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Thesis abstract 

  Current understanding of atherosclerosis suggests that it is a chronic 

inflammatory disease, and that increased oxidative stress may be an important 

pathological event contributing to the disease process.  There has been interest in 

the ability of dietary derived nutrients such as vitamin E, to act as antioxidants 

and protect against atherosclerosis.  Despite promising epidemiological data 

which suggested benefits from a higher intake of α-tocopherol (αT), one of the 

major forms of dietary vitamin E, for protection against atherosclerosis, large 

scale, randomised controlled trials have generally shown no protective effect of 

high dose αT supplementation.  Recent studies suggest that the other major 

dietary tocopherol isomer, γ-tocopherol (γT), may possess biological activities not 

shared by αT.  Supplementation with γT, or mixtures of tocopherols rich in γT, 

have shown biological activities that may help protect against atherosclerosis.  

The aim of this PhD project is to further characterise the biological relevance of 

γT for protection against CVD.   

Previous reports have suggested increased levels of nitrated γ-tocopherol 

(5-NO2-γT) in smokers and individuals with conditions associated with elevated 

nitrative stress.  The monitoring of 5-NO2-γT and its possible metabolite(s) may 

be a useful marker of reactive nitrogen species generation in vivo.  The major 

pathway for the metabolism of γT is the cytochrome P450 dependent oxidation to 

its water-soluble metabolite γ- carboxyethyl hydroxychromans (CEHC), which is 

excreted in urine.  In order to determine if 5-NO2-γT could be metabolised via the 

same route and detected in urine we developed a sensitive gas chromatography – 

mass spectrometry assay for 5-NO2-γ-CEHC.  5-NO2-γ-CEHC was synthesised 
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and its structure confirmed by proton nuclear magnetic resonance and mass 

spectrometry.  While γ-CEHC was abundant in urine from healthy volunteers, as 

well as patients with coronary heart disease and type 2 diabetes, 5-NO2-γ-CEHC 

was undetectable (limit of detection of 5nM).  To understand this observation we 

examined the uptake and metabolism of γT and 5-NO2-γT by HepG2 cells, a 

human liver cell line.  γT was readily incorporated into cells and metabolised to γ-

CEHC over a period of 48 hours.  In contrast, 5-NO2-γT was poorly incorporated 

into HepG2 cells and not metabolised to 5-NO2-γ-CEHC over the same time 

period.  We conclude that nitration of γT prevents its incorporation into liver cells 

and therefore its metabolism to the water-soluble metabolite. Whether 5-NO2-γT 

could be metabolised via other pathways in vivo requires further investigation. 

There have been very few studies which have investigated if the 

antioxidant and anti-inflammatory activities of γT observed in vitro and in animal 

studies, could be achieved in humans through supplementation.  The aim of the 

second part of this PhD project was to investigate and compare the effects of 

supplementation with either pure αT, or mixed tocopherols rich in γT, on markers 

of oxidative stress and inflammation, as well as their effects on eicosanoid 

biosynthesis in a population at high risk of atherosclerosis.  In a double blind, 

placebo controlled clinical trial, 55 patients with type 2 diabetes were randomly 

assigned to receive one of the following supplements (500mg/day): (i) αT, (ii) 

mixed tocopherols (consisting of 75mg αT, 315mg γT and 110mg delta-

tocopherol (δT)) or (iii) placebo for 6 weeks.  All volunteers provided fasting 

blood samples and a 24-hour urine collection at baseline and following the 

intervention.  Serum and cellular tocopherol concentrations were measured to 
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ascertain the extent of tocopherol enrichment.  Urinary CEHC (vitamin E 

metabolites) were also determined to assess vitamin E metabolism.  Plasma and 

urine levels of F2-isoprostanes, erythrocyte antioxidant enzyme activities and 

plasma systemic inflammatory markers such as C-reactive protein (CRP) were 

measured to assess the impact of tocopherol supplementation on oxidative stress 

and inflammation.  Ex vivo assays for assessing eicosanoid synthesis via the 

cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LO) pathways were also 

analysed pre- and post-supplementation.   

Compared to the placebo group, mixed tocopherol supplementation lead to 

a ∼4.5 fold increase in serum γT (P < 0.001) and 30% increase in αT (P = 0.009).  

