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To Susan, Rebecca and Thomas



‘Genes load the gun, but the environment pulls the trigger’

Dr Elliot Joslin, 1921



' ABSTRACT

Increased oxidative stress has been implicated in the pathogenesis of atherosclerosis and
coronary heart disease, and is a key feature of diabetes mellitus. Increased oxidative
stress has numerous adverse effects on the vascular system, including the altered
expression of cell adhesion molecules, induction of pro-inflammatory mediators and
more specifically the oxidation of low density lipoprotein (LDL) to form oxidised LDL
(Ox-LDL). As well as measuring the total degree of oxidative stress in plasma, specific

measures may also be recorded, such as the degree of LDL-oxidation.

This thesis focuses on the association between plasma markers of oxidative stress and
LDL-oxidation with other biochemical intermediate risk factors and common gene
variants, in subjects with diabetes mellitus. Analysis focused on three candidate genes:- a
cellular anti-oxidant, glutathione-s-transferase; a plasma lipoprotein, apolipoprotein E;
and a mitochondrial protein, uncoupling protein-2 (UCP2). The effect of common
variants in these genes was explored in relation to plasma markers of oxidative stress,
along with gene-environment interaction in the pro-oxidant environment of cigarette
smoking. Initially a cohort of approximately 1000 subjects with diabetes, were recruited
from the diabetes clinic at University College London Hospitals. Routine biochemical

and clinical data was gathered, as well as plasma and blood for DNA extraction.

Further in vitro functional studies were performed in respect to the UCP2 gene, to further
our understanding of the role of this gene in the generation of oxidative stress and in the

pathogenesis of coronary heart disease.
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1.1 Diabetes Mellitus and Coronary heart disease

By the year 2010, the number of people in the world with diabetes will be around 221
million (Amos et al. 1997, Orchard 1998), rising to 300 million by the ycér 2025 (King et
al. 1998). Coronary heart disease (CHD) and cardiovascular disease (CVD) are the major
cause of mortality in patients with diabetes, and hence the cost and clinical implications
of the condition are significant (Amos et al. 1997; Orchard 1998). Whilst several well-
studied environmental and physiological factors are now documented for CHD, diabetes
remains one of the ‘major risk factors’ as determined by the large prospective
Framingham study (Castelli et al. 1986). Patients with diabetes have a two to threefold
increased incidence of CHD (Garcia et al. 1974), and those who present in the fourth and
fifth decade have a twofold increase in mortality (Panzram 1987). The quantitative
importance of diabetes as a CHD risk factor is illustrated by the Multiple Risk Factor
Intervention Trial (MRFIT), which examined the effects of three major risk factors
(hypertension, smoking, and hypercholesterolaemia) (Stamler ez al. 1993). This study
showed that a patient with type 2 diabetes (T2DM) who is a non-smoker, normotensive
and has normal serum cholesterol has the same mortality risk from CHD as a non-

diabetic subject who has two of these three risk factors present (figure 1.1).
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Figure 1.1: Effect of diabetes, hypertension, elevated cholesterol and smoking on age

standardised CHD mortality
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Recently, it has been suggested that diabetes may itself be considered a cardiovascular
disease. The close association between diabetes (in particular T2DM) and CHD has led to
the ‘common soil’ hypothesis (Stern 1995; Ceriello et al. 2004), proposing that T2DM
and CHD share common genetic and environmental antecedents. Further support for this
hypothesis may be observed in some pharmacological studies aimed at reducing CHD.
For example, therapy with statins (WOSCOPS (Freeman et al. 2001)), angiotensin-1
converting enzyme inhibitors (HOPE (Yusuf ef al. 2001), CAPP (Hansson et al. 1998))
and angiotensin II type I-receptor antagonists (LIFE (Dahlof et al. 2002)) have all been

associated with a 25-30% reduction in the development of T2DM, presumably through an

underlying common mechanism.
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At the molecular level, atherosclerosis is a multi-step process involving the interaction of
many different complex cascades. These include endothelial function, inflammation,
coagulation, lipoprotein metabolism and oxidative stress. Considerable ‘cross talk’ ex ists
between these processes, resulting in a complex ‘cause or consequence’ phenomenon
with positive feedback on one another. Unravelling the impact that these processes have
on one another, and in determining CHD risk, is crucial to our understanding of the

pathophysiology of atherosclerosis in high risk subjects, such as those with diabetes.
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1.2 ‘Traditional’ risk factors for coronary heart disease

The concept of cardiovascular risk evolved from epidemiological studies of CHD
conducted in the 1940s and 1950s, such as the Framingham study (Castelli et al. 1986;
Kannel 2000; Kannel 2000). Using a prospective epidemiological approach it became
possible to demonstrate a consistent association of characteristics observed in apparently
healthy individuals with fhe subsequent development of CHD. Whilst the observation of
a statistically significant association between a trait and disease does not provide proof of
causality or establish a pathophysiological relationship, such observations greatly

contribute to our understanding of pathophysiology.

Well-accepted risk factors for the development of CHD include increasing age, high
plasma levels of total and low-density lipoprotein (LDL) cholesterol and triglycerides,
low levels of high-density lipoprotein cholesterol (HDL), elevated blood pressure,
cigarette use, diabetes mellitus, and evidence of left ventricular hypertrophy on
electrocardiography (Wilson 1994). Of importance, cardiovascular risk tends to cluster in
affected families, where there are a number of identifiable risk factors. This supports the
importance of both a shared environment and shared genetic factors (Genest and Cohn
1995; Kannel and Wilson 1995; Kannel 2000; Sakkinen, Wahl et al. 2000).
Understanding of the importance of many traditional risk-factor measures has expanded
over time. For instance, both systolic and diastolic blood pressure levels are associated
with the occurrence of CHD, and a gradient of risk increases across the entire range of
blood pressure, even if it is below standard treatment thresholds (Ramsay, Williams et al.

