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Summary

The work presented in this thesis focused on high intraluminal pressure and its role
in vascular inflammation. This was done in the context of hypertension and its contribution
to the progression of atherosclerosis, the major underlying pathology in coronary artery
disease. While a large body of work have explored the role of immune cells in the
pathogenesis of hypertension, very few studies have investigated the opposite; whether
hypertension plays a role in the aetiology of inflammation.

Studies which have previously attempted to investigate the effect of high blood
pressure and inflammation have been thwarted by the difficulty of trying to separate the
consequences of the various neurohumoral factors associated with hypertension compared
to those induced by the increase in pressure itself. This is particularly true of in vivo
protocols. To address this, we developed a customised ex vivo vessel chamber that enabled
the recording of leukocyte adhesion to the endothelium in real time, in intact vessels under
various pressures. Using this technique, vessels exposed to high intraluminal pressure
demonstrated greater leukocyte adhesion, adhesion molecule gene expression and
endothelial microparticle production. Interestingly, we found this to be independent of the
renin-angiotensin system. Several mechanisms involved in this process are presented in
Chapters 4 & 5.

In Chapter 4, the production of reactive oxygen species (ROS), endothelial nitric
oxide synthase (eNQOS), arginase, and the transcription factor, nuclear factor kB (NFxB), all
known to be implicated in both hypertension and vascular inflammation, were explored as
possible mechanisms. High intraluminal pressure was shown to increase ROS production,
arginase Il expression and activity as well as NFkB expression, while eNOS was unaltered by
acute increases in pressure. Furthermore, functional studies indicated a possible role for
NADPH oxidase and the mitochondria as the sources of the ROS mediating response.

To tease out the mechanical forces responsible for the pressure-induced response, in
Chapter 5, we observed the effect of different shear rates on leukocyte adhesion in
pressurised vessels. High intraluminal pressure (circumferential stretch) together with low

shear stress produced the greatest response, while high stress reduced the effect of high

Xi



pressure. Caveolae, membrane invaginations that have been shown to mediate many
intracellular signalling pathways, were explored as possible mechanosensors involved in
pressure-induced inflammatory response. Cavi” (Caveolin-1) mice and Cavl KD cells had
reduced leukocyte adhesion and adhesion molecule gene expression in response to TNFa
stimulation. These results suggest caveolae play an important role in the inflammatory
response. Furthermore, when the effect of pressure on caveolae structure was further
explored, we showed, for the first time, that high intraluminal pressure reduced caveolae
number. We speculate this may be due to the dissociation of the caveolae proteins Cavl
and cavin-1.

In Chapter 6, we examined the effect of hypertension on atherosclerosis in an in vivo
setting. Hypertensive atherosclerotic prone BPHxApoe'/' placed on a high fat diet for 12
weeks demonstrated no change in plaque size. However, detrimental changes in plaque
morphology with increased lipid and macrophage content and reduced collagen were
observed suggestive of reduced plaque stability. We also demonstrated that blockade of P-
selectin, which mediates recruitment of leukocytes to the endothelium, partially improved
this stability.

In conclusion, the studies described in this thesis provide evidence that high
intraluminal pressure induces vascular inflammation. We demonstrated that the mechanical
forces exerted by high pressure promote caveolae flattening, NADPH oxidase dependent
ROS production, arginase Il activation and NFkB translocation, which all contribute to
endothelial activation, adhesion molecule expression and enhanced leukocyte adhesion, all
hallmarks of inflammation. We also showed in vivo that hypertension may result in
atherosclerotic plague instability, which may be partially improved by blocking leukocyte
recruitment. Therefore, this thesis has established fundamental concepts on how high
intraluminal pressure can alter cellular biological responses that may lead to new paradigms
in the management of the increased risk of cardiovascular complications seen in

hypertensive individuals.
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Chapter 1 General introduction

1.1 Coronary Artery Disease

Noncommunicable diseases such as cancers, diabetes, cardiovascular disease (CVD),
digestive diseases and chronic respiratory diseases are the leading cause of death
worldwide. Of these conditions CVD was the biggest killer, with 17.3 million deaths or 30%
of all deaths in 2008 (Alwan, 2011). The prevalence and impact of this disease continues to
grow. In those under the age of 70 years, CVD contributes to 39% of total deaths, a number
that is even greater in lower-middle income countries where the rate of CVD associated
deaths has doubled in the past few decades (Medls et al., 2011). CVDs include ischaemic
heart disease, cerebrovascular disease, inflammatory heart disease, hypertensive heart
disease, cardiomyopathies, cardiac arrhythmias and rheumatic heart disease. Of these,
coronary artery disease (CAD), underlies the most common cause of death worldwide, i.e.
ischaemic heart disease.

Atherosclerosis, a complex inflammatory disease of blood vessels, is the underlying
basis of CAD and many other CVDs. Athero is derived from the Greek language meaning
‘porridge’ or ‘gruel’ where sclerosis means ‘hard’, describing the lipid-laden section of the
plague and the collagen or fibrous dense sections, respectively. Clinically, the first
manifestation of atherosclerosis is the ‘fatty streak’, which can start as early as childhood
(Berenson et al., 1998; Napoli et al.,, 1999) or in foetal life as a result of maternal
hypercholesterolaemia (Napoli et al., 1997). Fatty streaks consist of lipids, inflammatory
cells and vascular cells. As atherosclerosis progresses from a chronic asymptomatic disease,
plagues can either occlude the blood vessel or rupture, resulting in thrombosis or a blood
clot followed by ischaemia (Fig 1.1). If this process develops in the arteries of the heart it
can lead to myocardial ischaemia or a heart attack, whereas if it forms in cerebral blood

vessels it can lead to a stroke.
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Figure 1.1 Atherosclerotic plaques associated with CAD (adapted from

Libby, 2013).

Developing therapies to treat CAD and other CVDs relies heavily on identifying and

understanding the risk factors associated. As atherosclerosis occurs in a large number of the

population, many risk factors have been identified including behavioural, metabolic and

social risk factors. Increased blood pressure or hypertension remains the largest

contributing risk factor followed by tobacco, high blood glucose and physical inactivity (Fig

1.2).
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Fig 1.2 Selected risk factors attributable to cause of death (adapted from Medls et al.,

2011).

The progression of atherosclerosis to an unstable life threatening condition can take
many years or even decades to develop. While the inflammatory progression of
atherosclerosis to an unstable plaque is discussed later (Section 1.4.3), the clinical
manifestations are reviewed here. Generally, when these life-threatening conditions
transpire there is very little warning. Collectively termed acute coronary syndromes, these
unstable plaques can clinically present as unstable angina, non-ST segment elevation
myocardial infarction, ST elevation myocardial infarction, or a sudden cardiac arrest (Meier
et al., 2013a). Classic signs of acute coronary syndromes according to the National Heart
Attack Alert Program (Cannon et al., 2002) include chest pain, pressure, tightness or
heaviness, shortness of breath, weakness, dizziness and loss of consciousness. If a heart
attack is suspected, an electrocardiograph is taken and a non-ST segment elevation
myocardial infarction versus an ST elevation myocardial infarction is determined based on
the electrical impulses from the activity of the heart. An ST elevation myocardial infarction
involves complete blockage of a coronary artery resulting in severe damage to the heart,
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while a non-ST segment elevation myocardial infarction is only partial blockage of an artery
and causes less damage. Unstable angina presents as a non-ST segment elevation
myocardial infarction but does not result in permanent damage to the heart.

Blood assessment is also carried out to determine the presence of biomarkers. These
include: cardiac troponin, a marker of myocardial damage; cystatin C, a marker of renal
dysfunction; ischaemia modified albumin, a marker of myocardial ischaemia; B-type
natriuretic peptide, a marker of left ventricular dysfunction; and C-reactive protein, a
marker of inflammation (Lindahl, 2013). Further tests also include chest x-rays for
determination of the presence of air or fluid in the lungs, echocardiograms to determine the
location of damage on the heart and coronary angiographies to determine the site or sites
of the vessel blockage. Interventions can include either coronary artery bypass grafts or
percutaneous coronary intervention. As not all acute coronary syndrome patients present
the same upon admission there are detailed practice guidelines in place to stratify the most
urgent cases and reduce costs (Anderson et al., 2011; Hamm et al., 2011)

Percutaneous coronary intervention, also commonly known as coronary angioplasty,
involves inserting a balloon via a catheter to inflate the occluded artery prior to placing a
stent or wire mesh in an attempt to keep the artery open. As percutaneous coronary
intervention is an invasive procedure, various anticoagulant therapies are administered to
avoid clotting and to reduce the thrombus formed. Glycoprotein llIb/llla and thrombin
inhibitors are commonly used as well as aspirin and the common P2Yy, receptor blocker,
clopidogrel (Meier et al., 2013c). Due to these therapies as well as possible trauma from
insertion of the stent, retroperitoneal hematomas can be a common complication during
percutaneous coronary intervention. Various clinical management strategies to prevent
bleeding including the use of the radial artery instead of the femoral, administration of
bivalirudin, fluoroscopy or ultrasound-guided puncture and vascular closure devices, have

all been discussed widely and are often implemented (Meier et al., 2013b). Coronary artery
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bypass graft is another revascularisation method that involves the usage of arteries
obtained elsewhere in the body to bypass the affected arteries.

Regardless of the success or otherwise of these interventions, prevention by
lowering modifiable risk factors such as hypertension, cholesterol, alcohol and tobacco use
are key in reducing the occurrence of vascular inflammation, atherosclerosis, and ultimately

CAD.



Chapter 1 General introduction

1.2 Hypertension®

Hypertension is defined as persistently elevated systolic blood pressure over 140
mmHg and diastolic blood pressure over 90 mmHg. Worldwide, the prevalence of elevated
blood pressure is estimated to be in ~23% of the adult population and by 2025 this global
burden is predicted to increase to 29% (Kearney et al., 2005). With age and obesity
identified as two major risk factors for hypertension, it will continue to be an even greater
risk as the longevity and weight gain of populations increase. Other risk factors include
genetic and environmental-related maladies involving the central nervous system, cardiac,
renal, gastrointestinal and endocrine factors. With its strong association with inheritability,
genome-wide association studies have been conducted to assess the role of genetics and
several single-nucleotide polymorphisms, and various genes have found to be associated
with an increased systolic blood pressure (chromosomes 10, 11, 12), diastolic blood
pressure (chromosomes 10, 12, 15) as well as hypertension (chromosome 12) (Levy et al.,
2009).

Co-morbidities such as diabetes mellitus, dyslipidaemia, coronary heart disease, and
hypercholesterolaemia all correlate with increases in blood pressure. Other factors such as
stress and increased sympathetic nervous system activity stimulate the cardiovascular and
renal systems to increase heart rate, cardiac output, insulin resistance, platelet activation,
sodium retention, and augment vascular reactivity and vascular function leading to
elevations in blood pressure and the progression of atherosclerosis.

Hypertension involves increased peripheral resistance to blood flow particularly in
small resistance arteries. In these arteries vascular remodelling can occur and changes in

structural, functional and mechanical mechanisms can lead to reduced lumen diameter and

: Adapted from Michell et al., 2011a
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increased intimal thickening. This hypertrophic phenotype, coupled with altered myogenic
tone, results in cardiovascular complications and damaging effects to target organs.
Therefore it is not surprising that hypertension is the single biggest risk factor for the
incidence, development and progression of coronary heart disease, stroke, chronic heart
failure and chronic kidney disease (Levy et al., 1996; Lopez et al., 2006). Furthermore, with
each 10 mmHg increment in blood pressure, the risk for developing a cardiovascular event
increases (Van den Hoogen et al., 2000).

Several lifestyle and drug treatments provide excellent therapy in the management
of hypertension. Lifestyle recommendations include physical exercise, healthy body weight,
and reduced alcohol consumption. In DASH study (Dietary Approaches to Stop
Hypertension) (Appel et al., 1997) dietary recommendations involving reducing sodium
intake and increasing grains, vegetables, fruits and nuts, have all been found to lower blood
pressure. In obese patients on the DASH diet, blood pressure was lower compared to those
taking potassium, magnesium and fibre supplements (Al-Solaiman et al., 2010). First-line
pharmaceutical treatments include thiazide diuretics, beta-blockers, ACE (angiotensin
converting enzyme) inhibitors, long-acting calcium channel blockers, or angiotensin receptor
blockers (ARB) (Khan et al., 2009). Ideally, these drugs are used individually but when
optimal blood pressure levels are not reached these agents are used concomitantly. While
no one class of antihypertensive treatment appears superior in reducing the risk of CVD
(Kono et al., 2005), some agents are more suitable in certain cardiovascular complications.
For example, ACE inhibitors and ARBs are recommended in chronic renal disease to control
hypertension (Chobanian, 2009).

Despite many effective antihypertensive agents and the recent development of
vaccines (particularly targeting the renin-angiotensin aldosterone system) (Do et al., 2010),
uncontrolled blood pressure and its severe effects remain an ongoing issue. Furthermore,

while some antihypertensive treatments are effective in lowering blood pressure they may
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not be sufficient in helping target the vascular dysfunction or remodelling (Bravo et al.,
2001). Therefore targeting another aspect in the progression of hypertension may help to
reduce cardiovascular morbidity, particularly for patients that are difficult to treat with

current antihypertensive treatments.
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1.3 Inflammation

The deleterious effects of inflammation have been known since the ancient Greeks,
with the definitions from the Latin terminology still used today. Upon injury or infection
inflammation is associated with four characteristic ailments, including rubor or redness due
to increased vasodilatation and local blood flow to the affected site, calor or heat, dolor or
pain due to increased inflammatory factors that stimulate peripheral nerve fibres, and

tumor that involves swelling from tissue oedema.

1.3.1 Phagocytosis

While the symptomatic properties of inflammation have been known for over
a millennia the cellular processes involved first came to light in the early 1800s. Today, we
know the inflammatory response to be an essential physiological response by the body to
defend against injury or infection. The body houses an immune system that involves various
organs and cells to combat and repair the site of damage. White blood cells known as
phagocytes are the body’s first line of defence. Originally observed and described by
Metchnikoff in 1883 (Chernyak & Tauber, 1988), phagocytes engulf or internalise and
consequently destroy unfavourable products such as bacteria, parasites, harmful molecules
or cellular debris via a common process known as phagocytosis. Once thought of simply as
ingestion, phagocytosis actually involves complex signalling pathways for the production,
mobilisation, degranulation, consumption and destruction of foreign material.
Polymorphonuclear leukocytes or neutrophils, blood monocytes and tissue
macrophages or histocytes are known as the ‘professional phagocytes’ (Stossel, 1974).
Neutrophils, derived from the bone marrow, are the first to respond. They undergo

maturation where they are then released into the blood stream and survive for about 10
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hours (Tofts et al., 2011). These cells mobilise to the site of injury by the trigger of various
receptors to secretagogues such as chemotactic cytokines and lipopolysaccharides (LPS).
Cytokines play a key role in inflammation and immune responses and include released
factors that can be categorised into interleukins (IL-), tumor necrosis factor (TNF), interferon
(IFN), colony stimulating factor (CSF), transforming growth factor (TGF), and chemokines.
Various cell types such as leukocytes, endothelial cells and smooth muscle cells all release
and react to cytokines making them an essential component in haemostasis.

Neutrophils then dock at the pathogen, and when they start engulfing they release
various microbacteriacidal granules that aid in destruction. Some of these granules contain
myeloperoxidase as well as Nox (nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase), which consequently generate a respiratory burst leading to superoxide, hydrogen
peroxide and hypochlorous acid production. While there are many other granules it is
thought that reactive oxygen species (ROS) and hypochlorous acid are the key molecules
involved in this destruction (Reeves et al., 2003). Another function of neutrophil
degranulation is to signal to other phagocytes by releasing factors such as IL-8, TNFa and
leukotriene B4 (Ramos et al., 2005; Silva, 2010).

Unlike neutrophils, monocytes survive much longer and have proliferative and
differentiation capabilities by which they develop into macrophages that can form even
larger phagocytes by fusion. Due to their increased size macrophages can combat much
larger areas by releasing an even greater amount of cytokines. While they do act a lot
slower than neutrophils, they persist for longer and also release proteases involved in tissue
remodelling (Chapman et al., 1994). These are some of the features that make mononuclear
phagocytes ideal in chronic infections such as tuberculosis, but also a hindrance in
pathological conditions by perpetuating chronic inflammatory responses such as

atherosclerosis. This is discussed later (Section 1.4).
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1.3.2 Innate Immunity

The pathways discussed above generally come under the broader immune
response known as innate immunity, which is distinguished from acquired or antigen-
specific immunity, in that previous exposure to the invader is not required. Innate or ‘ready-
made’ immunity is a rapid response that doesn’t require the generation of antibodies, but
instead relies on receptors that recognise certain morphological characteristics of
pathogens. Scavenger receptors (SRs) and toll-like receptors are the two main receptors in
innate immunity and are also known as germline-encoded pattern recognition receptors
that enable specificity in cell recognition.

SRs are cell surface proteins found on macrophages, endothelial cells, and smooth
muscle cells. Their ligand specificity allows them to take up foreign particles. The original
and most classical example of SRs were first proposed in 1979 by Brown and Goldstein
(Brown & Goldstein, 1979). They demonstrated that macrophages specifically engulfed
modified low-density lipoproteins (LDL), such as oxidised LDL or acetylated LDL, but not
native LDL, a key process in atherosclerotic plague development. SRs also aid toll-like
receptors, which are transmembrane proteins with ectodomains that mediate recognition
of foreign pathogens and intracellular domains that are involved in downstream signalling.
Their downstream signalling is via the MyD88- or TRIF-dependent pathways that lead NFkB
(nuclear factor kB) activation (Medzhitov, 2001; Carmody & Chen, 2007) and production of
inflammatory cytokines, chemokines and Type | IFN. It also leads to the induction of genes
CDA40, 80 and 86 that signal the acquired immunity T cell immunogenic response.

The complement system is another key process in innate and acquired immunity.
Complement proteins are produced by the liver, where they enter the bloodstream, and
once activated, can help destroy pathogens. They either coat the pathogen by a process

known as opsonisation (Greenberg & Grinstein, 2002), priming it for attack, or they can form
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membrane attack complexes (Rus et al., 2005) that effectively punch holes in the pathogen

causing abnormal homeostasis and ultimately cell lysis.

1.3.3 Acquired Immunity

While innate immunity is the first, rapid line of defence it is also the more
primitive with acquired or adaptive immunity demonstrating a much more complex,
multifaceted process that aides in long-term survival. Where neutrophils, monocytes and
macrophages are important players in innate immunity, lymphocytes are critical in acquired
immunity. All blood cells originate from haematopoietic stem cells in the bone marrow.
These cells then differentiate into various progenitor cells depending on their lineage; either
common myeloid progenitor cells (erythrocytes, neutrophils, monocytes, macrophages etc.)
or common lymphoid progenitors (natural killer cells, T cells, B cells). Once T lymphoid
progenitors are formed they migrate to the thymus and develop into mature T cells, and
when activated these differentiate into cytotoxic T cells (CD8+) and T helper cells (CD4+).
Alternatively, B cells differentiate into either plasma cells (CD20-) or memory B cells
(CD20+). The specificity of acquired immunity in combating pathogens is accredited to its
ability to detect antigens and produce specific antibodies to those particular antigens.
During innate immunity phagocytes break down pathogens and while most are killed some
are used to develop epitopes or receptor binding sites specific to that antigen. Dendritic
cells are the most efficient at this process (Thery & Amigorena, 2001). They migrate to the
thymus and present the antigen via their major histocompatibility Class Il receptors to the T
cell receptors, activating the T cells causing proliferation and differentiation.

T helper (Th) cells propagate the immune response by promoting both the humoral
(Th2 cells) and cellular responses (Th1). In the cellular response CD8+ cells are activated by

the secretion of IL-2 from CD4+ cells and act on the pathogen by secreting perforin (Kagi et
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al., 1994) and activating the Fas pathway (Rouvier et al., 1993) that instigates cell death. Th2
cells work on the humoral response by presenting the antigen to B cells where they can also
proliferate and differentiate into plasma cells. The plasma cells develop antibodies or
immunoglobulins to aid in destruction of the pathogen via either neutralisation of the
pathogen, assisting in opsonisation or activating the complement system. The B cells can
also differentiate into memory cells so that when a second insult occurs it can be quickly
resolved. More recently, Th17 cells have also been put forward as regulators of immune
responses, which also release inflammatory cytokines (Langrish et al., 2005; Korn et al.,

2007).
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1.4 Atherosclerosis: An Inflammatory Disease

Dysregulation of the inflammatory response can lead to damaging results. These
include the acute pathology septic shock, in which the innate immune response gets
amplified and dysregulated. This leads to an excessive release of chemokines causing fever,
tachycardia and increased nitric oxide (NO), in turn leading to vasodilatation and
hypotension and ultimately multiple organ failure (Lolis & Bucala, 2003). Examples of
dysfunction of the adaptive immune system include autoimmune diseases such as
rheumatoid arthritis and systemic lupus erythematosis in which self-antigens are recognised
as foreign. Conversely, atherosclerosis, a chronic inflammatory disease of the blood vessels,
is thought to involve both innate and adaptive immunity.

Initiation of atherosclerosis begins with the immune system’s recognition of LDL as a
‘foreign body’. The main function of LDL as a lipoprotein is to transport cholesterol around
the body. However, with excessive cholesterol in the bloodstream (hypercholesterolaemia)
resulting from over consumption or hereditary factors (Hobbs et al., 1987; Lye et al., 2013),
circulating LDL can migrate and accumulate under the endothelium and into the intima. It is
here that atheroprone LDL molecules are retained by the binding of their apoprotein B100
site to the proteoglycans in the intima (Skalén et al., 2002). Once trapped in the intima, LDL
is oxidised by various enzymes such as myeloperoxidase and lipoxygenases or by
hypochlorous acid. Advanced glycation end products are also known to trap LDL and are

commonly formed in those with hyperglycaemia (Goh & Cooper, 2008).

1.4.1 Leukocyte adhesion cascade

It is widely accepted that once LDL is oxidised it becomes pro-inflammatory, toxic,

and recognised as ‘non-self’. These molecules and surrounding cells start to release factors
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that signal damage has occurred and to also induce an inflammatory response. This results
in mobilisation of cell adhesion molecules, selectins and chemoattractants to the
endothelial surface in order to signal to leukocytes and start the process known as the
leukocyte adhesion cascade (Figure 1.3). This recruitment process involves the adhesion or
tethering, rolling, activation, and arresting of leukocytes on the endothelial membrane and

their subsequent transmigration through the endothelium.
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Figure 1.3. Leukocyte adhesion cascade. PSGL1: P-selectin glycoprotein ligand 1;
VLA4: very late antigen 4; LFA1l: lymphocyte function-associated antigen 1; ICAMI1:
intracellular adhesion molecule 1; VCAM1: vascular cell-adhesion molecule 1; MADCAM1:
mucosal vascular addressin cell-adhesion molecule 1; PI3K: phosphoinositide 3-kinase;
MAC1: macrophage antigen 1; PECAM1.: platelet/endothelial-cell adhesion molecule; JAM:
junctional adhesion molecule; ESAM: endothelial cell-selective adhesion molecule (adapted

from Ley et al., 2007).
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The first phase, in which leukocytes start to slow down and roll along the vessel wall,
is mediated by E-, L- and P-selectins binding to their carbohydrate ligands. Integrins found
on monocytes and lymphocytes also bind to the cell adhesion molecules on the
endothelium. During this time chemoattractants such as MCP-1 (monocyte chemoattractant
protein - 1) and chemokines (CC, CXC, CX3C or C types) that bind particularly to G-protein
coupled receptors (Kuang et al., 1996; Aragay et al., 1998) are presented on the endothelial
cell surface. Rolling leukocytes sense these receptors and trigger the activation of integrins,
which results in activation of the leukocytes (Ley et al., 2007; Langer & Chavakis, 2009). The
leukocytes then firmly adhere, or arrest, onto the endothelial membrane where they
undergo a conformational change, spreading out due to ligand-induced post adhesion
strengthening (Lefort et al., 2009)

Following adhesion, macrophage-1 antigen and ICAM-1 (intracellular adhesion
molecule) (Sumagin et al.,, 2010) mediate the crawling along of leukocytes on the
endothelial surface until they start to transmigrate through the endothelium, a process also
known as diapedesis. Leukocytes can migrate via the paracellular or transcellular pathway.
The paracellular pathway between endothelial cells requires vascular endothelial cadherins,
adhesion molecules including platelet/endothelial cell adhesion molecule and integrins to
assist in overcoming the adherens and tight junctions that bind the endothelial cells. The
transcellular route occurs near the thinnest parts of the endothelial cell and involves
migration through the cell via ICAM-1 coated caveolae that internalise and act as vesicles
that form channels together with cytoskeletal proteins providing structural support (Carman
& Springer, 2004; Dejana, 2006). Once through the endothelial barrier, the leukocytes then
migrate via chemoattractants such as MCP-1 through o the basement membrane comprised

of laminins and collagens and then into the intima.
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1.4.2 Formation of a stable plaque

Once in the intima, monocytes differentiate into macrophages that rapidly engulf
oxidised LDL via SR in an attempt to dispose of them. At the same time macrophages release
chemokines and cytokines to dispose of other toxic molecules. However, when there are
excessive levels of oxidised LDL the macrophages become lipid dense and are commonly
referred to as foam cells. Foam cell accumulation forms a fatty streak, the beginning of
atherosclerosis. In parallel with this process, dendritic cells and T cells also transmigrate to
the infected area, resulting in the production of even more cytokines, chemokines, ROS, and
matrix metalloproteinases. This in turn leads to an increased inflammatory response and
lesion progression and plaque formation. Dendritic cells can act as antigen presenting cells,
presenting the oxidised LDL fragments to the Th1l cells and activating the adaptive immune
response which releases more pro-inflammatory factors. B cells and mast cells are also
present in some atheroma but are generally localised on the adventitia just outside the
lesion site (Figure 1.4). These cells aid in the recruitment of more inflammatory cells and the
progression of the plaque.

Following macrophage and immune cell response smooth muscle cells, collagen,
proteoglycans and elastin start to form under the endothelial layer, trapped in the atheroma
under a fibrous cap (Lacolley et al., 2012). It is here that the plaque is stable, and if
contained, may be able to be cleared. Further inflammatory reactions can lead to advanced
atherosclerosis with increased apoptosis of healthy cells, increased cholesterol and
cholesterol crystals, and formation of a necrotic core with microvessels that feed the plaque
keeping it thriving. During this time the plaque protrudes into the lumen and can slow down
blood flow, creating a greater opportunity for immune cells to attach and further augment

plaque size.
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Figure 1.4. Pathology of a stable plaque (adapted from Hansson & Hermansson, 2011).

1.4.3 Progression to unstable plaque

Excessive plaque protrusion can obstruct blood flow causing infarction in

downstream tissues and target end organ damage. Plaques can also become unstable due

to a severe inflammatory response, leading to the destruction of the fibrous cap and

overlying endothelial cells, and resulting in the recruitment of platelets to the area to

initiate coagulation. The increase in platelet recruitment and fibrous cap rupture results in

thrombus formation. If large enough, the thrombus can impede blood flow or dislodge into

the blood stream where it can proceed to block flow to the heart (myocardial infarction),

brain (stroke) or lungs (pulmonary embolism).
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1.5 Endothelium - Contribution to Hypertension,

Inflammation and Atherosclerosis*

Endothelial cells line the vasculature to form the endothelium, which acts as a semi-
permeable monolayer between the lumen and the vessel wall. Endothelial cell structure and
integrity are essential in maintaining vascular tone and haemostasis. Prenatally these cells
originate from the same precursor as haematopoietic cells, the haemangioblast (CD34"),
which can differentiate into endothelial precursor cells (VEGFR3"; vascular endothelial
growth factor) to become vascular endothelial cells (VEGF-R3", podoplanin’, PAL-E*). Recent
studies have shown that vasculogenesis also occurs postnatal with endothelial progenitor
cells found to mobilize from the bone marrow (Asahara, 1997) and other sites in the body
including the peripheral blood, liver (Aicher et al., 2007), and adipose tissue (Miranville,
2004) to help repair and regenerate vessel walls in adults.

Despite the total mass of the endothelium only weighing between 100 — 500 g in
humans the amount of surface area exposed to blood flow is thought to be highly active and
up to 350 m? (Pries et al., 2000). Through its paracrine, endocrine and autocrine functions
the endothelium helps to regulate various cardiovascular processes. Blood wall exchanges
occur through the abundant ion channels (K, Ca2+, Na®, CI), G-proteins, caveolae and
tyrosine kinase receptors in the plasma membrane lipid bilayer of the endothelium. Such
exchanges include the release of vasomotor factors such as NO or prostacyclin that inhibit
platelet aggregation and cause relaxation as well as the release of endothelium-derived
hyperpolarizing factor, which elicits the activation of outward K" currents causing vascular
smooth muscle cell hyperpolarization (McGuire et al., 2001). These responses result from

stimuli such as thrombin, bradykinin, adenosine diphosphate or changes in blood flow or

' Adapted from Michell et al., 2011a
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pressure. Conversely, vasoconstriction factors such as thromboxane A,, endothelin-1,
angiotensin Il, prostaglandins, ROS, free radicals, pro-coagulant, pro-thrombotic factors and
pro-inflammatory mediators are stimulated during disease states leading to impaired

endothelium-derived vasodilatation or endothelial dysfunction.

1.5.1 Endothelium Function - Characteristics and measurements

Under physiological conditions, damage to the vasculature leads to several
haemostatic processes signalled by the endothelium to reduce blood flow. These include
vasoconstriction, formation of a haemostatic plug, initiation of the coagulation cascade,
repair of the damaged site via endothelial progenitor cells, local endothelial cells and
smooth muscle cells and finally fibrinolysis. However, pathological conditions such as
hypertension, atherosclerosis, diabetes, and coronary heart disease are characterised by
endothelial dysfunction, when the endothelium is unable to regulate these processes.

In their 1980 seminal paper, Furchgott and Zawadzki (1980) demonstrated that
damage to the integrity of the endothelium led to impaired vasorelaxation following
stimulation with acetylcholine, compared to vessels where the endothelium was preserved.
They further demonstrated that the vasorelaxation observed was mediated by the release
of an endothelium derived relaxing factor, later identified by Ignarro and colleagues as NO
(1987). In 1998, Furchgott, Ignarro and Murad were all recognized with the Nobel Prize as
having made substantial contributions towards the discovery of this gaseous molecule
(SoRelle, 1998). Endothelial dysfunction is generally defined as impaired endothelium-
dependent vasodilatation to specific stimuli and characterised by an imbalance between
vasoconstriction and vasodilatation factors, predominantly NO. However, there is growing
literature to support the notion that endothelial dysfunction is also involved in pro-

inflammatory states, which will be discussed later. Endothelial dysfunction is regarded as
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the initial and reversible step in the pathological process of CVDs such as hypertension and
diabetes mellitus but is also thought to be essential in the progression of many infections
and autoimmune diseases due to its angiogenic properties in the pathogenesis of certain
cancers (Nikitenko, 2008).

The assessment of endothelial dysfunction can be based on a variety of biomarkers,
including cellular markers, and gross vasoreactivity techniques. Serum concentrations of
ICAM, VCAM (vascular cell adhesion molecule), E-selectin, P-selectin, as well as von
Willebrand Factor (vWF) and microalbuminuria, have been used as biomarkers due to their
expression on vascular endothelial cells during dysfunction and their consequent release
into the bloodstream. Despite the current controversy in determining specific surface
markers for endothelial progenitor cells, typically CD34+/KDR+/CD133+, a vast amount of
literature demonstrate that these cells are found to inversely correlate with endothelial
dysfunction in patients with CAD, diabetes and other CVD risk factors and co-morbidities.
Increases in mature circulating endothelial cells, which are products of endothelial wall
turnover and apoptosis during endothelial damage, are another cellular marker implicated
in CVDs. Emerging evidence also suggests endothelial microparticles, which are continually
shed blebbings of endothelial cells into the bloodstream, are elevated in CVD (Boulanger,
2006).

Non-invasive tests of endothelial function include flow-mediated dilatation of the
brachial artery, which measures change in diameter of the brachial artery via an ultrasound,
laser Doppler examination, pulse wave analysis, and pulse amplitude tonometry. More
invasive techniques include venous occlusion plethysmography, which is used to assess
change in forearm blood flow and arterial stiffness via infusion of various vasorelaxants into
the brachial artery. Cardiac catheterization is the most invasive and expensive technique

and it assesses changes in epicardial diameter and blood flow.
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Despite the various techniques available it is still unclear whether endothelial
dysfunction is a cause or a consequence of hypertension. In hypertensive animal models,
rats fed on a fructose-rich diet were found to have impaired endothelial-mediated
vasodilatation 10 days before the rats were shown to have increased blood pressure
(Katakam et al., 1998), a similar result is also seen in endothelial NOS (nitric oxide synthase;
eNOS) knockout mice. However, many other models demonstrate chronic hypertension can
lead to damaging effects on the endothelium (Kunes et al., 2004; Torok, 2008).

Clinical studies also show confounding results; a study conducted by Rossi and
colleagues (Rossi et al., 2004) using 952 normotensive post-menopausal women
demonstrated that each decrease in flow-mediated dilation predicted an increased risk in
the development of hypertension during a 3.5 year follow-up even when adjusted for
multiple factors. This finding suggests that impaired endothelial-mediated vasodilatation
precedes future development of hypertension in this cohort. In a recent report from the
Multi Ethnic Study of Atherosclerosis looking at flow-mediated dilatation and hypertension
in 3500 participants the opposite finding over a 4.8 year follow-up was reported (Shimbo et
al., 2010). While at baseline, reduced flow-mediated dilatation correlated with increased
prevalence in blood pressure, but this association was lost when results were adjusted for
various factors such as age, sex, ethnicity, body mass index, cholesterol levels and other
metabolic factors leading the authors suggest that endothelial dysfunction is a

consequence, and not a cause, of hypertension.

1.5.2 Impaired NO

The most widely studied biological mechanism of endothelial dysfunction in
hypertension is the decreased bioavailability of NO. NO is not only a potent vasodilator and

essential in regulating vascular tone and blood pressure, but it also contributes to the
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regulation of haemostasis and to platelet and leukocyte adhesion, as well as vascular
smooth muscle cell proliferation. NO is a very small lipid soluble molecule with a half-life of
just a few seconds before it is converted into nitrates and nitrites that are ultimately
excreted. Within the body NO can act in many ways such as a neurotransmitter (nervous
system), a vasodilator (cardiovascular system) and an inhibitor of viral replication (immune

system).

1.5.3 Endothelial nitric oxide synthase (eNOS)

Nitric oxide synthase, a family of P450 mono-oxygenase-like enzymes, catalyses the
production of NO and exists in three distinct isoforms; NOS-1, NOS-2, NOS-3. They differ not
only in their genetic origin (Huang et al., 1996) (Alderton et al., 2001) but also in their
location. NOS-1 or neuronal NOS (nNOS) is predominantly found in the central and
peripheral nervous system but also in the skeletal muscle, pancreas and endometrium and
has a role in neurotransmission and glomerular interactions (Mungrue, 2004). NOS-2 or
inducible NOS (iNOS) is found in the heart and liver and in activated macrophages, smooth
muscle and endothelial cells and has a role in inflammation (Aktan, 2004; Li & Forstermann,
2009). Finally NOS-3 or eNOS is found predominantly in the endothelium but also in the
brain and epithelial cells. eNOS is involved in vascular relaxation, regulating platelet
adhesion/aggregation and in angiogenesis (Shaul, 2002; Cirino et al., 2003).

The process of NO synthesis involves firstly the oxidation of arginine to N°-hydroxy-L-
arginine (NHA) using NADPH and oxygen catalysed by the NOS (Woodward et al., 2009). The
second step is when NHA is subsequently converted to -citrulline via NOS, resulting in the
production of NO. Actions of NOS are accelerated by the cofactors flavin adenine
dinucleotide (FAD), flavin mononucleotide (FMN) and tetrahydrobiopterin (BHa).

In the endothelium eNOS is localized to highly rich lipid invaginations or caveolae of

the plasma membrane (Shaul et al., 1996b) where it is bound in an ‘inactive’ state to the
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coat protein caveolin-1. Activation of eNOS also involves heat shock protein 90, calmodulin
binding, phosphorylation of Ser1179 and dephosphorylation of Thr497 domains and
subcellular localization. Under normal shear flow there is an influx of Ca®' causing
calmodulin to bind to eNOS, causing its subcellular localization to either the cytosol or the
Golgi (Sanchez, 2006) or possibly to the mitochondria (Gao, 2004), which ultimately results
in activation. Once NO is produced it can then stimulate soluble guanylate cyclase in
vascular smooth muscle cells to increase cyclic guanosine monophosphate which in turn
leads to relaxation and reduced Ca®*. Impaired NO bioavailability, commonly seen in various
CVDs including hypertension can be due to either impaired production or increased
degradation of NO. With regards to the established pathway of its synthesis, impaired NO
production may be a result of reduced eNOS activity, substrate and cofactor availability and
the localization of eNOS or the presence of endogenous inhibitors. Sanchez et al., (2006)
suggest that eNOS translocation from the caveolae to the Golgi via acetylcholine may
correspond to a vasodilation pathway, whereas they show that platelet-activating factor, an
inflammatory marker and vasoconstrictor, causes eNOS to locate to the cytosol. Therefore
cytosolic relocation of eNOS, and particularly mitochondrial bound eNOS (Gao, 2004) may
relate to an inflammatory response.

Since the works of Huang and colleagues (1996) and Shesely and colleagues (1996)
demonstrating a hypertensive phenotype in eNOS knockout mice, studies have been
utilizing these models extensively and have demonstrated an essential role of eNOS in the
vasculature. In animal models, supplementation with the eNOS substrate L-arginine leads to
enhanced NO synthesis in diabetic (Kohli et al., 2004) and pulmonary hypertensive rats
(Goret et al., 2008; Ou et al., 2010), as well as reduced atherosclerotic lesions in rabbits
(Nematbakhsh et al., 2008) and cerebral infarcts in various experimental models of stroke
(Willmot et al., 2005). More importantly, clinical studies have also shown L-arginine

supplementation increases NO synthesis and enhances vascular reactivity. Indeed,
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hypertensive patients have paradoxically high levels of L-arginine in their plasma (Perticone
et al., 2005) yet display impaired L-arginine transport in platelets, red blood cells (Moss et
al., 2004) and endothelial cells, and are therefore unable to adequately produce optimum
NO. Consequently, L-arginine activity may be rate-limiting for NO production and this is seen
even in normotensive patients with a family history of hypertension (Schlaich, 2004).
Increased L-arginine transport can be seen in various studies to improve vascular function;
De Meirelles and collegues (2008) demonstrated hypertensive patients undergoing 12
weeks of aerobic exercise had significantly improved L-arginine transport and NOS activity,

as well as reductions in fibrinogen and C-reactive protein.

1.5.4 L-arginine

Against this backdrop, it is thus of little surprise that L-arginine supplementation has
been reported to improve endothelial function. Indeed, supplementation of L-arginine in
humans has been delivered via several modes, including intra-arterially, intravenously and
orally and in high risk patients it has been shown to both increase NO production and
decrease leukocyte adhesion, platelet aggregation and hyperplasia of the intimal layer
(Tousoulis et al., 2007). Despite this, owing to the diverse role of L-arginine, its
supplementation is likely to result in increased stimulation of metabolism via pathways
other than NO synthesis, such as those that increase ornithine, polyamines, creatine, proline
and spermine (Beaumier et al., 1995). It is thus important to note that although L-arginine
therapy can produce its effects via NO dependent mechanisms, effects independent of NO
may also play a functional role.

L-arginine is also a potent hormone secretagogue. It has long been used for the
assessment of growth hormone release by the pituitary gland (Merimee et al., 1967) and L-

arginine administration results in an approximate two fold increase in plasma growth
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hormone, insulin and glucagon release (Bode-Boger et al., 1996; Giugliano et al., 1997). L-
arginine also releases prolactin (MacAllister et al., 1995) and insulin either directly or
indirectly (by the release of other endothelium dependent agents such as muscarinic
agonists (Giugliano et al., 1997). The mechanisms regulating the endocrine secretagogue
effect on various hormones in response to L-arginine remains largely unknown. However,
the secretagogue effect is of important consideration when evaluating the role of L-arginine
on the vasculature, since many of these resultant hormones have been independently
reported to act on vascular smooth muscle cells. Apart from its complex metabolism and
potent secretagogue effects, dietary L-arginine supplementation is also less than ideal since
it is an amino acid that undergoes considerable first pass metabolism. Indeed, ingestion of L-
arginine may not have large physiological effects due to its low bioavailability, reported to
be as low as 21% through to 67% (Boger et al., 1998; Tangphao et al., 1999).

The eNOS inhibitor ADMA (asymmetric dimethylarginine), which is an endogenous
analogue of L-arginine and a competitive inhibitor for L-arginine metabolism can also reduce
its availability for NO production. ADMA is not only increased in essential hypertension but
also inversely correlated with forearm blood flow (Perticone et al., 2005). The enzyme
arginase (discussed later) may also be another determinant of reduced cytosolic L-arginine
and impaired NO production.

Reduced L-arginine, increased ADMA or BH, deficiency can also lead to uncoupling or
dysfunction of eNOS and other NOS isoforms. eNOS contains two dimers; an N-terminal
oxygenase domain that binds BH,, L-arginine, iron, and calmodulin ions, as well as a C-
terminal reductase domain that binds FAD, FMN and NADPH. In the pathological setting,
BH, is oxidised to BH, causing altered electron flow from FMN and FAD to L-arginine and the
uncoupling of eNOS dimers. This in turn results in free radical production, particularly
superoxide, in place of NO. Studies in hypertension have demonstrated a down regulation of

BH; and in an animal nephrectomised model, BH; supplementation normalises systolic
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blood pressure levels (Podjarny, 2004). Other mechanisms causing uncoupling of eNOS
include impaired Akt kinase phosphorylation of the serine™”® domain (Dimmeler et al.,
1999; Fulton et al., 1999) or increased phosphorylation of the theronine®”’ domain via
protein kinase C (Harris et al., 2001; Church & Fulton, 2006). Additionally, arginase Il is
known to compete with eNOS for L-arginine and consequently may regulate eNOS activity

(Lim et al., 2007b).

1.5.5 Arginase

Arginase is a fundamental manganese metalloenzyme in the hepatic urea cycle that
hydrolyses L-arginine to urea and L-ornithine. Arginase exists in two distinct isoforms (I and
II) in which they differ in intracellular, gene and tissue expression, gene transcription and
transduction regulators as well as metabolism. While both enzymes are found throughout
the body, arginase | or hepatic arginase is a cytosolic enzyme found abundantly in the liver
but also in red blood cells, whereas arginase Il or extra-hepatic arginase is a mitochondrial
enzyme expressed more widely and which is seen in the kidney, brain, gastrointestinal tract,
prostate and the vasculature. Vascular endothelial cells and smooth muscle cells express
both isoforms, but it appears that the distribution is vessel and species dependent (Bachetti
et al., 2004; Ming et al., 2004; Zhang et al., 2004). In particular, arginase Il appears to be the
predominant arginase isoform in human endothelial cells (Ming et al., 2004). Arginase
isoforms share ~“59% homology, with arginase | composed of 322 amino acid residues, 11.5
kbp long and 8 exons on chromosome 623, whereas arginase |l appears to have 344 amino
acid residues and 8 exons but is on chromosome 14924.1-q24.3. Products of arginine
hydrolysis involve increased urea production and L-ornithine leading to increases in
polyamines, proline, and glutamate (involved in cell growth and proliferation), as well as a

reduction in NO.
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Initially, the role of arginase in the body was mainly thought of as disposing excess
nitrogen via amino acid and nucleotide metabolism. Studies recently, however, suggest an
important role for arginase in the vasculature. In the endothelium, arginase is now regarded
to help regulate NO levels by competing with eNOS for L-arginine. Arginase is also thought
to modulate eNOS (Berkowitz et al., 2003) and this is most likely to occur when eNOS is
translocated from the caveolae to the cytosol and perhaps even the mitochondria under
pro-inflammatory states. As such, increased arginase activity/expression has been
implicated in many vascular pathologies including hypertension (Xu et al., 2004; Demougeot
et al., 2005), ischaemia-reperfusion (Hein et al., 2003), uraemia (Thuraisingham et al., 2002),
aging (Berkowitz et al., 2003), sexual arousal (Kim et al., 2003; Masuda, 2008), diabetes
(Kashyap et al., 2008; Romero et al., 2008a) and atherosclerosis (Ming et al., 2004; Ryoo et
al., 2008). In hypertension, an arginase activity and expression study demonstrated that
increased arginase activity reduces NO mediated dilation in hypertensive pigs, which was
then normalized using an arginase inhibitor (Zhang et al., 2004).

