).
In addition to proliferation and migration, cell death plays a critical role in vascular
remodelling and contributes to the pathophysiology of atherosclerosis (Gibbons and Dzau,
1994). Programmed cell death or apoptosis is an intrinsic mechanism of cell suicide
involving cell shrinkage and chromatin condensation with subsequent fragmentation of
DNA. Defective or inappropriate apoptosis plays a role in remodelling of the vasculature
in atherosclerosis (Bennett and Boyle, 1998, Mallat and Tedgui, 2000). Apoptosis in
VSMCs and macrophages can promote inflammation, accelerate atherosclerosis as well as
alter the composition of atherosclerotic lesions (Clarke et al., 2008, Ait-Oufella et al.,
2007). There are a variety of triggers including both intrinsic and extrinsic signals, which
are thought to induce VSMC apoptosis in atherosclerotic lesions. Similar to proliferation
and migration, there are numerous pathways involved in VSMC apoptotic signalling
including activation of the caspase cascade (reviewed in Bennett and Boyle (1998) and
Mallat and Tedgui (2000)). Collectively, this emphasises the significance of VSMCs in
the development and progression of atherosclerosis as well as in arterial remodelling.
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ATHEROSCLEROSIS

Endothelial dysfunction
Deposition of LDL in arterial wall
Expression of adhesion molecules

Leukocyte adhesion and migration
Macrophage accumulation
Proliferation and migration of VSMCs

Uncontrolled uptake of
lipid leading to the
formation of foam cells

Foam cell accumulation
Fibrous cap formation

Phenotypic switching of VSMCs

Contractile

Synthetic

Figure 1.1 – Formation of foam cells and plaques in atherosclerosis and the
importance of VSMCs in disease progression.
The large clear lumen of a normal artery is drastically reduced after the formation of an
advanced atherosclerotic plaque. Lesion formation occurs after endothelial dysfunction
which causes the expression of adhesion molecules and in turn, the migration of
inflammatory cells to the site of injury. This results in the accumulation of macrophages
as well as the proliferation and migration of VSMCs after phenotypic switching from a
contractile to a synthetic state. Lipid-laden foam cells are then formed by the uncontrolled
uptake of deposited lipid by macrophages and VSMCs. This results in the formation of
fatty streaks which develop into advanced atherosclerotic plaques with the addition of a
fibrous cap.
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1.2.3 Atherosclerosis and hypertension
Atherosclerosis and hypertension are closely related but separate cardiovascular disorders
which combined leads to an extremely high risk of CAD and MI (Lithell, 1994). Similar to
atherosclerosis, hypertension is a multifactorial process involving the interaction of genetic
and environmental factors resulting in an elevation of arterial blood pressure.
Hypertension is both a predisposing risk factor and a consequence of atherosclerosis and
causes VSMCs in the arterial wall to grow either by hyperplasia, an increase in number or
hypertrophy, an increase in mass (Dzau and Gibbons, 1988). The mechanisms of this
synergistic effect between atherosclerosis and hypertension are not well understood.
Previous clinical trials have shown a strong correlation between hypertension and the risk
of developing atherosclerosis highlighted by the predominance of atherosclerotic plaques
in areas of the vasculature subjected to high pressures and turbulent flow (Kannel et al.,
1986, Alexander, 1995). LDL from hypertensive patients is also more vulnerable to
oxidation in vitro than LDL isolated from normotensive patients (Maggi et al., 1993). In
animal models, angiotensin II-induced hypertension increased plaque area in the thoracic
aorta of atherosclerotic mice compared to their healthy wild type counterparts (Weiss et
al., 2001).

Both atherosclerosis and hypertension have also been shown to enhance

oxidative stress within the arterial wall leading to an exacerbated phenotype which can
further accelerate atherosclerotic progression (Alexander, 1995).

1.2.4 Animal models of atherosclerosis
As atherosclerosis is a highly complex multifactorial disease, it has proved difficult to
produce an animal model with all the characteristics required. Previously, the majority of
animal models available for research were large animals such as dogs, pigs and rabbits.
Dogs are not ideal models as they do not develop spontaneous atherosclerosis and large
modification of their diet as well as concomitant thyroid suppression was needed in order
to produce lesions (Geer, 1965). Similar to dogs, rabbits do not develop spontaneous
atherosclerosis; however, they respond quickly to dietary cholesterol manipulation and
produce vascular lesions (Schenk et al., 1966, Drobnik et al., 2000).

Pigs fed with

cholesterol were found to exhibit similar distribution and morphology to human
atherosclerotic lesions making them a desirable model (Ratcliffe and Luginbuhl, 1971).
However, the cost, as well as the difficulties in handling due to their size and weight, has
made the pig model an impractical choice for many researchers. The handling issues were
overcome by the development of mini pigs; however, these animals are still very expensive
10
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and difficult to obtain (Swindle et al., 1988). Mice are ideal experimental models in the
pursuit of finding and testing new therapeutic agents due to their small size, short breeding
time, ready availability and simple husbandry. For atherosclerosis research, the major
drawback is that mice are highly resistant to atherosclerosis. The plasma cholesterol in
mice is mainly found in the anti-atherogenic high density lipoproteins (HDL) and low
levels in proatherogenic LDL and very low density lipoproteins (VLDL), which is in
contrast to humans who are high in LDL and low in HDL. The only exception to this is the
C57BL/6 mouse strain which when fed on a high cholesterol diet develops lesions. This
strain of mouse is one of the most widely used in the production of experimental models of
human diseases as a genetic background. Transgenic and knockout mice became the focus
in the development of a suitable atherosclerotic mouse model with the first genetically
altered models of atherosclerosis being created in the early nineties.
1.2.4.1 Mice deficient in apolipoprotein E
In both mice and humans, apolipoprotein E (ApoE) is one of the major genes involved in
determining plasma lipid levels and is synthesised in the liver, brain and other tissues. It is
also a structural component of all lipoprotein particles except LDL and acts as a ligand for
the LDL receptor and LDL receptor-related proteins thereby promoting the specific uptake
of atherogenic particles from the circulation. In 1992, mice deficient in ApoE (ApoE-/-)
were generated by the inactivation of ApoE by gene targeting in mouse embryonic stem
cells (Piedrahita et al., 1992, Plump et al., 1992). Targeting plasmids were used which
replaced part of the apoE gene and disrupted its structure. The homozygous animals
created appeared to be healthy, displayed normal development and were comparable in
body weight to wild type mice. However, major differences were observed in relation to
the lipid and lipoprotein profiles in the ApoE-/- mice. The total plasma cholesterol levels
were dramatically increased and were up to five times higher than their wild type
littermates. This was due to the loss of clearance of the excess lipoproteins from the
plasma resulting in an altered lipoprotein profile with ApoE-/- mice having a high level of
atherogenic VLDL (Jawien et al., 2004).

ApoE-/- mice develop spontaneous

atherosclerosis, with the first signs of the disease occurring at about 6 to 8 weeks of age.
These include monocyte adhesion, disruption of the subendothelial elastic lamina and
initial foam cell formation which is accelerated further by high fat feeding (Nakashima et
al., 1994, Coleman et al., 2006). Previous studies have shown ApoE-/- mice to exhibit
similar blood pressure recordings to control mice (Gervais et al., 2003, Hartley et al.,
2000). However, continuous blood pressure measurements over a 24 hour period revealed
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ApoE-/- mice to have elevated systolic and diastolic pressures as well as increased heart
rate compared to C57BL/6 control mice and an elimination of circadian cycles (Pelat et al.,
2003). This highlights the ApoE-/- mouse as an attractive animal model due to the benefits
of using a mouse model as well as displaying a similar morphology to human
atherosclerosis progression. In addition, mice deficient in the LDL receptor (LDLr-/-) is
another mouse model used in the investigation of familial hypercholesterolaemia. LDLr-/mice were developed in 1993 and show a more modest change in total plasma cholesterol
levels compared to ApoE-/- mice (Ishibashi et al., 1993). The use of mouse models of
atherosclerosis has greatly accelerated research within this area.

1.3 Modification of phospholipids and LDL in
atherosclerosis
Lipid deposition and accumulation is one of the hallmarks of atherosclerosis. There are a
large number of potential targets for phospholipid modification in vivo as phospholipids
are the major components of both cellular membranes and circulating plasma lipoproteins.
Glycerophospholipids are a class of phospholipids containing a phosphatidyl group linked
to a glycerol molecule, which is substituted with two fatty acids. These phospholipids are
classified depending on the alkyl chains attached to the phosphatidyl group.
Phosphatidylcholines (PCs) are the most abundant species with phosphatidylethanolamines
(PEs)

and

sphingomyelins

(SMs)

also

contributing

a

substantial

proportion.

Phosphatidylserines (PSs) are less abundant and found normally in the inner leaflet of the
plasma membrane while phosphatidylinositols (PIs) are usually cellular rather than
circulating lipoprotein components. Apoptotic cells and bodies have been reported to
contain increased levels of biologically active phospholipid oxidation products,
highlighting the occurrence of oxidative damage in vascular disease (Huber et al., 2002).
With regard to lipoproteins, most research has focussed on the formation of oxidised
phospholipids in LDL particles in CVD and atherosclerosis.

1.3.1 LDL particles
Lipoproteins are lipid-protein complexes and their primary function is as a method of
transport for lipids and primarily cholesterol in the blood due to their insoluble nature.
LDL is formed in a two step process with a variable fraction of each of the lipoproteins
being formed at each step (Havel, 1984). The liver synthesises VLDL which is secreted
into the bloodstream where lipoprotein lipases in peripheral capillaries partially hydrolyse
the molecule causing the lipolytic removal of most of the triglycerides present in VLDL.
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After lipolysis occurs, the particles are called intermediate density lipoproteins (IDL). IDL
is then transported back to the liver where further transformation can occur with the
removal of more triglycerides and alteration of the protein component forming LDL
particles which transport exogenous and endogenous cholesterol to peripheral tissues.
LDL leaves the bloodstream through capillary pores or across the endothelium by vesicular
transport to target tissues. Any cholesterol that is not used is removed by active transport
mediated by the ATP-binding cassette transporters, ABCG1 and ABCA1 and is absorbed
by HDL and subsequently cleared by the liver by reverse cholesterol transport to maintain
physiological levels of circulating cholesterol (Martini, 2006, Berne et al., 2004).
The LDL particle is complex containing several different components and proposed to be a
three-layer spherical molecule usually about 25 nm in diameter. It comprises a polar
hydrophilic outer surface, interfacial layer and non-polar hydrophobic core (Hevonoja et
al., 2000). One LDL particle is known to contain approximately 600 molecules of free
cholesterol, 1600 molecules of cholesteryl esters, 185 molecules of triglyerides in the core
and the outer surface layer comprising of around 700 phospholipid molecules, mainly PCs
and SM with about 450 and 185 molecules respectively (Gotto et al., 1986). LDL particles
also contain other phospholipids such as lysophosphatidylcholines, PEs and PIs to a much
lesser extent. In addition to the lipids present, LDL contains a protein component of one
molecule of apolipoprotein B-100 (ApoB-100) which is made up of 4536 amino acid
residues and wraps around the surface of the particle (Yang et al., 1986, Knott et al.,
1986). LDL particles are a heterogeneous group of molecules and vary in both diameter
and density from about 18 to 25 nm and 1.019 to 1.063 g/ml respectively (Kumar et al.,
2011). This is important as small dense LDL particles have been identified as an emerging
cardiovascular risk factor by the National Cholesterol Education Program Adult Treatment
Panel III (2002) as they are more susceptible to oxidative modification than more buoyant
particles of LDL (Chait et al., 1993). The unsaturated nature of the fatty acyl chains of
phospholipids present in the LDL particle such as cholesteryl esters, triglycerides and
phospholipids means these molecules are particularly vulnerable to oxidation as well as the
protein component, ApoB-100.

1.3.2 Oxidation of LDL
LDL isolated from plasma of normolipidaemic patients was first found to induce cell death
in cultured human vascular cells while HDL had no detrimental effects (Hessler et al.,
1979). Structural modification of LDL was thought to be required in order for the particle
13
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to induce pro-atherosclerotic effects as native LDL was taken up by macrophages at a rate
that was insufficient to produce lipid-laden cells (Brown and Goldstein, 1983). Another
group found that incubation with native LDL did not lead to foam cell formation and later
found that cultured cells could modify LDL to a form that was recognised by macrophage
scavenger receptors (Henriksen et al., 1981, 1983). These structural changes were found
to be due to oxidative modification of the LDL particles (Steinbrecher et al., 1990). The
oxidative hypothesis of atherosclerosis was then proposed whereby oxidative modification
of LDL is essential for the formation and progression of the disease due to uptake and
accumulation of oxLDL by macrophages (Witztum, 1994). The term oxLDL, does not
describe a well characterised molecular species as different laboratories use different
conditions and mechanisms of oxidation which leads to different extents to which LDL
will become oxidised. There are also large variations due to the heterogeneous nature of
the native LDL particles. Depending on the mechanism of oxidation as well as the length
of incubation, oxidation of LDL can refer to modification of all components of the particle
including lipids and protein. However, the term minimally-modified LDL (mmLDL)
usually refers to a particle where the lipids and not the protein component is oxidised.
1.3.2.1 Sources of LDL and phospholipid oxidation
The potential sources of LDL and phospholipid oxidation are shown in Figure 1.2
including a selection of biological effects attributed to these modifications, discussed in
Section 1.3.3. Many cell types, including vascular cells such as endothelial cells and
VSMCs as well as inflammatory cells such as leukocytes, can modify LDL in vitro
(reviewed in Witztum and Steinberg (1991)). One of the principal methods of oxidation is
via the action of enzymes, both by direct enzymatic attack and their production of reactive
species. The enzyme, 12/15-lipoxygenase acts directly by catalysing the oxygenation of
arachidonic acid at carbon 12 and/or carbon 15 and is capable of oxidising both LDL and
phospholipids. 12/15-lipoxygenase and apoE double knockout mice fed on a high fat diet
had reduced atherosclerotic plaque formation compared with ApoE-/- mice expressing the
enzyme, indicating its importance in vivo (Cyrus et al., 1999). There are also a number of
enzymes involved in the production of free radicals with the ability to modify LDL
including myeloperoxidase (MPO), NAPDH oxidase (Griendling et al., 2000) and nitric
oxide synthase (NOS) (Vasquez-Vivar et al., 1998). The mechanism of modification of
both LDL and phospholipids by the phagocytic enzyme, MPO is of particular interest to
this study and will be discussed further in Section 1.3.4. Exogenous sources including
smoking, UV radiation and atmospheric pollution also have the potential to modify LDL
14
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and phospholipids with tobacco smoking containing a large quantity of free radicals in
both the gas and tar phase (Church and Pryor, 1985). A commonly used in vitro model for
producing oxLDL is the exposure of LDL particles to transition metals. Incubation of
LDL with copper or iron leads to extensive oxidation of the particles (Steinbrecher et al.,
1984, Heinecke et al., 1984); however the contribution of this source of oxidation in vivo is
thought to be relatively low. Furthermore, iron-containing haemoglobin is another source
for LDL modification by oxidatively cross-linking with ApoB-100 (Ziouzenkova et al.,
1999). The different mechanisms of oxidation have also been implicated at different stages
of atherosclerosis, for example, 12/15-lipoxygenase which is thought to be important in
early plaque formation (reviewed in Gaut and Heinecke (2001)). Together, this highlights
different mechanisms and sources available in vivo for the modification of LDL and
phospholipids which causes a variety of physiological effects witnessed in the progression
of atherosclerosis.

1.3.3 Physiological effects of oxidised phospholipids
Oxidised 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (oxPAPC) is often
used as a model system for the biological effects of oxLDL, as it was found to mimic some
of its actions in vitro (Watson et al., 1997).
phosphocholine (PGPC) and

1-palmitoyl-2-glutaroyl-sn-glycero-3-

1-palmitoyl-2-oxovaleroyl-sn-glycero-3-phosphocholine

(POVPC) are the truncated products formed from the autoxidation of 1-palmitoyl-2arachidonoyl-sn-glycero-3-phosphocholine (PAPC), present in mmLDL and could be
critical markers in the progression of atherosclerosis (Watson et al., 1997). As mentioned
earlier, phenotypic switching of VSMCs from a contractile state to a synthetic one is
influential in the primary stages of the disease (Owens et al., 2004).

Oxidised

phospholipids, POVPC and PGPC induced phenotypic switching of VSMCs with the
transformation of these cells occurring both in vitro and in vivo (Pidkovka et al., 2007).
The oxidised phospholipids were found to decrease expression of αSMA and SM MHC as
well as induce nuclear translocation of a known smooth muscle repressor gene, Krüppellike transcription factor 4 (Klf4) (Pidkovka et al., 2007). POVPC was also found to induce
Klf4 expression directly in cultured VSMCs (Yoshida et al., 2008). Furthermore, exposure
of anti-inflammatory M2 macrophages to oxLDL results in the switching of these cells to a
pro-inflammatory status causing the accumulation of oxLDL and the enhanced secretion of
MCP-1 (van Tits et al., 2011). Oxidised phospholipids and LDL are implicated in nearly
every stage of the pathogenesis of atherosclerosis.
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1.3.3.1 Remodelling processes
Remodelling of the vasculature in atherosclerosis involves various cellular processes such
as VSMC proliferation, apoptosis, migration, leukocyte adhesion and formation of ECM
(Gibbons and Dzau, 1994). The physiological effects of oxidised phospholipids have
previously been investigated in terms of proliferation and apoptosis of VSMCs while very
little on the effects of these lipids on migration or production of ECM has been examined.
A biphasic response has been reported for oxidised phospholipid effects on remodelling
processes with a proliferative action observed at lower concentrations and apoptosis
predominating at higher levels (Auge et al., 2002). The length of exposure of these
biological active lipids with VSMCs is also an important factor with longer treatments
resulting in oxidised phospholipid-induced apoptosis (Chahine et al., 2009). This suggests
a balance exists in VSMCs between proliferative and apoptotic effects of oxidised
phospholipids which is an important feature of both atherosclerosis and restenosis; a
common side effect of cardiological interventions to treat atherosclerosis, characterised by
the proliferation and migration of VSMCs (Section 1.5).
Proliferation of vascular cells within vessels is essential for the progression and formation
of atherosclerotic plaques. POVPC, but not PGPC, was suggested to be the component of
mmLDL responsible for stimulating proliferation of VSMCs by activating the production
of lactosylceramide resulting in the phosphorylation of p44 MAPK (Chatterjee et al.,
2004). POVPC topically applied to mouse carotid arteries in vivo induced significant
VSMC proliferation while no effect was observed with PGPC treatment and it has been
suggested that while POVPC works through the MAPK pathway, PGPC works through
protein kinase C (Johnstone et al., 2009, Chatterjee et al., 2004, Leitinger, 2005). This is
in line with the truncated products of oxPAPC reported to localise in different cellular
compartments with PGPC found in lysosomes while POVPC formed covalent adducts with
components of the plasma membrane (Moumtzi et al., 2007). An inhibitory action of
oxidised phospholipids has also been observed where VSMC growth was inhibited by
PGPC and to a greater extent, POVPC (Fruhwirth et al., 2006). In addition to the effects
of individual oxidised phospholipids, oxLDL has been reported to stimulate VSMC
proliferation by increased expression of regulatory proteins involved in entry into and
progression through the cell cycle (Zettler et al., 2003). VSMC proliferation stimulated by
oxLDL, also induced the E-cadherin/β-catenin/T-cell factor pathway, which is influential
in cell adhesion and therefore the inflammatory response (Bedel et al., 2008).

A

stimulatory effect on human coronary artery endothelial cell (HCAEC) proliferation has
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also been observed at a low concentration of oxLDL (Yu et al., 2011). In addition to the
effects observed in vascular cells, oxLDL stimulated macrophage proliferation leading to
the activation of extracellular signal-regulated kinase 1/2 and MAPK (Senokuchi et al.,
2004). Oxidised phospholipids can therefore induce proliferation of vascular cells and
macrophages, which leads to the activation of several pathways involved in the immune
response.
As discussed earlier, defective or inappropriate apoptosis in the vasculature during
atherosclerosis impacts greatly on remodelling processes (Bennett and Boyle, 1998, Mallat
and Tedgui, 2000). VSMCs are competent phagocytes and are capable of engulfing
damaged VSMCs undergoing apoptosis; however, this process is greatly reduced by
oxLDL or hyperlipidaemia in vivo (Clarke et al., 2010). This observation is emphasised by
the fact that high levels of oxidised lipids are found in apoptotic cells leading to the release
of interleukin-1 (IL-1) which further exacerbates the inflammatory response (Chang et al.,
2004, Clarke et al., 2010). In addition to VSMCs, macrophages incubated with oxLDL
were shown to activate apoptotic signalling pathways (Hardwick et al., 1996). These
effects were also witnessed after incubation with PGPC and POVPC (Stemmer et al.,
2012). Conversely, oxLDL has also been implicated in the survival of macrophages by
preventing the production of ceramide via the inhibition of acid sphingomyelinase (SMase)
activity (Hundal et al., 2003).

In contrast to the proliferative actions observed with

individual oxidised phospholipids, POVPC and PGPC have also been shown to induce
apoptosis by the phosphorylation of MAPK and activation of the acid form of SMase
(Fruhwirth et al., 2006, Loidl et al., 2003). Ceramide, a hydrolysis product of SMase,
mimics the action of mmLDL and activates caspase 3 signalling and apoptosis (Loidl et al.,
2004).

LDLr-/- mice crossed with programmed cell death-1 receptor knockout mice,

exhibited an increase in atherosclerotic lesion size as well as a compositional change with
plaques containing more macrophages and T-cells compared with control LDLr-/- mice (Bu
et al., 2011). OxLDL has also been found to up-regulate expression of the lectin-like
endothelial receptor for oxLDL and incubation with HCAECs induced apoptosis in a
concentration- and time-dependent manner (Li and Mehta, 2000).

The activation of

caspase signalling pathways after oxLDL incubation has also been observed in endothelial
cells, similar to VSMCs (Chen et al., 2004).
In addition to the effects of oxidised phospholipids on other remodelling processes,
POVPC and PGPC have been found to activate VSMC migration and type VIII collagen
expression, involved in the compositional change of ECM in atherosclerotic lesions (Al17
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Shawaf et al., 2010, Cherepanova et al., 2009). Collectively, this suggests that oxidised
phospholipids are not only involved in the production of foam cells but also in a change in
the vessel architecture witnessed in the formation of atherosclerotic plaques by their effects
on vascular remodelling.
1.3.3.2 Endothelial function and inflammatory cell adhesion
Endothelial dysfunction is believed to be an early event in atherosclerosis with oxidised
phospholipid-induced apoptosis contributing to this but some less severe effects of
oxidised phospholipids have been also been associated with it. OxPAPC treatment of
endothelial cells activated more than 1000 genes and produced a range of chemokines
including MCP-1, IL-6 and IL-8, involved in both cell adhesion and migration (Gargalovic
et al., 2006). NO is crucial in the regulation of arterial tone and oxLDL was found to
rapidly reduce the intracellular levels; however, it did not affect the ability of endothelial
NOS to produce the signalling molecule (Cominacini et al., 2001). Endothelial cells
treated with oxPAPC induced the production of the pro-inflammatory cytokine, IL-8 and
this effect was sustained for up to 24 hours (Yeh et al., 2001). Subsequently, a NOS
inhibitor, N-nitro-L-arginine methyl ester, has been found to reduce the oxPAPC-induced
IL-8 transcription (Gharavi et al., 2006). Furthermore, sterol-regulatory element-binding
proteins, transcription factors involved in cholesterol metabolism, are activated by
oxPAPC and bind to the IL-8 promoter region resulting in increased IL-8 production (Yeh
et al., 2004).
Adhesion and transmigration of inflammatory cells into the subendothelial space is also
vital in the formation of lipid-laden foam cells and atherosclerosis. In a static adhesion
system, both oxPAPC and POVPC induced adhesion of monocytic U937 cells and human
peripheral blood monocytes to human umbilical vein endothelial cells (HUVECs) (Huber
et al., 2006). In human aortic endothelial cells, oxPAPC induced expression of mitogenactivated protein kinase phosphatase-1 (MKP-1) which mediates the production of MCP-1
and oxPAPC-induced monocyte adhesion was prevented by inhibition of MKP-1 (Reddy et
al., 2001). In vivo effects have also been reported with oxPAPC applied topically in a
pluronic gel to the mouse carotid artery; inducing atherosclerosis-related gene expression
in the vessel wall and also monocyte adhesion in isolated arteries (Furnkranz et al., 2005).
Shear stress should also be taken into consideration in adhesion studies as although
oxPAPC induced adhesion of monocytes to bovine aortic endothelial cells, high shear
stress significantly reduced the effect of oxPAPC as did, to a lesser extent, low shear (Hsiai
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et al., 2001). Both endothelial dysfunction and inflammatory cell adhesion are known to
be critical in atherosclerosis and contribute to disease progression, in part by the action of
oxidised phospholipids.
1.3.3.3 Anti-inflammatory effects of oxidised phospholipids
In addition to the pro-inflammatory effects which are routinely reported, there are also
anti-inflammatory actions associated with oxidised phospholipids, primarily via toll-like
receptor (TLR) signalling (reviewed in Erridge and Spickett (2007)). OxPAPC, POVPC
and hydroxyalkenal-containing phospholipids prevent the inflammatory actions of
lipopolysaccharide including neutrophil binding to endothelial cells and E-selectin upregulation via NF-κB activation (Subbanagounder et al., 2002, Leitinger et al., 1999,
Bochkov et al., 2002). OxPAPC, as well as its truncated products PGPC and POVPC have
also been reported to inhibit the activation of TLR2 and TLR4 (Erridge et al., 2008,
Walton et al., 2003). In addition to the anti-inflammatory effects observed in vitro,
oxidised phospholipids have also been found to inhibit the inflammatory responses to
TLR2 and TLR4 agonists in vivo. This occurs by competitively inhibiting the interaction
with accessory proteins that interact directly with bacterial lipids resulting in an inhibition
in the production of tumour necrosis factor-α and other inflammatory mediators (Bochkov
et al., 2002, Ma et al., 2004, Erridge et al., 2008). Taken together, this shows a plethora of
physiological effects of oxidised phospholipids in inflammatory conditions, in particular
atherosclerosis.
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Figure 1.2 – Sources and physiological effects of LDL and phospholipid oxidation.
LDL can be oxidised by a number of mechanisms including direct enzymatic attack or by
the production of reactive species by enzymes such as MPO which is significant in this
study. Other sources of oxidation include transition metals and haemoglobin as well as
environmental factors such as smoking. The truncated oxidised phospholipids, PGPC
and POVPC have been found to mimic the biological effects of oxLDL in vitro and
therefore could be the active components of the particle. Some of these biological effects
include changes to cell proliferation, apoptosis and induction of leukocyte and monocyte
binding. Adapted from Greig et al. (2012).
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1.3.4 MPO
MPO is a tetrameric haem-containing enzyme of about 150 kDa, localised in intracellular
granules of circulating neutrophils and monocytes as well as activated macrophages
(Klebanoff, 1980, 2005).

It is one of the primary mechanisms for modification of

phospholipids. It also generates reactive oxidants which can cause both lipid and protein
oxidation and is therefore thought to contribute to the inflammatory state in a number of
diseases including CVD and neurodegenerative disorders. Patients with unstable CAD
were found to have increased levels of MPO in comparison with stable CAD and control
patients while individuals with a deficiency in MPO have displayed a drastically reduced
rate of CVD compared to people with normal functioning MPO (Zhang et al., 2001,
Samsamshariat et al., 2011, Kutter et al., 2000). In atherosclerosis, the active form of
MPO is present within human lesions and also modifies LDL into a form that is readily
taken up by macrophages via the CD36 scavenger receptor, aiding in the formation of
foam cells (Daugherty et al., 1994, Podrez et al., 1999, Podrez et al., 2000b).
Atherosclerotic lesions of LDLr-/- mice were also found to contain an accumulation of
neutrophils which stained positively for MPO (van Leeuwen et al., 2008). However,
LDLr-/- mice deficient in MPO had exacerbated atherosclerosis with 50 % larger lesions
than the control group suggesting a protective role of MPO in plaque formation (Brennan
et al., 2001). This could be explained by potential species differences with murine MPO
being less influential in lesion formation in mice or levels observed in mice being between
10 to 20 % less compared to human samples (Noguchi et al., 2000, Rausch and Moore,
1975). In contrast, macrophages from hypercholestrolaemic mice expressing human MPO
were found to promote atherosclerotic progression (McMillen et al., 2005). Expression of
the human MPO promoter polymorphism with G at position -463 (which has been linked
with higher mRNA and protein expression of MPO) in LDLr-/- male mice resulted in larger
aortic plaques as well as an increase in serum cholesterol compared to control males
(Kumar et al., 2004, Castellani et al., 2006). MPO has also been suggested to play a role
in plaque rupture due to its co-localisation with the MMP-7, pro-matrilysin and subsequent
activation (Fu et al., 2001). Furthermore, MPO has been found to affect the protective
mechanisms involved in the clearance of modified lipids. It causes site-specific oxidation
of apolipoprotein A-I, present in HDL in human atherosclerotic lesions resulting in the
production of dysfunctional HDL which can no longer promote cholesterol efflux (Shao et
al., 2006, Shao et al., 2012). This highlights the impact of MPO in atherosclerosis and has
led to the suggestion that MPO could be used as a useful prognostic tool in predicting the
risk of CVD (Baldus et al., 2003, Brennan et al., 2003, Brennan and Hazen, 2003).
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1.3.4.1 Hypochlorous acid
One of the major reactions that MPO catalyses is the formation of hypochlorous acid
(HOCl) from hydrogen peroxide (H2O2); formed from the dismutation of superoxide, and
chloride (Schultz and Kaminker, 1962).

Each component of the MPO/H2O2/chloride

system is needed for the oxidation process; however HOCl was also found to generate the
same products alone (Heinecke et al., 1994). Subsequently, chloride has been shown to be
the chlorinating intermediate needed for modification of targets (Hazen et al., 1996,
Panasenko et al., 2007). HOCl-modified proteins have been found in atherosclerotic
lesions in vivo and detected in VSM, monocytes/macrophages and endothelial cells as well
as the ECM (Hazell et al., 1996, Woods et al., 2003b). Furthermore, tissue isolated from
human atherosclerotic lesions had six-fold higher levels of 3-chlorotyrosine, a marker for
MPO chlorination, than normal aortic intima (Hazen and Heinecke, 1997). The occurrence
of HOCl-modified epitopes has also been shown to increase in relation to the severity of
the atherosclerotic lesion (Malle et al., 2000). The anion of HOCl, OCl-, has been found in
high concentrations of up to 300 µM at sites of inflammation in rheumatoid arthritis due to
the presence of neutrophils releasing MPO (Katrantzis et al., 1991). Similar to MPO,
HOCl modification of HDL impairs reverse cholesterol transport and therefore prevents
the clearance of high levels of circulating cholesterol-containing lipoproteins (Marsche et
al., 2002). MPO was previously thought to be the only route for producing chlorinated
species under both physiological and pathophysiological conditions in vivo (reviewed in
Podrez et al. (2000a) and Nicholls and Hazen (2005)); however, a newly identified haemcontaining peroxidase, vascular peroxidase 1 (VPO1), has also been found to catalyse the
production of HOCl by a similar mechanism to MPO (Cheng et al., 2008). Angiotensin II
significantly increased the level of HOCl which was found to induce a 40 % increase in
VSMC proliferation compared to control as well as the expression of VPO1 in cultured
VSMCs (Shi et al., 2011). Together, this suggests that there is a high probability of
chlorinated products being formed in inflammatory conditions and in particular,
atherosclerotic lesions.

1.3.5 Formation and physiological activity of chlorinated lipids
HOCl is an oxidising and chlorinating compound and reacts rapidly with a number of
biological targets including DNA, proteins and lipids (Prutz, 1996).

Modification of

ApoB-100, the major protein present in LDL, by HOCl transforms the lipoprotein into a
form which is then taken up by macrophages in an uncontrolled manner (Hazell and
Stocker, 1993). In response to the MPO system, protein oxidation of ApoB-100 is thought
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to occur rapidly with the lipid oxidation of LDL occurring as a secondary reaction over a
prolonged period of time (Hazell et al., 1994, Hazell et al., 1999, Jerlich et al., 1998).
Even though the modification of lipids could occur at a slower rate than other biological
compounds such as protein, there is still a high concentration of lipid targets available for
modification due to the abundance of plasma membranes and lipoproteins in vivo.
Additionally, in inflammatory conditions when the concentration of HOCl is greatly
increased, lipid modification is more prevalent than at lower concentrations of HOCl
(reviewed in Malle et al. (2006)). It is thought that the formation of chlorinated lipids in
atherosclerotic plaques could contribute to the pathology of atherosclerosis in a similar
manner to oxidised phospholipids.
1.3.5.1 Phospholipid chlorohydrins
The predominant products formed from the action of MPO-derived HOCl on unsaturated
ester phospholipids are chlorohydrins with the reaction occurring in two steps (Figure 1.3).
HOCl is added across the double bond by electrophilic attack with the chloronium ion
polarising the bond which is added to one of the carbon atoms (Winterbourn et al., 1992).
The double bond is then no longer unsaturated with the other carbon atom becoming
positively charged where the remaining hydroxide ion (OH-) is added. Water can be
subsequently lost from the molecule with the exchange of hydrogen for chlorine in
comparison to the native lipid. HOCl causes the formation of mono- and bis-chlorohydrins
when incubated with mono- or di-unsaturated PCs and with polyunsaturated lipids; monochlorohydrins are the first products formed and longer incubation times are needed for the
production of bis-chlorohydrins (Arnhold et al., 2001). Lysophospholipids are also formed
from this reaction and occur by the loss of a fatty acid chain from the lipid with the
probability of occurrence increasing with the degree of unsaturation of the molecule
(Arnhold et al., 2002). The reaction for chlorohydrin formation has been found to be pH
dependent with optimal conditions at about pH 6, as at a pH lower than 7.4, chlorohydrins
were the only significant products formed (Winterbourn et al., 1992, Arnhold et al., 2001).
Chlorohydrins have been detected after treatment with the MPO system or HOCl with
LDL and cultured cells (Jerlich et al., 2000, Spickett et al., 2001). Cholesterol is another
target for MPO-derived HOCl forming cholesterol α- and β-chlorohydrins (van den Berg et
al., 1993, Heinecke et al., 1994). Electrospray mass spectrometry (ESMS) is routinely
utilised for monitoring chlorohydrin formation as well as the conversion of native lipids to
their respective chlorohydrins as it limits the breakdown of the molecules in comparison to
other methods such as gas chromatography-mass spectrometry (Carr et al., 1996). The
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addition of HOCl across the unsaturated bond of a phospholipid causes an increase in the
mass-to-charge ratio (m/z) of 52 indicating the formation of a mono-chlorohydrin.

Figure 1.3 – Formation of phospholipid chlorohydrins.
HOCl is added across unsaturated bonds of phospholipids by electrophilic attack forming
phospholipid chlorohydrins. Adapted from Spickett (2007).

Phospholipid chlorohydrins have demonstrated toxicity in a number of cell types including
myeloid and endothelial cells by depletion of ATP levels as well as activation of the
caspase 3 signalling cascade (Dever et al., 2003, Vissers et al., 1999, Vissers et al., 2001).
This is thought to occur due to the high polarity of chlorohydrins leading to disruption of
the plasma membrane after treatment (Carr et al., 1996, Carr et al., 1997). Furthermore,
pro-inflammatory effects have been observed with chlorohydrins inducing leukocyte
adhesion in C57BL/6 and ApoE-/- mice via the up-regulation of P-selectin (Dever et al.,
2006, Dever et al., 2008). Phospholipid chlorohydrins have also been found to alter the
biophysical properties of erythrocytes after suspected incorporation into the plasma
membrane (Robaszkiewicz et al., 2010). Similar to the CVS, HOCl modification of SM in
dopaminergic PC12 neurons in vitro caused a decrease in cell viability suggesting potential
neurotoxic properties (Nusshold et al., 2010). Chlorohydrins of oleic acid have also been
detected in plasma in human patients as well as in a rat model of acute pancreatitis
(Franco-Pons et al., 2013). Although, phospholipid chlorohydrins have yet to be observed
in diseased vessels in vivo, lysophosphatidylcholine-chlorohydrins have been detected in
human atherosclerotic plaques with a 60-fold increase in human tissue compared to control
(Messner et al., 2008b). While smooth muscle is an integral component of atherosclerotic
plaques and vascular remodelling, there are currently no studies researching the effects of
phospholipid chlorohydrins on these processes in relation to VSMCs.
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1.3.5.2 Alpha-chloro fatty aldehydes
Plasmalogens are present in the plasma membrane of mammalian cells and in particular
vascular cells in the CVS including VSM (Gross, 1984, Ford and Gross, 1989, Hazen et
al., 1993). They contain a vinyl ether linkage between the sn-1 aliphatic chain and the
glycerol backbone and play a role in regulation of transmembrane ion channels and the
storage of arachidonic acid (Ford and Gross, 1989, Ford and Hale, 1996). The vinyl ether
bond of plasmalogens has been found to be susceptible to attack by MPO-derived HOCl
forming alpha-chloro fatty aldehydes including 2-chlorohexadecanal (2-ClHDA) and also
lysophospholipids (Albert et al., 2001). The amount of lysophospholipids formed is found
to increase with the degree of unsaturation of the native plasmalogen (Lessig et al., 2007).
Activation of neutrophils in the presence of bovine pulmonary artery endothelial cells
resulted in the modification of endothelial plasmalogens producing 2-ClHDA which also
acts as a neutrophil chemoattractant (Thukkani et al., 2002).