1999). Over the last 50 years the list of major cardiovascular risk factors has continued to
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grow, as our understanding of vascular biology improves. Despite the identification of a
variety of potent risk factors for the development of CHD, many of the underlying
pathophysiological mechanisms remain unclear. Although patients with CHD commonly
have at least one identifiable risk factor (Wilson 1994), many ischaemic events occur in
the absence of any of these more classical associations (Futterman et al. 1998). For
example, in the United States, cholesterol screening fails to identify almost 50% of the
1.3 million individuals who develop a myocardial infarction each year, who have either
normal or only moderately increased serum cholesterol concentration (Rifai et al. 2001).
Furthermore, no more than 25% of the excess CHD risk in diabetes can be accounted for
by established risk factors (Pyorala et al. 1987). This illustrates the complexity of CHD
and CVD, particularly in high risk states such as diabetes, and may explain the
inaccuracy of methods such as the Framingham equation and the PROCAM calculation
to predict CHD risk in diabetes (Stephens et al in press). Recently, interest has developed
in alternative markers, such as plasma markers of oxidative stress, which may be useful

in predicting risk.
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1.3 The biological relevance of oxidative stress

Considerable interest has developed on the possible role of free radical-mediated damage
in many major disorders, in particular CHD, diabetes and cancer (Baynes 1991). Free
radicals are atoms or molecules that have one or more unpaired electrons in their atomic
structure and are therefore highly reactive. Oxygen is the most ubiquitous of all
biologically important chemical species and is a major source of Reactive Oxygen
Species (ROS). It has been estimated that between 1-5% of inhaled oxygen becomes an
active oxygen species, which is approximately 400,000,000,000,000,000,000,000
molecules/person/day or approximately 25,000,000,000 molecules/cell/day (oral
communication by Berk 2003, ADA, New Orleans). Oxidative stress (OS) results from
an imbalance between oxidant production (or the formation of ROS) and antioxidant
defences (Maritim et al. 2003). As illustrated in figure 1.2, increased OS is associated
with many of the risk factors implicated in the pathophysiology of atherosclerosis
including diabetes, hypercholesterolaemia, renal failure, ageing, hypertension and
smoking (Harrison et al. 2003). ROS include the superoxide anion (O;"), hydrogen
peroxide (H,0,), the hydroxyl radical (OH") and the peroxynitrite radical (OONO”). In
its most severe form, redox imbalance may result in cell death following widespread
macromolecule oxidation, while more subtle changes appear to play a role in modulating
a range of signal transduction pathways (Suzuki et al. 1997). All molecules are potential
targets for ROS (proteins, lipids and DNA), but because of their ubiquitous distribution
within cell membranes, and their propensity to contain double bonds, unsaturated lipids

are often targeted (Evans et al. 2002).
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Figure 1.2: Causes & consequences of Oxidative stress
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Endogenous antioxidant systems exist to reduce oxidative stress (table 1.1). These
include the mitochondrial enzyme superoxide dismutase (SOD), which catalyses the
conversion of O, to H,O,, which may then be detoxified further in the cytoplasm to form
H,O by the action of glutathione peroxidase (mitochondria), glutathione s-transferase

(cytoplasm) or catalase (peroxisomes).
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Table 1.1: Endogenous Antioxidants

Vitamins A, CE

Enzymes Glutathione peroxidase, Glutathione reductase,
Glutathione s-transferase, Superoxide dismutase,
Catalase, Paraoxonase

Minerals Cu, Zn, Mn, Se

Co-factors Vitamins B1, B2, B6, B12,

Mitochondrial proteins ~ Uncoupling proteins

Others a-lipoic acid, Carotenoids, CoQ10, Bioflavanoids

1.3.1 Oxidative stress and diabetes mellitus

Diabetes mellitus has been consistently associated with increased oxidative stress (Davi
et al. 1999; Cai et al. 2000; Brownlee 2001). It is however unclear whether diabetes 1s a
cause or the result of increased oxidative stress. Furthermore, within the cluster of
phenotypes that make up diabetes, certain factors, such as obesity may contribute further

to increased oxidative stress and subsequent insulin resistance.

Several studies have demonstrated that hyperglycaemia per se, is associated with
increased oxidative stress and provides a potential ‘link’ between diabetes and
atherosclerosis. This is supported by the observation that plasma from diabetic subjects
contains increased levels of end-products of oxidative damage, including thiobarbituric
acid reactive substances (TBARS) and lipid peroxides (Nourooz-Zadeh et al. 1995).
Furthermore, subjects with both type 1 and type 2 diabetes have elevated urinary F,-

isoprostanes compared to healthy controls. Interestingly, in this study, the mean level of
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urinary F,-isoprostanes was identical in both type 1 and type 2 subjects (Davi ez al.
1999). F,-isoprostanes are the end-product of free radical attack on cell membrane
phospholipids, and as will be discussed later, are often considered to be the ‘gold
standard’ measure of plasma oxidative stress. Further evidence for a direct role of
hyperglycaemia in increasing oxidative stress, comes from the observation that with
improved glycaemic control, urinary F,-isoprostane levels decreased significantly.
Possible mechanisms (Evans ef al. 2002; Maritim et al. 2003) by which hyperglycaemia

may induce ROS formations are shown in figure 1.3.

Figure 1.3: Hyperglycaemia induced oxidative stress
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As shown in figure 1.3, hyperglycaemia may result in the glucose-mediated nop—
enzymatic glycosylation of proteins (the Maillard reaction). The result of this is to form
a Schiff base, whereby a covalent bond formg between the amine group of a protein and
the aldehyde group of glucose. Further Tearrangement and oxidation results in the
formation of advanced glycosylation end products (AGEs). These not only increase ROS
production but may also initiate a cascade of e;/ents, which have deleterious effects on
the vascular system. Alternatively, glucose may undergo auto-oxidation to form a highly
reactive enendiol radical. This not only increases AGE formation but may also catalyse
the conversion of molecular oxygen to O;" (and hence increase ROS). There is also an
important direct mitochondrial mechanism by which glucose may increase ROS, which

will be discussed later (Evans et al. 2002).

Obesity is a typical feature of impaired glucose tolerance and T2DM. As mentioned
above, obesity may also contribute further to increase oxidative stress and subsequent
insulin resistance in subjects with T2DM. In obese subjects, caloric intake ‘usually’
exceeds energy expenditure. In adipose and skeletal muscle, excess energy substrate
(typically glucose and free fatty acids) enters the citric acid cycle, resulting in the
generation of excess mitochondrial NADH and subsequently ROS, as shown in figure
1.4. To protect against the harmful effects of ROS, cells may reduce the formation of
ROS and/or enhance ROS removal. Reducing ROS generation may be accomplished by
preventing the accumulation of NADH resulting from increased nutrients. This may be

accomplished by inhibiting insulin-stimulated hutrient uptake, thus preventing the influx
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of high-energy substrates (glucose, pyruvate, fatty acids) into the mitochondria (Ceri ello

et al. 2004).