These results are also seen in other models of hypertension, including Dahl rats with
salt-induced hypertension (Johnson et al.,, 2005) and in bovine pulmonary arterial
endothelial cells in which NO production was increased and urea was decreased when both
L-arginine and L-valine were used to inhibit arginase activity (Chicoine et al., 2004).
Moreover in a model of chronic hypertension, treatment with an arginase inhibitor for 10
weeks in older aged spontaneously hypertensive rats, elicited a decrease in blood pressure
and cardiac fibrosis and improved vascular function (Bagnost et al., 2010). In one small
clinical study assessing attenuated reflex cutaneous vasodilatation in essential hypertension,
increased NO-dependent vasodilatation was observed when arginase was inhibited but not
following L-arginine supplementation (Holowatz & Kenney, 2007). Interestingly, it has also

been reported that arginase expression of both isoforms is increased in spontaneously
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hypertensive rats even before overt hypertension develops and that it is positively
correlated to systolic blood pressure in these rats (Demougeot et al., 2007b).

Therefore, these results suggest that in genetic hypertension, vessels have the
propensity to develop endothelial dysfunction before established hypertension is even
developed. This dysfunction may also occur before inflammatory mechanisms take place, as
increased inflammatory markers are not seen until these rats are adults (Sanz-Rosa et al.,
2005; Demougeot et al, 2007b), suggesting underlying molecular/transcriptional
mechanisms, possibly via NFkB.

Despite these recent findings it is still unclear the exact mechanisms/pathways that
induces arginase upregulation in hypertension. Several studies have examined a possible
association with ROS production that may help link hypertension-induced endothelial
dysfunction and inflammation. Ryoo and colleagues (2008) demonstrate in atherogenic
prone Apoe'/', that when arginase Il activity is reduced via either inhibition or gene deletion
NO bioavailability is increased and ROS production is reduced, resulting in improved
endothelial function and reduced vascular stiffness. They also show that plaque area,
thickness and foam cells are all reduced in the thoracic aorta treated with the arginase
inhibitor S-(2-boronoethyl)-L-cysteine (BEC). The ROS/arginase link may also be reciprocal;
where intraluminal hydrogen peroxide is found to upregulate arginase expression and
impair NO-mediated dilation in porcine coronary arteries and these effects are attenuated
when arginase inhibitors alpha-difluoromethylornithine or nor-Nw-hydroxy-L-arginine
reduced hydrogen peroxide and increased vascular function (Thengchaisri et al., 2006). The
inflammatory cytokine TNFo has also been shown to upregulate arginase in ischaemia-
reperfusion resulting in reduced bioavailability of L-arginine and the uncoupling of eNQOS,
and ensuring increased superoxide production (Gao et al., 2007). This action may be via
Nox, as alveolar macrophages treated with the Nox inhibitor, apocynin, demonstrate a

concomitant decrease in arginase (Matthiesen et al., 2008).
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1.5.6 Reactive oxygen species

ROS are a class of molecules that may result from and cause eNOS uncoupling,
decreased NO production and increased NO degradation. Although essential for cell
metabolism and signalling, when there is an imbalance in the production of oxidants or ROS
to antioxidants in blood vessels, this leads to a pro-oxidant state and the pathogenesis of
oxidative stress causing endothelial dysfunction, increased contractility, vascular smooth
muscle cell growth and apoptosis, monocyte migration, lipid peroxidation, inflammation and
increased deposition of extracellular matrix proteins. Furthermore, ROS have been shown to
activate signal transduction pathways and induce gene expression and growth factors (Allen
& Tresini, 2000; Sauer et al., 2001). As is reviewed extensively, endothelial dysfunction in
hypertension and many CVDs is due in part to an increase in ROS production (Kunes et al.,
2004; Schiffrin, 2004; Thomas et al., 2008). ROS are produced from the mitochondria and
subcellular sources such as the mitochondrial electron transport chain, NADPH oxidase,
xanthine oxidase, cytochrome P450, cyclooxygenase, lipoxygenase, and uncoupled eNOS.
Initial formation begins with the reduction in one electron of molecular oxygen causing
formation of -superoxide. Superoxide can then go on to produce hydroxyl radical, hydrogen
peroxide via superoxide dismutase, and peroxynitrite from scavenging NO.

Experimental models of hypertension including DOCA-salt (deoxycorticosterone
acetate) rats (Viel et al., 2008), spontaneously hypertensive rats (Zhou et al., 2008), L-NAME
hypertensive rats (Bauersachs et al., 1998), and hypertriglyceridaemic rats (Kunes et al.,
2002) all demonstrate increases in ROS production. In some models, increases in ROS are
found to precede hypertension suggesting that production of ROS may contribute to the
initiation and the progression of hypertension (Houston, 2005). Furthermore, treatment
with antioxidants improves vascular function and structure, prevents target-organ damage,

and reduces blood pressure in animal models of hypertension (Chen et al., 2001b; Houston,
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2005). Yet clinical studies have been less conclusive. Indeed, ROS levels are enhanced in
hypertensive patients with reports of increased levels of hydrogen peroxide (Lacy et al.,
2000) and upregulation of vascular NADPH (Fortuno et al., 2004). However, most clinical
trials demonstrate no beneficial effects of antioxidants on blood pressure (Paravicini &
Touyz, 2008a). Indeed, in some clinical trials, antioxidants have even shown detrimental
effects including increased risk of angina pectoris (Myung et al., 2013) and an increase in
mortality and cardiovascular death (Vivekananthan et al., 2003). A major hurdle in
determining the efficacy of antioxidants is the lack of appropriate techniques to distinguish
the degree of oxidative stress in humans (Halliwell et al., 2004). Other potential reasons
include the use of inappropriate antioxidants, the incorrect targeting, timing and dose of
supplements and that ROS are indeed essential to normal physiological processes. Despite
this, excessive ROS is well documented in several cardiovascular diseases. Therefore, until
future studies focus on ‘more disease specific, target-directed, highly bioavailable
antioxidants’ as opposed to vitamin supplementation, the potential benefit of antioxidants

in human diseases cannot be discounted (Firuzi et al., 2011).

Of the many toxic effects excess ROS has on the vasculature, inflammation appears
to be the greatest and is involved in the initiation and development of atherosclerotic

plagues commonly associated with hypertension and various CVDs.
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1.6 Renin-Angiotensin System (RAS) - Contribution to

Hypertension, Inflammation and Atherosclerosis

The renin-angiotensin system (RAS) or renin-angiotensin-aldosterone system is a
hormonal cascade that regulates blood pressure by modifying renal sodium and water
reabsorption. While this is the classical role of the RAS, it also plays fundamental roles in the

pathogenesis of CVDs.

1.6.1 Components of the RAS

In 1898, Tigerstedt and Bergman first discovered renin in kidney extracts and
demonstrated that when injected into the jugular vein of rabbits, renin has a pressor effect
(as reviewed in (Phillips & Schmidt-Ott, 1999). It was not until decades later that renin was
discovered to be responsible for the production of the powerful vasoconstrictor,
angiotensin (Ang) Il (Goldblatt et al., 1934; Braun-Menendez & Page, 1958). The RAS
pathway, as we now understand it, is schematically depicted in Fig 1.5. Renin is secreted
mainly by the juxtaglomerular cells in the kidney but can also be produced in the brain,
adrenal gland, ovary and adipose tissue (Atlas, 2007). Renin then cleaves angiotensinogen
from the liver to form the inactive decapeptide Ang | (Ang 1-10) that is then hydrolysed by

ACE to form Ang Il (Ang 1-8).
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Figure 1.5. The renin-angiotensin system cascade. Demonstrating the classical (in bold) and

extended pathways (adapted from Atlas, 2007).

While other metabolites for Ang, such as Ang Ill (Ang 2-8), Ang IV (Ang 3-8) and Ang
(1-7) are formed in this cascade, most of the research involving RAS in inflammation and
hypertension has focussed on the role of Ang Il and its main receptors: Ang Il type 1 (AT1R)
and Ang Il type 2 (AT2R). Stimulation of the AT1R induces vasoconstriction, increased blood
pressure, sodium retention in the renal tubules, aldosterone synthesis in the adrenal cortex
and pro-inflammatory pathways (Phillips & Kagiyama, 2002; Schmeisser et al., 2004).
Alternately, AT2R stimulation induces counter-regulatory effects such as vasodilatation and
induction of anti-inflammatory (Rompe et al., 2010), and anti-proliferative pathways
(Widdop et al., 2003). However, this concept it still somewhat controversial since AT2R
stimulation has been shown to induce vasoconstriction in aged hypertensive rats (Pinaud et

al., 2007). Indeed, the RAS is a complex pathway but with the use of knockout animals,
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transgenic overexpression and pharmacological inhibitors we now have a greater

understanding of its role in hypertension, inflammation and atherosclerosis.

1.6.2 RAS in hypertension and atherosclerosis

The RAS was classically considered to be an endocrine system where Ang |lI
production is blood-borne and involved in targeting certain tissues. There is now ample
evidence, however, to show that the RAS has autocrine and paracrine functions whereby
generation of local Ang Il can influence blood pressure, inflammation and atherosclerosis.
Unsurprisingly, the RAS has therefore long been a key pharmacological target for the
treatment of hypertension and other CVDs. Inhibition of renin is currently being evaluated
in clinical trials (Gheorghiade et al., 2011; Krum et al., 2011). Alternatively, 17 types of ACE
inhibitors have been developed for the treatment of CVD since the first major trial
CONSENSUS (1987) and most have demonstrably beneficial effects on cardiac function in
heart failure. In addition, ACE inhibitors have been reported to reduce the incidence of
stroke (30%), CAD (20%) and major cardiovascular events (21%) (Neal et al., 2000), and
chronic treatment with ACE inhibitors is very successful in maintaining blood pressure in
hypertensive patients (Zaman et al., 2002). However, ACE inhibitors can have major side
effects including coughing and angioedema (von Lueder & Krum, 2013) and are therefore
not tolerated by all patients. ARBs are another class of drug that are cardioprotective
(Dahlof et al.,, 2002) through their reduction of stroke risk. Other inhibitors include
aldosterone receptor antagonists, neutral endopeptidase inhibition and angiotensin
receptor neprilysin inhibitors that combine ARBs with neutral endopeptidase inhibition

show promising results (Solomon et al., 2012).
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Figure 1.6. Mechanisms affected by Ang Il (adapted from Schmieder et al., 2007).

Since Ang Il can affect various cellular mechanisms such as oxidative stress (Dikalov
& Nazarewicz, 2013), vascular inflammation (Marchesi et al., 2008), endothelial dysfunction
(Pueyo et al., 2000) and tissue remodelling (Fig 1.6), it is unsurprising that blocking its
effects may affect other systems besides blood pressure. Indeed, it is via these mechanisms
that over-production of Ang Il can contribute to end-organ damage. Certainly, in vascular
inflammation the RAS is involved in vascular permeability, inflammatory cell recruitment
and activation and vascular repair (for review see (Brasier et al., 2002; Marchesi et al.,
2008). Oxidative stress is also increased with Ang Il via Nox; Ang Il infusion has been shown
to increase superoxide two-fold and this can, in turn, lead to endothelial dysfunction
(Rajagopalan et al., 1996).
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The actions of Ang Il can have profound effects on hypertension and vascular
inflammation and can enhance the progression of atherosclerosis. In apolipoprotein E
deficient (Apoe'/') mice on a high fat diet, Ang ll-induced hypertension increases
atherosclerotic lesions as well as aneurysms (Daugherty et al., 2000; Weiss et al., 2001).
Furthermore, local generation of Ang Il, as shown in DOCA salt-induced hypertension in
Apoe'/' mice, generates an increase in lesions within the aorta (Weiss & Taylor, 2008). ACE2
is thought to have a protective effect in converting Ang Il to Ang (1-7), and when deficient,
not only increases circulating Ang Il but also increases atherosclerosis in Ldlr‘/'(low density
lipoprotein receptor knockout; Thatcher et al., 2011) and Apoe'/' mice (Thomas et al., 2010).
It is argued that the atherosclerosis derived from Ang ll-induced hypertension is mainly due
to the increase in Ang Il itself, and not the increase in blood pressure per se, as a lesser
atherogenic effect is seen with noradrenaline administration (Weiss et al., 2001). Recent
studies, however, demonstrate that RAS-independent mechanisms may exist for
hypertension-induced inflammation, as is discussed later (Section 1.12). Ang Il infusion also

increases AT1R in the rostral ventrolateral medulla (Allen, 1998; Nunes & Braga, 2011),

which is essential in hypertension and may also play a role in atherosclerosis.
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1.7 Sympathetic Nervous System - Contribution to

Hypertension, Inflammation and Atherosclerosis

Under physiological conditions the sympathetic nervous system (SNS) is involved in
mediating the body’s fight-or-flight response. Indeed, stress and arousal both have a
significant correlation with CAD and cardiovascular events. For instance, an analysis of
cardiovascular events during the FIFA World Cup in 2006 demonstrated that the risk of an
acute cardiovascular event was doubled during match days, particularly during the first two
hours of the match (Wilbert-Lampen et al., 2008). Events such as earthquakes (Suzuki et al.,
1995) and wars (Meisel et al., 1991), both undoubtedly high stress events, are associated
with a greater likelihood of cardiovascular events.

Exerting a potent effect on vasomotor tone, the SNS was initially thought to be
involved in acute blood pressure control. However, it is now understood that the SNS can
act in a very dynamic way by influencing the development of essential hypertension,
uncomplicated hypertension, end-organ damage and complicated hypertension with
cardiovascular events (Grassi, 2010). Therefore, SNS activation is involved in the
amplification of blood pressure increases, since even those with blood pressure that are in
the higher range of normal, demonstrate increased SNS activity (Seravalle et al., 1993). As
such, various pharmacological agents are used clinically to reduce SNS and consequently,
hypertension. These include a-blockers, central sympatholytics (Grassi et al., 2000), B-
blockers (Wallin et al., 1984), long-acting calcium antagonists (Grassi et al., 2003), ACE
inhibitors and ARBs. More recently, alternative methods have been utilised to lower blood
pressure such as renal denervation. The seminal work conducted by Esler and colleagues
(Krum et al.,, 2009; Schlaich et al., 2009) demonstrated that in those with resistant

hypertension, sympathetic renal denervation can markedly reduce blood pressure, and
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noradrenaline spillover (a marker of sympathetic drive), in addition to attenuated
sympathetic activity. It is still unknown whether denervation reduces cardiovascular risk;
however, Brandt et al., (2012) demonstrated that denervation resulted in improved arterial
stiffness as well as improved systolic pressure load. Additionally, studies performed by Hu et
al., (2012) in Wistar rats found that renal denervation performed either before or after
myocardial infarction is useful both therapeutically and preventatively with respect to
cardiac function post myocardial infarction. It is exciting to consider this intervention may

reduce other cardiovascular complications associated with increased SNS activity (Fig 1.7).

T SYMPATHETIC ACTlVlTY

Metabolic and '—y
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o } Heart rate ¢ Dyslipidemia ¢ Endothelial dysfunction  Renal vasoconstriction
o } Cardiac work o { Platelet activation * Vascular remodeling ¢ RAAS activation
« } Cardiac mass  } Hematocrit » Atherogenesis

¢ Arrhythmogenesis

Figure 1.7. Effects of increased sympathetic activation (adapted from Grassi, 2007).

Since activation of the SNS leads to various complications, it is thought to act as a
promoter of end-organ damage (Grassi, 2010). Indeed, evidence suggests a correlation
exists between noradrenaline spillover and cardiac hypertrophy, increased left ventricular
mass and left ventricular dysfunction (Greenwood et al., 2001; Schlaich et al., 2003; Burns et
al., 2007). Furthermore, platelet activation, increased clotting factors and increased vWF is
seen with increased adrenergic activity and catecholamines (von Kanel & Dimsdale, 2000).

Increased catecholamines are also known to damage the endothelium and consequently
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lead to local oedema and necrosis (Makhmudov et al., 1985; Johansson & Ostrowski, 2010).
Moreover, circulating adrenaline and noradrenaline, both secreted by the SNS, are
correlated with endothelial glycocalyx and cell damage in acute myocardial infarction
(Ostrowski et al., 2013). Spontaneously hypertensive rats are shown to have increased
adhesion molecules in the nucleus of the solitary tract (brain stem) compared to Wistar
controls (Waki et al., 2007) that may result in increased cell transmigration and
inflammation. From this study and others, it has been proposed that cytokine production in
the brain may regulate neuronal activity (Zubcevic et al.,, 2011). Similar to their role in
endothelial cells, it is thought cytokines can regulate neuronal activation via the production
of ROS and iNOS and the reduction of NO, which may lead to neuroinflammatory processes.
Indeed, receptors for cytokines can be found in various brain cell types (Utsuyama &
Hirokawa, 2002), and an increase in cytokine production in the brain is seen in both animal
models of hypertension (Shi et al., 2010) and heart failure (Felder, 2010). While there are
some studies that link sympathetic nerve activity, hypertension and vascular inflammation,

the mechanisms still remain largely unexplored.
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1.8 Haemodynamic Forces - Contribution to

Hypertension, Inflammation and Atherosclerosis

Under basal conditions, fluid shear stress and circumferential stretch results in
continuous release of compensatory vasoactive substances. Circumferential wall stretch is
due to the pulsatile luminal pressure exerted on the vascular smooth muscle cells whereas
shear stress is an effect of the frictional force created by the flow of blood along the
endothelial cells. While there are studies demonstrating the influence of stretch on
endothelial cells (von Offenberg Sweeney et al., 2004), shear flow is thought to be the
prominent mechanical force exerted. The magnitude of endothelial shear flow in vessels is
dependent on the velocity of blood flow, direction, and obstructions along the vessel, as
well as the location of flow in the vascular tree.

Under physiological conditions, the flow of blood along straight vessels, also known
as undisturbed laminar flow, results in high shear stress (HSS) values (15 — 70 dyn/cmz) and
several cardioprotective properties. Indeed, cultured endothelial cells from different human
vessels demonstrate reduced inflammation following exposure to HSS compared to static
conditions (Luu et al., 2010a). Physiological shear stress conditions have also been shown to
lead to anti-inflammatory effects, with reduced TNFa-induced adhesion molecule
expression (Yamawaki et al., 2003). Yet conflicting reports exist. A study using MRI
technology has shown that one patient was found to develop plaque ulceration at the
location with the highest shear stress (Groen et al., 2008). This finding suggests that HSS
may not be protective in areas of vulnerable plaques. However, it is well established that
sites in the vascular tree most vulnerable to atherosclerotic plagques include the inner curve
of vessels, as well as vessel bifurcations and branches. At these sites, disturbed laminar flow

is at its most prominent (Chatzizisis et al., 2007; Chiu et al., 2009) and presents in two forms:
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unidirectional, which results in low shear stress (LSS) values (<12 dyn/cmz) or bidirectional,
leading to oscillatory shear stress (OSS) or turbulent flow. LSS and OSS have been found to
be associated with decreased NO bioavailability, upregulation of LDL, degradation of the
extracellular matrix, apoptosis, promotion of oxidative stress, and inflammation as well as

vascular and plaque remodelling (Dardik et al., 2005).

1.8.1 Mechanosensors

As endothelial cells serve as a barrier between blood flow and vascular smooth
muscle cells, it has been suggested that they act as mechanosensors that transform the
mechanical stimuli into intracellular biochemical signals in order to cause changes in cell
morphology, cell function and gene expression. Several membrane-associated complexes
have been proposed, including ion channels, tyrosine kinase receptors, G-protein-coupled
receptors, caveolae, adhesion proteins, cytoskeleton, glycocalyx, and primary cilia (Figure

1.8). Of these, the current thesis focuses on the lipid rafts or caveolae.
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1.9 Caveolae - Contribution to Hypertension,

Inflammation and Atherosclerosis

Caveolae are structural microdomains or invaginations found along the plasma
membrane and are implicated in endocytosis, cellular signalling and cholesterol and lipid
metabolism. Caveolae are of a particular interest in the scope of this thesis as their proteins,
caveolins and cavins, have been implicated as mechanosensors and in intracellular signalling

for vascular inflammation.

1.9.1 Morphology

George Palade, a pioneer in electron microscopy, first identified caveolae in
capillaries (Palade, 1953). Today, caveolae are commonly defined as invaginations and
specialised lipid rafts of the plasma membrane that are 60-80 nm in diameter. Schlormann
et al., (2010) demonstrate that after glutaraldehyde fixation, caveolae exhibit the typical
omega (Q) shape whereas after cryofixation, the morphology is more cup-like in
appearance. In any case, caveolae can present with varying degrees of invagination
depending on the cell type, biogenesis of the caveolae and its function.

Caveolae are found on many cell types including vascular endothelial cells, epithelial
cells, adipocytes, fibroblasts, smooth muscle cells and striated muscle cells but not on
neuronal cells or lymphocytes. The density of caveolae along the plasma membrane also
appears to be cell dependent, with caveolae spanning from about 50% of the plasma
membrane on adipocytes (Thorn et al., 2003) to 5% on fibroblasts (Guillot et al., 1990).
Furthermore, Gabella (1978) reported that caveolae density in the rat myocardium was 6.1
caveolae/um? in cardiac muscle cells compared to 67.5 caveolae/um? in the endothelial cells
of intramuscular capillaries and arterioles. Apart from membrane association, various other
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morphologies are now recognised as caveolae including grape clusters, tubular forms, or
intracellular domains (Figure 1.9). Due to their membrane location, caveolae are often
mistaken for clathrin-coated pits because of the cholesterol and glyosphingolipid-rich

membrane domains, but their distinguishing feature is the lack of the clathrin coat and the

presence of the integral membrane protein caveolin.

Figure 1.9. Caveolae structures. Electron microscopy of the classic caveolae (A) on the plasma

membrane, (B) grape-like clusters and (C) intracellular domains (adapted from Patel & Insel, 2009).

1.9.2 Caveolins

First identified in 1989 (1989), caveolins (Cav) are 22-24 kDa proteins with a hairpin
configuration in which the N- and C-termini are both located in the cytoplasm (Monier et al.,
1995). Cavl and Cav2 isoforms are expressed in non-muscle and smooth muscle cells,
whereas Cav3 is predominantly found in striated muscle cells.

Synthesized in the rough endoplasmic reticulum, caveolin forms a 12-18 oligomer
complex with cholesterol (Smart et al., 1994; Monier et al., 1995). These complexes are then

transported via the secretory pathway to the Golgi complex, where they are oligomerised
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again into hetero-oligomeric forms with Cavl and Cav2 binding. During this time, caveolin
has been reported to change from being detergent-soluble to detergent-resistant molecules
(Pol et al., 2005). About 100-200 caveolin next assemble and coat the golgi that are
cholesterol rich before they exit the golgi and fuse with the plasma membrane (Tagawa et
al., 2005), where they form mature caveolae containing sphingolipids, cholesterol, and
phosphatidylinositol (4,5)-biphosphate. The exact mechanisms involved in the transport of
caveolae to the membrane still remain unclear. In endothelial cells, and while at the plasma
membrane, Cavl is also found to bind directly to filamin, an F-actin cross-linking protein,
suggesting cytoskeleton support (Stahlhut & van Deurs, 2000; Sverdlov et al., 2009).

From the plasma membrane, caveolins are then endocytosed, fused with
endosomes, and subsequently degraded in lysosomes (Hayer et al.,, 2010b). While the
knockout of caveolins reduces the number of caveolae, overexpression does not increase
the number in the endothelium (Bauer et al., 2005), suggesting that other proteins may play
a role in biosynthesis. Along with these coat proteins, various supporting proteins, called
cavins, have recently been identified as essential to caveolae formation and function. The

location and function of cavins 1-4 as well as the caveolins are summarised in Table 1.2.

1.9.3 Cavins

Cavin-1, a soluble cytosolic protein, has been shown to be present in caveolae in a
1:1 ratio with Cavl and is only recruited to the cell surface once caveolae are present in
their mature form. Hill et al., (2008) first identified Cavin-1 or PTRF (polymerase | and
transcript release factor) and demonstrated that Cavl requires the assistance of cavin-1 for
the stabilisation and the formation of caveolae. In support of this supposition, Cavl alone
has been found along the membrane disassociated with caveolae suggesting that Cavl has a

function outside caveolae. Such roles have been proposed, particularly in those cells that
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lack caveolae but present with Cavl. For example, all three caveolins are expressed in
neuronal cells and are thought to act as scaffolds for signalling, while in lymphocytes they
are thought to be involved in T cell activation (Head & Insel, 2007). When cavin-1 does
localise with Cavl it is only nanometres apart, but rather than directly binding they are both
associated with the cholesterol phosphatidylserine and can thus be readily dissociated with
cholesterol depletion.

Cavin-2 has similar properties to cavin-1 in that it is involved in caveolae formation,
and has been shown to recruit cavin-1 to caveolae. Thus the knockdown of cavin-2 reduces
caveolae number (Hansen et al., 2009). It has also been reported that over expressing cavin-
2 leads to morphological changes and elongation of caveolae, as such cavin-2 is essential for
the curvature seen in caveolae. By contrast, cavin-3 is thought to regulate caveolae function
and has been associated with caveolins away from the plasma membrane. Induction of
cavin-3 in lung cancer cells that lack cavin-3 protein demonstrated an increase in budding of
caveolae in the cytosol and movement of caveolae along microtubules (McMahon et al.,
2009). Cavin-1 to -3 are expressed in both non-muscle and muscle cells whereas cavin-4 is
thought to be only expressed in muscle cells and is involved in sarcolemmal caveolae and
muscle myogenesis (Tagawa et al., 2008). In summary, cavins are essential for caveolae
formation and function and are thought to bind together as a complex of 60-80 cavin

molecules (Hayer et al., 2010a).
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Table 1.1. Caveolins and Cavins

Alternative Tissue .
- Function Knockout/knockdown effect Ref
names expression
Caveolins
Formation of caveolae, regulates NO Reduced caveolae density, increased
Non-muscle cells, production via eNOS, microvascular microvascular permeability, cardiac (Griffoni et al.,, 2000;
Caveolin-1 Cavl; VIP21  smooth muscle permeability, Ca2+ influx, vascular hypertrophy, dilated cardiomyopathy, Miyawaki-Shimizu et
cells remodelling , angiogensis, mitosis, insulin pulmonary hypertension, impaired al, 2006)
signalling angiogenesis, neointimal hyperplasia
Non-muscle cells, . Pulmonary dysfunction, alveolae septal
Caveolin-2 Cavz; smooth muscle Supports Ca.vl, .regulates the density of thickening, EC hyperproliferation, exercise ~ (Razani et al., 2002)
caveolae, mitosis .
cells intolerance
Caveolin-3 Cav3; Striated muscle Formation of caveolae, eNOS regulation Loss of caveolae, cardiomyopathy, cardiac (Woodman et al,
hypertrophy, 2002)
Cavins
PTRF; BBP; . . .. . . .
. Muscle & non- Scaffolding and formation of caveolae at the  Loss of caveolae, dyslipidemia, reduced (Hill et al., 2008; Liu
Cavin-1 Cav-p60; . . .
Cavin muscle cells membrane adipose tissue, glucose intolerance etal,2008)
. SDPR; SDR; Muscle & non- Curvature of the membrane, deformation of Loss of caveolae, oyerexpressmn induces
Cavin-2 caveolae deformation and membrane (Hansen et al,, 2009)
PS-p68 muscle cells caveolae .
tabulation
. SRBC; Muscle & non- Budding of caveolae, intracellular transport, . (McMahon et al,
Cavin-3 PRKCDBP muscle cells aid in signalling Reduced Cav1 trafficking 2009)
Cavin-4 MURC Muscle cells Muscle specific, structural function Cav3 dysfunction (Bastiani et al., 2009)

VIP: Vesicular integral membrane protein; PTRF: Polymerase I and transcript release factor; BBP: BFCOL1-binding protein; SDPR: serum deprivation

protein response; SDR: serum deprivation response; SRBC: sdr-reulated gene product that binds to c-kinase; PRKCDBP: protein kinase c, delta

binding protein; MURC: muscle restricted/related coiled-coil protein. Adapted from (Insel & Patel, 2007; Bastiani & Parton, 2010; Hansen & Nichols,

2010).
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1.9.4 Caveolae function in endothelial cells

Caveolae are enriched with various signalling proteins (Fig 1.10), which help
to shed light onto the various functions caveolae and their coat proteins have in endothelial
cells. These functions include cholesterol transport, eNOS and vascular reactivity,

reduction/oxidation signalling, and mechanotransduction.

r.Cav 1
r(:av 2

@ cavin-1
cavin-2

Figure 1.10. Signalling proteins enriched in endothelial caveolae. Cav-1: caveolin-1; Cav-2: caveolin-
2; TRPC: transient receptor potential channel; GPRC: G-protein-coupled-receptors; G
heterotrimeric G protein; TRPV4: TRP cation channel subfamily V member 4; RTK: receptor tyrosine
kinase; TGFBRI/II: transforming growth factor-beta type | and Il receptors (adapted from (Sowa,
2012).

1.9.4.1 Cholesterol transport

Caveolae have been shown to be involved in the transcytosis of various
macromolecules including albumin (Ghitescu et al., 1986), iron transferrin (Soda & Tavassoli,
1984), chemokines (Ge et al., 2008), insulin (King & Johnson, 1985) and LDL (Ghitescu et al.,
1986). Using cholesterol disrupting agents, Zhang et al., (2008) demonstrated that the
oxidised LDL scavenger receptors CD36 and SR-B1 are localised in the caveolae. In addition,
Cav1” (caveolin-1 knockout) mice display an increase in plasma triglycerides along with
reduced LDL secretion and increased HDL levels (high density lipoprotein) (Frank et al.,
2008). This was reported to be due to reduced LDL transcytosis, suggesting caveolae play a

crucial role in both the uptake and the regulation of LDL transport. The transport and
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entrapment of LDL to the sub endothelium is thought to be one of the first steps in the
development of atherosclerosis. Indeed, double Cavl‘/'/Apoe‘/‘ mice demonstrate reduced
adhesion molecule expression (Frank et al., 2004), leukocyte adhesion (Engel et al., 2011)
and atherogenesis compared to Apoe'/' mice. All of which is only reversed when endothelial
Cavl is re-expressed (Fernandez-Hernando et al.,, 2010). The development and

consequences of atherosclerosis are discussed in Section 1.4.

1.9.4.2 eNOS and vascular reactivity

As previously discussed in Section 1.5.3, the binding of Cavl is generally shown to
suppress eNOS activity, since Cavl 7" mice exhibit increased basal NO release and cyclic
guanosine monophosphate production (Drab et al., 2001; Razani et al., 2001). Interestingly,
Yu et al., (2006) demonstrated that Cavl 7 mice presented with reduced blood flow in
response to vascular shear stress, but displayed no change in lumen diameter. They also
showed an increase in vessel wall thickness and cellular proliferation compared to controls.
The reconstitution of Cavl into the vessels ablated the response, suggesting that eNOS is
unable to localize in the caveolae, resulting in impaired response to shear stress. Therefore,
not only is Cavl important in the regulation of eNOS but its location in the caveolae is
essential.

Despite their increased eNOS activity and NO production, and reports of reduced
myogenic tone (Albinsson et al., 2007), Cavl” mice seem to have no change in mean
arterial blood pressure (Desjardins et al., 2008; Rahman & Sward, 2009). Insel and Patel
(Insel et al., 2007) suggest this may be due to compensatory mechanisms from the long-
term loss of Cavl or due to the plasticity of the vasculature. They suggest that knockout
mice may not be overly physiologically relevant in this context and suggest alternative
methods such as siRNA. Recently, Bernatchez et al., (2011) knocked down Cavl with the
peptide cavnoxin that targets the scaffolding domain of Cavl that binds to eNOS, and
demonstrated reduced vascular tone and blood pressure in control mice but not in Cav1” or
eNOS”" mice. Conversely, there have been reports of Cavl” mice with pulmonary
hypertension (Zhao et al., 2009), in which an over active eNOS leads to the reduction of
protein kinase G (PKG) activity. Interestingly, this reduction was abrogated in the double

Cavl'/'/eNOS'/' mice, demonstrating the unique regulation of eNOS by Cavl.
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1.9.4.3 REDOX signalling

Nox, known to be the predominant source of ROS (Griendling et al., 2000; Touyz,
2004; Ray & Shah, 2005), has seven isoforms; Nox-1, -2 and -4 are the most well described
in the vasculature. In 2007, Yang and Rizzo (Yang & Rizzo, 2007) demonstrated that Nox
subunits may be preassembled and functional in caveolae. Via western blotting, they
demonstrated that Nox subunits are localized in the same light buoyant density membrane
factions as Cavl. Using both the crude method of depletion of membrane cholesterol with
methyl-B-cyclodextrin (MBCD) and an isoluminol assay, they demonstrated that via TNFa or
Ang Il stimulation ROS production was increased in raft membranes. Milovanova et al.,
(2008) have also shown that cessation of shear flow in order to mimic ischaemia, increased
ROS production via Nox-2 in lungs and endothelial cells and that this was reduced in Cav1”
mice. However, Cavl” mice also demonstrate similar production of ROS via Nox-2,
compared to wild type mice following thrombin treatment. This suggests that in this setting
caveolae serve as a sensor of altered shear and that reduced Nox activity may be due to
reduced membrane depolarization. Along with regulating eNOS, which is also a ROS
generating enzyme, these studies suggest caveolae may in addition regulate ROS production

through Nox.

1.9.4.4 Mechanotransduction

Differing mechanical forces are shown to have varying impacts on caveolae. Laminar
or HSS has been shown to increase caveolae number in cultured bovine aortic endothelial
cells exposed 10 dyn/cm? for 1 hr (Park et al., 1998) and 1 & 3 days at 19 dyn/ cm? (Boyd et
al., 2003), compared to static conditions. Conversely, Sinha et al.,, (2011) showed that
endothelial cells exposed to stretch via osmotic swelling demonstrate a significant reduction
in the number of caveolae at the cell surface. Interestingly, they demonstrated that this was
not due to an increase in endocytosis but rather a flattening and disassembling of caveolae
(Sinha et al., 2011). Conversely, Albinsson et al., (2007) demonstrated that Cavl initiates
downstream signalling in response to shear but not pressure or stretch. Perhaps in
endothelial cells, caveolae act as mechanosensors to shear flow in order to elicit a cascade

of events that promote NO production and vasodilation, but in response to stretch they
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instead elicit a structural response. As flattening is such an inherent property of caveolae, it
has been proposed that this is a quick cell survival mechanism, creating a greater cell
surface area (Parton & del Pozo, 2013). This is in line with other reports highlighting
caveolae as membrane reservoirs (Sens & Turner, 2006; Sinha et al., 2011).

It has been shown that upon flattening, caveolar scaffolding proteins are
disassembled and released into the plasma membrane (caveolin) and cytosol (cavin) (Sinha
et al.,, 2011). However, it is still unclear the purpose of disassembling, aside from the
conformational change. Whether this leads to compensatory signals to promote caveolae

biogenesis due to their reduced number remain to be seen.
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1.10 Inflammation-Induced Hypertension

Alterations in the immune system have long been implicated in the genesis of
hypertension (White & Grollman, 1964), and more recently studies from David Harrison’s
laboratory (Guzik et al., 2007; Marvar et al., 2010) using genetically modified mice have
strengthened the concept that hypertension has an immunologic basis. They demonstrate
mice lacking lymphocytes (Ragl'/'; recombination activating protein) are resistant to
hypertension induced by Ang Il, DOCA-salt, or noradrenaline. They also show that after the
adoptive transfer of T cells but not B cells, Ang ll-induced hypertension in Ragl'/' mice was
completely restored. Furthermore, they subsequently show that Ang II, DOCA-salt, or
noradrenaline also promote T cell activation and accumulation. Since these seminal papers,
other studies have moved this concept forward and shown that immune deficient mice are
protected against hypertension (Crowley et al., 2010) and that T regulatory cells prevent
Ang II- (Barhoumi et al., 2011; Matrougui et al., 2011) and aldosterone- (Kasal et al., 2012)
induced hypertension.

Monocytes have also been shown to take part in Ang ll-induced hypertension
(Wenzel et al., 2011). Via selective ablation, studies have demonstrated a loss of lysozyme
M-positive monocytes reduced not only the number but their infiltration into the vascular
wall. In addition, M-CSF”" mice have not only reduced Ang ll-induced high blood pressure
but also reduced endothelial dysfunction, vascular remodelling and oxidative stress (De
Ciuceis et al., 2005). Neutrophils have also been shown to regulate blood pressure, where
Morton et al., (2008) show that neutropenia resulted in hypotension via regulating vascular
tone. While there is much focus on the role of immune cells and inflammatory cells in the
pathogenesis of hypertension this thesis focuses on whether conversely, hypertension plays

a role in the aetiology of inflammation.
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1.11 Hypertension-Induced Inflammation

Recent reports suggest that hypertension-induced endothelial dysfunction involves
low-grade inflammation that can progress into hypertension-induced atherosclerosis and
several cardiovascular complications. This comes as no surprise as these conditions are
commonly co-correlated and have similar risk factors (i.e. age, obesity, diet, diabetes,
smoking) resulting in vascular remodelling and dysfunction. Indeed, inflammatory markers
that are reportedly upregulated in hypertensive patients such as TNFa, C-reactive protein
(Schillaci et al., 2003), IL-6, IL-1b and Ang Il (Boos & Lip, 2006; Savoia & Schiffrin, 2006;
Androulakis et al., 2009) are also involved in the initial stages of atherosclerotic plaque
development and the adhesion cascade (see Section 1.4.1).

By contrast, other animal studies have shown a relationship to exist between high
intraluminal pressure and plaque development. Indeed, in Apoe'/' mice with eNOS ablation
induced hypertension (Knowles et al., 2000b), enhanced atherosclerotic plaque size is
observed compared to control Apoe'/' mice. The authors have suggested that this finding
may be due to the increased pulse pressure, turbulent flow and stretch exerted on the
vessels as well as the reduced NO production. Using Apoe'/' mice with high blood pressure
induced via renal artery clamping, Mazzolai et al., (2004) demonstrated that an endogenous
increase in Ang |l elicited an increase in unstable plaques, as evidenced by thinning of the
fibrous cap, an increased lipid or necrotic core, elastic lamina fragmentation and media
atrophy. Furthermore, they show this process was greatly mediated by activation of
proinflammatory lymphocytes. Wu et al., (2002) also show that Apoe'/' mice with aortic
constriction induced-hypertension also develop cardiac dysfunction. In particular, the
atherosclerotic plaque forms proximal to the constriction and is independent of the RAS.

This effect is also seen in clinical studies in which essential hypertensive patients
demonstrate increases in ICAM-1, VCAM-1 and E-selectin in their serum following a cold
pressor test (Buemi et al., 1997). Furthermore, studies show that with stenosis of rabbit
aorta, the induction of hypertension causes monocyte adhesion to be increased only in the
region proximal to the stenosis (Tropea et al., 1996), which is where the highest oscillatory
shear stress occurs. While it is clear that high intraluminal pressure results in leukocyte

adhesion and atherosclerotic development, the exact mechanisms and pathways are still
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unclear although various studies have implicated all the factors described above including

ROS production, NFkB activation, endothelin-1, and the RAS.
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1.12 Summary

The aetiology and progression of hypertension involves various endogenous
systems, namely the endothelium, the RAS and the SNS. More recently great interest has
focussed around the role of immune cells. Interestingly, many studies suggest that it is these
systems that cause the progression of essential hypertension to CAD. However, there is
increasing interest that high blood pressure in itself may play a role, exerting downstream
signalling in the endothelium. Haemodynamic forces, caveolae, arginase, eNOS, and ROS
and NFxB are all suggested signalling mechanisms involved in hypertension-induced

inflammation and are explored in this thesis.
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1.13 Scope of Thesis

To test the hypothesis that high pressure per se can induce inflammation, | have
used a customised perfusion vessel chamber (Michell et al., 2011b) to assess, in real time,
leukocyte adhesion to the endothelium at differing pressures under flow conditions, in
endothelium intact vessels and using whole blood. | have also evaluated intracellular
signalling pathways in the endothelium that contribute to this process, and show that
caveolae play a critical role in this process, producing ROS and activating NFxB. Finally, |
have demonstrated that high blood pressure increases plaque instability in a newly

developed hypertensive atherosclerotic mouse model.
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2.1 In Vitro Techniques

2.1.1 Cell culture

2.1.1.1 HUVECs:

Human umbilical vein endothelial cells (HUVECs; Lonza, #C2517A) were cultured in
EGM-2 media (Lonza, #CC-3162) with antibiotics-antimycotics (0.1x; Gibco, #15240) and

maintained in tissue culture polystyrene flasks; passages 3-6 were used.

2.1.1.2 Transformed H5V:

Transformed H5V cells (a gift from Dr Marie-Odile Parat, University of Queensland),
derived from mouse embryonic heart endothelium, contained either a lentivirus with shRNA
to caveolin 1 (H5V Cavl KD) or scrambled shRNA (H5V Scr). These cells were maintained in
DMEM/F12 media with 5% foetal bovine serum (FBS) and 2 pg/ml puromyocin
dihydrochloride (Sigma, #P8833).

2.1.1.3 THP-1:

The human acute monocytic leukaemia cell line THP-1 (ATCC, TIB-202) was cultured
in RPMI growth medium (Invitrogen, #21870-076) with 10% FBS, 1% penicillin/streptomycin
(2x), 1% sodium pyruvate (100x; Gibco, #11360), 1% non essential amino acids (100x; Gibco,
#1140-050), and 55 uM B-mercaptoethanol (Gibco, #21985-023). To determine total
number per flask the non-adherent cells were spun down at 22°C, 1400 RPM for 5 min, they
were then resuspended in 1 ml of media and counted using a haemocytometer. Cells were
counted according to the following: Cells/ml = # cells counted/# large squares counted x 10*

x dilution factor. All cells were kept at 37°C with 5% CO, where media was replenished every

48 hr.
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2.1.2 Pressurising endothelial cells

This methodology was developed and optimised as part of this candidature. A
monolayer of HUVECs or transformed H5V cells were plated on 25 mm round glass
coverslips (Warner Instruments Inc., #64-0705) coated with Collagen | (BD Biosciences,
#354236). Once confluent, they were placed in a stainless steel sealed chamber (Penn
Century Co.) connected to pressure transducers and a pressure servo controller (Living
Systems). The chamber was placed on a temperature controlled platform maintained at
37°C with Krebs modified buffer (NaCl 119, KCI 4.7, MgSO4¢7H,0 1.17, NaHCO; 25, KH,PO4
1.18, CaCl, 2.5, glucose 11 and EDTA 0.03 mmol/L) maintained at physiological pH by
infusing carbogen gas (95% 0,; 5% CO,) at 37°C: and pressurised. Cells were either
unpressurised (control), pressurised at 0, 60, 80 or 120 mmHg for 1 hr and used for
assessment of reactive oxygen species production (section 2.1.3), or snap frozen for nucleic
acid or protein extraction (section 2.3). Controls (no pressure) were used in the cell setup as
the cells pressurised at 0 mmHg occasionally demonstrated varying ‘activated’ responses

therefore it was necessary to have completely ‘no intervention’ controls for comparison.