Chlorinating species

produced by the MPO system have also been found to modify plasmalogens present within
LDL particles forming alpha-chloro fatty aldehydes and these compounds have been
detected in human atherosclerotic lesions in vivo as well as lysophosphatidylcholine
species (Thukkani et al., 2003a, Thukkani et al., 2003b). 2-ClHDA is reported to be a
natural inhibitor of endothelial NO biosynthesis at low micromolar concentrations and
found to accumulate in rat hearts subjected to MI where it also caused myocardial damage
(Marsche et al., 2004, Thukkani et al., 2005). In the murine brain, inflammation resulting
from a single systemic injection of endotoxin generated 2-ClHDA as a result of HOCl
attack of membrane plasmalogens (Ullen et al., 2010). 2-ClHDA can also be oxidised to
its respective chlorinated fatty acids by endothelial cells and these metabolites have also
been found in vivo (Wildsmith et al., 2006, Anbukumar et al., 2010). Alpha-chloro fatty
aldehydes and their metabolites also displayed pro-inflammatory actions causing increased
expression of cyclooxygenase-2 (COX-2) in HCAECs and could be influential in
atherosclerosis development (Messner et al., 2008a).

However like phospholipid

chlorohydrins, very little is known about the effects of alpha-chloro fatty aldehydes on
VSM function, a cell type crucial in the atherosclerotic phenotype.

1.4 Treatments for atherosclerosis
The rupture of a vulnerable advanced atherosclerotic lesion leads to thrombus formation
which can result in the complete occlusion of a coronary artery and therefore MI. Patient
survival depends on the restoration of the coronary blood flow as well as the time taken to
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achieve this. However, the first clinical manifestations of atherosclerosis are usually
evident as angina-like symptoms such as chest, shoulder or neck pain as well as shortness
of breath on exertion. This results from the formation of atherosclerotic plaques reducing
blood flow through the artery and can be up to 70 % occluded before symptoms occur
(Brown et al., 1982). There are a variety of treatments for atherosclerosis including both
surgical and pharmacological, which have varying degrees of success.

1.4.1 Pharmacological treatment of atherosclerosis
There are currently no optimal pharmacological therapies in the treatment of
atherosclerosis as knowledge of the mechanisms of plaque progression and destabilisation
are incomplete (Stoll and Bendszus, 2006). Drugs are typically used in combination with
lifestyle changes including modification of the patient’s diet and increasing the amount of
daily exercise. Therapeutic strategies are mainly designed to prevent lesion progression
and plaque rupture and therefore to halt and maintain atherosclerotic plaque stability.
These include the use of inhibitors of the renin-angiotensin system to prevent lesion
progression through a reduction in MCP-1 and macrophage infiltration as well as Ca2+
channel blockers; however, both have shown minimal success in patients (Enseleit et al.,
2001, MacMahon et al., 2000, Pitt et al., 2000). Drugs to inhibit thrombus formation such
as anti-platelet therapy and anti-coagulants are used to maintain an anti-thrombotic
environment and inhibitors of MMPs could be a novel tool in maintaining atherosclerotic
plaque stability (Rang et al., 2007, George, 2000). Lipid-lowering drugs are used as
primary prevention in the treatment of atherosclerosis for patients who are at a high risk of
a cardiovascular event due to elevated levels of serum cholesterol. Statins are inhibitors of
hydroxymethylglutaryl-CoA (HMG-CoA) reductase, a rate-limiting enzyme in cholesterol
biosynthesis. This results in the decreased production of cholesterol in the liver and an upregulation of LDL receptor synthesis with subsequent clearance of circulating LDL from
the plasma (Rang et al., 2007). As mentioned previously, MPO has been highlighted as a
potential biomarker for CVD and a recent study found rosuvastatin to significantly reduce
MPO levels as well as oxLDL in stable heart failure patients (Andreou et al., 2010).
Inhibitors of MPO could provide a novel strategy in atherosclerosis therapy leading to a
reduction in the formation of modified lipids and therefore lesion progression.

1.4.2 Surgical intervention in the treatment of atherosclerosis
In addition to pharmacological therapies, surgical interventions are routinely used for the
restoration of blood flow through an atherosclerotic vessel.

One method of
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revascularisation to treat arterial occlusion is coronary artery bypass grafting (CABG).
This involves the transplantation of a healthy segment of a blood vessel from another part
of the body to the diseased artery, bypassing the obstructed portion and thereby restoring
blood flow to the myocardium. The blood vessels routinely used in this procedure as a
coronary conduit are either a small artery (the internal thoracic artery) or a peripheral vein
(the saphenous vein) (Martini, 2006).

Endarterectomies can also be used where the

atherosclerotic artery is removed and replaced with plastic tube grafts although this
procedure is not always possible.
Percutaneous coronary intervention (PCI) was introduced in 1979 as a less invasive
alternative to CABG surgery in the treatment of occluded arteries in atherosclerosis
(Gruntzig et al., 1979). Percutaneous transluminal coronary angioplasty (PTCA) involves
the insertion of a catheter through a large peripheral artery under anaesthesia or more
commonly now, just under light sedation. The catheter is advanced and guided to the
stenotic artery followed by controlled inflation of a distensible balloon at the tip which
dilates the vessel (Gruntzig et al., 1979). This results in a widening of the lumen of the
diseased artery and restoration of blood flow, providing relief from the angina-like
symptoms associated with atherosclerosis. The major drawback associated with PCI is
restenosis of the treated vessel where the previously occluded artery narrows again after
PTCA resulting in the loss of the beneficial effects of the treatment (discussed in further
detail in Section 1.5). The consequence of this is a recurrence of the angina-like symptoms
and a need for repeated revascularisation of the affected artery. Angiographic restenosis is
defined as the presence of greater than 50 % occlusion of the lumen in the previously
stenotic artery (Teirstein et al., 1997). Originally, the rate of restenosis was high after
balloon angioplasty due to vessel recoil and became a common complication, occurring in
up to 50 % of patients and usually developing within the first 6 months (Fischman et al.,
1994). This led to the introduction of intravascular bare-metal stents in the late 1980s to
combat the problem of restenosis as elastic recoil is minimal during stent deployment due
to the rigid scaffolding of the stent in comparison with PTCA (Sigwart et al., 1987).
Bare-metal stents are a small tubular mesh of stainless steel or cobalt-chromium and are
positioned in the stenotic vessel in a similar manner to PTCA with the insertion of a
catheter through a peripheral artery. The catheter is then advanced to the affected artery
where controlled inflation of the balloon occurs resulting in expansion and deployment of
the stent which in turn widens the lumen of the artery. The use of bare-metal stents
resulted in a reduction in the incidence of restenosis by 20 to 30 %; however, signs of
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restenosis still occurred as little as 5 months after stent deployment in selected patients and
therefore remains an important complication of the treatment (Fattori and Piva, 2003,
Moussa et al., 1997). Additional detrimental factors have also been found with the use of
stents in comparison with PTCA including under expansion during implantation, late stent
thrombosis or hypersensitivity to one of the components of the stent (Jukema et al.,
2012b).

1.5 Restenosis
Despite the improvements in revascularisation techniques, the major limitation affecting
the long-term success of all forms of PCI is the formation of neointimal thickening.
Restenosis is thought to be a consequence of exaggerated wound healing after vascular
injury to restore adequate blood flow in stenotic vessels. The recurrence of luminal
narrowing results from neointimal hyperplasia and rapid vascular remodelling of the
treated vessel with excessive VSMC proliferation and migration as well as ECM
production, presented diagrammatically in Figure 1.4. The condition is observed clinically
as the presentation of recurrent angina and similar to atherosclerotic plaques, the lesions
have been divided into four groups by angiographic classification. Lesions of less than 10
mm in length are classified as focal class I whereas diffuse class II, III and IV lesions are
characterised as being greater than 10 mm in length (Mehran et al., 1999). One of the first
detailed models of restenosis was proposed by Forrester et al. (1991), highlighting platelet
aggregation, inflammatory cell infiltration as well as ECM remodelling and medial VSMC
modulation and proliferation as markers of the response. This model was modified by
Libby et al. (1992) who suggested a cascade mechanism after vascular injury and
highlighted the importance of inflammation in the restenotic phenotype. Murine models as
well as larger animals such as rabbits and pigs are routinely used in restenosis research
using wire-, balloon- or stent-induced injury of the endothelium of the carotid, coronary,
femoral or subclavian arteries, to initiate neointima formation and restenosis development
(Lindner et al., 1993, Kantor et al., 1999, Hadoke et al., 1995).

1.5.1 Pathophysiology of restenosis
A complex cascade of events leads to restenosis. These mechanisms can be divided into an
“early” (days to weeks) phase and a “late” (days or weeks to months) stage. The initial
consequences after placement of the stent are stretch of the entire artery as well as
endothelium denudation which stimulates an acute inflammatory response (Costa and
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Simon, 2005). Compression of the atherosclerotic lesion exposes the subendothelial prothrombogenic core of the plaque to circulating blood and often results in dissection of the
medial and occasionally, the adventitial layer of the arterial wall (Inoue and Node, 2009).
Following this, deposition of platelets and fibrin at the site of injury results in rapid
thrombus formation and leukocyte recruitment which are early indicators of the onset of
restenosis (Libby and Simon, 2001). Activation of platelets leads to the expression of
adhesion molecules on their surface such as P-selectin. This results in the adhesion of
circulating leukocytes and monocytes and their subsequent transmigration by the action of
chemical gradients of chemokines such as MCP-1 and growth factors (Welt and Rogers,
2002). These are released from resident macrophages and VSMCs within the arterial wall.
Activated platelets at the site of injury secrete growth factors such as platelet derived
growth factor (PDGF) that stimulate VSMC proliferation and migration (Walker et al.,
1986). Damage to the endothelium therefore triggers an aggressive form of atherosclerosis
due to acute platelet and fibrin deposition with the activation of these platelets leading to
the release of a variety of inflammatory and growth mediators resulting in thrombus
formation and vasoconstriction (Welt and Rogers, 2002).

These pro-inflammatory

responses are sustained for several weeks following injury of the vessel and lead to the
proliferation of vascular components such as VSMCs and ECM which are key features of
the late phase of restenosis (Libby et al., 1992).
The cellular proliferation phase involves phenotypic modulation of medial VSMCs as they
migrate to form the neointima; a process similar to fibrous cap formation in atherosclerosis
(Mitra and Agrawal, 2006). The late stage of restenosis typically occurs days to weeks
after the initial vascular injury and lasts up to 6 months. Quiescent contractile VSMCs
become stimulated by the mechanical injury and inflammatory response which triggers the
progression through the G1/S transition of the cell cycle (Tanner et al., 1998, Nabel, 2002).
VSMCs closest to the region of injury undergo maximal apoptosis with surviving VSMCs
migrating towards the arterial lumen (Perlman et al., 1997, Hanke et al., 1990).

In

addition, dead or damaged vascular cells release growth factors such as basic fibroblast
growth factor and epidermal growth factor which act as mitogens for medial VSMC
proliferation as well as migration (Lindner and Reidy, 1991, Casscells, 1992). Nondividing VSMCs as well as proliferating VSMCs can migrate to the intima after vascular
injury (Clowes and Schwartz, 1985). In an atherosclerotic rabbit model, cell proliferation
was found to peak 4 days earlier than apoptosis after angioplasty with apoptosis inversely
correlated with restenosis (Durand et al., 2002). In contrast, balloon injury in healthy
rabbits displayed an increase in VSMC apoptosis via caspase 3 after 24 hours followed by
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significant proliferation 28 days after injury (Spiguel et al., 2010). This is in agreement
with a study using carotid balloon injury in the ApoE-/- mouse model where apoptosis was
increased 1 hour after injury while proliferation rates peaked at 7 days and were still
elevated up to 28 days following surgery (Matter et al., 2006). VSMC proliferation is
thought to be maximal at 5 to 7 days after injury with around 10 to 20 % of the total medial
VSMCs proliferating. In addition to VSMCs, there is evidence of proliferating cells from a
myeloid lineage within restenotic tissue (Welt and Rogers, 2002).
As mentioned previously, VSMCs are key producers of ECM and during the chronic
proliferative phase, VSMCs are also responsible for increasing the volume of intimal tissue
by a coordinated increase in ECM synthesis (Inoue and Node, 2009). This results in fewer
cellular components and can last for several months (Lee et al., 1993). ECM is the major
component of mature restenotic plaques with a shift towards ECM synthesis rather than
VSMC proliferation (Schwartz et al., 1992). Partial re-endothelialisation of the injured
surface also occurs during this phase with growth factors such as vascular endothelial
growth factor facilitating endothelial regrowth (Brindle, 1993).

Complete re-

endothelialisation is possible as quickly as 30 days after PCTA; however, regenerated
endothelium may be dysfunctional or may also never fully regrow depending on the extent
of denudation (Hamon et al., 1995, Weidinger et al., 1990).
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Figure 1.4 – Vascular remodelling processes involved in restenosis.
Intravascular ultrasound images (left) and schematic representations (right) depict the
progression from a normal healthy coronary artery (A) to coronary stenosis due to the
formation of an advanced atherosclerotic plaque (B) followed by the restoration of normal
blood flow by widening of the lumen after stent deployment (C) to the subsequent
restenosis (D). The vascular remodelling processes which occur after PCI include an
inflammatory response which stimulates thrombus formation and neointimal proliferation
from ECM formation and VSMC proliferation. Adapted from Jukema et al. (2012b).
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1.5.2 Potential involvement of modified lipids in restenosis
Mechanical injury to the atherosclerotic artery during stent deployment results in
compression and damage to the plaque with exposure and disruption of the modified lipidcontaining core, suggesting a potential lipid involvement in restenosis. The total plasma
cholesterol levels in ApoE-/- mice were found to be markedly elevated after carotid balloon
injury which was in parallel with neointima formation (Matter et al., 2006). In contrast,
vascular

remodelling

was

impaired

after

coronary

balloon

angioplasty

in

hypercholesterolaemic mini pigs causing a reduction in VSMC migration with the effects
attributed to the action of oxLDL (Theilmeier et al., 2002). Restenosis is an inflammatory
condition which relies on the recruitment of leukocytes such as neutrophils, which are a
source of MPO. This could therefore lead to an increase in the production of modified
lipids in the neointima. Balloon-injured vessels showed a significant increase in leukocyte
adhesion 24 hours following injury in rabbit subclavian arteries as well as up-regulation of
adhesion molecules such as P-selectin (Kennedy et al., 2000). There is also evidence of
sustained inflammation with inflammatory cells remaining in close proximity to the stents
in rabbit iliac arteries up to 28 days after placement (Kennedy et al., 2004, Coats et al.,
2008). Increased leukocyte adhesion has also been demonstrated up to 28 days following
surgery in a wire injury mouse model (Tennant et al., 2008). Neutropaenic rabbits, which
have a low number of neutrophils, were found to have a significantly reduced level of
neointima formation after 28 days (Miller et al., 2001). Furthermore, arterial segments
from ApoE-/- mice treated in vitro with a phospholipid chlorohydrin formed from the action
of the MPO system, displayed an increase in leukocyte adhesion in a concentrationdependent manner as well as an increase in P-selectin expression (Dever et al., 2008).
Stent deployment also results in neutrophil activation, which is associated with neointimal
thickening (Inoue et al., 2006). VSMC proliferation was evident 24 hours after the topical
application of POVPC to mouse carotid arteries in vivo (Johnstone et al., 2009). In
addition to oxidised phospholipids, an increase in the presence of MPO and HOClmodified proteins has been found to correlate with an increase in the intima-to-media ratio
in human iliac arteries (Hazell et al., 2001). HOCl was also found to mediate neointimal
hyperplasia in a time- and dose-dependent matter, initially causing apoptosis followed by
vascular proliferation in a rat model of balloon injury (Yang et al., 2006). Together, this
highlights the importance of inflammatory cell recruitment in neointima formation in
injured vessels and with the presence of LDL and inflammatory cells could lead to the
production of significant quantities of modified lipids in the vessel wall. However, very
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little is known about the potential involvement of these modified lipids, both oxidised and
chlorinated species, in the development of restenotic lesions.

1.5.3 Current and future treatments for restenosis
Several therapeutic options have been proposed and implemented to increase the long-term
success of PCI and reduce the incidence of restenosis.

One of the most promising

advances in the treatment of restenosis was the development of drug-eluting stents (DES).
The drug is encapsulated in a polymer which allows the drug to diffuse slowly over time or
the polymer is degraded in order to release the drug which has been directly coated onto
the surface on the stent. DES provide a combination of mechanical support with the
controlled release of drugs capable of potentially reducing neointima formation. DES
coated with anti-proliferative drugs have shown to be beneficial with paclitaxel, effectively
reducing neointimal hyperplasia after 4 weeks in a porcine model of coronary restenosis
and in rabbit iliac arteries (Heldman et al., 2001, Drachman et al., 2000). In addition, local
delivery of anti-proliferative agents has also proved effective in reducing hyperactivity of
injured vessels to constrictor agents in porcine coronary arteries (Kennedy et al., 2006).
Immunosuppressive drugs such as rapamycin and anti-platelet therapies have proved to be
beneficial causing a reduction in neointima formation (reviewed in Costa and Simon
(2005) and Fattori and Piva (2003)). Drugs targeting other areas in the development of
restenosis such as inhibition of inflammatory chemokines and ECM deposition have also
resulted in reduced neointima formation in animal models (Grassia et al., 2009, Backes et
al., 2010). After the introduction of DES, patients experienced lower rates of target vessel
and lesion revascularisation as well as MI and death compared to the use of bare-metal
stents (Hannan et al., 2008). However, other studies have found DES to correlate with
higher rates of reappearance of stenosis (Steinberg et al., 2009).

Although clinical

application of DES has proved difficult with differences present between animal models
and humans, this form of treatment still results in a widely successful outcome compared
to bare-metal stents with a reduction in restenosis and neointima formation leading to
target vessel revascularisation. However, restenosis remains a complication in a number of
patients after surgical intervention in the treatment of atherosclerosis. This had led to the
investigation of novel potential therapies such as biodegradable stents and endothelial
progenitor cell capturing stents to reduce neointima formation after PCI (reviewed in
Jukema et al. (2012a)).
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1.6 Adenosine monophosphate-activated protein kinase
In

hyperproliferative

diseases

like

atherosclerosis

and

restenosis,

adenosine

monophosphate-activated protein kinase (AMPK) may play an important role due to the
increased number of cells present. AMPK has been shown to be involved in a plethora of
cardio and vasculoprotective functions including stimulation leading to a reduction in
monocyte adhesion to endothelial cells and cholesterol synthesis in the liver (reviewed in
Ewart and Kennedy (2012)). A selection of the physiological effects which result from
AMPK activation are displayed in Figure 1.5. AMPK is a key regulator of cellular energy
homeostasis and involved in the maintenance of energy stores. The enzyme was first
discovered in 1973 and is now commonly referred to as a cellular “fuel gauge” (Beg et al.,
1973, Carlson and Kim, 1973, Hardie and Carling, 1997). AMPK is a highly conserved
heterotrimeric complex consisting of a catalytic α subunit and two regulatory subunits; β
and γ, with each subunit having two or more isoforms which are expressed in different cell
and tissue types (Davies et al., 1994, Stapleton et al., 1994). For the catalytic domain, the
α1 subunit predominates in the vasculature while in cardiac and skeletal muscle, the α2
subunit is the primary isoform (Stapleton et al., 1997, Davis et al., 2006). In contrast,
equal distributions of α1 and α2 subunits are found in the liver (Woods et al., 1996).

1.6.1 Regulatory mechanism and signalling of AMPK
Activation of AMPK occurs via phosphorylation of the threonine residue at position 172 in
the activation loop of the catalytic α domain contained within the N-terminus (Hawley et
al., 1996). The regulatory γ subunits contain areas termed “Bateman domains” with the
capacity to bind one molecule of either adenosine monophosphate (AMP) or ATP (Cheung
et al., 2000, Bateman, 1997, Scott et al., 2004). ATP occupies these domains in well
energised cells with AMPK in an inactive locked state.

However, when there is a

depletion of ATP and an elevation of AMP levels, for example during periods of stress
such as hypoxia or glucose deprivation, AMP competitively displaces ATP leading to the
phosphorylation of AMPK at the threonine residue. The binding of AMP to the Bateman
domains induces a conformational change of AMPK and also makes it a less desirable
substrate for AMPK phosphatases resulting in an increased proportion of phosphorylated
AMPK (Scott et al., 2004, Towler and Hardie, 2007).

AMPK is subsequently

dephosphorylated by the action of protein phosphatases when the stores of cellular energy
have increased and the cell is no longer stressed. AMPK activation can also occur by
alternative upstream kinase pathways termed AMPK kinases, including the tumour
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suppressor protein, liver kinase B1 (LKB1) and calcium/calmodulin-dependent protein
kinase kinase β (CAMKKβ) (Woods et al., 2003a, Hurley et al., 2005). In addition to
endogenous activation, AMPK can be modulated by pharmacological agents such as
activation by 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) that
mimics the action of AMP. AICAR is transported inside the cell via the adenosine
transporter where it is phosphorylated to form the AMP analogue, zeatin riboside-5monophosphate (ZMP) (Merrill et al., 1997).

A-769662 is another extremely potent

AMPK activator which directly stimulates the enzyme by mimicking the effects of AMP as
well as inhibiting de-phosphorylation (Göransson et al., 2007). AMPK signalling directly
regulates a number of enzymes involved in energy consumption within the cell such as
acetyl-coA carboxylase (ACC) which is directly phosphorylated by AMPK leading to the
inhibition of enzyme activity and reduced fatty acid synthesis (reviewed in Hardie (2004)).

1.6.2 Involvement of AMPK in vascular disease
Pathologies of the CVS such as atherosclerosis, restenosis and hypertension evoke stress
signals in vascular tissue leading to potential changes in cellular energy thus AMPK has
been implicated in the progression of several diseases (Motoshima et al., 2006, Li and
Keaney, 2010). In atherosclerosis, activation of AMPK by AICAR results in a reduction in
endoplasmic reticulum (ER) stress and inhibition of macrophage proliferation, both
induced by high levels of circulating oxLDL (Dong et al., 2010, Ishii et al., 2009). The
expression of serine/threonine protein phosphatase 2A, one of the enzymes responsible for
the inactivation of AMPK, was increased 40-fold by incubation of human monocytes with
oxLDL (Kang et al., 2006). AICAR treatment has also been found to reduce ER stress and
protect endothelial cells against the effects of modified LDL (Dong et al., 2010). AMPK
activation has also been found to exert anti-apoptotic effects in a number of cell types
including endothelial cells, therefore promoting cell survival (Ido et al., 2002, Kim et al.,
2008, Liu et al., 2010). In addition, AMPK has been associated with inflammatory cells
such as neutrophils, which are the primary source of MPO and involved in the
modification of LDL (Alba et al., 2004). AMPK activation attenuated neutrophil activity
and metformin, an anti-diabetic drug known to activate AMPK, decreased MPO levels in
lung tissue (Zhao et al., 2008, Tsoyi et al., 2011). In addition, AMPK has been implicated
in reverse cholesterol transport, as activation increased protein levels of ABCG1 and
ABCA1 resulting in cholesterol efflux from foam cells derived from macrophages as well
as reduced plaque formation in ApoE-/- mice (Li et al., 2010a, Li et al., 2010b).
Therapeutic agents used in the treatment of atherosclerosis such as statins have also been
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shown to partially mediate their effects through the action of AMPK, as reviewed in Ewart
and Kennedy (2011). Incubation with atorvastatin increased phosphorylation of AMPK
and its downstream target ACC, both in vitro and in vivo (Sun et al., 2006). In addition,
AMPK is implicated in restenosis.

Mice deficient in AMPKα2 (AMPKα2-/-) had a

dramatic increase in the formation of neointima after wire injury of the carotid artery
compared to wild type controls (Song et al., 2011). This is in agreement with another
study where a reduction in AMPK activity led to an increase in neointima development
after arterial injury in a murine model (Yu et al., 2012). Local administration of the
AMPK activator, AICAR also reduced neointima formation 2 weeks after balloon injury in
rat carotid arteries (Stone et al., 2013). Furthermore, endothelium-selective expression of
constitutively-active AMPK was protective against vascular injury and promoted reendothelialisation in a murine diabetic model (Li et al., 2012).
The activation of AMPK is also been associated with hypertension and blood pressure
regulation where prior studies have shown a reduction in mean arterial pressure in both
rodents and humans following acute administration of the AMPK activator, AICAR (Foley
et al., 1989, Bosselaar et al., 2011). Spontaneously hypertensive rats dosed with AICAR
also showed an acute drop in mean arterial pressure which was not seen in the control
group of Wistar-Kyoto rats, suggesting AMPK could play a role in reducing hypertension
(Ford et al., 2012). Long-term administration of AICAR or resveratrol, which has been
described as another activator of AMPK, again caused a reduction in mean arterial pressure
in obese Zucker rats (Buhl et al., 2002, Rivera et al., 2009). Furthermore, short-term
calorie restriction in the spontaneously hypertensive rats resulted in increased activity of
AMPK which led to a reduction in blood pressure (Dolinsky et al., 2010). Together, this
highlights the involvement of AMPK in vascular disease and suggests that AMPK
activation could play a critical role in reducing the elevated blood pressure found in both
atherosclerosis and hypertension.
1.6.2.1 AMPK signalling in VSM
VSMCs are crucial in the development of hyperproliferative diseases such as
atherosclerosis and restenosis as the proliferation and migration of VSMCs as well as their
role in ECM production results in lesion formation. AMPK activation by AICAR has been
found to inhibit human aortic VSMC proliferation induced by both PDGF and foetal calf
serum (FCS) in a dose-dependent manner (Igata et al., 2005). This effect was also seen in
rat aortic VSMC proliferation and migration and found to be dependent on AMPK (Peyton
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et al., 2011). Furthermore, angiotensin II-stimulated rat VSMC proliferation was inhibited
by AMPK activation using AICAR (Nagata et al., 2004). OxLDL was found not to
directly induce AMPK phosphorylation in rabbit femoral VSMCs but AICAR has been
shown to cause a concentration-dependent reduction in oxLDL-induced macrophage
proliferation (Brito et al., 2009, Ishii et al., 2009). In addition to its activity on individual
VSMCs, AMPK has been found to have an effect on vascular reactivity affecting both
endothelial and VSM function. AICAR-induced vasorelaxation in mouse aortic rings in
both endothelium-intact and -denuded vessels and this was abolished in mice deficient in
AMPKα1 (AMPKα1-/-), suggesting that AMPKα1 was responsible for this action (Goirand
et al., 2007). In addition, mesenteric artery and aortic rings isolated from AMPKα1-/- and
AMPKα2-/- mice produced larger contractions than their wild type controls (Wang et al.,
2011b). Vasorelaxation to AICAR was also enhanced in hypertensive rats compared to
their normotensive controls, which was thought to be NO dependent (Ford and Rush,
2011). Little is known about the effects of individual modified lipids, which are elevated
during atherosclerosis, on vascular reactivity; however, one study has found oxLDL to
reduce endothelium-dependent relaxation to acetylcholine in rabbit aorta and coronary
arteries (Buckley et al., 1996).

Together, this suggests a dysregulation of AMPK

signalling occurs during CVD such as atherosclerosis and hypertension with little known to
date about the impact of AMPK signalling on the effects of individual modified lipids in
VSM.
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• Decreased proliferation
• Decreased ROS production
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Figure 1.5 – AMPK activation and its cardio and vasculoprotective functions.
Endogenous and pharmacological activation of AMPK results in phosphorylation of the
enzyme leading to several physiological effects in the vasculature, heart and liver which
could be beneficial in CVD such as atherosclerosis, restenosis and hypertension. These
effects include increased vasorelaxation in VSM, decreased inflammation and ER stress
in the endothelium, decreased cholesterol synthesis in the liver and decreased
hypertrophy in the heart. Adapted from Ewart and Kennedy (2012).
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1.7 Aims of this thesis
In summary, atherosclerosis is characterised by the deposition and accumulation of
modified lipids in the subendothelial space of the arterial wall as well as vascular
remodelling leading to atherosclerotic plaque formation.

Restenosis is a known

complication of the surgical interventions used to treat atherosclerosis and results in
neointimal thickening, in part by the action of VSMCs. Various physiological effects have
been attributed to the action of oxLDL leading to an exacerbation of the inflammatory
response. However, little is known to date about the effects of individual modified lipids
including oxidised and chlorinated species, on vascular remodelling processes which are
prominent in these disease phenotypes. In addition, AMPK has recently been implicated in
both vascular diseases but the impact of this signalling pathway on the effects of individual
modified lipids is presently unknown.
The principal research aim of this thesis was to investigate the influence of modified lipids,
both chlorinated and oxidised species, in vascular injury and disease focussing primarily
on their effects on VSM. This was achieved through the following experimental study
aims:


In vitro characterisation of the effects of modified lipids on vascular remodelling
processes including VSMC proliferation, viability and migration.



Assessment of the impact of AMPK signalling on the effects of modified lipids in
VSM in vitro.



In vivo evaluation of vascular injury in healthy and atherosclerotic mice and
determination of the occurrence of modified lipids in neointima formation.



In vivo characterisation of AMPK activation in healthy and atherosclerotic mice.
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Materials
2.1 Chemicals and Reagents
All chemicals were supplied by Sigma-Aldrich (Poole, U.K.) unless otherwise stated and
were of the highest grade obtainable. Phospholipids were obtained from Avanti Polar
Lipids (Alabama, U.S.A.) and all cell culture reagents were obtained from Gibco (Paisley,
U.K.) unless otherwise stated.

All Western blot materials were supplied by Life

Technologies (Paisley, U.K.) unless otherwise stated.

Methods
2.2 Lipid preparation and synthesis
All native phospholipids were purchased in powder form and aliquoted using high
performance liquid chromatography (HPLC) grade methanol. The phospholipids were
then dried under a steady flow of oxygen-free nitrogen gas and stored at -80 °C until
reconstituted for use.

2.2.1 Chlorohydrin formation
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and 1-stearoyl-2-linoleoyl-snglycero-3-phosphocholine (SLPC) were all prepared individually from their respective
native lipids. Aliquots of the phospholipids were resuspended in equal volumes of Hanks’
balanced salt solution (HBSS) at a concentration of 10 mg/ml and vortexed for 1 minute.
The solution was sonicated for 15 minutes, forming lipid micelles and vortexed for a
further minute producing a milky homogeneous suspension. Lipid vesicles were treated
with 10-fold molar excess (per double bond) of sodium hypochlorite (NaOCl) solution at
pH 6 for 15 minutes at 35 °C, forming lipid chlorohydrins. The concentration of the stock
solution of NaOCl was determined spectrophotometrically at 292 nm (ε292 = 350 M-1 cm-1).
Excess hypochlorite was removed by passing the solution through a reverse phase SepPak® column (Waters, Elstree, U.K.). The chlorinated phospholipids were eluted from the
column in 0.5 ml of methanol and 1 ml of 1:1 methanol:chloroform and dried using
oxygen-free nitrogen gas.
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2.2.2 Measurement of stability of chlorohydrins
Chlorohydrins were prepared as mentioned in Section 2.2.1 with the addition of 1,2dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) at a concentration of 10 mg/ml to the
aliquots of the individual phospholipids. DPPC is a saturated phospholipid and therefore
was chosen as a stable comparator for the expected breakdown of the chlorohydrins. Lipid
chlorohydrins with DPPC were reconstituted in phosphate buffered saline (PBS, containing
154 mM NaCl, 100 mM Na2HPO4 and 25 mM NaH2PO4 at pH 7.4) with samples being
incubated at 37 °C and aliquots taken at several time points including zero, 24 hours and
up to 72 hours to measure the stability of the lipid chlorohydrin in relation to DPPC.

2.2.3 Quantification of phospholipids by ESMS
The formation and stability of chlorohydrins was monitored using ESMS. 1 µl aliquots of
the chlorohydrin sample were diluted 200 fold with 9:1 methanol:water. ESMS was
performed on a LCQ-Duo mass spectrometer (ThermoFinnigan, Waltham, U.S.A.) in
positive-ion mode with direct infusion of the sample. Spectra, in the range of m/z 4001000 for SOPC and SLPC, were acquired for 2 minutes. Formation of chlorohydrins was
assessed by the loss of the native phospholipid and the addition of m/z 52 or 54
(differences being due to the pattern of the chloride isotope with the addition of either 35Cl
or

37

Cl) to the native phospholipid which was usually seen in its sodiated form (an

additional m/z 23 added to the value).

2.2.4 Alpha-chloro fatty aldehyde synthesis
The alpha-chloro fatty aldehyde, 2-ClHDA, was synthesised and provided by Professor
Andrew R. Pitt (Aston University, U.K.) following an adapted method described by
Thukkani et al. (2002). Briefly, hexadecanol was partially oxidised to hexadecanal at -70
°C using the classical Swern oxidation method utilising pyridinium chlorochromate in
oxygen-free CH2Cl2 as a catalyst (Dubey et al., 2008, Mancuso et al., 1978). This is where
an alcohol is oxidised to its corresponding carbonyl compound at low temperatures
producing high yields. Hexadecanal then underwent acid methanolysis forming dimethyl
acetal hexadecanal by reaction with methanol and catalytic p-toluenesulfonic acid. The
dimethyl acetal of 2-ClHDA was then synthesised using an acetal chlorination system
utilising MnO2-trimethylchlorosilane, as it has previously been shown to give a more
quantitative yield for the halogenation of aldehydes than previous methods (Bellesia et al.,
1992).

2-ClHDA

was

finally

produced

by

refluxing

1:1

trifluoroacetic
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acid:dichloromethane and then purified by flash chromatography using silica and eluted
with 7:3 hexane:dichloromethane to give solid 2-ClHDA (17 % overall yield).

The

synthesis of the compound was confirmed by analysis as follows: 1H-NMR (in CDCl3) δ
9.47 (1H, d); 4.16 (1H, m); 1.89 (2H, m); 1.26 (24H, m); 0.88 (3H, m). m/z (ESMS) 275.2
[M-H]+. IR = 2924, 2850, 1470, 1188, 1121, 1080, 723 cm-1.

2.3 Tissue culture
Tissue culture was performed in sterile conditions using biological safety class II vertical
laminar flow cabinets. Tissue explants were incubated and cells were grown at 37 °C and
maintained with 5 % CO2 and 95 % air.

2.3.1 Maintenance of primary cell cultures
The adherent cells were grown as a single layer, typically in 75 cm3 culture flasks, and
media was removed by aspiration and replenished every 2 days. Cells were routinely
passaged when approximately 95 % confluence was reached to prevent cell cycle arrest
and loss of surface contact of the cells. For passaging, cells were washed in sterile
Dulbecco’s PBS (Sigma-Aldrich, Poole, U.K.) and incubated with 2 ml of trypsinethylenediamine tetra-acetic acid (trypsin-EDTA) at 37 °C, usually for a minimum of 3
minutes. The addition of the complete media stopped the action of the trypsin-EDTA
solution and allowed sub-culturing of the cell suspension. Cells were counted using a
haemocytometer to ensure seeding at the correct density where appropriate.