Figure 1.4: Glucose and fatty acid dependent generation of ROS in the
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It remains unclear whether free fatty acid (FFA) or glucose is the primary fuel source in
over-nourished muscle and adipose tissue. In either case, an influx of substrate into the
citric acid cycle generates increased mitochondrial acetyl-coA and NADH (Maddux et al.
2001). Acetyl coA, derived from glucose via pyruvate, or by the B-oxidation of FFA,
combines with oxaloacetate to form citrate, which enters into the citric acid cycle and is
converted to isocitrate, and subsequently, NAD"-dependent isocitrate dehydrogenase

generates NADH. When excessive NADH cannot be dissipitated by oxidative
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phosphorylation the mitochondrial proton gradient increases, and single electrons are
transferred to molecular oxygen, resulting in the formation of superoxide (Maechler e? al.
1999). Within the cell, an increase in FFA in turn leads to reduced GLUT4 translocation
to the plasma membrane, resulting in resistance to insulin stimulated glucose uptake in
muscle and adipose tissue (Rudich ef al. 1998, Tretter et al. 2000; Talior et al. 2003). In
this setting, insulin resistance may be considered a compensatory mechanism that
protects the cell against further insulin-stimulated glucose and fatty acid uptake and
therefore oxidative damage. This is supported by both in vitro and in vivo animal models

where antioxidants have been shown to improve insulin sensitivity (Paolisso et al. 1996).

Pancreatic B-cells and endothelial cells may be particularly affected by overfeeding, as
these cells are not dependent on insulin for glucose uptake, and therefore if ‘overfed’,
they cannot down-regulate the influx of nutrients by insulin resistance, and must allow
intracellular concentrations to increase further. Many studies have suggested that B-cell
dysfunction results from prolonged exposure to high glucose, elevated FFA or both
(Evans et al. 2003). B-cells are particularly sensitive to ROS because they are low in
antioxidants such as glutathione peroxidase, catalase and SOD (Tiedge et al. 1997,
Robertson ef al. 2003). Therefore increased oxidative stress may not only result from
hyperglycaemia associated with diabetes, but may also have an important causal role in

[-cell failure and the development of insulin resistance and T2DM.
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1.3.2 Glucose independent sources of oxidative stress

There are in addition, glucose-independent sources of oxidative stress (Harrison et al.
2003). These are summarized in figure 1.5. Enzymes such as NADPH oxidase and
xanthine oxidase catalyse the conversion of molecular oxygen to O,". Under the
influence of mitochondrial SOD, this is converted to hydrogen peroxide. Cytoplasmic
catalase or glutathione peroxidase then detoxifies this further to form water. Therefore, if
there is increased NADPH activity (or any of the enzymes generating O," as a by-

productor) or reduced SOD or glutathione activity, ROS generation will be increased.

Figure 1.5: Glucose independent sources of ROS

e’ e’ Catalase

0, » O, » H,0, » H,0
soD Glutathione Peroxidase

Xanthine oxidase
NADPH oxidase
NADH oxidase
NO synthase
Mt electron trans port
Cyclooxygenase o
Lipoxygenase
Glucose oxidase

Eof% Cut®

NOO- - o

ROS

The influence of antioxidant enzymes (e.g. glutathione enzymes) in determining plasma

levels of oxidative stress will be discussed in later chapters.
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1.3.3 Oxidative stress and coronary heart disease

Several studies have demonstrated that plasma markers of oxidative stress are elevated in
CHD or in the presence of its classical risk factors (Cai et al. 2000; Chisolm ef al. 2000;
Harrison et al. 2003). As summarized in figure 1.2, in vitro, numerous adverse effects on
the vascular system are associated with increased oxidative stress. The oxidation of
vulnerable cell membrane unsaturated lipids (Evans et al. 2002) may modulate diverse
signal transduction pathways (Suzuki et al. 1997; Harrison et al. 2003) leading to
numerous adverse effects implicated in the pathogenesis of atherosclerosis. These include
increased expression of cell adhesion molecules, induction of pro-inflammatory
pathways, activation of matrix metalloproteinase, vascular smooth muscle cell
proliferation and death, endothelial dysfunction and lipid peroxidation (LDL-oxidation).
In vivo, animal studies have shown increased oxidative stress during experimental
hypoxia and during cardiac ischaemia (Ceconi et al. 2003). In humans, increased
oxidative stress has also been demonstrated during coronary by-pass grafting (Ceconi et
al. 2003), post-myocardial infarction and in congestive cardiac failure (Ceconi et al.

2003).

There is therefore, considerable evidence to support the role of oxidative stress in the
pathogenesis of CHD at the molecular level; however no prospective studies have been
reported showing increased CHD risk in relation to basal plasma markers of oxidative

stress. Therefore, whether increased oxidative stress is a ‘cause’ or ‘effect’ of CHD

remains to be established in vivo.
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1.3.4 Oxidation of LDL and coronary heart disease

Apart from the global effects associated with increased oxidative stress described above,
more specific effects also occur. LDL is an important target of oxidation, and oxidative
modification of LDL is a key step in the pathogenesis of atherosclerosis (Witztum e? al.
2001). The original interest in oxidised-LDL (Ox-LDL) stemmed from two basic
observations. The first was that Ox-LDL was cytotoxic to endothelial and smooth muscle
cells (Hessler et al. 1983). The second was that uptake of native LDL by macrophages
occurred at sufficiently low rate to prevent foam cell formation, but uptake of Ox-LDL
was unregulated and led to macrophage foam cell formation and subsequent
atherosclerosis (Heinecke er al. 1984; Steinbrecher et al. 1984). Elevated Ox-LDL is
independently associated with increased atherosclerotic burden and increased CHD risk
(Toshima et al. 2000; Ehara et al. 2001; Weinbrenner et al. 2003). It is now clear that
Ox-LDL, with its many oxidatively-modified lipids and degradation products, contributes
to the pathophysiology of both the initiation and progression of atherosclerosis

(summarised in table 1.2).