However, αT was still the dominant form of tocopherol present post 

supplementation.  In the αT supplemented group, there was a 2.3 fold increase in 

αT (P < 0.001) compared to the placebo group.  αT supplementation also caused 

a decrease in γT compared to baseline (∼40% decrease, P < 0.001).  Both αT and 

mixed tocopherol supplementation lead to significant net increases in total 

tocopherol concentration in serum post supplementation (P < 0.001).  Similar 

changes were observed for neutrophil and monocyte tocopherol content.  Mixed 

tocopherol supplementation led to significantly increased excretion of γ-, α- and 

δ-CEHC (P-value all < 0.001).  αT supplementation on the other hand increased 

both α-CEHC (P < 0.001) and γ-CEHC (P = 0.01) excretion.  Both α- and mixed 

tocopherol supplementation resulted in reduced plasma F2-isoprostanes (P < 0.001 

and P = 0.001, respectively) but did not affect 24 hour urinary F2-isoprostanes and 

erythrocyte antioxidant enzyme activities.  Neither αT nor mixed tocopherol 

supplementation affected any measured plasma markers of inflammation.  The 

tocopherol supplementation also did not affect COX-2 activity as assessed by 
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stimulated whole blood prostaglandin E2 synthesis, and urinary prostacyclin 

metabolite output.  Compared to the placebo group, stimulated neutrophil 

leukotriene B4 (LTB4) production decreased significantly in the mixed tocopherol 

group (P=0.02) but not in the αT group (P=0.15).   

The ability of both pure αT and mixed tocopherol supplementation to 

reduce systemic lipid peroxidation in patients with type 2 diabetes, suggests 

potential benefits of vitamin E supplementation in this population.  However, 

despite decreasing oxidative stress, our results also suggests that in populations 

with well controlled type 2 diabetes, supplementation with either αT, or mixed 

tocopherol rich in γT, is unlikely to confer further benefits in reducing systemic 

inflammation.  Future research into the possible unique biological activity of 

different tocopherol isomers other than αT, for example, their ability to affect the 

5-LO pathway and production of inflammatory mediators such as LTB4, is 

warranted. 
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Chapter 1: literature review 

1.1. Atherosclerosis and inflammation 

Atherosclerosis is a progressive disease characterized by the accumulation 

of lipids in the large arteries.  It is a key contributor to cardiovascular disease 

(CVD) and stroke, and therefore a major cause of death in westernised societies 

[1].  Recent research suggests that atherosclerosis is a chronic inflammatory 

disease.  From its origins through to the clinical complications, the development 

of atherosclerosis represents a complex interplay between vascular cells, and 

elements of the immune system [2]. 

1.1.1. Disease initiation: formation of fatty streaks 

Certain sites in the arterial tree are particularly prone to development of 

atherosclerotic lesions, such as arterial branching points and areas of major 

curvature [3].  It has been suggested that disturbed blood flow at these sites may 

increase retention of lipoproteins such as low density lipoprotein (LDL) [4], as 

well as induce expression of endothelial membrane bound adhesion molecules, 

such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule-1 (VCAM-1) [5,6].  Adhesion molecules encourage the binding of 

circulating monocytes and T-lymphocytes to the endothelium, and these cells can 

subsequently migrate into the intima if chemoattractant cytokines (chemokines) 

are present (Figure 1.1).  Animal studies have indicated that monocyte 

chemoattractant protein -1 (MCP-1), which by interacting with its receptor CCR2, 

is a key chemokine contributing to monocyte recruitment and atherosclerosis [7].  

Once in the intima, the monocytes undergo a series of phenotypic changes, which 

are likely stimulated by macrophage colony-stimulating factor (M-CSF) and 
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ultimately become tissue macrophages [8].  If the macrophages encounter certain 

forms of ‘modified LDL’ (discussed in section 1.2), they may proceed to take up 

these LDL through scavenger receptors such as CD-36 [9].  Over time this process 

leads to the formation of lipid-laden macrophages, so-called ‘foam cells’.  These 

cells are a key feature of fatty streaks, the earliest form of atherosclerotic lesions 

[1].  Foam cells contribute to lesion development and destabilisation (section 

1.1.2), through production of a range of biologically active entities such as 

reactive oxygen species (ROS) and cytokines (Figure 1.1).  The process of foam 

cell formation is therefore considered a critical initiating event in atherosclerosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.  
Monocyte recruitment and foam cell formation in atherosclerosis [8]. 
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1.1.2. From fatty streak to late lesions 

After initial formation of fatty streaks, the blood derived inflammatory 

cells continue to interact with vascular cells to propagate a local inflammatory 

response.  Cytokines and growth factors secreted by macrophages and T-cells can 

promote the migration and proliferation of smooth muscle cells (SMCs) into the 

intima [10].  SMCs can subsequently secrete extracellular matrix which gives rise 

to a fibrous cap on the lesion [2].  Within the lesion, foam cells may undergo 

apoptosis, leaving behind extracellular lipids and other cellular debris (Figure 1.1) 

[1].  The continued deposition of cells, lipids and extracellular matrix characterise 

the development of atherosclerotic lesions. 