2.1.3 Measurement of reactive oxygen species in pressurised

endothelial cells

HUVECs were setup in the pressurised sealed chamber as described (section 2.1.2).
The chamber was placed under a fluorescent upright Olympus microscope (BX51) coupled
to a digital camera. Production of ROS was determined using either 2,7-dichlorofluorescein
(DCFH; Sigma, #D6883) or the more sensitive hydrogen peroxide indicator Peroxyfluor-6
acetoxymethyl ester (PF6-AM; a gift from Christopher Chang; Dickinson et al., 2011). Cells
were perfused with Krebs modified buffer (1 ml/min) with either DCFH (5 uM) or PF6-AM (5
uM) for 30-60 min for stabilisation. Following stabilisation, pressure (0 — 120 mmHg) was
applied for 1 hr followed by 30 min of no pressure. From the start of perfusion, images were
acquired every 10 min using the Zeiss Axiovision software and stored for offline analysis.
Fluorescence intensity was determined using Imagel) 1.47g and data was expressed as %
change in intensity compared to the average of the last three images during the stabilisation

period.
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2.1.4 Adhesion assay under static conditions

Confluent H5V transformed cells on glass coverslips were either untreated (control),
or stimulated with mTNFa (4hrs, 5ng/ml). Following treatment, 3 x 10° per 2 cm? surface
area of THP-1 cells were added to the endothelial cells and incubated at 37°C with 5% CO,
for 2 hrs. Coverslips containing endothelial cells and adhered THP-1 cells were then placed
into 4% formaldehyde overnight at 4°C. Coverslips were mounted face down onto slides
with a drop of mounting media (Dako), slides were then allowed to set overnight at room
temperature. A minimum of three images were taken per slide using 4x magnification on a
FSX100 Olympus microscope with accompanying software. Analysis was done using Image)
1.47g. Results were expressed as the % of adhered THP-1 cells per field compared to H5V

Scr controls.

2.2 Experimental procedures involving animals

All experiments involving humans and animals were approved by the Alfred Hospital
Ethics Committee and the Alfred Medical Research and Education Precinct Animal Ethics
Committee, which adhere to the National Health and Medical Research Council (NHMRC)
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Ethics
approval numbers for this thesis are: E/1062/2011/B, E/1111/2011/B, E/1315/2013/B,
E/1265/2012/B, 397/09. All animals were housed at AMREP Animal Services Pty Ltd located
at the AMREP precinct with a 12-hour light cycle and unrestricted access to water and
standard chow. Male 10 week old Sprague Dawley rats, 8-10 week old C57BL/6 and
caveolin-1 knockout (Cavl'/'), 8-10 week old Apoe'/' and BPHx Apoe'/' mice were used in the
studies described within this thesis. Cav1” mice were backcrossed to a C57BL/6 genetic

background as previously described (Fu et al., 2012).

2.2.1 Pressurising carotid arteries

This methodology was developed and optimised as part of this candidature and has
been published (Michell et al., 2011b); Chapter 3). This methodology describes vessels that

were pressurized under no flow during incubation. The purpose of these experiments was
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to observe the effect of pressure alone on leukocyte adhesion. As such standard flow rate (1
ml/min) was used for both pressure values. The effect of different shears was then observed

later in vessels exposed to the same pressure.

10-week-old Sprague Dawley rats were euthanized via 100% CO, asphyxiation. Left
and right common carotid arteries, aorta and heart were excised and placed in ice-cold

Krebs buffer.

2.2.1.1 Shear stress in rat carotid arteries

This technique was developed and optimised as part of this candidature. The shear
stress exerted on the vessels was mathematically estimated using Hagen-Poiseuille’s
equation: T = 4nQ/nr3; T = shear stress (dyn/cmz); n = viscosity (poise); Q = flow (ml/sec);
and r = radius (cm). Viscosity of the labelled whole blood was assumed to be 0.035 poise
(Ibrahim et al., 2003). To determine the radius of a vessel, snap shot images of carotids
pressurised to 120 mmHg were acquired using the Zeiss Axiovision software at 160x
magnification followed by a scale captured at the same magnification. At the standard flow
rate (100 pl/min) shear stress was calculated at 1.67 dyn/cmz, equivalent to LSS. The vessels
were then subjected to LSS during incubation and perfusion of the blood. In order to subject
vessels exposed to the same pressure to HSS the flow was increased to 1 ml/min (16.7

dyn/cm?) during both incubation and perfusion of blood.

2.2.2 Stimulated mouse aorta for ex vivo vessel chamber

8-10 week old mice were euthanized via 100% CO, asphyxiation. Aorta and heart
were gently excised and placed in ice-cold Krebs buffer. The aorta was cleaned, placed in 2
ml Krebs buffer with or without mTNFa (5ng/ml) and incubated for 4 hours at 37°C, in 5%
CO,. Following incubation, vessels were mounted on the vessel chamber primed with Krebs

buffer maintained at physiological pH by infusing carbogen gas (95% O,; 5% CO,) at 37°C.
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2.2.3 Leukocyte adhesion in ex vivo vessel chamber

Following 1 hr pressure incubation or 4 hr TNFa stimulation, heparinised (30 units)
human whole blood was fluorescently labelled with Dil (1:1000; Invitrogen, #V-22885) and
perfused (100 pl/min) through mounted vessels for 10 mins. Two separate fields were
visualised at 1, 3, 5, 7.5 and 10 min, and 15 second recordings were acquired using the Zeiss
SteREO Discovery V.20 fluorescent microscope coupled to a digital camera and controller
(Hamamatsu Corp) and Zeiss Axiovision Rel. 4.8. Leukocyte adhesion was quantified by the
number of cell to vessel wall interactions per field of view. Previous experiments in the lab
demonstrate no changes in adhesion comparing blood from different species or donors

(Woollard et al., 2008).

2.3 Extraction of nucleic acids and protein

2.3.1 Homogenizing vessels for RNA

This technique was developed and optimised as part of this candidature. Using the
Micro-Dismembrator S (Sartorius, BBI-8531722), vessels were placed in shaking flasks with a
grinding ball kept on liquid nitrogen. 300 pl of an acid phenol guanidine isothiocyanate
solution (TRIzol; Invitrogen, #15596) was added to each vessel and the flasks sealed. The
flasks were shaken at 2,000 RPM for 30 sec. Homogenized vessel powder was stored at

-80°C until RNA isolation.

2.3.2 Homogenizing cells for RNA

Following washing with cold PBS (phosphate buffered saline), cells were lysed when
300 ul of TRIzol was added per 10 cm? surface area of cells. Cells were then resuspended

several times and stored at -80°C until RNA isolation.

2.3.3 RNA isolation

RNA was isolated with TRIzol according the method by Chomczynski and Sacchi in

1987 (Chomczynski & Sacchi, 1987). The RNA was separated using a chloroform phase
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separation method in which RNA is found in the aqueous phase, and proteins and DNA in
the organic and interphase, respectively. RNA was then precipitated with isopropanol.
Samples in 300 pl TRIzol were thawed on ice and incubated for 5 min at room
temperature to dissociate the nucleoprotein complexes. Chloroform (60 pl) was added and
samples were vigorously shaken for 15 sec and then incubated at room temperature for 3
min. Samples were spun at 12,000 g for 15 min at 4°C to separate the phases. 150 pl of
isopropanol was added to the aqueous phase and the samples were mixed and incubated at
room temperature for 10 min. After centrifugation at 12,000 g for 10 min at 4°C the
supernatant was removed and 75 % ethanol was added to the pellet. Samples were
vortexed and centrifuged again at 7,500 g for 5 min at 4°C. The supernatant was removed
and the pellets left to air dry for 10 min. RNA was then dissolved in 20 pl of warm (60°C)
ultra-pure water and heated at 60°C for 10 min. Samples were spun down and measured for
total RNA quantity and purity using the NanoDrop 2000 spectrophotometer (Thermo

Scientific).

2.3.4 DNase treatment of RNA

To remove any remaining genomic DNA in the total RNA, the sample (2 ug made up
to a final volume of 16 ul with RNase free water) was treated with 2 pl of DNase (Promega,
#M610A) and 2 ul DNase 10 x reaction buffer (Promega, #M198A). Following 45 min
incubation at 37°C, 2 ul of DNase stop solution (Promega, #M199A) was added to each
sample to stop the reaction. Samples were incubated at 65°C for 10 min to inactivate the

DNase.

2.3.5 First-strand cDNA synthesis from RNA

1 ul of random primer (Promega, #C1181) was added to the total DNase treated RNA
(16 ul). Samples were mixed and spun down, heated at 70°C for 5 min and then chilled on
ice for a minimum of 5 min. A reaction mix containing 8 ul 5x first strand buffer (Promega,
#M531A), 2 ul dNTP mix (Promega, #U1511), 1 pl RNase (Promega, #N2111), 5 ul ultra-pure

water and 1 pl M-MLV reverse transcriptase (Promega, #M1705) was added to each sample.
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The contents were mixed and collected by brief centrifugation and then incubated at 37°C

for 60 min. cDNA (40 ng/ul) was stored at -20°C.

2.3.6 Protein extraction from tissue

Tissues were manually ground in a hand-held tissue grinder (Kimble Chase, 885480-
0020) over liquid nitrogen. Lysis buffer (100 pl): 10 mM Tris pH 7.4, 0.1 M NaCl, 1 mM EDTA,
1 mM EGTA, 20 mM Na4zP0O7, 2 mM NazV0O,, 0.1% SDS, 0.5% sodium deoxcholate, 1% triton x
100, 10% glycerol, with one complete mini EDTA-free tablet (Roche, #04693159001), and 1
mM of PMSF (phenylmethylsulfonyl fluoride; Sigma, #P7626) was added to each sample.
Samples were vortexed and sonicated on ice at 20% intensity for 3 sec. Following 30 min
incubation on ice, samples were spun at at 12,000 g at 4°C for 20 min. The supernatant was

collected and stored at -20°C.

2.3.7 Protein extraction from cultured cells

After washing with cold PBS, 70 pl of lysis buffer was added per 10 cm? surface area
of cells. Cells were scraped, vortexed, and sonicated at 14% intensity for 3 sec on ice. They
were incubated on ice for 30 min and centrifuged at 12,000 g for 20 min at 4°C. The

supernatant was collected and stored at 20°C.

2.3.8 Protein determination

To determine the total protein in each sample a colourimetric assay (Bio-Rad, 500-
0007), based on the Lowry assay (Lowry et al., 1951), was used. An alkaline copper tartrate
solution (25 ul) was added to each sample and bovine serum albumin (BSA) dilution
standards (5 pl) in a 96-well plate. A dilute Folin reagent was then added (200 pl) and the
plate was incubated for 15 min at room temperature. Absorbance was read at 750 nm on a
spectrophotometer. Sample protein concentration was then determined from a standard
curve. Lysates were then used for eNOS monomer:dimer expression (section 2.5.1) or

arginase activity (section 2.6).
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2.4 Real time quantitative PCR

Reverse transcribed cDNA from each sample was used for PCR (polymerase chain
reaction) amplification with specific primer pairs for certain genes (Table 2.1). Reaction
volume for each sample consisted of 2 pl cDNA, 0.045 pl forward primer, 0.045 pul reverse
primer, 5.41 pl ultra-pure water, and 7.5 pl SYBR mix (Roche, #14551800). Samples were
then run for the gene of interest and the housekeeper (mouse and human: 18s, rat: Rplp1)
under the following cycling conditions: holding stage 95°C for 10 min; cycling stage 95°C for
10 sec, 60°C for 30 sec; continuous melt curve stage 95°C for 15 sec, 60°C for 1 min, 95°C for
15 sec, 60°C for 15 sec. Expression of the gene of interest was calculated using comparative

Cr (AAC;) method normalised to the housekeeper.
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Table 2.1. Primers for PCR

Species Target Primer sequences (5’ — 3’)
Fwd: GCCGCTAGAGGTGAAATTCTTG
Human 18s
Rev: CATTCTTGGCAAATGCTTTCG
Fwd: GCTGGAGCTGTTTGAGAACAC
Human ICAM-1
Rev: CAAGTTGTGGGGGAGTCG
Fwd: TTCTGTGCCTGCTGCTCAT
Human MCP-1
Rev: GGGGCATTGATTGCATCT
Fwd: CTGGTGGTCCTGCTCCAT
Rat Rplpl
Rev: TGTCATCCTCGGATTCTTCA
Fwd: GCAGACCACTGTGCTTTGAG
Rat ICAM-1
Rev: TCCAGCTCCACTCGCTCT
Fwd: AGCATCCACGTGCTGTCTC
Rat MCP-1
Rev: ATCATCTTGCCAGTGAATGAG
Fwd: TGACCCTCACCGATACAACA
Rat eNOS
Rev: ATGAGGTTGTCCGGGTGTC
Fwd: CCGCAGCATTAAGGAAAGC
Rat Arginase |
Rev: CCCGTGGTCTCTCACATTG
Fwd: CTAGTGAAGCTGCGAACGTG
Rat Arginase Il
Rev: GCCCTAGCAGAAGCAGCTC
Fwd: AATCCCCCGCAGTGTAAAG
Rat P-selectin
Rev: GGGTGTGTACAGTCCATGGTT
Fwd: TTGACGGAAGGGCACCACCAG
Mouse 18s
Rev: GCACCACCACCCACGGAATCG
Fwd: CCCACGCTACCTCTGCTC
Mouse ICAM-1
Rev: GATGGATACCTGAGCATCACC
Fwd: TCTTACCTGTGCGCTGTGAC
Mouse MCP-1
Rev: ACTGGATCTTCAGGGAATGAGT
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2.5 SDS-PAGE and Western blotting

For separation of the proteins, samples were run on a cold SDS-PAGE gel at 0.02
amps at 4°C. They were then transferred onto a PVDF membrane overnight at 15 volts at
4°C. Following washing with TBS (tris buffered saline) and blocking with 3% skim milk for 1
hr, the membrane was incubated with either the primary antibody or the housekeeper
antibody and incubated on a shaker (20 rpm) overnight at 4°C. The primary antibody was
then washed off with TBST (TBS and 0.1% tween20; Sigma, #P5927) 4 times (10 min each)
and the membranes were incubated with the secondary antibody on the shaker (60 rpm) for
1 hr at room temperature. The secondary antibody was removed via washing with TBST 4
times (10 min each). Luminol and oxidising chemilumescence solutions (VWR International,
#RPN2106) were added (1:1 ratio) and incubated at room temperature in the dark for 1 min.
Chemiluminescence was detected by exposure to Amersham Hyperfilm ECL
chemiluminescence films (GE Healthcare, #28906839). Bands were then quantified using

densitometry by Imagel) 1.47g

2.5.1 eNOS monomer:dimer

To separate any weak disulfide bonds, samples (20-30 ug protein) were thawed on
ice prior to incubation at room temperature for 5 min. Samples were run on a 6% SDS-PAGE
gel. Membranes were incubated with the primary antibody with either eNOS (1:10,000; BD
Transduction, #610297) or B-actin antibody (1:2000; Cell Signaling Technology, #4970) in 1%
BSA. Samples were then incubated with the secondary antibody for either eNOS (anti-
mouse; 1:2000; Biorad, #170-6516) or B-actin (anti-rabbit; 1:1000; Biorad, #170-6515) in 3%

skim milk. Results were expressed as a ratio of monomer to dimer.

2.6 Arginase Activity Assay

This assay was developed and optimised as part of this candidature. Arginase
catalyses L-arginine to L-ornithine and urea. This colourimetric assay measures the amount

of urea produced as directly proportional to arginase activity.
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Arginase activity was determined by measuring the arginase dependent production
of urea by spectrophotometry as previously described (Corraliza et al., 1994; Demougeot et
al., 2005). Briefly, rat carotid lysates were added to Tris HCl (50 mM, pH 7.4) and 10 mM
MnCl,. Arginase was activated by heating the samples for 10 min at 56°C. 100 ul of L-
arginine (0.5 M, pH 9.7) was added to the samples for 60 min with shaking at 37°C to
hydrolyse the substrate. The reaction was stopped with the addition of 800 ul of acidic
solution (H2SO4:H3P04:H20 = 1:3:7). 50 ul of a-Isonitrosopropiophenone (Sigma, #220094;
9% absolute ethanol) was added and samples were incubated 45 min at 100°C to
colourimetrically determine the urea production. Samples were placed in the dark for 10
min and read on a spectrophometer at 540 nm. Arginase activity was determined by the
amount of urea production using a urea standard curve and expressed as nmol of urea/mg

of protein/min.

2.7 Histology

Following one hour of continuous pressure, rat carotids were perfused with
paraformaldehyde (4%) under pressure. Vessels were then removed from the chamber and
cut into two-three segments and frozen in optimal cutting temperature embedding
compound in liquid nitrogen and stored at -80°C. The ends of the vessels attached to the
cannula were discarded. Using a cryostat (Zeiss 102717 Microm HM 550) 6 um sections
were cut and 3 sections (30 um apart) were placed on the slide with 10 slides per vessel.
Slides were then processed for Duolink staining (section 2.7.1) or immunofluorescence of

Cavl and cavin-1 (section 2.7.2.1).

2.7.1 Duolink

This technique was developed and optimised as part of this candidature in
collaboration with Rob Parton and Harriet Lo (Institute for Molecular Bioscience, University
of Queensland). Duolink® is an in situ proximity ligation assay (PLA) that detects endogenous
protein interactions, in which a pair of highly specific target secondary antibodies (PLA
probes) bind to proteins in close proximity as described previously (Thymiakou & Episkopou,

2011).
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Slides containing 6 um sections of rat carotid arteries were soaked in PBS. Once dry,
paraffin circles were drawn around each section. One drop of blocking solution (0.2% BSA,
0.2% fish skin gelatine; FSG) was added for 15 min to cover each frozen section. Blocking
solution was aspirated and samples were incubated in a pre-heated humidity chamber for
30 min at 37°C following the addition of the following primary antibodies: Cav1 (1:200; BD,
#610407) and Cavin 1 (1:150; made in Parton laboratory) for Duo positive slides, and Cavl
(1:200) only for Duo negative slides. Sections were then placed back in the humidity
chamber overnight. Slides were aspirated and washed twice for 5 min with TBST. Secondary
antibodies conjugated with the PLA probes (Olink Bioscience, minus: 82024, plus: 82022)
were added (1:5) and slides were incubated in the humidity chamber for 1 hr at 37°C. The
secondary antibody was then tapped off and slides were washed again twice for 5 min with
TBST under gentle agitation. To join PLA probes in close proximity, a ligase solution (Olink
Bioscience, 92007-0100) containing two oligonucleotides was added to each section and
incubated for 30 min at 37°C. The ligase solution was then tapped off and slides were
washed twice for 2 min with TBST under gentle agitation. To fluorescently assess the
binding of the PLA probes, an amplification/polymerase solution was added to each section
and incubated in the humidity chamber for 100 min at 37°C. Slides were washed in TBS
twice for 10 min followed by 1 min in 0.01x TBST. Slides were then left to dry at room
temperature in the dark. All slides were aspirated and DAPI stain (4',6-diamidino-2-
phenylindole; 1:500, Invitrogen, #D21490) was added and incubated for 10 min. Slides were
then rinsed in distilled water and coverslips were mounted in mowiol (Sigma, #D2522)
mounting medium. Slides were dried overnight at room temperature and then stored at 4°C

before imaging.

2.7.2 Immunofluorescence
2.7.2.1 Caveolin 1 and Cavin 1

Slides were soaked in PBS and once dry, paraffin outlines were drawn around each
section. Blocking buffer (0.2% BSA, 0.2% FSG in PBS) was added to each section and
incubated at room temperature for 15 min. One section from each slide was aspirated and
the primary antibody mix (30 pl) consisting of Cavl (1:200), Cavinl (1:150) and the blocking

solution was added. After incubating overnight at 4°C, slides were washed 3 times for 5 min
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with PBS. Secondary antibody mix (30 pl) was added to all sections consisting of alexa fluor®
anti-mouse 488 (1:500; Invitrogen, #A11029), alexa fluor® anti-rabbit 555 (1:500; Invitrogen,
#A21429) and blocking solution. Following 30 min incubation at room temperature, sections
were then washed 3 times for 5 min in PBS. All slides were aspirated and DAPI stain (1:500;
Invitrogen, #D21490) was added and incubated for 10 min. Slides were then rinsed in
distilled water and coverslips were mounted. Slides were dried overnight at room

temperature and then stored at 4°C before imaging.

2.7.2.2 NFkB

This technique was developed and optimized as part of this candidature. HUVECs
were treated for 30 mins with either TNFa (5 ng/ml) or pressurised to 0, 120 mmHg and
then fixed in 4% formaldehyde for 15 min at room temperature. Cells were blocked for 1 hr
in PBS (0.3% TritonX100, 5% normal rabbit serum) at room temperature and then incubated
overnight at 4°C with the primary antibody (1:50; NFkB; Cell Signaling Technology, #8242) in
PBS (0.1% tween20, 0.1% BSA). Cells were washed with PBS 3 times for 5 min and incubated
for 1 hr at room temperature with the secondary antibody alexa fluor® 546 (1:500;
Invitrogen, #A11035) in PBS (0.1% tween20, 0.1% BSA). After three further 5 min washes in
PBS, cells were counterstained and mounted in DAPI mounting medium (5 pl; Invitrogen,
P36935). Using a Nikon AR1 confocal microscope (Monash Microimaging) a z-stack image
was recorded from three separate fields of view for each sample. Analysis of both cytosolic
and nuclear fluorescence, were conducted by thresholding each z-stack for each slice using
Fiji 1.47t and measured according to the following equation: (integrated density/area)-

background.

2.8 Electron microscopy of rat carotid arteries

Pressurised rat carotids were fixed with 100 mM cacodylate buffer pH 7.4 containing
2.5% glutaraldehyde. They were cut into 1 mm thick segments and washed 3 times for 10
min in 100 mM of fresh cacodylate buffer and stored at 4°C. Segments attached to the

vessel chamber cannulas were discarded. Samples were fixed in a biowave at 150 watts (20
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seconds on, 1 min off, 1 min on), rinsed in 100 MM sodium cacodylate and fixed with 1%
osmium tetroxide in 100 mM cacodylate buffer (2 mins on, 2 min off, 2 min on and 80
watts). Following a water rinse samples were dehydrated in acetone followed by epon resin
infiltration at 250 watts. Samples were incubated overnight at 60°C to polymerize the resin.

Sectioning was undertaken on a Rechert Ultracut S ultramicrotome at Monash Micro
Imaging BioEM facility, Monash University. The epon block was trimmed and 70 — 90 nm
sections were cut using a Diatome 45° diamond knife. Sections were collected on 200
square mesh Copper-Paladium grids. Sections were stained with 2% uranyl acetate, washed
with distilled water and then stained with Reynold’s Lead Citrate solution for 5 min and

washed again. Sections were allowed to dry at room temperature.

2.8.1 Imaging caveolae

Using a transmission electron microscope (Hitachi H7500) (Monash Micro Imaging
BioEM, Monash University) images were captured at 60,000x magnification. Caveolae were
defined as 60-100 nm invaginations of the luminal membrane. Two fields from each cell
were counted using Imagel) with an average taken from a minimum of 25 cells per vessel.
Length of the plasma membrane was also quantified and results were expressed as the

number (#) of caveolae/length of luminal membrane (um).

2.8.2 Ruthenium red staining of caveolae

Pressurised rat carotids were fixed with 100 mM cacodylate buffer pH 7.4 containing
2.5% glutaraldehyde and 1 mg/ml of ruthenium red. Vessels were cut into 1 mm thick
segments with the ends discarded and the samples were washed 3 times for 10 min in 100
mM cacodylate buffer. Samples were osmicated for 3 hr in 100 mM cacodylate buffer pH
7.4 containing 15 osmium tetroxide and 1 mg/ml ruthenium red. Samples were washed 3
times for 10 min with 100 mM cacodylate buffer and stored at 4°C. Professor Rob Parton

(University of Queensland) then conducted the sectioning, imaging and analysis.
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Preface

Hypertension remains the leading biomedical risk factor for CAD. Interestingly, the
majority of research has focused on the causes of hypertension and their role in the
progression of atherosclerosis, the underlying cause of CAD. Animal models that have
investigated the effects of hypertension in atherosclerosis development and progression
(Tropea et al., 1996; Knowles et al., 2000b; Weiss et al., 2001; Mazzolai et al., 2004) have
shown that hypertension enhances atherosclerosis. However, these in vivo models are, by
their nature, influenced by all the systemic factors involved including various neurohumoral
signals (e.g. angiotensin Il) that also stimulate inflammation. As a result, it is difficult to
determine what role, if any, pressure per se plays. While some studies have assessed the
effect of high intraluminal pressure per se on vascular inflammation in vitro (Riou et al.,
2007), these experiments also had limitations, such as the injection of cultured monocytes
instead of the perfusion of whole blood, in addition to studying the systems under static
rather than real time, perfusion conditions. Therefore, in order to observe the direct effect
of pressure on vascular inflammation we developed an ex vivo vessel perfusion method that
enables visualisation of leukocyte adhesion in intact vessels under pressure in real time. This
method allows the examination of the direct role of high intraluminal pressure on vascular
inflammation in a physiological setting. This chapter forms a manuscript accepted for
publication by the Journal of Visualized Experiments entitled “Imaging leukocyte adhesion

to the vascular endothelium at high intraluminal pressure”.
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Worldwide, hypertension is reported to be in approximately a quarter of the population and is the leading biomedical risk factor for martality
worldwide. In the vasculature hypertension is associated with endothelial dysfunction and increased inflammation leading to atherosclerosis and
various disease states such as chronic kidney disease?, stroke? and heart failure?. An initial step in vascular inflammation leading to
atherogenesis is the adhesion cascade which involves the rolling, tethering, adherence and subsequent transmigration of leukocytes through the
endothelium. Recruitment and accumulation of leukocytes to the endothelium is mediated by an upregulation of adhesion molecules such as
vascular cell adhesion molecule-1 (VCAM-1), intracellular cell adhesion molecule-1 (ICAM-1) and E-selectin as well as increases in cytokine and
chemokine release and an upregulation of reactive oxygen species®. In vitro methods such as static adhesion assays help to determine
mechanisms involved in cell-to-cell adhesion as well as the analysis of cell adhesion molecules. Methods employed in previous in vitro studies
have demonstrated that acute increases in pressure on the endothelium can lead to menocyte adhesion, an upregulation of adhesion molecules
and inflammatory markers® however, similar to many in vitro assays, these findings have not been performed in real time under physiological flow
conditions, nor with whole blood. Therefore, in vivo assays are increasingly utilised in animal models to demonstrate vascular inflammation and
plague development. Intravital microscopy is now widely used to assess leukocyte adhesion, rolling, migration and transmigration™. When
combining the effects of pressure on leukocyte to endothelial adhesion the in vivo studies are less extensive. One such study examines the real
time effects of flow and shear on arterial growth and remodelling but inflammatory markers were only assessed via immunohistochemistry'?. Here
we present a model for recording leukocyte adhesion in real time in intact pressurised blood vessels using whole blood perfusion. The
methodology is a modification of an ex vivo vessel chamber perfusion model® which enables real-time analysis of leukocyte -endothelial adhesive
interactions in intact vessels. Our modification enables the manipulation of the intraluminal pressure up to 200 mmHg allowing for study not only
under physiological flow conditions but also pressure conditions. While pressure myography systems have been previously demonstrated to
observe vessel wall and lumen diameter'! as well as vessel contraction this is the first time demonstrating leukocyte-endothelial interactions in
real time. Here we demonstrate the technique using carotid arteries harvested from rats and cannulated to a custom-made flow chamber coupled
to a fluorescent microscope. The vessel chamber is equipped with a large bottom coverglass allowing a large diameter objective lens with short
working distance to image the vessel. Furthermore, selected agonist and/or antagonists can be utilized to further investigate the mechanisms
controlling cell adhesion. Advantages of this method over intravital microscopy include no involvement of invasive surgery and therefore a higher
throughput can be obtained. This method also enables the use of localised inhibitor treatment to the desired vessel whereas intravital only
enables systemic inhibitor treatment.

Video Link

The video component of this article can be found at http://www jove.com/details.php?id=3221

1. Isolating carotid arteries

Euthanase10 week old Sprague Dawley rats via CO2/O> asphyxiation.

Excise left and right common carotid arteries with aorta and heart ensuring minimal stretching of the vessels.
In ice cold Krebs buffer separate the carotid arteries from the aorta and heart and perform close dissection.
Keep isolated vessels in Krebs on ice before mounting.

PN

Approx. time = 45 mins
2. Priming the vessel chamber

1. At the proximal and distal connectors of the vessel chamber flush Krebs buffer maintained at physiological pH by infusing carbogen gas (95%
02; 5% CO2) through the buffer at 37°C.

Copyright © 2011 Creative Commons Attribution License August 2011 | 54 | e3221 | Page 10of5
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2. Ensure tubing and cannulas are flushed completely and are aligned.
3. Flush Kreb buffer through the P1 (proximal) and P2 (distal) transducers. Close taps to ensure no air bubbles in the transducers.
4. Connect the transducers to the corresponding connectors and again flush more Krebs buffer ensuring no air bubbles. Close off taps to the

chamber.

Approx. time = 15 mins

3. Pressurizing the vessel chamber

1.
2.

3.
4.
5.

Turn on pressure equipment: pressure servo, pressure moniter, peristaltic pump (Figure 1).

With the peristaltic pump on pressure and the pressure servo on automatic run Krebs buffer through the tubing at 20 mmHg (dial at 1),
ensuring no air bubbles.

Connect tubing to the closed P2 transducer. Pressure will become stable.

Open P2 tap to the vessel chamber to flush out any bubbles then close off.

Fill the bath with Krebs buffer (5 - 7 mL).

Approx. time = 10 mins

4. Mounting the vessel

ook W=

Under a dissecting microscope place black polyester ties onto each cannula (Figure 2).

Move cannulas and cannula holders apart and mount %2 vessel (aortic arch end) onto the P1 cannula. Ensure not to tear the vessel.
Using a syringe filled with Krebs buffer gently flush excess blood out of the vessel via P1 transducer. Close off P1 to chamber.
Secure vessel to the P1 cannula with the polyester tie.

Move cannulas/cannula holders closer for mounting onto the P2 cannula.

Mount distal end of the vessel (~%4 of the length) onto distal cannula. Secure with polyester tie.

Approx. time = 20 mins

5. Pressurizing the vessel

8.

Adjust the cannula holders to ensure no bend or stretch in the vessel.

With P1 and P2 closed to the chamber switch the pressure servo from automatic to manual. Check on the pressure servo there is no
continual decrease in pressure within 10 seconds. If there is, a leak is occurring and the connections and transducers need to be secured in
place.

Adjust the pressure servo back to automatic then open P2 to the chamber. Under the microscope observe the vessel dilate when the tap is
opened to the chamber.

Switch the pressure serve to manual. Again check for continual decrease in pressure within 10 seconds. If there is a leak then the system is
not pressure tight and there is likely to be a hole in the vessel.

Switch back to automatic open P1 to the chamber. On the manual setting check that the pressure remains stable.

If no leak, on manual setting increase dial to 2 (40 mmHg).

Adjust to automatic and observe the vessel under the microscope. If necessary, adjust the cannula holder to ensure no bend in the
vessel.Check for leaks on manual setting.

Repeat steps 5.6 - 5.7 increasing the dial to 3 (60 mmHg), 4 (80 mmHg) and so on until desired pressure is reached.

Approx. time = 15 - 30 mins

6. Incubating the pressurized vessel

ook

Connect the temperature controller set to 37°C.

With a second peristaltic pump perfuse Krebs buffer (1 mL/min) into the vessel chamber bath.

Connect aspirator to chamber ensuring only the top layer of the bath is removed.

Incubate pressurized vessel at 37°C for 1 hour with the pressure set to automatic.

Check the pressure is not leaking (switching to manual) pericdically.

The effects of various pharmacological interventions can be observed by simply adding the compound to the bath during incubation.

Approx. time = 1 hour

7. Perfusing the pressurized vessel with whole blood

R

©

During incubation obtain at least 7.5 mL human whole blood/vessel collected in 40 U heparin/mL blood. Incubate in a 50 ml falcon at 37°C.
10 minutes before the end of the incubation label blood with VybrantDil (1:1000) for 10 minutes at 37°C in dark.

After 10 minutes, collect blood in a syringe clearing any bubbles and attach onto a syringe pump with a heat jacket set at 37°C.

Close off P1 transducer to the chamber/vessel and connect syringe and waste tubing.

Purge blood at 1000 yL/min through the waste tubing to remove any bubbles.

Open P1 to the chamber. The pressure servo will adjust automatically to maintain desired pressure.

Perfuse blood at 100 pL/min.

Using a fluorescent microscope coupled to a digital camera record two fields of the perfused vessel for 15 seconds at 1, 3, 5, 7.5 and 10
minutes.

Post perfusion endothelial integrity and function can be assessed via pharmacological techniques such as myograph and adhesion molecule
expression can be determined by immunchistochemistry to further validate the inflammatory response.

Approx. time = 15 mins

Copyright © 2011 Creative Commons Attribution License August 2011 | 54 | e3221 | Page 2 of 5
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8. Representative Results:

A schematc diagram of the prassure chamber satup s shown In Figurs 1. With 3 digita camera coupied to 3 fluorescant microscope resulls can
be visualsad Instanty via Ive vioeo recordings. Representaiive video Images are seen In Figure 3 where leukocyies are considered to be
adherent 1o the endomelium If they remaned stationary %or 10 seconas. With video recordngs on continuous loop adhersd cels can be counted
35 an average per fiekd. Whike both low (Figurs 34) ana nigh (Figure 38) pressure wil cause some amount of adnesion a significant Increase In
leukocyte adhesion at the higher Intraluminal prassure s s&en and this is also demonstrated quantitatively (Figure 4).

'd N

( \ Prissee

’ Temperature e

controker controber

....................... ) C—
i i
- r A ' " - Penstaltic
-— 7 L \ s

Vessel Chamber

Figure 1. Pressurisad ex vivo vessel chamber schematic. A cannuiated vessal connecied 1o 3 proxdmal (P1) transducer and 3 disial (P2)
transgucars that enadles biood pressure to be manipuiated within the vessel. Perfusion is Trough the P1 transducer and pressure Is maintained
via P2 yansaucer.

Flgure 3. Reprasentative video Images. Dynamic cail aohasion (red amow) under fluorescence at 80 mmiHg (A) and 120 mmHg (B) afer 10
minuies of pertusion.

Copyrignt © 2011 Creative Commons Aftributon Licanse August 2011 | 54 |e3221|Page 3of S
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Figure 4. Leukocyte adhesion in Sprague Dawley carotid arteries after 1 hour incubation at low (80 mmHg) and high pressure (120 mmHg).
***P<0.001, as analysed by 2-way repeated measures ANOVA using Bonferroni post hoc test.

This is a modified method to study leukocyte adhesion to the endothelium in intact isolated blood vessels under pressurised conditions in real
time. Perfusion of the vessel chamber alone enables a quick validation of pro-inflammatory strains of large mice and rat vessels. Enabling
pressure manipulation allows dynamic cell interactions to be observed from low to very high intraluminal pressures, thus better mimic-ing
physiological and pathophysiological conditions. Diameter of vessels can also be measured using a sufficient cell-imaging program and therefore
shear flow and rate can be determined and therefore manipulated.

With its myograph capabilities, pharmacological interventions placed in the bath add another dimension to the experimental conditions possible
with this model enabling studies of mechanistic and signalling pathways. While endothelial preservation cannot be confirmed during pressure
manipulation, responses to ACh and PE can be conducted post perfusion®.

It should be noted that this setup demonstrates the effects of intraluminal pressure on cell-to-cell interactions not the effects of pulsatile blood flow
nor systolic or diastolic pressures. Furthermore, while acute pressure changes on leukocyte adhesion were observed, this setup can be also
utilised to look at chronic pressure effects (ie increasing incubation times and using a chronic pressure animal model). Sprague Dawley common
carotid arteries are demonstrated in this set up but other strains and species may be used with appropriate adjustments to the cannula size.
Indeed, it is important to note that the age and weight of animals affect vessel size and thus that the set up needs to be individualised for each
vessel. Close and careful dissection of the connective tissue can improve visualisation of leukocytes immensely.

The study protocol was approved by the Alfred Medical Research and Education Precinct Animal Ethics Committee and the Alfred Hospital Ethics
Committee.
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4.1 Introduction

Hypertension is a major global health burden and recognised as a key risk factor for
CAD. However, the exact mechanism by which hypertension contributes to the
development of CAD, remains unknown. Atherosclerosis, the underlying cause of CAD, is a
progressive inflammatory disease characterised by the accumulation of lipids and fibrous
tissue in conduit arteries. Often silent for decades, atherosclerotic lesions can become
unstable, leading to plaque rupture and the associated thrombotic events often result in
stroke or myocardial infarction (Libby et al., 2011; Tuttolomondo et al., 2012).

Inflammation, and the associated innate and adaptive immune response, is a
necessary and beneficial defence mechanism against pathogens, tissue damage or injury. In
essence, inflammation localises and eliminates the irritants while repairing surrounding
tissue. However, in the vascular bed this defence mechanism can be an initiating event
leading to atherosclerosis. The adhesion cascade involving the capture, adhesion and slow
rolling of leukocytes on the activated endothelium and transmigration into the smooth
muscle intima are all features of atherogenesis (Libby et al., 2011). The activation of the
endothelium is generally characterised by the increased expression of adhesion molecules
such as VCAM-1, ICAM-1 and P- and E-selectin (Watanabe & Fan, 1998; Cybulsky et al.,
2001) as well as cytokines and chemokines such as MCP-1, resulting in the recruitment of
leukocytes to the endothelium. Endothelial activation can be triggered by such diverse
disturbances as LDL cholesterol, endotoxins and physical trauma, all of which are important
in the setting of atherosclerosis. In this context, weibel palade bodies (WPBs), endothelial
granules that store vWF, P-selectin, and other vascular modulators, play a critical role as
endothelial cells secrete WPBs in response to vascular injury. WPBs release VWF, which
triggers platelet rolling and externalisation of P-selectin, which subsequently activates
leukocyte trafficking. Endothelial exocytosis is one of the earliest responses to vascular
damage and plays a pivotal role in thrombosis and inflammation. Furthermore, many genes
that control cellular adhesion molecules expression are under the control of the
transcription factor, NFkB. Activation of NFkB relies on the degradation of its cytoplasmic
inhibitor, IkB-a, which enables the unbound NFkB to translocate to the nucleus where it

induces adhesion molecule expression.
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Recent studies, particularly from the Harrison laboratory (Guzik et al., 2007; Marvar
et al., 2010), implicate the immune system, in particular the role of T-cells, as having a
central role in the development of hypertension. Importantly, very few studies have
explored the converse; whether high blood pressure causes inflammation and how this
influences the progression of atherosclerosis. Indeed, the only evidence to date
investigating a direct effect of pressure on vascular inflammation suggested that high
pressure does promote monocyte adhesion to the vascular wall, albeit in a static adhesion
setting (Riou et al., 2007).

Neurohumoral signals such as noradrenaline, catecholamines and the RAS play
substantial roles in the pathogenesis of hypertension. The RAS in particular is implicated as
a major regulator of blood pressure control and salt handling (Griendling et al., 1997). Since
Ang Il also stimulates vascular smooth muscle cell proliferation, hypertrophy and
inflammation, the ability to dissect the causative mechanism between high intraluminal
pressure per se and non-pressure RAS effects in the exacerbation of atherosclerosis has
proven particularly challenging. Past evidence obtained from animal models of
hypertension-induced in the atherosclerotic susceptible Apoe'/' mouse suggests that the
progression of atherosclerosis is primarily due to RAS activation, independent of
hypertension (Weiss et al., 2001). Interestingly, even in the setting of RAS-independent
hypertension, local generation of Ang Il in response to local inflammation has significant
pathophysiological relevance to the development of plaques (Weiss et al., 2008).
Interestingly, Chen et al., (2001a) report that the accelerated atherosclerosis observed in
the Apoe'/'/eNOS'/' mouse is independent of hypertension per se, suggesting that the
progression to disease is greatly influenced by nitric oxide bioavailability. However, other
studies have clearly highlighted a contribution of hypertension in atherosclerosis, in which
aortic constriction or stenosis, increased expression of adhesion molecules were observed
only in proximal segments where pressure was increased but not distal segments where
pressure was normal, effects which were RAS independent (Tropea et al., 1996; Wang et al.,
2004). To further complicate matters, in vitro experiments assessing high intraluminal
pressure on mouse carotid arteries followed by injection of U937 monocytic cells found that
Ang Il stimulation did not enhance adhesion to the endothelium at either normal or high

pressure (Riou et al., 2007). Even if it were true that pressure per se plays an important role
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in vascular inflammation, the exact mechanisms underlying the effect of pressure remain to
be determined.

In this study we have used a customised ex vivo vessel chamber ((Michell et al.,
2011b); Chapter 3) to assess leukocyte adhesion under pressure in real time in intact vessels
using whole blood to test the hypothesis that high intraluminal pressure per se induces
inflammation. In addition, we aimed to elucidate the intracellular signalling pathways

involved.
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4.2 Methods

4.2.1 Animals

10-12 week old male Sprague Dawley rats were used in this study. Animals were housed
at the Precinct Animal Centre in a room with a 12 hour light:12 hour dark cycle and access
to food and water ad libitum. Animal experimentation was approved by the AMREP Animal
Ethics Committee (Approval No: E/0886/2009/B), which adheres to the National Health and
Medical Research Council (NHMRC) Australian Code of Practice for the Care and Use of

Animals for Scientific Purposes.

4.2.2 Ex vivo pressure myography

To observe the direct effect of pressure on vascular inflammation, carotid arteries
isolated from Sprague Dawley rats (RCA) were pressurised at 60, 80 and 120 mmHg for 1 hr.
Vessels were pressurised as previously described in Chapter 3 and either perfused to assess
leukocyte adhesion (Section 4.3.3) or snap frozen for gene expression (Section 4.3.4) or

eNOS (4.3.5) and arginase (Section 4.3.6) protein quantification.

4.2.2.1Pharmacological interventions in pressurised arteries

To investigate the intracellular signalling pathways activated in response to high
intraluminal pressure we used specific pharmacological blockade of known intracellular
inflammatory pathways. RCA were pressurised at 120 mmHg for 1 hr and incubated with the
following compounds: AT1R antagonist (candesartan; 100 nM), Nox antagonist (apocynin; 3
UM), cytochrome P450 antagonist (miconazole; 30 uM), xanthine oxidase antagonist
(allopurinol; 100 uM), mitochondrial ROS antagonist (cyclosporin A; 2 uM), nitric oxide
synthase antagonist (.-NAME; 100 uM), arginase antagonist (BEC; 100 uM). Treated and

pressurised vessels were then perfused to assess leukocyte adhesion (Section 4.3.3).
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4.2.3 Leukocyte adhesion ex vivo

Following pressurisation, RCA were perfused with human whole blood fluorescently
labelled with Dil for 10 min (Alfred Ethics Committee project no. 397/09) and the number of
leukocytes adhering to the endothelium were quantified as previously described in Chapter

2, section 2.2.3.

4.2.4 Gene expression analysis with real time quantitative real time

PCR

Gene expression analysis of rat and human ICAM-1, MCP-1, eNOS, Argl, Argll, human
18S and rat Rplpl mRNA was performed as previously described in Chapter 2, section 2.3
and 2.4.

4.2.5 Detection of eNOS monomer dimer protein

eNOS monomer and dimer protein was assessed in pressurised HUVECs and RCA.
Aorta and endothelial cell lysates were homogenised and analysed by western blot as

previously described in Chapter 2, section 2.3 and 2.5, respectively.

4.2.6 Determination of arginase activity by urea production

Arginase activity in pressurised RCA was determined as previously described in

Chapter 2, section 2.3.6 and 2.6.

4.2.7 Pressurising endothelial cells

To investigate the influence of pressure on the endothelium we examined human
umbilical vein endothelial cells (HUVECs) that were seeded onto collagen coated coverslips,
grown to confluence and pressurised at 0, 60 and 120 mmHg as previously described in
Chapter 2, section 2.1.2. Cells were assessed for enodothelial microparticle production
(section 4.3.8), production of ROS (section 4.3.9), VWF release (section 4.3.10) and NFkB
expression (section 4.3.11).