2.3.2 Rabbit aortic smooth muscle cells
Aortae from male New Zealand white rabbits (2.5 to 3.5 kg body weight) were excised and
cleaned of any connective tissue and fat. The outer and inner surface of the vessel was
scraped, removing the adventitia and intima respectively, to prevent the contamination of
other cell types in the culture. Aortic explants were initially cultured in 6 well plates in 1:1
Waymouth’s MB 752/1 and Ham’s F12 and GlutaMAX™ supplemented with 1 % (v/v)
penicillin-streptomycin solution (Sigma-Aldrich, Poole, U.K.) and 10 % (v/v) FCS. Cells
were checked visually for the distinctive smooth muscle cell characteristics and for the
positive immunostaining of αSMA (described in Section 2.3.2.1). Once the cells reached
confluence, the aortic explants were removed and the cells were transferred to 75 cm 3
culture flasks and used between passages 3 to 8.
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2.3.2.1 Immunostaining for αSMA
Cells were seeded at 10,000 cells per well on chamberslides, incubated at 37 °C for 24
hours and then fixed with 2 % (w/v) paraformaldehyde for 10 minutes. Cells were then
washed 3 times with PBS and permeabilised with 0.5 % (v/v) Triton X-100 in PBS for 15
minutes at room temperature. This was followed by 3 washes in PBS and then incubation
with 10 % (v/v) heat inactivated serum for 30 minutes at 37 °C from the appropriate
species that the secondary antibody was raised in which was horse in this case. αSMA
(Abcam, Cambridge, U.K.) was diluted 1 in 50 in 10 % (v/v) heat inactivated serum then
incubated overnight at 4 °C. The following day, the cells were washed 3 times in PBS and
incubated with horse anti-mouse secondary antibody (Pierce Antibodies, Thermo
Scientific, Loughborough, U.K.) for 1 hour at 37 °C and washed a further 3 times in PBS.
4’,6-diamidino-2-phenylindole (DAPI) was added to identify the nucleus of the cells and
slides were mounted with coverslips and kept overnight in the dark at room temperature.
Green fluorescence was then observed using fluorescein isothiocynate (FITC) at a
magnification of 10 x.

2.3.3 Measurement of cell proliferation
Cell proliferation was measured by the incorporation of the thymidine analogue,
bromodeoxyuridine (BrdU), into newly synthesised DNA during the S phase of the cell
cycle (Calbiochem, Nottingham, U.K.).

This assay is based on the traditional [ 3H]

thymidine proliferation assay with the principal difference being the replacement of [ 3H]
thymidine with BrdU.

It is a non-radioactive compound allowing the assessment of

proliferation with an enzyme-linked immunosorbent assay (ELISA) rather than
scintillation counting, therefore eliminating the use of harmful radioactive substances.
Cells were seeded in a 96 well plate at a density of 10,000 cells per well and quiesced in
0.1 % (v/v) FCS-containing media for 24 hours. Cells were incubated with the agonist of
interest for the requisite length of time. Where appropriate, antagonists were added 30
minutes prior to incubation with agonists. The BrdU label was added to each well 24
hours prior to the end of the measurement.

The assay was performed as per the

manufacturer’s instructions. Briefly, BrdU was incorporated into the proliferating cells.
These were then fixed and partial denaturation of DNA occurred to allow the detection of
the BrdU by a monoclonal antibody. Horseradish peroxidase (HRP)-conjugated goat antimouse binds to the antibody and facilitates the conversion of the substrate, tetramethylbenzidine (TMB) from a colourless solution to blue, which turns yellow upon the
addition of the stop solution. Absorbance was measured spectrophotometrically at dual
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wavelengths of 450 nm and 540 nm using a SpectraMax® M2 microplate reader
(Molecular Devices, California, U.S.A.).

2.3.4 Assessment of cell viability
Bioluminescent detection of cellular ATP was employed to determine cell viability as ATP
is present in all metabolically active cells using a ViaLight™ Plus kit (Lonza, Basel,
Switzerland). Cells were seeded in a 96 well plate at a density of 10,000 cells per well and
quiesced in 0.1 % (v/v) FCS-containing media for 24 hours. Cells were incubated with the
agonist of interest for the required length of time. Where appropriate, antagonists were
added 30 minutes prior to incubation with agonists. The assay was performed as per the
manufacturer’s instructions. Briefly, the cell lysis buffer was added to release cellular
ATP from the cells. Following this, ATP monitoring reagent plus was added to the lysed
cells containing luciferase which catalyses the conversion of ATP and luciferin into
emitted light. Luminescence was then measured using a POLARstar OPTIMA microplate
reader (BMG Labtech, Germany).

2.3.5 Measurement of cell migration
Cell migration was measured using a CHEMICON® QCM™ chemotaxis cell migration
assay and was based on the traditional Boyden chamber method containing an 8 µm pore
membrane (Millipore, Watford, U.K.). Cells were quiesced in 0.1 % (v/v) FCS-containing
media for 24 hours preceding stimulation.

For the pretreatment group, cells were

incubated for 2 hours with each lipid separately prior to harvesting. Each lipid was added
singly to the top chamber of the insert for the chronic incubation group. Cells were
harvested and seeded in serum-free media into the upper chamber of the migration insert at
30,000 cells per well of a 24 well plate. 10 % (v/v) FCS-containing media was utilised as a
chemotactic agent in the lower chamber to stimulate cell migration.

The assay was

performed as per the manufacturer’s instructions. After 24 hours, the remaining cells and
media present in the upper chamber were discarded and the membrane was stained. Nonmigrated cells were removed from the interior side of the insert using a cotton bud before
the insert was placed in the extraction buffer. An aliquot of the stained extraction buffer
was assayed and absorbance was measured spectrophotometrically at 560 nm using a
SpectraMax® M2 microplate reader.
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2.4 Western blotting
To determine the relative expression of the proteins of interest, sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS PAGE) and immunoblotting were performed
using the Novex® NuPAGE® gel electrophoresis system (Life Technologies, Paisley,
U.K.).

2.4.1 Treatment of rabbit aortic smooth muscle cells
Rabbit aortic smooth muscle cells were seeded in 6 well plates and grown to approximately
90 % confluence. The cells were then quiesced in 0.1 % (v/v) FCS-containing media for
24 hours. The cells were incubated with the lipids alone or an agonist or antagonist for
AMPK (as indicated in the relevant results chapter) for the appropriate length of time
followed by, in some cases, a 2 hour treatment with the lipids. Subsequently, the reaction
was stopped by placing the 6 well plate on ice. The media was aspirated from the wells
followed by the addition of ice-cold cell lysis buffer (50 mM Tris pH 7.4, 50 mM NaF, 1
mM Na4PPi, 1 mM EGTA, 1mM EDTA, 1 % (v/v) Triton X-100, 1 mM dithiothreitol
(DTT), 1 % (v/v) cocktail of protease inhibitors) to each well for 5 minutes. Cell lysates
were collected by scraping and stored at -80 °C for protein determination and Western
blotting.

2.4.2 Preparation of mouse aorta and liver
Thoracic aortae and livers from male C57BL/6 and ApoE-/- mice, between 20 and 30 g,
were excised immediately after death and cleaned of fat and connective tissue. The
samples were snap frozen and stored at -80 °C until use. Aortae were pulverised in liquid
nitrogen using a mortar and pestle into a fine powder and re-suspended in ice-cold cell
lysis buffer while sections of liver were homogenised using a micro-rotary blade. Protein
samples were transferred into ice-cold centrifuge tubes and stored at -80 °C until use.

2.4.3 Quantification of protein concentration
Protein concentrations were determined according to the Bradford method (Bradford,
1976). Cell lysates, aortae and liver samples were centrifuged at 6200 x g for 5 minutes in
a Pico 17 Thermo Scientific Heraeus bench-top centrifuge (Fisher Scientific,
Loughborough, U.K.). Supernatants were transferred to fresh ice-cold microcentrifuge
tubes. Standard dilutions of bovine serum albumin (BSA) ranging from 0.1 mg/ml to 1
46

Chapter 2 – General Materials and Methods

mg/ml were used to generate a standard protein curve with distilled water as a blank.
Protein samples from VSMCs and aortae were diluted in distilled water at a ratio of 5:1
and 50:1 for liver samples. 10 µl of each sample and standards were added in triplicate to
a 96 well plate followed by 100 µl of Pierce® Coomassie Plus (Bradford) assay reagent
(Thermo Scientific, Loughborough, U.K.).

Absorbance was read at 595 nm using a

FLUOstar OPTIMA microplate reader (BMG Labtech, Germany). The mean absorbance
from each sample was generated in triplicate and the protein concentration was determined
by comparison with the BSA standard curve (Figure 2.1).

Absorbance (595 nm)

1.0
0.9
0.8
0.7
0.6
0.5
0.00

0.25

0.50

0.75

1.00

Protein Concentration (mg/ml)
Figure 2.1 – Representative BSA standard curve.

2.4.4 SDS PAGE
Protein samples were mixed with 7.5 µl of DTT and 12.5 µl of NuPAGE® LDS sample
buffer as a load dye, to a total volume of 50 µl and heated at 70 °C for 20 minutes prior to
protein loading. Samples were loaded on NuPAGE® Novex® 4-12 % Bis-Tris mini gels
(1.0 mm thick, 10 or 12 wells) at 5 or 10 µg of protein per well. 20 µl of Novex® sharp
pre-stained protein standard was added to the gel as a marker of protein size. Gels were
run at 200 V for approximately 45 minutes in NuPAGE® MES SDS running buffer. After
that, proteins were transferred onto a nitrocellulose membrane (pore size 0.45 µm) at 30 V
for 1 hour and 30 minutes in NuPAGE® transfer buffer supplemented with 10 % (v/v)
methanol.

47

Chapter 2 – General Materials and Methods

2.4.5 Immunoblotting
After protein transfer was complete, nitrocellulose membranes were blocked for 1 hour in
5 % (w/v) dried milk powder suspended in Tris-buffered saline supplemented with 0.1 %
(v/v) Tween-20 (TBST) at room temperate while shaking. Membranes were then rinsed in
TBST and incubated overnight at 4 °C in primary antibody diluted in 5 % (w/v) BSA
suspended in TBST. A summary of the primary and secondary antibodies used along with
dilutions are presented in Table 2.1. Following this, membranes were washed in TBST
and incubated for 2 hours at room temperature in HRP-conjugated secondary antibody
diluted in 5 % BSA in TBST.
Visualisation

of

protein

Once complete, membranes were washed in TBST.

bands

was

performed

using

a

Pierce®

enhanced

chemiluminescence (ECL) detection kit (Thermo Scientific, Loughborough, U.K.).
Membranes were incubated in 1:1 mix of ECL reagents for 60 seconds, blotted and placed
in a light-sensitive cassette. Chemiluminescence of protein bands was detected with a
Kodak X-Omat 2000 processor using Kodak blue-sensitive X-ray film.

2.4.6 Quantification of expression of protein
The antibody-detected protein bands on the developed X-ray film were scanned into a GS800™ Calibrated Densitometer (BioRad, Hemel Hempstead, U.K.).

Densitometrical

analysis of the bands was performed using Quantity One BioRad software (BioRad, Hemel
Hempstead, U.K.). Housekeeping proteins, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or α tubulin were used as protein loading controls therefore data were expressed
as a ratio of protein of interest to the loading control or as a ratio of phosphorylated to the
total amount of protein present.

2.5 Small vessel wire myography
Mouse carotid arteries were excised immediately after death and cleaned of all fat and
connective tissue. The intimal layer of the artery was removed by gently rubbing the
interior of the vessel with a human hair to eliminate the action of the endothelium in the
response. The vessels were cut into 2 mm segments and mounted on two stainless steel
wires in a two-channel small vessel wire myograph (Danish Myo Technology, Aarhus,
Denmark), with one of the wires connected to a force transducer and the other to an
adjustable jaw (Figure 2.2). Vessels were incubated at 37 °C in Krebs-Henseleit buffer
(containing: 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 25 mM NaHCO3, 1.03 mM
KH2PO4, 11 mM glucose and 2.5 mM CaCl2) and gassed continuously with 95 % O2 and 5
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% CO2. The artery segments were equilibrated for at least 30 minutes at resting tension. A
predetermined active tension of 0.25 g was then applied to the artery for a further 30
minutes (Methven et al., 2009). Chart™ 5 Pro software (ADInstruments, Chalgrove,
U.K.) was used to record and measure vessel responses to reagents. At the beginning of
each experiment, the contractile response to 40 mM KCl was measured to establish the
viability of the segments and also to sensitise the vessel before other pharmacological
agents were added.

Computer

Force
transducer

Adjustable
jaw

Figure 2.2 – Representative diagram of mouse carotid artery mounted in small
vessel wire myograph.
2 mm segments of vessel were mounted on two 40 µM stainless steel wires with one
connected to a force transducer and a computer to record the changes in tone of the
artery. The other wire was connected to an adjustable jaw for the application of the
desired amount of tension on the vessel.

2.5.1 Cumulative concentration-response curve
After the vessel had been sensitised, the segments of mouse carotid arteries were incubated
with 25 µM of modified lipid or vehicle (equivalent volume of Krebs’ solution).
Following this, the vessels were pre-constricted with the thromboxane A2 receptor agonist,
9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619, Sigma-Aldrich, Poole,
U.K.) at a concentration of 3x10-8 M, producing a submaximal contraction established
from previous experiments in the laboratory. Cumulative concentration-response curves to
AICAR were performed in a range of increasing concentrations from 1x10-4 M to 1x10-2 M
at 10 minute intervals. Data were expressed as a percentage of relaxation of the U46619induced tone of the vessel.
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Table 2.1 – Summary of antibodies and dilutions used for immunoblotting.
Protein

Molecular
Weight

Host
Species

Primary
Dilution

Secondary
Dilution

Source and
Product Number

ACC

280 kDa

Rabbit

1:1000

1:2000

Cell Signalling
Technology
#3676

AMPKα

62 kDa

Rabbit

1:1000

1:2000

Cell Signalling
Technology
#2603

Caspase 3

32 kDa

Rabbit

1:1000

1:1000

Abcam
ab90437

GAPDH

37 kDa

Mouse

1:40000

1:2000

Abcam
ab8245

Phospho ACC

280 kDa

Rabbit

1:1000

1:2000

Cell Signalling
Technology

(Ser79)

#3661
Phospho AMPKα

62 kDa

Rabbit

1:1000

1:2000

Cell Signalling
Technology

(Thr172)

#2535
α tubulin

50 kDa

Mouse

1:5000

1:2000

Abcam
ab7291

Primary and secondary antibodies were diluted in TBST supplemented with 5 % BSA and
incubated at 4 °C overnight and at room temperature for 2 hours respectively. Rabbit
polyclonal and mouse monoclonal HRP-conjugated secondary antibodies were obtained
from Abcam (Cambridge, U.K.).
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2.6 Animal models
All experiments were performed in accordance with the United Kingdom Animals
(Scientific Procedure) Act of 1986. All in vivo experimentation was performed under the
project licence, 60/4114, held by Dr Simon Kennedy (University of Glasgow, U.K.) and
the personal licence, 60/11726. Mice were housed at the Central Research Facility at the
University of Glasgow and maintained on 12 hour cycles of light and dark and at ambient
temperature. Mice were fed a standard chow diet unless otherwise stated and allowed free
access to both food and water. A diagram of the in vivo experimental design is depicted in
Figure 2.3.

2.6.1 C57BL/6 mice
C57BL/6 mice were utilised as a control for all experiments in this study as this strain of
mouse is the genetic background for the atherosclerotic ApoE-/- mice. Male mice were
age-matched in all studies and obtained from Harlan (Oxon, U.K.).

2.6.2 ApoE-/- mice
ApoE-/- mice are an extensively used model of atherosclerosis, as described in Section
1.2.4.1. These mice have a significant increase in plasma levels of circulating lipoproteins
including LDL and VLDL leading to the development of atherosclerotic plaques which
resemble the human form (Zadelaar et al., 2007). ApoE-/- mice, generated from a C57BL/6
background, were obtained from Charles River (Margate, U.K.) and further bred in-house.
Mice were fed on a commercially available cholesterol rich diet during the high fat feeding
regime which started at 6 weeks of age for mice undergoing carotid artery injury surgery
and 8 weeks for all other mice.

2.6.3 Mouse carotid artery injury model
Immediately prior to surgery, 8 week old male mice received an intraperitoneal (i.p.)
injection of an analgesic, buprenorphine (0.1 mg/kg) and 2.5 mg of the anti-platelet drug,
dipyridamole (Persantin®). Sterile saline (0.5 ml via subcutaneous injection) was also
administered to prevent dehydration of the animal during surgery. All surgical procedures
were performed under aseptic conditions. Carotid artery injury surgery was performed
following an adapted method described by Tennant et al. (2008). General anaesthesia was
induced by 3 % (v/v) isoflurane supplemented with oxygen (flow rate of 0.5 litres/minute)
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and maintained at 1.5 % (v/v) isoflurane via a face mask throughout the procedure. The
depth of anaesthesia was monitored throughout the surgery using the hind limb reflex with
the other paws secured with tape. A small skin incision was made in the ventral side of the
neck to expose the trachea. Blunt dissection was performed to navigate through muscle
and connective tissue inferior to the trachea, exposing about 0.5 cm of the left common
carotid artery. Precise dissection was used to detach the vagus nerve from the artery and
two silk ligatures (size 6-0, Fine Science Tools, Heidelberg, Germany) were positioned at
the proximal and distal ends of the vessel. The distal ligature was tied tightly and an
arterial clip (Fine Science Tools, Heidelberg, Germany) was positioned at the most
proximal end to temporarily occlude the blood flow in the vessel. A small incision was
made in the artery and a piece of a modified flexible nylon wire, adapted by melting the
end to create a blunt spherical tip, was inserted into the incision site and held loosely in
place by tightening of the proximal ligature. Once the arterial clip was removed, the nylon
wire was advanced and rotated down the carotid artery into the thoracic aorta and this was
repeated several times to ensure the removal of the endothelium. Once the nylon wire was
removed, the arterial clip was replaced and the proximal ligature was tied tightly and
secured just below the incision site. Upon removal of the clip, the area was bathed with
heparinised saline and a continuous line of subcutaneous sutures (size 6-0, Vircyl, Ethicon,
Edinburgh, U.K.) was used to close the skin incision. For post-operative care, the mice
received i.p. injection of buprenorphine (0.1 mg/kg) and were transferred to a heating mat
and maintained at 37 °C until recovery. ApoE-/- mice were transferred from a normal chow
diet to the high fat diet 2 weeks prior to the procedure and continued on the high fat diet
until termination, 2 weeks after surgery. Sham-operated mice were studied as controls
following the same procedure without the insertion of the nylon wire.
2.6.3.1 Termination of procedure
Mice were sacrificed 14 days after the carotid artery injury surgery by i.p. injection of 200
mg/kg of sodium pentobarbital (Euthatal) to allow for tissue and blood collection. Blood
was collected by cardiac puncture into K2 EDTA Microtainers® (BD Biosciences, Oxford,
U.K.) and centrifuged at 1500 x g for 10 minutes to produce plasma, which was removed
and stored at -80 °C until use. Carotid arteries and aortae were dissected and cleaned of
any connective tissue and divided randomly into groups; either fixed for histological
analysis or snap frozen in liquid nitrogen for mass spectrometry analysis. Heart, liver and
spleen weight was also recorded.
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Figure 2.3 – In vivo experimental design.
For the carotid artery injury model (Section 2.6.3), C57BL/6 and ApoE-/- mice (on high fat
diet at 6 weeks of age) were subjected to either sham or vascular injury of left carotid
artery with the procedure terminated at 10 weeks old and tissue and blood samples
collected (A). For chronic AICAR administration (Section 2.6.4), C57BL/6 and ApoE-/mice (on high fat diet at 8 weeks of age) were injected with either vehicle or AICAR for 2
weeks followed by haemodynamic measurements after which tissue and blood samples
were collected (B).
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2.6.4 AICAR administration
To investigate the effect of AICAR (Toronto Research Chemicals Inc., Ontario, Canada)
on atherosclerosis progression and blood pressure, 10 to 12 week old C57BL/6 mice on
normal chow and ApoE-/- mice fed on the high fat diet for 1 month and continued for the
duration of the dosing regimen, were administered a daily i.p. injection of either saline
vehicle or AICAR (400 mg/kg) for 14 days. After the completion of the 14 day period,
haemodynamic measurements were performed. Mice were weighed at the beginning of the
dosing regimen as well as at day 7 to adjust the dose due to potential fluctuations in body
weight.

2.6.5 Haemodynamic measurements
Haemodynamic measurements were performed by the cannulation of the left common
carotid artery. Mice were weighed before the beginning of each experiment. General
anaesthesia and isolation of the carotid artery was achieved using the same method as the
mouse carotid artery injury model as described in Section 2.6.3. A polyurethane cannula
(Harvard Apparatus, Boston, U.S.A.) filled with heparinised saline was inserted at the
incision site, approximately 4 mm into the lumen of the carotid artery and secured in place
with the proximal ligature. The cannula was connected to an Elcomatic E751A pressure
transducer and MP35 data acquisition system (BIOPAC© Systems Inc., Santa Barbara,
U.S.A.). Upon removal of the arterial clip and restoration of blood flow, the mean arterial
blood pressure was measured.
2.6.5.1 Tissue and blood collection
Once the haemodynamic measurements were complete, the mice were sacrificed by
cervical dislocation. Blood was collected via cardiac puncture and prepared as described
in Section 2.6.3.1.

Carotid arteries and aortae were dissected and cleaned of any

connective tissue. Vessels were snap frozen in liquid nitrogen and stored at -80 °C for
immunoblotting and mass spectrometry analysis. Heart, liver and spleen weight was also
recorded.

2.6.6 Measurement of plasma MPO
The MPO content of plasma from C57BL/6 and ApoE-/- mice was analysed using a mouse
MPO ELISA kit (Hycult® Biotech Inc., Uden, Netherlands). Plasma samples, collected
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from C57BL/6 and ApoE-/- mice after carotid artery injury and chronic AICAR
administration, were diluted 1 in 16 in dilution buffer. This concentration was chosen after
a preliminary experiment with increasing dilutions of mouse plasma. The assay was
performed as per the manufacturer’s instructions. The samples and a standard curve,
ranging from 1.6 ng/ml to 100 ng/ml (Figure 2.4), were added to a microtiter plate coated
with antibodies that recognise mouse MPO in the plasma. The bound mouse MPO binds to
a biotinylated tracer antibody which in turn binds to a streptavidin-peroxidase conjugate.
The conjugate then facilitates the conversion of the substrate, TMB, from a colourless to
blue solution with the reaction stopped by the addition of oxalic acid. Absorbance was
measured spectrophotometrically at 450 nm using a SpectraMax® M2 microplate reader.
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Figure 2.4 – Representative MPO standard curve.
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2.7 Histology
2.7.1 Fixation
Left and right mouse carotid arteries and aortae were dissected from the cadaver from the
vascular injury study, freed of any connective tissue and fixed in 10 % (v/v) neutral
buffered formalin (10 % formalin, 90 % H2O, 33 mM NaH2PO4, 45 mM Na2HPO4)
overnight. Tissues were processed through a gradient of alcohol solutions to Histoclear (a
xylene substitute, Thermo Scientific, Loughborough, U.K.) with the terminal step into
paraffin wax. This was performed in a Citadel 1000 tissue processor (Thermo Shandon,
Runcorn, U.K.) in the following sequence:
Table 2.2 – Sequence for processing samples for histological analysis.
Solution

Length of incubation of sample

70 % ethanol

15 minutes

85 % ethanol

15 minutes

90 % ethanol

25 minutes

95 % ethanol

25 minutes

100 % ethanol

15 minutes

100 % ethanol

15 minutes

100 % ethanol

15 minutes

Histoclear

30 minutes

Histoclear

30 minutes

Paraffin wax

30 minutes

Paraffin wax

30 minutes

Samples were positioned and held vertically to embed the vessels in the correct orientation
in the paraffin wax for sectioning using a Shandon Histocenter 3 embedding centre (Fisher
Scientific, Loughborough, U.K.). Paraffin blocks were cut into 4 µm slices to expose the
transverse sections of the embedded arteries using a Leica Finesse 325 Microtome (Fisher
Scientific, Loughborough, U.K.).
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2.7.2 Haematoxylin and eosin staining
Haematoxylin and eosin (H&E) stain the nucleus and cytoplasm of cells respectively and
was used to investigate neointima formation in the vascular injury study. Paraffin was
removed from the cut sections and rehydrated through an alcohol gradient of 100 %, 90 %
and 70 % ethanol for 5 minutes each and washed in deionised water for a further 5
minutes. Sections were then stained with haematoxylin for 4 minutes and washed in
deionised water before being placed in acid alcohol (1 % (v/v) HCl in ethanol) for 30
seconds. Slides were washed in deionised water for 1 minute, placed in eosin for 2
minutes before a further 5 minute wash in deionised water. Sections were then dehydrated
by incubation in 70 %, 90 % and 100 % ethanol followed by 10 minutes in Histoclear.
Finally, cover slips were fixed using DPX mounting medium (VWR BDH Prolabo,
Leicestershire, U.K.). Nuclei appeared blue/purple whereas cytoplasm was stained pink.

2.7.3 Immunohistochemistry
Paraffin was removed from the cut sections and rehydrated through an alcohol gradient of
100 %, 90 % and 70 % ethanol for 5 minutes each and washed in running water. Heatinduced antigen retrieval was then performed with the sections incubated in 10 mM citric
acid at pH 6.0 at 95-100 °C for 10 minutes and allowed to cool to room temperature.
Carotid artery sections were washed in running water for 10 minutes and then endogenous
peroxidase activity was blocked by the incubation of 3 % (v/v) H2O2 in methanol for 20
minutes. Following this, sections were washed in running water for 10 minutes and
incubated with 2.5 % normal horse blocking serum for all non-specific binding in a
humidified chamber for 1 hour at room temperature. The arterial sections were then
incubated with the primary antibody diluted in 1 % (w/v) BSA in PBS (Sigma Aldrich,
Poole, U.K.) in a humidified chamber. A summary of the primary antibodies used along
with dilutions and lengths of incubations are found in Table 2.3. A blank and negative
control was carried out for each experiment using 1 % BSA in PBS and rabbit IgG
antibody diluted in 1 % BSA in PBS respectively. Following this, sections were washed
twice in PBS for 10 minutes and incubated with ImmPRESS™ anti-rabbit Ig antibody
(Vector Laboratories, Peterborough, U.K.) for 1 hour at room temperature in a humidified
chamber with the exception of sections stained for phosphorylated and total AMPK. These
sections were incubated with a biotinylated secondary antibody followed by treatment with
streptavidin-peroxidase solution using the Histostain®-Plus Bulk kit (Life Technologies,
Paisley, U.K.), both for 10 minutes at room temperature to amplify the signal. All sections
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were next washed twice in PBS for 10 minutes each. DAB chromagen solution (3,3diaminobenzidine and hydrogen peroxidase solution, Vector Laboratories, Peterborough,
U.K.) was utilised for immunoperoxidase staining with the solution incubated with the
sections until a dark brown staining was evident. This was typically between 2 and 5
minutes and the reaction was stopped by washing the sections in water. Sections were then
counterstained with haematoxylin to visualise the nucleus of the cells by incubation for 4
minutes followed by washing in warm water for 5 minutes to “blue” the nuclei. Finally,
the sections were dehydrated by incubation in 70 %, 90 % and 100 % ethanol followed by
10 minutes in Histoclear. Cover slips were then fixed using DPX mounting medium.
Staining was visualised using a light microscope and positive immunostaining was seen as
a brown/dark brown and nuclei appearing blue/purple. Sections were photographed using
QCapture Pro 6.0 software and analysed with Image-Pro® Analyzer 7.0 software (Media
Cybernectics, Marlow, U.K.).

Table 2.3 – Summary of antibodies, dilutions and length of incubations used for
immunohistochemistry.
Protein

Dilution and Length of
Incubation

Source and Product
Number

Active caspase 3

1 in 50 for 2 hours at room

Abcam

temperature
ab2302
αSMA

1 in 200 for 2 hours at room
temperature

AMPKα

1 in 100 overnight at 4 °C

Abcam
ab5694
Abcam
ab131512

Ki67

1 in 100 for 2 hours at room
temperature

Phospho AMPKα

1 in 100 overnight at 4 °C

(Thr172)

Abcam
ab15580
Cell Signalling Technology
#2535

All primary antibodies were diluted in 1 % (w/v) BSA in PBS.
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2.8 Detection of lipids in murine arteries
2.8.1 Lipid extraction from mouse carotid arteries and aortae
The lipid content of mouse carotid arteries and aortae from both the vascular injury and
chronic AMPK activation studies were investigated using a modified version of the BlighDyer procedure, previously used for cell extractions (Spickett et al., 2001). Equal volumes
of solvents and aqueous solutions were used for lipid extraction. Vessels were incubated
in 1.5 ml Ultra High Recovery microcentrifuge tubes (Starlab, Milton Keynes, U.K.) in
methanol containing 100 µg/ml of butylated hydroxytoluene (BHT), which is used as an
antioxidant. Tissue samples were vortexed for 30 seconds and sonicated in a water bath
for 15 minutes. Chloroform was then added to the sample and vortexed for 30 seconds and
left overnight in the fridge for the lipids to extract. An aqueous layer of 0.88 % (w/v) KCl
in water was added and vortexed for a further 30 seconds before incubation in the fridge
for 20 minutes. The sample was then centrifuged at 13800 x g for 1 minute, separating the
solvents and KCl into separate layers.

The chloroform layer was removed using a

Hamilton syringe into a fresh microcentrifuge tube and particular care was taken to avoid
removal of any of the aqueous layer. The samples were then dried under a steady flow of
oxygen-free nitrogen gas and stored at -80 °C until use.

2.8.2 Quantification of lipids by ESMS
Dried lipid extracts were reconstituted in 100 µl of 20 % (v/v) chloroform in methanol and
vortexed for 1 minute. The samples were then diluted 1 in 10 in methanol which allowed
the samples to be further diluted for analysis using ESMS in either positive- or negativeion mode performed on an QTRAP® 5500 mass spectrometer (Figure 2.5, AB SCIEX,
Warrington, U.K.). For analysis using positive-ion mode with direct infusion, samples
were diluted 1 in 100 for aortae, 1 in 50 for left injured carotids and 1 in 25 for right
carotids with 1 % (v/v) aqueous formic acid in methanol, giving a final dilution of the lipid
extracts of 1 in 1000, 1 in 500 and 1 in 250 respectively. Spectra, in the range of m/z 3001000, were acquired for 2 minutes. Precursor ion scanning was performed for m/z 184.1
for PCs and SMs and m/z 369.1 for cholesterol and cholesteryl esters, as well as neutral ion
loss for 141.1 Da for PEs. For analysis using negative-ion mode with direct infusion,
samples were diluted 1 in 10 for aortae, 1 in 5 for left injured carotids and 1 in 2.5 for right
carotids with 10 % (v/v) 5 mM ammonium acetate in methanol, giving a final dilution of
the lipid extracts of 1 in 100, 1 in 50 and 1 in 25 respectively. Spectra in the range of m/z
300-1000 were acquired for 4 minutes. Precursor ion scanning was performed for m/z
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241.0 for PIs and neutral loss scan for 87.0 Da for PSs. Collision energy of 45 eV was
used for all scans except for precursor ion scanning for m/z 369.1 where 30 eV was used.
Ion intensities for each m/z value were normalised by dividing the value by the obtained
total ion count value, giving a percentage using PeakView® software (AB SCIEX,
Warrington, U.K.). Ion intensities were evaluated by comparing the percentage m/z values
from one sample group with the percentage m/z values from a different sample group.

Figure 2.5 – Photograph of QTRAP® 5500 mass spectrometer.

2.9 Statistical analysis
All results are expressed as mean ± standard error of the mean (SEM) where n represents
the number of experiments performed. Data were analysed with GraphPad Prism 5.0
software (California, U.S.A.) using either a paired or unpaired Student’s t test, one-way
analysis of variance (ANOVA) followed by a Dunnett’s or Newman-Keuls’ post hoc test
or two-way ANOVA followed by Bonferroni’s post hoc test as appropriate and described
in the respective methods of each chapter. In all cases, a p value of less than 0.05 was
considered statistically significant.
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3.1 Introduction
VSMCs situated in the medial layer of vessels are in a quiescent phenotypic state,
producing SM MHC and αSMA; both are involved in contractile function (Owens et al.,
2004, Doran et al., 2008). VSMCs can then switch into a synthetic state where they have a
higher rate of proliferation and produce more scavenger receptors, allowing the
uncontrolled uptake of lipids and therefore formation of foam cells (Owens et al., 2004,
Campbell and Campbell, 1994).

Phenotypic switching of VSMCs is critical in the

development of atherosclerosis and also restenosis, as both processes are characterised by a
thickening of the arterial wall. This highlights the importance of VSMCs in arterial
disease progression, while the modification of LDL and formation of oxidised
phospholipids also contributes significantly to the pathophysiology of atherosclerosis
(Witztum and Steinberg, 1991). These oxidised phospholipids, such as oxPAPC and its
constituent POVPC, have been found to decrease SM MHC and αSMA leading to an
increase in the expression of pro-inflammatory genes encoding chemokines such as MCP-1
thereby inducing the phenotypic switching process of VSMCs and enhancing the
inflammatory state (Pidkovka et al., 2007).
Oxidised phospholipids PGPC and POVPC, are the predominant truncated products
formed from the autoxidation of PAPC and mimic the biological effects of mmLDL and
hence could be critical markers of atherosclerotic progression (Watson et al., 1995, Watson
et al., 1997). However, conflicting results have been observed in relation to VSMCs, with
a biphasic response involving a proliferative effect at low concentrations and apoptosis
predominating at higher concentrations (Auge et al., 2002, Fruhwirth et al., 2006,
Johnstone et al., 2009).

Oxidised phospholipids have also demonstrated other pro-

inflammatory effects in human aortic endothelial cells with incubation of oxPAPC
inducing expression of MKP-1, which leads to the production of MCP-1 and chemotaxis of
monocytes (Reddy et al., 2001). In addition, oxPAPC induced monocyte adhesion and
inflammation in atherosclerotic mice in vivo (Furnkranz et al., 2005).
Production of oxidised lipids and modification of LDL is thought to occur by a number of
ways including by the action of metals and the phagocytic enzyme, MPO. Attention has
focused on MPO’s ability to produce chlorinated species at physiological and pathological
conditions in vivo as it catalyses the production of HOCl from H2O2 and chloride anions
(Schultz and Kaminker, 1962). There is growing evidence of the involvement of MPO and
HOCl in atherosclerosis with the active form of the enzyme being found in human
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atherosclerotic plaques as well as HOCl-modified LDL (Daugherty et al., 1994, Hazell et
al., 1996). Wildtype mice overexpressing human MPO in macrophages were produced
using the Visna virus promoter and then repopulated in bone marrow of lethally irradiated
LDLr-/- mice. These hypercholesterolaemic mice expressing human MPO have also been
found to promote atherosclerotic progression (McMillen et al., 2005). HOCl can be added
across the unsaturated bonds of phospholipids by electrophilic attack forming lipid
chlorohydrins (Winterbourn et al., 1992). Phospholipid chlorohydrins have demonstrated
toxicity in myeloid cells and endothelial cells, thought to be due to their high polarity
which leads to disruption of the membrane (Dever et al., 2003, Vissers et al., 2001, Carr et
al., 1997). Pro-inflammatory effects have also been observed with chlorohydrins inducing
leukocyte adhesion in ApoE-/- mice, primarily through the upregulation of P-selectin
(Dever et al., 2008). Alpha-chloro fatty aldehydes are another class of chlorinated species
produced by the action of MPO, formed by the addition of HOCl across the vinyl ether
bond of plasmalogens (Albert et al., 2001).

Activation of neutrophils results in the

production of 2-ClHDA which has been found to be a natural inhibitor of endothelial NO
biosynthesis as well as accumulating during MI (Thukkani et al., 2002, Marsche et al.,
2004, Thukkani et al., 2005). Unlike chlorohydrins, there is evidence of alpha-chloro fatty
aldehydes in human atherosclerotic plaques with potential proatherogenic properties
through inducing P-selectin expression in primary HCAECs (Thukkani et al., 2003b).
However, considering the mounting evidence of biological effects of modified lipids, little
is known about the actions of different classes of modified lipids on VSMC proliferation,
viability and migration which are all important remodelling processes in the development
of atherosclerosis and also restenosis.