Subjects with diabetes (in particular T2DM) typically have elevated plasma triglycerides
(Tg) and low HDL. In addition, whilst plasma LDL is not typically elevated, they do have
a preponderance of small dense (sd)-LDL. A number of studies have demonstrated that a
preponderance of sd-LDL is associated with increased CHD risk (Austin et al. 1988;
Campos et al. 1992; Stampfer et al. 1996; Lamarche et al. 2001). There are a number of
possible reasons why this may be the case. The residence time of sd-LDL is prolonged in

the plasma as a result of lower binding affinity to the LDL receptor, and sd-LDL has a
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greater affinity to bind to intimal proteoglycans (Anber et al. 1996). Because of its size,
sd-LDL penetrates more easily into the sub-endothelial space of the arterial wall where
oxidative modification takes place (Bjornheden et al. 1996). The increased susceptibility
of sd-LDL to oxidation was recently demonstrated in vivo, where an inverse association

has been observed between sd-LDL and Ox-LDL (Scheffer et al. 2003).

Therefore, as well as the general harmful effects on the vasculature associated with
oxidative stress, more specific effects may be seen at the lipoprotein levels, which are
dependent on the properties of these molecules. This thesis will explore these

associations further and consider the possible anti-oxidant effect of a major gene involved

in lipoprotein metabolism.

Table 1.2: Consequences of elevated Ox-LDL

Increased foam cell formation
Increased monocytes & T-cells chemotaxis
Increased vascular smooth muscle and macrophage production
Altered gene expression (MCP-1, IL-1, ICAMs)
The induction of proinflammatory genes
(PPARY, Haemoxygenase, SAA, Ceruloplasmin)
Increased Immunogenicity (elicits autoantibody formation & activated T-cells)
Increased LDL susceptibility to aggregation
Enhanced procoagulant pathways

Altered arterial vasomotor properties
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1.3.5 Measuring oxidative stress in plasma

By definition, ROS or free radicals are highly reactive and are thus difficult to measure in
any biological sample, especially in easily accessible specimens such as serum or plasma.
Table 1.3 summarises some of the widely used methods to measure plasma oxidative
stress. Many authorities consider plasma or urine F,-isoprostanes to be the ‘gold’
standard measure of in vivo oxidative damage, however (as discussed below)
measurement may be technically difficult. An alternative measure, which is often used is

to record the plasma Total Antioxidant Status (TAOS/TAS).

a. Plasma total antioxidant status

Mammals have evolved complex antioxidant strategies to minimise the harmful effects of
oxygen in its partially reduced form. Antioxidants within cells, cell membranes and
extracellular fluids may be up-regulated and mobilised to neutralise excessive and
inappropriate ROS formation. Within the strategy to maintain redox balance against
oxidant conditions (e.g. smoking, chronic inflammation), blood has a central role, since it
transports and redistributes antioxidants to every part of the body. Plasma components
may scavenge long-lived ROS, such as superoxide and hydrogen peroxide, thus
preventing reactions with catalytic ions to produce more harmful species (Lynch et al.
1978; Halliwell B 1989; Mao et al. 1992). Furthermore, plasma components can also

reduce oxidised ascorbic acid back to ascorbate (Okamura 1979; Wagner et al. 1987,

Iheanacho et al. 1993; May et al. 1995).
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Table 1.3: Methods used to measure oxidative stress in plasma

Method

Principle

Comment

Plasma TAOS/TAS

F,-isoprostanes

Lipid peroxides

Thiobarbituric acid-

reactive substances

Conjugated dienes

Measures the inhibition of an in vitro

oxidative process by plasma.

Product of free radical-mediated oxidation

of phospholipids containing arachidonic acid

Chemiluminescence, iodometry and ferrous

oxidation in xylol orange

Malonaldehyde, a product of lipid
peroxidation is coupled to thiobarbituric acid
and the resulting chromogram is measured

by flourescence.

Early product of lipid peroxidation. Detected

at 230nm.

Technically easy and provides an
overall measure of antioxidant status.
Methods include TAOS/TAS/TRAP.
Very specific and the ‘gold’ standard
for assessing lipid peroxidation ex-
vivo. However, technically complex
requiring mass spectroscopy.
Commercially available ELISA kit
not validated.

Poor specificity. Confounding by
proteins and haemoglobin.
Commercially available kit not
validated.

Widely used and technically simple.
Subject to confounding by
compounds of non-peroxidation
origin. The specificity may be
improved by HPLC. Also affected by
Fe content of buffer and reagents.
Subjects to confounding by dienes of
dietary origin. Some purines, proteins
and haem absorb at similar
wavelengths. Variation between

subjects and laboratories.
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Plasma TAOS is therefore, the net effect of many different compounds and systemic
interactions. Co-operation among different antioxidants provides greater protection
against ROS attack than that provided by any compound alone. A typical example of
synergism between antioxidants is glutathione regenerating ascorbate (Packer et al. 1979)
and subsequently ascorbate regenerating a-tocopherol (Stocker et al. 1986). Therefore,
plasma TAOS, may give more biologically relevant information than that obtained from

measuring plasma concentrations of individual antioxidants (e.g. o-tocopherol,

ascorbate).