-87 -



Chapter 4 Intracellular signalling in pressure-induced inflammation

4.2.8 Endothelial microparticle production

Following pressurisation, HUVECs were incubated overnight in 1 ml DMEM at 37°C
with 5% CO,. As an indicator of cell number, total protein concentration was determined in
cells by the Lowry assay as previously described in Chapter 2.3.8. Endothelial microparticles
(EMP) were isolated using ultracentrifugation. Briefly, the harvested cells were centrifuged
at 5,000 g for 10 min at 4°C and the pellet (which largely comprised cell debris) was
discarded. The top 95% of supernatant was further spun at 16,000 g for 60 min at 4°C. The
bottom 60% was discarded and remaining 40% was used to quantify microparticles.
Microparticles were assessed by FACS using a pre-defined microparticle gating strategy
involving size selection comparisons with commercial beads sized 0.1, 0.5, 1 and 10 nM

(Sigma and BD).

4.2.9 Determination of ROS

The production of reactive oxygen species (ROS) was determined in HUVECs
pressurised to 0, 60 and 120 mmHg with DCFH (5 uM) and the more sensitive hydrogen
peroxide indicator PF6-AM (5 uM) along with the cell mortality dye propidium iodide (PI; 5
M) as previously described in Chapter 2, section 2.1.3. In a separate set of experiments L-
NAME (100 pM) was added to cells pressurised at 120 mmHg and compared to cells without
L-NAME. Unfortunately due to the design of the experiment the effect of L-NAME on basal
fluorescence could not be determined. The fluorescence can be triggered very rapidly by a
number of factors (i.e. handling, light exposure), as such, a 1-1.5 hour baseline was recorded
to ensure a stable basal signal for a minimum of 3 time points. As basal fluorescence can be
different for each experiment a % change in baseline was represented to see any actual

changes between treatments.

4.2.10 Endothelial von Willebrand Factor release

HUVECs were seeded onto collagen coated coverslips, grown to confluence and

unpressurised, pressurised at 80 and 120 mmHg for 1 hr (section 4.4.7), or stimulated with
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TNFa (5 ng/ml; 4 hr). The supernatant was used to determine the release of VWF by ELISA
(Imubind vVWF ELISA kit; American Diagnostica, #828). Briefly, 100 uL of each sample was
added to a microwell, covered and incubated for 1 hr. Following washing with 250 uL of
wash buffer (PBS, 0.05% Tween 20, pH 7.4; 4 times) 100 pL of substrate (perborate/3,3',5,5'
— tetramethylbenzidine) was added to each well to initiate a reaction with the horseradish
peroxidise conjugated in the microwells. Following 20 min incubation at room temperature,
50 pL of 0.5 M H,S0O,4 was added to stop the reaction. Samples were read at 450 nm on a
spectrophotometer, a standard curve was generated and the vVWF release in the samples

was determined from the standard curve.

4.2.11 Nuclear Factor kB production by immunofluorescence

HUVECs were seeded onto glass slides and were either unpressurised, pressurised
(120 mmHg), pressurised with apocynin, or pressurised with BEC for 30 min. Cells were then
fixed, blocked, probed with a primary antibody (1:50; NFkB goat purified) overnight
followed by a secondary antibody (1:500; alexa fluor 546 anti-goat) for 1 hr and mounted

with DAPI as previously described in Chapter 2, section 2.7.2.2.

4.2.12 Statistics

Data are expressed as mean = SEM and were analysed using GraphPad Prism version
6.00 software (GraphPad Software, La Jolla, California, USA). Assessment of leukocyte
adhesion and ROS production were measured using a two-way repeated measures analysis
of variance (ANOVA) with the factors pressure (0 mmHg, 80 mmHg or 120 mmHg) or
treatment (presence of absence of pharmacological pathway inhibitors). Gene expression
with greater than two groups, eNOS protein expression, urea production, and NFxkB
expression were analysed using a one-way ANOVA with the factor pressure. Where there
were significant differences in analysis of variance, a Bonferroni post hoc analysis was
performed to account for multiple comparisons. Endothelial microparticle production and
gene expression (which compared two groups) were analysed using an unpaired Student’s t-

test. P<0.05 was considered statistically significant.
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4.3 Results

4.3.1 Acute high intraluminal pressure induces endothelial

inflammation

Leukocyte adhesion in RCA was greater in vessels pressurised to 120 mmHg
compared to 80 mmHg (Fig 4.1A). Leukocyte adhesion following 1 hr of pressure in RCA was
comparable between in vessels pressurised to 60 and 80 mmHg. However, RCA pressured to
120 mmHg had a significant 3-fold greater number of adhered leukocytes compared to RCA
pressurised to either 60 or 80 mmHg (n=4-5; P<0.001; Fig 4.1B).

To determine if the increase in leukocyte adhesion in the vessels pressurised to 120
mmHg was paralleled by an increase in endothelial activation we examined the mRNA gene
expression of ICAM-1 and MCP-1. RCA pressurised to 120 mmHg demonstrated a higher
ICAM-1 (5.63£1.50) and MCP-1 (100.61£26.2) mRNA expression (n=5-7; P<0.05; Fig 4.2A&B)
when compared to unpressurised vessels.

To confirm the role of the endothelium in pressure-induced vascular inflammation,
we pressurised cultured HUVECs and measured markers of activation. The expression of
ICAM-1 was significantly higher at 120 mmHg compared with control, 0 and 80 mmHg (n=5-
6; P<0.05; Fig 4.3A). We also found a similar trend for one of the key cheomattractants,
MCP-1 (n=5; P>0.05; Fig 4.3B) although this was not statistically significant. Furthermore,
microparticle formation, which is indicative of endothelial activation, was assessed and was
also increased in HUVECs following pressurisation to 120 mmHg for 1 hr. The EMP number
in the media was increased when quantified 24 hrs after the 1 hr treatment period (n=3;
P<0.05; Fig 4.4). These data indicate that acute high intraluminal pressure induces

endothelial inflammation.
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Figure 4.1 Effect of acute pressure on leukocyte adhesion in rat carotid arteries. Carotid arteries
from 10 week old Sprague Dawley rats were excised and pressurised (60, 80, 120 mmHg) for 1 hr. (A)
Representative images of dynamic cell adhesion under fluorescence at 80 and 120 mmHg after 10
min of perfusion. Bar = 200 um. (B) Quantification of leukocytes adhered per field over 10 mins
(n=4-5). Results are expressed as mean * SEM. Data were analysed using a two-way ANOVA with

Bonferroni post hoc test. ***P<0.01. vs. 60 mmHg & 80 mmHg.
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Figure 4.2. Effect of acute pressure on mRNA expression in rat carotid arteries. mRNA expression of
ICAM-1 (A) and MCP-1 (B) relative to Rplp1 in rat carotid arteries pressurised at 0 and 120 mmHg for
1 hr normalised to 0 mmHg (n=5-6). Results are expressed as mean + SEM. Data were analysed with

a Student t-test where *P<0.05, ***P<0.01.
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Figure 4.3. Effect of acute pressure on mRNA expression in HUVECs. mRNA expression of ICAM-1
(A) and MCP-1 (B) relative to 18S in HUVECs pressurised at 0, 80 and 120 mmHg for 1 hr normalised
to control (ctr; n=5-6). Results are expressed as mean * SEM. Data were analysed with a one-way

ANOVA with Bonferroni post hoc test where *P<0.05.
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Figure 4.4. Effect of acute pressure on endothelial microparticle production in HUVECs. EMP

number in HUVECs pressurised at 0 and 120 mmHg for 1 hr (n=3). Results are expressed as mean *

SEM. Data were analysed with a Student t-test where *P<0.05.
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4.3.2 Pressure-induced inflammation is Angiotensin II type 1 receptor

independent.

The majority of hypertensive animal models have enhanced signalling through the
RAS (Schmieder et al., 2007). Since Ang Il is known to exacerbate vascular inflammation and
atherosclerosis we sought to determine if AT1R activation was involved in the increase in
leukocyte adhesion. To do this we used the AT1R antagonist, candesartan (100 nM).
Leukocyte adhesion in RCA pressurised at 120 mmHg in the presence of candesartan was
not different to adhesion in RCA pressurised at 120 mmHg (1058 cells/field vs. 67423
cells/field; n=4-5; P>0.05; Fig 4.5). These data suggest that pressure-induced adhesion is RAS

independent.

120- 4 120 mmHg
ﬁ 120 mmHg + Candesartan

100+

(o]
o
2

(o))
o
2

o
o
2

N
o
2

Leukocyte adhesion (cells/field)
o

Time (mins)

Figure 4.5 Effect of angiotensin receptor 1 blockade on leukocyte adhesion in rat carotid arteries.
Leukocyte adhesion in rat carotid arteries under 120 mmHg in the presence and absence of the
angiotensin receptor 1 antagonist candesartan (100 nM; n=5). Results are expressed as mean * SEM.

Data was analysed by a two-way ANOVA with P>0.05.
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4.3.3 ROS plays arole in pressure-induced adhesion

ROS have been implicated to play an important role in both hypertension (Zalba et
al., 2001; Touyz & Schiffrin, 2004) and inflammation (Forstermann, 2008; Selemidis et al.,
2008). To determine whether pressure per se induces ROS production and subsequent
inflammation, we examined if pressure-induced endothelial inflammation was dependent
on intracellular ROS production via Nox, mitochondrial, xanthine oxidase and/or
cytochrome P450). The non-specific Nox inhibitor, apocynin (3 uM) and the mitochondrial
ROS inhibitor cyclosporin A (2 uM), both reduced adhesion (n=4-5, P<0.05; Fig 4.6A&B) of
leukocytes in RCA pressurised to 120mmHg. ROS can be produced by the opening of the
mitochondrial permeability transition pore (Batandier et al., 2004) and cyclosporin A is a
known blocker of the transition pores and thus can reduce ROS generation shown
previously (Argaud et al., 2004, Yuen et al., 2011, Chen et al., 2013). On the other hand,
inhibition of xanthine oxidase with allopurinol (100 uM) or inhibition of cytochrome P450
with miconazole (30 uM) did not affect adhesion (4.6 C&D). Therefore, this data implicates a
role for Nox and mitochondrial ROS formation in pressure-induced leukocyte adhesion.

To confirm that the pressure-induced ROS is mediated by local endothelial ROS
production, we examined production of ROS in pressurised HUVECs (Fig 4.7A&B). We
observed no change in global ROS production as measured by DCFH in HUVECs pressurised
to 60 mmHg compared to baseline. However, cells pressured at 120 mmHg appeared to
rapidly produce significantly higher levels of ROS, which began to subside over time.
Importantly, there was no significant difference in cell mortality in response to pressure as
determined by PIl. Apocynin administration blunted production of ROS at 120 mmHg
(5.8+1.2% change after 10 mins; n=6-12; P<0.05; Fig 4.7C). Using the more specific probe for
hydrogen peroxide, PF6-AM, HUVECs pressurised to 120 mmHg induced a rapid sustained
increase in ROS production, which was maintained for 60 mins (22.0+5.3% after 10 mins;
n=7; P<0.05; Fig 4.7D). PF6-AM at 60 mmHg was initially observed but showed varying
results and as PF6-AM was a gift from Christopher Chang (University of California, USA) and
in limited quantity we were unable to reproduce consistent results. Thus fluorescence data
at 0 mmHg compared to 120 mmHg is shown.

Collectively, these results suggest that increased intraluminal pressure induces local

endothelial ROS production that promotes leukocyte adhesion.
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Figure 4.6 The role of local ROS production in pressure-induced inflammation in vessels.
Assessment of ROS source was determined by the quantification of leukocyte adhesion in rat carotid
arteries during high pressure (120 mmHg) in the presence of (A) Nox inhibition (apocynin: 3 uM), (B)
mitrochondrial ROS inhibition (cyclosporine A; CsA; 2 uM), (C) xanthine oxidase inhibition
(allopurinol; 100 uM) or (D) cytochrome P450 inhibition (miconazole: 30 uM), (n=3-5). Results are
expressed as mean + SEM. Data was analysed using a two-way ANOVA with Bonferroni post hoc test

where **P<0.01, ***P<0.001.
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Figure 4.7 Effect of acute pressure on ROS production in HUVECs. (A) and (B) Representative
images of cultured HUVECs pressurised (0, 60 or 120 mmHg) for 1 hr in a sealed cell chamber
demonstrating an increase in intensity of DCFH (5 uM; a non-specific indicator of ROS production)
and PF6-AM (5 uM; a chemo-selective fluorescent indicator for hydrogen peroxide) but no increase
in propdium iodide (PI; 5 uM; a cell mortality marker). Data is quantified as % change in intensity of
(C) DCFH or (D) PF6-AM (n=5-12 independent experiments). The increase in DCFH was abolished in
the presence of the Nox inhibitor apocynin (3 uM). Results are expressed as mean = SEM. Data were

analysed using a two-way ANOVA with Bonferroni posthoc test where *P<0.05, ***P<0.001.
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4.3.4 eNOS does not play a role in pressure-induced inflammation

NO derived from eNOS is a critical regulator of blood pressure, and the uncoupling of
eNOS from its dimeric state can be a direct source of superoxide (Ozaki et al., 2002;
Takimoto et al., 2005). Therefore, we examined the effect of pressure on eNOS gene
expression in RCA (n=4-5; P>0.05; Fig 4.8) and monomer:dimer ratio by western blot in
HUVECs and RCA (n=4-5; P>0.05; Fig 4.9A&B). There was no change in either mRNA levels of
eNOS or monomer:dimer in cells or vessels pressurised to 80 and 120 mmHg compared to
controls (Fig 4.8-9). To confirm these findings, we examined the effect of NOS inhibition on
pressure-induced ROS production using L-NAME (100 uM). DCFH intensity was not different
in cells pressurised to 120 mmHg with or without co-incubation with .-NAME (n=4; P>0.05;
Fig 4.10). Taken together, these findings suggest that eNOS does not play a role in pressure-

induced inflammation in this setting.
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Figure 4.8 Effect of acute pressure on eNOS mRNA expression in rat carotid arteries. mRNA
expression of eNOS relative to Rplpl in carotid arteries pressurised at 0, 80 and 120 mmHg for 1 hr

normalised to 0 mmHg (n=4-5). Results are expressed as mean + SEM.
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Figure 4.9 Effect of acute pressure on eNOS monomer:dimer ratio. Protein expression of eNOS

monomer:dimer (mon:dim) ratio in lysates of (A) HUVECs and (B) rat carotid arteries pressurised at

0, 80 and 120 mmHg for 1 hr (n=4-6). Results are expressed as mean + SEM.
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Figure 4.10 Effect of NOS inhibition on ROS production in HUVECs. % Change in intensity from
baseline of DCFH (5 uM) a non-specific indicator of ROS in HUVECs pressurised to 120 mmHg in the
presence and absence of the NOS inhibitor L-NAME (100 uM), n=4. Results are expressed as mean *

SEM.
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4.3.5 Arginase Il plays a key role in pressure-induced inflammation

The enzyme arginase (isoforms | & II) competes with eNOS for the substrate L-
arginine. Since arginase activity and expression is enhanced in the setting of hypertension
(Demougeot et al., 2007a), we aimed to determine the contribution of arginase to pressure-
induced inflammation. Leukocyte adhesion to the endothelium in RCA pressurised to 120
mmHg in the presence of the arginase inhibitor BEC (100 pM) was similar to vessels
pressurised to 80mmHg (120 mmHg: 96.4+13.8 vs. 120 mmHg + BEC: 43.9+14.7
leukocytes/field; n=4-5; P<0.001; Fig 4.11). Gene expression of the Argl isoform was
unchanged with pressure (80 & 120 mmHg; n=3-4; P>0.05; Fig 4.12A) but expression of the
Argll isoform was greater in cells pressurised to 120 mmHg when compared to cells
pressurised to 80 mmHg and 0 mmHg (0 mmHg: 1.0+0.1 vs. 120 mmHg: 2.0+0.5; n=4-7;
P<0.05; Fig 4.12B). Similarly arginase activity was greater in vessels pressurised to 120
mmHg compared to 80 mmHg and the unpressurised control vessels (0 mmHg: 4.4+0.6, 80
mmHg: 3.7£1.8, 120 mmHg: 15.1+3.8; n=4-6; P<0.05; Fig 4.13). These data suggest that
arginase contributes to pressure-induced inflammation and Argll activity and expression is

greater following pressure stimulation.
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Figure 4.11. Effect of arginase inhibition on acute pressure-induced inflammation in rat carotid
arteries. Leukocyte adhesion in RCA under pressure in the absence and presence of the arginase
inhibitor BEC (100 uM), n=4-5. Results are expressed as mean + SEM. Data were analysed using a

two-way ANOVA with Bonferroni post hoc test where ***P<0.001 versus 120 mmHg.
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Figure 4.12 Effect of acute pressure on arginase | and Il mRNA expression in rat carotid arteries.
mMRNA expression of arginase | (A) and Il (B) (Argl and Il) relative to Rplp1 in RCA pressurised to 0, 80
and 120 mmHg for 1 hr normalised to 0 mmHg (n=3-7). Results are expressed as mean + SEM. Data

were analysed using a one-way ANOVA with Bonferroni post hoc test where *P<0.05.
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Figure 4.13 Effect of acute pressure on arginase activity in rat carotid arteries. Arginase activity
measured by urea production in lysates of RCA pressurised at 0, 80 and 120 mmHg for 1 hr (n=4-6).
Results are expressed as mean + SEM. Data were analysed using a one-way ANOVA with Bonferroni

post hoc test where *P<0.05.
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4.3.6 Pressure does not induce exocytosis of vWF

It has recently been shown that stretch induces WPB exocytosis in HUVECs (Xiong et
al., 2013). Therefore, we examined vVWF release in HUVECs stimulated with pressure (0, 80
or 120 mmHg) or TNFa (5 ng/ml) for 5 min. We observed no difference in VWF release
between any of the treatment groups compared to control (Fig 4.14A). HUVECs stimulated
with TNFa for 4 hr released significantly more vVWF compared to unstimulated HUVECs (Ctr:
0.7240.14 vs. TNFa: 6.68+1.09; n=6; P<0.001; Fig 4.14B) but pressure-stimulated HUVECs at
80 and 120 mmHg for 1 hr did not alter vWF release. These findings suggest that vWF (and

WPB exocytosis) is not involved in the inflammatory response to pressure.

4.3.7 Pressure induces NFkB expression

The transcription factor NFkB plays an important role in cytokine transcription; a
hallmark of vascular inflammation and importantly NFkB signalling in response to pressure
has been hypothesised (Riou et al., 2007). To quantify both the nuclear and cytosolic
expression of the NFkB p65 subunit, HUVECs were fluorescently probed and imaged using a
confocal microscope (Fig 4.15). We observed increased nuclear and cytosolic NFkB
fluorescence in HUVECs pressurised at 120 mmHg (30 mins) compared to control (n=10-11;
P<0.001; Fig 4.16A & B). To investigate the role of ROS and arginase in the activation of
NFkB we co-incubated pressurised HUVECs with the Nox inhibitor apocynin or the arginase
inhibitor, BEC. Nuclear and cytosolic NFkB fluorescence was significantly lower in the
presence of either apocynin or BEC when compared to 120 mmHg alone (n=5-11; P<0.05;
Fig 4.15 & 4.16) suggesting a critical role for both arginase and ROS in adhesion molecule

expression induced by pressure.
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Figure 4.14 vWF exocytosis under pressure. HUVECs were either unpressurised, pressurised (80 or
120 mmHg, 1 hr) or TNFo stimulated (5ng/ml) for 5 min (A) or 1 hr pressure/4 hr TNFou stimulation
(B). The supernatant was then analysed for vVWF release by ELISA (n=4-6). Results are expressed as
mean + SEM. Data were analysed using a one-way ANOVA with Bonferroni post hoc test where

**%p<0.001.
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Figure 4.15 Effect of pressure on NFkB fluorescence. Representative confocal images of HUVEC

NFkB staining (red) and nuclear staining (DAPI; blue) in unpressurised (Ctr), 120 mmHg or 120 mmHg

in the presence of either the Nox inhibitor apocynin (3 uM) or the arginase inhibitor BEC (100 uM)

for 30 min. Scale bar =50 pum.
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Figure 4.16 Effect of pressure on NFkB fluorescence. (A) Nuclear and (B) cytosolic NFkB in HUVECs
unpressurised (Ctr) and pressurised at 120 mmHg or 120 mmHg in the presence of either the Nox
inhibitor apocynin (3 uM) or the arginase inhibitor BEC (100 uM) for 30 min (n=5-11). Results are

expressed as mean * SEM. Data were analysed using a one-way ANOVA with Bonferroni post hoc
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4.4 Discussion

The attachment of leukocytes to the endothelium is one of the first critical steps in
the progression of atherosclerosis (Cybulsky et al., 1999; Ley et al., 2007; Libby et al., 2011).
In this chapter we explored the role of high intraluminal pressure in augmenting this critical
process. We show that acute (1 hr) increases in intraluminal pressure (up to 120 mmHg)
stimulates leukocyte to endothelial adhesion, ICAM-1 and MCP-1 expression in vessels,
ICAM-1 expression in HUVECs and endothelial microparticle shedding. These data are
consistent with increased endothelial activation. Furthermore, we demonstrate a pressure-
induced signalling cascade whereby ROS generation, increased arginase Il expression and
activity promotes the nuclear translocation of NFkB, the rapid increase in adhesion molecule
expression and ultimately leukocyte adhesion.

Indeed, increased inflammatory markers are seen in hypertensive patients (Chae et
al., 2001; Chrysohoou et al., 2004) and the risk of pre-hypertensive patients developing
hypertension has been attributed to the level of their inflammation (Engstrom et al., 2002;
Chrysohoou et al., 2004). Furthermore, hypertensive patients show a positive correlation
between the inflammatory marker C-reactive protein (Blake et al., 2003) and carotid intima-
media thickness, a surrogate measure of predisposition to atherosclerosis (Lakka et al.,
1999). More recently, Tadzic et al., (2013) demonstrated that reducing high blood pressure
with a calcium channel blocker, reduces endothelial ICAM-1 and VCAM-1 further supporting
the hypothesis of pressure-induced stimulation of endothelial cytokines. Despite these
correlations, few studies have assessed the effect of high blood pressure per se on
endothelial cells and importantly, whether pressure in its own right can trigger
inflammation. One such study showed that adhesion of fluorescently cultured monocytes
injected into the lumen of previously pressurised mouse carotid arteries were increased at
150 mmHg compared to 80 mmHg after 12 and 24 hours (Riou et al., 2007). Our findings
support and extend these studies by using a customised ex vivo vessel chamber which
enables us to study the direct effect of intraluminal pressure in real time with perfusion. We
showed that pressure per se induces gene expression of the adhesion molecules ICAM-1 and
MCP-1, endothelial activation and dysfunction and the accumulation of leukocytes to the
endothelium in rat carotid arteries and cultured endothelial cells. Finally, levels of EMPs in
the media of pressurised HUVECs were higher compared to unstimulated cells. EMPS are
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microvesicles (<1.5um) shed from the cell membrane during cellular activation, damage and
apoptosis (Dignat-George & Boulanger, 2011). Plasma levels of EMPs are augmented in
patients with chronic inflammatory diseases such as atherosclerosis (Koga et al., 2005) and
hypertension (Preston et al., 2003).

Accumulating evidence suggests that hypertension is intrinsically linked to
inflammation and the progression of atherosclerosis. However, it is difficult to know if this is
due to the pressure per se or the neurohumoral influences such as noradrenaline,
acetylcholine and the RAS, which are intimately involved in both the progression of
hypertension as well as vascular inflammation. As previously mentioned, atherosclerosis is
primarily dependent on the RAS in Apoe'/' mice (Weiss et al., 2001), and in Apoe'/'/eNOS'/'
mice, the development of atherosclerosis is thought to be independent of hypertension
(Chen et al., 2001a). However, there is certainly evidence to suggest that hypertension does
lead to atherosclerosis independent of the RAS (Wang et al., 2004; Riou et al., 2007). The
mechanical force induced by pressure can activate the AT1R independently of Ang Il (Zou et
al., 2004). Further, stretch has also been shown to induce local Ang Il release from the
endothelium, which in turn increases ROS production (Delli Gatti et al., 2008). However, our
studies determined that acute pressure-induced endothelial activation is independent of
Ang II/ATR1 signalling since AT1R antagonism had no effect on pressure-induced adhesion.
While the effect of candesartan at 100 nM on AT1Rs in this study was not confirmed;
however, Shimizu et al. (1999) demonstrate 100 nM is effective in improving myocardial
ischaemia/reperfusion injury in rat hearts and it can also reverse myogenic constriction in
chronic heart failure (Gschwend et al., 2003). Therefore, our data indicates that there is an
important role of RAS-independent ROS production in pressure-induced inflammation.

ROS, including superoxide, hydrogen peroxide, hydroxyl radical, and peroxynitrite
are produced under healthy conditions in a controlled manner and are essential for cell
signalling and metabolism (Thannickal & Fanburg, 2000). However, in many pathological
states including hypertension (Paravicini & Touyz, 2008b), production of ROS is increased
and production surpasses elimination by non-enzymatic and enzymatic anti-oxidant
molecules, establishing a pro-oxidant state. In hypertensive patients, increased levels of
hydrogen peroxide (Lacy et al., 2000), upregulation of vascular Nox (Fortuno et al., 2004)
and other biomarkers of oxidative stress such as 8-epi-isoprostanes have been reported

(Minuz et al., 2002). In conditions of low shear stress, such as seen in hypertension, ROS
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production via Nox is increased (Mohan et al., 2007) and expression of antioxidants is
decreased (Mowbray et al., 2008). In pre-hypertensive spontaneously hypertensive rats,
superoxide is involved in the progression of hypertension (Jameson et al., 1993; Chabrashvili
et al., 2002), which can be prevented with the administration of antioxidants (Virdis et al.,
2004; Nabha et al., 2005). Animal models of adult hypertension including; DOCA-salt-
induced (Park et al.,, 2002), Ang ll-induced (Virdis et al.,, 2004), and stroke-prone
spontaneously hypertensive rats (Chen et al., 2001b) all exhibit increased ROS largely
attributable to the upregulation of Nox-induced ROS.

In the present study an increase in acute pressure (120 mmHg) increased ROS
production via Nox and mitochondrial ROS pathways, which influenced leukocyte adhesion.
Despite the fact that Nox is proposed to be the main source of ROS production (Griendling
et al., 2000; Touyz, 2004; Ray et al., 2005), non-antioxidant actions of apocynin have been
reported (Jiang & Dusting, 2003). Future work utilizing specific Nox isoform deficient mice in
these experiments would allow us to confirm the current findings and to investigate the
isoform responsible.

ROS can combine with NO to produce peroxynitrite, negating the well characterised
anti-inflammatory actions of NO (Harrison et al., 2006). A decrease in NO bioavailability
leads to decreased vasodilatation, increased platelet aggregation, thrombosis, inflammation
and leukocyte adhesion, all exacerbating vascular dysfunction and promoting vascular
damage. The production of NO from L-arginine is dependent on the distribution and
stimulation of eNOS. However, despite a decrease in NO bioavailability, eNOS expression
actually increases in hypertension. It is now well accepted that the scavenging of NO in
hypertension is a consequence of an increase in oxidative stress (Hahn & Schwartz, 2009).
Under chronic high blood pressure eNOS is ‘uncoupled’ and rather than producing NO,
superoxide is preferably formed (Cheng et al., 1996; Yun et al., 1999). Increased leukocyte
adhesion has been demonstrated in cat mesentery with eNOS blockade (Kubes et al., 1991)
and in eNOS deficient mice (Lefer et al., 1999). Suppressing endogenous NO also increases
endothelial ICAM-1 and VCAM-1 surface expression in HUVECs via the activation of NFkB.
Therefore, our findings that pressure alone did not alter eNOS mRNA or protein expression,
nor was eNOS uncoupled after 1 hr of increased pressure were unexpected. The effect of L-
NAME on leukocyte adhesion was also performed and actually decreased attachment under

high pressure but as time did not permit further exploration of this phenomenon, this data
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has not been included. Nevertheless, it is clear from our results presented that eNOS
uncoupling does not contribute to pressure-induced endothelial inflammation.

NOS and the enzyme arginase share L-arginine as the parent substrate and increases
in arginase can contribute to a diminished precursor environment thus inducing eNOS
uncoupling (Lim et al., 2007a) and the production of superoxide preferentially to NO
(Munzel et al., 2005). Although, we have shown that pressure-induced endothelial
inflammation is not mediated by eNOS, previous reports demonstrating that increased
expression and/or activity of arginase in hypertension (Xu et al., 2004), diabetes (Romero et
al., 2008b) and atherosclerosis (Ryoo et al., 2006) led us to hypothesise that arginase may
be involved in pressure-induced inflammation. Indeed, we observed that arginase activity
and arginase Il expression is increased in vessels after 1 hr of pressure stimulation. This is
consistent with findings in spontaneously hypertensive rats where both isoforms (arginase |
and Il) are increased prior to the development of overt hypertension (Demougeot et al.,
2007a), suggesting that arginase may be both a cause as well as a consequence of high
blood pressure. Our findings advance these studies and demonstrate for the first time that
arginase plays an important role in pressure-induced inflammation. Interestingly, evidence
for the role of ROS in the regulation of endothelial arginase has been demonstrated. In pig
coronary arterioles exogenous hydrogen peroxide mediates a reduction in NO-dependent
relaxation by reducing L-arginine and increasing the expression of arginase after only 1 hr of
treatment suggesting that arginase may be an early target of increased ROS (Thengchaisri,
2006). Furthermore, vascular injury via acute stimulation with TNFa and/or ischaemia-
reperfusion, induced an increase in ROS which enhances arginase activity (Jung et al., 2010).
The interaction between ROS and arginase may also be reciprocal as inhibition of Nox in
alveolar macrophages down regulates arginase activity (Matthiesen et al., 2008).

The secretory organelles of endothelial cells, WPBs, can be rapidly triggered which
results in their degranulation/exocytosis. WPBs house a number of inflammatory mediators
including vVWF, P-selectin, interleukin-8, angiopoiten-2 and vasoconstrictors such as
endothelin (Rondaij et al., 2006), all shown to increase the expression of adhesion
molecules and recruit leukocytes to the surrounding endothelium (Kisucka et al., 2008).
Although such an inference has been made (Bertuglia et al., 2007), it is unknown if high
intraluminal pressure causes WPB degranulation. What is clear, is that patients with

essential hypertension have increased levels of soluble P-selectin compared to
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normotensives (Lip et al., 1995) and Xiong et al., (2013) demonstrated in HUVECs that
exposure to stretch for 5 mins can induce rapid exocytosis of VWF leading to P-selectin
translocation and increased leukocyte adhesion. However, in pressurised HUVECs, we
observed no difference in VWF release compare to unstimulated cells, suggesting under the
current conditions pressure does not result in WPB release and is not involved in the
pressure-induced inflammation examined in this chapter.

The endothelial adhesion molecules are under transcriptional control of NFkB. We
observed that HUVECs exposed to increased pressure had enhanced nuclear NFxB
expression. These results suggest NFkB transcription of inflammatory markers may be the
dominant pathway in this pressure response. Consistent with this idea previous studies have
shown that mouse carotid artery segments exposed to high pressure have enhanced
degradation of the anchoring protein, 1kBa, and increased nuclear translocation of NFxB
(Lemarie et al., 2003). Interestingly, this was shown to be RAS independent. There is
evidence that ROS and arginase, which we have shown to be critical in pressure-induced
inflammation, can induce the activation of NFkB (Levrand et al., 2005; Ckless et al., 2007). In
addition, we found inhibition of Nox or arginase reduced pressure-induced NFkB
expression. This is in line with previous reports where arginase inhibition reduced NFxB
activation in lung epithelial cells (Ckless et al.,, 2007). Increased hydrogen peroxide
production was also shown to induce NFkB activation and endothelial cell apoptosis in rat
models of hypertension (Ungvari et al., 2007) and inhibition of ROS production reduces
activation of NFkB in HUVECs (Ogata et al., 2000). Our findings, and other studies as shown,
provide evidence for a critical role for Nox and arginase in the activation of NFkB and the
subsequent leukocyte adhesion in response to increased pressure.

This chapter provides compelling evidence that high intraluminal pressure causes
adhesion molecule expression and leukocyte to endothelial adhesion, a hallmark of vascular
inflammation and the initiating step in the development of atherosclerosis. The
inflammation is dependent on the activation of arginase Il, ROS and NFkB. These results
suggest that therapeutic strategies that reduce inflammation in hypertensive patients may
be beneficial in reducing the risk of atherosclerosis. The next chapter of this thesis explores
the effects of circumferential stretch and shear and investigates possible mechanosensors

involved in this process.
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5.1 Introduction

In Chapter 4, we demonstrated that high intraluminal pressure directly induces leukocyte
adhesion, endothelial inflammation and dysfunction. This was due to the activation of a
number of intracellular signalling pathways, namely increased arginase Il expression, ROS
production and NF«kB activation. However, exactly how the endothelial cell senses pressure
and stimulates these pathways is still not known.

Large arteries are able to respond to large pulsatile changes in blood pressure created by
contractions of the heart due to their elasticity. This adaptability enables blood pressure in
smaller resistance arteries to stay relatively constant. Elevated systolic and/or diastolic
blood pressure, resulting from increased systemic vascular resistance and/or cardiac output,
exerts a complex and abnormal mechanical insult on the arterial wall. Mechanical forces
generated at the endothelium by fluid shear stress (longitudinal) and vessel circumferential
stretch (radial) can potently affect vascular tone resulting in the continuous release of
vasoactive endothelial autacoids.

Prolonged increases in pressure can result in proliferation and remodelling of
vascular smooth muscle cells (Touyz, 2005; Rizzoni & Agabiti-Rosei, 2012) and subsequent
thickening of the vascular wall ultimately reducing the elasticity and ability of the arteries to
respond to changes in pressure. Whilst vascular smooth muscle cells have been shown to be
influenced by stretch (for review see Haga et al., 2007) and endothelial cells to be mostly
influenced by shear stress (Li et al., 2005b), the impact of stretch on endothelial cells is less
well defined.

Blood vessels can be subjected to various shear stress forces depending on blood
flow. Uni-directional laminar flow along straight vessels results in HSS values, while bi or
multi (turbulent) directional flow commonly observed at vessel bifurcations has relatively
lower shear stress values (termed oscillatory shear stress; 0SS). Laminar flow or pulsatile
flow with HSS (>15 dyn/cmz) is associated with endothelial quiescence (Berk et al., 2002;
Pan, 2009) and cardio protection as a consequence of a reduction in vascular tone mediated
by an increase in NO and a reduction in vasoconstrictor production, adhesion expression,
ROS production and AT1R expression (Pan, 2009; Ramkhelawon et al., 2009). Areas
subjected to OSS are more susceptible to endothelial damage and atherosclerosis due to

increased endothelial cell proliferation and apoptosis, increased ROS production, reduced
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NO bioavailability and increased expression of adhesion molecules. Many of these
characteristics are also observed with LSS; < 4 dyn/cm2 (Pan, 2009).

The haemodynamic forces present in hypertensive patients are less well defined.
Hypertensive patients with reduced wall shear stress in carotid arteries (Jiang et al., 1999;
Lee et al., 2009), pulmonary arteries (Tang et al., 2012), and radial arteries (Khder et al.,
1998) have been reported and in some instances were positively correlated with
atherosclerotic plaque development (Jiang et al., 1999; Lee et al., 2009). Interestingly, rats
subjected to aortic constriction demonstrated increased vascular wall remodelling in the
pre-stenotic hypertensive region where increased stretch was apparent along with laminar
shear (Prado et al., 2006). Lee et al., (2008) also demonstrated a positive correlation
between circumferential stretch and plaque burden in those with essential hypertension.
These studies suggest both laminar shear and circumferential stretch may contribute to
pressure-induced plaque production. Therefore, the experiments described in this chapter
aim to determine which of these mechanical forces is involved in the pressure-induced
inflammatory response.

Several different mechanosensors and signalling pathways have been proposed as
regulators of the endothelium’s response to shear. In particular, the mechanosensors
involved in stretch on vascular smooth muscle cells have been widely studied with evidence
that integrins, the cytoskeleton, ion channels and G proteins may be activated by stretch in
vascular smooth muscle cells, for review see (Hahn et al., 2009). In terms of endothelial
cells, exertion of circumferential stretch results in increased ICAM-1 (Cheng et al., 1996),
VCAM-1 and E-selectin expression (Yun et al., 1999).

More recently, caveolae, 50- to 100-nm flask-shaped invaginations of the plasma
membrane, have been implicated as mechanosensors. Caveolae are major cellular
structures mediating vesicular transport, including transcytosis and endocytosis, as well as
housing many proteins relating to cholesterol metabolism and cell signalling. They also play
a critical role in lipid homeostasis and signal transduction. Cavl, the main structural protein
of endothelial caveolae, is involved in macrophage inflammation, adhesion and
phagocytosis and negatively regulates eNOS activity (Li et al., 2005a; Medina et al., 2007;
Wou et al., 2009). Recently, the soluble cytosolic protein, polymerase | and transcript release
factor (PTRF), also known as cavin-1, was reported to be essential for caveolae formation

(Hill et al., 2008) and is upregulated under oxidative stress conditions (Volonte & Galbiati,
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2011). Importantly, in mouse lung endothelial cells, caveolae numbers are decreased in
response to osmotic swelling and stretch along with a disassembly of cavin-1 from Cavl
(Sinha et al., 2011). While Cavl'/'/Apoe'/' mice demonstrate reductions in leukocyte
adhesion, adhesion molecule expression, and plaque development (Fernandez-Hernando et
al., 2009; Engel et al., 2011), the effect of pressure on caveolae and consequently its role in
the pressure-induced inflammatory response is unclear. We hypothesized that caveolae are
not only essential mechanosensors in this response but also play an important role in

mechanotransduction.
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5.2 Methods

5.2.1 Animals

10-12 week old male Sprague Dawley rats and 8-10 week old C57BI/6 and Cavl”
mice were used in this study. Animals were housed at the Precinct Animal Centre in a room
with a 12-hour light/dark cycle and access to food and water ad libitum. Animal
experimentation was approved by the AMREP Animal Ethics Committee (Approval No:
E/0886/2009/B, E/1315/2013/B), which adhere to the National Health and Medical
Research Council (NHMRC) Australian Code of Practice for the Care and Use of Animals for

Scientific Purposes.

5.2.2 Exvivo pressure myography

To observe the direct effect of pressure on inflammation isolated RCA from Sprague
Dawley rats were pressurised at 0, 80 and 120 mmHg for 1 hr. Vessels were pressurised as
previously described in Chapter 3. Following pressure vessels were either perfused with
whole blood to assess leukocyte adhesion (section 5.2.4) or snap frozen for gene expression

(section 5.2.5).

5.2.2.1 Shear stress in pressurised carotid arteries

During pressure incubation, RCA were subjected to static (no flow), LSS (1.67
dyn/cm?; 100 pl/min) or HSS (16.7 dyn/cm?; 1000 pl/min) as previously described in Chapter

2, section 2.2.4.

5.2.2.2 Pharmacological interventions in pressurised arteries

For pharmacological interventions RCA were pressurised at 120 mmHg for 1 hour
with the cholesterol acceptor MBCD (10 mM). This compound was used to determine the
importance of membrane integrity in sensing and transducing pressure. The endothelial
membrane is lined with lipid rafts and MBCD is known to remove cholesterol. This result
would help confirm if the membrane played an important role in pressure-induced

inflammation.
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5.2.3 Stimulated mouse aorta

Aorta from 8-10 week old C57BI/6 and Cavl”" mice were excised, cleaned and
incubated with TNFa (5ng/ml; 4 hr) at 37°C, 5% CO, as previously described in Chapter 2,
section 2.2.2. In previous experiments in the laboratory leukocyte adhesion in unstimulated
mouse aorta has shown little to no adhesion and was therefore not undertaken in these
experiments. Furthermore, as the objective was to only observe the effect on leukocyte

adhesion without pressure shear stresses were not calculated for these experiments.

5.2.4 Leukocyte adhesion ex vivo

Following pressurisation, RCA or mouse aorta were perfused with human whole
blood (Alfred Ethics Committee project no. 397/09) fluorescently labelled with Dil for 10 min
and the number of leukocytes adhered to the endothelium were quantified as previously

described in Chapter 2, section 2.2.3.

5.2.5 TNFa stimulated endothelial cells

H5V cells derived from mouse embryonic heart endothelium (Garlanda et al., 1994)
were transformed with a lentivirus containing shRNA to caveolin 1 (H5V Cavl KD) or
scrambled shRNA (H5V Scr), a gift from Dr Marie-Odile Parat (University of Queensland).
Once confluent, H5V Scr or H5V Cav1l KD cells were stimulated with mTNFa (4hrs, 5ng/ml).
Following stimulation cells were either assessed for monocyte adhesion (section 5.2.7) or

snap frozen for gene expression (section 5.2.8).

5.2.6 In vitro THP-1 adhesion

Following TNFo stimulation H5V Scr and Cavl KD cells were incubated with the
monocytic cell line THP-1 (3 x 10° per 2 cm? surface) and imaged as previously described in

Chapter 2, section 2.1.4.
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5.2.7 Pressurised endothelial cells

H5v Cavl KD and H5V Scr cells were seeded onto collagen coated 25 mm round glass
coverslips and pressurised in a stainless steel sealed chamber at 0 and 120 mmHg as
previously described in Chapter 2, section 2.1.2. Following pressure, cells were snap frozen

for gene expression (section 5.2.8).

5.2.8 Gene expression analysis with real time quantitative RT PCR

Gene expression analysis of rat and mouse ICAM-1, MCP-1, mouse 18S and rat Rplp1

mMRNA was performed as previously described in Chapter 2, section 2.3 and 2.4.

5.2.9 Electron microscopy of caveolae in pressurised carotids

RCA pressurised at 0, 80 and 120 mmHg for 1 hr were fixed, dehydrated, sectioned,
and imaged with a transmission electron microscope (Hitachi H7500; Monash Micro Imaging
BioEM, Monash University) as previously described in Chapter 2, section 2.8. Caveolae
(defined as 60-100 nm invaginations) were counted, non-blinded, in a minimum of 25 cells

per vessel, with two fields per vessel.

5.2.9.1 Ruthenium red stained pressurised carotids

RCA were pressurised at 0, 80 and 120 mmHg for 1 hr and fixed in 100 mM
cacodylate buffer ph 7.4 containing 2.5% glutaraldehyde and 1 mg/ml of ruthenium red.
Samples were dehydrated, sectioned, and imaged with a transmission electron microscope

by Professor Rob Parton at the University of Queensland.

5.2.10 Duolink™ in situ proximity ligation of Cav1 and cavin-1

6 um sections of RCA pressurised at 0, 80 and 120 mmHg were incubated with Cavl
(1:200) and cavin-1 primary antibodies (1:200 and 1:150, respectively) followed by proximity
ligation assay (PLA) secondary antibodies (1:5), hybridized and subjected to rolling-circle

amplification, which was detected by fluorescence. Fluorescence was only observed when
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there was close juxtaposition of the two proteins. For further detail refer to Chapter 2,

section 2.7.1.

5.2.11 Immunofluorescence in pressurised carotids

6 um sections of RCA pressurised at 0, 80 and 120 mmHg were stained for Cavl and
cavin-1 primary antibodies (1:200 and 1:150, respectively) along with fluorescent secondary

antibodies (1:500) and imaged as previously described in Chapter 2, section 2.7.