3.1.1 Aims
The aims investigated in this chapter were:


To determine the stability of phospholipid chlorohydrins over a 72 hour period.



To determine the effect of either short- or long-term modified lipid incubation on
VSMC proliferation, viability and migration.



To elucidate the mechanism of cell death induced by modified lipids.
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3.2 Methods
3.2.1 Lipid preparation and analysis
SOPC and SLPC were modified to form lipid chlorohydrins as detailed in Section 2.2.1.
Native phospholipids were incubated with HBSS to form lipid micelles and chlorinated
with excess HOCl. DPPC was added to each of the native phospholipids to assess the
stability of each chlorohydrin. Excess HOCl was removed using a reverse phase SepPak® column and dried under nitrogen. Lipid chlorohydrins were reconstituted in PBS
with chlorohydrin formation and stability analysed by ESMS over a 72 hour period. 2ClHDA was synthesised by Professor Andrew R. Pitt (Aston University, U.K.) and
oxidised phospholipids were purchased from Avanti Polar Lipids. For cell experiments, all
lipids were reconstituted in culture medium and added to the cells at increasing
concentrations.

3.2.2 VSMC proliferation
Immunostaining for αSMA was first performed to characterise the origin of the primary
cell culture as described in Section 2.3.2.1. VSMC proliferation was then assessed by
determining the incorporation of BrdU into newly synthesised DNA using an ELISA kit
(as detailed in Section 2.3.3). For pretreatment experiments, cells were incubated with 1100 µM of each lipid for 2 or 6 hours prior to stimulation with 10 % FCS and the addition
of BrdU for 24 hours at 37 °C. For assessing the effect of chronic incubation, cells were
stimulated with 10 % FCS and the addition of BrdU along with 1 to 100 µM of each lipid
for 24 hours.

3.2.3 VSMC viability
Cell viability was measured by the bioluminescent detection of cellular ATP as it is present
in all metabolically active cells (described in Section 2.3.4). For pretreatment experiments,
cells were incubated with 1-100 µM of each lipid for 2 or 6 hours prior to stimulation with
10 % FCS for 24 hours at 37 °C. For assessing the effect of chronic incubation, cells were
stimulated with 10 % FCS along with 1-100 µM of each lipid for 24 hours.

3.2.4 Western blotting
Expression of caspase 3 was measured by Western blot analysis as detailed in Section 2.4.
VSMCs were seeded in 6 well plates and grown to 80 % confluency before quiescing in
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0.1 % FCS for 24 hours. Following exposure to each lipid (1-100 µM) for 2 hours, VSMC
lysates were prepared. Protein estimation analysis from these lysates was carried out and
protein was added at 10 µg per well. Immunoblotting was performed with antibodies
against caspase 3 and α tubulin (all antibody dilutions found in Table 2.1) which was used
as a loading control followed by densitometrical analysis of the detected protein bands.

3.2.5 VSMC migration
Cell migration was measured using a QCM chemotaxis cell migration assay which is based
on the Boyden chamber method containing an 8 µm pore membrane (as described in
Section 2.3.5). For the acute incubation, cells were pretreated in quiescing medium with
each lipid (1-100 µM for chlorinated lipids and 1-25 µM for oxidised phospholipids) prior
to harvesting. Lipid (1-100 µM) was added to the top chamber of the insert for chronic
incubation.

Serum free media

Media + 10 % FCS

Figure 3.1 – Illustration of chemotactic cell migration assay.
Cells were seeded in serum-free media in the top of the insert (with or without lipid) with
media supplemented with 10 % (v/v) FCS in the lower chamber acting as a chemotactic
agent. Cells migrated through the porous membrane and adhered to the underside where
they were stained and cell migration was measured colourimetrically.

3.2.6 Statistical analysis
All results are displayed as mean ± SEM and n represents the number of independent
experiments performed. Data were analysed using a two-way ANOVA for the control
BrdU experiments, a one-way ANOVA followed by Dunnett’s post hoc test for all
proliferation, viability and migration experiments and a one-way ANOVA followed by
Newman-Keuls’ post hoc test for caspase 3 expression.
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3.3 Results
3.3.1 Detection and assessment of the stability of phospholipid
chlorohydrins
The conversion of native phospholipids to their respective chlorohydrins was observed
using ESMS in positive-ion mode with an increase in the m/z of 52 for the monochlorohydrins and 104 for bis-chlorohydrins.

Phospholipid chlorohydrins were

reconstituted in PBS to assess stability over a 72 hour time period with samples taken at 7,
24, 48 and 72 hours. Representative spectra from the initial sample time point are shown
in Figure 3.2. Treatment of native SOPC (m/z 788) with HOCl resulted in complete
conversion to the mono-chlorohydrin, identified by the peak at m/z 862 due to the addition
of a sodium (Na+) ion. In contrast, DPPC (m/z 734) was unaffected by incubation with
HOCl with a peak seen at about m/z 756, again in its sodiated form. A smaller additional
peak was observed at m/z 864 representing the chlorine isotope distribution pattern with
the addition of

37

Cl as chlorine exists as a mixture in a ratio of 3:1 of

35

Cl to

37

Cl.

Treatment of SLPC (m/z 786) resulted primarily in the conversion to the bis-chlorohydrin,
observed at around m/z 912 (plus Na+ ion). Furthermore, a peak was observed at about
m/z 916 indicating the addition of 37Cl rather than 35Cl. DPPC was again unaffected by the
electrophilic attack with a peak observed at about m/z 756. A further peak was seen at
about m/z 894 due to the loss of water from the chlorohydrin product, corresponding to the
loss of m/z 18. The stability of the chlorohydrin products was measured as a percentage of
the stable DPPC peak. SOPC chlorohydrins (SOPC ClOH) remained stable over the initial
24 hour period and remained consistently larger than the DPPC peak. The peaks began to
reduce steadily after this time point down to about 130 % of the DPPC peak after 72 hours.
SLPC chlorohydrins (SLPC ClOH) followed a similar trend to the stability of SOPC ClOH
but the amount of chlorohydrin product was reduced. Due to the complete conversion to
the mono-chlorohydrin, SOPC ClOH was selected for subsequent experiments with 24
hours incubation.

3.3.2 Effect of pretreatment of modified lipids on VSMC
proliferation and viability
Immunostaining for αSMA was performed to confirm the origin of the primary cell
culture. Strong green fluorescence indicates positive staining for αSMA and therefore
VSMCs (Figure 3.3). Increasing concentrations of FCS were used to test the efficiency of
the BrdU proliferation assay; 10 % FCS induced the largest rate of proliferation and was
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therefore employed for all subsequent experiments (Figure 3.4). The influence of modified
lipids (both chlorinated and oxidised) on VSMC proliferation and viability was then
investigated. Acute effects were monitored after 2 hour incubation of the modified lipids
in quiescing medium after which the cells were stimulated with 10 % FCS for 24 hours
(with the addition of BrdU in the proliferation experiments).
Pretreatment of 2 hours with both chlorinated lipids, SOPC ClOH (Figure 3.5) and 2ClHDA (Figure 3.6), had no effect on either VSMC proliferation or viability. In contrast,
incubation with oxidised lipids, PGPC (Figure 3.7) and POVPC (Figure 3.8), caused a
significant reduction in VSMC proliferation and viability with only 17.6 ± 6.5 % and 64.1
± 8.5 % of viable cells remaining at 50 µM of lipid compared to the 10 % FCS control
respectively. The mechanism of cell death was investigated by assessing activation of
caspase 3, an extensively used marker of programmed cell death or apoptosis. Caspase 3 is
produced as an inactive pro-enzyme and is processed by upstream proteases such as
caspase 8 and self proteolysis to its active form; therefore a reduction in the level of
caspase 3 would infer activation.

Cells were also photographed to assess the

morphological changes in the VSMCs after 2 hours incubation with the modified lipids.
Chlorinated lipids had no effect on either morphological changes or caspase 3 levels in
VSMCs after a 2 hour treatment (Figure 3.9). In contrast, morphological changes were
initially seen at 25 µM PGPC and 50 µM POVPC with cells appearing granular and the
formation of vesicles suggesting apoptotic bodies had formed (Figure 3.10). This was
increased at the higher concentrations of both of the oxidised lipids with almost complete
obliteration of all cells at 100 µM PGPC. Caspase 3 levels were reduced with increasing
concentrations of both PGPC and POVPC; however a reduction in the expression of the
protein loading control, α tubulin, was also observed at the higher concentrations (50 and
100 µM). These concentrations were therefore discounted from the analysis and no overall
differences were observed. A longer period of 6 hours incubation in quiescing medium
was utilised for modified lipids, where viable cells were still present after the 2 hour
treatment to ensure all effects were witnessed (Figure 3.11). 6 hour treatment with SOPC
ClOH caused a concentration-dependent reduction in VSMC viability with 54.1 ± 6.1 % of
viable cells at 100 µM, whereas no effect was witnessed with 2-ClHDA incubation.
POVPC caused a dramatic reduction in VSMC viability (similar to the 2 hour incubation
with the other oxidised lipid, PGPC) with 35.5 ± 4.9 % of viable cells at 25 µM POVPC.
Incubation with increasing concentrations of HOCl, which was used to chlorinate the
phospholipids, had no effect on VSMC proliferation after either 1 hour or 2 hours
treatment (Figure 3.12).
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Figure 3.2 – Stability of SOPC and SLPC ClOH over 72 hour period.
Native SOPC and SLPC were chlorinated to their respective chlorohydrins and stability
was measured as a percentage of the stable phospholipid, DPPC using positive-ionisation
ESMS (C). Red dashed line indicates 24 hours which was the length of incubation used
for all subsequent cell experiments. Spectra shown for SOPC (A) and SLPC (B) are
representative of first sample collection at time zero.
68

Chapter 3 – Influence of Modified Lipids on VSMCs

Figure 3.3 – Immunostaining of primary cell culture for αSMA.
To confirm the origin of the primary cell culture, cells were fixed and permeabilised before
incubation overnight with the primary antibody for αSMA. Secondary antibody was then
added and DAPI was also used to localise the nucleus of the cells. Green fluorescence
was visualised using FITC at 10 x objective highlighting the presence of rabbit aortic

BrdU Incorporation
(Absorbance 450 and 540 nm)

VSMCs.

0.1 % FCS
1 % FCS
10 % FCS
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0.00
1000

10000

Cell concentration (cells/well)

Figure 3.4 – Effect of increasing concentrations of FCS on BrdU incorporation in
proliferating VSMCs in culture.
To test the efficiency of the non-radioactive proliferation assay, an increasing number of
VSMCs were incubated with increasing concentrations of FCS for 24 hours with the
addition of BrdU. ***p<0.001 vs 0.1 % FCS, n = 3 and performed in triplicate.
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Figure 3.5 – Effect of 2 hour pretreatment of SOPC ClOH on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 2 hours with increasing
concentrations of SOPC ClOH in quiescing media and then stimulated with 10 % FCS for
24 hours with the addition of BrdU in proliferation measurements. n = 6 and performed in
triplicate.
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Figure 3.6 – Effect of 2 hour pretreatment with 2-ClHDA on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 2 hours with increasing
concentrations of 2-ClHDA in quiescing media and then stimulated with 10 % FCS for 24
hours with the addition of BrdU in proliferation measurements. n = 6 and performed in
triplicate.
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Figure 3.7 – Effect of 2 hour pretreatment with PGPC on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 2 hours with increasing
concentrations of PGPC in quiescing media and then stimulated with 10 % FCS for 24
hours and the addition of BrdU in proliferation measurements. ***p<0.001 vs 10 % FCS
control, n = 6 and performed in triplicate.
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Figure 3.8 – Effect of 2 hour pretreatment with POVPC on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 2 hours with increasing
concentrations of POVPC in quiescing media and then stimulated with 10 % FCS for 24
hours with the addition of BrdU in proliferation measurements. **p<0.01 and ***p<0.001
vs 10 % FCS control, n = 6 and performed in triplicate.
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Figure 3.9 – Effect of 2 hour pretreatment of chlorinated lipids on VSMC
morphological changes and caspase 3 expression.
VSMCs were photographed at 20 x magnification to visualise morphological changes after
the cells were treated with SOPC ClOH (A) and 2-ClHDA (B) for 2 hours. Caspase 3
expression (a marker of apoptosis) was investigated after 2 hours incubation with each
chlorinated lipid and the graph is expressed as the fold change of caspase 3 divided by α
tubulin to adjust for protein loading (D). Blots shown are representative (C). n = 3.
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Figure 3.10 – Effect of 2 hour pretreatment of oxidised lipids on VSMC
morphological changes and caspase 3 expression.
VSMCs were photographed at 20 x magnification to visualise morphological changes after
the cells were treated with PGPC (A) and POVPC (B) for 2 hours. Caspase 3 expression
(a marker of apoptosis) was investigated after 2 hours incubation with each oxidised lipid
and the graph is expressed as the fold change of caspase 3 divided by α tubulin to adjust
for protein loading (D). Blots shown are representative (C). n = 3.
75

Chapter 3 – Influence of Modified Lipids on VSMCs

125

ATP detected
(% of control)

A

100

**

75

***
50
25

0
SOPC ClOH (µM)

-

-

1

10

25

50

100

-

+

+

+

+

+

+

0
2-ClHDA (µM)

-

-

1

10

25

50

100

10 % FCS

-

+

+

+

+

+

+

10 % FCS

B

ATP detected
(% of control)

125
100
75
50
25

125

ATP detected
(% of control)

C

100
75
50

***

25

0
POVPC (µM)

10 % FCS

***
***
-

-

1

10

25

50

100

-

+

+

+

+

+

+

Figure 3.11 – Effect of 6 hour pretreatment with chlorinated lipids and selected
oxidised phospholipid on VSMC viability.
Increasing concentrations of SOPC ClOH (A), 2-ClHDA (B) and POVPC (C) were
incubated for 6 hours in quiescing medium followed by stimulation with 10 % FCS for 24
hours after which detection of ATP was used to measure VSMC viability. **p<0.01 and
***p<0.001 vs 10 % FCS control, n = 3 and performed in triplicate.
76

Chapter 3 – Influence of Modified Lipids on VSMCs

A

BrdU Incorporation
(% of control)

140
120
100
80
60
40
20

0
HOCl (µM)

-

-

1

10

25

50

100

10 % FCS

-

+

+

+

+

+

+

0
HOCl (µM)

-

-

1

10

25

50

100

10 % FCS

-

+

+

+

+

+

+

140

BrdU Incorporation
(% of control)

B

120
100
80
60
40
20

Figure 3.12 – Effect of HOCl incubation on VSMC proliferation.
Cells were treated with increasing concentrations of HOCl for either 1 hour (A) or 2 hours
(B) then stimulated with 10 % FCS and incubated with BrdU for 24 hours, VSMC
proliferation was then measured by the amount of BrdU incorporation.

n = 4 and

performed in triplicate.
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3.3.3 Effect of chronic incubation of modified lipids on VSMC
proliferation and viability
The chronic effects of the modified lipids were investigated with the lipids incubated with
VSMCs for 24 hours along with stimulation with 10 % FCS (and the addition of BrdU in
proliferation experiments).
Chlorinated lipids, either SOPC ClOH (Figure 3.13) or 2-ClHDA (Figure 3.14), incubated
for 24 hours had no effect on VSMC proliferation or viability. Chronic treatment with
PGPC caused an increase in VSMC proliferation and viability which was in stark contrast
to the effects observed with 2 hour pretreatment, with 155.8 ± 12.6 % of viable cells
present at 50 µM PGPC compared to 10 % FCS control (Figure 3.15). Similarly, the effect
of 2 hour incubation was reversed for POVPC as chronic treatment had no effect on
VSMC proliferation or viability compared to 10 % FCS control (Figure 3.16).

3.3.4 Effect of modified lipids on VSMC migration
The effect of modified lipids on VSMC migration was also investigated as it is another
process critical in vascular remodelling. VSMCs were either pretreated with modified
lipid for 2 hours and then migration was assessed in the presence of the chemoattractant,
10 % FCS or VSMCs were incubated with modified lipids during the migration process for
24 hours.
Pretreatment of 2 hours with chlorinated lipids had no effect on FCS-induced VSMC
migration (Figure 3.17). The higher concentrations of oxidised phospholipids (50 and 100
µM) were discounted due to the high levels of cell death observed in proliferation and
viability experiments. No effect was seen after 2 hours incubation of oxidised lipids prior
to FCS-induced VSMC migration (Figure 3.18).

Chlorinated lipids incubated with

VSMCs in the top chamber for 24 hours had no effect on FCS-induced VSMC migration;
however an apparent increase was observed at the highest concentrations of SOPC ClOH
but this was not significant (Figure 3.19). 24 hour incubation with oxidised phospholipids
caused a marked reduction in FCS-induced VSMC migration at the highest concentration
with 48.4 ± 7.1 % and 73.3 ± 4.4 % of migrated cells at 100 µM PGPC and POVPC
respectively (Figure 3.20). A greater effect was again observed with PGPC which was in
agreement with the proliferation and viability measurements.
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Figure 3.13 – Effect of chronic treatment of SOPC ClOH on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. Increasing concentrations of SOPC ClOH were
incubated while VSMCs were stimulated with 10 % FCS for 24 hours with addition of BrdU
in proliferation measurements. n = 4-6 and performed in triplicate.
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Figure 3.14 – Effect of chronic treatment of 2-ClHDA on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively.

Increasing concentrations of 2-ClHDA were

incubated while VSMCs were stimulated with 10 % FCS for 24 hours with the addition of
BrdU in proliferation measurements. n = 6 and performed in triplicate.
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Figure 3.15 – Effect of chronic treatment of PGPC on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. Increasing concentrations of PGPC were incubated
while VSMCs were stimulated with 10 % FCS for 24 hours with the addition of BrdU in
proliferation measurements.

*p<0.05 vs 10 % FCS control, n = 6 and performed in

triplicate.
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Figure 3.16 – Effect of chronic treatment of POVPC on VSMC proliferation and
viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively.

Increasing concentrations of POVPC were

incubated while VSMCs were stimulated with 10 % FCS for 24 hours with the addition of
BrdU in proliferation measurements. n = 6 and performed in triplicate.
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Figure 3.17 – Effect of prior incubation of chlorinated lipids on FCS-induced VSMC
migration.
Cells incubated with increasing concentrations of SOPC ClOH (A) or 2-ClHDA (B) for 2
hours and then harvested to assess VSMC migration in the presence of the
chemoattractant, 10 % FCS, in the bottom chamber of the assay. n = 4.
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Figure 3.18 – Effect of prior incubation of oxidised lipids on FCS-induced VSMC
migration.
Cells incubated with increasing concentrations of PGPC (A) or POVPC (B) for 2 hours and
then harvested to assess VSMC migration in the presence of the chemoattractant, 10 %
FCS, in the bottom chamber of the assay. n = 4-5.
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Figure 3.19 – Effect of incubation of chlorinated lipids during FCS-induced VSMC
migration.
Cells were incubated with increasing concentrations of chlorinated lipids, SOPC ClOH (A)
or 2-ClHDA (B), in the top chamber for 24 hours during the migration process induced by
the chemoattractant, 10 % FCS, in the bottom chamber of the assay. n = 4.
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Figure 3.20 – Effect of incubation of oxidised lipids during FCS-induced VSMC
migration.
Cells were incubated with increasing concentrations of oxidised lipids, PGPC (A) or
POVPC (B), in the top chamber for 24 hours during the migration process induced by the
chemoattractant, 10 % FCS, in the bottom chamber of the assay. ***p<0.001 vs 10 %
FCS control, n = 4.
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3.4 Discussion
The results provided in this study show for the first time the effects of chlorinated lipids on
VSMC remodelling processes and highlight the differences between chlorinated and
oxidised lipid species. Chlorinated lipids had no effect on VSMC proliferation, viability or
migration while oxidised phospholipids caused a concentration-dependent reduction in all
of these remodelling processes.
The identification of native phospholipids and their respective chlorohydrins using ESMS
in positive-ion mode has been used for a number of years to successfully detect both
modified lipids in LDL molecules as well as isolated chlorohydrin preparations (Jerlich et
al., 2000, Carr et al., 1996). The addition of standard molecules such as DPPC can be used
as an indicator of signal intensity as well as the potential breakdown of chlorohydrins and
makes relative quantification of peaks possible (Arnhold et al., 2001). SOPC was selected
as an example of the effects of phospholipid chlorohydrins as it is a significant component
of LDL and less likely to hydrolyse to its respective lysolipids than other unsaturated
species (Dever et al., 2008). Complete conversion to its mono-chlorohydrin was observed
with stability over 24 hours which was the longest period of incubation used in cell
experiments. This is in agreement with previous studies as SOPC has only one unsaturated
bond and therefore one site for chlorination, leading to increased stability in comparison
with other phospholipids with multiple adjacent unsaturated bonds (Arnhold et al., 2001,
Arnhold et al., 2002). Additionally, a significant reduction in cellular ATP in myeloid cell
lines, both monocytes and neutrophils, was observed with SOPC ClOH at a lower
concentration

(25

µM)

compared

with

1-stearoyl-2-arachidonoyl-sn-glycero-3-

phosphocholine (SAPC) and SLPC ClOH where higher concentrations (50 and 100 µM
respectively) were needed to elicit the same response (Dever et al., 2003).
The levels of modified lipids found in pathophysiological conditions have proved hard to
quantify with the large number of different structures present and the limited availability of
suitable standards. In areas of inflammation such as rheumatoid arthritis, the presence of
OCl-, the anion present in HOCl, has been found to reach concentrations of up to 300 µM,
due to the presence of neutrophils releasing MPO (Katrantzis et al., 1991). The levels of
oxidised phospholipids have mainly been measured using mass spectrometry coupled to
HPLC for both human and animal samples. In human atherosclerotic plaque samples,
POVPC was found between 20 to 40 µg per gram of tissue with slightly higher levels, of
between 40 to 100 µg per gram of tissue, being reported in rabbit aorta for POVPC and
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PGPC (Ravandi et al., 2004, Watson et al., 1997, Subbanagounder et al., 2000). This
suggests that modified lipids are present within in the micromolar range and these
concentrations of lipids were utilised for all in vitro experiments in this study.
Within this concentration range, the chlorinated lipids used were found to have little to no
effect on VSMC proliferation, viability or migration after both incubation times. The only
exception was SOPC ClOH which caused a significant reduction in cellular ATP at the
highest concentration after 6 hours treatment in quiescing medium. The majority of work
published previously has observed toxicity with incubation of chlorohydrins thought to be
via disruption of the membrane due to their high polarity (Carr et al., 1997). However,
necrotic cell death has also been reported in HUVECs with incubation of halohydrins and
an increase in caspase 3 levels suggesting apoptosis has been observed in myeloid cells
(Dever et al., 2006, Vissers et al., 2001). Together, this would suggest chlorohydrins
could have an effect on intracellular mechanisms rather than just physical disruption of the
membrane. This is also highlighted in the time-dependent effects observed with SOPC
ClOH incubation (Dever et al., 2003). The lack of cytotoxicity described in this study may
be due to the different cell type used, as VSMCs were more resistant to the effects of
chlorohydrins than myeloid and endothelial cells. There could also be an effect due to
species differences as rabbit VSMCs were used for all in vitro experiments and human
cells were utilised in the majority of other studies. In contrast to chlorohydrins, very little
is known about the actions of alpha-chloro fatty aldehydes as the few studies conducted
focussed primarily on endothelial cells. 2-ClHDA was found to inhibit endothelial NO
biosynthesis and induce expression of COX-2 in endothelial cells (Marsche et al., 2004,
Messner et al., 2008a).

2-ClHDA was thought to be an exciting prospect with the

identification of this class of chlorinated lipids in atherosclerotic lesions in vivo; however,
no effects were observed on the vascular remodelling processes examined in this study.
The direct action of HOCl incubation on VSMCs was also investigated as very low
concentrations, in the nanomolar range, have been shown to induce apoptosis in HUVECs
(Vissers et al., 1999). Incubation with HOCl in the same concentration range as the
modified lipids had no effect on VSMC proliferation after either 1 hour or 2 hours
treatment.

In contrast, a study investigating a newly identified haem-containing

peroxidase, VPO1, reported enhanced VSMC proliferation after 1 hour incubation with 20
µM HOCl (Shi et al., 2011). VPO1 is thought to catalyse the production of HOCl from
H2O2 and chloride similar to the action of MPO (Cheng et al., 2008).
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In stark contrast to the effects observed with the chlorinated lipids, oxidised phospholipids
caused a dramatic concentration-dependent reduction in VSMC proliferation and viability
after 2 hours incubation. The investigation into the mechanism of cell death induced by
the oxidised phospholipids proved inconclusive in this study. There was a substantial
amount of non-specific binding of the antibodies producing “dirty” blots which was
probably due to the antibody used being raised in the same species as the origin of the
VSMCs. However, the cell death observed in this study is in agreement with other results
after the incubation of oxidised phospholipids. Modified lipids have been found to induce
apoptotic signalling pathways by the activation of SMase and, in particular, the acid form
of the enzyme which is known to be involved in the earlier stages of apoptosis (Loidl et al.,
2003). This leads to the formation of ceramide, a hydrolysis product of SM, which in turn
causes the phosphorylation of MAPK and caspase 3 signalling (Loidl et al., 2004). Effects
have also been seen in vivo with LDLr-/- mice crossed with mice deficient in programmed
cell death-1 receptor exhibiting a large increase in atherosclerotic plaque size and a change
in composition of the lesion containing more macrophages than the LDLr-/- control mice
(Bu et al., 2011). A biphasic response of oxidised phospholipids has been previously
reported with proliferation occurring at low concentration and apoptosis predominating at
high concentrations (Auge et al., 2002, Johnstone et al., 2009). The results of this study do
not seem to follow this trend; however, with the chronic incubation of oxidised
phospholipids in the presence of the growth supplement, FCS, the predominant cell death
was abolished and an increase in proliferation was observed. This would suggest that the
presence of serum phospholipases causes a breakdown of the detrimental effects of
oxidised phospholipids and, in turn, produces a proliferative product. This is in partial
agreement with a previous study; however, the antiproliferative nature of the lipids was
still seen with the oxidised phospholipid treatment in the presence of FCS (Fruhwirth et al.,
2006).
Little is known about the effects of modified lipids on VSMC migration, which is another
important process in vascular remodelling and central to the restenotic phenotype. POVPC
and PGPC have been found to induce VSMC migration and increase the expression of type
VIII collagen, important in the composition of ECM in atherosclerotic plaques
(Cherepanova et al., 2009). In this study, pretreatment for 2 hours with PGPC and POVPC
appeared to have no lasting effects on VSMCs and therefore there was no effect on the
FCS-induced migration. However, when VSMC migration was stimulated in the presence
of the oxidised phospholipids, a concentration-dependent decrease was observed. The
effect seen was markedly less than in the proliferation and viability experiments,
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suggesting the migration of VSMCs could be occurring faster than the detrimental action
of the oxidised phospholipids. This is consistent with the initial activation of MAPK,
occurring within 15 minutes, which is one of the proposed mechanisms of VSMC
migration, leading to movement of VSMCs by the action of PDGF, and therefore could be
occurring before the effect of the oxidised phospholipids (Nelson et al., 1998).
The greater effect of the oxidised phospholipids, in all cellular experiments and in both
treatment conditions, was seen with PGPC rather than POVPC, despite the fact that the
latter had previously been suggested to be the more potent of the two truncated oxidation
products of PAPC (Fruhwirth et al., 2006, Loidl et al., 2003). Hermetter’s group have
consistently found POVPC to be more apoptogenic than PGPC, which is thought to be due
to its aldehyde moiety compared with the carboxylic acid functional group found on
PGPC. Using fluorescently labelled analogues of PGPC and POVPC, the phospholipids
were found to localise in separate compartments of the VSMCs with PGPC located in
lysosomes while POVPC formed covalent adducts with the plasma membrane (Moumtzi et
al., 2007). However, recently this group have reported a higher toxicity with PGPC in
cultured macrophages believed to be due to more efficient membrane blebbing in apoptotic
cells (Stemmer et al., 2012). As oxLDL is very heterogeneous in its composition, it is
useful to characterise its effects by using individual lipids in order to attribute the effects
seen to each component.
Previous studies have found apoptosis to peak at about 24 hours after vascular injury while
proliferation occurs later in the process, at around 4 days after injury (Yang et al., 2006,
Matter et al., 2006). This correlates with the oxidised phospholipid data described in this
study, where VSMC death was induced after a short incubation time of only 2 hours.
Modified lipids could also be involved in the latter proliferative stages of vascular injury
leading to the formation of neointima; however, this would be difficult to measure in vitro.
Longer incubations with modified lipids would not be possible in quiescing medium, and
incubating VSMCs with medium containing growth supplements such as FCS along with
modified lipids would lead to the breakdown of these lipids by serum phospholipases
(Fruhwirth et al., 2006). This is a key limitation of the in vitro VSMC model as effects of
longer incubations in quiescing medium with modified lipids could not be attributed solely
to the lipids because, in absence of growth supplements, the cells would likely induce
programmed cell death processes due to the lack of available nutrients. The different
classes of modified lipids may also have different durations of action and be involved in
different cell processes for example; the oxidised phospholipids could participate in the
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primary effects seen while chlorinated lipids could be involved in the later stages. PGPC
could be involved in the early cell death as it induces substantial death after 2 hours in the
in vitro experiments. This effect could be followed by the action of POVPC as the level of
cell death observed was significantly increased after 6 hours incubation compared to 2
hours. SOPC ClOH and other chlorohydrins may be involved in the last stage of cell
death, as a significant reduction in cell death was witnessed after 6 hours treatment at the
higher concentrations. This would suggest a cumulative effect of the modified lipids
inducing cell death which is one of the first processes seen after vascular injury and in the
formation of neointima. In vivo analysis of injured or atherosclerotic vessels could provide
a better insight into the actions of these different classes of modified lipids on important
cellular processes involved in vascular remodelling.

3.5 Conclusions
In summary, both chlorinated species, chlorohydrins and alpha-chloro fatty aldehydes, had
little to no effect on rabbit VSMC proliferation, viability or migration except that SOPC
ClOH induced a concentration-dependent depletion of cellular ATP after a prolonged
incubation of 6 hours. In contrast, the truncated oxidation products of PAPC, PGPC and
POVPC, caused a large concentration-dependent reduction in VSMC proliferation,
migration and cellular ATP with the greater effect seen with PGPC. The effects reported
were further enhanced by a longer treatment time with POVPC, which is thought to
operate through apoptotic signalling pathways. This is the first study to investigate the
effects of chlorinated lipids on VSMC processes; these processes being essential in
vascular remodelling. This study also highlights the divergent effects of different classes
of modified lipids which are all known components of modified LDL and therefore critical
in atherosclerosis progression.
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4.1 Introduction
AMPK is a key regulator of energy homeostasis and is commonly referred to as a cellular
“fuel gauge” (Hardie and Carling, 1997). It is a highly conserved heterotrimeric complex
consisting of a catalytic α subunit and two regulatory subunits; β and γ, with each having
two or more isoforms that are expressed in different cell and tissue types (Davies et al.,
1994, Stapleton et al., 1994). Activation of AMPK occurs via phosphorylation of the
threonine residue at position 172 in the activation loop of the catalytic α domain (Hawley
et al., 1996). AMPK can only become activated when the regulatory subunits undergo
conformational change to expose the catalytic site. The regulatory γ subunits contain areas
termed “Bateman domains” with the capacity to bind one molecule of either AMP or ATP
(Bateman, 1997, Cheung et al., 2000, Scott et al., 2004). In well energised cells, ATP is
bound to AMPK, which keeps it in an inactive locked state. In situations where there is a
depletion of ATP and an elevation of AMP, such as during periods of cellular stress,
hypoxia or glucose deprivation, AMP displaces ATP leading to the phosphorylation of
AMPK at the threonine residue.

Furthermore, AMPK activity can be modulated by

pharmacological agents such as AICAR which mimics the action of AMP. AICAR is
transported into the cell via the adenosine transporter where it is phosphorylated to form
the AMP analogue, ZMP (Merrill et al., 1997). Another agent, A-769662 is an extremely
potent AMPK activator which directly stimulates AMPK by mimicking the effects of AMP
as well as inhibiting enzyme de-phosphorylation (Göransson et al., 2007).

AMPK

signalling directly regulates a number of enzymes involved in energy consumption within
the cell. AMPK can correct the energy imbalance by inhibiting ATP-consuming events
such as fatty acid and cholesterol biosynthesis by directly phosphorylating the enzymes
responsible: ACC and HMG-CoA reductase respectively, leading to the inhibition of
enzyme activity.
AMPK has been implicated in CVD including atherosclerosis where AMPK activation has
found to be beneficial in altering the inflammatory response as it reduces leukocyte
adhesion to human aortic endothelial cells and alleviates atherosclerosis in ApoE-/- mice in
vivo (Ewart et al., 2008, Li et al., 2010a). VSMCs are also critical in the progression of
atherosclerosis with AMPK activation by AICAR found to inhibit human and rat aortic
VSMC proliferation and migration, induced by both FCS and PDGF (Igata et al., 2005,
Peyton et al., 2011). Angiotensin II-stimulated rat VSMC proliferation was also inhibited
when AMPK is activated by AICAR (Nagata et al., 2004). Furthermore, AMPK activation
reduces oxLDL-induced macrophage proliferation and oxLDL-induced ER stress in vivo
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(Ishii et al., 2009, Dong et al., 2010). Chlorinated and oxidised lipids are critical in the
progression of atherosclerosis and previously shown to induce apoptosis in both vascular
and myeloid cells (Vissers et al., 2001, Dever et al., 2003, Fruhwirth et al., 2006,
Johnstone et al., 2009). Whereas, AMPK activation has been found to exert anti-apoptotic
effects in a number of cell types including endothelial cells (Ido et al., 2002, Kim et al.,
2008, Liu et al., 2010). To date nothing is known about how AMPK signalling could
modulate the effects of the individual chlorinated and oxidised lipids used in this thesis
within VSMCs. Understanding these pathways better may improve the understanding of
how these modified lipids are important in the progression of atherosclerosis.
Furthermore, AMPK has been found to have an effect on vascular reactivity affecting both
endothelial and VSM function. AICAR induced vasorelaxation in mouse aortic rings, both
in endothelium-intact and -denuded vessels, and was abolished in AMPKα1-/- mice
suggesting AMPKα1 in VSM was responsible for this action (Goirand et al., 2007).
Vasorelaxation to AICAR was also enhanced in spontaneously hypertensive rats compared
to their normotensive controls and this effect was thought to be NO-dependent (Ford and
Rush, 2011). Due to the vascular remodelling which occurs as a result of atherosclerosis,
the relaxant properties of VSM may be impaired. OxLDL has been found to reduce
endothelium-dependent relaxation to acetylcholine in rabbit aorta and coronary arteries by
affecting the vasodilator function (Simon et al., 1990, Buckley et al., 1996). Together, this
suggests there could be a dysregulation of AMPK signalling in vascular disease with little
known to date about the influence of AMPK in modulating the effects of modified lipids in
VSM.

4.1.1 Aims
The aims investigated in this chapter were:


To examine the effect of AMPK activation or inhibition on VSMC proliferation,
viability and protein expression.



To investigate the interaction of AMPK signalling and modified lipids on VSMC
proliferation, viability and protein expression.



To determine the effect of modified lipid incubation on AICAR-induced relaxation
in VSM.
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4.2 Methods
4.2.1 Smooth muscle proliferation
A schematic diagram displaying the experimental protocol for all VSMCs experiments is
shown in Figure 4.1. Cell proliferation was assessed by determining the incorporation of
BrdU into newly synthesised DNA using an ELISA kit (as detailed in Section 2.3.3). In
control experiments, the AMPK activator, 6,7-dihydro-4-hydroxy-3-(2’-hydroxy[1,1’biphenyl]-4-yl)-6-oxo-thieno[2,3-b]pyridine-5-carbonitrile (A-769662, Tocris Bioscience,
Bristol, U.K.) or the AMPK inhibitor, 6-[4-2-piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4yl-pyrrazolo[1,5-a]-pyrimidine (Compound C, Sigma Aldrich, Poole, U.K.) were incubated
separately for 45 and 30 minutes respectively prior to stimulation with 10 % FCS and the
addition of BrdU for 24 hours at 37 °C. VSMCs were also pretreated with A-769662 and
Compound C followed by incubation with modified lipids in the range of 1 to 100 µM for
2 hours prior to stimulation with 10 % FCS and the addition of BrdU for 24 hours at 37 °C.