Measuring plasma TAOS has several advantages compared to other measures of
oxidative damage in the plasma. Methods employed for measuring serum or plasma
concentrations of individual antioxidants, or specific ROS are time-consuming, labour
intensive, costly and require complicated techniques (e.g. gas chromatography-mass
spectroscopy: GC-MS). For a large number of samples, plasma TAOS is a practical and
inexpensive method of assay. Furthermore, the measure of individual antioxidant
molecules separately is not practical and much of their antioxidant effects are additive.
Plasma TAOS has been widely used clinically to assess plasma antioxidant depletion and
oxidative stress, and has been shown to correlate well with other indices (Miller ef al.
1993; Rice-Evans ef al. 1994; McLemore et al. 1998). Previous studies have suggested
that much of the plasma antioxidant capacity may be related to plasma levels of proteins
and uric acid (Erel 2004). Unfortunately, these measures were not available in this study
and hence could not be adjusted for in the analysis. However, as described in this thesis,

correlation with other biochemical intermediate phenotypes will be explored.
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b. Plasma F;-isoprostane

Plasma F,-isoprostanes are a class of prostanoid-like compounds derived from
arachidonic acid, by free radical attack on cell membrane phospholipids (Morrow et al.
1990) or circulating LDL (Lynch et al. 1994; Morrow et al. 1997). After their formation,
isoprostanes are released from the membrane phospholipids in response to cellular
activation, presumably through a phospholipase-mediated mechanism (figure 1.6),
circulate in the plasma, and are excreted in the urine. They may circulate as the free form,
or esterified in phospholipids. The factors that regulate release and inter-conversion
between the free and esterified form are poorly understood. Given the ubliquitous
distribution of the precursor arachidonic acid, isoprostane synthesis can occur in virtually

all of the cellular layers of the atherosclerotic lesion (Mezzetti et al. 2000).

The measurement of plasma F-isoprostane is considered the best measure of plasma
oxidative stress. The main advantage of the technique is the high degree of specificity
and sensitivity provided by GC-MS. However, measurement requires a relatively large
volume of plasma (0.5-1.0ml) and is a multi-step complex process (described in chapter
2) with the potential for errors at many points. Furthermore, measurement must be
performed in an experienced specialist centre with GC-MS. The measure of F,-

isoprostane concentration in 10 samples takes between 48-72 hours.
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Figure 1.6: Synthesis and cleavage of isoprostane in the cell membrane
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Free radical attack of arachidonic acid forms an isoprostane esterified to membrane phospholipids and this
perturbs structure. Phospholipase cleavage restores membrane integrity and releases the free isoprostane.

c. Other specific measures of oxidative damage

As described in section 1.3, oxidative stress has numerous adverse effects on the vascular
system. Within these, LDL is an important target of oxidation with ox-LDL having a
major pro-atherosclerotic role. As well as measuring the indices described in table 1.3,
0x-LDL may also be specifically measured. This would be a useful measure as unlike the
above markers of overall lipid or protein damage, this would give a specific measure of
oxidative damage to the LDL particle. Using both of these measures would therefore
provide knowledge of the general oxidative stress of an individual and a focused measure
of LDL-oxidation. This thesis will explore the relationship between plasma TAOS and

LDL-oxidation.
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1.4 Common gene variants and their role in investigating the pathogenesis of CHD
1.4.1 Methods employed to study complex disease

The genetics of multifactorial disorders such as CHD and diabetes mellitus is complex, as
susceptibility does not follow simple Mendelian monogenic inheritance and does not
exhibit classic Mendelian recessive or dominant inheritance attributable to a single gene
locus (Lander et al. 1994). Three methods have been proposed to study complex

disorders. These are:- association studies, linkage analysis and allele-sharing studies.

a. Association studies

Association studies are powered to detect a small effect of variation in one gene, but such
effects can only be confirmed with statistical certainty in large samples drawn from the
population as a whole. Association studies performed on samples of the population,
investigate whether genetic variation, within or close to a gene of interest, is associated
with inter-individual differences in the intermediate phenotype (biochemical or clinical),
or with increased risk of disease. This may occur either because the genetic variation is
causal (for example a sequence change leading to an amino acid substitution) or because
it is in linkage disequilibrium (LD) with another sequence change which is causal, and
lies elsewhere in the gene. Two different samples are typically studied in association
studies. Prospective cohorts are the best for measuring risk associated with a specific
gene variant, as they measure risk over time. Case-control studies are those where the
allele frequency of a specific gene variant is compared in groups of unrelated subjects
with and without disease. Case-control studies, are easier and since they do not require

long-term follow-up, results can be made available quickly. Case-control studies also
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allow a more precise characterisation of outcome, as well as greater statistical power to
detect association than would be feasible with a prospective design, by ensuring all cases
are scanned properly for a particular phenotype. In this respect, case-control studies are
useful to study the association between gene variants and various intermediate
phenotypic measures. The main disadvantage of these studies is that errors in the
measurements éf exposures, (e.g. age) caﬁ differ systematically between cases and
controls, and therefore can give misleading results. Several association studies with
respect to many different gene variants have failed to show consistent results with
replication (Colhoun et al. 2003). One possible explanation for this is that often, these
studies focus on different samples of subjects (e.g. diabetes/no diabetes, males/females,
different cultural origin). Furthermore, many studies do not stratify by risk factors or look
for evidence of a gene-environment interaction (e.g. with smoking). Clearly, key
metabolic genes will respond differently to environmental exposure and altered
homeostasis. There are many examples where this approach has been successfully
employed to clarify underlying disease aetiology (Zito et al. 1997, Humpbhries ef al.

1998; Gardemann et al. 1999; Humpbhries et al. 2001).

b. Linkage analysis.

With linkage analysis, the whole genome is scanned in a number of families with a
history of the disease, to identify chromosomal regions linked to disease and related
factors. It involves constructing a disease model to explain the inheritance pattern of the
disease, by comparing the observed segregation of gene markers and trait in affected

pedigrees. Linkage is the method of choice for studying simple Mendelian traits in
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monogenic disorders because the allowable models are few and easily tested. However,
application to complex, multifactorial disorders are problematic, as the genetic analysis
may be confounded by incomplete penetrance, phenocopy, genetic heterogeneity,
polygeneic inheritance, absence of large multi-generated pedigrees and mis-inheritence
(Lander et al. 1994). Linkage is well powered to detect major gene effect but not to detect

genes of modest effect.

c. Allele-sharing

The third method for studying complex diseases is the allele-sharing approach. This
involves studying affected relatives (or siblings) in a pedigree to see how often they
inherit identical copies of the region from a common ancestor (Kurtz et al. 1993) and to
obtain statistical evidence that the inheritance pattern of the chromosomal region is not
consistent with random Mendelian segregation. This method typically applies to a single
generation of disease sufferers. It is independent of the pattern of disease inheritance and

therefore is frequently used in the analysis of a complex disorder with a late onset, such

as CHD risk.