5.2.12 Statistics

Data are expressed as mean £ SEM and were analysed using GraphPad Prism version
6.00 software (GraphPad Software, La Jolla, California, USA). Assessment of leukocyte
adhesion, THP-1 adhesion and mouse gene expression were measured using two-way
repeated measures ANOVA. Factors included different pressures, shear rates, inhibitors, cell
line and time. Rat gene expression and caveolae number were analysed using a one-way
ANOVA. Where there were significant differences in interaction, a Bonferroni post hoc
analysis was performed. The interaction of Cavl and cavin-1 at two pressures were analysed

using an unpaired Student’s t-test. P<0.05 was considered statistically significant.
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5.3 Results

5.3.1 Circumferential stretch in pressure-induced inflammation

The haemodynamic forces blood vessels are subjected to include circumferential
wall stretch and fluid shear stress. Increases in pressure directly induce circumferential
stretch, which, as shown in the previous chapter, increases leukocyte to endothelial
adhesion. In the experiments described in Chapter 4, RCA were subjected to increased
pressure for 1 hr without flow (i.e. no shear) followed by 10 min low shear blood flow for
imaging purposes. In the current chapter, to examine the effect of shear stress on RCA,
vessels were subjected to either: static (no flow), LSS (1.67 dyn/cmz; 0.1 ml/min) or HSS
(16.7 dyn/cm?; 1ml/min) according to the Hagen-Poiseuille equation (Malek et al., 1999;
Davies, 2009) for 1 hr and assessed for leukocyte adhesion and gene expression.

Leukocyte adhesion in unpressurised RCA incubated for 1 hr under static conditions
or under flow with LSS were not different (73 and 512 respectively; n=5-6; Fig 5.2)
suggesting LSS does not induce inflammation without pressure. Leukocyte adhesion
responses in RCA subjected to 120 mmHg under flow with LSS were similar to those
pressurised to 120 mmHg without flow (90+23 vs. 96+14 cells/field; n=5-6; P>0.05; Fig
4.4&5.2). However, adhesion in vessels under 120 mmHg and with HSS was reduced
compared to 120 mmHg and LSS, supporting reports in the literature of the protective
effects of HSS (Malek et al., 1999; Tinken et al., 2010).

To determine whether the levels of adhesion observed were due to endothelial
activation, mRNA expression analysis of the genes involved in adhesion was assessed in RCA
pressurised and subjected to various shear rates. MCP-1 expression in RCA exposed to 120
mmHg with LSS was significantly higher than unpressurised RCA (13.1+2.0 vs. 1.2+0.3; n=5;
P<0.001; Fig 5.2). Consistent with function findings described above, RCA pressurised to 120
mmHg under HSS, while greater than unpressurised RCA, demonstrated a blunted response
compared to pressurised RCA with LSS. MCP-1 expression at 0 mmHg with LSS trended to be
higher than 0 mmHg (static) (1.3+0.3 and 5.4+1.4 respectively; P>0.05; n=5-6; Fig 5.2). These
results suggest both circumferential stretch and LSS are important in endothelial activation

and inflammation whereas HSS is cardio protective.
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Figure 5.1. The effect of shear stress during acute pressure-induced inflammation in rat carotid
arteries. Quantification of leukocyte adhesion in carotid arteries under pressure coupled with no
flow (static), LSS (1.67 dyn/cm?) or HSS (16.67 dyn/cm?) conditions (n=5-6). Results are expressed as
mean * SEM. Values were compared with two-way ANOVA with Bonferroni post hoc where

***P<0.001 versus 120 mmHg (LSS).
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Figure 5.2. The effect of shear stress on Mcp-1 mRNA expression in vessels. mRNA expression of
MCP-1 relative to Rplp1 in rat carotid arteries under pressure (0 and 20 mmHg) with no flow (static),
LSS (1.67 dyn/cm?) or HSS (16.67 dyn/cm?) conditions for 1 hr. All groups are expressed relative to 0

mmHg (static) (n=4-6). Results are expressed as mean + SEM. Data were analysed with a one-way

ANOVA with Bonferroni post hoc where *P<0.05, ***P<0.001.
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5.3.2 Caveolae are involved in endothelial inflammation

To investigate the importance of membrane integrity in sensing pressure
differences, the cholesterol acceptor MBCD, coupled with high pressure (120mmHg) in RCA
was assessed. Leukocyte adhesion was lower in vessels treated with 120 mmHg + MBCD as
compared to 120 mmHg pressure alone (47413 vs.105+8 cells/field; n=4-5; P<0.001; Fig 5.3),
highlighting the importance of the membrane-associated mechanosensors.

Of the various mechanosensors that line the plasma membrane the structural
microdomains known as caveolae are associated with both pressure and inflammation. For
instance, caveolae are closely linked with both eNOS (Bucci et al., 2000) and Nox (Yang et
al.,, 2007). To assess the role of caveolae in pressure-induced inflammation we first
examined the role of caveolae with TNFa stimulation as TNFa receptors are known to reside
in caveolae (D'Alessio et al., 2005). Aortas from 8-10 week old Cav1” mice were stimulated
with TNF-a for 4 hr (5ng/ml) and leukocyte adhesion was assessed. Adhesion was
significantly reduced in aorta from Cav1” mice compared to aorta from C57BI/6 mice (204
vs. 8%3 cells/field; P<0.01; n=7; Fig 5.4).

Next, H5V Scr and H5V Cavl KD cells were stimulated with TNFa to determine if
endothelial cell activation was altered by caveolae expression. H5V Scr cells demonstrated
increased gene expression of ICAM-1 and MCP-1 when stimulated with TNFa compared to
unstimulated cells (n=4-6; P<0.05; Fig 5.5). However, TNFa stimulated H5V Cav1 KD cells had
a lower response compared to H5V Scr (ICAM-1: 2.6+0.4 vs. 5.5+0.7; n=5; P<0.001; Fig 5.5A,
MCP-1: 2.6+0. vs. 5.2+1.0; n=5; P<0.01; Fig 5.5B). Consistent with our gene expression
analysis, we also observed a decrease in monocyte adhesion to H5V Cav1 KD cells following
TNFa stimulation compared to scrambled controls (138140 vs. 288+30%; n=3; P<0.01; Fig
5.6). These results demonstrate Cavl and caveolae are essential for TNFa-induced

endothelial activation and inflammation.
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Figure 5.3. The effect of a cholesterol acceptor during acute pressure-induced inflammation in rat
carotid arteries. Quantification of leukocyte adhesion in carotid arteries under pressure coupled
with the cholesterol acceptor MBCD (10 mM; n=4-5). Results are expressed as mean + SEM. Data
were analysed using a two-way ANOVA with Bonferroni post hoc where ***P<0.001 versus 120

mmHg.
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Figure 5.4. Leukocyte adhesion in stimulated Cav1” aorta. Quantification of leukocyte adhesion in
C57BI/6 and Cav1” mice following TNFa stimulation (4hrs; 5ng/ml; n=7). Results are expressed as

mean * SEM. Data were analysed using a two-way ANOVA with Bonferroni post hoc where

**p<0.01.
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Figure 5.5. Effect of Cavl KD on mRNA expression in endothelial cells. (A) ICAM-1 and (B) MCP-1
gene expression in transformed HS5V cells with either scrambled shRNA (H5V Scr) or Caveolin-1
shRNA (H5V Cav1l KD) that were unstimulated (Ctr) or stimulated with TNFa for 4hrs (5ng/ml) (n=4-
6). Results are expressed as mean * SEM. Values were analysed using a two-way ANOVA with

Bonferroni post hoc where *P<0.05, **P<0.01, ***P<0.001.
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Figure 5.6. Effect of Cavl KD on monocyte adhesion to endothelial cells. (A) Representative images
of THP-1 (1x10°/ml) adhesion to H5V Scr or Cavl KD monolayer following TNFa stimulation (4 hrs;
5ng/ml). (B) Quantitative analysis of THP-1 adhesion as a percentage of H5V Scr control (n=3).
Results are expressed as mean + SEM. Values were analysed using a two-way ANOVA with

Bonferroni post hoc where **P<0.01.
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5.3.3 Pressure reduces caveolae number along the plasma membrane

To explore the possible effect of pressure on caveolae structure, pressurised RCA (0,
80 & 120mmHg) were imaged using an electron microscope (Fig 5.7A). For each vessel a
minimum of 25 endothelial cells were counted with two fields imaged per cell. Elevated
pressure (120 mmHg) reduced the number of caveolae per um length of plasma membrane
when compared to 0 and 80 mmHg (0 mmHg: 3.81+0.26 vs. 120 mmHg: 1.89+0.22; P<0.01;
80 mmHg: 3.0840.22 vs. 120mmHg: 1.89+0.22; n=3; P<0.05; Fig 5.7B). Even though it may
appear that Fig 5.7A represents the same number of caveolae between 80 mmHg and 120
mmHg, the surface area is increased at 120 mmHg and thus causing fewer caveolae/um as
depicted in Fig 5.7B. In addition, morphological changes were observed with a greater
deformation of the endothelial layer at 120 mmHg (Fig 5.7A). The reduction in caveolae with
pressure was also confirmed in RCA stained with the cell surface marker, ruthenium red (Fig

5.8; OmmHg: 100% vs. 120mmHg: 43%).
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Figure 5.7. The effect of pressure on caveolae number in carotid arteries. (A) Representative
ultrathin resin sections of the caveolae (red arrows) in rat carotid arteries after 1 hr of pressure (0,
80 and 120 mmHg) examined by electron microscopy. Scale bar=200 nm. (B) Quantification of
caveolae detected per um of plasma membrane on ultrathin resin sections from carotid arteries
after 1 hr of pressure (0, 80, 120 mmHg), n=3. Results are expressed as mean + SEM. Values were

analysed using a one-way ANOVA with Bonferroni post hoc where *P<0.05, **P<0.01.
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Figure 5.8. Ruthenium red stained caveolae in pressurised carotid arteries. Representative images
of caveolae (red arrows) rat carotid arteries (0 and 120 mmHg) stained in the presence of the

membrane marker ruthenium red. Scale bar=1000 nm.
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5.3.4 Caveolae are important in pressure-induced inflammation.

To explore the possible role of caveolae in the pressure-induced inflammatory
response gene expression of ICAM-1 and MCP-1 in pressurised H5V Scr and Cavl KD cells
were examined. ICAM-1 was significantly upregulated in H5V Scr cells pressurised to 120
mmHg compared to unpressurised (Ctr) and 0 mmHg (Ctr: 1.0£0.1, 0 mmHg: 0.6£0.1 vs. 120
mmHg: 2.0£0.3; n=4-6; P<0.01; Fig 5.9A) whereas in H5V Cavl KD cells it was not. MCP-1
gene expression in H5V Scr cells was also upregulated at 120 mmHg (Ctr: 1.1+£0.2, 0 mmHg:
0.5+0.2 vs. 120 mmHg: 3.1+1.2; n=4-6; P<0.05; Fig 5.9B) while expression in H5V Cavl KD

cells at 120 mmHg was not different to unpressurised cells (n=3-6; P>0.05; Fig 5.9B).

5.3.5 Cav1 and cavin-1 may disassemble with pressure

A possible explanation for the reduction of caveolae number seen in pressurised
vessels is the disassembling of caveolae structural proteins Cavl and cavin-1, which have
previously been shown to rapidly dissociate when caveolae flatten out in response to stress
(Sinha et al., 2011). Therefore, to examine the interaction of Cavl and cavin-1 under
pressure we used a Duolink™ in situ proximity ligation assay (PLA) in pressurised RCA with a
fluorescent signal indicative of the close proximity of the two proteins. Preliminary results
demonstrate no difference in fluorescence at the higher pressure (0 mmHg: 12.4+1.4 vs. 120
mmHg: 7.7+0.9; n=3; Fig 5.10). However, preliminary immunofluorescence staining of these
proteins, suggest there is a reduction of total Cavl and cavin-1 at 120 mmHg (Fig 5.11).

Further work is required to validate these findings.
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Figure 5.9. Effect of Cavl KD on mRNA expression in pressurised endothelial cells. (A) ICAM-1 and

(B) MCP-1 gene expression in transformed H5V cells with either scrambled shRNA (H5V Scr; black) or

Caveolin-1 shRNA (H5V Cavl KD; white). Cells were untreated, or pressurised at 0 and 120 mmHg,

n=3-6. Results are expressed as mean + SEM. Values were analysed using a two-way ANOVA with

Bonferroni post hoc where *P<0.05.
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Figure 5.10. Interaction of caveolin-1 and cavin-1 in pressurised carotid arteries. (A) Representative
confocal immunofluorescence images of the interaction of Cavl and cavin-1 as detected by the
Duolink™ PLA in RCA pressurised (0 and 120 mmHg) for 1 hour. (B) Preliminary quantification of PLA
in carotid arteries (n=3). Results are expressed as mean + SEM. Data were analysed with an unpaired

Student t-test.
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Figure 5.11 Distribution Cavl and cavin-1 in carotid arteries. Representative confocal
immunofluorescence images of Cavl and cavin-1 in carotids arteries pressurised (0 and 120 mmHg)

for 1 hour. Scale bar=20 um with zoomed images x3.
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5.4 Discussion

This chapter describes the role of mechanical forces and mechanosensors,
particularly caveolae, in the pressure-induced inflammatory response. By controlling for
discrete parameters of the ex vivo pressure myograph protocol it can be reasoned that
circumferential stretch is the predominant mechanical force activating the inflammatory
response. Furthermore, with the use of shRNA knockdown cells, knockout mice, and specific
antibodies for Cavl and cavin-1 we demonstrate that caveolae play an essential role in this
process.

HSS actively suppresses inflammation by inducing a negative feedback mechanism
causing release of local NO, preventing adhesion molecule expression (Walpola et al., 1995),
and reducing endothelial dysfunction and apoptosis (Chiu & Chien, 2011b). Indeed, reduced
inflammation is seen in various cultured endothelial cells (Luu et al., 2010b) as well as rabbit
aorta exposed to HSS (Yamawaki et al., 2003). HSS is the main underlying reason for the
beneficial aspects of exercise training including improved flow-mediated vasodilation and
vascular remodelling (Tinken et al., 2010). Our study supports these findings by
demonstrating that vessels subjected to high pressure coupled with HSS have both reduced
leukocyte adhesion and adhesion molecule expression compared to those subjected to high
pressure and LSS.

The consensus in the literature is that wall shear stress acts predominantly on
endothelial cells whereas circumferential stretch acts on the intima, media and adventitia
eliciting changes in smooth muscle cells (Li et al., 2005b; Haga et al., 2007). Therefore, less is
known about the effect of stretch on endothelial cells particularly in vivo. Vessels exposed
to high pressure coupled with LSS had the same amount of leukocyte adhesion as those
exposed to static high pressure suggesting that perhaps stretch is the predominant force
observed. Indeed, LSS alone did not induce vascular inflammation as opposed to increased
pressure without shear (i.e. stretch), which was inflammatory. However, it should be noted
that the experimental protocol did require that blood was flowed at a rate of LSS for the
final 10 mins under both circumstances. In the clinical setting, untreated hypertensive
patients have been shown to have reduced shear (Khder et al., 1998; Lee et al., 2009) as

well as increased tension or stretch (Lee et al., 2008). Importantly, this increased stretch is
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positively correlated with the progression of atherosclerosis in carotid arteries (Lee et al.,
2008).

Mechanosensors that sense changes in shear and stretch are located on the
endothelium and are involved in the activation of downstream signalling pathways. The
lipid-rich invaginations along the plasma membrane, caveolae, are a prime candidate
mechanosensor in the pressure-induced response as they are abundant in endothelial cells,
house adhesion molecules (Millan et al., 2006) and can directly regulate eNOS. The location
of eNOS to plasmalemmal caveolae was first demonstrated in 1996 (Shaul et al., 1996a).
Since then it has been established that eNOS is inactive when bound to the primary protein
of caveolae, Cavl (Ju et al., 1997; Michel et al., 1997) and is activated by an increase in
shear stress (Rizzo et al., 1998). These studies demonstrate an important role of caveolae in
blood pressure regulation. Indeed, Cavl” mice demonstrate impaired flow-mediated
dilation and increased vascular remodelling, which is restored when endothelial Cavl is
reconstituted (Yu et al., 2006). Interestingly, despite increased NO production, studies
report that overall Cav1” mice do not demonstrate alterations in systemic blood pressure
but rather demonstrate a pulmonary hypertensive phenotype (Zhao et al., 2002).

Caveolae are also involved in signalling an inflammatory response. It has been shown
that caveolae may regulate Nox-induced ROS production in endothelial cells as Nox subunits
are heavily enriched in caveolae (Yang et al., 2007) and are activated in the caveolae with
angiotensin Il stimulation (Lobysheva et al., 2011). Furthermore, a major function of Cav1l is
the transportation of LDL to the cytosol (Frank et al., 2008) playing an important role in
atherosclerosis. Indeed, in studies examining the role of caveolae in plague formation it has
been shown that Cavl'/’/ApoE KO”" mice are protected from atherosclerosis. Reductions in
proatherogenic CD36 and adhesion molecules (Frank et al.,, 2004) and inhibition of
leukocyte adhesion in vivo (Engel et al., 2011) have also been observed. The reduced plaque
formation is also shown to be specifically dependent on endothelial caveolae, where re-
expression of endothelial Cavl in the Cavl'/'/Apoe'/' mice results in a similar atherosclerotic
phenotype to control Apoe‘/' (Fernandez-Hernando et al., 2010). Our findings with TNFa
stimulation are consistent with these studies, in which leukocyte adhesion in Cav1” aorta
was reduced compared to C57BL/6 controls. In addition, adhesion molecule gene expression

and monocyte adhesion in TNFa-stimulated Cavl KD cells were reduced compared to
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scrambled controls further supporting the important role of caveolae in TNFa-induced
inflammation.

In relation to pressure, we discovered an important role for caveolae in pressure-
induced inflammation. Electron microscopy images of pressurised carotid arteries
demonstrated a clear pressure dependent reduction in the number of caveolae. This was
further confirmed by electron microscopy imaging of ruthenium red stained carotids. Due to
its close association with eNOS Park et al., (1998) and Boyd et al., (2003) have demonstrated
an increased caveolae number in response to HSS compared to static conditions.
Conversely, and more closely representing our conditions, Sinha et al., (2011) showed that
endothelial cells exposed to stretch via osmotic swelling demonstrate a significant reduction
in the number of caveolae at the cell surface. Furthermore, they demonstrated that this was
due to the flattening of caveolae and disassembling of cavin-1 from Cav1. Using a PLA in
pressurised RCA we did not see a change in Cavl and cavin-1 interaction; however, this is
possibly due to an inadequate visualisation of the signal in the tissue, which we are
currently investigating further in pressurised cells. Nevertheless, the immunofluorescence of
cavin-1 in RCA was reduced with pressure, suggesting a reduction in caveolae number,
which is consistent with our electron microscopy evidence, which showed a trend for
increased membrane length at the higher pressure. It is suggested this is a quick cell survival
mechanisms (Parton et al., 2013) where caveolae have a role as membrane reservoirs (Sens
et al., 2006; Sinha et al., 2011).

Aside from a change in membrane length, an increased deformity was also noted at
the higher pressure. Whether these are the hypothesized projections formed to aide in
leukocyte transmigration (Carman et al., 2004; Dejana, 2006; Nieminen et al., 2006) remains
to be determined. Nevertheless, it seems that reduced caveolae number and their flattening
is essential for pressure-induced inflammation. Our findings that Cavl KD cells have blunted
adhesion molecule gene expression, a similar response to TNFa stimulation, certainly is in
support of this notion.

In summary, we have identified caveolae as key mechanosensors involved in the
pressure-induced inflammatory response. Firstly, we provide evidence that increased
pressure when coupled with increased circumferential stretch and LSS elicits a dramatic
inflammatory response. Secondly, this response is reduced with HSS. Thirdly, we

demonstrate that caveolae are not only important mechanosensors but are also involved in
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mechanotransduction as evidenced by the reduction in adhesion molecule expression and
leukocyte adhesion ex vivo and in vitro following Cavl blockade. Finally, we demonstrate,
for the first time, that high intraluminal pressure reduces caveolae number. Collectively
these data suggest caveolae are an essential mediator between the effect of pressure and

the downstream signalling pathways.
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6.1 Introduction

Uncontrolled blood pressure and its complications are an ongoing issue, despite the
use of antihypertensive agents. Most antihypertensive treatments only treat the elevated
blood pressure and do not have the ability to effectively repair vascular dysfunction or
remodelling (Bravo et al., 2001). Patients with resistant hypertension have a greater risk of
target organ damage (Gaddam et al., 2008) and plaque development (Cuspidi et al., 2001).
In the previous chapters, we showed that increased luminal pressure could induce vascular
inflammation. We suggest that targeting this consequence of high blood pressure may be a
useful combination therapy to address the complications associated with hypertension.

A hurdle in the development of appropriate pharmacological interventions for
hypertension-induced vascular complications is the lack of appropriate mouse models that
exhibit both hypertension and atherosclerosis. Of the models that have been used, many
involved surgical interventions such as the 2 kidney-1 clip and 1 kidney-1 clip (Mazzolai et
al., 2004), aortic constriction (Tropea et al., 1996) and carotid artery ligation (Nam et al.,
2009) to induce hypertension. Alternatively, chronic pharmacological stimulation with Ang Il
or noradrenaline is used to increase blood pressure but the doses used are not necessarily
physiologically relevant. To overcome this, we aimed to create a spontaneous model of
hypertension that was prone to atherosclerosis. With this model we are afforded the
opportunity to investigate the effect of high blood pressure on leukocyte adhesion and
plague development.

BPH/2J (or Schlager) mice are a spontaneously hypertensive mouse model generated
in the late 1970s. BPH/2) mice were originally derived from an 8-way cross of unrelated
normotensive mice. These mice develop hypertension from 5 weeks of age and at 20 weeks
have a MAP of 130 mmHg compared to control levels of 112 mmHg (Schlager & Sides,
1997). These mice have a neurogenic form of hypertension regulated by neurons located in
the medial amygdala (Davern et al., 2010), and demonstrate increased levels of oxidative
stress (Uddin et al., 2003). Importantly, their hypertension has been reported to be RAS
independent (Palma-Rigo et al., 2011) although recently, Jackson et al., (2013) provided
evidence that the RAS may play a role during the active period (night) in these mice. For the
current study, we crossed BPH/2) mice with Apoe'/' mice to create a hypertensive

atherosclerotic model (BPHxApoe'/'). Given the enormous role of the ROS in the intracellular
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signalling pathway in pressure-induced endothelial activation observed in the previous
chapters, we hypothesised that treatment with a ROS inhibitor would be beneficial.
However, as ROS inhibitors decrease blood pressure (Mullan et al., 2002; Park et al., 2002;
Unger & Patil, 2009) this would make the interpretation of the cause and consequence of
vascular inflammation difficult. Therefore, we targeted leukocyte recruitment in this model,
to discretely quantify the contribution of pressure-induced inflammation to atherosclerosis.

P-selectin is a promising target to control leukocyte recruitment to the activated
endothelium. P-selectin is secreted from WPB in endothelial cells and platelets, and is a key
adhesion molecule in the initial stages of leukocyte recruitment (Eriksson et al., 2001). P-
selectin is required for the movement of leukocytes into lesions and advancing the
progression of the plaque in Apoe'/' mice (Dong et al., 2000). Inhibition of P-selectin with the
human monoclonal antibody inclacumab in clinical trials in patients with atherosclerosis has
shown promising results, with reduced myocardial damage after percutaneous coronary
intervention (Tardif et al., 2013). In Apoe'/' mice, blocking P-selectin with the antibody
RB40.34, reduces rolling and adhesion of monocytes in mice fed a high fat diet for 4-5 weeks
(Ramos et al., 1999). In a carotid artery wire injury model, one bolus injection (100 or 200 pug
i.p.) reduced macrophage content in plagues and neointima formation 4 weeks following
injury (Phillips et al., 2003). Therefore, inhibition of P-selectin may enable a clear
exploration of whether inhibition of the pressure-induced adhesion cascade, can reduce
chronic plaque progression.

In this chapter we aimed to develop and characterize the BPHxApoe'/' mice, explore
the chronic effect of high blood pressure on plaque progression, and examine whether
blocking inflammation in the context of sustained high blood pressure can reduce plaque
development in these mice. We hypothesized that the BPHxApoe'/' mice would have
enhanced atherosclerosis as the increased blood pressure would promote leukocyte
recruitment. We also reasoned that inhibiting leukocyte recruitment, via treatment with a
P-selectin blocking antibody, would prevent the pressure-induced accelerated

atherosclerosis.
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6.2 Methods

6.2.1 Establishing BPHxApoe~/- colony

To create a spontaneously hypertensive, diet-induced atherosclerotic mouse model,
breeding pairs of either male or female Apoe'/' mice were crossed with male or female
Schlager BPH/2) mice. Development of this model was approved by the AMREP Animal
Ethics Committee (Approval No: E/1111/2011/B), which adheres to the National Health and
Medical Research Council (NHMRC) Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes. The blood pressure of the offspring (F2) was determined via
tail cuff at > 6 weeks and approximately one third of mice had systolic blood pressure above
135 mmHg. These hypertensive mice were heterozygous for Apoe+/', due to Apoe'/‘ male or
female paired with BPH/2) (Apoe+/+) mice, and were paired with their hypertensive Apoe+/'
siblings (systolic blood pressure >135 mmHg). The offspring (F3) were screened for
hypertension and the Apoe gene in the homozygous condition (-/-) and bred with a sibling
of similar phenotype and genotype. This process resulted in a fixed line of mice with a
deficiency of the Apoe gene and a propensity to develop hypertension (BPHxApoe'/'). Blood
pressure was measured in all mice prior to study inclusion to confirm the presence of the

hypertensive phenotype.

6.2.2 Genotyping for Apoe’-

Tail biopsies were taken at weaning and sent to Transnetyx (Cordova, TN) for
commercial genotyping of the Apoe deficiency. The Transnetyx method involves a qPCR
based probe hybridization to detect the presence of both the knockout and wild type alleles
in the samples. Using target specific junction sequence within the mutant allele that
consisted of endogenous Apoe and neomycin cassette sequence, the presence of the
knockout allele was determined. The wild type genotype was determined by targeting the

wild type sequence, which was deleted by the insertion of the neomycin resistance cassette.

6.2.3 Blood pressure telemetry

All telemetry experiments were performed in collaboration with Professor Geoff
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Head’s Neuropharmacology Laboratory (Baker IDI Heart and Diabetes Institute) with the

assistance of Kristy Jackson and John-Luis Moretti.

6.2.3.1 Measurement of BP, HR and locomotor activity

Under isofluorane open circuit anaesthesia (1.5-2.5%) 8 — 10 week old BPHxApoe'/'
and Apoe'/' mice on normal chow diet were implanted with radiotelemetry devices weighing
1.4 g and approximately 10 mm in length (TA11PA-C10; DataSciences International (DSI), St
Paul, USA) as previously described (Butz & Davisson, 2001; Davern et al., 2010). Briefly, the
catheter was inserted into the left carotid artery and the transmitter body was inserted
subcutaneously along the right flank. Mice were housed individually and each cage was
placed on a receiver plate (model RPC-1 Receiver, DSI, MN, USA) connected to a pressure
output adapter (R11CPA) and an analogue converter (PR11A). Following 10-day recovery
from surgery, 1 min averages of pulsatile arterial blood pressure readings and locomotor
activity were recorded continuously over a 72-hour period sampled at 100 Hz as previously
described (Jackson et al., 2007). Mean arterial pressure and heart rate were analysed in the

Neuropharmacology laboratory using an in-house program in Labview (Head et al., 2001).

6.2.4 Study animals

8-week-old BPHxApoe'/' or Apoe'/' were fed a high fat rodent diet (HFD) 21% fat and
0.15% cholesterol and water ad libitum for 12 weeks. BPHxApoe'/' mice with a tail cuff
reading of systolic blood pressure >135 mmHg and Apoe'/' mice with a reading of <120
mmHg were entered into the study. This study was approved by the AMREP Animal Ethics
Committee (Approval No: E1265/2012/B), which adheres to the National Health and
Medical Research Council (NHMRC) Australian Code of Practice for the Care and Use of

Animals for Scientific Purposes.

6.2.5 P-selectin intervention

This study aimed to determine whether blocking vascular inflammation and the
adhesion cascade, without lowering blood pressure, could reduce atherosclerotic plague
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progression in chronic hypertensive mice. BPHxApoe'/' and Apoe'/' mice were fed a high fat
diet (HFD) for 12 weeks and assessed for plaque area and morphology with and without
treatment of one or two bolus injections of P-selectin blockade, RB40.34, (Phillips et al.,
2003). At Week 0 mice underwent tail cuff plethysmography for preliminary blood pressure
determination. Phillips et al., (2003) demonstrated that RB40.34 was present at least 7 days
following administration and disappeared by 14 days. Since there are no reports of RB40.34
administration in a chronic atherosclerotic model, we investigated four treatment groups:
saline treated (i.p.; intraperitoneal injection), isotype control (2 injections at week 1 and 3:
Ctr; 2x100 pg i.p.; BD Pharmingen, #553995), one injection of the anti-P-selectin antibody
RB40.34 (1 injection at weeks 1: 100 pg i.p.; BD Pharmingen, #553744), or two injections of
RB40.34 (2 injections at week 1 and 3: 2x100 ug i.p.). Mice received either one injection of
P-selectin at Week 1 (1x100 pg RB40.34) or two injections; one at Week 1 and again in Week
3 (2x100 pg RB40.34). Saline and isotype injections were delivered at Week 1 and Week 3

(Fig 6.1).
High Fat Diet (12 weeks)
1 I I I I I I I I I I I I
- e

o E 5 5 5 2
T = b= T
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g~ c = =5
&2 = =
Treatments:
*Saline— 2 injections * 1x 100 sig RB40.34 — 1 injection of
* |stoype control—2 injections RB40.34

+ 2x 100 g RB40.34 — 2 injections

of RB40.34

Figure 6.1 Study design of P selectin blockade in chronic hypertensive atherosclerotic mice.
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6.2.6 Tissue collection

Mice were killed after the 12 week treatment period by 100% CO, asphyxiation. The
arch, thoracic and abdominal aorta, lungs, liver, kidney, heart and spleen were excised and
placed in ice-cold Krebs buffer. The aorta was cleaned for Sudan IV imaging, while the sinus

of the heart was frozen in OCT for subsequent immunohistochemistry analysis.

6.2.7 Sudan IV staining in mouse aorta

The aorta was cleaned and placed into a labelled biopsy cassette between two
sponges and stored in 10% formalin overnight. Cassettes were rinsed in 70% ethanol for 1
min and placed in Sudan-Herxheimers solution (5g Sudan IV, 500 ml 80% ethanol, 500 ml
acetone) for 30 min. Cassettes were rinsed in 80% ethanol and placed in fresh 80% ethanol
for 20 min, followed by 60 min under running tap water. Cassettes were then placed back
into 10% formalin for up to two weeks before imaging. Sudan IV samples were further
cleaned of any remaining connective tissue and fat from the outside. The whole aorta was
dissected lengthwise to expose the internal vessel wall. The aorta was mounted onto a glass
slide with glycerol gelatin (Sigma, #GG1). Images (3-5) were taken per vessel on a
microscope fixed to a digital camera and computer and then stitched together using Fiji
1.47h software (Schindelin et al., 2012). Plague area was analysed and quantified in the

arch, thoracic, abdominal and total aorta using Fiji 1.47h software.

6.2.8 Aortic Sinus staining

Immunohistochemistry was specifically determined in the aortic sinuses in the heart.

This includes the left, right, and non-coronary aortic sinuses behind the aortic valve leaflets.

6.2.81 (D68

Thawed 6 um sections were washed with PBS twice for 5 min and incubated in 3%
hydrogen peroxide in methanol for 20 min. Sections were washed with PBS (2 x 5 min) again

and blocked with 10% normal goat serum (NGS) for 30 min and incubated with avidin
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blocking solution (Vector SP-2001) for 15 min. After a quick rinse in PBS, sections were
incubated with Biotin blocking solution (Vector SP-2001) for 15 min and rinsed again with
PBS. Sections were incubated overnight at 4°C with either the CD68 primary antibody
(1:200; rat anti-mouse; Serotec, #MCA1957) in 5% NGS or 5% NGS only (negative control).
Sections were washed with PBS (2 x 5 min) and incubated with the secondary
antibody (1:100; mouse anti-rat; BD Pharmingen, #550325) in 5% NGS for 30 min. After a
wash in PBS (2 x 5 min) the ABC complex (Vectastain, #PK-6100) was added for 30 min
followed by further washes in PBS (2 x 5 min). The DAB (3,3'-Diaminobenzidine) mix (Vector
Laboratories Inc, #SK-4100) was added until the sections turned brown. Sections were then
washed in ultra-pure water (2 x 5 min) and stained with Mayer’s Haematoxylin (45 sec).
Residual stain was removed with a rinse in running tap water until clear, 4 min in Scott’s tap
water and another rinse in tap water. Sections were dehydrated with 95% ethanol (3 min)
followed by three changes in 100% ethanol (3 min each) and cleared in two changes of
xylene (5 min each). Sections were then air dried and mounted with depex mounting
medium and dried overnight. Sections were imaged at 20x using the FSX100 light

microscope.

6.2.8.2 Oil Red-0

Thawed 6 um sections were fixed in 10% neutral buffered formalin for 4 min and
washed in PBS for 4 min. Sections were stained in Oil Red-O working solution (3 parts oil
red-o stock (3% oil red-o in isopropanol; Sigma-Aldrich, #00625): 2 parts ultra-pure water)
for 2 hr. Excess stain was removed with 3 dips in 60% isopropanol and washed in ultra-pure
water for 2 min. Sections were counterstained with Mayer’s Haematoxylin for 4 min.
Residual stain was removed with running tap water for 3 min followed by ultra-pure water
for 3 min. Sections were then air dried and mounted with aqueous mounting media
(Aguamount; Grale Scientific, #36226S). Sections were imaged at 20x using the FSX100 light

microscope.

6.2.8.3 Collagen staining via picrosirius red

Thawed 6 um sections were fixed in acetone for 15 min at 20°C and washed in PBS 2

X 5 min. Sections were stained in 0.1% Sirius Red F3BA (Sigma, #365548; made up in
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saturated aqueous picric acid) for 1 hr and washed in 0.01 N HCI for 2 min. Following a rinse
in dH,0 sections were dehydrated in 100% ethanol (2 x 5 min) and then cleared in xylene (2
x 5 min) before mounting with depex. Slides were imaged on a BX61 Olympus microscope

under bright field and polarised light and images were analysed with ImageJ.

6.2.9 Statistics

Data are expressed as mean £ SEM and were analysed using GraphPad Prism version
6.00 software (GraphPad Software, La Jolla, California, USA). Heart rate, blood pressure,
locomotor activity, bodyweight change, plaque area and sinus staining between the
BPHxApoe'/' and Apoe'/', as well as sinus staining with RB40.34 intervention (which
compared two groups) were analysed using an unpaired Student’s t-test. Body weight pre
and post high fat diet in the BPHxApoe'/' and Apoe'/' was analysed using a two-way repeated
measures ANOVA with the factors strain and time. Weight change and plaque area with
RB40.34 intervention were analysed using a one-way ANOVA with the factor treatment.
Significant differences were analysed using a Bonferroni post hoc to account for multiple

comparisons. P<0.05 was considered statistically significant.
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6.3 Results

For strain comparative purposes, only animals injected with saline were analysed.

6.3.1 Blood pressure is greater in BPHxApoe~/- than Apoe~’-

Blood pressure was measured using radiotelemetry in conscious BPHxApoe'/' and
Apoe'/' mice 10-12 weeks of age. 24-hour averages of SAP (systolic arterial pressure), DAP
(diastolic arterial pressure), MAP (mean arterial pressure) and HR (heart rate) were greater
in the BPHxApoe'/' compared to Apoe'/' mice (n=5; P<0.05; Fig 6.2A-H). This result was
particularly apparent during the day (inactive period) where SAP was 17% greater in
BPHxApoe'/' than in Apoe'/' (11343 vs. 9741 mmHg; n=5; P<0.05) and DAP was 22% greater
(9045 vs. 74+1 mmHg; n=5; P<0.05). There was no difference in activity units (n=5; P>0.05;
Fig 6.21&J).

6.3.2 Body weight increased after 12 weeks on high fat diet

Body weight in both BPHxApoe'/' and Apoe'/' mice increased following 12 weeks on
HFD (n=5-6; P<0.001; Fig 6.3A). Furthermore, BPHxApoe'/' mice showed a trend towards a
greater weight gain in response to the HFD compared to Apoe'/'; but this did not reach

statistical significance (n=5-6; P=0.10; Fig 6.3B).

6.3.3 BPHxApoe/- did not demonstrate greater plaque area

Total and regional plague area was assessed using Sudan IV staining. There was no
difference in total, aortic arch, thoracic, or abdominal plaque area in BPHxApoe'/' compared

to Apoe'/' mice (n=4-6; P>0.05; Fig 6.4; Fig 6.5A-D).
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Figure 6.2 Heart rate, blood pressure and locomotor activity. Radiotelemetry measurements in
Apoe”” (black) and BPHxApoe”" (grey) mice of (A) hourly averages and (B) 24 hr mean of systolic
arterial pressure (SAP; mmHg), diastolic arterial pressure (DAP; mmHg) (C) hourly averages and (D)
24 hr mean, mean arterial pressure (MAP; mmHg) (E) hourly averages and (F) 24 hr mean, heart rate
(HR; in beats per min, b/min) (G) hourly averages and (H) 24 hr mean and locomotor activity
(Activity; arbitrary units) (1) hourly averages and (J) 24 hr mean. Data are presented as mean * SEM
for 24 hour comparisons (B, D, F, H, J), n=5. Data were analysed with an unpaired Student t-test

where *P<0.05.
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Figure 6.3 Effect of high fat diet on weight. (A) Apoe'/' (black) and BPHxApoe‘/‘ (grey) individual
and mean * SEM weight pre and post 12 weeks on high fat diet. (B) Change in weight after high fat
diet, n=5-6. Data are presented as mean + SEM. Data were analysed with a two-way ANOVA with a
Bonferroni post hoc test where **P<0.01 Apoe'/', ***p<0.001 BPHxApoe'/' pre vs. post. Change in

weight was analysed using an unpaired Student t-test.
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Figure 6.4 Atherosclerotic plaque in aorta. Representative images of Sudan |V stained plaque in (A)

Apoe'/' and (B) BPHxApoe'/' aorta after 12 weeks on a high fat diet.
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Figure 6.5 Atherosclerotic plaque in the aorta. Sudan IV stained plaque area (%) in the (A) total, (B)
arch, (C) thoracic and (D) abdominal aorta in Apoe” (black) and BPHxApoe”" (grey) mice after 12
weeks on a HFD (n=4-6). Data are presented as mean + SEM. Data were analysed using an unpaired

Student’s t-test.
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6.3.4 BPHxApoe/- mice demonstrate plaque instability

To examine plaque stability, the aortic sinus was sectioned and stained for lipid
content using oil red O, macrophage accumulation via CD68 and collagen deposition with
picrosirius red. Lesions from the BPHxApoe'/' mice had increased lipid deposition compared
to Apoe'/' mice (18.1+2.4% vs. 29.3+3.4%; n=4-5; P<0.05; Fig 6.6). Macrophage content was
also increased in the BPHxApoe'/' mice compared to Apoe'/' mice (13.9£2.0% vs. 31.4+4.6%;
n=3-5; P<0.05; Fig 6.7). Collagen content was not significantly different in BPHxApoe'/' mice
compared to Apoe'/'mice (11.7+2.4% vs. 6.1£1.2%; n=3-4; P=0.13; Fig 6.8). However, overall
these results suggest BPHxApoe'/' have reduced plaque stability. The collagen/lipid ratio, a
measure of plaque stability (Naghavi et al., 2003; Zeibig et al., 2011) while not currently
significantly reduced in BPHxApoe”™ (Apoe’: 0.76+0.29 vs. BPHxApoe™’: 0.24+0.10; n=3-4;

P=0.21) may show statistical significance once the n numbers are increased.
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Figure 6.6 Oil Red O stained aortic sinus. (A) Representative images of Qil Red O stained aortic sinus
atherosclerotic lesions from Apoe” (black) and BPHxApoe”” (grey) mice fed a HFD. Scale bar = 150
um. (B) Group data demonstrating stained area (%) of Oil Red O (n=4-5). Data are presented as

mean + SEM. Data were analysed using an unpaired Student t-test where *P<0.05.
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Figure 6.7 Macrophage content in aortic sinus. (A) Representative images of macrophage positive
stained aortic sinus atherosclerotic lesions from Apoe”” (black) and BPHx Apoe” (grey) mice fed a
HFD and treated with saline. Scale bar = 150 um. (B) Group data demonstrate macrophage positive
stained area (%) (n=3-4). Data are presented as mean + SEM. Data were analysed using an unpaired

Student t-test where *P<0.05.
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Figure 6.8 Collagen stained aortic sinus. (A) Representative images of collagen stained aortic sinus
atherosclerotic lesions from Apoe”” (black) and BPHx Apoe” (grey) mice fed a HFD and treated with
saline. Scale bar = 150 um. (B) Group data demonstrate collagen positive stained area (%) (n=3-4).

Data are presented as mean = SEM. Data were analysed using an unpaired Student t-test.
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6.3.5 P-selectin may partially restore plaque vulnerability in

BPHxApoe/- mice

To observe whether blocking vascular inflammation, and inhibiting leukocyte
adhesion would reduce plague progression in a chronic hypertensive animal model Apoe'/'
and BPHxApoe'/' mice were fed a high fat diet for 12 weeks and treated with either an
isotype control antibody, a single injection of the P-selectin blocking antibody RB40.34 or
two injections of RB40.34 2 weeks apart. Treatment with the isotype control antibody had
no effect on weight again as the BPHxApoe'/' mice still demonstrated greater weight change
compared to Apoe'/' mice (7.6+0.7g vs. 12.2+1.4 g; n=10-11; P<0.01). Weight gain was also
unaffected by P-selectin blockade (Fig 6.9 A&B).