4.2.2 Smooth muscle viability
Cell viability was measured by the bioluminescent detection of cellular ATP (described in
Section 2.3.4). Similar to proliferation experiments, A-769662 and Compound C were
incubated for 45 and 30 minutes respectively prior to stimulation with 10 % FCS for 24
hours at 37 °C. VSMCs were pretreated with A-769662 and Compound C (45 and 30
minutes respectively) followed by incubation with modified lipids in the range of 1 to 100
µM for 2 hours prior to stimulation with 10 % FCS for 24 hours at 37 °C.

4.2.3 Western blotting
Expression of AMPKα and ACC was measured by Western blot analysis as detailed in
Section 2.4. VSMCs were seeded in 6 well plates and grown to 80 % confluency before
quiescing in 0.1 % FCS for 24 hours. Cells were incubated with A-769662, Compound C
or 25 µM of the modified lipids for 45 minutes, 30 minutes or 2 hours respectively. Cells
were also pretreated with A-769662 or Compound C prior to the incubation of modified
lipids for 2 hours. Following exposure to the different reagents, VSMC lysates were
prepared and protein estimation analysis was carried out with the addition of 10 µg of
protein per well. Immunoblotting was then performed with antibodies against AMPKα,
ACC and the loading control, GAPDH (all antibody dilutions found in Table 2.1) then
densitometrical analysis was performed.
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Figure 4.1 – Schematic diagram of in vitro VSMC experiments for AMPK activation

or inhibition prior to modified lipid incubation.

Rabbit aortic VSMCs were treated with AMPK activator, A-769662 or AMPK inhibitor,

Compound C for 45 or 30 minutes respectively, followed by the modified lipid treatment for

2 hours in quiescing medium. Bullet point represents point at which the experiment was

performed.
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4.2.4 Small vessel wire myography
Mouse carotid arteries were cut into 2 mm segments and mounted on two 40 µm diameter
wires in a small artery wire myograph as detailed in Section 2.5. Arterial rings were
maintained in Krebs’ solution at 37 °C and gassed continuously with 95 % O2 and 5 %
CO2. Following a 30 minute equilibration period, the vessels were set to a predetermined
optimal tension of 0.25 g. Viability of arterial segments was measured with 40 mM KCl.
Following this, the vessels were washed and incubated with either 25 µM of the modified
lipid or vehicle for 30 minutes and then pre-constricted with U46619 for a further 30
minutes. A cumulative concentration-response curve to AICAR was then performed at a
concentration range from 1x10-4 M to 1x10-2 M at 10 minute intervals (Figure 4.2).

AICAR (M)
Modified Lipid/Vehicle 3x10-8 M U46619

1x10-4

3x10-4

60

70

5x10-4 1x10-3 3x10-3 5x10-3 1x10-2

0.30
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0.25
0.20
0.15
0.10
0.05
0.00
-0.05
0

30

80

90

100

110

120

Time (minutes)

Figure 4.2 – Representative myography recording for AICAR-induced relaxation.
Mouse carotid arteries were incubated either in the presence or absence of modified lipids
at 25 µM for 30 minutes. The vessels were then contracted to U46619 for a further 30
minutes. AMPK activator, AICAR, was then added at 10 minute intervals at increasing
concentrations from 1x10-4 to 1x10-2 M.
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4.2.5 Statistical analysis
All results are presented as mean ± SEM and n represents the number of independent
experiments performed. Data were analysed using a one-way ANOVA followed by either
a Dunnett’s post hoc test for control experiments or a Newman-Keuls’ post hoc test for
Western blotting analysis, a two-way ANOVA for comparison of AMPK treatment and
modified lipids with modified lipids alone and for comparison of the cumulative
concentration response curves to AICAR, and a paired Student’s t-test for the U46619
contraction.
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4.3 Results
4.3.1 Effect of AMPK activation or inhibition in VSMCs
The effects of AMPK activator, A-769662 and inhibitor, Compound C on VSMC
proliferation and viability were investigated in VSMCs by incubating for 45 and 30
minutes respectively (Figure 4.3). Vehicle treatment (1 % (v/v) DMSO) in quiescing
medium had no effect on either VSMC proliferation or viability. AMPK activation with
A-769662 for 45 minutes prior to stimulation with 10 % FCS had no effect on either
VSMC proliferation or viability. However, Compound C alone caused an inhibition of
proliferation at 40 µM with only 16.4 ± 7.2 % proliferating cells but had no effect on
viability with 81.2 ± 9.2 % of viable cells present. In contrast, at 100 µM, Compound C
appeared to have toxic effects with only 0.9 ± 0.9 % of proliferating cells and 3.0 ± 1.2 %
of viable cells present.
The effects of 10 µM of AMPK activator, A-769662 and inhibitor, Compound C on
expression of phosphorylated and total AMPKα and its downstream target, ACC by
immunoblotting were next investigated. Inhibition of AMPK with Compound C was also
investigated by treatment for 30 minutes prior to the AMPK activators, A-769662 or
AICAR. Graphs are expressed as the fold change of the phosphorylated form of the
enzyme over the total amount giving an indication of activity of either enzyme (Figure
4.4). Phosphorylation of ACC causes enzyme inhibition, thus limiting the pathway to fatty
acid synthesis. Vehicle treatment (1 % DMSO) in quiescing medium had no effect on
either AMPKα or ACC phosphorylation in VSMCs. There was also no effect on AMPKα
observed after incubation with any of the AMPK activators or the inhibitor. In contrast,
changes in relative expression of ACC were seen following incubations with A-769662
and in the presence of Compound C. A-769662 caused about a 2-fold increase in the ratio
of ACC compared to the control while Compound C pretreatment did not affect this
increase. AMPK inhibition by Compound C alone had no effect on the relative ACC
expression but significantly reduced the relative ratio of ACC in comparison to the
phosphorylation induced by A-769662.

Similarly, AMPK inhibition prior to AMPK

activation by AICAR caused a significant reduction in the relative ACC expression
compared to the same conditions with A-769662.

The concentration selected for all

subsequent VSMC experiments was 10 µM for both agents as A-769662 and Compound C
induced an activation or inhibition of AMPK respectively but had no effect alone on
VSMC proliferation and viability at this concentration.
99

+
+
+

10

+

+
+
+
+

100
10
1
V

10 % FCS

+
10 % FCS

-

V

-

0
Compound C (µM)

0
A-769662 (µM)

50

75

100

125

+

40

100

***
25

25

50

75

100

125

D
+
+
+
+

10 % FCS

B

100

+
+

40
10

+
+

V

+
-

10 % FCS

-

V

1

10

100

0
Compound C (µM)

25

50

75

100

+

***
25

50

75

100

125

C
125

0
A-769662 (µM)

ATP detected
(% of control)

BrdU Incorporation
(% of control)
BrdU Incorporation
(% of control)
A

ATP detected
(% of control)

***

Chapter 4 – Impact of AMPK Signalling on the Effects of Modified Lipids

Figure 4.3 – Effect of AMPK activation or inhibition on VSMC proliferation and
viability.
BrdU incorporation (A and C) and detection of ATP (B and D) were utilised to measure
VSMC proliferation and viability respectively.

Increasing concentrations of AMPK

activator, A-769662 (A and B) and inhibitor, Compound C (B and D) were incubated for 45
and 30 minutes respectively and then stimulated with 10 % FCS for 24 hours. V = vehicle
(1 % DMSO in quiescing medium). ***p<0.001 vs 10 % FCS control, n = 3 and performed
in triplicate.
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Figure 4.4 – Effect of AMPK activators and inhibitors on AMPKα and ACC
expression in VSMCs.
VSMCs were incubated with vehicle of 1 % DMSO, AMPK activator, A-769662 (10 µM) or
AMPK inhibitor, Compound C (10 µM) for 45 and 30 minutes respectively. Compound C
was also incubated for 30 minutes prior to incubation with AMPK activators, A-769662 or
AICAR. Graphs are expressed as the fold change of the phosphorylated form of each
enzyme divided by the total amount of AMPKα (B) and ACC (C) to measure the activation
of the enzyme. Blots shown are representative (A). *p<0.05 and **p<0.01 vs control,
††

p<0.01 and †††p<0.001 vs A-769662, ‡‡p<0.01 vs Compound C + A-769662, n = 3.
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4.3.2 Effect of AMPK activation or inhibition prior to modified lipid
treatment on VSMC proliferation and viability
To determine if AMPK activation or inhibition prior to incubation of modified lipids could
modulate the effects witnessed in VSMCs in Chapter 3, the effect of activation of AMPK
by A-769662 or inhibition with Compound C prior to modified lipid treatment was
investigated. In all experiments, a concentration of 25 µM was selected for each of the
modified lipids as it caused biological effects whilst retaining cell viability (described fully
in Chapter 3). The effects of the full range of concentrations of both chlorinated and
oxidised lipids after AMPK activation or inhibition are presented in Table 4.1 and 4.2
respectively.
At 25 µM, the chlorinated lipids, SOPC ClOH and 2-ClHDA, alone had no effect on either
VSMC proliferation or viability.

With AMPK activated prior to chlorinated lipid

treatment, there was a significant increase in VSMC proliferation with SOPC ClOH
showing 139.9 ± 17.2 % of proliferating cells compared to 98.5 ± 2.7 % with SOPC ClOH
alone (Figure 4.5). However, SOPC ClOH treatment had no effect on cell viability while
2-ClHDA had no consequence on either viability or proliferation. Oxidised phospholipids,
PGPC and POVPC, caused a concentration-dependent reduction in VSMC proliferation
and viability although at 25 µM POVPC, there was not a significant decrease. When
AMPK was activated prior to 2 hour treatment with PGPC, there was no significant
difference on VSMC proliferation or viability compared to the lipid alone (Figure 4.6). In
contrast, AMPK activation prior to POVPC incubation caused a significant reduction in
both VSMC proliferation and viability with 52.8 ± 7.8 % of viable cells present compared
with 83.0 ± 6.0 % of viable cells with 25 µM of the lipid alone. Thus, AMPK activation
increased the susceptibility of VSMCs to POVPC-induced inhibition of proliferation while
prior AMPK activation stimulated SOPC ClOH-induced proliferation in VSMCs.
When AMPK was inhibited prior to chlorinated lipid treatment, there was no effect on
VSMC proliferation but a significant increase was observed in VSMC viability after 2ClHDA treatment compared with incubation of the lipid alone (Figure 4.7). When AMPK
was inhibited prior to oxidised phospholipid treatment, there was no further effect seen
with PGPC incubation but a further significant reduction with POVPC incubation in both
VSMC proliferation and viability with 56.5 ± 9.4 % of proliferating cells, compared with
83.0 ± 6.0 % with POVPC alone, was seen (Figure 4.8).
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Figure 4.5 – Effect of AMPK activation prior to 2 hour chlorinated lipid treatment on
VSMC proliferation and viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 45 minutes with AMPK
activator, A-769662 prior to 2 hours treatment with 25 µM SOPC ClOH or 2-ClHDA in
quiescing media and then stimulated with 10 % FCS for 24 hours with the addition of BrdU
in proliferation measurements. **p<0.01 vs SOPC ClOH alone, n = 4-6 and performed in
triplicate.
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Figure 4.6 – Effect of AMPK activation prior to 2 hour oxidised phospholipid
treatment on VSMC proliferation and viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 45 minutes with AMPK
activator, A-769662 prior to 2 hours treatment with 25 µM PGPC or POVPC in quiescing
media and then stimulated with 10 % FCS for 24 hours with the addition of BrdU in
proliferation measurements.

*p<0.05 and **p<0.01 vs POVPC alone, n = 4-6 and

performed in triplicate.
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Figure 4.7 – Effect of AMPK inhibition prior to 2 hour chlorinated lipid treatment on
VSMC proliferation and viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 30 minutes with AMPK
inhibitor, Compound C prior to 2 hours treatment with 25 µM SOPC ClOH or 2-ClHDA in
quiescing media and then stimulated with 10 % FCS for 24 hours with the addition of BrdU
in proliferation measurements. n = 3-6 and performed in triplicate.
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Figure 4.8 – Effect of AMPK inhibition prior to 2 hour oxidised phospholipid
treatment on VSMC proliferation and viability.
BrdU incorporation (A) and detection of ATP (B) were utilised to measure VSMC
proliferation and viability respectively. VSMCs were incubated for 30 minutes with AMPK
inhibitor, Compound C prior to 2 hours treatment with 25 µM PGPC or POVPC in
quiescing media and then stimulated with 10 % FCS for 24 hours with the addition of BrdU
in proliferation measurements.

*p<0.05 and **p<0.01 vs POVPC alone, n = 3-6 and

performed in triplicate.
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Table 4.1 – Percentage of proliferating or viable VSMCs after AMPK activation or
inhibition prior to 2 hour incubation with increasing concentrations of chlorinated
lipids.
Chlorinated Lipid Concentration (µM)
Treatment

Assay
type

1

10

25

50

100

SOPC ClOH

BrdU

101.4 ±

98.4 ± 3.8

98.5 ± 2.7

96.1 ± 1.3

95.0 ± 4.0

106.3 ±

107.7 ±

102.9 ±

98.5 ± 4.1

96.3 ± .7

2.4

3.5

3.6

142.1 ±

141.5 ±

139.9 ±

140.7 ±

116.4 ±

11.1**

14.6***

17.2**

16.2***

9.5

120.2 ±

120.6 ±

116.9 ±

114.0 ±

101.5 ±

12.1

9.0

8.3

13.5

15.5

109.0 ±

117.4 ±

98.2 ± 6.6

132.4 ±

109.9 ±

17.5

8.4

24.9

17.1

112.1 ±

117.1 ±

118.7 ±

112.0 ±

114.2 ±

10.3

10.9

10.2

14.2

10.1

100.4 ±

96.1 ± 4.4

103.0 ±

99.8 ± 6.6

97.1 ± 7.7

103.0 ±

101.0 ±

2.9

3.4

2.1
ATP

A-769662 +

BrdU

SOPC ClOH
ATP

Compound C

BrdU

+ SOPC ClOH
ATP

2-ClHDA

BrdU

5.2

2.9
ATP

101.8 ±

98.3 ± 3.8

97.1 ± 3.4

1.7
A-769662 +

BrdU

2-ClHDA
ATP

Compound C

BrdU

105.1 ±

110.5 ±

111.6 ±

117.3 ±

85.9 ±

10.1

7.8

8.6

14.2

15.5

108.6 ±

118.4 ±

117.9 ±

112.6 ±

113.1 ±

4.0

3.4‡‡

5.2‡‡

5.0

6.7

99.3 ± 2.6

89.0 ± 1.8

86.2 ± 8.3

83.7 ±

93.3 ±

13.1

22.3

+ 2-ClHDA
ATP

110.5 ±

110.1 ±

118.2 ±

118.3 ±

114.4 ±

8.5

4.7

10.9

8.3

8.9

All valves are a percentage of 10 % FCS control. **p<0.01 and ***p<0.001 vs SOPC
alone, ‡‡p<0.01 vs 2-ClHDA alone, n = 3-6 and performed in triplicate.
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Table 4.2 – Percentage of proliferating or viable VSMCs after AMPK activation or
inhibition prior to 2 hour incubation with increasing concentrations of oxidised
phospholipids.
Oxidised Phospholipid Concentration (µM)
Treatment

Assay
type

1

10

25

50

100

PGPC

BrdU

103.5 ±

103.0 ±

53.4 ± 5.8

24.4 ± 4.6

0.2 ± 1.0

3.8

5.9

100.2 ±

88.5 ± 6.1

53.8 ± 4.7

17.6 ± 6.5

0.5 ± 3.1

115.5 ±

88.5 ±

42.8 ± 6.4

14.0 ± 4.6

-0.24 ± 0.4

10.2

11.8

104.6 ±

86.8 ± 8.2

46.5 ± 5.7

10.5 ± 1.6

0.7 ± 0.2

82.3 ±

55.7 ± 6.4

27.6 ± 5.1

2.5 ± 2.0

90.3 ±

54.9 ±

15.3 ± 8.9

2.3 ± 1.2

13.6

16.6

107.5 ±

104.1 ±

98.4 ± 8.3

83.0 ± 7.9

58.2 ±

9.9

4.5

99.9 ± 4.1

97.1 ± 4.3

ATP

3.8
A-769662 +

BrdU

PGPC
ATP

2.4
Compound C

BrdU

97.0 ± 4.2

+ PGPC

12.3
ATP

POVPC

BrdU

ATP

99.7 ± 9.8

11.3
83.0 ± 6.0

64.1 ± 8.5

39.7 ±
10.5

A-769662 +

BrdU

112.9 ±

100.3 ±

60.5 ±

36.0 ±

7.7 ±

7.9

14.0

15.5**

16.3***

4.5***

111.7 ±

102.8 ±

52.8 ± 7.8

23.8 ± 7.2

7.6 ± 3.3

6.9

10.1

BrdU

97.7 ± 9.7

83.9 ± 4.5

56.5 ± 9.4

27.9 ± 3.0

9.4 ± 2.5

ATP

100.5 ±

84.9 ± 4.2

54.7 ±

27.1 ±

7.6 ± 3.5**

3.0**

5.4***

POVPC
ATP

Compound C
+ POVPC

4.6

All valves are a percentage of 10 % FCS control. **p<0.01 and ***p<0.001 vs POVPC
alone, n = 3-6 and performed in triplicate.
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4.3.3 Effect of AMPK activation or inhibition prior to modified lipid
incubation on AMPKα and ACC expression
To investigate the effects of modified lipids on the relative protein expression of AMPKα
and its downstream target, ACC, AMPK was activated with A-769662 for 45 minutes or
inhibited with Compound C for 30 minutes in VSMCs, followed by 2 hours treatment with
each of the modified lipids then Western blotting was performed. Each of the graphs are
expressed as the fold change of the phosphorylated form over the total amount of the
enzyme.
There was no effect on the relative expression of AMPKα under any conditions with any
incubation of either class of modified lipids. In contrast, A-769662, in the presence and
absence of SOPC ClOH, caused a trend towards an increase in the ratio of ACC but this
was not significant (Figure 4.9).

SOPC ClOH alone had no effect but there was a

significant reduction in the ratio of ACC with AMPK inhibition followed by incubation
with SOPC ClOH compared with VSMCs treated in the same way with A-769662. Similar
to SOPC ClOH, A-769662, in the presence and absence of 2-ClHDA, again caused a trend
towards an increase in the relative expression of ACC but this was not significant (Figure
4.10). 2-ClHDA had no effect on ACC expression alone which was similar for Compound
C alone or with the inhibitor prior to 2-ClHDA incubation.
There was an apparent 2-fold increase in the relative ratio of ACC expression in VSMCs
with A-769662 treatment and a significant 2.5-fold increase with A-769662 treatment
followed by PGPC incubation; this was significant compared to the untreated control
(Figure 4.11). PGPC incubation alone had no effect on the relative ratio of phosphorylated
to total ACC expression which was similar for Compound C alone or with the inhibitor
prior to PGPC incubation. A-769662, in the presence or absence of POVPC, caused an
increase in the ratio of ACC expression; this was only significant for the combination of
the activator and oxidised phospholipid (Figure 4.12). Similar to the rest of modified
lipids, POVPC alone had no effect on the relative ACC expression as did Compound C and
the inhibitor followed by POVPC.
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Figure 4.9 – Effect of AMPK activation and inhibition prior to 2 hour SOPC ClOH
incubation on AMPKα and ACC expression.
VSMCs were incubated with A-769662 or Compound C alone or prior to 25 µM SOPC
ClOH treatment for 2 hours in quiescing medium after which the cells were lysed and
immunoblotting was performed.

Graphs are expressed as the fold change of the

phosphorylated form of each enzyme divided by the total amount of AMPKα (B) and ACC
(C) to measure the activation of the enzyme. Blots shown are representative (A). *p<0.05
vs A769662 + SOPC ClOH, n = 3.
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Figure 4.10 – Effect of AMPK activation and inhibition prior to 2 hour 2-ClHDA
incubation on AMPKα and ACC expression.
VSMCs were incubated with A-769662 or Compound C alone or prior to 25 µM 2-ClHDA
treatment for 2 hours in quiescing medium after which the cells were lysed and
immunoblotting was performed.

Graphs are expressed as the fold change of the

phosphorylated form of each enzyme divided by the total amount of AMPKα (B) and ACC
(C) to measure the activation of the enzyme. Blots shown are representative (A). *p<0.05
vs Compound C alone, †p<0.05 vs Compound C + 2-ClHDA, n = 3.
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Figure 4.11 – Effect of AMPK activation and inhibition prior to 2 hour PGPC
incubation on AMPKα and ACC expression.
VSMCs were incubated with A-769662 or Compound C alone or prior to 25 µM PGPC
treatment for 2 hours in quiescing medium after which the cells were lysed and
immunoblotting was performed.

Graphs are expressed as the fold change of the

phosphorylated form of each enzyme divided by the total amount of AMPKα (B) and ACC
(C) to measure the activation of the enzyme.

Blots shown are representative (A).

†

**p<0.01 vs control, p<0.05 vs A-769662 + PGPC, n = 3.
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Figure 4.12 – Effect of AMPK activation and inhibition prior to 2 hour POVPC
incubation on AMPKα and ACC expression.
VSMCs were incubated with A-769662 or Compound C alone or prior to 25 µM POVPC
treatment for 2 hours in quiescing medium after which the cells were lysed and
immunoblotting was performed.

Graphs are expressed as the fold change of the

phosphorylated form of each enzyme divided by the total amount of AMPKα (B) and ACC
(C) to measure the activation of the enzyme.

Blots shown are representative (A).

†

**p<0.01 vs control, p<0.05 vs A-769662 + POVPC, n = 3.
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4.3.4 Effect of modified lipid incubation of AICAR-induced
relaxation
To determine if incubation of modified lipids altered vascular reactivity, the effect of
modified lipid treatment on the AICAR-induced relaxation in mouse carotid arteries was
assessed. Firstly, the effect of modified lipid treatment on U46619-induced contraction
was investigated in the vessels (Figure 4.13). As with the in vitro VSMC experiments,
chlorinated lipids, SOPC ClOH and 2-ClHDA, had no effect on the contraction to the
thromboxane A2 receptor agonist, U46619, in the arterial rings. Similar to the chlorinated
lipids, POVPC treatment had no effect on the U46619-induced contraction but PGPC
caused a significant reduction in contraction from 0.22 ± 0.04 g to 0.07 ± 0.01 g.
Vasorelaxation was induced with increasing concentrations of the AMPK activator,
AICAR (Figure 4.14). Neither chlorinated lipid had any effect on the AICAR-induced
relaxation. In contrast, both oxidised phospholipids caused a concentration-dependent
decrease in the relaxation to AICAR with PGPC abolishing almost all of the relaxation
observed.
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Figure 4.13 – Effect of modified lipid incubation on U46619-induced contraction in
mouse carotid arteries.
25 µM SOPC ClOH (A), 2-ClHDA (B), PGPC (C) and POVPC (D) were incubated for 30
minutes prior to U46619-induced contraction in mouse carotid arteries performed using
small vessel wire myography. **p<0.01 vs control, n = 5-6.
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Figure 4.14 – Effect of modified lipid incubation on AICAR-induced relaxation in
mouse carotid arteries.
Concentration-response curves to AICAR were produced by small vessel wire myography
with 25 µM SOPC ClOH (A), 2-ClHDA (B), PGPC (C) and POVPC (D) incubated for 30
minutes prior to U46619-induced contraction and relaxation to AICAR. ***p<0.001 vs
control, n = 5-6.
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4.4 Discussion
This study revealed for the first time the effects of AMPK signalling on the actions of
individual modified lipids in VSM and on vascular reactivity with AICAR-induced
relaxation in arterial rings. Activation of AMPK prior to SOPC ClOH incubation resulted
in increased VSMC proliferation while POVPC was found to reduce VSMC proliferation
and cellular ATP under the same conditions.

Oxidised phospholipids also reduced

AICAR-mediated vasorelaxation in mouse carotid arteries.
The impact of AMPK signalling in CVD and in particular atherosclerosis is a relatively
new concept with an increasing amount of research in the last ten years focussing on this
area. To confirm the presence and to investigate AMPK signalling in rabbit aortic VSM,
Western blot analysis was utilised to measure phosphorylation of the threonine residue at
position 172. Also analysed by this technique was its downstream target, ACC which is
deactivated by AMPK by the phosphorylation of the serine residue at position 79.
Measurement of ACC phosphorylation provides further evidence of targeted AMPK
activation as AICAR and A-769662 are not known to have any non-specific effects that
could involve the activation of ACC at this phosphorylation site. No effects were observed
in the phosphorylation status of AMPKα with any of the AMPK activators or inhibitors in
this experimental protocol. In contrast, the AMPK activator, A-769662 increased the
phosphorylation status of ACC by 2-fold while the AMPK inhibitor, Compound C had no
effect. This could result from the subsequent dephosphorylation of AMPK after activation
of its downstream signalling pathway resulting in an observed change in phosphorylation
of ACC and not AMPK as the activity of AMPK has been found to reduce 45 minutes after
stimulation (Morrow et al., 2003). Furthermore, inhibition of AMPK by Compound C had
no effect on A-769662-induced phosphorylation of AMPKα. This is consistent with a
previous study in rat skeletal muscle cells which suggested that A-769662 abrogated the
effect of Compound C (Benziane et al., 2009). Compound C alters the conformation of the
activation loop of AMPK preventing activation by this route; however, A-769662 activates
AMPK both allosterically and by inhibiting its dephosphorylation therefore AMPK can
still be phosphorylated in the presence of Compound C (Handa et al., 2011). This would
suggest that the length of experimental protocol was sufficient to stimulate AMPK
signalling and highlights AMPK stimulation by the activator, A-769662.
In contrast to the effects observed on phosphorylation, incubation with the potent activator,
A-769662 had no effect on the proliferation or viability of rabbit aortic VSMCs. This is in
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contrast with previous studies where AMPK activation caused a concentration- and timedependent decrease in VSMC proliferation with AICAR (Igata et al., 2005). This could be
due to the different mechanisms by which the activators induce phosphorylation of AMPK
as well as the different experimental protocols utilised. In this study, AMPK was activated
when VSMCs were in a quiescent state for 45 minutes and then stimulated with 10 % FCS
medium for 24 hours while in the study by Igata et al. (2005), VSMCs were stimulated
with either PDGF or FCS in the presence of AICAR for 4 days. This suggests that the
AMPK-mediated inhibition of VSMC proliferation is potentially dependent on the
phenotypic state of the VSMCs where AMPK activation only inhibits growth in
proliferating VSMCs and therefore has no lasting effects in quiescent cells. In contrast,
AMPK inhibition by Compound C caused cytostatic actions at 40 µM and cytotoxic effects
at 100 µM in VSMCs. Compound C is a cell-permeable potent agent which inhibits
AMPK by competitively displacing ATP (Zhou et al., 2001). It is found to block AMPK
activity with an IC50 value in the range of 0.1 to 0.2 µM (Bain et al., 2007) and previous
studies have found Compound C to inhibit proliferation of non-vascular cells including
preadipocytes and glioma cells (Nam et al., 2008, Vucicevic et al., 2009). Compound C
has also recently been shown to inhibit VSMC proliferation and migration by an AMPKindependent mechanism resulting in the inhibition of cell cycle progression in VSMCs
(Peyton et al., 2011). Similar to the action of AICAR, VSMCs were primarily arrested in
the G0/G1 phase of the cell cycle after Compound C treatment and this was linked to
altered expression and phosphorylation of various cell cycle regulatory proteins such as
cyclin A and D1 (Peyton et al., 2011). Peyton et al. (2011) also found Compound C to be
cytostatic in VSMCs using a concentration range up to 10 µM. Apoptosis has also been
observed in other cell types at similar concentrations suggesting cell-specific effects of
Compound C (Jin et al., 2009, Jang et al., 2010).

In this study, Compound C was

cytostatic at 40 µM and cytotoxic at 100 µM suggesting a switch from cytostatic to
cytotoxic effects of Compound C at higher concentrations in VSMCs thus, 10 µM was
selected for all subsequent VSMC experiments in this study.
AMPK signalling has previously been implicated in modulating the effects of modified
lipids with activation of AMPK found to suppress oxLDL-induced macrophage
proliferation and lessen the atherosclerotic burden in high fat fed ApoE-/- mice (Ishii et al.,
2009, Li et al., 2010a). In addition, AMPK activation has been found to exert antiapoptotic effects in a number of cell types including endothelial cells (Ido et al., 2002, Kim
et al., 2008, Liu et al., 2010). The impact of AMPK signalling on modulating the effects
of individual modified lipids in VSMCs witnessed in Chapter 3 was subsequently
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investigated in this study.

VSMCs stimulated with A-769662 prior to SOPC ClOH

incubation caused a significant increase in proliferation, not mirrored in viability, and no
effects were observed with 2-ClHDA on remodelling processes. This suggests that AMPK
activation prior to SOPC ClOH treatment results in the stimulation of proliferation
pathways which SOPC ClOH cannot trigger alone. AMPK activation prior to oxidised
phospholipid treatment had no effect on PGPC-induced cell death but a greater effect was
observed after POVPC treatment suggesting AMPK activation prior to POVPC incubation
results in enhanced stimulation of cell death pathways than POVPC alone. This could be a
protective measure to clear damaged or dying cells, resulting from the action of oxidised
phospholipids, faster via AMPK signalling. Similar to the action of oxLDL, all of the
individual modified lipids were found not to cause phosphorylation of AMPKα directly
(Brito et al., 2009). The study also found incubation of oxLDL and resveratrol together
resulted in no AMPK activation suggesting oxLDL prevented the resveratrol-induced
activation of AMPK (Brito et al., 2009). This was not the case with the individual
modified lipids used in this study. In contrast, AMPK signalling has previously been
found to be influential in atherosclerosis and lipid accumulation with activation reducing
oxLDL-induced macrophage proliferation and foam cell formation (Ishii et al., 2009, Li et
al., 2010a).
In addition to the effects observed with modulation of AMPK in VSMCs, AICARmediated AMPK activation resulted in a concentration-dependent relaxation of
preconstricted denuded mouse carotid arteries. As the murine arterial segments were
denuded of endothelium, the effects witnessed are likely caused by the activation of
AMPK in VSM. AICAR concentrations used were within a range previously shown to
activate AMPK in various tissues and induce AMPK phosphorylation (Morrow et al.,
2003, Nagata et al., 2003). AMPK-induced relaxation has previously been shown in
mouse aortic rings where almost complete relaxation was observed at 3x10-3 M AICAR
after preconstriction to phenylephrine (Goirand et al., 2007). However, relaxation induced
by AICAR was only about 60 % of the U46619 contraction in this study. This could be
due to different vascular beds and contracting agents used as well as the differences in the
administration of AICAR. In this study, AICAR was added to the myograph bath at 10
minutes intervals producing a cumulative concentration-response curve whereas in the
study by Goirand et al. (2007), the response to AICAR was allowed to plateau before the
next concentration was added thus their study protocol was significantly longer. This is
important as AICAR has previously been shown to increase the amount of phosphorylated
AMPK in a time-dependent manner in rabbit and human aortic VSMCs (Igata et al., 2005),
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suggesting if AICAR has longer to act then more AMPK is phosphorylated and this could
account for the total relaxation of the aortic rings seen by Goirand et al. (2007).
Due to the presence of lesions and accumulation of VSMC proliferation in the arterial wall,
atherosclerotic vessels are not as susceptible to relaxation in comparison to healthy
controls (Freiman et al., 1986, Shimokawa and Vanhoutte, 1989).

Atherosclerosis

significantly reduces the relaxing capacity of arteries with impairment to both
endothelium-dependent and -independent actions in arteries isolated from ApoE-/- mice
(Crauwels et al., 2003, d'Uscio et al., 2001). These effects could be partly due to the
increased concentrations of modified lipids in the vascular wall as oxLDL has been found
to inhibit endothelial-dependent relaxation in pig and rabbit coronary arteries (Simon et al.,
1990, Buckley et al., 1996). However, the contribution of individual modified lipids has
not previously been investigated in relation to vascular reactivity. Chlorinated lipids had
no effect on U46619-induced contraction or on AICAR-induced relaxation of mouse
carotid arteries.

In contrast, oxidised phospholipids caused a significant reduction in

AICAR-relaxation with PGPC almost abolishing all the relaxation observed. PGPC was
also found to significantly reduce the U46619-mediated contraction while POVPC had no
effect. This could be due to toxicity or a loss of viability of the VSM after oxidised lipids
incubation.

Oxidised phospholipids have also previously been implicated in cellular

calcium handling with low concentrations of PGPC and POVPC evoking increases in
intracellular Ca2+ via transient receptor potential proteins which make up cationic channels
in human embryonic kidney cells (Al-Shawaf et al., 2010). This could potentially explain
the differences in relaxation which were observed after incubation with oxidised
phospholipids. Similar to the effects witnessed in VSMCs in Chapter 3, PGPC had a
greater impact on AICAR-induced relaxation compared to POVPC.
Although the mechanism of AICAR-induced relaxation is presently unknown, this study
suggests that the action is not dependent on the endothelium. This is in further agreement
with previously published work by Goirand et al. (2007), where to confirm their
observations from endothelium intact and denuded vessels, rings of aorta were incubated
with a NOS inhibitor and no significant change in the response to AICAR was seen. These
findings indicate that AICAR-mediated AMPK activation results in relaxation by a direct
action on VSM. Arterial relaxation can occur by alteration of the calcium handling
machinery in VSMCs with hypoxia, known to activate AMPK, found to alter the
phosphorylation/dephosphorylation cascade of SM MLC as well as interfering with Ca2+
homeostasis by altering the regulation of potassium channels (Wardle et al., 2006, Thorne
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et al., 2004). Vascular remodelling including VSMC proliferation and migration and the
reduced ability to alter vascular tone in the presence of oxidised phospholipids can lead to
poor blood pressure regulation and therefore hypertension. Since AMPK activation has
been shown to have vasorelaxant effects on VSM, which is impaired in the presence of
these modified lipids, it has emerged as a potential target for the treatment of
atherosclerosis and hypertension.

4.5 Conclusions
In summary, AMPK activation by A-769662 had no effect on VSMC proliferation or
viability whereas Compound C, which inhibits AMPK activity, caused cytostatic and
cytotoxic effects in VSMCs at increasing concentrations. Although the modified lipids
used were found not to cause phosphorylation of AMPKα or its downstream target ACC
directly, SOPC ClOH induced VSMC proliferation after AMPK was stimulated. POVPC
was found to reduce VSMC proliferation and cellular ATP under the same conditions. In
addition to the effects on VSMCs, oxidised phospholipids reduced AICAR mediated
vasorelaxation in mouse carotid arteries with the greater effect seen using PGPC. This is
the first study to investigate AMPK signalling on the effects of individual modified lipids
in VSM as well as utilising the more potent AMPK activator, A-769662. This study also
highlights the differing effects of modified lipid classes on vascular reactivity which is
critical in atherosclerotic progression and the elevated blood pressures found in
hypertension.
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5.1 Introduction
As atherosclerosis develops, advanced complex plaques are formed that protrude into the
lumen of the vessel and can result in complete occlusion of the affected artery. PCI is
commonly utilised to alleviate the angina pain which is a consequence of the reduced
lumen and restore blood flow through the atherosclerotic vessel.