1.4.2 Common gene variants and their biological importance

The structure of a gene is not constant across populations, and variations frequently
appear resulting from a permanent change in the DNA base sequence. Many of the
variations are the result of single base-pair substitutions. If the sequence change alters the

function of the gene (usually having a detrimental effect) they are usually described as

mutations.
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Common gene variants (or polymorphisms), occur with a population frequency of at least
1%. Whilst many variants are ‘silent’, others may affect either the structure of the protein
transcribed (for instance, the structure of a receptor protein which may influence agonist
binding) or the quantity of protein transcription. Sequence changes that have this effect
are described as ‘functional gene variants’ and may have important biological
consequences. Functional gene variants may result in the substitution of one base pair for
another, resulting in the change of a codon. This may lead either to a missense mutation,
in which one amino acid replaces another amino acid in a protein altering the protein
structure, or to a nonsense mutation in which a termination codon appears in the middle
of a gene. When a nonsense codon appears there is no transfer RNA molecule to
recognise the codon, therefore protein synthesis terminates and a truncated protein is
produced. Variation within RNA-splicing sites may cause mis-splicing in the intron or
exon, and this is likely to result in a protein lacking part or all of an exon (or having
additional amino acids or in an in-frame ‘stop’ codon), again altering the structure of the
gene product. In addition to changes in the structure of a gene-product, variations may
impact upon the quantity of protein produced. This occurs if there are changes in the rate
of gene transcription or messenger RNA stability. Variations in RNA processing and
translation will affect the stability of messenger RNA, which in turn may affect the
amount of gene product. Variations arising in gene regulatory sequences, such as the
promoter region, may alter the rate of gene transcription. The function of the promoter
region is to set the location and direction of transcription on a DNA template. RNA

polymerase must be recruited to the promoter site, a task mediated by a number of
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proteins called transcription factors. Transcription factors bind to sequences within the
promoter, or may bind to one another to instruct the RNA polymerase whether or not to
transcribe the particular gene. For these reasons, variants present with the gene promoter

region are of particular interest.

There is one circumstance in particular where caution is required before ascribing a
difference in biological activity to any one variant site. This occurs when two
polymorphic sites are in complete (or very strong) allelic association (linkage
disequilibrium-LD). In such a situation one allele of the polymorphism of interest almost
always occurs in the presence of a specific allele of the second linked variant. In this
circumstance, the gene variant under investigation merely acts as a marker for the
presence of the second variant. Thus, the ‘effect’ of variation in the candidate gene is in
fact a reflection of the function of the adjacent mutation. LD is a population-based
concept and is detected in a sample of unrelated subjects, as the prevalence together of
two alleles of gene variants, more frequently than expected by chance alone. It is usually
measured as delta (D) or D’, and values range from -1 (complete negative association) to
+1 (complete positive association). Values of 0, represent little or no association. D’
differs from D, in that the difference in allele frequency between the two alleles under

study is considered in the calculation.
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1.5 Common gene variants which may influence oxidative stress

Many common gene variants linked with oxidative stress have been studied in relation to
CHD risk. The list is long and includes those implicated in the generation of cellular ROS
and those with anti-oxidant properties. However, association with intermediate
biochemical risk factors and interaction with pro-oxidant environments (e.g. cigarette

smoking) has not frequently been reported.

The focus of this thesis was to examine the association between plasma markers of
oxidative stress and LDL-oxidation with variants from three specific candidate genes:-
glutathione-s-transferase (a cellular antioxidant protein), apolipoprotein E (a plasma
lipoprotein) and the mitochondrial uncoupling protein 2 (responsible for uncoupling the
electrochemical proton gradient generated across the mitochondrial membrane by the
electron transport chain). Each of these candidate genes code for proteins which may
have anti-oxidant effects, in three different surroundings (cytoplasm, plasma and
mitochondria). No previous studies have been reported studying possible associations
between variants in these genes and plasma markers of oxidative stress and LDL-

oxidation in subjects with diabetes.

1.5.1 Variation in the apolipoprotein E (4POE) gene

Mature apolipoprotein E (apoE) is a 299 amino acid glycoprotein (Rall et al. 1982)
synthesised in the liver and intestine, and is found in association with trigyceride-rich
lipoproteins (Talmud et al. 2002). It is the ligand for removal of these particles from the

plasma and thus, in determining the metabolic fate of these lipoproteins. Of the candidate
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genes involved in determining plasma lipid levels and CHD risk, APOE is the most

comprehensively studied (Stephens ez al. 2003).

The human APOE gene is located on chromosome 19, consisting of 3.7kb and four
exons. Genetic variation in exon 4 results in the three common gene variants €2, €3, and
€4 which have strong and consistent influences on plasma lipids (Davignon et al. 1988)
and CHD risk (Wilson et al. 1996). Each isoform differs by one émino acid (Davignon et
al. 1988) resulting in the presence of an Arg (CGC) or Cys (TGC) at amino acid positions
112 and 158, resulting in Cysl112/Argl58 in apoE3, Argll12/Argl58 in apoE4 and
Cys112/Cys158 in apoE2 (Richard et al. 1995). Plasma apoE levels differ by genotype
such that e4e4 subjects have the lowest levels and €2€2 the highest (Smit ef al. 1988).
With respect to receptor binding activity, apoE3 and apoE4 bind with equal affinity,
while apoE2 is defective, with between 1-2% of the binding activity of the other isoforms
(Weisgraber et al. 1982). €3 is the most common isoform with a frequency of 0.77 in
Caucasian populations, while €4 and €2 are seen at frequencies of 0.15 and 0.08

respectively (Stephens et al. 2003).

Association with lipids and CHD risk

Carriers of the €2 allele, who represent about 12% of the population, have cholesterol
levels approximately 10% lower than €3 homozygotes, whilst €4 carriers who represent
approximately 25% of the population, have cholesterol levels approximately 5% higher
than €3 homozygotes. Compared to men homozygous for the €3 allele, those carrying €2

show protection from both CHD and stroke (Kessler et al. 1997), whereas those with the
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€4 allele have a higher risk (Gerdes et al. 2000). With respect to CHD, two meta-analyses
have demonstrated increased risk in €4 allele carriers (Wilson et al. 1996; Song et al.
2004). The latter showed that €4 carriers had a 42% higher CHD risk compared to £€3€3
and €2+ subjects. However, the picture appears more complex than this, with risk
associated with the €4 allele being seen mainly, or to a large extent in smokers, and a
modest or no increase in risk associated in €4 non-smokers. In the UK based NPHSII
study, compared to never smokers, smoking was observed to increase risk significantly
(NPHSII OR: €4+ smokers 3.17, €3€3 smokers 1.38, €2+ smokers 1.18, €4+ ex-smoker
0.84, £3€3 ex-smokers 1.74, €2+ ex-smokers 0.48; all compared to never smokers).
Importantly, the risk associated with the APOE genotype in NPHSII was independent of

classical risk factors including lipid levels (Humphries ez al. 2001).