P-selectin blockade did not affect total or regional plaque area as determined by
Sudan IV staining (n=5-11; P>0.05; Fig 6.10A-D). Nor was there an effect on lipid deposition.
Somewhat surprisingly there was no effect on macrophage content with the anti-P-selecin
antibody in either strain (Fig 6.11A&B, Fig6.12A&B). Interestingly, while there was no
change in collagen content in Apoe'/' mice (n=3-6; P>0.05; Fig 6.13A), the BPHxApoe'/'
demonstrated significantly increased collagen content with RB40.34 (Ctr: 5.1+1.0% vs.
2x100 pg RB40.34: 20.5+4.2%; n=4-5; P<0.01; Fig 6.13B). Plaque stability, as measured by
the collagen/lipid ratio, was also improved with RB40.34 in the BPHxApoe'/' mice (Ctr:
0.20£0.06 vs. 2x100 pg RB40.34: 0.9310.20; n=4-5; P<0.01; Fig 6.14B) but not the Apoe'/'
mice (Ctr: 0.62+0.20 vs. 2x100 pg RB40.34: 0.6710.15; n=3-7; P>0.05; Fig 6.14A). Therefore,
although P-selectin blockade did not affect total plaque area, lipid deposition or
macrophage content, it did increase collagen deposition and consequently improved plaque

stability.
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Figure 6.9 Change in weight following P-selectin blockade. (A) Apoe” (black) and (B) BPHxApoe™”

(grey) mice weight change following a 12 week HFD and treatment with an isotype control (Ctr), one

injection (1x100 pg) or two injections of RB40.34 (2x100 pg), n=5-6. Data are presented as mean *

SEM. Data were analysed using a one-way ANOVA.
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Figure 6.10 Effect of P-selectin blockade on plaque area. Sudan IV stained plaque area (%) in the (A)
total, (B) arch, (C) thoracic and (D) abdominal aorta from Apoe” (black) and BPHxApoe”” (grey) mice
following a 12 week HFD. Mice were treated with either isotype control (Ctr), one injection (1x100
ug) or two injections of RB40.34 (2x100 pg) (n=4-8). Data are presented as mean + SEM. Data were

analysed using a one-way ANOVA.
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Figure 6.11 Effect of P-selectin blockade on Oil Red O stained aortic sinus. Oil Red O stained aortic
sinus atherosclerotic lesions in (A) Apoe” (black) and (B) BPHxApoe” (grey) mice fed a HFD and
treated with isotype control (Ctr) or two injections of RB40.34 (2x100 pg) (n=4-5). Data are

presented as mean + SEM. Data were analysed with an unpaired Student’s t-test.
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Figure 6.12 Effect of P-selectin blockade on macrophage content in the aortic sinus. Macrophage
(CD68) positive stained aortic sinus atherosclerotic lesions in (A) Apoe”” (black) and (B) BPHxApoe”
(grey) mice fed a HFD and treated with isotype control (Ctr) or two injections of RB40.34 (2x100 ug)

(n=3-4). Data are presented as mean + SEM. Data were analysed with an unpaired Student’s t-test.
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Figure 6.13 Effect of P-selectin blockade on collagen content in the aortic sinus. Collagen stained
aortic sinus atherosclerotic lesions in (A) Apoe” (black) and (B) BPHxApoe”" (grey) mice fed a HFD
and treated with isotype control (Ctr) or two injections of RB40.34 (2x100 ng) (n=3-6). Data are

presented as mean + SEM. Data were analysed using an unpaired Student t-test where **P<0.01.
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Figure 6.14 Effect of P-selectin blockade on plaque stability. Plaque stability, denoted by
collagen/lipid ratio in aortic sinus atherosclerotic lesions, in (A) Apoe'/' (black) and (B) BPHxApoe'/'
(grey) fed a high-fat diet and treated with isotype control (Ctr) or two injections of RB40.34 (2x100
ug), n=3-7. Data are presented as mean + SEM. Data were analysed using an unpaired Student t-test

**p<0.01.
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6.4 Discussion

This chapter details the development of a novel mouse model of chronic
hypertension and atherosclerosis with the ultimate aim of elucidating the influence of high
blood pressure on plague composition and development in this model. Mice that have a
neurogenic form of hypertension, Schlager (BPH/2J) mice, (Davern et al., 2009), were
crossed with the Apoe'/' atherosclerotic prone mouse to generate a new strain of mice the
BPHxApoe'/'. They were placed on a HFD for 12 weeks to induce plague development. On
normal chow, BPHxApoe'/' mice displayed a hypertensive phenotype. The results presented
in this chapter show the successful creation of a mouse which is both hypertensive and
prone to atherosclerotic lesion development. Furthermore, it appears that the BPHxApoe'/'
mice have more vulnerable plagues compared to Apoe'/'mice. We also demonstrate that
treatment with the P-selectin antibody, RB40.34, may reduce this vulnerability suggesting a
novel adjunct approach to treating those with hypertension.

The BPHxApoe'/' mice displayed a hypertensive phenotype with increased SAP, DAP,
MAP and HR. Schlager mice have been shown to have a pronounced hypertensive
phenotype during the night-time or ‘active’ period (Davern et al., 2009) as opposed to
increased blood pressure during the day or ‘inactive’ phase as our results show. Since these
mice are nocturnal this was an unexpected finding. Whether the neuronal activation of the
BPHxApoe'/' is the same as the BPH/2J (i.e. activation in the medial amygdala, Davern et al.,
2009) or whether the cross with the Apoe'/' strain has activated other neuronal regions,
particularly those active during the daytime, remains to be determined. Regardless of the
neuronal regions involved, BPH/2) mice (Davern et al., 2009) presented with a greater
increase in SAP compared to the BPHxApoe'/' (13941 vs. 11942.0 mmHg, respectively)
suggesting that the cross with Apoe'/‘ may have dampened the sympathetic activation under
basal conditions. Nevertheless, the BPHxApoe'/' mice did have significantly greater blood
pressure, measured by telemetry, when compared to Apoe'/' mice.

When on a HFD, the hypertensive atherosclerotic BPHxApoe'/' mice trended towards
a greater weight gain compared to Apoe'/' mice. In the context of obesity and hypertension,
many studies focus on obesity induced hypertension. Including the effect of increased renal
sympathetic nerve activation (Armitage et al., 2012; Lohmeier et al., 2012), leptin resistance
(Rahmouni et al., 2002; Eikelis et al., 2003), RAS activation and the production of the
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adipocyte-derived angiotensinogen (Massiera et al.,, 2001; Sharma, 2004), increased
aldosterone and endothelial dysfunction that all result in vasoconstriction and increased
sodium and water retention and ultimately increased blood pressure. The correlation of
hypertension and obesity in this model suggests that the BPHxApoe'/‘ mice may indeed be a
model of metabolic syndrome. To determine if this is the case, further assessment of fat
mass, insulin resistance, glucose tolerance and lipid levels will help to determine if this
mouse is a novel model of metabolic syndrome.

Previous studies where blood pressure is increased demonstrate increased lesion
formation in Apoe'/' via eNOS ablation (Knowles et al., 2000a), which is RAS independent,
aortic constriction (Wu et al., 2002) and renal artery clamping (Mazzolai et al., 2004), which
are RAS dependent. In the current study we did not observe any influence of blood
pressure-dependent total plaque area as measured by en face lesion area. BPHxApoe'/' and
Apoe'/' mice had similar plaque development (assessed with en face staining of the whole
aorta with Sudan V), particularly along the vascular tree most susceptible to various
haemodynamic forces as discussed in the previous chapter. In contrast, plaque sections of
the aortic sinus showed an increase in lipid deposition in the BPHxApoe'/' compared to Apoe
" mice suggesting that the increased blood pressure in the BPHxApoe'/' mice may enhance
lesion progression rather than contributing to plaque size in vivo. Significantly greater
plague macrophage content, as well as a trend towards reduced plaque collagen, was also
seen in the hypertensive mice. Consequently, calculated plaque stability as measured by the
collagen/lipid ratio (Naghavi et al., 2003; Zeibig et al., 2011) suggests increased plaque
vulnerability in the BPHxApoe'/' mice. These observations allude to an important role of
hypertension on atherosclerotic plaque development as opposed to plaque initiation as
seen in the previous chapters. Recently, Robbins et al., (2013) demonstrated that
macrophage accumulations in atherosclerotic lesions are predominantly from macrophage
proliferation within the lesion as opposed to circulating monocyte infiltration. Further
investigation, using fluorescent tagging with bromodeoxyuridine (a marker of cell
proliferation), is required to definitely determine the influence of chronically elevated
pressure on the amount of monocyte derived macrophages and self-renewing macrophages
in atherosclerosis.

The progression of a stable plague to an unstable plague depends on not only on

macrophage accumulation but also the lumen curvature (Steinman et al., 2000), the
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presence of a large lipid core (Libby et al., 2002), increased apoptosis and cholesterol
crystals (Suhalim et al., 2012) and a reduced fibrous cap thickness (Li et al., 2006). It is well
accepted that plaques develop at areas of disturbed flow and low shear stress such as
bifurcations and curvatures (Cheng, 2006; Chiu & Chien, 2011a) and, as stated in the
previous chapter, hypertension has been associated with low shear flow in vessels.
Therefore, it is possible that BPHxApoe'/' mice may have lower shear flow resulting in
increased vulnerability observed. Using a perivascular cast, Cheng et al., (2006)
demonstrated low shear stress resulted in a reduced number of vascular smooth muscle
cells, reduced collagen, and increased lipid deposition. More recently Chen et al., (2013)
showed, via a tandem stenosis in the mouse carotid artery, that combining low shear stress
and tensile stress elicited vulnerable plagues more closely resembling human
atherosclerosis. These studies demonstrate a clear role for haemodynamic forces on plaque
vulnerability and further examination of the exact shear forces using computational fluid
dynamics will be beneficial in our BPHxApoe'/' mice.

Following these findings we next examined the effect of inhibiting leukocyte
recruitment in this chronic hypertensive atherosclerotic mouse model and determined if
this could reduce plaque progression. In this study we used a monoclonal antibody,
RB40.34, to transiently block P-selectin, which inhibits leukocyte adhesion to the activated
endothelium acutely (Klintman et al., 2004). One bolus injection of this antibody has been
shown to reduce plaque progression in a carotid wire injury model (Phillips et al., 2003). To
the best of our knowledge, the current study is the first to assess chronic P-selectin
blockade on atherosclerosis and we demonstrate variable results. Using one or two bolus
injections of RB40.34 BPHxApoe'/’ mice demonstrated no improvement in plaque area or
lipid content compared to isotype control treatment. However, since plaque stability was
reduced in the BPHxApoe'/' mice, further investigation of the effect of P-selectin inhibition
on plague composition was performed. Interestingly, although not statistically significant,
Apoe'/' mice demonstrated an almost 50% reduction in weight change with two injections of
RB40.34 treatment compared to control. This may underlie why no change in collagen
content or plaque stability was seen in these animals but observed in the BPHxApoe'/'.
However, if the RB40.34 did indeed improve weight gain in the Apoe'/', as the data suggest,

one might expect to also see improved plaque stability as opposed to no change.
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It has been shown that blockade of P-selectin inhibits monocyte recruitment and we
therefore expected to see less macrophages in the plagues from mice treated with RB40.34.
However, macrophage content was unchanged in plaques following P-selectin blockade in
both strains of mice. This is in contrast to studies that have assessed the effect of RB40.34
acutely. Klintman et al., (2004) observed a reduction in leukocyte rolling and adhesion via
intravital microscopy with a single injection of RB40.34 (40 pg i.p.) 6 hr prior to surgery.
Phillips et al., (2003) also demonstrated reduced neointima formation and macrophage
content 4 weeks after an injection of RB40.34 (100 or 200 g i.p.). The current study
guantified macrophage content 8-10 weeks post injection. Interestingly, Robbins et al.,
(2013) demonstrated macrophages within the atherosclerotic plague start to turn over and
proliferate after 4 weeks. Therefore, while RB40.34 may be effective acutely, it may not be
as potent once macrophages start proliferating in advanced lesions. Phillips et al., (2003)
demonstrated that following intraperitoneal injection, RB40.34 remained detectable for at
least 7 days but had disappeared by 14 days. Therefore, two injections of RB40.34 at week 1
and week 3 may also not have been sufficient to produce a consistent long lasting effect.

As macrophage and lipid content were unchanged with RB40.34 it was somewhat
surprising to see collagen content was improved. Vulnerable plaques are characterised as
having a thin fibrous-cap with poor collagen content, whilst stable plaques tend to show
thicker fibrous caps with greater collagen content (Aikawa & Libby, 2004). Therefore, while
our results demonstrate blocking P-selectin did not alter lipid or macrophage content, it did
improved collagen content and as a result, plaque stability. To date there are no reports of
the effects of RB40.34 on collagen or fibrous cap content in a chronic setting. Dong et al.,
(2000) demonstrated Apoe’/'/P—seIectin'/'mice had reduced plaque progression with smaller
necrotic cores, less fibrous tissue and less calcification compared to Apoe'/'/P-selectin+/+
mice after 15 months on a normal chow diet with 5% fat. They also showed less recruitment
of monocytes and macrophages after 16 weeks. While Dong et al., (2000) show genetically
deficient Apoe/P-selectin mice have improved plaque stability, we show transiently blocking
P-selectin with a monoclonal antibody only partially improved plague stability. Assessing
collagen synthesis and organisation in the BPHxApoe'/' and in the presence of RB40.34 will
help to determine the mechanisms behind this finding.

In summary, in this chapter we describe the development of a hypertensive

atherosclerotic mouse model which presented with decreased plaque stability. We
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hypothesised from our previous findings that hypertension would enhance plaque
progression and that anti-inflammatory therapy even in the continued presence of high
blood pressure would improve plaque stability. We showed that while chronic high blood
pressure does not increase plaque size, plague morphology in terms of stability/instability
was worse in the setting of hypertension and atherosclerosis. This provides direct evidence
that that high blood pressure contributes to the critical aspects of the disease, since plaque
instability contributes to clinical end-points such as myocardial ischemia and death (Aikawa
et al., 2004). The finding that the P-selectin antibody partially improved plaque stability
(evidenced by an increase in collagen content) is interesting, although the data is somewhat
more difficult to interpret. Whether the partial restoration with P-selectin was due to
insufficient dose or incorrect timing or whether in fact P-selectin is not the best target in the
context of pressure-induced inflammation cannot be clearly determined with the current
data set. Regardless, we can conclude that chronic high blood pressure promotes plaque
instability and the anti-inflammatory therapy using a P-selectin antibody in the continued
presence of high blood pressure can partially restore plaque stability.

From these results anti-P-selectin therapy may indeed be useful in stabilising plaques
in those with atheroma. Immune cells localising to inflammatory sites is paramount in aiding
in injury and infection. P-selectin is at the forefront of this mechanism where it can bind to
Th1 and Th2 lymphocytes during injury (Bonder et al., 2005), and is also involved in platelet
recruitment and aggregation (Merten & Thiagarajan, 2000). While blocking P-selectin may
reduce its ability to aide in preventing further injury, as with anti-platelet therapy the
overall benefit may outweigh the side effects. Extensive toxicity testing will be vital for
establishing this therapy. The recent clinical trial, SELECT-ACS (Tardif et al., 2013), provides
promising results where they demonstrated reduced myocardial damage following
percutaneous coronary intervention with anti-P-selectin therapy and of note demonstrated
no significant difference in adverse advents between groups.

It is clear that the incidences of atherosclerotic plaques are greater in hypertensive
patients compared to normotensive patients. We have demonstrated that elevated blood
pressure exacerbates atherosclerosis progression via increased leukocyte recruitment.
Importantly, this study demonstrates that treatment strategies targeted to prevent

monocyte recruitment can improve plaque stability in the setting of hypertension. We
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envisage that targeting these pathways would significantly improve the long-term

management of atherosclerosis in hypertensive patients.
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The purpose of this thesis was to explore whether high blood pressure contributes to
atherosclerosis by inducing vascular inflammation. Increased blood pressure is a global
health burden and the number one biomedical risk factor for CVD. With a growing older
population and an increased sedentary lifestyle, the percentage of the population at risk is
on the rise. Clinically, hypertensive patients are treated with blood pressure lowering
medications to reduce the risk of developing a cardiovascular event. Yet despite the
widespread availability of antihypertensive medications, hypertension continues to be the
single biggest contributor to the incidence and progression of atherosclerosis, the
underlying cause of CAD and other CVDs.

As discussed in Chapter 1, environmental, lifestyle and genetic factors have all been
shown to contribute to the development of hypertension. The physiological and cellular
sequalae of these factors, such as increased sympathetic activity, and RAS and immune T
cell activation are shown to not only influence the pathogenesis of hypertension but also
the progression of atherosclerosis. It has therefore been difficult to clearly elucidate
whether high intraluminal pressure per se has a direct contributory role to plaque
development and progression. To examine this question, we used an ex vivo vessel chamber
previously developed by our laboratory to study leukocyte adhesion in blood vessels in real
time under physiological shear (Woollard et al., 2008). By coupling the set up with a
pressure system, we have been able to observe the direct effect of intraluminal pressure on
leukocyte adhesion to the endothelium in real time (Chapter 3). Indeed, we have found that
an acute pressure increase not only enhanced leukocyte adhesion but also increased
adhesion molecules and endothelial microparticle production markers of endothelial
activation and dysfunction (Chapter 4). From this clear and novel finding that high pressure
in itself does induce endothelial activation, we then continued on as described in Chapters 4
& 5, to explore the various signalling pathways involved in this phenomenon (summarised in

Fig 7.1).
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7.1 Major pathways involved in pressure-induced

inflammation
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Fig 7.1 Pressure-induced inflammation. Acute high intraluminal pressure exerts both low
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shear stress and circumferential stretch (1), disassembling caveolae proteins Cavl and
cavins and causing flattening and reduction of caveolae (2). This disassembly and/or
pressure exertion leads to an increase in Nox-dependent ROS production (3), which in turn
results in an upregulation of arginase Il activity and subsequently activating a feedback loop
to further increase ROS production (4). The increase in arginase Il and ROS causes a
translocation of NFxB into the nucleus (5) resulting in increased gene and protein

expression of adhesion molecules.
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7.1.1 Low shear stress and circumferential stretch

Since endothelial cells line the innermost surface of blood vessels they are the first
cells to sense changes in blood flow. To observe the effect of different shear rates on
endothelial activation and inflammation, pressurised carotid arteries were exposed to high
intraluminal pressure with varying rates of shear flow (Chapter 5). This led to the finding
that LSS coupled with pressure (stretch) created the greatest insult on the vessel wall (Fig
5.1). Gene expression of MCP-1 was greater in vessels pressurised to 120 mmHg and
subjected to LSS than those without pressure and subjected to low shear. Furthermore,
leukocyte adhesion was greater in pressurised vessels with LSS and blunted in pressurised
vessels subjected to high shear flow. These findings are consistent with previous in vivo and
clinical studies conducted in which adhesion and plaque formation are primarily seen along
the vascular tree in areas of LSS (Chiu et al., 2011b), and areas of high or laminar shear
stress are instead associated with the release of NO and are consequently afforded cardio
protection.

In Chapters 3-5, the acute effect of pressure on leukocyte adhesion was studied. This
process forms an initial step in the chronic disease atherosclerosis and while in some
atheroprone areas this can occur, leukocyte adhesion doesn’t always necessarily lead to
atherosclerosis. The purpose of these experiments was to examine whether pressure can
cause increased adhesion and whether this may eventually lead to atherosclerosis. We were
also keen to study what interventions can help diminish this response. Under the
experimental conditions utilised in this thesis, 120 mmhHg at 1 hr was sufficient to observe
changes in adhesion with increased pressure. It should be noted that the pressure used was
constant and thus does not represent systolic blood pressure but more likely mean arterial
pressure which in Sprague Dawley rats are normally reported to be ~100-110 mmHg. We
therefore believe we are working above the normal range. While it would have been ideal
to mimic overt hypertension in this setup the key objective was to observe the effect of
acute increase in pressure on leukocyte adhesion and what interventions may aide in this. In
addition, while it would be ideal for normal pressurised vessels to demonstrate no adhesion
the vessels were still exposed to some amount of stretch at 60 and 80 mmHg and therefore

generated some mechanotransduction and signalling and consequently a response.
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Furthermore, we have shown in vessels exposed to 0 mmHg that no adhesion is observed
suggesting that any adhesion observed is not due to experimental isolation or mounting.

The experiments described in this work have several limitations; firstly, that the ‘high
pressure’ described is maximally at 120 mmHg. While it may be argued that this constant
high pressure is reminiscent of mean arterial pressure and is thus pathophysiologically high,
perhaps a better haemodynamic situation to study would have been to subject the vessels
to pulsatile flow and pressure, mimicking the systole and diastole phases observed in vivo.
As well, leukocyte adhesion under turbulent flow or oscillatory shear stress would be of
great interest since disturbed flow can promote endothelial dysfunction and inflammation
(Nam et al., 2009). Furthermore, as we know that the geometry of the vascular tree is
critical to the development of atherosclerosis so too would observing the effect of forces on
bifurcations be of interest. All these features, however, were beyond the scope of this
thesis, which focused on that first important step of altering a single variable.

As discussed previously, 1 hour was sufficient to induce various intracellular
signalling molecules including NFkB and changes in adhesion molecule expression and
consequently leukocyte adhesion. One explanation for the acute effects observed may be
due to the altered activity and/or translocation of existing protein. Previous reports have
shown cavin proteins can rapidly dissociate from caveolin proteins following osmotic
swelling in cells (Sinha et al., 2011) and superoxide generation as measured by spin-trap has
shown to increase within 10 minutes in Sprague-Dawley rat aorta (Souza et al., 2002).
Furthermore, NFkB translocation has also been shown to increase with LPS stimulation in
macrophages within 30 minutes (Noursadeghi et al., 2008). Interestingly, Giri et al., (2000)
demonstrate increased expression of ICAM-1 and VCAM-1 within 1 hour as measured by
ELISA in response to amyloid B-peptide. Therefore, it is still unclear if the increased
adhesion is due to the increased transcription of adhesion molecules from the pathways
mentioned or perhaps a more rapid response such as the sudden exposure of adhesion
molecules from the flattened caveolae as these molecules are found to be co-localised with
Cav-1 in endothelial cells (Fu et al., 2010). For these reasons 1 hour duration may indeed be

a limiting factor and a time course may help answer this question.
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7.1.2 Caveolae

Various mechanosensors reside along the luminal membrane in place to respond to
changes in flow and pressure. We demonstrate for the first time that caveolae number are
reduced with increased pressure (Fig 5.7), and hypothesise that they may be flattening out
to provide a membrane reservoir and activate signalling pathways. Indeed, Sinha et al.,
(2011) reported that Cavl and cavin-1 rapidly disassemble in response to osmotic swelling,
which results in flattening out of caveolae. This process of disassembling is also likely to be
an important step in the signalling response as TNFa-stimulated Cav1”" mice aorta and Cavl
KD cells show reduced gene expression of adhesion molecules, reduced monocyte adhesion
in vitro and reduced leukocyte adhesion ex vivo. Furthermore, Cavl KD cells demonstrated
reduced gene expression of adhesion molecules compared to scrambled controls when
pressurised (Fig 5.9), suggesting that the process of caveolae disassembling is key to the
pressure-induced inflammation response. Chai et al., (2013) demonstrate that caveolar
integrity is essential for the generation of vasodilators such as NO. Furthermore, Fu et al.,
(2010) demonstrate that unstimulated ICAM-1 is mainly located in caveolae and that when
stimulated, ICAM-1 translocates out of caveolae to increase adhesion. While we began to
see changes with Cav1 and cavin-1 in our pressurised vessels (Fig 5.11) the findings were not
conclusive and the methodology used requires further development.

Furthermore, while it was attempted vigorously, due to technical difficulties
pressurizing and observing leukocyte adhesion in mouse carotids proved unachievable
during this candidature. While this would have been ideal, caveolin knockout mouse aorta
with TNFa without pressure was used to determine the role if any caveolae played in
leukocyte adhesion alone. This technique is standard in our laboratory for determining the
propensity of vascular inflammation in knockout mice. This then led us to pursue the role of
caveolae in pressure and inflammation in specific knockdown cells along with observing
caveolae number in pressurized rat carotid arteries.

The role of pressure and caveolae together is an exciting new area with many
avenues warranting investigation in the future. Of particular note, the effect of chronic
pressure on caveolae is largely unexplored. While chronic laminar shear has been shown to
stimulate luminal caveolae formation in rat lung microvessels (Rizzo et al., 2003) and bovine

aortic endothelial cells (Boyd et al., 2003), less is known about caveolae formation following
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chronic increase in pressure. One study by Grayson et al., (2007) demonstrates, via a
microarray, that spontaneously hypertensive rats have greater gene expression of Cavl in
endothelial cells and smooth muscle cells compared to Wistar controls. They also
demonstrate increased protein expression and caveolae number in these hypertensive
animals, suggesting chronic pressure results in greater caveolae formation. From these
studies, and those suggesting a role for T cells (Guzik et al., 2007) and monocytes (Wenzel et
al., 2011), that caveolae are increased with chronic pressure suggest they may also have a
role in the pathogenesis of hypertension. Pojoga et al., (2010) demonstrate that Cavi 7’
mice have reduced adverse cardiovascular responses to L-NAME and Ang ll-induced
hypertension. Furthermore, studies by Li et al., (2011) reveal that Cavi 7 mice have an
attenuated blood pressure response to Ang Il and that this is likely due to the role of

caveolae regulating the uptake of Ang Il by the proximal tubules.

7.1.3 NADPH oxidase & reactive oxygen species

As discussed in Chapter 1 (Section 1.10.4.3) caveolae may also regulate the
production of ROS via Nox2. In Chapter 4 we demonstrated that high pressure induces an
upregulation of ROS, particularly hydrogen peroxide in HUVECs, which was attenuated with
the Nox inhibitor apocynin. Furthermore, when rat carotid arteries were pressurised in the
presence of various inhibitors in order to isolate the different sources of ROS generation it
was found that leukocyte adhesion was reduced with apocynin as well as mitochondrial ROS
blockade but not xanthine oxidase or cytochrome P450 blockade (Fig 4.6). These findings
demonstrate an important role in the production of ROS following pressure stimulation.
Interestingly, studies conducted by Yang and Rizzo (2007) and Han et al., (2008)
demonstrate Nox is inactive in caveolae and lipid rafts, and that upon disruption/activation,
the p47°" subunit is recruited to caveolae resulting in increased Nox activity and ROS
production. Measuring Nox subunits in caveolae fractions via sucrose density
ultracentrifugation, as demonstrated by Lobysheva et al., (2011), would give further insight
into our pressurised cells/vessels. Pressurising Nox2 KD cells or Nox2”" mice will also provide
a greater understanding on the downstream signalling. While we have shown hydrogen
peroxide is increased with pressure, other ROS products (superoxide, hydroxyl radical and

peroxynitrite) also require further investigation.
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7.1.4 Arginase

Oxidative stress is known to be a contributing factor of hypertension in which it
reduces the actions of NO as well as inducing the uncoupling of eNOS, which can lead to
even greater ROS production. Unexpectedly, we saw no alteration of eNOS with pressure
i.e. eNOS gene expression was unchanged, nor was there any apparent uncoupling with
increased pressure (Chapter 4). As mentioned previously evidence in the literature also
show paradoxical results where increased eNOS can result in increased NO or superoxide.
Further work investigating ADMA and BH, in the acute setting will hopefully shed light in the
role of eNOS.

Interestingly, the endogenous enzyme arginase, which competes with eNOS for L-
arginine, was found to be altered with increases in pressure. In rat carotid arteries
pressurised to 120 mmHg, there was an upregulation of arginase Il gene expression,
increased arginase activity and a reduction in leukocyte adhesion with arginase inhibition
(Fig 4.12). These results demonstrate a clear role for arginase Il in the pressure-induced
response. As previously discussed (Michell et al., 2011a), while generally not a focus in
hypertension-induced inflammation, arginase may have a more fundamental role than once
thought. However, the exact mechanism by which arginase Il acts is still unclear. Previous
studies allude to a role of arginase as not only an early target of increased ROS (Thengchaisri
et al., 2006) but also a stimulator of ROS (Munzel et al., 2005). Furthermore, that inhibition
of Nox also reduces arginase activity (Matthiesen et al., 2008) suggests that ROS and
arginase are tightly connected. Assessing the pressure-induced inflammatory response and
production of ROS in arginase | and Il endothelial specific knockdown cells will therefore be

valuable.

7.1.5 NFxB

In Chapter 4 we demonstrated that NFkB is significantly increased in the nucleus of
cells with acute high pressure. This is in line with previous studies by (Lemarie et al., 2003;
Riou et al., 2007) demonstrating that pressure results in the degradation of IkBa and

increased NFxB translocation to the nucleus. NFkB translocation is a key step in apoptosis
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and inflammatory signalling pathways, propagating the upregulation of gene transcription
and production of various inflammatory mediators. Although well known to be activated by
LPS, inflammatory cytokines such as TNFa, and IL-1, as well as oxidative stress (Tak &
Firestein, 2001), little is known about how pressure or mechanical forces induce activation.
Leychenko et al., (2011) have previously demonstrated that cyclical stretch of
cardiomyocytes can induce NFkB signalling, while Chaqour et al., (1999) showed that
mechanical stretch increases platelet activation via NFkB. Here we show, for the first time,
that pressure-dependent NFkB translocation is dependent on both arginase and Nox
production (Fig 4.17). This is consistent with the findings of Ckless et al., (2007) who
observed that arginase could regulate NFkB translocation via an NO-dependent pathway.
Observing the effect of NFkB blockade via SN50 on leukocyte adhesion and adhesion
molecule expression in pressurised cells/vessels will be beneficial to confirm these findings.
Furthermore, examining NFkB production in Cav1” models would further strengthen these

observations.

7.2 Invivo approach

In Chapters 4 & 5 we explored the effect of pressure on inflammation in an acute ex
vivo setting. Therefore, to investigate the effect of chronic pressure on plaque development,
in Chapter 6 we crossed hypertensive schlager BPH/2) mice with Apoe'/' to create a
spontaneously hypertensive, diet-induced atherosclerotic model (BPHx Apoe'/'). The major
finding from this chapter was that, following a 12 week high fat diet, there was a worsening
in plague stability in the BPHx Apoe'/' compared to Apoe'/' mice (Fig 6.6-6.8), while plaque
area, as measured by Sudan IV, was unchanged. BPHx Apoe'/' mice demonstrated greater
lipid deposition, macrophage content and lower collagen compared to Apoe'/'. Furthermore,
these mice also demonstrated greater weight gain, leading us to speculate that these mice
are a potential model of metabolic syndrome, which warrants further investigation. One
limitation with this study may be that Apoe'/' mice were used as controls, therefore the
more suitable BPHxApoe'/' normotensive littermate controls would be beneficial for future

experiments.
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Following the findings of Philips et al., (2003), which demonstrate that blocking P-
selectin acutely blunted plague progression in a carotid wire injury model, we assessed the
blockade of P-selectin in our chronic model. Unlike Philips et al., (2003), we did not see a
reduction in plaque area or lipid deposition, but greater collagen content was observed,
suggesting a more stable plaque. These results demonstrate that P-selectin may partially
improve plaque stability in the continued presence of high blood pressure. Further studies
with increased doses/injections may be required to see a greater effect. Since the BPHx
Apoe'/'mice have a neurogenic form of hypertension it will also be prudent to investigate
whether there is increased sympathetic activity in these mice and whether it is affecting
plague development independent of blood pressure. In addition, P-selectin expression post
antibody treatment was not assessed and would be beneficial to ensure RB40.34 was down-
regulating P-selectin correctly.

This thesis focused predominantly on acute increases in pressure in an ex vivo
system to carefully dissect out the mechanisms. Chapter 6 discusses work conducted in vivo
in a chronic hypertensive atherosclerotic model. As discussed, the chronic hypertensive
atherosclerotic model demonstrated increased macrophage accumulation compared to the
atherosclerotic mice demonstrating chronic increases in blood pressure may indeed
promote leukocyte adhesion. While the pathways discussed in the acute setting are all
known to be involved in atherosclerosis further work is required to determine if they relate

to this particular chronic in vivo model.

7.3 Summary

In this thesis we have been able to establish fundamental pathways involved in how
the mechanical forces exerted by high intraluminal pressure can alter cellular biological
responses. We have novel evidence that high intraluminal pressure in itself, causes
leukocyte to endothelial adhesion, a hallmark of vascular inflammation and the initial step
in atherosclerosis. Further, we demonstrate the downstream inflammatory signalling events
induced by high pressure and the involvement of caveolae as an essential intermediary link.

Finally, we suggest that chronic high blood pressure worsens plaque instability and that
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blocking inflammation may be useful adjunct therapy in the prevention of hypertension-

induced myocardial infarction.
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1. ABSTRACT

Essential hypertension is the leading risk factor
for mortality worldwide, accountable for 13% of deaths
globally.  Despite  numerous therapies  available
uncontrolled hypertension is still very prevalent today and a
large subset are shown to have treatment resistant
hypertension. Several cardiovascular diseases including
hypertension result in endothelial dysfunction and
inflammation. Once thought of as a passive barrier between
blood flow and tissue the endothelium is now considered a
main hub for maintaining vascular tone. structure and
haemostasis. Several pathways occur in the endothelium
that can result in dysfunction and altered vascular stasis.
Such pathways include the impairment of the vasodilator
nitric oxide (NO). increases in pro-inflammatory pathways
such as ROS (reactive oxygen species) production and also
recent reports suggest that the enzyme arginase. associated
with the L-arginine-urea cycle, may be an important factor
that is increased in hypertension. These pathways may offer
alternative mechanisms to treat the complications
associated with hypertension rather than the conventional
therapies that aim to lower blood pressure.

946

2. INTRODUCTION

Vascular endothelial cells play a key role in the
initiation,  development and progression of many
cardiovascular diseases particularly hypertension. As the
major risk factor for mortality worldwide much research
has gone into the pathways. causes and possible
pharmacotherapy’s involved in hypertension. Despite
growing therapies to reduce blood pressure uncontrolled
hypertension is still very prevalent today. Mechanical,
functional and structural changes in the vasculature such
as turbulent blood flow. fluid shear stress. and vascular
remodelling results in endothehal dysfunction, which
further increases these changes and are also commonly
associated  with increases in  blood pressure.
Inflammatory mechanisms are also gaining interest in
the context of hypertension and hypertension related
vascular complications however the exact pathways
involved are not yet fully understood. This review
discusses current findings on the pathophysiological
pathways of endothelial dysfunction and inflammation
and their contribution to hypertension induced
cardiovascular complications.
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3. HYPERTENSION

In the 2009 WHO Global Health Risks Report
hypertension is identified as the leading risk factor for
mortality worldwide (1). Accountable for 13% of deaths
globally it is also listed in the top five causes of disability-
adjusted life years. Hypertension is defined as persistently
elevated systolic blood pressure (SBP) over 140 mmHg and
diastolic blood pressure (DBP) over 90 mmHg. The
prevalence of elevated blood pressure is estimated to be
~23% of the adult population and by 2025 this global
burden is predicted to increase to 29% (2). With age and
obesity identified as two major risk factors for
hypertension, it will continue to be an even greater risk as
longevity and weight gain of populations increase. Other
risk factors include genetic. environmental, central nervous
system. cardiac. renal. gastrointestinal and endocrine
factors. With its strong association with inheritability,
genome-wide association studies have been conducted to
assess a genetic background with raised blood pressure.
Several single-nucleotide polymorphisms and various
genes have found to be associated with SBP (Chr 10, 11,
12), DBP (Chr 10, 12, 15) as well as hypertension (Chr 12)
(3). Co-morbidities such as diabetes mellitus, dyslipidemia.
coronary heart disease, and hypercholesterolemia all
correlate with increases in blood pressure. Other factors
such as stress and increased sympathetic nervous system
activity stinmlates the cardiovascular and renal systems to
increase heart rate, cardiac output. insulin resistance,
platelet activation, sodium retention, and augment vascular
reactivity and vascular function leading to elevations in
blood pressure and the progression of atherosclerosis.

Essential or idiopathic hypertension. the most
common type, mvolves increased peripheral resistance to
blood flow particularly in small resistance arteries. In these
arteries vascular remodelling can occur and changes in
structural, functional and mechanical mechanisms in these
vessels leads to reduced lumen diameter and increased
intimal thickening. This hypertrophic phenotype coupled
with altered myogenic tone results in cardiovascular
complications and damaging effects to target organs.
Therefore it is not surprising that hypertension is the single
biggest 1isk factor for incidence, development and
progression of coronary heart disease, stroke, chronic heart
failure and chronic kidney disease (4, 5). Furthermore with
each 10 increments in blood pressure the risk for
developing a cardiovascular event increases (6). Several
lifestyle and drug treatments provide excellent therapy in
the management of  hypertension. Lifestyle
reconunendations include physical exercise, healthy body
weight. and reduced alcohol consumption. Following the
DASH study (Dietary Approaches to Stop Hypertension)
(7) dietary recommendations involve reduced sodium
intake and increased grains. vegetables. fruits and nuts,
which have found to lower blood pressure. In obese
patients undertaking the DASH diet, blood pressure was
lower compared to those taking potassium, magnesium and
fibre supplements (8). First-line pharmaceutical treatments
include thiazide diuretics, beta-blockers, ACE (angiotensin
converting enzyme) inhibitors. long-acting calcium channel
blockers, or angiotensin receptor blockers (ARB) (9).
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Ideally. these drugs are used on their own but when optimal
blood pressure levels are not reached these agents are used
concomitantly. While no one class of antihypertensive
treatment appears superior i reducing the risk of
cardiovascular disease (10) some agents are more suitable
in certain cardiovascular complications. For example, ACE
inhibitors and ARB are recommended for chronic renal
disease to control hypertension (11). Despite many
effective  antihypertensive agents and the recent
developments of vaccines (particularly targeting the rennin-
angiotensin aldosterone system) (12) uncontrolled blood
pressure and its severe effects remains an ongoing issue
today. Furthermore, while some antihypertensive
treatments are effective in lowering blood pressure they
may not be sufficient in helping target the vascular
dysfunction or remodelling (13). Therefore targeting
another aspect in the progression of hypertension may help
to reduce cardiovascular morbidity particularly for those
difficult to treat with current antihypertensive treatments.

4. RESISTANT HYPERTENSION

Resistant hypertension (RH). also termed
‘refractory hypertension” or ‘treatment-resistant
hypertension’, describes a subset of hypertensive patients
that despite the use of 3 or more antihypertensive
treatments usually including a diuretic, remain persistently
above their goal blood pressure. RH also encompasses
those patients that have controlled blood pressure but
require 4 or more pharmacological treatments. However.
RH should not be confused with uncontrolled elevated
blood pressure, which is commonly misdiagnosed as RH
and thus termed ‘pseudo-resistant hypertension’.
Uncontrolled hypertension is a broad term for all
hypertensive patients who cannot maintain their high blood
pressure, this can be due to therapeutic inertia, poor
compliance to the treatments, inappropriate or inadequate
treatments prescribed, undiagnosed hypertension, or the
white coat effect, which is the differences seen between
clinical and home blood pressure measurements. Of these,
poor adherence from the patient and therapeutic inertia that
involves poor management from the physician appear to be
the most comumon problems of uncontrolled hypertension.
However, RH generally stems from those that are older,
have increased adiposity, are diabetic (14) and have a
history of uncontrolled elevated blood pressure.

To date the prevalence of treatment resistance
hypertension has not yet been defined. Recent large
antihypertensive trials with criteria including dose titration
and monitored adherence provide the best estimation for
determining prevalence (Table 1). The ALLHAT trial
(Antihypertensive and Lipid-Lowering Treatment to
Prevent Heart Attack Trial) (15) with 33,000 participants
and a 5 year follow-up demonstrated a third of participants
still presented with uncontrolled blood pressure even with
on average 2 antihypertensive medications. The proportion
with elevated blood pressure despite 3 or more
antithypertensive treatments was 27%. They show that DBP
was a lot easier to control with ~92% demonstrating
opitmal levels at the 5 year follow-up. The LIFE trial
(Losartan Intervention For Endpoint reduction) (16) with
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Table 1. Unconrelled blood pressure results from recent clinical mals
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just over 9000 participants demonstrated much higher
incidence of unconmolled blood pressure with those faking
Losartan (an angiotensin-II receptor type 1 anfagomist)
where only 40% and §9% showed optimal SBP and DBP,
respectively. Similarly of patemts taking atemolol (beta
blocker) only 46% and 89% demenstrated optimal levels.
In a trial with 22,000+ participants specifically looking at
hyperiensive coromary arery disease, the INWEST tmal
(Intermational ~ Verapamil-Trandolapril  Study) (17)
compared a thiazide diuretic with a befa blocker to a
calcium channe] blocker with an ACE inhibiter. At 12 and
24 months half the patticipants in each group were still en
3 or more antihypertensive drugs and neither group was
superior in lowering blood pressure Similar results cam
found in the CONVINCE mal (Comtrolled Omset
Verapamil Inwestigation of Cardiovascular End Points) (12)
with 33% uncontrolled at 3 year follow-up and 18% with 3
ar more antibypertensive agents: and more recently the
ACCOMPLISH mial (Aveiding Cardiovascular Events
Through Combination Therapy in Patenmts Living With
Systolic Hypertension) (19), while demonstating that by §
months combimation therapy is effective and safe, 20% sull
remained above goal.

Patients with BH are found to have a higher risk
of target organ damage (20), increased left ventricular
hyperrophy, increased carotid intima-media thickening,
and a greater propensity of plague dewelopment (21).
Furthermore, aortic stiffening. sleep apnoea, and chromic
kidney disease are all found to contribute to the risk of
becoming resistant to freatment. Stadiss also suggest that
primary aldosteronism may be a common cause of BH (20,
21, 23) with ene stady demonstrating 20% of BH patients
presented with increased aldesterome (24). Generally,
overproduction of aldosterone leads to sodium and water
reabsarprion and potassium excretion causing imcreased
blood volume and hypertension. However
hyperaldosteronism also resulis in leukocyte infilmation
(25). increased expression of pro-inflammatory cytokines
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(26) and the production of reactive oxygen species leading
to wascular fibrosis and remodelling.

5 ENDOTHELIAL STRUCTURE AND FUNCTION

Endethelial cells (EC) line the vasculanure to
form the endothelium, which acts a3 a semi-permeabls
manolayer berwesn the lumen and the vessel wall. Their
strocture and integrify are essential in maintaining vascular
tone and hasmostasis. Prenatally these cells originate from
same precurser as haematopeistic cells, the hemangioblast
(CD347), which can differentiate into endothelial precurser
cell: (VEGFE3") to become vascular endothelial cells
(VEGF-B3', podoplanin’, PAL-E"). Recent studies have
shown that wvasculogenesis also ocours posmatally with
endothelial progenitor cells found to mobilize from the
bens mamow (27) and other sites in the body inchuding the
penpheral blood, liver (28), and adipese tissue (29 to help
repair and regenerate wessel walls n adules.

Despite the tofal mass of the endothelium only
welghing between 100 — 300 g the amount of surface arsa
exposed to bloed Dow is thought to be highly active and up
o 350 m* (30). Through its paracrine, endocrine and
autecrine  fanctions the endothelium helps to regulae
vamous cardiovascular processes. Bloed wall exchanzes
ocour through the abundant ion channels (K', Ca*f, Na', CI
). G-proteins, caveolas and fyTosine kinase receptors in the
plazma membrane lipid bilayer of the endothelium. Such
exchanges include the release of wasomotor factors such
nitric oxide (MO) or prostacyclin (PGL:) that inhibit platelat
azgrezation and cause relaxation as well as releass of
endothelinm-derived hyperpolarizing factor (EDHF) that
leads to activation of eutward K' currents cawsing vascular
smooth muscle cell hyperpolarization (31). These responses
result fom stimmuli such as thrombin, bradykinm, ADP or
changes m hlood flow or presswe.  Cooversely,
vaspconstriction  factors such  as  thromboxame  Aj,
endothelin-1,  angietensin-IT  (Angll), prestglandins,
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reactive oxygen species, free radicals. pro-coagulant. pro-
thrombotic factors and pro-inflammatory mediators are
stunulated during disease states leading to impaired
endothelium-derived  vasodilatation  or  endothelial
dysfunction (ED).

Under basal conditions fluid shear stress and
pulsatile stretch results in continuous release of
compensatory vasoactive substances. The magnitude of
endothelial shear flow in vessels is dependent on the
velocity of blood flow, direction. obstructions along the
vessel as well as the location of flow in the vascular tree.
Under physiological conditions flow of blood along straight
vessels, also known as undisturbed laminar flow, results in
high shear stress (HSS) values (15 — 70 dyn/em®) and
several cardioprotective properties. Indeed, cultured
endothelial cells from  different luman vessels
demonstrated reduced inflammation following exposure to
high shear stress compared to static conditions (32).
Physiological shear stress conditions have also shown to
lead to anti-inflanmmatory effects with reduced TNF-alpha
induced adhesion molecule expression (33). However
conflicting reports exist, where one study has shown that
using MRI technology. one patient was found to develop
plaque ulceration at the location with the highest shear
stress (34). This suggests HSS may not be protective in
areas of vulnerable plaques. However, it is well established
that sites in the wvascular tree most wvulnerable to
atherosclerotic plaques include the inner curve of vessels as
well as at bifurcations and branches. At these sites
disturbed laminar flow is shown to be the most prominent
(35. 36) and presents in two forms: unidirectional which
results in low shear stress (LSS) values (<12 dyne."cmz) or
bidirectional that leads to oscillatory shear stress (OSS) or
turbulent flow. LSS and OSS has been found to be
associated with decreased NO bioavailability, upregulation
of LDL. degradation of the ECM, apoptosis. promotion of
oxidative stress, inflammation as well as vascular and
plaque remodelling (37).