PTCA is used for

revascularisation by controlled inflation of a balloon to dilate the vessel either alone or in
combination with deployment of a stent to provide a rigid scaffold; resulting in a widening
of the lumen (Gruntzig et al., 1979, Sigwart et al., 1987). The major limitation affecting
the long-term success of all forms of PCI is restenosis, which is thought to be an
exaggerated form of wound healing after vascular injury. Restenosis is characterised by a
recurrence of luminal narrowing resulting from neointimal hyperplasia and rapid vascular
remodelling of the treated vessel. The formation of neointima occurs by excessive VSMC
proliferation and migration as well as the production of large amounts of ECM.
The pathophysiology of restenosis involves a complex cascade of events. The initial
consequence of PCI is stretch of the entire artery and endothelial denudation. Mechanical
injury results in compression and damage to the atherosclerotic plaque and exposure of the
pro-thrombogenic core to circulating blood. This leads to recruitment of inflammatory
cells by the expression of adhesion molecules on activated platelets and thrombus
formation caused by the deposition of fibrin (Libby and Simon, 2001, Inoue and Node,
2009). These pro-inflammatory responses are sustained for several weeks following injury
of the vessel (Libby et al., 1992). Balloon-injured vessels show a significant increase in
leukocyte adhesion 24 hours after injury in rabbit subclavian arteries, as well as upregulation of adhesion molecules such as P-selectin and VCAM-1 (Kennedy et al., 2000).
There is also evidence of sustained inflammation with inflammatory cells remaining in
close proximity to the stent struts in rabbit iliac arteries up to 28 days after placement
(Kennedy et al., 2004, Coats et al., 2008). In addition, increased leukocyte adhesion has
been demonstrated ex vivo up to 28 days following surgery in a mouse wire injury model
(Tennant et al., 2008). The importance of circulating inflammatory cells was demonstrated
in neutropaenic rabbits which had a significantly reduced extent of neointima formation
after 28 days (Miller et al., 2001). Stent deployment also results in neutrophil activation
which is associated with neointimal thickening (Inoue et al., 2006).
Disruption of the atherosclerotic plaque during PCI results in the exposure of the modified
lipid-containing core to circulating blood and the other components of the lesion. The
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presence of extravasated leukocytes such as neutrophils within the lesion could lead to an
increase in the production of modified lipids such as chlorinated and oxidised species in
the neointima by the action of the MPO system. Arterial segments from ApoE-/- mice
treated in vitro with a phospholipid chlorohydrin formed by MPO, displayed an increase in
leukocyte adhesion in a concentration-dependent manner as well as an increase in Pselectin expression (Dever et al., 2008). VSMC proliferation was also evident 24 hours
after the topical application of oxidised phospholipid, POVPC to mouse carotid arteries in
vivo (Johnstone et al., 2009). Furthermore, an increase in the presence of MPO and HOClmodified proteins was found to correlate with an increase in the intima-to-media ratio in
human iliac arteries (Hazell et al., 2001). HOCl was also found to mediate neointimal
hyperplasia in a time- and dose-dependent matter, initially causing apoptosis followed by
vascular proliferation in a rat model of balloon injury (Yang et al., 2006). The total plasma
cholesterol level in ApoE-/- mice was also found to be markedly elevated after carotid
balloon injury which was in parallel with neointima formation (Matter et al., 2006).
In addition, AMPK, an enzyme involved in cellular energy homeostasis, has been
implicated in vascular disease. In the previous chapter, AMPK signalling was found to
alter the effects of modified lipids on vascular remodelling processes. In addition, mice
deficient in AMPKα2 had a dramatic increase in the formation of neointima after wire
injury of the carotid artery compared to wild type controls and a reduction in AMPK
activity also led to an increase in neointima development after arterial injury (Song et al.,
2011, Yu et al., 2012). Taken together, this suggests that inflammation in the vessel
following injury may induce lipid modification which drives the proliferative response.
One possible mechanism for this response is via alterations in VSM AMPK signalling and
to date this link between modified lipids and AMPK has not been investigated in an in vivo
model of vascular injury.

5.1.1 Aims
The aims investigated in this chapter were:


To determine the extent of neointima formation after carotid artery injury in mice.



To investigate the occurrence of modified lipids in neointima formation in
C57BL/6 and ApoE-/- mice.



To assess the role of AMPK in neointima formation.
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5.2 Methods
5.2.1 Carotid artery injury
Male C57BL/6 mice on normal chow and male ApoE-/- mice at 8 to 10 weeks of age
(weighing between 21 and 30 g) were fed on a high fat diet for 2 weeks prior to the
vascular injury surgery. ApoE-/- mice were continued on the high fat diet throughout the
study period and all mice were weighed at the start of the procedure, at day 7 and at the
end of the procedure. Vascular injury was performed by isolation of the left common
carotid artery and insertion of a modified flexible nylon wire as outlined in Section 2.6.3.
Sham operated animals followed the same procedure without the insertion of the flexible
nylon wire into the carotid artery. At the end of the procedure, mice were sacrificed by an
i.p. injection of 200 mg/kg of sodium pentobarbital (Euthatal). Blood was collected by
cardiac puncture into EDTA-coated tubes and centrifuged at 1500 x g for 10 minutes to
produce plasma. Heart, liver and spleen weights were also recorded at time of death.

5.2.2 MPO assay
The MPO content of the plasma from sham-operated and injured C57BL/6 and ApoE-/mice was analysed using a mouse MPO ELISA kit as described in Section 2.6.6. Samples
were diluted 1 in 16 in dilution buffer and the assay was performed as per the
manufacturer’s instructions. Absorbance was measured spectrophotometrically at 450 nm.

5.2.3 Histology
Carotid artery and aorta sections were processed, cut and stained as detailed in Section 2.7.
Vessels from the sham-operated and injured animals were excised immediately after death
and placed in neutral buffered formalin overnight. Arteries were processed through a
gradient of alcohols to Histoclear and embedded vertically in paraffin wax before being cut
into 4 µm sections. H&E staining was performed to assess the extent of neointima
formation.

Immunohistochemistry was utilised to investigate the composition of the

neointima with antibodies against αSMA, Ki67 (a proliferation marker), active caspase 3
(an indicator of apoptosis) as well as phosphorylated and total AMPKα. Sections were
analysed using Image-Pro® software and the intima-media thickness was measured to
assess neointima formation after H&E staining.

The pixel density of positive DAB

staining was calculated as a percentage of the neointimal area for quantification of the
immunohistochemistry.
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5.2.4 Detection of lipids in carotid arteries
Lipids were extracted and analysed from the left and right carotid arteries of shamoperated and injured C57BL/6 and ApoE-/- mice as described in Section 2.8. Vessels were
incubated in equal volumes of methanol containing the antioxidant BHT, chloroform and
an aqueous solution to extract lipids then dried under a steady flow of oxygen-free nitrogen
gas. Dried lipid extracts were reconstituted and further diluted in methanol. For analysis
using positive-ion mode, samples were diluted 1 in 50 for left injured carotids and 1 in 25
for right carotids with 1 % aqueous formic acid in methanol and scans performed for PCs
and SMs, PEs, cholesterol and cholesteryl esters. Spectra, in the range of m/z 300-1000,
were acquired for 2 minutes. For analysis using negative-ion mode, samples were diluted
1 in 5 for left injured carotids and 1 in 2.5 for right carotids with 10 % 5 mM ammonium
acetate in methanol and scans performed for PIs and PSs. Spectra in the range of m/z 3001000 were acquired for 4 minutes. Samples were analysed by identifying consistent
differences between spectra from different sample groups.

5.2.5 Statistical analysis
All results are displayed as mean ± SEM and n represents the number of mice used for
each experiment. Data were analysed using a one-way ANOVA followed by a NewmanKeuls’ post hoc test for analysis of spectra and two-way ANOVA followed by
Bonferroni’s post hoc test for all other measurements taken.
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5.3 Results
5.3.1 Extent of neointima formation in C57BL/6 and ApoE-/- mice
after vascular injury
Histological analysis of H&E stained sections was performed to assess the extent of
neointimal growth in C57BL/6 and ApoE-/- mice after the carotid artery injury procedure
(Figure 5.1). The contralateral right carotid artery was cut and stained as an uninjured
control. There was no significant difference in neointima formation observed between
C57BL/6 sham-operated and injured carotid arteries. However, there was a substantial
increase in neointimal growth in injured vessels of ApoE-/- mice compared to their shamoperated counterparts. In addition, there was a significant increase in the intima to media
ratio in injured ApoE-/- arteries compared to their C57BL/6 counterparts. There was no
difference in the circumference and therefore size of the carotid arteries which was
calculated by measuring the EEL of the vessels (Figure 5.2). In contrast, there was no
evident injury in aorta of either strain or no atherosclerotic plaques were observed in the
ApoE-/- mice (Figure 5.3). Body weight was monitored throughout the study and no
differences were found between strains or between sham-operated and injured mice (Table
5.1). No differences in the whole heart weight were observed between C57BL/6 and
ApoE-/- mice, while liver weight was reduced in ApoE-/- mice that underwent the vascular
injury procedure compared to injured C57BL/6 mice. There was also a marked increase in
spleen weight in the injured group of ApoE-/- mice in relation to their C57BL/6 injured
controls.
Table 5.1 – Body and organ weight measurements of C57BL/6 and ApoE -/- mice
before and 14 days after carotid artery injury procedure.
ApoE -/-

C57BL/6
Sham

Injured

Sham

Injured

Start weight (g)

25.4 ± 0.9

25.6 ± 0.8

23.9 ± 0.6

24.4 ± 0.5

Final weight (g)

25.8 ± 1.0

26.1 ± 0.7

25.4 ± 0.8

24.5 ± 0.5

Heart/Body weight (%)

0.49 ± 0.02

0.48 ± 0.02

0.48 ± 0.02

0.47 ± 0.02

Liver/Body weight (%)

5.26 ± 0.25

5.74 ± 0.10

4.99 ± 0.20

5.18 ± 0.10‡

Spleen/Body weight (%)

0.37 ± 0.03

0.31 ± 0.01

0.42 ± 0.03

0.40 ± 0.02‡‡

Organ weight was taken as a percentage of the body weight.

‡

p<0.05 and

‡‡

p<0.01 vs

C57BL/6 injured, n = 6-10.
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Figure 5.1 – Neointimal growth in the carotid arteries of C57BL/6 and ApoE -/- mice
after sham-operated and carotid artery injury procedure.
Representative histological sections of the left and right common carotid arteries (LC and
RC respectively) from sham-operated and injured C57BL/6 (A) and ApoE-/- mice (B) using
H&E staining. Nuclei appear blue/purple whereas cytoplasm is stained pink. Neointimal
growth in left carotid arteries after vascular injury was assessed as a ratio of intima to
media thickness (C). Scale bar = 100 µm, magnification x 10.

‡‡

p<0.01 vs C57BL/6

injured, ††p<0.01 vs ApoE-/- sham, n = 3-4.
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Figure 5.2 – Circumference of carotid arteries of sham-operated and injured
C57BL/6 and ApoE-/- mice.
The EEL was measured to calculate the circumference and therefore size of the carotid
artery sections in sham-operated and injured C57BL/6 and ApoE-/- mice. n = 3-4.

C57BL/6
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Figure 5.3 – Aortic sections from C57BL/6 and ApoE-/- mice after carotid artery
injury.
Representative histological sections of aorta from injured C57BL/6 and ApoE-/- mice using
H&E staining. Nuclei appear blue/purple whereas cytoplasm is stained pink. Scale bar =
250 µm, magnification x 4.
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5.3.2 Structural composition of neointima in C57BL/6 and ApoE-/mice after vascular injury
Due to the differences observed in neointimal growth between C57BL/6 and ApoE-/- mice,
the composition of the lesions in sham-operated and injured left common carotid arteries
was investigated by immunohistochemistry. The contribution of VSMCs was assessed by
the presence of αSMA in the neointimal area (Figure 5.4). No significant differences were
observed between the sections of carotid arteries from mice in each treatment group;
however, a trend towards an increase in αSMA was seen in sham-operated ApoE-/- mice
compared to their C57BL/6 counterparts. The effect of vascular injury on remodelling
processes was also assessed by expression of the proliferative marker, Ki67 and the
activity of the apoptosis marker, caspase 3. There were no significant differences in the
number of Ki67-positive cells in the neointima in either strain of mice or in the treatment
groups (Figure 5.5). Furthermore, there was minimal caspase 3 activity in the shamoperated or injured carotid arteries in either strain of mice 14 days after procedure (Figure
5.6).
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Figure 5.4 – αSMA staining in left carotid arteries of sham-operated and injured
C57BL/6 and ApoE-/- mice.
Representative histological sections of left common carotid arteries (LC) from shamoperated and injured C57BL/6 and ApoE-/- mice stained with anti-αSMA and
counterstained with haematoxylin (A). Positive immunoreactivity for αSMA was measured
as a percentage of positive staining divided by the neointimal area (B). Scale bar = 100
µm, magnification x 10. n = 3.
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Figure 5.5 – Ki67 staining in left carotid arteries of sham-operated and injured
C57BL/6 and ApoE-/- mice.
C57BL/6 mouse spleen was utilised as a positive control for the anti-Ki67 antibody (A).
Scale bar = 50 µm, magnification x 20.

Representative histological sections of left

common carotid arteries (LC) from sham-operated and injured C57BL/6 and ApoE-/- mice
stained with anti-Ki67 and counterstained with haematoxylin (B). Scale bar = 100 µm,
magnification x 10. Positive immunoreactivity for Ki67 was measured as a percentage of
positive staining divided by the neointimal area (C). n = 3.
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Figure 5.6 – Active caspase 3 staining in left carotid arteries from sham-operated
and injured C57BL/6 and ApoE-/- mice.
Representative histological sections of left common carotid arteries (LC) from shamoperated and injured C57BL/6 and ApoE-/- mice stained with anti-active caspase 3 and
counterstained with haematoxylin (A). Positive immunoreactivity for active caspase 3 was
measured as a percentage of positive staining divided by the neointimal area (B). Scale
bar = 100 µm, magnification x 10. n = 3.
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5.3.3 Occurrence of modified lipids in neointima formation after
vascular injury
The influence of vascular injury on the MPO content of plasma from healthy C57BL/6
mice and ApoE-/- mice fed on high fat diet for 1 month was investigated. A dramatic
increase in MPO levels in sham-operated ApoE-/- mice compared to their C57BL/6
counterparts was observed from 267.7 ± 18.0 ng/ml to 865.7 ± 117.2 ng/ml (Figure 5.7).
This increase was mirrored in the injured mice with the MPO content of plasma at 934.3 ±
74.5 ng/ml in ApoE-/- mice compared to 219.7 ± 21.0 ng/ml in C57BL/6 mice.
The distribution of several classes of phospholipids, present at various proportions in LDL
particles including PCs, PEs, PSs and PIs as well as cholesterol and cholesteryl esters in
uninjured right and injured left common carotid arteries were studied using ESMS. The
differences between the two strains of mice were investigated as well as the effect of
carotid artery injury. The percentage relative abundances of the signals detected from all
phospholipid species in the left and right carotid arteries are displayed in Table 5.2 and 5.3
respectively.
Precursor ion scanning of m/z 184.1 in positive-ion mode is selective for SMs and PCs, the
most abundant phospholipid in mammals, but showed no difference in distribution within
individual samples in each group (Figure 5.8). Lysolipids were present in all samples at
m/z 496.7 (16:0) and 524.7 (18:0) with significantly higher proportions relative to other
signals found in ApoE-/- mice, especially in the sham-operated mice.

There was an

apparent reduction in lysolipids present in the uninjured right carotid arteries compared to
the left. Furthermore, there was an elevation in the relative levels of PCs, m/z 758.9
(16:0/18:2) and 786.9 (18:0/18:2) in the left carotid arteries of both sham-operated and
injured ApoE-/- mice which were reduced in the right carotid arteries to percentage values
more similar to the C57BL/6 mice. There also appears to be a trend towards an increase in
m/z 810.9 (18:0/20:4) in relation to other signals in uninjured right carotid arteries of
C57BL/6 mice compared to their injured counterparts. In addition, relative levels of SM,
m/z 787.9 (22:0) were significantly increased in the left carotid arteries of ApoE-/- mice
with a similar trend observed in the lipid extracts from the contralateral right arteries. The
spectra were then expanded between m/z 550 and 700 to display any changes in chainshortened PCs, which are breakdown products of phospholipid oxidation, as they could be
masked by the high signal of native PCs and long-chain products (Figure 5.9). Repeating
signals were observed in the spectra at m/z 564, 592, 620, 648 and 676 at different
134

Chapter 5 – Occurrence of Modified Lipids in Neointima Formation

intensities within the groups suggesting a polyethylene contaminant as the peaks are
separated by 28 Da and were, therefore, discounted from the analysis (Jaber and Wilkins,
2005). No detectable changes were observed in the formation of chain-shortened PCs in
any of the sample groups.
Neutral loss scans for 141.1 and 87 Da were performed to detect changes in PE and PS
expression respectively (Figure 5.10 and Figure 5.11). PEs and PSs were found at a much
lower concentration than PCs and there was high signal to noise ratio in spectra in both left
and right carotid artery samples. Precursor ion scanning for m/z 241 in positive-ion mode
is selective for PIs and found no significant changes across the groups (Figure 5.12).
Although there were no significant changes across groups in the left carotid arteries of
either strain of mice, there appeared to be an increase in relative intensity of the PI, m/z
885.9 (18:0/20:4) in comparison with the uninjured right arteries. In addition to the several
classes of phospholipids, precursor ion scanning for m/z 369.1 was performed to detect
cholesterol and cholesteryl esters present in the aortae (Figure 5.13). The major product
ion for each treatment group was m/z 369.6, indicating the dehydration product of
protonated cholesterol.

No detectable changes were observed in the formation of

cholesteryl esters in any of the sample groups.
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Figure 5.7 – Effect of carotid artery injury on MPO plasma content of C57BL/6 and
ApoE-/- mice.
Blood samples were taken from each mouse at sacrifice by cardiac puncture into EDTAcoated tubes. Blood was centrifuged at 1500 x g for 10 minutes to produce plasma. The
MPO content of mouse plasma was measured by an ELISA and absorbance read
spectrophotometrically at 450 nm. ***p<0.001 vs C57BL/6 sham,

‡‡‡

p<0.001 vs C57BL/6

injured, n = 6.
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Figure 5.8 – Detection of PCs and SMs from left and right carotid arteries of shamoperated and injured C57BL/6 and ApoE-/- mice.
Precursor ion scanning for m/z 184.1 by positive-ionisation ESMS was performed to
identify PCs and SMs present in left and right common carotid arteries from C57BL/6
sham-operated (A), C57BL/6 injured (B), ApoE-/- sham-operated (C) and ApoE-/- injured
mice (D).

Individual spectra were overlaid to highlight any potential differences in

distributions within and between groups. n = 2-3.
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Figure 5.9 – Detection of chain-shortened PCs from left and right carotid arteries of
sham-operated and injured C57BL/6 and ApoE-/- mice.
Precursor ion scanning for m/z 184.1 by positive-ionisation ESMS was performed to
identify PCs present in left and right carotid arteries from C57BL/6 sham-operated (A),
C57BL/6 injured (B), ApoE-/- sham-operated (C) and ApoE-/- injured mice (D). Individual
spectra were expanded between m/z 550 and 700 to focus on chain-shortened PCs and
overlaid to highlight any potential differences in distributions within and between groups.
n = 2-3.
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Figure 5.10 – Detection of PEs from left and right carotid arteries of sham-operated
and injured C57BL/6 and ApoE-/- mice.
Neutral loss of 141.1 Da by positive-ionisation ESMS was performed to identify PEs
present in left and right common carotid arteries from C57BL/6 sham-operated (A),
C57BL/6 injured (B), ApoE-/- sham-operated (C) and ApoE-/- injured mice (D). Individual
spectra were overlaid to highlight any differences in distributions within and between
groups. n = 2-3.
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Figure 5.11 – Detection of PSs from left and right carotid arteries of sham-operated
and injured C57BL/6 and ApoE-/- mice.
Neutral loss of 87 Da by negative-ionisation ESMS was performed to identify PSs present
in left and right common carotid arteries from C57BL/6 sham-operated (A), C57BL/6
injured (B), ApoE-/- sham-operated (C) and ApoE-/- injured mice (D). Individual spectra
were overlaid to highlight any differences in distributions within and between groups. n =
2-3.
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Figure 5.12 – Detection of PIs from left and right carotid arteries of sham-operated
and injured C57BL/6 and ApoE-/- mice.
Precursor ion scanning of m/z 241 by negative-ionisation ESMS was performed to identify
PIs present in left and right common carotid arteries from C57BL/6 sham-operated (A),
C57BL/6 injured (B), ApoE-/- sham-operated (C) and ApoE-/- injured mice (D). Individual
spectra were overlaid to highlight any differences in distributions within and between
groups. n = 2-3.
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Figure 5.13 – Detection of cholesterol and cholesteryl esters from left and right
carotid arteries of sham-operated and injured C57BL/6 and ApoE-/- mice.
Precursor ion scanning of m/z 369.1 by positive-ionisation ESMS was performed to
identify cholesterol and cholesteryl esters present in left and right common carotid arteries
from C57BL/6 sham-operated (A), C57BL/6 injured (B), ApoE-/- sham-operated (C) and
ApoE-/- injured mice (D). Individual spectra were overlaid to highlight any differences in
distributions within and between groups. n = 2-3.
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Table 5.2 – Relative abundances of detected phospholipid species in left common
carotid arteries of sham-operated and injured C57BL/6 and ApoE-/- mice.
m/z

PL

Major

(H)

class

species

Relative abundance of ions (% of base peak)
C57BL/6

C57BL/6

ApoE-/-

ApoE-/-

sham

injured

sham

injured

496.7

LPC

16:0

20.8 ± 3.4

21.0 ± 3.1

50.5 ± 3.3***

35.5 ± 3.4†,‡

524.7

LPC

18:0

16.8 ± 1.3

11.0 ± 1.2

34.0 ± 1.0***

22.3 ± 1.7†††,‡‡‡

703.9

SM

16:0

46.1 ± 3.0

34.8 ± 4.1

38.1 ± 1.4

31.3 ± 5.6

732.9

PC

16:0/16:1

17.2 ± 1.5

18.7 ± 1.4

13.9 ± 0.9

11.5 ± 2.8

734.9

PC

16:0/16:0

83.0 ± 4.7

73.5 ± 13.5

62.2 ± 3.0

52.0 ± 6.4

758.9

PC

16:0/18:2

72.1 ± 7.1

84.6 ± 4.6

100 ± 0.0**

100 ± 0.0

760.9

PC

16:0/18:1

71.0 ± 5.1

71.4 ± 6.4

74.8 ± 5.0

68.8 ± 8.0

768.8

PE

18:0/20:4

22.4 ± 5.3

11.7 ± 6.6

19.7 ± 4.0

20.5 ± 9.9

782.9

PC

16:0/20:4

100 ± 0.0

99.5 ± 0.5

81.5 ± 5.5

75.4 ± 11.3

784.9

PC

18:0/18:3

26.6 ± 1.6

26.8 ± 0.6

27.0 ± 0.4

25.0 ± 3.1

786.9

PC

18:0/18:2

41.4 ± 4.7

40.1 ± 1.0

60.8 ± 2.3**

65.3 ± 1.6‡‡

787.9

SM

22:0

12.8 ± 0.9

16.1 ± 1.01

22.2 ± 1.7**

23.7 ± 0.7‡‡

806.9

PC

16:0/22:6

24.7 ± 1.3

24.5 ± 0.4

22.1 ± 1.5

20.1 ± 2.3

810.9

PC

18:0/20:4

69.1 ± 2.2

59.5 ± 3.1

52.0 ± 3.6

45.6 ± 9.6

813.0

SM

24:1

9.7 ± 0.5

10.1 ± 0.6

8.4 ± 1.4

7.1 ± 1.8

834.9

PC

18:0/22:6

10.0 ± 1.2

10.6 ± 0.2

7.8 ± 0.5

6.7 ± 1.2

885.9

PI

18:0/20:4

23.6 ± 3.9

19.3 ± 13.8

23.9 ± 2.7

33.5 ± 11.1

Relative abundances for each m/z value (protonated adduct ions) were calculated as a
percentage of the largest peak in the individual spectra.
distribution

of

ions

are

highlighted

in

bold.

PL

Significant differences in
=

phospholipid,

LPC

=

‡

lysophosphatidylcholine, ND = not detected. ***p<0.001 vs C57BL/6 sham, p<0.05 and
‡‡‡

p<0.001 vs C57BL/6 injured, †p<0.05 and †††p<0.01 vs ApoE-/- sham, n = 3.
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Table 5.3 – Relative abundances of detected phospholipid species in right common
carotid arteries of sham-operated and injured C57BL/6 and ApoE-/- mice.
m/z

PL

Major

(H)

class

species

Relative abundance of ions (% of base peak)
C57BL/6

C57BL/6

ApoE-/-

ApoE-/-

sham

injured

sham

injured

496.7

LPC

16:0

17.5 ± 0.9

16.5 ± 2.9

10.7 ± 1.3

15.4 ± 2.1

524.7

LPC

18:0

8.4 ± 2.4

8.3 ± 2.1

5.1 ± 0.4

10.8 ± 0.0

703.9

SM

16:0

36.1 ± 18.7

28.0 ± 8.1

19.9 ± 1.8

43.0 ± 1.8

732.9

PC

16:0/16:1

17.4 ± 0.5

15.7 ± 1.3

11.3 ± 3.0

16.7 ± 0.2

734.9

PC

16:0/16:0

60.3 ± 17.2

46.0 ± 13.4

29.5 ± 0.3

49.1 ± 1.3

758.9

PC

16:0/18:2

76.4 ± 4.1

68.0 ± 2.5

63.1 ± 0.8

66.8 ± 5.2

760.9

PC

16:0/18:1

75.6 ± 4.8

65.0 ± 2.8

67.4 ± 3.7

77.2 ± 6.5

782.9

PC

16:0/20:4

100 ± 0.0

81.9 ± 7.1

100 ± 0.0

95.2 ± 4.9

784.9

PC

18:0/18:3

28.1 ± 2.3

27.2 ± 0.0

31.3 ± 3.4

31.2 ± 1.6

786.9

PC

18:0/18:2

39.4 ± 6.3

31.7 ± 2.5

43.4 ± 4.3

39.5 ± 1.7

787.9

SM

22:0

11.5 ± 1.1

11.7 ± 0.3

16.1 ± 0.3

20.8 ± 0.5

806.9

PC

16:0/22:6

24.5 ± 1.4

16.4 ± 2.2

23.0 ± 0.1

21.7 ± 2.2

810.9

PC

18:0/20:4

56.7 ± 1.6

44.8 ± 5.1

63.6 ± 4.2

60.0 ± 0.8

813.0

SM

24:1

12.2 ± 0.1

10.9 ± 1.3

10.5 ± 1.8

11.5 ± 1.1

834.9

PC

18:0/22:6

7.6 ± 0.3

7.3 ± 0.3

10.4 ± 0.5

9.8 ± 0.8

885.9

PI

18:0/20:4

4.6 ± 4.6

3.3 ± 0.9

5.0 ± 0.5

2.6 ± 2.6

Relative abundances for each m/z value (protonated adduct ions) were calculated as a
percentage of the largest peak in the individual spectra.

PL = phospholipid, LPC =

lysophosphatidylcholine, ND = not detected. n = 2.
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5.3.4 Role of AMPK in neointima formation
AMPK, involved in energy homeostasis, has been recently implicated in restenosis and
therefore its expression in sham-operated and injured carotid arteries from the two mouse
strains was studied. The total amount of AMPKα was found to be elevated in injured
carotid arteries in both strains but there was only a significant increase in sham-operated
ApoE-/- mice compared to their C57BL/6 counterparts (Figure 5.14). In addition, there was
minimal phosphorylated AMPKα present in the sham-operated or injured carotid arteries in
either strain of mice 14 days after procedure. However, there was a trend towards an
increase in phosphorylation in the ApoE-/- mice compared to the C57BL/6 mice (Figure
5.15).
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Figure 5.14 – Total AMPKα staining in left carotid arteries from sham-operated and
injured C57BL/6 and ApoE-/- mice.
Representative histological sections of left common carotid arteries (LC) from shamoperated and injured C57BL/6 and ApoE-/- mice stained with anti-total AMPKα and
counterstained with haematoxylin (A). Positive immunoreactivity for total AMPKα was
measured as a percentage of positive staining divided by the neointimal area (B). Scale
bar = 100 µm, magnification x 10. n = 3-4.
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Figure 5.15 – Phosphorylated AMPKα staining in left carotid arteries from shamoperated and injured C57BL/6 and ApoE-/- mice.
Representative histological sections of left common carotid arteries (LC) from shamoperated and injured C57BL/6 and ApoE-/- mice stained with anti-phosphorylated AMPKα
and counterstained with haematoxylin (A). Positive immunoreactivity for phosphorylated
AMPKα was measured as a percentage of positive staining divided by the neointimal area
(B). Scale bar = 100 µm, magnification x 10. n = 3-4.
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5.4 Discussion
The present study characterises for the first time the phospholipid molecular species
present in the carotid arteries of C57BL/6 and ApoE-/- mice after carotid artery injury.
Increased neointima formation was observed in injured ApoE-/- mice compared with shamoperated controls and healthy C57BL/6 mice treated in the same way. Plasma MPO and
LPCs were also found to be elevated in ApoE-/- mice and vascular injury altered the
relative proportions of several PCs present in the arterial wall of ApoE-/- mice compared
with C57BL/6 mice. Total AMPK expression was also increased in sham-operated ApoE-/mice compared to their C57BL/6 counterparts.
After PCI and mechanical injury to the arterial wall, neointima formation occurs mainly by
the proliferation and migration of VSMCs leading to a narrowing of the previously stenotic
vessel. In this study, the left common carotid artery was injured by insertion of a flexible
nylon wire several times to cause endothelial denudation and then subsequently ligated.
The same procedure was performed for the sham-operated mice without the insertion of
the nylon wire. This means there was mechanical injury to the carotid artery due to
removal of the endothelium as well as stretching of the vessel. The blood flow was also
disrupted in this study due to ligation of the artery which has been utilised by many other
studies and could induce unrelated compensatory mechanisms (Kumar and Lindner, 1997,
Godin et al., 2000, Kawasaki et al., 2001). However, vascular lesions in humans can
develop at sites where haemodynamics are altered and are often associated with low shear
stress (Ku et al., 1985). In this study, neointima formation was dramatically increased in
injured ApoE-/- mice compared to their sham-operated controls, while no significant
differences were observed in healthy C57BL/6 mice treated in the same way.

This

observation has previously been seen following both wire and balloon injuries in ApoE-/mice (Zhu et al., 2000, Grassia et al., 2009, Matter et al., 2006).

In addition,

overexpression of human apoE3 transgene in mice resulted in a reduction in neointimal
formation (Zhu et al., 2000). This suggests that there is an increased susceptibility for
neointima formation in mice deficient in apoE compared to healthy controls. ApoE has
previously been shown to exhibit cytostatic effects causing the inhibition of PDGF-induced
VSMC proliferation and migration by growth arrest in the G0 phase of the cell cycle
(Ishigami et al., 1998). LDL receptor-related protein (LRP) has also been implicated in the
enhanced rate of VSMC proliferation and migration found in atherosclerosis, as apoE was
unable to inhibit PDGF-induced VSMC migration in VSMCs deficient in LRP (Swertfeger
et al., 2002). Together, this suggests that PDGF signalling is altered in ApoE-/- mice which
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may explain the significant increase in neointimal growth observed in injured carotid
arteries of ApoE-/- mice compared to their C57BL/6 controls. As the flexible nylon wire
was extended to the aortic arch and aorta, H&E staining was performed to examine any
damage in this region. No differences in the morphology of the aorta in either strain of
mouse were seen or any atherosclerotic plaque formation in the ApoE-/- mice. This could
be due to the length of time the mice were on the high fat diet; however the first signs of
disease have previously been reported at 6 to 8 weeks without the high fat diet to accelerate
the progression (Nakashima et al., 1994, Coleman et al., 2006). The high levels of
circulating cholesterol-containing lipoproteins could be deposited in the denuded area of
the injured carotid artery as disruption of the endothelium is critical in the initiation of
atherosclerotic plaque and foam cell formation.
The structural composition of the neointima was investigated in both C57BL/6 mice and
ApoE-/- mice by immunohistochemistry. No change in Ki67 or active caspase 3 expression
was observed in the strain of mouse or in sham-operated or injured vessels. This could be
due to the small sample size available or the 14 day time point studied. Many studies
investigating neointima formation have looked at different time points post-operation.
Apoptosis was found to be elevated 1 hour and 1 day after balloon distension injury in
ApoE-/- mice while proliferation was increased 7 and 28 days post injury (Matter et al.,
2006). An increase in VSMC apoptosis via a caspase 3 dependent mechanism was also
upregulated 24 hours after procedure in balloon injured New Zealand white rabbits
(Spiguel et al., 2010). In contrast, cell proliferation was found to peak approximately 4
days prior to the peak in apoptosis after angioplasty in atherosclerotic rabbits (Durand et
al., 2002). There was also evidence of apoptosis in patients undergoing either directional
atherectomy for primary atherosclerotic lesions or recurrent arterial narrowing but it was
typically limited to less than 2 % of cells in the specimen (Isner et al., 1995). This study is
in agreement, as minimal caspase 3 activity was detected 14 days after the vascular injury
procedure. In contrast, an increase in proliferation was still evident in these studies 14
days after surgery. In the present study, it must be remembered that the carotid arteries
were injured as well as ligated causing a change in the haemodynamics of the vessel. This
in turn may have led to a faster response as mechanisms were occurring to compensate for
both the change in vessel diameter as well as the removal of endothelium causing complete
occlusion in a number of vessels. In addition to markers of the remodelling processes,
there was no change in αSMA between different strains of mice, between sham-operated or
injured vessels with αSMA accounting for between 10 and 15 % of the neointimal area.
Proliferation and migration of VSMCs is one of the hallmarks of restenosis resulting in
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intimal thickening with both non-dividing and proliferating VSMCs contributing to the
neointima (Clowes and Schwartz, 1985). Quiescent VSMCs are normally maintained in a
nonproliferative phase but become activated after mechanical injury to the arterial wall.
There is a decrease in VSMC differentiation markers in intimal VSMCs 7 days after injury;
this returns to normal levels by day 14 (Regan et al., 2000). This phenotypic modulation
of VSMCs after injury results in the increased propensity of these cells to proliferate and
migrate resulting in neointima formation. Although, there was no difference between
strains of mice in the extent of αSMA present or proliferative index at day 14, the
neointimal growth was greater in the injured ApoE-/- mice suggesting that proliferation
occurred at an earlier time point.
In addition to the effects of vascular injury on VSMC remodelling processes, the lipid
involvement in neointima formation in injured carotid arteries was investigated. The
enhanced inflammatory state after vascular injury results in recruitment of inflammatory
cells such as neutrophils which could lead to an increase in the production of reactive
oxidants and therefore modified lipids in the neointima by the action of the MPO system.
The plasma MPO content was found to be elevated in ApoE-/- mice compared to C57BL/6
mice controls. Incubation of MPO and its product, HOCl in a temporarily isolated carotid
artery was found to induce neointima hyperplasia in a rat model (Yang et al., 2006). In
addition, HOCl-induced apoptosis, in both the intima and medial layers, was followed by a
proliferative response (Yang et al., 2006). In this study, only the plasma MPO was
measured and therefore the levels in the neointima could be greater due to the infiltration
of inflammatory cells at the site of injury leading to the secretion of MPO. The levels of
MPO have been shown to be elevated in human atherosclerotic plaques and therefore a
similar effect could be found in restenotic lesions (Daugherty et al., 1994). It would be
beneficial to measure the levels of circulating neutrophils in C57BL/6 and ApoE-/- mice to
establish if this accounts for the elevation in plasma MPO.
MPO is a known route for producing modified lipids in vivo; both chlorinated and oxidised
species.

The distribution of several classes of phospholipids, including the main

phospholipids present in LDL particles such PCs, PEs, PSs and PIs as well as cholesterol
and cholesteryl esters was assessed in uninjured right and injured left common carotid
arteries. ESMS was utilised to detect different classes of modified lipids as precursor ion
and neutral loss scanning allows the detection of certain types of phospholipids or oxidised
products but does not specify individual species (Spickett et al., 2011). Analysis of the
injured and uninjured carotid arteries identified PCs, LPCs, SMs and PIs as well as
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cholesterol present within the samples. There were increased relative levels of lysolipids at
m/z 496.7 and 524.7 in ApoE-/- mice compared to the contralateral right carotid arteries
and the C57BL/6 control mice. Lysolipids have previously been found to be elevated in
the intima and inner media of the atherosclerotic aorta of squirrel monkeys (Portman and
Alexander, 1969). Chlorohydrins of polyunsaturated phospholipids have been reported to
break down readily to lysolipids (Arnhold et al., 2002). Lysophosphatidylcholine has also
been shown to stimulate expression of MCP-1 in rat aortic VSMCs as well as induce proinflammatory cytokine production and recruitment of monocytes (Rong et al., 2002,
Olofsson et al., 2008). This could therefore lead to an exacerbated inflammatory response
which in turn could increase the production of modified lipids within the atherosclerotic
plaque as well as at the site of injury. Phospholipid chlorohydrins have yet to be observed
in diseased vessels in vivo while lysophosphatidylcholine-chlorohydrins have been
detected in human atherosclerotic plaques with a 60-fold increase in human tissue
compared to control (Messner et al., 2008b). The precursor ion scan for m/z 184.1
displayed roughly similar distribution of PCs and SMs between groups and contralateral
carotid arteries; however, an increase in relative abundance of m/z 758.9 and 786.9 was
observed in left carotid arteries of ApoE-/- mice compared to injured C57BL/6 carotid
arteries. These peaks likely corresponds to the protonated adducts of PCs, 16:0/18:2 and
18:0/18:2 respectively. A trend towards an increase in m/z 810.9 in relation to other
signals was also observed in the uninjured right carotid arteries of ApoE-/- mice compared
to their injured counterparts, corresponding to the protonated adduct of PC 18:0/20:4. This
suggests that injured carotid arteries are enriched with linoleoyl-containing PCs. These
unsaturated phospholipids could then undergo modification by MPO leading to an increase
in modified lipids present at the site of injury. There was also a relative increase in m/z
787.9 in left carotid arteries of ApoE-/- mice, which likely corresponds to the protonated
adduct of SM 22:0. Elevated levels of plasma SM have previously been shown to be a risk
factor in CAD which is often associated with atherosclerosis (Jiang et al., 2000). Chainshortened PCs were not detected which could be due to low concentrations compared to
their native phospholipids within these samples or they may be metabolised or detoxified
in vivo (Spickett et al., 2011).