Interestingly, even though €2 is not generally associated with increased risk in published
studies, €2 is associated with elevated Tg compared to the other isoforms. Homozygosity
for €2 predisposes to the development of type III hyperlipoproteinaemia due to delayed
metabolic clearance of apoE containing lipoproteins. The result is that there is an
accumulation of chylomicron and VLDL remnants in the plasma (Weisgraber et al.

1982).

Association with biochemical markers of oxidative stress
The different isoforms of apoE possess different antioxidant activity. Studies have been
observed showing differential effects on susceptibility to oxidation in plasma, as well as

specifically in relation to LDL. In vitro, the antioxidant efficacy of apoE in relation to
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hydrogen peroxide cytotoxicity was E2>E3>E4 (Miyata et al. 1996; Jolivalt et al. 2000).
Furthermore, serum lipid peroxides are higher in €4+ subjects (Smith ez al. 1998), and in
subjects with Alzheimer’s disease, products of lipid peroxidation in plasma and urine are
lower in €2+ compared to €4+ subjects (Fernandes ef al. 1999). The antioxidant effect
associated with the €2 allele may be related to the fact that E2 has two free —SH groups,
E3 one —SH group and E4 none. Moreover, plasma lipoproteins from apoE-deficient mice
are more prone to in vitro oxidation than lipoproteins from wild-type mice (Hayek ez al.

1994). This effect may also be reversed with supplementation with vitamin E (Palinski ez

al, 1994).

1.5.2 Variation in the glutathione s-transferase gene

Glutathione s-transferases (GSTs) play a major role in cellular antioxidant defense
mechanisms, by catalysing the reduction of potentially harmful peroxides (Berliner et al.
1995). GSTs are a family of detoxification enzymes responsible for the metabolism of a
broad range of xenobiotics and carcinogens (Mannervik et al. 1988; Ketterer et al. 1992).
These enzymes catalyse the interaction of glutathione with a wide variety of endogenous
and exogenous electrophilic compounds including potential atherogenic substances, such
as lipid peroxides, fo form thioesters (figure 1.7), a reaction that may be the first step in
the detoxification process (Rebbeck 1997). During this process, reduced glutathione is

oxidised, which is subsequently recycled back to reduced glutathione by the action of

NADPH-dependent glutathione reductase.
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Figure 1.7: The role of glutathione s-transferase
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As shown in figure 1.7, the anti-oxidant role of glutathione peroxidase is also dependent
on the oxidation of glutathione. Therefore, these two enzymes compete for reduced
glutathione availability to exert their anti-oxidant role. Thus, if the anti-oxidant activity of
GST is increased, it might be that glutathione peroxidase would be less efficient in

detoxification (alternatively the reverse may apply).

Human GSTs are divided into two distinct super families;- microsomal and cytosolic.
Microsomal GSTs play a key role in the endogenous metabolism of leukotrienes and
prostaglandins. Cytosolic GSTs are divided into six classes as shown in table 1.4. GST
expression is induced by compounds known to result in chemical stress and

carcinogenesis including phenobarbitol and other aromatic compounds. GSTs may also
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form protein:protein interactions with members of the mitogen activated pathway (MAP)
kinase pathway thereby serving a regulatory role in the balance between cell survival and

apoptosis.

Table 1.4: Cytosolic GST

Class Gene Chromosome
Alpha (a, o) GSTAI-2 6

Mu (M, p) GSTM1-5 1
Omega (O, o) GSTO1 10

Pi (P, ) GSTPI 11
Theta (T, 0) GSTTI-2 22

Zeta (Z, ) GSTZ1 14

GST genes are highly polymorphic. Most work has previously focused on the GSTMI and
GSTTI deletion variants. GSTMI (chromosome 1pl13.3) and GSTT! (chromosome
22q11.2) encode the cytosolic enzymes GST-p and GST-0 respectively (Pemble et al.
1994). Approximately 50% of the Caucasian population are homozygous for the deletion
of GSTM1 (Rebbeck 1997) and 20% homozygous for the null variant gene for GSTTI. In
both variants the homozygosity for the deletion allele, results in deletion of the entire
gene (Pemble et al. 1994). Polymorphic deletion variants in the GSTMI and GSTTI
genes therefore produce either a functional protein (non-deletion alleles or heterozygous

deletion, GSTMI-I and GSTTI-1) or result in the complete absence of the protein
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(homozygous deletion alleles, GSTMI-0 and GSTTI-0) (Pemble et al. 1994).
Considerable interest has focused on the association of these gene variants in relation to
tobacco related cancers (Rebbeck 1997), since GSTMI and GSTT! enzymes detoxify not
only products of oxidative stress but also carcinogenic compounds such as polycyclic
aromatic hydrocarbons, a major constituent of tobacco smoke (Rebbeck 1997). Several
epidemiological studies have suggested that GSTM1-0 and GSTTI-0 status are associated
with increased risk of smoking related cancers including lung, bladder, ovarian and
colorectal cancers (Bell et al. 1993; Chenevix-Trench et al. 1995; McWilliams et al.

1995; Brockmoller et al. 1996; Coughlin et al. 2002).