6. ENDOTHELIAL
HYPERTENSION

DYSFUNCTION IN

6.1. Characteristics and measurements

Under physiological conditions damage to the
vasculature leads to several haemostatic processes signalled
by the endothelium to reduce blood flow. These include
vasoconstriction, formation of a haemostatic plug. initiation
of the coagulation cascade. repair of the damaged site via
endothelial progenitor cells, local endothelial cells and
smooth muscle cells and finally fibrinolysis. However,
under pathological conditions such as hypertension.
atherosclerosis, diabetes. and coronary heart disease
endothelial dysfunction occurs and the endothelium is
unable to help regulate these processes. In 1980 the seminal
paper, Furchgott and Zawadzki (38) demonstrated that
damage to the integrity of the endothelium led to impaired
relaxation when stimulated with acetylcholine (ACh)
compared to vessels where the endothelinm was preserved.
They further demonstrated that the vasorelaxation observed
was mediated by the release of an endothelium derived
relaxing factor (EDRF), later identified by Ignarro and
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colleagues as NO (39). Endothelial dysfunction is generally
defined as impaired endothelium-dependent vasodilatation
to specific stimuli and characterised by an imbalance
between vasoconstriction and vasodilatation factors,
predominantly NO. However. there is growing literature to
support that endothelial dysfunction also involves pro-
inflammatory states. which will be discussed later. It is
recognised that ED is the initial and reversible step in the
pathological process of cardiovascular diseases such as
hypertension and diabetes mellitus but is also implicated to
be essential in the progression of many infections and
autoimnume diseases due to its angiogenic properties the
pathogenesis of certain cancers (40).

Assessing ED can be based on a variety of
biomarkers, cellular markers and gross vasoreactivity
techniques. Serum concentration of ICAM, VCAM, E-
selectin, P-selectin as well as von Willebrand Factor and
microalbuminuria have been used as biomarkers due to
their expression on vascular endothelial cells during
dysfunction and their consequent release into the
bloodstream.  Despite the current controversy in
determining specific surface markers for endothelial
progenitor cells. typically CD34+/KDR+/CD133+. a vast
amount of literature demonstrate that these cells are found
to inversely comelate with endothelial dysfunction in
patients with coronary artery disease. diabetes and other
CVD risk factors and co-morbidities. Increases in mature
circulating endothelial cells, which are products of
endothelial wall turnover and apoptosis during endothelial
damage are another cellular marker implicated in
cardiovascular diseases. Emerging evidence also suggests
increased endothelial microparticles, which are continually
shed blebbings of endothelial cells into the bloodstream.
are elevated in CVD (41). Non-invasive tests of endothelial
function include flow-mediated dilatation (FMD) of the
brachial artery, which measures change in diameter of the
brachial artery via an ultrasound. laser Doppler
examination. pulse wave analysis, and pulse amplitude
tonometry. While more invasive techniques include venous
occlusion plethysmography that is used to assess change in
forearm blood flow and arterial stiffness via infusion of
various vasorelaxants. Cardiac catherization is the most
invasive and expensive and assesses changes in epicardial
diameter and blood flow.

Despite the various techniques available it is still
unclear whether endothelial dysfunction is a cause or a
consequence of hypertension. In hypertensive animal
models, rats fed on a fructose-rich diet were found to have
impaired endothelial-mediated vasodilatation 10 days
before the rats were shown to have increased blood
pressure (42). a similar result is also seen in eNOS
knockout mice. However, many other models demonstrate
chronic hypertension can lead to damaging effects on the
endothelium (43. 44). Clinical studies also show
confounding results where a study conducted by Rossi and
colleagues (45) using 952 normotensive post-menopausal
women demonstrate that each decrease in flow-mediated
dilation predicted an increased risk in the development of
hypertension during a 3.5 year follow-up even when a
adjusted for multiple factors This suggests impaired
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endothelial-mediated  vasodilatation precedes future
development of hypertension in this cohort. In a recent
report from the MESA (Multi Ethnic Study of
Atherosclerosis) looking at FMD and hypertension in 3500
participants they demonstrate a different finding over a 4.8
year follow-up (46). While at baseline reduced FMD
correlated with increased prevalence in blood pressure but
when adjusted for various factors such as age. sex.
ethnicity, BMI. cholesterol levels and other metabolic
factors the association was not found. Therefore they
suggest that endothelial dysfunction is a consequence of
hypertension not a cause.

6.2. Impaired NO

The most widely studied biological mechanism
of endothelial dysfunction in hypertension is the decreased
bioavailability of nitric oxide (NO). NO is not only a potent
vasodilator and essential in regulating vascular tone and
blood pressure but it also contributes to the regulation of
haemostasis, platelet and leukocyte adhesion as well as
vascular smooth muscle cell proliferation. NO is a very
small lipid soluble molecule with a half-life of just a few
seconds before it is converted into nitrates and nitrites that
are ultimately excreted. In the various systems NO can act
in many ways such as a neurotransimitter (nervous system).
a vasodilator (cardiovascular system) and an mhibitor of
viral replication (immumne system).

Nitric oxide synthase (NOS), a family of P450
mono-oxygenase-like enzymes, catalyses the production of
NO and exists in three distinct isoforms; NOS-1, NOS-2.
NOS-3. They differ not only in their genetic origin (47, 48)
but also their location. NOS-1 or neuronal NOS (nNOS) is
found in the central and peripheral nervous system but also
skeletal muscle, pancreas and endometrium and has role in
neurotransmission and glomerular interactions (49). NOS-2
or inducible NOS (iNOS) is found in activated
macrophages, heart, liver, smooth muscle and the
endothelium and has a role in inflammation (50, 51).
Finally NOS-3 or endothelial NOS (eNOS) is found
predominantly in the endothelium but also in the brain and
epithelial cells. eNOS is involved in vascular relaxation,
regulating platelet adhesion/aggregation and angiogenesis
(52. 53). The process of NO synthesis involves firstly the
oxidation of arginine to NShydroxy--arginine (NHA)
using NADPH (nicotinamide adenine dinucleotide
phosphate) and O, catalyzed by the nitric oxide synthases
(NOS), a family of P450 mono-oxygenase-like enzymes
(54). The second step involves the production of NO when
NHA is converted to r-citrulline via NOS. Actions of NOS
are accelerated by the cofactors flavin adenine dinucleotide
(FAD). flavin mononucleotide (FMN) and
tetrahydrobioptern (BH4). In the endothelium eNOS is
localized in the plasma membrane and more specifically in
highly rich lipid invaginations or caveloae (55) where it is
bound in an ‘inactive’ state to the coat protein caveolin-1
(Cav-1). Besides NO production. caveolae, caveolins and
cavins (regulators of caveolins) are involved in the
regulation of wvarious signaling cascades involved in
vascular remodeling, intracellular calcium (Ca®™). and
microvascular permeability. Activation of eNOS also
involves heat shock protein 90, calmodulin binding.

phosphorylation of Serl179 and dephosphorylation of
Thr497 domains and subcellular localization. Under normal
shear flow there is an influx of Ca®™ causing calmodulin to
bind to eNOS and causing its subcellular localization to
either the cytosol or the Golgi (56) or possibly to the
mitochondria (57) which ultimately results in activation.
Once NO is produced it can then stimulate soluble
guanylate cyclase (sGC) in vascular smooth muscle cells
(VSMC) to increase cyclic GMP (cGMP) that leads to
relaxation and reduced Ca". Impaired NO bioavailability
commonly seen in various cardiovascular diseases
including hypertension can be due to either impaired
production or increased degradation of NO. Given the
already established pathway of NO synthesis. impaired
production may be a result of reduced eNOS activity.
substrate and cofactor availability and the localization of
eNOS or the presence of endogenous inhibitors.

Since the works of Huang and colleagues (58)
and Shesely and colleagues (59) demonstrated a
hypertensive phenotype in eNOS knockout models studies
have been utilizing these models extensively and have
demonstrated am essential role of eNOS in the vasculature.
In animal models. supplementation with the eNOS
substrate L-arginine leads to enhanced NO synthesis in
diabetic (60) and pulmonary hypertensive rats (61, 62) as
well as reduced atherosclerotic lesions in rabbits (63) and
cerebral infarcts in various experimental models of stroke
(64). More importantly, clinical studies have also shown
supplementation increases NO synthesis and enhances
vascular reactivity. Indeed, hypertensive patients have
paradoxically high levels of L-arginine in their plasma (65)
yet display impaired L-arginine transport in platelets. red
blood cells (66) and endothelial cells and are therefore
unable to adequately produce optimum NO. Consequently.
L-arginine activity may be rate-limiting for NO production
and this is seen even in normotensive patients with a family
history of hypertension (67). Increased transport can be
seen In various studies to improve vascular function where
De Meirelles and collegues (68) demonstrated hypertensive
patients undergoing 12 weeks of aerobic exercise had
significantly improved L-arginine transport as well as NOS
activity as well as reductions in fibrinogen and C-reactive
protein.

Against this backdrop. it is thus of little surprise
that L-arginine supplementation has been reported to
improve endothelial function. Certainly. supplementation
of L-arginine in humans has been delivered via several
modes, including intra-arterially, intravenously and oral
supplementation and in high risk patients it has been shown
to increase NO production and decrease leukocyte
adhesion, platelet aggregation and hyperplasia of the
intimal layer (69). Despite this. owing to the diverse role of
L-arginine. its supplementation is likely to result in
increased metabolism via pathways other than NO
synthesis, such as those that increase ornithine. polyamines,
creatine. proline and spermine (70). It is thus important to
note that although L-arginine therapy can produce its
effects via NO dependent mechanisms, effects independent
of NO may also play a functional role. L-arginine is also a
potent hormone secretagogue. It has long been used for the
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assessment of growth hormone release by the pituitary
gland (71) and L-arginine administration results in an
approximate twofold increase m plasma growth hormone.
insulin and glucagons release (72), (73). L-arginine also
releases prolactin (74) and insulin either directly or
indirectly (by the release of other endothelium dependent
agents such as muscarinic agonists) (73). The mechanisms
regulating the endocrine secretagogue effect on various
hormones in response to L-arginine remains largely
unknown. However. the secretagogue effect is of important
consideration when evaluating the role of L-arginine on the
vasculature, since many of these resultant hormones have
been independently reported to act on vascular smooth
muscle cells. Apart from its complex metabolism and potent
secretagogue effects, dietary L-arginine supplementation is
also less than ideal since it is an amino acid that nndergoes
considerable first pass metabolism. Ingestion of T-arginine
may not have large physiological effects due to its low
bioavailability. reported to be as low as 21% through to 67%
(75). (76).

Another cause of L-arginine reductions may involve
the eNOS inhibitor ADMA (asymmetric dimethylarginine) an
endogenous analogues of L-arginine, which is not only
increased essential hypertension but also inversely correlated
with forearm blood flow (65). The enzyme arginase (discussed
later) may also be another determinant of reduced cytosolic L-
arginine and impaired NO production.

Reduced L-arginine, mcreased ADMA or BH,
deficiency can also lead to uncoupling or dysfimetion of eNOS
and other NOS isoforms. eNOS contains two dimers with an
N-terminal oxygenase domain that binds BH,, L-arginine, iron,
and calmodulin ions as well as a C-terminal reductase domain
that binds FAD, FMN and NADPH. In the pathological
setting, BH, is oxidised to BH, causing altered electron flow
from FMN and FAD to L-arginine and the uncoupling of
eNOS dimers. This results in free radical production
particularly superoxide from O, in replace of NO. Studies
show in hypertension there is a downregulation of BH; and in
a animal nephrectomy model BH, supplementation normalised
SBP levels (77). Other mechanisms causing uncoupling of
eNOS include impaired Akt kinase phosphorylation of the
serine (Ser'"™) domain (1?8)_ (79) or increased phosphorylation
of the theronine (Thr**") domain via protein kinase C (80).
(81). In pulmonary hypertension it is suggested that the tight
binding of Cav-1 and eNOS may play a major role leading to
reduced angiogenesis and increased cell proliferation. While
the binding of Cav-1 is generally shown to suppress eNOS
activity, Cav-1"" mice in response to vascular shear stress
demonstrate reduced blood flow but no change in lumen
diameter and an increase in vessel wall thickness and
cellular proliferation compared to controls (82). This study
then showed that reconstituting Cav-1 into the vessels the
effects were then ablated, suggesting in these knockout
mice eNOS is unable to localize in the caveolae causing
impaired response to shear stress. Therefore Cav-1 is found
to not only regulate eNOS activation but also is essential in
its localization. While eNOS is found to produce more NO
when bound to the membrane compared to cytosolic eNOS
it appears that the location is more important (52). Sanchez
et al (56) suggest that eNOS translocation from the

caveolae to the Golgi via acetylcholine may correspond to a
vasodilation pathway whereas they show with platelet-
activating factor (PAF). which is an inflammatory marker
and vasoconstrictor causes eNOS to locate to the cytosol.
Therefore cytosolic relocation of eNOS, and particularly
mitochondrial bound eNOS (57) may relate to an
inflammatory response. Indeed, arginase IT is known to
compete with eNOS for L-arginine and is found to be not
only bound to the mitochondria but is also shown to
regulate eNOS activity (83)

Production of reactive oxygen species (ROS) are
another set of molecules that may result from and cause eNOS
uncoupling, decreased NO production and increased NO
degradation. While essential for cell metabolism and signaling
when there is an imbalance in the production of oxidants or
ROS to antioxidants in blood vessels this leads to a pro-oxidant
state and the pathogenesis of oxidative stress causing
endothelial dysfunction, increased contractility. vascular
smooth muscle cell growth and apoptosis, monocyte
migration. lipid peroxidation, inflammation and increased
deposition of extracellular matrix proteins. Furthermore, ROS
has been shown to activate signal transduction pathways and
induce gene expression and growth factors (84. 85). As
reviewed extensively endothelial dysfunction in hypertension
and many cardiovascular diseases is due in part to an increase
in ROS production (43). (86)-(87). ROS are produced from the
mitochondria and subcellular sources such as the
mitochondrial electron transport chain, NADPH oxidase,
xanthine oxidase, cytochrome P450, cyclooxygenase,
lipoxygenase, and uncoupled eNOS. Initial formation begins
with the reduction in one electron of molecular oxygen causing
formation of superoxide anions (-Oy). Superoxide can then go
on to produce hydroxyl radical (OH), hydrogen peroxide
(H,0,) via superoxide dismutase (SOD), and peroxynitrite
(ONOQ) from scavenging NO.

Experimental models of hypertension including
DOCA-salt rats (88). spontaneous hypertensive rats (89).
L-NAME hypertensive rats (90). and hypertriglyceridaemic
rats (91) all demonstrate increases in ROS production. Tn
some models. increases in ROS is found to precede
hypertension suggesting that production of ROS may
contribute to the initiation and the progression of
hypertension ~ (92).  Furthermore, treatment  with
antioxidants improves vascular function and structure.
prevents target-organ damage, and reduces blood pressure
in animal models of hypertension (92. 93). However.
clinical studies have been less conclusive. Indeed. ROS
levels are enhanced in hypertensive patients with reports of
increased levels of HyO» (94) and upregulation of vascular
NADPH (95). However most clinical trials demonstrate no
beneficial effects on blood pressure (96). Of the many toxic
affects excess ROS has on the vasculature, inflammation
appears to be the greatest and is involved in the initiation
and development of atherosclerotic plaques commonly
associated with hypertension and various cardiovascular
diseases.

6.3. Endothelial inflammation
Recent reports suggest that hypertension induced
endothelial dysfunction involves low-grade inflanumation
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that can progress into hypertension induced atherosclerosis
and several cardiovascular complications, This comes as no
surprise as these conditions are commonly correlated and
both have similar risk factors (age. obesity, diet. diabetes.
smoking) and result in vascular remodeling and
dysfunction. Indeed. inflammatory markers that are
reportedly upregulated in hypertensive patients include
tumor necrosis factor-alpha (TNF-u), C-reactive protein
(CRP) (97). interleukin (IL)-6, IL-1b and angiotensin IT
(AnglII) (98-100). Many of these inflammatory markers are
involved in the initial step in atherosclerotic plaque
development, the adhesion cascade. Some animal studies
have shown a relationship exists between high intraluminal
pressure and plaque development. Indeed, in ApoE
knockout mice with induced hypertension via either eNOS
ablation (101). renal artery clamping (102), or aortic
constriction  (103) increases in atherosclerosis and
expression of adhesion molecules were seen including
intracellular cell adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), and E-selectin. This
effect is also seen in clinical studies where essential
hypertensive patients demonstrate increases in ICAM-1.
VCAM-1 and E-selectin in their serum following a cold
pressor test (104). Furthermore, studies show that when an
aortic stenosis is administered to rabbits, hypertension
causes monocyte adhesion to be increased only in the
proximal region to the stenosis (105) which is where the
highest oscillatory shear stress occurs. While it is clear that
high intraluminal pressure results in leukocyte adhesion
and atherosclerotic development. the exact mechanisms and
pathways are still unclear. Several studies have implicated
various factors including ROS production. NF-kB
activation, endothelin-1 (ET-1). and the rennin-angiotensin-
aldosterone system (RAAS).

ROS production as previously stated is important
in the progression of inflammation and atherosclerotic
plaques. They are involved in the gene expression of many
adhesion molecules such as ICAM-1. VCAM-1. E-selectin
and monocyte chemoattractant protein-1 (MCP-1) (106)
and in disease states such as hypertension play a role in
regulating the inflammatory response to shear stress. Ang IT
a well-regarded mediator of the RAAS and well
characterized in hypertension and vascular dysfunction 1s
shown to stimulate leukocyte adhesion through angiotensin
type 1 (AT,) and 2 (AT,) receptors. However, it is also
shown Ang II acts on ROS production and
proinflammatory transcription factors. For example. rats
perfused with Ang II and an NADPH oxidase mhibitor
present with reduced ICAM-1 expression and macrophage
infiltration compared to those perfused with Ang II alone
and this was shown to be independent of blood pressure
changes (107). Suggesting that Ang II induced
inflammation is mediated via NADPH oxidase and ROS
production.

The proinflammatory transcription factors NF-
kB aand enodthelin-1 (ET-1) also correlate with increases
in Ang II resulting in increases in proinflammatory genes,
cytokines and signaling pathways (108). RAAS
independent inflammatory pathways have also been
implicated where increases in shear flow and pressure has

~

shown to increase NF-kB binding to DNA in cells (109)
and upregulate expression in vessels (110). Furthermore.
when pressurized vessels were incubated with an NF-kB
inhibitor this dramatically reduced the number of adhered
monocytes to the endothelium and the expression of
adhesion molecule (111). This study also showed that
addition of Ang IT to vessels at various pressures was not
sufficient to increased adhesion. This suggests that
upregulation of the adhesion cascade may result from more
mechanical factors such as intraluminal pressure and
stretch independent of Ang II. Indeed. this effect is also
seen in studies with rats undergoing aortic constriction in
which they demonstrate that increased blood pressure and
not RAAS upregulated the adhesion molecules ICAM-1
and P-selectin (112). This is also seen in terms of ROS
production where NADPH oxidase deficient mice
demonstrated lower blood pressure compared to controls
and this was not increased with Ang IT was administered
(113). Therefore these results suggest antoher pathway may
be involved in endothelial inflammation in hypertension.

6.4. Role of arginase

The enzyme arginase may be one factor involved
in an alternative pathway involved in endothelial
dysfunction and inflammation in hypertension (Figure 1).
Arginase is a fundamental manganese metalloenzyme i
the hepatic urea cycle that hydrolyses L-arginine to urea
and L-omithine. Arginase exists in two distinct isoforms (T
and IT) where they differ in intracellular, gene and tissue
expression, gene transcription and transduction regulators
as well as metabolism. While both enzymes are found
throughout the body arginase I or hepatic arginase is a
cytosolic enzyme found abundantly in the liver but also in
red blood cells whereas arginase II or extra-hepatic
arginase is a mitochondrial enzyme expressed more widely
and is seen i the kidney. brain, gastrointestinal tract.
prostate and the vasculature. It has been shown vascular
endothelial cells and smooth muscle cells express both
isoforms, but it appears that the distribution is vessel and
species dependent (114-116). In particular arginase II
appears to be the predominant isoform in human
endothelial cells (115). Arginase isoforms share ~59%
homology. with arginase I composed of 322 amino acide
residues. 11.5 kbp long and 8 exons on chromosome 6q23.
where arginase II appears to have 344 amino acid residues
and 8 exons but is on chromosome 14q24.1-q24.3. Products
of arginine hydrolysis involve increased urea production
and L-ornithine leading to increases in polyamines, proline,
and glutamate (involved in cell growth and proliferation) as
well as a reduction in NO.

Initially the role of arginase in the body was
mainly thought of as disposing excess nitrogen via amino
acid and nucleotide metabolism. Recently studies suggest
an important role for arginase in the vasculature. In the
endothelium arginase is now regarded to help regulate NO
levels by competing with eNOS for L-arginine. Arginase is
also thought to modulate eNOS (117) and this is most
likely to occur when eNOS is translocated from the
caveolae to the cytosol and perhaps even the mitochondria
under proinflammatory states. As such increased arginase
activity/expression has been implicated in many vascular
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Figure 1. Our hypothesis is that high blood pressure induces an increase in reactive oxygen species (ROS) production in
endothelial cells (EC) possibly via NADPH oxidase (NADPHox) which causes an increase in endothelial arginase expression
and/or activity which decreases available L-arginine, this increases endothelial nitric oxide synthase (eNOS) expression and/or
activity and the ‘uncoupled’ eNOS produces superoxide (-O,7) over NO resulting in the production of hydrogen peroxide (H,0,)
and peroxynitrite (ONOO") and pro-inflammatory factors leading to the expression of adhesion molecules.

pathologies including hypertension (118, 119).
ischaemia-repurfusion (120). uremia (121), aging (117).
sexual arousal (122, 123). diabetes (124, 125) and
atherosclerosis  (115). (126). In hypertension arginase
activity and expression studies demonstrate increased
arginase activity reduces NO mediated dilation in
hypertensive pigs, which was then normalized using an
arginase inhibitor (116). These results area also seen in
other models of hypertension including Dahl rats with salt
induced hypertension (127) and in bovine pulmonary
arterial endothelial cells where NO production was
increased and urea was decreased when both L-arginine
and L-valine were used to inhibit arginase activity (128).
And in a model of chronic hypertension treatment with an
arginase inhibitor for 10 weeks in older aged spontaneous
hypertensive rats decreased blood pressure and cardiac
fibrosis and improved vascular function (129). In one small
clinical study assessing attenuated reflex cutaneous
vasodilatation in essential hypertension increased NO-
dependent vasolation was found when arginase was
inhibited and not with L-arginine supplementation (130).
Interestingly. it has also been reported that arginase
expression of both isoforms is increased in spontaneous
hypertensive rats before overt hypertension develops and is
positively correlated to systolic blood pressure in these rats
(131). Therefore these results suggest that in genetic
hypertension vessels have the propensity to develop
endothelial dysfunction before established hypertension is
even developed. This may also occur before inflammatory
mechanisms take place, as increased inflammatory markers
are not seen till these rats are adults (131, 132), suggesting
underlying molecular/transcriptional mechanisms, possibly
via NF-kB pathway.

Despite these recent findings it is still unclear the
exact mechanisms/pathways that induces arginase
upregulation in hypertension. Several studies have
examined a possible link with ROS production that may
help link hypertension induced endothelial dysfunction and
inflammation. Ryoo and colleagues (126) demonstrate that
in atherogenic prone ApoE™" when arginase II activity was
reduced via either inhibition or gene deletion NO
bioavailability was increased and ROS production was
reduced. resulting in improved endothelial function and
reduced vascular stiffness. They also show that plaque area.
thickness and foam cells were all reduced in thoracic aora
treated with the arginase inhibitor BEC, S-(2-boronoethyl)-
L-cysteine. The ROS/arginase link is may also be
reciprocal where intraluminal H,O, is found to upregulate
arginase expression and impair NO-mediated dilation in
porcine coronary arteries and these affects were attenuated
when arginase inhibitors DFMO or nor-NOHA reduced
H,0, and increased vascular function. Inflammatory
cytokine TNF-a has also shown to upregulate arginase in
ischemia-repurfusion resulting in reduced bioavailability of
L-arginine and the uncoupling of eNOS producing
increased superoxide production (133). This action may be
via NADPH oxidase. Where one study has demonstrated
that in alveolar macrophages treated with apocynin,
NADPH oxidase inhibitor, arginase is also attenuated
(134).

7. SUMMARY
Endothelial dysfunction plays a significant role

in the initiation and development of hypertension and its
progression to cardiovascular related diseases. Impaired
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NO production is a swmong indicator of endothelial
dysfunction and contimues fo be an essential componsnt
when measuring vascular impairment. Fecently, reports
suggest that inflammatery mechanisms in the vasculanoe
may also be an important factor determining dysfunction in
the endotheliuvm, Whils it is still unclear the exact pathways
imvolved in the progression of essential hypertension to
cardiovascular diseases there is increasing interest in the
role of arginase and reactive oxygen species play in the
inflammatary progression of hypertension.
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BACKGROUND AND PURPOSE

Nitrate tolerance, the loss of vascular responsiveness with continued use of nitrates, remains incompletely understood and is a
limitation of these therapeutic agents. Vascular superoxide, generated by uncoupled endothelial NOS (eNOS), may play a
role. As arginase competes with eNOS for L-arginine and may exacerbate the production of reactive oxygen species (ROS), we
hypothesized that arginase inhibition might reduce nitrate tolerance.

EXPERIMENTAL APPROACH

Vasodilator responses were measured in aorta from C57Bl/6 and arginase Il knockout (argll —/~) mice using myography.
Uncoupling of eNOS, determined as eNOS monomer : dimer ratio, was assessed using low-temperature SDS-PAGE and ROS
levels were measured using L-012 and lucigenin-enhanced chemiluminescence.

KEY RESULTS

Repeated application of glyceryl trinitrate (GTN) on aorta isolated from C57BI/6 mice produced a 32-fold rightward shift of
the concentration-response curve. However this rightward shift (or resultant tolerance) was not observed in the presence of
the arginase inhibitor (s)-(2-boronethyl)-L-cysteine HCI (BEC; 100 M) nor in aorta isolated from argll —/— mice. Similar
findings were obtained after inducing nitrate tolerance in vivo. Repeated administration of GTN in human umbilical vein
endothelial cells induced uncoupling of eNOS from its dimeric state and increased ROS levels, which were reduced with
arginase inhibition and exogenous L-arginine. Aortae from GTN tolerant C57BI/6 mice exhibited increased arginase activity
and ROS production, whereas vessels from argll —/— mice did not.

CONCLUSION AND IMPLICATIONS
Arginase Il removal prevents nitrate tolerance. This may be due to decreased uncoupling of eNOS and consequent ROS
production.

Abbreviations

ALDH-2, aldehyde dehydrogenase 2; argll —/-, arginase 11 knockout; BEC, (s)-(2-boronethyl)-L-cysteine HCl; DEA/NO,
diethylamine NONOate; eNOS, endothelial NOS; GTN, glyceryl trinitrate; HUVEC, human umbilical vein endothelial
cell; KPSS, potassium depolarizing solution; ROS, reactive oxygen species

Introduction to as nitrates, in the treatment of ischaemia and angina.

Although these compounds have been used for well over a
Nitrate tolerance describes the loss of vessel responsiveness to century, the mechanisms underlying the phenomenon of
the continued use of drugs, which actions mimic the endot- tolerance remain incompletely understood. One of the best-
helial endogenous vasodilator NO. It is a serious limitation in studied and most widely accepted postulates involves the
an otherwise highly useful class of drugs, collectively referred production of reactive oxygen species (ROS). The essential
© 2012 The Authors British Journal of Pharmacology (2012) 166 2015-2023 2015
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hypothesis is that nitrate tolerance results from an increase in
vascular superoxide due to uncoupled endothelial NOS
(eNOS) and increased activity of NADPH oxidase(s) (Miinzel
etal., 1995). As well, there are studies that demonstrate
abnormalities in the biotransformation and in particular, the
de-nitrification of nitrates by the enzyme aldehyde dehydro-
genase (ALDH-2) within the mitochondria (Sage et al., 2000;
Chen et al., 2002). Importantly, the problem of mitochon-
drial de-nitrification has since been linked with increased
mitochondrial free radical bioavailability during sustained
nitrate therapy (Sydow et al., 2004).

Pertaining to the L-arginine-NO pathway, the enzyme
arginase, originally identified for its role in the hepatic urea
cycle, has been found in the vasculature (see Morris, 2009).
Now known to exist in at least two isoforms, arginase [ and II,
up-regulation of this enzyme suppresses NO synthesis in
endothelial cells (Li ef al., 2001; Berkowitz et al., 2003; Chi-
coine et al., 2004; White et al., 2006), most likely by depleting
L-arginine stores in competition with eNOS. Arginase II, in
particular, appears to be the predominant form in endothelial
cells (Gerzanich ef al., 2003; Bachetti ef al., 2004; Ming et al.,
2004) and is confined to the mitochondria where it modu-
lates eNOS activity by regulating intracellular L-arginine
levels (Lim et al., 2007). Here, we have hypothesized that,
as arginase contributes to the depletion of intracellular
L-arginine stores and to downstream events including eNOS
uncoupling and ROS production, inhibition of arginase, and
specifically of arginase II, might prevent nitrate tolerance.

Methods

Animals and treatments

All animal care and experimental procedures were approved
by the AMREP Institutional Animal Ethics Committee
(Approval #E/0665/2008/B), which adheres to the US
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Arginase IT knockout (argll —/-) mice on
a C57BL/6 (WT) background [a gift from Prof William O’Brien
(Shi et al., 2001)] and WT mice were studied at 10 and 15
weeks old. Animals were housed under standard laboratory
conditions and food and water was available ad libitum. Mice
were killed by asphyxiation in 80% CO; and 20% O,.

Vascular reactivity studies

Thoracic aorta from 10 and 15 week old WT and argll -/-
mice were isolated and placed in ice-cold carbogenated (95%
0O;; 5% CO;) Krebs solution (composition in mM: NaCl 119,
KCl 4.7, MgS0, 1.17, NaHCO; 25, KH:PO, 1.18, CaCl; 2.5 and
glucose 11 and EDTA 0.03); and subsequently cleared of con-
nective tissue and mounted in Mulvany myographs bubbled
with carbogen (95% O, and 5% CO,.) at 37°C (model 610 M,
JP Trading), for isometric tension recording as described pre-
viously (Kimura et al., 2003). Vessel viability was assessed by
maximally contracting the aorta with a K'-depolarizing solu-
tion (KPSS; composition in mM: KCl 123, MgS0. 1.17,
KH,PO, 1.18, CaCl, 2.5 and glucose 11 and EDTA 0.03).

In vitro tolerance model
Full concentration response curves to glyceryl trinitrate

(GTN; 0.1 nM-10 pM) were obtained in vessels preconstricted
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to approximately 50% of the KPSS maximum with phenyle-
phrine (0.1-1 uM). A repeat curve was constructed 30 min
later in the absence (control) or presence of the arginase
inhibitor (s)-(2-boronethyl-L-cysteine) HCl (BEC; 100 pM).
Repeat responses to GTN were also obtained in vessels from
argll —/- mice. Relaxation responses are expressed as a per-
centage reversal of the PE precontraction. Individual relax-
ation curves were fitted to a sigmoidal logistic equation
(GraphPad Prism 5.0, GraphPad Software, Inc., San Diego,
CA, USA) and the corresponding negative log ECs, values
(pECso) calculated.

In vivo telerance model

In vivo tolerance to GTN was induced by subcutaneous injec-
tions of GTN (20 mg-kg™') three times a day (0700, 1500,
2300 h) for 3 days (total 60 mg-kg'-day™') (Wang et al., 2002).
Control animals received vehicle (5% glucose) diluted in
saline over the same period. At the end of the 72 h period on
day 4 mice were killed and the thoracic aorta removed for
further study. These studies were performed in both WT and
argll —/— mice.

Determination of ROS

In endothelial cells. Human umbilical vein endothelial cells
(HUVECs) were seeded onto white 96 well plates and grown
to confluence. 24 h prior to experimentation, cells were
serum-starved and either treated with GTN (0.5 mM; diluted
in Krebs-HEPES; composition in mM: NaCl 111.2, D-glucose
11.1, NaHCO; 25.0, HEPES 10.1, MgS804-7H20 1.3, CaCl; 2.5,
KH.PO; 1.2 and KCI 4.8) or vehicle (Krebs-HEPES) as previ-
ously described (Dikalov et al., 1998). Cells were washed and
serum-free media was replaced with pre-warmed Krebs-HEPES
and treated with GTN (0.5 mM) for a total of 60 min. 30 min
from the start of GTN treatment, cells were treated with
L-arginine (100 uM), BEC (100 pM) or tempol (1 mM) for a
total of 30 min, after which L-012 (100 uM) was added to
each well and fluorescence measurements obtained at 37°C
(excitation 485 nm, emission 520 nm) and expressed as rela-
tive light units per second (RLU-s™') as previously described
(Sohn et al., 1999; Daiber et al., 2004).

In intact vessels. Superoxide formation in thoracic aortae
from 15 week-old argll /- and WT mice was measured using
NADPH (100 uM)-driven lucigenin-enhanced chemilumines-
cence (5 uM) using a luminometer as previously described
(Ritchie et al., 2007). Aortae were incubated at 37°C in the
dark for 1 h either in the absence (control) or presence of
GTN (100 uM). For vessels obtained from animals receiving
GTN (or vehicle) i vivo only baseline superoxide formation
was obtained. Background luminescence was subtracted from
an average of 10 readings and each measurement was
expressed as counts per mg per second (counts-mgs™').

eNOS monomer/dimer detection by Western
blot analysis

Aortic lysates were obtained by homogenization in a glass
homogenizer in cold lysis buffer while HUVECs were soni-
cated in ice-cold lysis buffer, and both were centrifuged at
13 000x g for 10 min to remove unlysed cells and cell frag-
ments. Protein content was measured by the Lowry method
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(Lowry et al., 1951). 20 ug of protein per sample were dis-
solved in 0.225 M Tris-HCI (pH 6.8), 50% glycerol, 5% SDS,
and 0.05% bromophenol blue; and loaded onto a 6% gel.
Low-temperature SDS-PAGE (LT-PAGE) was performed using
previously reported methods (Klatt et al., 1996; Yang et al.,
2009). Gels and buffers were kept at 4°C prior to and during
electrophoresis. Following LT-PAGE, gels were transferred on
to a PVDF membrane at 4°C and the blots were probed as
routine Western blots for eNOS monomer and dimer (both
BD Transduction, Franklin Lakes, NJ, USA; 1:10 000) and
B-tubulin (as the loading control; Bio-Rad, Hercules, CA, USA,
1:1000). Densitometry was used to quantitate the bands and
the dimer/monomer calculated.

L-arginine uptake

Cellular *H-L-arginine uptake was measured as previously
described (Chin-Dusting ef al., 2003; Parnell ef al., 2004;
Zhang et al., 2006). Briefly, EA.hy926 cells were plated in
24-well, flat bottom, tissue culture plates and grown to = 90%
confluence at 37 °C in 5% CO,. Two hours prior to treatment,
cells were deprived of L-arginine by washing cells twice and
replacing media with pre-warmed (37 °C) phosphate buffered
saline (PBS, composition in mM; CaCl; 0.901, MgCl, 0.495,
KCI 2.97, KH,POs 1.47, NaCl 137.93, Na,HPO. 8.10). Cells
were treated with GTN (100nM) for 30 min after an initial 30
min pre-treatment period with L-arginine (200uM), L-NOHA
(10uM), BEC (100uM) or an untreated control. Treatments
remained present throughout the remainder of the experi-
ment. Cells were then incubated in 500ul of total uptake
solution containing “H-L-arginine (100nM) and unlabelled
L-arginine (100 nM) prepared in Locke’s buffer (composition
in mM: NaCl 154, KCI 5.6, CaCl, 1, MgCl, 1, HEPES 10,
NaHCO; 3.6 and D-glucose 5.6) or non-specific uptake solu-
tion which comprised of the total uptake solution with addi-
tional unlabelled L-arginine (10mM) for 20 min at 37 °C in
triplicate. At the conclusion of the incubation period, each
culture well was washed twice with ice cold PBS and then
lysed in the endothelial cell lysis buffer [0.2% sodium dodecyl
sulphate (SDS) and 0.2 N NaOH] at room temperature for 1
hour. Counts were then obtained by liquid scintillation spec-
troscopy, whereby 400 pl of the lysate was added to 4 ml of
scintillation fluid and *H was counted for 2 min on the Liquid
Scintillation analyzer. The remaining 100pl, containing *H-L-
arginine, was used for determination of protein content.
Specific arginine uptake over 20 min was calculated by sub-
tracting averaged counts of the non-specific from total uptake
mixture. All counts (specific *H-L-arginine uptake) were nor-
malised as dpm per mg total cellular proteins and normalised
to the control (% control dpm.mg™ of protein).

Determination of arginase activity in

intact vessels

Arginase activity was determined in aortic lysates following
GTN (or vehicle) treatment in vivo using a previously
reported method (Corraliza et al., 1994). Briefly, aortas were
homogenized in ice-cold lysis buffer and the homogenate
(100 pL) added to Tris-HCI (50 mM, pH 7.5, 150 uL), which
contained 10 mM MnCl,. To activate arginase, samples were
heated to 56°C for 10 min, L-arginine (100 uL of 0.5 mM)
was added and samples incubated at 37°C for a further

Arginase Il inhibition prevents nitrate tolerance BII)

o/

60 min. To halt the reaction, a mixture of acids (H,SO,
(17.8M): H,PO, (14.6M): H,O = 1:3:7; 800 uL) was added.
o-Isonitrosopropriophenone (50 uL, 9% in absolute ethanol,
w/v) was added and the samples heated at 100°C for 45 min
followed by 10 min in darkness at room temperature. The
colorimetric determination of urea was achieved spectropho-
tometrically at an absorbance of 550 nm. Urea production
was calculated from a standard curve and expressed as pmol
of urea per minute per milligram of tissue.

Statistical analysis

Results are expressed as mean * SEM. A two way ANOvA with
Bonferroni post hoc analysis was used to compare all vascular
reactivity responses. Where more than two groups were
studied, a one-way anova with Bonferroni's multiple com-
parisons post hoc analysis in GraphPad Prism (v 5.0) was used,
where P < 0.05 was considered statistically significant. For
experiments using mice, n refers to the number of animals
and for cell experiments n refers to independent experiments.

Materials

The following suppliers were used: [*H]L-arginine from Perkin
Elmer Life Sciences, Boston, USA; BEC and L-NOHA from
Calbiochem, USA; Tempol and a-isonitrosopropriophenone
from Sigma, USA; L-012 from Wako Pure Chemicals, USA.

Results

Arginase inhibition or arginase Il deletion
abolishes in vitro nitrate tolerance

A significant rightward shift was evident in the repeated
concentration response curve to GTN (Figure 1A pECs, 1st vs.
2nd curve: 7.5 £ 0.1 vs. 6.0 = 0.4 n =8, P < 0.01; these values
represent about 30-fold difference in molar concentrations),
establishing that tolerance had occurred. Non-specific argin-
ase inhibition by BEC prevented tolerance (Figure 1B). GTN
(pECso = 7.7 = 0.1 M, Rmax = 91 = 3% relaxation) caused
concentration-dependent relaxation responses in aorta from
argll —/- mice (Figure 1C) comparable with that observed on
aorta from WT mice (Figure 1A). However, unlike aorta from
WT mice, subsequent administration of GTN after a 30 min
washout period did not result in the development of toler-
ance (n = 5-8; P > 0.05).

In vivo tolerance to GTN was not evident in
aorta from argll -/— mice

Aorta isolated from WT mice treated with GTN in vivo showed
a significant rightward shift compared to vehicle-treated
animals confirming that nitrate tolerance had occurred
(Figure 2A: vehicle vs. GTN treated: pECso = 8.2 = 0.3 vs. 7.4
+ 0.3, n=9-11; P < 0.01). Tolerance however was not appar-
ent in aorta from argll -/- mice (Figure 2B: vehicle vs. GTN
treated: pECso=7.9 =+ 0.2 vs. 7.4 + 0.2 M, n=7-9, P > 0.05),
nor was there any significant differences in GTN-induced
relaxation between vehicle-treated WT and argll -/~ mice (P>
0.05). Cross-tolerance between nitrates is well established (see
Miinzel ef al., 2005a). Diethylamine NONOate (DEA/NO),
like GTN, is an exogenous NO donor. In aorta from WT mice
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Two concentration response curves were obtained 30 min apart in
aorta from WT mice (A, B) and argll —/— mice (C) to GTN either (A,
C) alone or in the presence of (B) BEC (100 uM). The aorta was
pre-contracted by phenylephrine (PE). Data are presented as mean =
SEM; n = 5-8 mice. ***P < 0.001, significant difference between
curves; two-way ANOVA with Bonferroni post hoc analysis.

(Figure 2C), a significant shift to the right to DEA/NO is seen
in GTN tolerant vessels (pECs, = 7.8 + 0.1, n = 5) compared
with vehicle-treated non-tolerant vessels (pECso = 8.2 = 0.1,
n=28; P < 0.001). Cross-tolerance was not observed in aorta
from argll —/- mice (Figure 2D; vehicle vs. GTN treated: pECs,
=81+ 0.1vs. 84+ 0.2 n=638 P>0.03).

GTN induces ROS J]production in HUVECs
and in intact vessels

Recent findings show that GTN can induce both increased
ROS production and eNOS uncoupling (Sage et al., 2000;

2018 British Journal of Pharmacology (2012) 166 2015-2023

Chen et al., 2002; Mtinzel et al., 2005b), particularly when the
endothelium is in an L-arginine-deprived state (Abou-
Mohamed et al., 2000). The effect of GTN tolerance on acute
ROS generation was investigated in the presence of exog-
enously added L-arginine, superoxide scavenging with
tempol and arginase inhibiton with BEC. Addition of
L-arginine and BEC by themselves did not significantly affect
basal ROS production (Figure 3A), compared with control.
Addition of the antioxidant tempol did reduce basal ROS
levels (Figure 3A). GTN significantly increased ROS genera-
tion (Figure 3B), which was significantly reduced by pre-
treatment of the endothelial cells with BEC, L-arginine and
tempol (Figure 3C).

ROS production in aorta from WT mice treated with GTN
in vivo was significantly higher compared with vessels from
vehicle-treated WT mice (Figure 3D). ROS production in aorta
from argll —/- mice treated with GTN in vivo was not different
from vehicle-treated argll —/- mice nor WT mice (Figure 3E).

GTN induces eNOS uncoupling

HUVECs, tolerant to GTN, showed a significant increase in
eNOS present in the monomeric compared with dimeric state
when compared with control non-tolerant cells (Figure 4A).
Similarly, WT aorta tolerant to GTN show a trend towards an
increase in monomer : dimer ratio (Figure 4C), whereas GTN
and vehicle-treated argll -/~ mice were not different
(Figure 4C), but significantly lower than that observed in WT
aorta tolerant to GTN.

L-arginine uptake is increased with L-arginine
and reduced by arginase inhibition

Using radioactively labelled L-arginine, exogenous L-arginine
significantly increased L-arginine uptake into endothelial
cells (Figure 4B) whereas BEC significantly reduced basal
L-arginine uptake.

Arginase activity is increased in WT aorta
dafter in vivo induction of nitrate tolerance
The arginase activity of aorta from tolerant WT mice was
increased by 330% above that observed in non-tolerant WT
aorta (Figure 5A). In contrast there was no significant increase
in arginase activity in GTN-treated aorta from argll /- mice
compared with vehicle-treated aorta from the same strain
(Figure 5B), nor was there any significant differences in aortic
arginase activity between vehicle-treated WT and argll -/
mice (Figure 5). BEC (100 pM) significantly reduced arginase
activity in WT wvehicle-treated aorta (control = 7095 = 1208
vs. +BEC = 0 = 0 pmol-mg " min™'; 17 = 3-6; P < 0.05) suggest-
ing specificity for arginase.