Separation of oxidation products by coupling liquid

chromatography to ESMS could provide more insight into their presence and role in
neointima formation.
Similarly to PCs and SMs, the distribution and proportions of PEs, PSs and PIs were also
investigated.

There was a low signal to noise ratio in the spectra of PEs and PSs,

suggesting that these phospholipids were present at low levels within both injured and
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uninjured arteries; therefore it was not possible to obtain sufficiently adequate data to
determine whether differences occurred between these groups. There was an apparent
relative increase in m/z 885.9 in injured vessels compared to their uninjured controls,
corresponding to the protonated adduct of PI 18:0/20:4. This suggests that increased levels
of PIs are associated with lesion formation. Moreover, precursor scanning of m/z 369.1
was utilised for detection of cholesterol and cholesteryl esters present in carotid arteries of
C57BL/6 and ApoE-/- mice. The protonated dehydration product of cholesterol, m/z 369.6,
was consistently the largest peak in all samples. Together, this highlights a difference in
proportion of several phospholipids present in carotid arteries of ApoE-/- mice after the
vascular injury procedure compared to the uninjured contralateral artery and the healthy
mice controls. In addition, the detection of chlorinated lipids in the vessels was not
performed due to time constraints. The high levels of plasma MPO in ApoE-/- mice would
suggest an increase in the presence of HOCl-modified lipids in the vessels and further
analysis of these samples would give a more complete indication of the occurrence of
modified lipid species in the vascular wall.
A limitation of the present study is the lack of internal or external standards in the ESMS
analysis of the injured and uninjured carotid arteries. Standards are commonly used as
quantification of levels within samples by the addition of a lipid at a known concentration.
Saturated lipids can also be used as a “base peak” in spectra for example m/z 734 (PC
16:0/16:0), for comparison of peak intensities with signals from mono- and
polyunsaturated lipids. However, in these spectra m/z 734.9 was found to vary between
samples and therefore not suitable for this role.

This could reflect the oxidation of

polyunsaturated lipids such as m/z 758.9 and 782.9, therefore their intensity is reduced and
the levels of saturated lipids (such as m/z 734.9) appear to fluctuate. In contrast, there
would be further limitations in using standards in these samples as the sizes of the arteries
varied and were not weighed before lipid extraction, thus the lipid concentrations cannot be
calculated.

The amount of lipid is likely to vary within the artery therefore, while

standards may indicate the absolute concentration, all lipids should fluctuate depending on
the total lipid content extracted. Comparisons were made instead between the relative
intensities of the lipids present in these samples, which allow information about changes in
the lipid profile in the different strains and in response to treatments. It should also be
noted that ESMS is not a quantitative technique in itself, due to the different ionisation
efficiencies of lipid classes, therefore PC levels cannot be directly compared with PEs or
PSs, etc. There is also further variation within the PC class as short chains ionise better
than long chains. However, all these differences should be the same between samples, thus
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it is valid to look for changes in relative intensities and patterns between samples in this
study.
In addition to the modified lipids present in the neointima, AMPK has recently been
implicated in vascular disease as it has been shown to suppress VSMC proliferation
(Nagata et al., 2004, Igata et al., 2005, Peyton et al., 2011). In the previous chapter,
AMPK signalling was found to alter the effect of modified lipids on vascular remodelling
processes.

In this study, total AMPKα was found to be significantly increased in

neointimal growth in sham-operated ApoE-/- mice compared to their C57BL/6
counterparts. This could be due to an increase in cell number within the neointima
formation resulting in an increase in AMPK present. Minimal phosphorylated AMPKα
was detected in the neointimal sections; however, there was a trend towards an increase in
the ApoE-/- mice. Deletion of the AMPKα2 subunit in mice has been shown to cause an
increase in neointima formation and VSMCs derived from aorta of AMPKα2-/- mice were
found to exhibit increased proliferation rate compared to wild type and AMPKα1-/- mice
(Song et al., 2011). In addition, decreased AMPK activity in VSMCs has been associated
with receptor for advanced glycation endproducts (RAGE) ligand-induced signalling to
promote neointima formation in mice (Yu et al., 2012).

Together, this suggests a

protective role of AMPK in neointima formation and the elevation of total AMPK in
neointima observed in this study could be a compensatory mechanism to combat the
neointimal growth.

5.5 Conclusions
In summary, increased neointima formation was observed in injured ApoE-/- mice
compared to C57BL/6 mice and sham-operated controls, while there was no change in
αSMA, Ki67 or active caspase 3 expression in any treatment groups 14 days after surgery.
Plasma MPO content was elevated and altered phospholipid levels in ApoE-/- mice were
observed with a large increase in the formation of lysolipids. Total AMPKα expression
was also increased in ApoE-/- mice compared to their C57BL/6 counterparts. This is the
first study to investigate the effects of carotid artery injury on the lipid profile in neointima
formation in C57BL/6 and ApoE-/- mice. However, further analysis is required to confirm
these differences and to investigate the formation of oxidised species within the
vasculature after injury. This study also examined a role of AMPK in vascular injury in
ApoE-/- mice and highlights its actions in vascular disease.
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6.1 Introduction
Atherosclerosis and hypertension are closely related but separate cardiovascular disorders
which combined lead to high risk of CAD and MI. Previous clinical trials have shown a
strong correlation between hypertension and the risk of developing atherosclerosis
highlighted by the predominance of atherosclerotic plaques in areas of the vasculature
subjected to high pressures (Kannel et al., 1986, Alexander, 1995).

LDL from

hypertensive patients is also more vulnerable to oxidation in vitro than LDL isolated from
normotensive patients (Maggi et al., 1993). In animal models, angiotensin II-induced
hypertension increased lesional area in the thoracic aorta of ApoE-/- mice fed a high fat diet
compared to their counterparts on normal chow diet (Weiss et al., 2001).

Both

atherosclerosis and hypertension have been shown to enhance oxidative stress within the
arterial wall, leading to an exacerbated phenotype that can accelerate atherosclerotic
progression (Alexander, 1995).
ApoE-/- mice develop spontaneous hypercholesterolaemia and atherosclerosis, with the first
signs of disease occurring at 6 to 8 weeks of age. These include monocyte adhesion,
disruption of the subendothelial elastic lamina and initial foam cell formation which is
accelerated further by high fat feeding (Nakashima et al., 1994, Coleman et al., 2006).
Some studies have shown ApoE-/- mice to exhibit similar blood pressure recordings to
control mice (Gervais et al., 2003, Hartley et al., 2000). However, continuous blood
pressure measurements over a 24 hour period revealed ApoE-/- mice to have elevated
systolic and diastolic pressures as well as heart rate and an elimination of circadian cycles
compared to C57BL/6 control mice (Pelat et al., 2003). The majority of studies examining
mean arterial pressure have been in older atherosclerotic mice and little is known about the
effect of short-term high fat feeding on these haemodynamic measurements.
AMPK regulates cellular energy homeostasis and responds to changes in the AMP to ATP
ratio. Under states of stress, it is activated by a depletion of ATP or an elevation of AMP
concentration. In atherosclerosis, activation of AMPK by AICAR, a known activator of
AMPK, has been shown to reduce ER stress and inhibit macrophage proliferation, both
induced by high levels of circulating oxLDL (Dong et al., 2010, Ishii et al., 2009).
OxLDL also caused a 40-fold increase in expression of serine/threonine protein
phosphatase 2A in human monocytes, the enzyme responsible for inactivating AMPK
(Kang et al., 2006).

In addition, AMPK has been implicated in reverse cholesterol

transport, as activation increased protein levels of ABCG1 and ABCA1, which resulted in
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cholesterol efflux from foam cells derived from macrophages and reduced plaque
formation in ApoE-/- mice (Li et al., 2010a, Li et al., 2010b). AMPK has also been
associated with neutrophils, which are the primary source of MPO, a phagocytic enzyme
involved in one of the mechanisms by which LDL can become modified (Alba et al.,
2004). AMPK activation attenuated neutrophil activity and metformin, an anti-diabetic
drug known to activate AMPK, decreased MPO levels in lung tissue (Zhao et al., 2008,
Tsoyi et al., 2011). Therapeutic agents such as statins, extensively used in the treatment of
atherosclerosis due to their effects on lipid lowering, have also been shown to partially
mediate their effects through the action of AMPK, reviewed in Ewart and Kennedy (2011).
Incubation with atorvastatin increased phosphorylation of AMPK and its downstream
target ACC, both in vitro and in vivo (Sun et al., 2006). Together, this highlights the
emerging evidence for the importance of functional AMPK signalling to prevent lipid
accumulation and the development of atherosclerosis.
The activation of AMPK has also been associated with blood pressure regulation where
prior studies have shown a reduction in mean arterial pressure in both rodents and humans,
following acute administration of the AMPK activator, AICAR (Foley et al., 1989,
Bosselaar et al., 2011). Furthermore, spontaneously hypertensive rats dosed with AICAR
showed an acute drop in blood pressure which was not seen in the control group of WistarKyoto rats suggesting AMPK could play a role in reducing hypertension (Ford et al.,
2012). Long-term administration of AICAR or resveratrol, which has been described as
another activator of AMPK, also reduced mean arterial pressure in obese Zucker rats (Buhl
et al., 2002, Rivera et al., 2009). This suggests that AMPK activation could play a critical
role in the reduction of blood pressure in both atherosclerosis and hypertension. However,
to date there is no information available on the effect of chronic AMPK activation on
blood pressure regulation and lipid profile in atherosclerotic mice and how this would also
affect the activity of AMPK and its downstream targets in health and early atherosclerosis.

6.1.1 Aims
The aims investigated in this chapter were:


To determine the effect of short-term high fat feeding on blood pressure and AMPK
expression in ApoE-/- mice.



To examine the effect of chronic AMPK activation on blood pressure, protein
expression and MPO content in healthy and atherosclerotic mice.
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6.2 Methods
6.2.1 Chronic AICAR administration
Male C57BL/6 mice on normal chow and male ApoE-/- mice fed on a high fat diet for 1
month prior (10 to 12 weeks of age, weighing between 20 and 31 g) were administered a
daily i.p. injection of either saline (vehicle) or AICAR at 400 mg/kg for 14 days. ApoE-/mice were continued on the high fat diet throughout the dosing period. Mice were weighed
at the start of the dosing regimen, at day 7 to adjust the AICAR dose due to potential
weight fluctuations and at the end of the study period.

6.2.2 Haemodynamic measurements
Haemodynamic measurements were performed by cannulation of the left common carotid
artery as outlined in Section 2.6.5. A representative arterial blood pressure trace is shown
in Figure 6.1. At the end of the procedure, mice were sacrificed by cervical dislocation
and following this, blood was collected by cardiac puncture into EDTA-coated tubes and
centrifuged at 1500 x g for 10 minutes to produce plasma. Heart, liver and spleen weights
were also recorded at time of death and snap frozen for future use.

115.00

mmHg

100.00

85.00

70.00

Figure 6.1 – Representative arterial blood pressure trace from cannulation of the
left common carotid artery.
A four second recording in a vehicle-treated C57BL/6 mouse.

Systolic and diastolic

pressures were measured by taking an average of three individual peaks or troughs
respectively. Heart rate was measured by dividing the time the trace takes to complete
ten consecutive waves by 600 (as measured in beats per minute (bpm)).
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6.2.3 Western blotting
Expression of ACC and AMPKα were measured by Western blot analysis as detailed in
Section 2.4. Thoracic aortae and liver from male C57BL/6 and ApoE-/- mice that had been
administered with either vehicle or AICAR for 14 days, were excised immediately after
death. Protein estimation analysis from lysates was carried out and protein was added at 5
µg for aorta and 10 µg for liver samples per well. Immunoblotting was performed with
antibodies against phosphorylated and total ACC and AMPKα as well as GAPDH which
was used as a loading control (all antibody dilutions found in Table 2.1). Densitometrical
analysis was then performed.

6.2.4 MPO assay
MPO content of the plasma from vehicle- and AICAR-treated C57BL/6 and ApoE-/- mice
was analysed using a mouse MPO ELISA kit as described in Section 2.6.6. Samples were
diluted 1 in 16 in dilution buffer and the assay was performed as per the manufacturer’s
instructions. Absorbance was measured spectrophotometrically at 450 nm.

6.2.5 Detection of lipids in aortae by ESMS
Lipids were extracted from aortae of chronically treated C57BL/6 and ApoE-/- mice with
either vehicle or AICAR and analysed as described in Section 2.8. Vessels were incubated
in equal volumes of methanol containing BHT, chloroform and an aqueous solution to
extract lipids then dried under a steady flow of oxygen-free nitrogen gas. Dried lipid
extracts were reconstituted and further diluted in methanol. For analysis using positive-ion
mode, aortic samples were diluted 1 in 100 with 1 % aqueous formic acid in methanol and
scans performed for PCs and SMs, PEs, cholesterol and cholesteryl esters. For analysis
using negative-ion mode, aortic samples were diluted 1 in 10 with 10 % 5 mM ammonium
acetate in methanol and scans performed for PIs and PSs. Aortic samples were analysed
by identifying consistent differences between spectra from different sample groups.

6.2.6 Statistical analysis
All results are displayed as mean ± SEM and n represents the number of mice used. Data
were analysed using an unpaired Student’s t test for the body weight measurements, oneway ANOVA followed by Newman-Keuls’ post hoc test for analysis of spectra and twoway ANOVA followed by Bonferroni’s post hoc test for all other measurements.
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6.3 Results
6.3.1 Effect of chronic AICAR administration on blood pressure
and weight in healthy and atherosclerotic mice
Values for all weights and haemodynamic measurements are summarised in Table 6.1 as
mean ± SEM.
For each haemodynamic measurement, a histogram (A in each graph) and scatter dot plot
(B in each graph) is shown to highlight the mean values as well as the distribution of the
data. Mean arterial pressure was significantly increased in the vehicle-treated ApoE-/- mice
compared to their age-matched C57BL/6 controls from 94.1 ± 1.5 mmHg to 112.2 ± 1.5
mmHg (Figure 6.2). AICAR treatment had no effect on mean arterial pressure in C57BL/6
mice but lowered the value almost to the baseline (98.5 ± 1.8 mmHg) in the ApoE-/- mice.
A similar trend was observed with the diastolic pressure in both C57BL/6 and ApoE-/- mice
(Figure 6.3).

The vehicle-treated ApoE-/- group had a significantly elevated systolic

pressure of 115.3 ± 1.6 mmHg compared to their C57BL/6 counterparts (105.1 ± 1.3
mmHg) whereas administration of AICAR had no effect in either strain of mouse (Figure
6.4). Vehicle-treated ApoE-/- mice had a reduced pulse pressure of 5.3 ± 0.5 mmHg
compared to their C57BL/6 controls (18.3 ± 0.9 mmHg; Figure 6.5). Furthermore, AICAR
treatment had no effect on C57BL/6 mice but increased the pulse pressure of ApoE-/- mice
to 24.4 ± 1.5 mmHg, similar to healthy C57BL/6 mice levels.

Heart rate was also

increased in ApoE-/- mice dosed with the saline vehicle compared to their C57BL/6
controls from 317.7 ± 13.9 bpm to 410.7 ± 15.1 bpm (Figure 6.6). AICAR administration
had no effect on heart rate in either strain of mouse.
Body weight was monitored throughout the dosing regimen to allow for the adjustment of
the AICAR dose as required (Figure 6.7). ApoE-/- mice had increased body weights
compared to their age-matched C57BL/6 controls at the beginning of the experimental
protocol. This was maintained during the study and at the final body weight measurement.
The percentage change in body weight at the midpoint of the investigation (day 7) and at
the end, in relation to their start weights, was also investigated to take into account the
differing start weights of the mice. C57BL/6 mice consistently gained weight over the 14
day period, with AICAR treatment having no effect compared to the vehicle-treated mice.
In contrast, both groups of ApoE-/- mice lost weight over the study period with a significant
percentage loss in ApoE-/- mice treated with AICAR between the midpoint and final weight
measurements.
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Organ weights were also measured as a percentage of the final body weight for each mouse
(Figure 6.8). No differences in the whole heart weight were observed between C57BL/6
and ApoE-/- mice. Furthermore, chronic AICAR treatment had no effect on whole heart
weight in either strain of mouse. Liver weight was reduced in ApoE-/- mice compared to
C57BL/6 mice whereas administration of AICAR increased liver weights in both strains of
mice compared to their saline-treated controls. There was also a marked increase in spleen
weight in both ApoE-/- groups in relation to their C57BL/6 controls which was unaffected
by AICAR treatment.

160

Chapter 6 – Effect of AMPK Activation in Atherosclerosis

A
Mean arterial pressure
(mmHg)

125

***

100

Vehicle
AICAR

75
50
25
0

ApoE -/-

C57BL/6

B

†††

Mean arterial pressure
(mmHg)

125
100
75
50
25

AI
CA
R

-/-

Ap
oE

Ve
hi
cl
e

-/-

Ap
oE

AI
CA
R

C5
7B
L/
6

C5
7B
L/
6

Ve
hi
cl
e

0

Figure 6.2 – Effect of AICAR dosing on mean arterial pressure of C57BL/6 and
ApoE-/- mice.
Mean arterial pressure was measured by cannulation of the left common carotid artery.
***p<0.001 vs C57BL/6 vehicle, †††p<0.001 vs ApoE-/- vehicle, n = 6-10.
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Figure 6.3 – Effect of AICAR dosing on diastolic pressure of C57BL/6 and ApoE-/mice.
Mean diastolic pressure was calculated from the arterial blood pressure traces by taking
an average of three troughs from three separate waves. ***p<0.001 vs C57BL/6 vehicle,
†††

p<0.001 vs ApoE-/- vehicle, n = 6-10.
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Figure 6.4 – Effect of AICAR dosing on systolic pressure of C57BL/6 and ApoE-/mice.
Mean diastolic pressure was calculated from the arterial blood pressure traces by taking
an average of three peaks from three separate waves. ***p<0.001 vs C57BL/6 vehicle, n
= 6-10.
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Figure 6.5 – Effect of AICAR dosing on pulse pressure of C57BL/6 and ApoE-/- mice.
Mean pulse pressure was calculated by subtracting the mean diastolic from the mean
systolic pressure in each animal. ***p<0.001 vs C57BL/6 vehicle,
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p<0.001 vs ApoE-/-

vehicle, n = 6-10.
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Figure 6.6 – Effect of AICAR dosing on heart rate of healthy and atherosclerotic
mice.
Heart rate was measured by dividing the time the arterial blood pressure trace takes to
complete ten consecutive waves by 600 (as measured in bpm). **p<0.01 vs C57BL/6
vehicle, n = 7-10.
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Figure 6.7 – Effect of 14 day dosing regimen on body weight of C57BL/6 and ApoE-/mice.
The weight of each mouse was recorded at the beginning (A), midpoint (day 7) and at the
end of the procedure (B).

*p<0.05 and ***p<0.001 vs C57BL/6, n = 18-20.

The

percentage change in body weights from start to day 7 and to final weight were also
measured (C). *p<0.05 vs ApoE-/- AICAR day 7 weight, n = 9-10.
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Figure 6.8 – Effect of AICAR dosing on organ weight of C57BL/6 and ApoE-/- mice.
Heart (A), liver (B) and spleen (C) weights were calculated as a percentage of the final
body weight of the mice.

*p<0.05 and **p<0.01 vs C57BL/6 vehicle,

‡‡‡

p<0.001 vs

C57BL/6 AICAR, †††p<0.001 vs ApoE-/- vehicle, n = 9-10.
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Table 6.1 – Weight and haemodynamic measurements of C57BL/6 and ApoE-/- mice
before and after 14 days of AICAR administration.
ApoE -/-

C57BL/6
Vehicle

AICAR

Vehicle

AICAR

Start weight (g)

25.0 ± 0.5

21.7 ± 0.4***

28.0 ± 0.6***

26.5 ± 0.6‡‡‡

Final weight (g)

26.1 ± 0.3

22.9 ± 0.4***

26.9 ± 0.6

25.3 ± 0.5†,‡‡

Heart /Body weight

0.54 ± 0.02

0.50 ± 0.01

0.51 ± 0.02

0.47 ± 0.01

4.91 ± 0.13

5.55 ± 0.18**

4.42 ± 0.16*

5.24 ± 0.10†††

0.29 ± 0.01

0.27 ± 0.01

0.38 ± 0.03**

0.38 ± 0.02‡‡‡

MAP (mmHg)

94.1 ± 1.5

96.8 ± 1.2

112.2 ± 1.5***

98.5 ± 1.8†††

DAP (mmHg)

86.8 ± 1.8

88.5 ± 1.0

110.0 ± 1.7***

88.4 ± 1.8†††

SAP (mmHg)

105.1 ± 1.3

110.3 ± 2.2

115.3 ± 1.6***

112.8 ± 2.2

PP (mmHg)

18.3 ± 0.9

21.8 ± 2.6

5.3 ± 0.5***

24.4 ± 1.5†††

317.7 ± 13.9

344.7 ± 20.2

410.7 ± 15.1**

381.9 ± 15.1

(%)
Liver/Body weight
(%)
Spleen/Body
weight (%)

HR (bpm)

Organ weight was taken as a percentage of the body weight. Mean arterial pressure
(MAP), diastolic arterial pressure (DAP), systolic arterial pressure (SAP), pulse pressure
(PP) and heart rate (HR) were calculated from the trace from the cannula inserted in the
left common carotid artery of C57BL/6 and ApoE-/- mice. Data are expressed as mean ±
SEM. *p<0.05, **p<0.01 and ***p<0.001 vs C57BL/6 vehicle,

‡‡

p<0.01 and

‡‡‡

p<0.001 vs

C57BL/6 AICAR, †p<0.05 and †††p<0.001 vs ApoE-/- vehicle, n = 6-10.
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6.3.2 Effect of chronic AICAR treatment on expression of AMPKα
and ACC in mouse aorta and liver
The expression of phosphorylated and total AMPKα and its downstream target, ACC, were
investigated in both mouse aortae and liver to assess the influence of chronic AMPK
activation with AICAR on this pathway. Phosphorylated and total levels of each protein
were divided by the density of the GAPDH band to adjust for protein loading.
Phosphorylated levels of AMPKα and ACC were also divided by the total values of each
protein to measure the activation of these enzymes.
Phosphorylated AMPKα levels in aortae were elevated in C57BL/6 mice dosed with
AICAR and reduced in ApoE-/- mice treated in the same way (Figure 6.9). There was no
effect on the amount of total AMPKα in C57BL/6 mice but a reduction was seen in ApoE-/mice administered AICAR. In contrast, the ratio of phosphorylated to total AMPKα was
significantly higher in aortae of C57BL/6 mice treated with AICAR while no effect was
seen in ApoE-/- mice. Similarly to AMPKα, phosphorylated ACC was increased in aortae
of C57BL/6 mice treated with AICAR for 14 days compared to their vehicle-treated
controls (Figure 6.10). In comparison with their C57BL/6 counterparts, there was a trend
towards a reduction in the amount of phosphorylated ACC in vehicle-treated ApoE-/- mice
and a significant decrease of phosphorylated ACC present in aortae of ApoE-/- mice treated
with AICAR. A similar effect was observed with total ACC in the aortae with increased
levels in C57BL/6 mice dosed with AICAR and a significant reduction in vehicle-treated
and AICAR-dosed ApoE-/- mice.

Administration of AICAR had no effect on the

phosphorylated to total ACC ratio in either strain of mouse but was significantly elevated
in atherosclerotic ApoE-/- mice compared to their healthy C57BL/6 controls.
No differences were observed in phosphorylated AMPKα levels in the liver across any of
the groups (Figure 6.11). However, there was a significant reduction in total AMPKα
expression in ApoE-/- mice liver in both vehicle- and AICAR-treated groups in relation to
their C57BL/6 controls.

There was a large elevation in the phosphorylated to total

AMPKα ratio in ApoE-/- mice livers compared their C57BL/6 counterparts and a slight
decrease in ApoE-/- mice treated with AICAR compared to their vehicle-treated controls.
Reduced levels of phosphorylated ACC were seen in ApoE-/- mice compared to their
healthy C57BL/6 controls with AICAR administration had no effect (Figure 6.12). A
similar trend was seen for total ACC but this did not reach significance. No differences
were observed in the phosphorylated to total ACC ratio across any of the groups.
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Figure 6.9 – Effect of AICAR dosing on phosphorylated and total AMPKα
expression in aortae of C57BL/6 and ApoE-/- mice.
Phosphorylated (B) and total (C) AMPKα were divided by GAPDH to adjust for protein
loading to measure the amount of each form of the protein present and phosphorylated
was divided by total AMPKα to measure the activation of the enzyme (D). Blots shown
are representative (A).

**p<0.01 and ***p<0.001 vs C57BL/6 vehicle, ‡p<0.05 and

‡‡

p<0.01 vs C57BL/6 AICAR, n = 4.
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Figure 6.10 – Effect of AICAR dosing on phosphorylated and total ACC expression
in aortae of C57BL/6 and ApoE-/- mice.
Phosphorylated (B) and total (C) ACC were divided by GAPDH to adjust for protein
loading to measure the amount of each form of the protein present and phosphorylated
was divided by total ACC to measure the activation of the enzyme (D). Blots shown are
representative (A). *p<0.05 and **p<0.01 vs C57BL/6 vehicle, ‡p<0.05 and

‡‡

p<0.01 vs

C57BL/6 AICAR, n = 4.
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Figure 6.11 – Effect of AICAR dosing on phosphorylated and total AMPKα
expression in liver of C57BL/6 and ApoE-/- mice.
Phosphorylated (B) and total (C) AMPKα were divided by GAPDH to adjust for protein
loading to measure the amount of each form of the protein present and phosphorylated
was divided by total AMPKα to measure the activation of the enzyme (D). Blots shown
are representative (A).
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**p<0.01 and ***p<0.001 vs C57BL/6 vehicle,
†
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p<0.01 and

-/-

p<0.001 vs C57BL/6 AICAR, p<0.05 vs ApoE vehicle, n = 4.
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Figure 6.12 – Effect of AICAR dosing on phosphorylated and total ACC expression
in liver of C57BL/6 and ApoE-/- mice.
Phosphorylated (B) and total (C) ACC were divided by GAPDH to adjust for protein
loading to measure the amount of each form of the protein present and phosphorylated
was divided by total ACC to measure the activation of the enzyme (D). Blots shown are
representative (A). *p<0.05 vs C57BL/6 vehicle, ‡p<0.05 vs C57BL/6 AICAR, n = 4.
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6.3.3 Effect of AICAR administration on modified lipids in healthy
and atherosclerotic mice
The influence of chronic AICAR treatment on the MPO content of plasma from healthy
C57BL/6 mice and ApoE-/- mice fed on high fat diet for 6 weeks was investigated (Figure
6.13). A dramatic increase in MPO levels in ApoE-/- mice compared to their C57BL/6
controls was observed from 151.9 ± 17.9 ng/ml to 598.2 ± 55.0 ng/ml. AICAR treatment
had no effect on C57BL/6 mice but significantly increased MPO in the plasma of ApoE-/mice to 762.7 ± 71.1 ng/ml.
The distribution of several classes of phospholipids, present at various proportions in LDL
particles including PCs, PEs, PSs and PIs as well as cholesterol and cholesteryl esters, in
aortae were observed by ESMS. The differences between vehicle-treated C57BL/6 and
ApoE-/- mice were investigated and the effect of chronic AMPK activation.

The

percentage relative abundances of the signals detected from all phospholipid species are
displayed in Table 6.2.
Precursor ion scanning of m/z 184.1 in positive-ion mode is selective for SMs and PCs, the
most abundant phospholipid in mammals, and exhibited similar distribution within
individual samples in each group (Figure 6.14). Peaks at m/z 496.7 (16:0) and 524.7
(18:0) were consistently seen in all groups indicating the presence of lysolipids. All
treatment groups displayed roughly similar distribution of ions with the most abundant
product ion occurring at m/z 782.9 (16:0/20:4); however, there were some notable changes
in PC and SM expression between strains of mice and AICAR administration groups. The
only difference observed in AICAR-treated mice was a reduction in intensity of m/z 732.9
(16:0/16:1) relative to other signals in ApoE-/- mice. In vehicle-treated ApoE-/- mice
compared to their C57BL/6 counterparts, there was also a relative elevation in m/z 810.9
(18:0/20:4). The only differences observed in SM expression were a relative increase in
m/z 787.9 (22:0) in AICAR-treated ApoE-/- mice compared to their vehicle-treated
counterparts and C57BL/6 mice treated in the same way. The spectra were then expanded
between m/z 550 and 700 to display any changes in chain-shortened PCs as they could be
masked by the high signal of native PCs and long-chain products (Figure 6.15). Repeating
signals were observed in the spectra at m/z 564, 592, 620, 648 and 676 at different
intensities within the groups (highest in one of the samples from the AICAR-treated ApoE/-

group) suggesting a polyethylene contaminant as the peaks are separated by 28 Da and

were, therefore, discounted from the analysis (Jaber and Wilkins, 2005). No detectable
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changes were observed in the formation of chain-shortened PCs in any of the sample
groups.
A neutral loss scan for 141.1 Da in positive-ion mode was performed to detect changes in
PE expression in murine aortae (Figure 6.16).

PEs were found at a much lower

concentration than PCs but there was an increase in relative intensity of m/z 768.8
(18:0/20:4) in ApoE-/- mice after chronic activation in comparison to their saline-treated
controls and C57BL/6 mice treated in the same way. In addition, m/z 760.9 was only
detectable in vehicle-treated C57BL/6 mice. Similar to PEs, the concentration of PSs,
detected by a neutral loss scan of 87 Da in negative-ion mode, in the aortic samples was
relatively low and no significant differences were observed within or between the
treatment groups (Figure 6.17). Precursor ion scanning for m/z 241 in positive-ion mode is
selective for PIs and a trend towards a reduction in m/z 885.9 (18:0/20:4) relative to other
signals was observed in both AICAR-treated mice compared to their vehicle-treated
controls (Figure 6.18). In addition to the several classes of phospholipids, precursor ion
scanning for m/z 369.1 was performed to detect cholesterol and cholesteryl esters present
in the aortae (Figure 6.19). The major product ion for each treatment group was m/z 369.6,
indicating the dehydration product of protonated cholesterol, with no detectable changes in
the formation of cholesteryl esters in any of the sample groups.
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Figure 6.13 – Effect of AICAR treatment on MPO content of C57BL/6 and ApoE-/mouse plasma.
Blood samples were taken from each mouse at sacrifice by cardiac puncture into EDTAcoated tubes. Blood was centrifuged at 1500 x g for 10 minutes to produce plasma. The
MPO content of mouse plasma was measured by an ELISA and absorbance read
spectrophotometrically at 450 nm. ***p<0.001 vs C57BL/6 vehicle, ‡‡‡p<0.001 vs C57BL/6
AICAR, †p<0.05 vs ApoE-/- vehicle, n = 8-9.
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Figure 6.14 – Detection of PCs and SMs from aortae of vehicle- and AICAR-treated
C57BL/6 and ApoE-/- mice.
Precursor ion scanning for m/z 184.1 by positive-ionisation ESMS was performed to
identify PCs and SMs present in aortae from C57BL/6 vehicle- (A) and AICAR-treated
mice (B) and ApoE-/- vehicle- (C) and AICAR-treated mice (D). Individual spectra were
overlaid to highlight any potential differences in distributions within and between groups.
n = 3.
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Figure 6.15 – Detection of chain-shortened PCs from aortae of vehicle- and AICARtreated C57BL/6 and ApoE-/- mice.
Precursor ion scanning for m/z 184.1 by positive-ionisation ESMS was performed to
identify PCs present in aortae from C57BL/6 vehicle- (A) and AICAR-treated mice (B) and
ApoE-/- vehicle- (C) and AICAR-treated mice (D).

Individual spectra were expanded

between m/z 550 and 700 to focus on chain-shortened PCs and overlaid to highlight any
potential differences in distributions within and between groups. n = 3.
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Figure 6.16 – Detection of PEs from aortae of vehicle- and AICAR-treated C57BL/6
and ApoE-/- mice.
Neutral loss of 141.1 Da by positive-ionisation ESMS was performed to identify PEs
present in aortae from C57BL/6 vehicle- (A) and AICAR-treated mice (B) and ApoE-/vehicle- (C) and AICAR-treated mice (D). Individual spectra were overlaid to highlight any
differences in distributions within and between groups. n = 3.
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Figure 6.17 – Detection of PSs from aortae of vehicle- and AICAR-treated C57BL/6
and ApoE-/- mice.
Neutral loss of 87 Da by negative-ionisation ESMS was performed to identify PSs present
in aortae from C57BL/6 vehicle- (A) and AICAR-treated mice (B) and ApoE-/- vehicle- (C)
and AICAR-treated mice (D). Individual spectra were overlaid to highlight any differences
in distributions within and between groups. n = 3.
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Figure 6.18 – Detection of PIs from aortae of vehicle- and AICAR-treated C57BL/6
and ApoE-/- mice.
Precursor ion scanning of m/z 241 by negative-ionisation ESMS was performed to identify
PIs present in aortae from C57BL/6 vehicle- (A) and AICAR-treated mice (B) and ApoE-/vehicle- (C) and AICAR-treated mice (D). Individual spectra were overlaid to highlight any
potential differences in distributions within and between groups. n = 3.
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Figure 6.19 – Detection of cholesterol and cholesteryl esters from aortae of vehicleand AICAR-treated C57BL/6 and ApoE-/- mice.
Precursor ion scanning for m/z 369.1 by positive-ionisation ESMS was performed to
identify cholesterol and cholesteryl esters present in aortae from C57BL/6 vehicle- (A) and
AICAR-treated mice (B) and ApoE-/- vehicle- (C) and AICAR-treated mice (D). Individual
spectra were overlaid to highlight any potential differences in distributions within and
between groups. n = 3.
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Table 6.2 – Relative abundances of detected phospholipid species in aortae of
vehicle- and AICAR-treated C57BL/6 and ApoE-/- mice.
m/z

PL class

(H)

Major

Relative abundance of ions (% of base peak)

species

C57BL/6

C57BL/6

ApoE-/-

ApoE-/-

vehicle

AICAR

vehicle

AICAR

496.7

LPC

16:0

10.9 ± 1.0

12.4 ± 0.0

11.0 ± 0.6

13.6 ± 3.5

524.7

LPC

18:0

5.4 ± 0.1

8.8 ± 0.7

8.0 ± 0.7

8.6 ± 1.7

703.9

SM

16:0

30.6 ± 3.4

36.2 ± 0.6

41.2 ± 9.1

32.8 ± 12.5

732.9

PC

16:0/16:1

17.3 ± 0.8

20.4 ± 1.0

13.7 ± 3.0

11.0 ± 1.4‡

734.9

PC

16:0/16:0

41.9 ± 4.8

47.2 ± 3.1

35.3 ± 8.4

31.8 ± 4.6

758.9

PC

16:0/18:2

79.5 ± 13.9

62.6 ± 9.0

51.9 ± 6.9

67.2 ± 9.6

760.9

PC

16:0/18:1

70.6 ± 3.0

81.6 ± 4.6

74.9 ± 7.9

87.0 ± 6.7

768.8

PE

18:0/20:4

33.1 ± 13.5

20.2 ± 4.6

40.8 ± 14.1

100 ± 0.0††,‡‡

782.9

PC

16:0/20:4

93.1 ± 6.9

100 ± 0.0

100 ± 0.0

87.0 ± 10.3

784.9

PC

18:0/18:3

33.0 ± 4.7

27.1 ± 1.3

26.2 ± 2.7

36.4 ± 4.6

786.9

PC

18:0/18:2

40.6 ± 6.2

36.4 ± 4.7

38.6 ± 2.4

74.9 ± 19.5

787.9

SM

22:0

16.0 ± 2.4

12.3 ± 1.7

13.5 ± 2.4

27.7 ± 4.9†,‡

788.8

PS

18:0/18:1

ND

6.1 ± 0.8

8.0 ± 0.7

2.0 ± 2.5

790.8

PE

18:0/18:0

44.2 ± 13.0

ND

ND

ND

806.9

PC

16:0/22:6

20.1 ± 1.5

22.8 ± 1.1

22.7 ± 0.5

18.1 ± 3.0

810.9

PC

18:0/20:4

48.8 ± 5.7

58.0 ± 1.9

69.7 ± 1.7*

52.6 ± 6.7

813.0

SM

24:1

9.4 ± 0.9

10.5 ± 0.4

13.0 ± 0.8

11.6 ± 2.3

834.9

PC

18:0/22:6

8.5 ± 1.0

10.9 ± 0.6

11.7 ± 0.3

10.1 ± 2.9

838.8

PS

18:0/22:4

2.3 ± 2.3

10.0 ± 0.2

6.2 ± 0.6

5.0 ± 0.0

885.9

PI

18:0/20:4

42.5 ± 28.8

16.5 ± 2.4

38.6 ± 11.1

22.9 ± 3.3

903.1

PI

?