Association with CHD risk

In contrast to the extensive investigation of the GSTMI and GSTT!/ gene variants in
relation to malignancy, their role in CVD risk and the pathophysiology of atherosclerosis,
particularly in relation to exposure to cigarette smoke, remains unclear (Li e? al. 2000;
Wilson et al. 2000; de Waart et al. 2001; Li et al. 2001; Wang et al. 2002; Masetti ef al.
2003; Olshan et al. 2003). Recent studies have suggested that variation in the GSTM! or
GSTTI genes may alter the susceptibility to atherosclerosis (Li et al. 2000; Wilson et al.
2000; de Waart et al. 2001; Li et al. 2001; Wang et al. 2002; Masetti et al. 2003; Olshan
et al. 2003). Many of the previous association studies looking at these gene variants have
focused on the interaction with cigarette smoking, therefore in the setting of a high ROS
environment. Previously, studies in smokers have shown that subjects with the GSTM1-0
compared to GSTMI-1 variant had a higher risk for CHD, but not of lower extremity

arterial disease (Li et al. 2000; Li ef al. 2001). In another study focusing on smokers and
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using carotid intimal thickness (IMT) as an outcome, GSTMI-0 compared to GSTMI-1
had increased carotid atherosclerosis over a 2-year period (de Waart et al. 2001).
Contradictory to these findings, two further studies focusing on a sample of UK
Caucasian smokers and secondly a UK sample of subjects with a South Asian origin,
showed a reduced risk of acute myocardial infarction in GSTMI-0 subjects (Wilson et al.
2000; Wilson et al. 2003). The literature is also unclear with respect to role of the GSTT1
variant in relation to CVD risk. The "Atherosclerosis Risk In Communities" (ARIC)
study, showed GSTTI-1 smokers to be at an increased risk of CHD, lower extremity
arterial disease and carotid artery atherosclerosis (Li et al. 2000; Li et al. 2001; Olshan et
al. 2003). However, two other published studies showed an association between the

GSTT1-0 variant and CVD risk (Masetti ef al. 2003; Park et al. 2003).

Association with biochemical markers of oxidative stress

Surprisingly, despite the interest between the GSTT1 and GSTM! variants and CVD risk,
within the literature, there is only one report looking at the association between these
genotypes and a plasma marker of inflammation and oxidative stress (Rahman ez al.
2004). This study was performed in 90 subjects with severe acute pancreatitis (AP) and
253 healthy controls. The GSTT-1 was more prevalent in those with AP compared to the
controls (odds ratio: 6.6 [95%CI: 2.3-18.7]) and was associated with increased plasma
CRP. Although the levels of reduced glutathione were higher in those with severe AP, no

GST genotype effect on the levels was observed.
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1.5.3 Variation in the mitochondrial uncoupling protein 2 gene

As described in section 1.3.1, the mitochondrial electron transport chain (ETC) is
associated with substantial, innate and mandatory ROS generation as a by-product of
aerobic metabolism (Shigenaga et al. 1994; Turrens 1997). Furthermore, the ETC may be
the predominant source of ROS in non-phagocytic cells (Chance et al. 1979). Uncoupling
proteins (UCPs 1-3) (Bouillaud ef al. 2001) dissipate the inner mitochondrial membrane
proton electrochemical gradient that drives ATP synthesis (Garlid et al. 2001), figure 1.8.
UCP1 expression is restricted to brown adipose tissue (BAT) (Lin et al. 1980), whilst
UCP3 is predominantly expressed in skeletal muscle (Boss et al. 1997). UCP2 is
ubiquitous and is likely to be the ancestral UCP, and shares 59% and 73% sequence
homology with UCP1 and UCP3 respectively (Fleury et al. 1997; Gimeno et al. 1997,
Duval et al. 2002). The ubiquity and -electrochemical actions of UCP2, make it a
plausible negative regulator of ROS production (Negre-Salvayre et al. 1997; Casteilla et
al. 2001). Uncoupling leads to a higher flow rate though the electron chain and a reduced
half life of the radical intermediates (figure 1.8). This leads to a reduction in the
formation of ROS, at the cost of wasting energy as heat. Therefore, it may be that UCP2
has a role in protecting the cell from increased oxidative stress. Interestingly, UCP2
activity itself is induced by by-products of lipid peroxidation (Echtay et al. 2002) and
intramitochondrial superoxide (Echtay et al. 2002), which may serve to protect against
further ROS generation. As described in section 1.3.1, excess nutrient intake leads to
increased ROS production by the ETC, and interestingly UCP2 is over-expressed in

animal models and humans under these conditions. The widespread UCP2 tissue
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distribution is to some extent, due to expression in immune cells which are generators of

large amounts of ROS especially under conditions of stress.

Figure 1.8: The role of UCP2
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The human UCP2 gene is located on chromosome 11q13, and consists of 8 exons, of
which exons 1 and 2 are non-coding (Pecqueur et al. 2001). The transcription site is
preceeded by a region that contains a strong cis-acting positive regulatory element (-141

to -65) which may underlie the ubiquitous expression of UCPZ2. Several consensus

sequences exist for transcription control elements, such as C/EBP-f (important for IL-6
gene expression), CREB-1 (cAMP response binding protein 1), 2 PPARy responsive

elements, 2 TREs (thyroid hormone response elements), and NFk-B. Promoter construct
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work has further delineated regions containing further positive (-1398 to -884) and

negative (-3271 to -1398, -1388 to -884, -884 to -141) control elements.

Four common gene variants have been described in the UCP2 gene. As shown in figure
1.9, a high degree of LD exists across this gene. The -866G>A promoter variant is in
100% LD with another -2723T>A promoter variant. The -866G>A variant is also at the
junction between a negative and positive cis-acting DNA regions, and within a region
that contains binding sites for hypoxia, aromatic hydrocarbons and inflammatory
cytokines (Esterbauer et al. 2001). In exon 8, a 3’UTR 45 base pair deletion/insertion
(D/1) variant exist, and is in moderate LD with the -866G>A variant (75%) (Esterbauer et
al. 2001; Wang et al. 2004). In exon 4, a +164C>T variant results in an amino acid
change of alanine to valine (Ala55Val). This is in strong LD with the -866G>A variant
(97%) and with the D/I variant (97%). The -866G>A variant has been reported to explain

71% of the variation in mRNA transcript ratio of the exon 8 D/I variant (Esterbauer et al.

2001).

Previous studies have demonstrated the -866G>A variant to be functional. In adipose
tissue, the G allele has been associated with reduced mRNA expression in vivo and in
vitro (Esterbauer et al. 2001). Furthermore, studies in rodent pancreatic f3-cells have

shown the A allele to be associated with increased mRNA expression (Krempler et al.

2002).
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