Discussion and conclusions

Our major new finding is that inhibition of arginase, and
specifically of arginase II, prevents nitrate tolerance. We
showed that increased arginase activity together with exces-
sive ROS production and uncoupled eNOS was induced by
repeated exposure to nitrates and propose that arginase inhi-
bition prevents nitrate tolerance by reducing ROS production

- 240 -



Chapter 9 Appendicies

o

20
40
60

*%x

80

-8 Vehicle
100
-0 GTN

0 8 B8 7 % 5 4
log [GTN] (M)

% Relaxationto PE JI»

o

20
40
60

80
1004 & Vehicle
< GIN

% Relaxationto PE ()

a0 8 B 7 & 5
log [DEA/NO] (M)

Figure 2

Arginase Il inhibition prevents nitrate tolerance
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Concentration response curves to (A and B) GTN and (C and D) DEA/NO obtained from aorta from (A and C) WT and (B and D) argll —/— mice
after in vivo treatment with GTN or vehicle for 3 days. The aorta was pre-contracted by phenylephrine (PE). Data are presented as mean = SEM,
n=5-8.**P < 0.01 ***P < 0.001, significant difference between curves; two-way ANOVA with Bonferroni post hoc analysis.

possibly through increasing intracellular L-arginine (Chi-
coine et al., 2004; White et al., 2006). Our finding is consis-
tent with previous work and is the first to show that arginase
inhibition has the beneficial, functional result of preventing
nitrate tolerance.

In the current study we demonstrated a reduction in
responsiveness upon repeated application of the organic
nitrate GTN in an in vitro model of tolerance. Importantly,
pharmacological blockade of arginase using the non-specific
arginase inhibitor BEC prevented tolerance to GTN. In
endothelial cells, inhibition of arginase stimulates NO pro-
duction (Chicoine et al., 2004), whereas overexpression of
arginase I or II decreases intracellular L-arginine concentra-
tions and suppresses NO synthesis (Li et al.,, 2001). It has
recently been proposed that arginase II is confined to the
mitochondria where it regulates eNOS and therefore NO bio-
availability (Lim et al., 2007). Although eNOS is predomi-
nantly localized to the caveolae, microdomains located in
the plasma membrane, internalization of eNOS from the
caveolae to the cytoplasm is now thought to regulate its
function. Indeed, in HUVECs eNOS has been reported to be
co-localized with the mitochondria (Gao ef al., 2004), ren-
dering a direct modulation of eNOS via arginase likely. Of
interest in this context, and particularly as the arginase II
isoform is located in the mitochondria, is that mitochondrial
de-nitrification abnormalities and increased mitochondrial
ROS have previously been identified in previous studies of
nitrate tolerance (Chen et al., 2002; Sydow et al., 2004) sug-
gesting potential advantages of arginase inhibition, related
to cellular compartmentalization.

As such we examined whether arginase II inhibition may
be particularly effective in preventing nitrate tolerance. As
there are no selective inhibitors of the different enzyme iso-
forms, we also studied nitrate tolerance in argll —/- mice.
Nitrate tolerance was not observed in aortae from argll —/-
mice. We thus speculate that inhibition of arginase II may be
particularly effective in the prevention of nitrate tolerance,
due at least in part to its subcellular localization concurrently
enabling mitochondrial eNOS stabilization as well as prevent-
ing mitochondrial ROS production, which has a key role in
the de-nitrification process.

To confirm the key finding that elimination of arginase II
prevents nitrate tolerance and as in vitro induction of toler-
ance has been reported to lack certain physiological features
such as the activation of the renin-angiotensin system, these
studies were repeated in vivo. Using the commonly reported
model of inducing tolerance by repeated in vivo application of
GTN (Wang et al., 2002) we observed a shift to the right of the
concentration response curve to GTN of similar magnitude to
that reported in mice previously (Wang ef al., 2002). Further,
we confirmed that elimination of arginase II not only pre-
vented tolerance to GTN but also to DEA/NO indicating that
cross-tolerance, the phenomenon of tolerance to other nitro-
vasodilators, did not develop in the absence of arginase.

Under conditions of reduced L-arginine or co-factors such
as tetrahydrobiopterin, eNOS is ‘uncoupled” from its dimeric
state and, rather than producing NO, the superoxide anion
*0; is formed (Vasquez-Vivar ef al., 1998; Ozaki ef al., 2002;
Miinzel et al., 2005b). Increased eNOS expression and uncou-
pling of eNOS have been reported to contribute to nitrate
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Basal levels of superoxide production were measured in HUVECs using a L-012-enhanced chemiluminescence assay receiving either (A) no
treatment (control) or pretreatment with the arginase inhibitor BEC (100 uM), L-arginine (L-arg, 100 uM) or tempol (1 mM) or (B) no treatment
or the NO donor, GTN (0.5 mM) or (C) GTN in the presence of either L-arginine, BEC or tempol. Superoxide levels were measured using a
lucigenin-enhanced chemiluminescence assay in aorta from (D) WT and (E) argll -/ mice after in vivo treatment with GTN or vehicle for 3 days.
Data are presented as mean = SEM, n = 5-10. Data analysis used either (A, C) one-way ANOvA with Bonferroni’s post hoc analysis or (B, D, E)
Student’s t-test. *P < 0.05, ***P < 0.001, significantly different from (A, B, D) control or (C) from GTN alone.
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Figure 4

Ratios of eNOS dimer: monomer in tolerant and non-tolerant HUVECS (A) and aorta (B) was assessed by Western blotting and the densitometric
ratio of eNOS monomer and dimer expression were normalized to B-tubulin expression. Data are presented as mean + SEM, n= 3-6. *P < 0.05,
significantly different from control; Student’s t-test. (C) Basal levels of L-arginine uptake were measured in EA.hy926 cells receiving either no
treatment (control) or pre-treatment with L-arginine (L-arg, 200 uM) or the arginase inhibitor, BEC (100 uM). Data are presented as % control
uptake (mean + SEM; n= 5-6 experiments, each performed in triplicate). *P < 0.05; **P < 0.01, significantly different from control; one-way ANOVA
with Bonferroni’s post hoc analysis.
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Arginase activity levels were measured in aorta of (A) WT and (B) argll -/ mice after in vivo treatment with GTN or vehicle for 3 days. Data are
presented as mean = SEM, n = 5-7. **P < 0.01, significantly different from vehicle; Student’s t-test.

tolerance in several studies (Abou-Mohamed ef al.,, 2000;
Kaesemeyer ef al., 2000; Minzel efal., 2000; Gori etal.,
2001a,b) and although inhibition of eNOS has been shown to
decrease ROS (Miinzel et al., 2000), a definitive role is still
somewhat controversial. As our findings were consistent with
the hypothesis (Caramori ef al., 1998; Gori et al., 2001b) that
GTN uncouples NOS causing an increase in ROS production
and that arginase activity appears to further contribute to the
phenomenon, the monomer : dimer ratio of eNOS and ROS
production were determined in the setting of tolerance.
Similar to previous reports (Kaesemeyer et al., 2000; Schmidt
et al., 2010), we also showed that GTN uncoupled eNOS and
increased ROS production in cultured endothelial cells and in
aortae made tolerant in vivo. In addition, this increase in ROS
was prevented by treatment with the arginase inhibitor BEC
and L-arginine supplementation. ROS was increased in
vessels from WT mice treated with repeated doses of GTN
over 3 days but was not increased in vessels from arg
II -/~ mice, consistent with studies by others showing a
reduction in GTN tolerance in the presence of an antioxidant
(Miinzel et al., 2000; Abou-Mohamed et al. 2004). It has
been shown that in vitro and in vivo tolerances to GTN have
different underlying mechanisms, where only in vivo tolerant
aorta display increased production of superoxide (Miinzel
et al., 1999). In the current paper, the concentration of GTN
used in the in vitro cell experiments, although similar to those
previously reported by Dikalov et al. 1998, were higher than
those used in the vascular reactivity studies. Similarly incu-
bation periods differed under the two conditions. Although
providing some mechanistic insight, direct comparison
between these studies thus need to be viewed with some
caution.

In our study, exogenous L-arginine supplementation
increased cellular L-arginine uptake. This is as expected as
one of the main factors in the regulation of L-arginine trans-
port is intracellular substrate availability. In addition BEC
reduced L-arginine uptake in endothelial cells. Although BEC
can be postulated to increase intracellular L-arginine levels,
whether this increase was sufficient to saturate NOS activity is
not known. An alternative postulate might be that BEC has
direct interaction with cationic amino acid transporters as
has been reported for NOS inhibitors (Bogle et al., 1992).

Finally, the arginase activity in WT and argll —/- mice
treated with GTN for 3 days was investigated. The aorta from
GTN tolerant mice had significantly increased arginase activ-
ity. However, arginase activity in argll —-/- mice (presumably
due to arginase ) was not increased in aortic homogenates
from mice treated with GTN, providing further evidence that
arginase I was the isoform involved in tolerance to GTN.
Increased arginase activity has been reported in many vascu-
lar pathologies involving endothelial dysfunction including
atherosclerosis, hypertension, diabetes and ageing (Berkowitz
et al., 2003; Johnson et al., 2005; Romero et al., 2008; Ryoo
et al., 2008). Further, inhibition of arginase has been shown
to be highly beneficial in treating in vitro endothelial dysfunc-
tion (Huynh et al., 2009) and can also restore NOS coupling
and reduce the production of ROS from uncoupled eNOS
(Ryoo etal., 2008; Kim etal, 2009; Zhang efal., 2009).
Increased mitochondrial and NADPH oxidase produced ROS
have been consistently reported in tolerant vessels (Miinzel
et al., 1995; Sydow et al., 2004; Szécs et al., 2007) and this is
also true in disease states where there is increased arginase
activity (Romero et al., 2008; Ryoo et al., 2008). Indeed, ROS
can mediate the induction of arginase in the vasculature after
only 1 h of treatment (Thengchaisri et al., 2006) and reduce
L-arginine levels (Gao et al., 2007) suggesting that arginase
may be an early target of increased ROS. However, NO has
also been shown to activate arginase by the nitrosylation of
Cys*™, stabilizing the arginase trimer and increasing its activ-
ity (Santhanam et al., 2007) and subsequently leading to a
decrease in L-arginine, the uncoupling of eNOS and increased
ROS production. From the current studies, it is not possible to
explain exactly how arginase activity is increased in tolerant
vessels, although such an increase is clearly demonstrable.

In summary, we confirm the hypothesis that nitrate tol-
erance is at least in part due to increased ROS production. It
is likely that this occurs due to increased arginase activity
limiting cellular L-arginine and causing an uncoupling of
eNOS. We show for the first time that arginase, and more
specifically arginase II, can influence nitrate tolerance and
that inhibition of this enzyme increases L-arginine levels,
diminishes ROS production and ameliorates tolerance. As
such we suggest that arginase inhibition should be investi-
gated for possible prevention of nitrate tolerance in man.
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Appendix III: ‘Increased carotid intima-media thickness and
reduced distensibility in human class IlII obesity: independent
and differential influences of adiposity and blood pressure on
the vasculature’
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Abstract

Carotid intima-media-thickness (cIMT) and carotid distensibility (distensibility), structural and functional properties of carotid
arteries respectively, are early markers, as well as strong ;Z)redictors of cardiovascular disease (CVD). The characteristic of
these two parameters in individuals with BMI>40.0 kg/m~ (Class Ill obesity), however, are largely unknown. The present
study was designed to document cIMT and distensibility in this population and to relate these to other factors with
established association with CVD in obesity. The study included 96 subjects (65 with BMI>40.0 kg/m? and 31, age- and
gender-matched, with BMI of 18.5 to 30.0 kg/m?). cIMT and distensibility were measured by non-invasive high resolution
ultrasonography, circulatory CD133*/KDR" angiogenic cells and endothelial microparticles (EMP) by flow cytometry, and
plasma levels of adipokines, growth factors and cytokines by Luminex immunoassay kits. The study results demonstrated
increased cIMT (0.62+0.11 mm vs. 0.54:20.08 mm, P=0.0002) and reduced distensibility (22.52+10.79 10 kpa ' vs.
29.91+1237 10 kpa~', P<0.05) in individuals with BMI>40.0 kg/m® Both cIMT and distensibility were significantly
associated with traditional CVD risk factors, adiposity/adipokines and inflammatory markers but had no association with
circulating angiogenic cells. We also demonstrated, for the first time, elevated plasma EMP levels in individuals with
BMI>40.0 kg/m% In conclusion, cIMT is increased and distensibility reduced in Class Il obesity with the changes
predominantly related to conventional CVD risk factors present in this condition, demonstrating that both cIMT and
distensibility remain as CVD markers in Class Ill obesity.
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Introduction chronic low-grade inflammation. Furthermore insulin resistance
o . . . . present in obesity is believed to be a principal contributor to this
Carotid intima-media-thickness (cIMT) and carotid distensibil- link. The inter-relation between adipogenesis, inflammation,
insulin resistance, hypertension and diabetes mellitus remains a
current focus of obesity research. Nevertheless higher CVD
incidences are evident in hypertensive and/or diabetic obese

ity (distensibility) represent structural and functional pr()pﬂue\ of
carotid arteries respectively. Both increased ¢cIMT, a nonin /

measure of subclinical atherosclerosis, and reduced distensibility,
an indicator of regional artery stiffness, are independent predictors

e 2 5 compared to non-obese counterparts. The prevalence of obesity is
of future cardiovascular events [1,2]. Importantly, a combined

rising at an alarming rate worldwide. Moreover the prevalence of
assessment nl-"lln wo dlhm.\‘ for a better anldl‘}m of the {Ildl\ idual Class TIT obesity, defined as BMI=40.0 kg/m?, is increasing at an
atherosclerotic burden and improved prediction of aortic athero- even steeper rate [15,16]. cIMT and distensibility in Class 1T
sclerosis [3].

obesity, however, are largely undocumented with only two papers

Increased cIMT or decreased distensibility has been linked to providing both ¢IMT and distensibility data in people with
hypertension [4], diabetes mellit [5] and obesity [6-10], BMI=40.0 Ig/m” [17,18]. Similarly, little information is available
determinant risk factors for cardiovascular disease (CVD) [11 .
14]. The occurrence of these three co-morbidities is linked with

in Class IIT obesity on novel biomarkers of CVD, such as
circulatory angiogenic cells [19] or endothelial microparticles [20].

PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | 53972

- 246 -



Chapter 9 Appendicies

The main objective of this study was therefore to document
IMT and distensibility in Class III obese subjects compared with
a non-obese cohort, and to examine and compare traditional
CVD risk factors (CVRF) and novel CVD biomarkers between the
two populations. We hypothesized that ¢cIMT and distensibility
remain useful as CVD markers in the severely obese population
despite technical difficulties that may be encountered and verified
this by determining the association of cIMT and distensibility with
other established CVRF in Class IIT obesity.

Materials and Methods

Ethics Statement

The study protocol was approved by the institutional ethics
committee of Alfred Healthcare (#158/06), and informed written
consent was obtained from each participant.

Study Population and Design

A total of 96 subjects (31 non-obese controls: BMI 18.5 to
30.0 kg/m> and 65 class T obesity: BMI>40.0 kg/m?) were
included in the study. Class TIT obesity subjects were recruited via
the Obesity Research Groups at Monash University while the age-
and gender-matched non obese were from the Baker IDI BioBank
database. Exclusion criteria were known coronary artery disease,
cardiac failure, vascular brain disease, peripheral obstructive
artery disease, significant renal or hepatic dysfunction and
pregnancy. Subjects with current or past history of multiple
myeloma, blood dyscrasia or any form of leukemia or lymphoma
were also excluded.

All individuals underwent a physical examination and had their
medical histories recorded. In brief, participants were measured
for height, weight, waist and hip circumferences and blood
pressure. 30 ml of peripheral blood was drawn for routine blood
tests following a 12 hr fast and also analyzed for levels of plasma
adipokines, growth factors and cytokines, circulating angiogenic
cells (CD133"/KDR" PBMCs & Hill-CFU) and endothelial
microparticles (EMP). Routine blood tests were performed by
the Alfred Pathology Department including a full blood count,
hsCRP, glucose and a lipid profile (HDL, LDL, total cholesterol
and triglycerides). ¢<IMT and distensibility were examined using
non-invasive high resolution ultrasonography.

The measurement of cIMT and distensibility were compared
between the two groups. The associations of cIMT or distensibility
with traditional CVRF (age, gender, BP, glucose and lipids etc)
and adiposity/adipokines (BMI, waist:hip, adiponectin and leptin)
were examined, as were their respective associations with
inflammatory markers and circulating angiogenic cells. Plasma
levels of EMP were measured in randomly selected subpopulations
including both males and females (Class IIT obese =15 and non-
obese = 16) to determine vascular inflammation and integrity.

Carotid Imaging and Measurement

The left and right common carotid arteries proximal to the
carotid bifurcation were imaged through non-invasive high
resolution ultrasonography using a Philips iE33 ultrasound system
(Philips, Bothell, WA, USA) with a 11-3 MHz linear array
transducer while the subject was at rest in a supine position.
Briefly, the carotid arteries were imaged in longitudinal sections,
0-2 ¢m proximal to the carotid artery bifurcation, focusing on the
far wall of the vessel. Two 10-second loops were captured for each
of the left and right arteries and stored for offline analysis. cIMT
was defined as the distance between the intima-lumen interface
and the media-adventitia interface, and measured at end diastole
(as determined from the simultaneous electrocardiogram record-

PLOS ONE | www.plosone.org
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ings) over a 10 mm long portion of the vessel wall between 0-1 cm
proximal to the carotid bulb. Diastolic and systolic diameters, for
distensibility calculation, were determined as the smallest and
largest diameter values during a cardiac cycle. An average of three
measurements from consecutive cardiac cycles from each of the
left and the right carotid artery was made, and the average of the
left and right arteries was used for the final analysis. All
measurements were conducted independently using an automatic
edge detection system (Philips QLAB version 7.0) by two observers
blinded to all participant information.

Carotid _distensibility was calculated as (2Ad/ds)/AP in
lOfys-kPafl, where Ad is carotid internal diameter change
between systole and diastole, ds is carotid systolic diameter and
AP is pulse pressure [21].

Determination of Plasma Adipokines and Cytokines

Plasma samples were collected and stored at —80°C until use.
Plasma levels of adiponectin, leptin, IL-10 and SDF-1 were
measured using Luminex immunoassay kits (Millipore, USA) as
per manufacturer’s instruction. Briefly, the appropriate adipokines
or cytokine standards, plasma samples (25 pL), and fluorescent
conjugated, antibody-immobilized beads were added to wells of a
pre-wet filtered plate and then incubated in dark overnight at 4°C.
The following day, the plate was washed twice with wash buffer
and then incubated with secondary detection antibody for 1 hr,
followed by subsequent incubation with streptavidin-PE for
30 min. After the plate was washed twice again with wash buffer,
it was run on the Luminex system (BioRad) with the addition of
sheath fluid. Concentrations of different analytes in the plasma
samples were determined by using respective standard curves
generated in the assays.

Measurement of Circulating Angiogenic Cells

Enumeration of peripheral blood CD133"/KDR™ PBMCs
by flow cytometry. Peripheral blood mononuclear cells
(PBMCs), isolated from fresh venous blood by ficoll-gradient
centrifugation, were used to quantitate the number of CD133*/
KDR* PBMCs by flow cytometry. In brief, 100 pl of PBMCs
(1.5x107/ml) was incubated with Fc-y receptor blocking agent
followed by 30 min incubation on ice with antibodies against
human CD133 (PE-conjugated, Miltenyi Biotec, Germany) and
VEGFR-2 (KDR) (APC-conjugated, R&D Systems, USA). PE-
and APC-conjugated mouse IgG from the same manufacturers
served as isotype controls. Following incubation, cells were washed
with PBS and then fixed in 1% paraformaldehyde. Flow cytometry
acquisition was performed on BD FACSCalibur™ using appro-
priate settings excluding debris and platelets as shown in Figure 1-
Al & Figure 1-B1. 10° events per sample were collected within the
R1 monocyte gates. Cells positive for both CDI133 and KDR
(upper right quadrants of the FL2-FL4 plots as shown in Figure 1-
A2 & Figure 1-B2) were characterized as angiogenic cells. Results
were expressed as percentage of CD133"KDR'PBMCs/PBMCs.
Analysis was carried out by a blinded randomized approach in
regard to patient profiles using the FlowJo software (Tree Star Inc,
USA).

Hill-CFU assay. The ability to clonally expand and generate
colonies in an endothelial-specific medium is considered a key
functional feature of angiogenic cells. The Hil-CFU assay was
performed using the commercially available kit, EndoCult"™
liquid medium Kit (Stem cells Technologies, USA) and used as per
the manufacturer’s instructions. In brief, 5x10° ficoll-isolated
PMNCs were resuspended with 2 ml EndoCult medium and
plated in a well of fibronectin-coated 6-well plates (BD Biosciences,
USA), which were incubated for two days at 37°C, 5% CO, with

January 2013 | Volume 8 | Issue 1 | e53972
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Figure 1. lllustration of FACS gating analysis of angiogenic cells (AC133"/KDR 'PBMCs). Representative flow cytometric density plots
demonstrating the gating protocol used to identify angiogenic cells: A) PBMCs stained with PE-conjugated and APC-conjugated mouse IgG (isotype
controls) for non-specific fluorescent signals; B) PBMCs stained with antibodies against human CD133 (AC133) (PE-conjugated) and VEGFR-2 (KDR)
(APC-conjugated) for AC133"/KDR*PBMCs; A1, B1) FSC-SSC density dot plots of Ficoll-isolated PBMCs and R1 was gated for monocytes; A2, B2) FL2
(PE)-FL4 (APC) density dot plots of R1-gated monocytes. Angiogenic cells=cells in B2 upper-right quadrant - cells in A2 upper-right quadrant.

doi:10.1371/journal.pone.0053972.g001

=95% humidity. After two days the non-adherent cells were cells were counted at day 5 in 24-well plates in a minimum of 3
harvested, counted and plated as at a density of 1x10° cells per wells per subject and the average count was recorded. Results were

UR:AC133*/KDR*

well onto a 24-well fibronectin-coated plate, which was then expressed as number of colony per well.

incubated at 37°C for another 3 days. Hill-CFUs, characterized by
a central cellular cluster surrounded by emerging spindle-shaped
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Figure 2. Elevated levels of circulating CD31°/CD41 EMP in obesity. A) Quantification of circulating EMP levels in plasma. Data presented
as mean+SEM. B) Representative flow cytometric density plots demonstrating the gating protocol used to identify EMP (R2) and bead populations
(R1); C) Representative flow cytometric histogram of commercial beads; D) Representative flow cytometric dot plots demonstrating EMP population
with a negative staining of CD41-PE but positive staining of CD31-Alexa 647 and its corresponding staining of isotype-controls.
doi:10.1371/journal.pone.0053972.g002
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Isolation and Identification of Circulating EMPs

EMPs are defined as CD317/CD41 ™ particles sized between
0.1-1 um in platelet-depleted plasma. They were determined by
the analysis for the expression of surface antigens by flow
cytometry. In brief, 500 ul of completely thawed plasma was
centrifuged at 16000 g for 5 min at 4°C to deplete platelets or any
cell debris. The top 450 pl of plasma was transferred into a fresh
tube, which was centrifuged again at 16000 g for 30 min at 4°C.
The top 250 pl plasma was carefully removed and the remaining
200 pl vortexed and used for FACS analysis. Following a 15 min
incubation with 50 pl Fe-y receptor blocking agent (Miltenyi
Biotec, Germany) at room temperature to reduce non-specific
binding, half of the treated plasma was incubated with antibodies
against human CD31 (Alexa647-conjugated, BD Biosciences,
USA) and CD41 (PE-conjugated, BD Biosciences, USA). The
other half was incubated with Alexa647- and PE-conjugated
mouse IgG from the same manufacturer served as isotype controls.
At the end of 20 min incubation, 300 pl of double filtered 1%
Formaldehyde/0.2% FBS/PBS (filtered through a 0.2 and then a
0.1 um membrane filter before use) was added for fixation and
50 ul of diluted calibration beads (BD Biosciences, USA) was
added for EMP calculation and size reference. Each sample and its
corresponding control were counted on BD FACSCalibur™ BD
Biosciences, USA) for 5 min.

For flow cytometry counting, EMP gate (R2 as shown in
Figure 2-B) was pre-defined using commercial beads sized at 0.1
and 1 um (Sigma-Aldrich, USA). Only events included within this
gate were further analysed for fluorescence signal as shown in
Figure 2-D. For EMP enumeration, a formula was used based on
the concentration of the added calibration beads [22], which
discriminated themselves from the EMP population on the FSC-
SSC cytogram (R1 as shown in Figure 2-B and Figure 2-C). All
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Figure 3. Increased cIMT (A) and reduced distensibility (B) in
obesity. Median, minimum and maximum values of cIMT and
distensibility.

doi:10.1371/journal.pone.0053972.g003
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Table 1. Anthropometric, clinical and biochemical
characteristics.

Severely
Non-obese Obese P
(n=31) (n=65)
Age, y 48.13+£11.16 46441873 0.42
Male sex, % 48 52 0.72
Smoking, % 52 52 0.97
Systolic blood pressure, mmHg 12047 £1678 139.9+1759

<0.0001

Diastolic blood pressure, mmHg 7375+1098 85.88+1122
<0.0001

Mean arterial pressure, nmHg 8843+1198 103.06+11.82

<0.0001

Pulse pressure, mmHg 46.72 (42.6, 54.03 (504, 57.6)0.014
50.8)

Hypertension, % 26 60 0.001

Blood Pressure-Medication, % 13 50

<0.0001

Fasting glucose, mmol/L
<0.0001

Type 2 Diabetes, % 7 56
<0.0001

Total cholesterol, mmol/L
HDL cholesterol, mmol/L
<0.0001

LDL cholesterol, mmol/L

Triglycerides, mmol/L

4.82(47,5.0) 6.33(57,7.0)

5.28 (49,5.7) 5.18(57,7.0) 0.70
1.56 (14,1.8) 117 (1.1, 1.2)

3.25+0.87 3.17+0.99 0.69
1.02(09,1.2) 1.88(17,2.1)

<00001
Body mass index (BMI), kg/m* 25514261  45.46+547
<0.0001
WaistHip 0.85+009  0.97+0.09
<00001
Leptin, ng/ml 11.46 (7.2, 15.7)41.0 (338, 48.1)
<0.0001
Adiponectin, pg/ml 48.90 (39.4, 14.6 (9.8, 19.5)
58.4)
<0.0001
White blood cells (WBC), 1071 547+1.19  7.58+1.83
<0.0001
hsCRP, mg/L 1.19 (0.8, 1.5) 6.41 (56, 7.2)
<0.0001
Interleukin-10 (IL-10), pg/ml 3045 (137,  67(41,93)  0.007
472)

CD133'KDR" PBMC, % 0.34 (0.32, 0.35)0.34 (0.32, 0.36) 0.91

Hill-colony forming units 4.06 (1.7,6.4) 11.7 (7.0, 16.4) 0.005

SDF-1, pg/ml 149231+ 554.09
2929.83+2387.46 <0.0001
Data are expressed as means=SD (i f d data) or ic means

(95% CI) (transformed data). HDL indicates high-density lipoprotein; LDL, low-
density lipoprotein; hsCRP, high-sensitivity C-reactive protein; PBMC, peripheral
blood mononuclear cells; SDF-1, stromal cell-derived factor-1.
doi:10.1371/journal.pone.0053972.t001
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counting data were then processed with a blinded randomized
approach using BD CellQuest Pro (BD Biosciences, USA). Results
are presented as number of CD317/CD41~ EMP per pul of

plasma.

Statistical Analysis

Logarithmic transformations were applied if appropriate to
skewed data following histogram analyses and Kolmogorov-
Smirnov test. Transformed data are expressed as geometric mean
(95% CI) and non-transformed data are expressed as mean £ SD.
Comparisons between the non-obese and Class III obese groups
were performed by two tailed Student’s t-test. Bivariate correlation
analysis of adiposity (BMI and waist:hip), carotid variables (cIMT
and distensibility) and blood pressure (SBP) was performed to
define each crude association with other variables measured.
Multivariable linear regression models were then constructed with
the use of important covariates concluded from correlation
analysis (P<(.1), in a hierarchal fashion, to elucidate independent
determinants of (IMT and distensibility. Model 1 was adjusted for
traditional CVRF (age, SBP, BP-med, fasting glucose and
triglycerides), while Model 2 for traditional CVRF and adiposi-
ty/adipokines (BMI, adiponectin and leptin), and Model 3 for
traditional CVRF, adiposity/adipokines and inflammatory mark-
ers (hsCRP, IL10 and WBC). Multivariable analysis was also
repeated with no BP adjustment to further assess reliability of
independent association between SBP and distensibility, since
distensibility is a derivative parameter related to pulse pressure.
For the same purpose, multivariable analysis of distensibility was
again carried out separately in non-hypertensive and hypertensive

PLOS ONE | www.plosone.org

Table 2. Bivariate correlation between BMI, Waist:Hip, SBP, cIMT and CD with other covariates.

BMI Waist/Hip SBP cmMT <o

r p-value r p-value r p-value r p-value R p-value
Age —0.080 048 —0.056 0.60 0.084 0.43 0.291 0.005 -0.323  0.002
Gender 0123 028 0.654 <0.0001 0.143 0.7 0.065 054 =0.115 029
Smoking 0.062 059 0.193 0.09 014 0.32 0.128 027 -0.127 028
SBP 0.587 <0.0001 0.409 <0.0001 - - 0.323 0.002 ~0.643 <0.0001
Hypertension 0.397 <0.0001 0.332 0.001 0.593 <0.0001 0.246 0.020 ~0.383 <0.0001
BP-Med 0.359 0.001 0.406 <0.0001 0.254 0.024 0.213 0.06 -0.256 0.029
Type 2 Diabetes 0.434 <0.0001 0.372 0.001 0.385 <0.0001 0.307 0.005 -0.305 0.007
Fasting glucose 0.338 0.003 0.314 0.003 0.236 0.025 0.343 0.001 -0.267 0.015
HDL cholesterol ~0.472 <0.0001 ~0.540 <0.0001 ~0.158 0.13 —-0.143 018 0.026 081
LDL cholesterol 0.014 091 0.140 0.19 0.144 0.17 0.107 032 0019 086
Triglycerides 0.533 <0.0001 0.448 <0.0001 0.278 0.014 0.256 0.026 -0221 0.06
BMI - - 0.633 <0.0001 0.580 <0.0001 0.422 <0.0001 -0.379 0.001
Waist:Hip 0.633 <0.0001 - - 0.409 <0.0001 0.385 <0.0001 ~0.289 0.008
Adiponectin —0.601 <0.0001 —0.460 <0.0001 —0.403 <0.0001 —0.181 0.12 0.301 0.010
Leptin 0.733 <0.0001 0.301 0.008 0.383 0.001 0.220 0.056 -0.282 0.015
hsCRP 0.808 <0.0001 0.530 <0.0001 0.432 <0.0001 0.335 0.003 —0.337 0.004
IL-10 —0.467 <0.0001 —-0.316 0.005 -0.265 0.019 ~0.168 015 0079 051
WBC 0.550 <0.0001 0.429 <0.0001 0216 0.051 0.170 013 —0.115 032
CD133'KDR'PBMC,% -0.003 098 0.026 081 0.120 0.25 0.128 023 019 087
Hill-colony forming units 0.141 028 0.145 022 0.116 033 -0116 033 0.023 085
SDF-1 0.309 0.006 0.110 034 0.198 0.08 0.126 028 -0.096 042
BP-Med indicates blood pressure related medication, SBP, systolic blood pressure.
doi:10.1371/journal.pone.0053972.1002

subjects. In addition, multivariable analysis of SBP was performed
as well. All statistical analyses were performed with SPSS version
12.0 for Windows and a probability value P<(0.05 was considered
statistically significant.

Results

The demographic, anthropometric, clinic and laboratory
characteristics of the 96 subjects included in the study are shown
in Table 1. Except for age, gender and smoking history, the 31
non-obese and 65 Class IIT obese subjects presented as two
distinctive phenotypes in respective to all parameters related to
traditional CVRF, adiposity, and plasma levels of circulating
adipokines as well as inflammatory markers. All traditional CVRF
measured were significantly worse in the Class III obese group.
The heavier atherosclerotic burden in the Class III obese subjects
was demonstrated both through increased cIMT (P=0.0002) and
reduced distensibility (P<(.05) in comparison to their age- and
gender-matched non-obese counterparts (Figure 3-A & Figure 3-
B). Furthermore, significantly higher levels of circulating EMP
(P=0.02) indicated vascular inflammation and a compromised
integrity of vascular endothelium in Class IIT obese subjects
(Figure 2-A).

As expected, significantly elevated plasma leptin and suppressed
adiponectin, a typical adipokine phenotype of obesity, were shown
in Class IIT obese subjects (Table 1), as was the inflammatory
profile of much higher levels of plasma hsCRP but lower TL10.
Both measures of adiposity, BMI and waist:hip, closely correlated
to status of metabolic syndromes (blood pressure, glucose, type 2
diabetes, HDL and triglycerides) and inflammation (Table 2).
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Table 3. Multivariable linear Regression Analyses.

cmT <D
Model [ p-value § p-value
SBP adjusted-Model 1
Age 0.271 0.017 ~0.351 <0.0001
SBP 0.199 0.08 —0.585 <0.0001
Model 2
Age 0313 0.009 ~0.418 <0.0001
SBP 0.031 081 -0.619 <0.0001
BP-med 0.065 0.56 -0.202 0.020
BMI 0.520 0.020 -0.372 0.026
Adiponectin 0.004 098 0.308 0.010
Model 3
Age 0.359 0.006 ~0.421 <0.0001
SBP —0015 091 —0.592 <0.0001
BP-Med 0.042 0.72 ~0.215 0.018
BMI 0.723 0.013 -0300 0.16
Adiponectin 0076 0.66 0.378 0.004
No BP adjustment-Model 1
Age 0.288 0.013 ~0.424 <0.0001
Model 2
Age 0.329 0.005 ~0.536 <0.0001
BMI 0.329 0.004 —0.09% 058
Adiponectin 0.000 0.999 0.400 0.008
Model 3
Age 0.364 0.004 ~0.568 <0.0001
BMI 0.661 0.003 -0322 012
Adiponectin -0.061 0.72 0.552 0.001
Model 1 was adjusted for traditional CVRF (age, SBP, BP-med, fasting glucose
and triglycerides), while Model 2 for traditional CVRF and adiposi ipoki
(BMI, adiponectin and leptin), and Model 3 for traditional CVRF, adiposity/
adipokines and inflammatory markers (hsCRP, IL10 and WBC). Results are
expressed as standardized 5 and only factors showing significant association
are listed.
doi:10.1371/journal pone.0053972.1003

On the other hand, there was no difference in the number of
circulatory angiogenic cells (CD133*KDR*PBMC) between obese
and non-obese populations, despite significantly higher colony-
forming capacities (Hill-CFU) in Class IIT obese subjects (Table 1).
Plasma levels of SDF-1, a critical cytokine mobilizing angiogenic
cells, were nearly doubled (P=0.003) in subjects with
BMI>40 kg/m”.

cIMT significantly correlated with age, BMI, waist:hip ratio,
hsCRP, and status of the metabolic syndrome (Table 2). These
correlations were also true for distensibility. As well, distensibility
was also linked to BP-medication and plasma levels of leptin and
adiponectin.

Subjects with hypertension were defined, in this study, for those
who either presented with elevated blood pressure (=140/
90 mmHg) at the time of BP measurement or were taking
antihypertensive medications (BP-med) or had a history of
hypertension. Blood pressure was significantly elevated in Class
I obese subjects, and multivariate regression analysis revealed
that SBP was independently associated with BMI (8 =0.879,
P<0.0001) and plasma levels of adiponectin (B=—0.304,
P=0.049) in this cohort. Multivariate regression analysis of cIMT

PLOS ONE | www.plosone.org
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and distensibility, therefore, was performed with and without BP
adjustment (Table 3). The results showed that age and BMI were
independently associated with cIMT regardless of BP adjustment
(Table 3). In contrast, carotid distensibility was independently
associated with age, BP-medication and plasma levels of
adiponectin when adjusted for SBP, which was also associated
with distensibility, but only with age and plasma adiponectin when
not adjusted for BP. In further regression analysis for distensibility
stratified by hypertensive status, age (non-hypertensive:
B=—0.562, P<0.0001; hypertensive: B=—0.465, P=0.007) and
plasma adiponectin (non-hypertensive: p=0.527, P=0.001; hy-
pertensive: B=0.518, P=0.023) were independently associated
with distensibility in non-hypertensive and hypertensive groups, in
addition to SBP in the hypertensive group (B=—0.465, P=0.007).

Discussion

The present study demonstrates that increased ¢IMT and
reduced distensibility is observed in Class IIT obese subjects with
no overt CVD conditons when compared to their age- and
gender-matched non-obese counterparts. Changes in both ¢cIMT
and distensibility corresponded well with elevated traditional
CVREF in this cohort. We also show that cIMT and distensibility
are significantly associated with adiposity, adipokines and inflam-
matory markers, however, none had any connection with
circulatory angiogenic cells.

Since obesity, and in particular abdominal obesity, is a major
risk factor for CVD [23], tools to screen, monitor and predict
CVD in this population can be very useful clinically. <IMT and
distensibility, structural and functional parameters of carotid
arteries, are early markers as well as strong predictors of CVD
[1,2]. While previous studies have demonstrated a strong
association of increased cIMT and/or reduced distensibility with
obesity [6-9], documentation of these two parameters of carotid
artery in individuals with BMI>40 kg/m” is lacking. Our finding
that ¢cIMT is increased and distensibility reduced in the Class IIT
obese is consistent with the only other published studies that
documented increased ¢IMT in 64 subjects with BMI of
42.3+4.3 kg/ m’ [17,18] and increased ¢IMT and decreased
distensibility in 13 obese subjects with average BMI of 40.5+7 kg/
m? [18]. In addition, we show that cIMT is positively associated
with age, adiposity, blood pressure, type-2 diabetes, hyperglyce-
mia, dyslipidemia and hsCRP, while distensibility demonstrates
negative associations with these covariates. These demonstrated
associations verify that cIMT and distensiblity remain as CVD
markers in Class IIT obesity.

Obesity is highly associated with the metabolic syndrome (MS),
which is closely linked to cardiovascular morbidity and mortality
[24]. Two of the most widely accepted MS criteria have been
respectively promulgated by the World Health Organization
(WHO) and the National Cholesterol Education Program (NCEP-
ATP III). The principal distinction between the two is that that the
NCEP-ATP III emphasizes CVD risks whereas the WHO focus
on insulin resistance [25]. We used NCEP-ATP III criteria for this
study. Based on the MS criteria defined by the NCEP-ATP IIT
[25], about 86% of our Class III obese subjects had MS:
dyslipidemia, hyperglycemia (diabetes), hypertension, or central
obesity. This extremely high prevalence of MS was highly
associated with BMI in our cohort as evidenced by the close
association of BMI with various measures of MS status (Table 2). It
is thus not surprising that BMI and/or plasma adiponectin was
found to be independendy linked to ¢IMT and distensibility,
besides age which is a strong predictor of arterial remodeling

[26,27].

January 2013 | Volume 8 | Issue 1 | 53972

-252 -



Chapter 9 Appendicies

Hypertension and diabetes mellitus are common in obesity,
which is also evident in this study. 60% and 56% of our Class IIT
obese subjects were, respectively, hypertensive or diabetic in
comparison to 20% and 7% in the non-obese group. Indeed in our
obese subjects only 14% were free of both diabetes and
hypertension. As both hypertension and diabetes are important
in development of CVD, it is therefore difficult to apportion
relative contributions to hypertension, diabetes or obesity per se.
Further, artery stiffness and blood pressure are two closely related
factors and distensibility is a derivative parameter of pulse
pressure. Indeed, distensibility was revealed to independently
associate with SBP and BP-medication besides age and plasma
adiponectin when BP was adjusted in its multivariate regression
analysis. The fact that an independent link between distensibility
and plasma adiponectin stands regardless of the adjustment of BP
demonstrates the essential role of adiposity in development of
CVD suggesting the paramount importance of weight control in
prevention and reduction of CVD. Obesity is also known to be
characterized by a chronic systemic inflammatory state [28]. This
was reflected by elevated plasma levels of CRP in our study.
Plasma levels of CRP were strongly correlated with all important
measures, cIMT, distensibility, BMI/waist:hip and as well as SBP,
demonstrating a crucial role of inflammation in the development
of obesity and obesity associated CVD. To further directly assess
vascular inflammation and integrity, plasma endothelial micro-
particles (EMP) were examined and compared in randomly
selected subpopulations including both genders from both groups.
EMP are small membrane vesicles, 0.1-1 um in diameter, which
are released from the endothelium following endothelial cell
activation or injury by a process of exocytotic budding of the
plasma membrane [29] sometimes referred to as endothelial
blebbing. Increased plasma EMP levels can be detected by FACS
[30] and have been reported in various CVD conditions [29,31].
In patients presenting a characterized endothelial dysfunction,
levels of circulating EMP are inversely correlated with the
amplitude of flow-mediated dilatation, independent of age and
pressure [31,32]. EMP has thus been suggested as a novel
surrogate marker of endothelial injury, which precedes CVD, and
hence a novel potential biomarker of CVD [20]. To our
knowledge, this is the first report measuring EMPs in the Class
II obese population and we show, for the first time, that
circulating levels of EMP are significantly elevated in obesity.

In additon, we also examined plasma levels of angiogenic cells,
an established cellular biomarker of CVD, and their associated
cytokine SDF-1, a potent stimulator to mobilize angiogenic cells
[33]. Decreased circulating levels of endothelial progenitor cells
(EPC) have been used as an indicator of higher CVD risk [19]. We
measured angiogenic cells in our study as CDI33"/KDR*
peripheral blood mononuclear cells (PBMCs) by FACS. In
comparison to EPC, commonly defined as CD34"/KDR*
PBMCs, CD133*/KDR* PBMCs are earlier endothelial progen-
itors [34]. The role of EPC or angiogenic cells in obesity, and
particularly in the Class IIT obese is largely unknown albeit there
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have been some studies which demonstrate low circulating levels of
EPC in obesity with suggestions of the potential to predict CVD
prevalence in this population [35], although contrary reports have
also been observed [36]. In the current study, circulating levels of
angiogenic cells were unchanged. This result might relate to the
difference of angiogenic cells carrying different surface markers.
We suggest, however, that the difference, at least partly, is the
outcome of the contradicting processes occurring with inflamma-
tion suppressing the generation and mobilization of bone marrow-
derived EPC [37] and highly activated adipogenesis promoting
increased release of EPC from adipose tissue [38]. The latter is
supported with the finding that SDF-1, secreted by adipose
stromal cells [39], was significantly increased in the obese cohort.
Intriguingly, the functional capacity of angiogenic cells measured
as CFU-Hill colonies was significantly increased in the Class ITT
obese group. The finding of a recent report by Hirschi et al. might
explain this dichotomy. It reported that CFU-Hill colonies
comprise primarily of monocytes and macrophages [40], and
indeed what we are observing in the current study with increased
CFU-Hill may simply reflect the activated inflammatory status in
Class IIT obesity, in line with hsCRP. Our result of no correlation
between ¢cIMT or distensibility with angiogenic cells indicates that
these cells may not be a cellular biomarker of CVD in Class TIT
obesity.

Tt is a limitation of this study that only BMI or waist:hip ratio,
but not direct measurement of body fat or body composition, was
measured to reflect adiposity. Also neither insulin levels nor insulin
resistance were evaluated. Further, this is a cross-sectional study,
from which no casual relationship can be further explored. A
future study in a cohort of subjects with BMI>40 kg/m” with no
overt CVD and also free of MS, esp. hypertension and diabetes
mellitus, would be extremely useful to delineate the complexity of
CVD pathophysiology in this population. Such individuals,
however, are uncommon and thus difficult to identify.

In conclusion, we document in the current study that increased
cIMT and reduced distensibility are present in Class IIT obesity.
cIMT and distensibility correlate closely with traditional CVRF,
adiposity and inflammatory markers, confirming the validity of
these two important parameters in CVD detection in individuals
with BMI>40 kg/mz. We also demonstrate, for the first time,
elevated plasma EMP levels and unchanged circulatory CD133*/
KDR" angiogenic cells in Class IIT obesity.
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