ND

19.4 ± 0.5

ND

ND

Relative abundances for each m/z value (protonated adduct ions) were calculated as a
percentage of the largest peak in the individual spectra.

Significant differences in

distribution of ions are highlighted in bold. PL = phospholipid, ND = not detected. *p<0.05
vs C57BL/6 vehicle, ‡p<0.05 and

‡‡

p<0.01 vs C57BL/6 AICAR, †p<0.05 and

††

p<0.01 vs

ApoE-/- vehicle, n = 3.
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6.4 Discussion
This study is the first to report the effects of AMPK activation on blood pressure regulation
in ApoE-/- mice and its effect on the lipid profile of aortic tissue. Chronic administration of
AICAR resulted in a reduction in mean arterial and diastolic pressures in high fat fed
ApoE-/- mice. In addition, MPO was elevated in AICAR-treated ApoE-/- mice with the
lipid profile altered in AMPK activated ApoE-/- mice compared to their C57BL/6 mice
controls.
As hypertension is both a predisposing risk factor as well as a consequence of the
progression of atherosclerosis, investigating potential mechanisms involved in these
diseases would be beneficial for the treatment of both hypertension and atherosclerosis.
The ability of arteries to maintain vascular tone is altered as a result of atherosclerosis
which has serious implications for blood pressure regulation and therefore hypertension.
The majority of previous studies examining mean arterial pressure have been in older
atherosclerotic mice and little is known about the effect of short-term high fat feeding on
these haemodynamic measurements. Mean arterial, diastolic and systolic pressures as well
as heart rate were all elevated in ApoE-/- mice fed on the high fat diet for 6 weeks
compared to their C57BL/6 controls. In addition, pulse pressure was significantly reduced
in vehicle-treated ApoE-/- mice in relation to their C57BL/6 counterparts. This highlights
the altered haemodynamic state found in young high fat fed ApoE-/- mice, which has only
previously been shown in mice of around 6 or 7 months of age. The first signs of disease
can occur as early as 6 to 8 weeks of age in ApoE-/- mice, which include monocyte
adhesion, disruption of the subendothelial elastic lamina and initial foam cell formation
(Nakashima et al., 1994, Coleman et al., 2006). Yang et al. (1999) reported no differences
in haemodynamic measurements between age-matched 6 week old ApoE-/- and C57BL/6
mice but an increase in mean arterial pressure and left ventricular weight to body weight
ratio in 7.5 month old ApoE-/- mice. Unlike in this study, these mice were not fed on a
high fat diet that accelerates the formation and progression of atherosclerosis. Continuous
blood pressure measurements over a 24 hour period revealed ApoE-/- mice at a similar age
to this study having elevated systolic and diastolic pressures as well as increased heart rate
compared to C57BL/6 control mice (Pelat et al., 2003). The increase in blood pressure in
ApoE-/- mice is possibly due to a reduction in arterial elasticity from ECM gene expression
which in turn causes arterial stiffening (Kothapalli et al., 2012). This results in the
formation of less compliant vessels and the elevated pressures found in hypertension.
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ApoE-/- mice fed on a high fat diet for 6 weeks also had a significantly larger body weight
compared to age-matched C57BL/6 mice at the start of the study. This suggests that 6
weeks of the high fat diet is causing elevated levels of circulating lipoproteins, sufficient
for fat storage to occur in these mice. However, older ApoE-/- mice have previously been
shown to have reduced body weight compared to wild type controls, with the loss of the
apoE gene found to be protective against obesity in C57BL/6 mice (Hartley et al., 2000,
Karagiannides et al., 2008). In addition, C57BL/6 mice gained weight throughout the two
week dosing period while ApoE-/- mice consistently lost weight. The steady loss in weight
could be due to the heightened state of stress that the atherosclerotic mice are under due to
disease progression, therefore making them more likely to lose weight than their C57BL/6
mice counterparts. There was no difference in heart weight normalised to body weight in
C57BL/6 or ApoE-/- mice, while mature ApoE-/- mice display an increased heart to body
weight ratio compared to wild type controls (Hartley et al., 2000).

Left ventricular

hypertrophy did not accompany the elevated mean arterial pressure observed in the ApoE-/mice, which could be due to the short length of time these mice were on the high fat diet.
The whole heart weight could also be replaced with a measurement of left ventricular mass
which is a routinely used indicator of cardiac hypertrophy. In addition, liver to body
weight was reduced in vehicle-treated ApoE-/- mice compared to C57BL/6 mice. ApoE is
primarily synthesised in the liver therefore the knockout of apoE may result in a reduction
in weight due to decreased production. Furthermore, the lack of apoE results in altered
cytokine production in young mice livers and lipid metabolism dysfunction, which could
also affect the liver size (Yin et al., 2010). Spleen weights normalised to body weight
were also substantially larger in both groups of ApoE-/- mice, which is thought to be due to
altered immune responses in mice deficient in apoE (Laskowitz et al., 2000).
AICAR was chosen as the AMPK activator in this study as it phosphorylates AMPK
without altering the levels of ATP (Corton et al., 1994). As the mechanism of action of
AICAR occurs by mimicking the effect of AMP, there are also some non-specific effects
associated with this agonist via activation of glycogen phosphorylase and fructose-1,6bisphosphate, both processes involved in the pathology of diabetes (Longnus et al., 2003,
Vincent et al., 1996). ZMP formed from the metabolism of AICAR can also either mimic
AMP or guanosine monophosphate (GMP) depending on the rotation of the C4 to C6
bond, which induces apoptosis in Jurkat cells independent of AMPK (Lopez et al., 2003).
A-769662 is a potent and specific activator of AMPK and was used in the in vitro
investigation of AMPK in VSM in Chapter 4. However, A-769662 was not utilised for
this 2 week dosing study as it is only soluble in DMSO at the concentration needed for
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successful in vivo AMPK activation. DMSO has several reported detrimental side-effects
including nausea, cardiac arrest and hypertension, which would interfere with the
observations attributed to AMPK activation over this dosing period (Santos et al., 2003).
AMPK activation by AICAR resulted in a reduction of mean arterial and diastolic
pressures in ApoE-/- mice, similar to levels found in control C57BL/6 mice. A dramatic
elevation in pulse pressure was also witnessed in ApoE-/- mice compared to their vehicletreated controls.

These effects have previously been reported with acute AICAR

administration in spontaneously hypertensive rats and humans (Foley et al., 1989,
Bosselaar et al., 2011, Ford et al., 2012). Long-term AMPK activation has also resulted in
a reduction in blood pressure in rats (Buhl et al., 2002, Rivera et al., 2009). The acute
reduction in blood pressure has previously been attributed to increased NO bioavailability
leading to vasodilatation of arteries (Ford et al., 2012). However, this is a fast, shortlasting response and unlikely to be the only signalling pathway responsible for the effect
over the 2 week dosing period. This could therefore suggest a direct action on the VSM
which would contribute to a more prolonged period of action, for example, by alterations
in the calcium handling machinery in VSM. In contrast, AICAR administration has been
shown to have no effect on angiotensin II-induced hypertension in Wistar rats; however,
AICAR was found to improve endothelial and vascular function in this study (Schulz et al.,
2008). Chronic administration of another AMPK activator, metformin has also displayed a
reduction in systolic blood pressure in Otsuka Long-Evans Tokushima fatty rats in vivo
(Kosegawa et al., 1996).
In addition to the haemodynamic measurements, AICAR administration caused a
significant reduction in body weight in ApoE-/- mice at the end of the dosing regimen
compared to the midpoint measurement. Hypothalamic AMPK activity is involved in
modifying food intake and activation of the AMPK pathway has been found to induce
hyperphagia and weight gain (Xue and Kahn, 2006, Blanco Martinez de Morentin et al.,
2011). This is in contrast to the findings of this study; however, AMPK signalling is
thought to be dysfunctional in atherosclerosis and therefore altered responses would not be
unusual.

In addition, AICAR administration in rats resulted in a lower content of

abdominal fat thought to be due to an increase in degradation of adipose tissue (Buhl et al.,
2002). Chronic AMPK activation caused a moderate increase in the liver to body weight
ratio in both strains of mice. This is consistent with previous published data on the longer
term administration of 4 and 7 weeks in non-obese and obese rats respectively (Winder et
al., 2000, Buhl et al., 2002).

Winder and colleagues hypothesised that this liver
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hypertrophy enabled faster metabolism of AICAR to the target tissues after the daily
injection. No differences in whole heart to body weight ratio were observed after AICAR
treatment. However, left ventricular hypertrophy has been associated with atherosclerosis
in hypertensive patients and AMPK activity has also been implicated in a reduction in
cardiac hypertrophy (Roman et al., 1995, Chan et al., 2004).
The changes observed in body, organ and haemodynamic measurements were
accompanied by alterations in AMPK signalling in aortic and liver tissue in ApoE-/- and
AICAR-treated mice. Chronic AICAR administration in C57BL/6 mice was found to
cause an upregulation of the phosphorylation status of AMPK and its downstream targets
in the aorta, which would indicate a potential increase in activity of the enzyme. In
comparison with their C57BL/6 counterparts, there was a significant reduction in the
amount of phosphorylated and total AMPKα and ACC in ApoE-/- mice treated with
AICAR. Vehicle-treated ApoE-/- mice also had reduced levels of total ACC in relation to
their C57BL/6 controls, which resulted in an elevation in the phosphorylated to total ratio
of ACC. This suggests that AMPK is dysregulated in the arterial wall in atherosclerosis
and the reduced levels leading to reduced AMPK activation, losing the potentially
beneficial action of AMPK in the disease. This could be due to higher levels of protein
phosphatase 2A, which is partly responsible for inactivating AMPK (Kang et al., 2006). In
hypertensive rats, a decrease in phosphorylated AMPK was also observed with no change
in the total amount of the enzyme (Ford et al., 2012).
In the liver, there was a reduction in the total amount of AMPKα in both vehicle- and
AICAR-treated ApoE-/- mice in comparison with their C57BL/6 counterparts.

This

resulted in a large elevation in the phosphorylated to total ACC ratio with a slight
reduction observed in the AICAR-treated group.

There were also reduced levels of

phosphorylated ACC in vehicle-treated ApoE-/- mice. In another study, AMPK activity
was increased 3.6-fold in the liver only 1 hour after administration of AICAR and an
increase in ZMP up to 1.59 ± 0.1 µmol/g wet muscle weight, with ZMP levels undetectable
in control animals (Buhl et al., 2002). This suggests the rapid metabolism of AICAR by
the liver into ZMP resulting in the subsequent activation of AMPK signalling. In addition,
levels of phosphorylated AMPK in hepatic tissue were reduced in obese Zucker rats by
approximately 50 % compared to their lean counterparts (Rivera et al., 2009). AMPK
activation has previously been shown to increase hepatic fatty acid oxidation and therefore
may facilitate the catabolism of free fatty acids and triglycerides (Velasco et al., 1997). As
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ACC is responsible for fatty acid synthesis, inhibition of the enzyme could result in
decreased lipid accumulation within the arterial wall.
To investigate the effect of AMPK activation on the circulating inflammatory status, the
MPO content of plasma was measured and found to be increased in ApoE-/- mice compared
to their C57BL/6 mice controls.

This is consistent with MPO being elevated in

atherosclerosis and a potentially important indicator of CVD progression (Brennan and
Hazen, 2003, Baldus et al., 2003, Daugherty et al., 1994). Previously published data on
circulating levels of MPO in mouse plasma suggest that the levels observed in this study
were dramatically higher at 598.2 ng/ml in ApoE-/- mice compared to about 160 ng/ml in
LDLr-/- mice fed on a high fat diet for 6 weeks. However, these were female animals so
there could be potential gender and strain differences (van Leeuwen et al., 2008). In
addition, AICAR treatment significantly increased MPO in the plasma of ApoE-/- mice
compared to the vehicle-treated controls. A previous study has shown AMPK activation to
cause a decrease in MPO levels; however, this was measured in lung tissue and not in the
circulation (Tsoyi et al., 2011). AMPK is present in neutrophils and phosphorylated by
AMPK activators; this could lead to the release of MPO (Alba et al., 2004). However,
AICAR was demonstrated to have no effect on MPO levels in the pulmonary circulation
(Zhao et al., 2008).

As ApoE-/- mice have an existing inflammatory state which is

highlighted by their enlarged spleens, daily AICAR injections could have exacerbated this
and led to higher levels of circulating MPO. In contrast, long-term AICAR administration
has been found to reduce plasma triglycerides, free fatty acids and increase HDL by twofold (Buhl et al., 2002).
In addition, ESMS was utilised to detect different classes of modified lipids in aortic tissue
as precursor ion and neutral loss scanning allows the detection of certain types of
phospholipids or oxidised products without specifying individual species (Spickett et al.,
2011). The precursor ion scan for m/z 184.1 displayed roughly similar distribution of PCs
and SMs between groups; however, a decrease in relative abundance of m/z 732.9 in
AICAR-treated ApoE-/- mice compared to their C57BL/6 controls and an increase in m/z
810.9 in vehicle-treated ApoE-/- mice compared with their C57BL/6 controls was observed.
These peaks likely corresponds to the protonated adducts of PCs, 16:0/16:1 and 18:0/20:4
respectively. There was a relative increase in m/z 787.9 corresponding to SM 22:0 in
ApoE-/- mice dosed with AICAR. In addition, in the neutral loss scan for 141.1 Da, an
increase in relative intensity of m/z 768.8 (PE 18:0/20:4) was observed in AICAR-treated
ApoE-/- mice compared to both their vehicle-treated controls and AICAR dosed C57BL/6
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mice. This could have resulted from a change in the ratio of m/z 768.8 and 790.9.
However, the levels of PEs, PSs and PIs were relatively low in all samples, therefore the
differences could be resulting from differing intensities of the signals of the lipid extracts.
Further analysis would be needed with the use of suitable standards to characterise these
differences fully and to make firm conclusions. Together, this suggests an increase in
arachindonoyl-containing species in ApoE-/- mice when AMPK is chronically activated.
This is in contrast with previous reports; when hepatocytes were incubated with AICAR,
there was a reduction in synthesis of PC and PE, thought to be due to a reduction in
availability

of

choline

and

decreased

activity

of

the

pace-setting

enzyme,

CTP:phosphoethanolamine cytidylyltransferase, respectively (Houweling et al., 2002).
However, the inhibition of hepatic PC synthesis has also been shown to be independent of
AMPK (Jacobs et al., 2007). Moreover, precursor scanning of m/z 369.1 was utilised for
detection of cholesterol and cholesteryl esters present in aorta of C57BL/6 and ApoE-/mice. The protonated dehydration product of cholesterol was consistently the largest peak
in all samples at m/z 369.6.

Activation of AMPK is known to inhibit cholesterol

biosynthesis by inactivating HMG-CoA reductase in response to ATP depletion (Kemp et
al., 1999).

In addition, AMPK activation has previously been implicated in reverse

cholesterol transport as activation increased protein levels of ABCG1 and ABCA1, which
resulted in cholesterol efflux from macrophage derived foam cells and reduced plaque
formation in ApoE-/- mice (Li et al., 2010a, Li et al., 2010b). This highlights the effect of
AMPK activation on lipid synthesis, which could be influential in reducing the plaque
burden in atherosclerosis but further work is required to characterise these modified lipids
fully. In addition, the detection of chlorinated lipids in the vessels was not performed due
to time constraints. The high levels of plasma MPO in ApoE-/- mice would suggest an
increase in the presence of HOCl-modified lipids in the vessels and further analysis of
these samples would give a better indication of the occurrence of modified lipids in the
vascular wall.

6.5 Conclusions
In summary, atherosclerotic ApoE-/- mice have elevated mean arterial, diastolic and
systolic pressures and increased heart rate compared to age-matched healthy C57BL/6
mice as well as a reduction in pulse pressure. AMPK activation by chronic AICAR
treatment resulted in a significant reduction in mean arterial and diastolic pressures, in
addition to a dramatic increase in pulse pressure in ApoE-/- mice compared to their salinetreated counterparts. Plasma MPO levels were elevated in ApoE-/- mice and alteration of
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the proportion of PCs, SMs and PEs was observed. This is the first study to investigate the
effect of AMPK activation on blood pressure regulation in ApoE-/- mice. This study also
examines for the first time the effect of AMPK activation on the lipid profile of aortic
tissue in ApoE-/- mice as indicated by differences in the fatty acid chain distribution of
PCs, although further work is required to confirm these findings.
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Various physiological effects have previously been attributed to oxLDL, including an
exacerbation of the inflammatory response and vascular remodelling processes in
atherosclerosis and restenosis. However, little is known to date about the effects of
individual modified lipids in these disease phenotypes. The overall aim of this thesis was
to investigate the biological effects of modified lipids, both chlorinated and oxidised
species, in vascular injury and disease focussing primarily on their effects on VSM.
Primary VSMCs were used to examine the effects of these modified lipids at a cellular
level. As AMPK has recently been implicated in vascular disease and also lipid synthesis,
the impact of AMPK signalling on the effects of individual modified lipids in VSM was
also investigated. Subsequently, the occurrence of these modified lipids in neointima
lesions was assessed using a carotid artery injury model in healthy and atherosclerotic
mice. Finally, in vivo AMPK activation in healthy and atherosclerotic mice and its effect
on the lipid profile of the aorta were characterised.
As oxLDL is very heterogeneous in its composition, it is important to characterise its
effects by using individual modified lipids, in order to attribute the effects seen to each
component of the particle. In atherosclerosis, the active form of MPO is present within
human lesions and modifies LDL into a form that is readily taken up by macrophages;
aiding in the formation of foam cells (Daugherty et al., 1994, Podrez et al., 1999).
Chlorinated lipids, phospholipid chlorohydrins and alpha-chloro fatty aldehydes are
derived from modification by this MPO/H2O2/chloride system of both phospholipids and
plasmalogens, respectively (Jerlich et al., 2000, Arnhold et al., 2001, Albert et al., 2001).
Oxidised phospholipids PGPC and POVPC are the truncated products formed from the
autoxidation of PAPC which have previously been found to mimic some of the biological
effects of mmLDL (Watson et al., 1995, Watson et al., 1997). The present study found
chlorinated lipids to have no effect on VSMC proliferation, viability or migration after 2
hours incubation, whereas oxidised phospholipids caused a concentration-dependent
reduction in all of these vascular remodelling processes, with PGPC having the greater
effect (Chapter 3). In addition, SOPC ClOH caused a significant reduction in cellular ATP
after 6 hours treatment at the highest concentrations. This is the first study to investigate
the effects of chlorinated lipids on VSM and to highlight the differing effects between
modified lipid species. Chlorinated lipids have previously been shown to induce proinflammatory actions such as leukocyte adhesion and generation of ROS (Dever et al.,
2006, Dever et al., 2008) but, in the present study, no acute effects on VSMC remodelling
processes were found. This could suggest that phospholipid chlorohydrins and alphachloro fatty aldehydes could be more involved in the inflammatory response of
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atherosclerosis rather than in remodelling processes that result in changes to the vessel
architecture. In addition, VSMCs could be more resistant to the actions of chlorinated
lipids in comparison to myeloid and endothelial cells.

In stark contrast, a biphasic

response has previously been reported for oxidised phospholipid effects on remodelling
processes with a proliferative action observed at lower concentrations and apoptosis
predominating at higher levels (Auge et al., 2002, Fruhwirth et al., 2006, Johnstone et al.,
2009). In areas of inflammation, the presence of OCl-, the deprotonated form of HOCl, has
previously been found to reach concentrations of up to 300 µM (Katrantzis et al., 1991).
In human atherosclerotic plaque samples, POVPC was found between 20 to 40 µg per
gram of tissue with slightly higher levels, of between 40 to 100 µg per gram of tissue being
reported in rabbit aorta for POVPC and PGPC (Ravandi et al., 2004, Watson et al., 1997,
Subbanagounder et al., 2000). This suggests that the concentrations of modified lipids
used in the present study are relevant to those found within the in vivo setting.
AMPK is a key regulator of energy homeostasis and is commonly referred to as a cellular
“fuel gauge” (Hardie and Carling, 1997). Activation of AMPK has previously been found
to be beneficial in atherosclerosis as it reduced leukocyte adhesion to human aortic
endothelial cells and alleviated the plaque burden in ApoE-/- mice in vivo (Ewart et al.,
2008, Li et al., 2010a). In addition, AMPK activation has been found to exert antiapoptotic effects in a number of cell types including endothelial cells (Ido et al., 2002, Kim
et al., 2008, Liu et al., 2010). As the modified lipids used in this study have been found to
induce cell death in VSMCs and other cell types, the influence of AMPK on modulating
the effects of these lipids was next investigated. Although modified lipid treatment did not
phosphorylate AMPK directly, this is the first study to find that modulation of the AMPK
pathway changes the response of the VSMCs to modified lipids (Chapter 4). Activation of
AMPK prior to incubation of SOPC ClOH and POVPC made VSMCs more susceptible to
proliferation and toxicity respectively.

This suggests that activation of the AMPK

signalling pathway prior to the addition of modified lipids results in greater effects than
incubation of the lipids alone. This could be a protective measure to clear damaged or
dying cells, resulting from the action of the oxidised phospholipid, more quickly via
AMPK signalling while activation of AMPK prior to SOPC ClOH treatment initiates
proliferation pathways in VSMCs that the lipid alone cannot stimulate.

In addition,

differing effects of modified lipids were found on vascular reactivity of mouse carotid
arteries in response to activation of AMPK. Similarly to the initial cell experiments,
chlorinated lipids were found to have no effect on AICAR-induced relaxation whereas
oxidised phospholipids caused a concentration-dependent reduction in relaxation with
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PGPC producing a greater reduction. Atherosclerosis significantly reduces the relaxing
capacity of arteries with impairment of both endothelium-dependent and -independent
actions in arteries isolated from ApoE-/- mice. These effects could therefore be partly due
to the increased levels of modified lipids in the vascular wall (Crauwels et al., 2003,
d'Uscio et al., 2001). This study has therefore produced novel data on the impact of
AMPK signalling on the effects of modified lipids and highlighted again the differing
effects of modified lipid species in VSMCs.
The divergent effects witnessed with incubation of the different classes of modified lipids
used in this study could suggest a different duration of action for each species due to the
higher level of toxicity observed with modified lipids at longer treatment times. The
modified lipids could also be involved in different cellular processes; for example, the
oxidised phospholipids could participate in the primary effects and chlorinated lipids could
be involved in the latter stages of remodelling. This could be further enhanced by the
activation of the AMPK signalling pathway in VSMCs resulting in enhanced cell death
with POVPC and an elevation in proliferation with SOPC ClOH. A schematic diagram
displaying the potential interactions of the modified lipids and AMPK signalling is shown
in Figure 7.1. This pathway could be activated by cellular changes in ATP evoked by the
modified lipids as well as by a stress response to changes in energy homeostasis due to the
progression of atherosclerosis. In addition, there could be an interaction of these lipids
with upstream kinases known to phosphorylate AMPK such as LKB1 and CAMKKβ,
which with the addition of pharmacological activation of AMPK, result in the observed
alteration in the response of modified lipids in VSMCs. PGPC could be responsible for the
initial cell death as it induced substantial death after 2 hours in the in vitro experiments.
This effect could be followed by the action of POVPC as it is less potent than PGPC or
additional to the effects of PGPC with prior activation of AMPK. SOPC ClOH and other
chlorohydrins may be involved in a proliferative stage with activation of the AMPK
signalling pathway or in the last stage of cell death, as a significant reduction in cell death
was witnessed after 6 hours treatment at the higher concentrations. This would suggest a
cumulative effect of the modified lipids on vascular remodelling processes in the
vasculature.

Due to their previously reported biphasic response (Auge et al., 2002,

Fruhwirth et al., 2006, Johnstone et al., 2009), modified lipids could also be involved in
the latter proliferative stages of vascular injury leading to the formation of neointima;
however, this would be difficult to measure in vitro. MPO has been implicated in all
stages of atherosclerosis (Nicholls and Hazen, 2009), therefore with the higher levels of
circulating lipoproteins resulting in elevated levels of modified lipids, it would be feasible
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for these lipids to be present and involved in all phases of the vascular remodelling
processes. Longer incubations with modified lipids would not be possible in quiescing
medium, and incubating VSMCs with medium containing growth supplements such as
FCS along with modified lipids would lead to the breakdown of these lipids by serum
phospholipases (Fruhwirth et al., 2006). This is a key limitation of the in vitro VSMC
model as the effects of longer incubations in quiescing medium with modified lipids could
not be attributed solely to the lipids because, in absence of the growth supplements, the
cells would likely induce programmed cell death processes due to lack of available
nutrients.

Oxidised phospholipids
e.g. POVPC

LKB1
CAMKKβ

P

Cell death

α

β

AMP:ATP

Chlorohydrins
e.g. SOPC ClOH

AMPK
Proliferation

Figure 7.1 – Schematic diagram of the proposed interaction of modified lipids and
AMPK signalling in VSMCs.
Phosphorylation of AMPK results in VSMCs being more susceptible to cell death and
proliferation after treatment with oxidised phospholipids and chlorohydrins, respectively.

Endothelial dysfunction is widely reported to initiate the remodelling process with the
intimal layer critical in vascular remodelling due to the release and activation of substances
involved in growth, death and migration of vascular and inflammatory cells (Gibbons and
Dzau, 1994). Investigation of the effects of the modified lipids used in this study on
endothelial cells would aid in the understanding of the actions of these lipids on the
vascular remodelling processes, as would the identification of the signalling pathways
activated or inhibited by modified lipids in vascular cells. In addition, incubation of
modified lipids in a co-culture of endothelial cells and VSMCs would better represent the
in vivo setting and could highlight novel interactions of the lipids and vascular cells and the
potential release of vasoactive substances from the endothelial cells to act on the VSMCs.
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As AMPK has previously been found to exert anti-apoptotic effects in endothelial cells, the
modulation of this pathway on the effects of the modified lipids used in this study could
also further expand the beneficial actions attributed to AMPK in vascular diseases.
To substantiate the observations witnessed in the cellular experiments, in vivo analysis was
performed to investigate the presence of modified lipids in the arterial wall after both
vascular injury and chronic AMPK activation in C57BL/6 and ApoE-/- mice. Restenosis is
a known complication of the surgical interventions used to treat atherosclerosis and results
in neointimal thickening, in part by the action of VSMCs. To investigate the occurrence of
different classes of modified lipids in neointima in vivo, a carotid artery mouse injury
model was used in C57BL/6 and ApoE-/- mice. The present study characterises for the first
time, the phospholipid molecular species present in the arterial wall of the carotid arteries
of C57BL/6 and ApoE-/- mice after carotid artery injury (Chapter 5). Neointima formation
was greatly increased in ApoE-/- mice compared with sham-operated controls and healthy
C57BL/6 mice, while no changes were observed in the VSM content of the neointimal
growth or on the proliferative and apoptotic processes investigated. In previous studies,
apoptosis was found to be elevated immediately after balloon distension injury in ApoE-/mice and via a caspase 3-dependent mechanism in balloon injured rabbits while
proliferation was increased 7 and 28 days post injury (Matter et al., 2006, Spiguel et al.,
2010). In the present study, it must be remembered that the carotid arteries were injured as
well as ligated causing a change in the haemodynamics of the vessel. This in turn could
have led to a faster response, explaining the observation that no changes in proliferative or
apoptotic processes were detected 14 days after injury. These remodelling mechanisms
were occurring to compensate for both the change in vessel diameter as well as the
removal of endothelium causing complete occlusion in a number of vessels.

Total

AMPKα was also found to be significantly increased in the neointimal growth in shamoperated ApoE-/- mice compared to their C57BL/6 counterparts. This could be due to an
increase in cell number within the neointima resulting in an increase in AMPK present, or
could be a protective measure to try and counteract the neointimal hyperplasia.
The interest in the beneficial role of AMPK in vascular diseases has increased substantially
over the last few years. This study has revealed for the first time the involvement of
AMPK in blood pressure regulation in ApoE-/- mice with chronic administration of AICAR
resulting in a reduction in mean arterial and diastolic pressures in high fat fed ApoE-/- mice
(Chapter 6).

These effects have previously been reported with acute AICAR

administration in spontaneously hypertensive rats and humans (Foley et al., 1989,
196

Chapter 7 – General Discussion

Bosselaar et al., 2011, Ford et al., 2012). The acute reduction in blood pressure has
previously been attributed to increased NO bioavailability leading to vasodilatation of
arteries (Ford et al., 2012). However, this is a fast, short-lasting response and unlikely to
be the only signalling pathway responsible for the effect over the 2 week dosing period.
This could therefore suggest a direct action on the VSM, which would contribute to a more
prolonged period of action, for example, by alterations in the calcium handling machinery
in VSM. In comparison with their C57BL/6 counterparts, there was a significant decrease
in the amount of phosphorylated and total AMPKα and ACC in ApoE-/- mice treated with
AICAR compared with their C57BL/6 controls and a reduction in the levels of total ACC
in vehicle-treated ApoE-/- mice. This suggests that AMPK is dysregulated in the arterial
wall in atherosclerosis and the reduced levels could lead to a reduction in AMPK
activation, losing the potentially beneficial action of AMPK in halting disease progression.
In addition, this is one of the first studies to report an elevation in blood pressure of young
ApoE-/- mice fed only on a high fat diet for 1 month. Studies have previously focussed on
haemodynamic measurements of older mice where the atherosclerotic phenotype would be
more pronounced or found no changes at this younger age compared with control mice
(Yang et al., 1999, Hartley et al., 2000).
The MPO plasma content was found to be elevated in all groups of ApoE-/- mice in both
the carotid injury and chronic AMPK activation studies suggesting an increase in the
inflammatory status of atherosclerotic mice. This could result in a higher level of modified
lipids produced in the arterial wall which are pro-inflammatory and essential in the
formation of atherosclerotic lesions. Plasma MPO was further elevated in ApoE-/- mice
administered AICAR compared to their saline-treated counterparts. Measurement of the
levels of circulating neutrophils in C57BL/6 and ApoE-/- mice, to see if this accounts for
the elevation in plasma MPO, would be beneficial.

A novel pharmacological MPO

inhibitor, INV-315 has recently been produced which resulted in a reduction in oxidative
stress and enhancement of cholesterol efflux in an atherosclerotic mouse model (Liu et al.,
2012). This suggests that inhibition of MPO could result in a reduction in atherosclerotic
plaque formation and potentially a reduction in modified lipid production. Inhibition of
MPO in the carotid injury model could provide valuable information on the formation of
neointima and the lipid profile of the arterial wall after inhibition of one of the routes for
the production of modified lipids. Recently, AMPKα2-/- mice were crossed with C57BL/6
ApoE-/- mice to generate mice with a double knockout of apoE and AMPKα2 (Wang et al.,
2011a). Investigation of the plasma MPO content of these mice would also be beneficial in
understanding the relationship between MPO and AMPK in atherosclerotic mice.
197

Chapter 7 – General Discussion

In addition, both the carotid injury and chronic AMPK activation studies revealed
significant changes in the relative intensities of several phospholipids, primarily PCs, in the
arterial tissue of C57BL/6 and ApoE-/- mice.

In the carotid injury study, a higher

proportion of lysolipids was detected in the injured carotid arteries of ApoE-/- mice
compared to both their uninjured controls as well as the C57BL/6 control mice. This is
consistent with a previous study where lysolipids were elevated in the intima and inner
media of atherosclerotic aortae of squirrel monkeys, which is likely to be exacerbated in
the hyperproliferative state after vascular injury (Portman and Alexander, 1969). Injured
carotid arteries also appeared to be enriched with linoleoyl-containing PCs.

These

unsaturated phospholipids could undergo modification by the MPO system, leading to an
increase in modified lipids present at the site of injury. Additional targeted scanning for
neutral losses of 36 and 38 Da (H35Cl and H37Cl) as well as neutral loss of 18 Da, as ions
containing –OH groups lose water, could confirm the presence and highlight the relative
levels of chlorohydrins and other chlorinated species within the arterial wall after vascular
injury. There was not sufficient time to perform this analysis in this study; however, this
could form the basis of future work within this area. The distribution of phospholipids was
also found to be altered after chronic AICAR administration in ApoE-/- mice, suggesting a
novel interaction between AMPK activation and the formation of modified lipids. A more
pronounced effect may be witnessed with longer term high fat feeding of ApoE-/- mice,
which would accelerate the progression of atherosclerosis and therefore the levels of
circulating and modified lipids. Investigation of the involvement of modified lipids in
neointima formation after carotid artery injury in the double knockout mice of apoE and
AMPKα2 could also provide further evidence on the interaction of AMPK signalling and
modified lipids in atherosclerosis.
A limitation of the ESMS analysis used in this study is the lack of internal or external
standards in the lipid extracts from the injured and uninjured carotid arteries as well as the
aortae of mice chronically administered AICAR.

Standards are commonly used for

quantification of levels within samples by the addition of a lipid at a known concentration.
However, there would also be limitations in using standards in these samples as the sizes of
the arteries varied and were not pre-weighed before lipid extraction therefore the lipid
concentrations cannot be calculated. Additionally, the amount of lipid is likely to vary
within the artery and while standards may indicate the absolute concentration, all the lipids
should fluctuate together depending on the total lipid content extracted. Comparisons were
made instead between the relative intensities of the lipids present in these samples, which
generated information about changes in the lipid profile in the different strains and in
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response to treatments. It should also be noted that ESMS is not a quantitative technique
in itself, due to the different ionisation efficiencies of lipid classes, therefore PC levels
cannot be directly compared with PEs or PSs, etc. There is also further variation within the
PC class as short chains ionise better than long chains. However, all these differences
should be the same between samples, therefore it is valid to look for changes in relative
intensities and patterns between samples in this study. Additional analysis by liquid
chromatography coupled with tandem mass spectrometry would enable the confirmation of
the observed changes in proportions of the phospholipids studied in this thesis, as well as
provide essential information on the oxidation products present which are critical in the
progression of atherosclerosis.

7.1 Conclusions
In summary, this thesis has shown for the first time the divergent effects of different
classes of modified lipids as well as modulation of AMPK signalling resulting in altered
modified lipid responses in VSMCs. The present study has displayed a novel mechanism
of blood pressure regulation by chronic activation of AMPK in ApoE-/- mice. It has also
generated novel data on the relative changes in distribution of PCs in carotid arteries after
carotid artery injury as well as in aortic tissue after chronic AMPK activation in both
healthy and atherosclerotic mice. Additional analysis is required to confirm the relative
differences in PCs which could offer further insight into the involvement of modified lipids
in vascular diseases. Furthermore, this study has highlighted a novel interaction of AMPK
signalling and modified lipids in VSM and could therefore provide novel therapeutic
targets in the treatment of both atherosclerosis and restenosis.
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