It is now known that certain lesions are ‘vulnerable’ and susceptible to 

rupture.  This exposes the core of the lesion which contains thrombotic stimuli 

such as tissue factors to the blood [11].  The resulting occlusive thrombus 

formation is believed to cause the majority of acute coronary events associated 

with atherosclerosis such as myocardial infarction (MI) [12].  Again, 

inflammation has been suggested to play a key role in determining the likelihood 

of plaque rupture (Figure 1.2).  Vulnerable lesions are characterised by increased 

infiltration of inflammatory cells such as macrophages [13], which can secrete 

proteolytic enzymes like matrix metalloproteinases (MMPs), that degrade and 

weaken the fibrous cap of the lesion [14].  T lymphocytes may also contribute to 

this process by producing cytokines such as γ-interferon, which by inhibiting the 

synthesis of collagen by SMCs may impair their ability to maintain the strength of 

the fibrous cap [15].  Macrophage derived foam cells also increase the thrombotic 

potential of ruptured lesions, by producing the potent pro-coagulant protein, tissue 

factor, in the core of the lesions [12]. 

 21



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.  
Typical features of ‘vulnerable’ v.s. ‘stable’ lesions [12]   

1.1.3. Risk factors for atherosclerosis 

Atherosclerosis has a complex aetiology and numerous risk factors have 

been identified.  Both genetics and the environment may contribute to the risk [1], 

and many of these are modifiable.  The major and independent risk factors are 

shown in Table 1.1.  This table does not include many other ‘novel’ risk factors 

which are currently under investigation [16]. 

Table 1.1.  
Major independent risk factors of CVD [16]. 

Cigarette smoking 

Elevated blood pressure 

Elevated serum total (and LDL) cholesterol 

Low serum HDL cholesterol 

Diabetes mellitus 

Advancing age 
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It has been suggested that inflammation likely provides the key 

pathophysiologic link between many of these risk factors and atherosclerosis [10].  

For example, hyperglycaemia in diabetic patients may contribute to elevated 

levels of advanced glycation end products (AGEs).  AGEs could subsequently 

cause increased production of inflammatory mediators, such as VCAM-1, through 

binding to the receptor for AGE present on vascular cells [17].  This may 

contribute to increased recruitment of monocytes to the intima (section 1.1.1.) and 

therefore disease initiation.  Other risk factors may also influence the stability of 

atherosclerotic lesions via pro or anti-inflammatory mechanisms, and modulation 

of these risk factors may help to stabilise an atherosclerotic plaque (Figure 1.2) 

[12]. 

1.1.4. Markers of inflammation   

The contribution of inflammation to atherosclerosis and its complications 

is further supported by the association between atherosclerosis risk factors and 

elevated levels of circulating inflammatory markers [18].  Molecules such as 

ICAM and VCAM, which have been suggested to mediate adhesion of leukocytes 

to the endothelium (section 1.1.1.), are known to have soluble counterparts in 

circulation.  Although the functional significance of these soluble adhesion 

molecules remains unknown, plasma levels may be indicative of expression of 

membrane bound adhesion molecules [19,20].  Soluble adhesion molecules are 

elevated in populations at increased risk of atherosclerosis, such as obese subjects 

and those with type 2 diabetes[21,22].  These observations suggest that these risk 

factors may contribute to atherosclerosis by increasing recruitment of 

inflammatory cells to the endothelium.  Apart from soluble adhesion molecules, 

numerous other circulating inflammatory markers have been identified that are 
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similarly increased in those with risk factors of atherosclerosis [23].  A causal link 

for these associations is supported by the observation that modification of 

atherosclerosis risk factors such as improved glucose control and lipid lowering, 

can reduce markers of inflammation [24,25].   

In addition to their association with classical risk factors of 

atherosclerosis, many studies [26,27], but not all [28], have suggested that 

circulating inflammatory markers such as C-reactive protein (CRP) and 

interleukin-6 (IL-6) may themselves be independent predictors of the risk of 

atherosclerosis.  This has led to the suggestion that measuring traditional risk 

factors together with these inflammatory markers may allow better identification 

of populations at risk of atherosclerosis [27].  Furthermore, measurement of 

circulating inflammatory markers has been used to assess if therapies directed 

towards conventional risk factors or other novel therapies, have anti-inflammatory 

effects [23].  For example, the class of drugs known as statins have been shown to 

reduce CRP, suggesting anti-inflammatory effects in addition to their lipid 

lowering effects [24]. 

1.2. Oxidative modification hypothesis 

One of the most important traditional risk factors for atherosclerosis is a 

high plasma LDL level (Table 1.1) [29].  This is consistent with the hypothesis 

that LDL uptake by macrophages and subsequent foam cell formation is a key 

initiating step in atherogenesis.  However, in vitro, it has been shown that human 

macrophages incubated with native LDL do not develop into lipid laden foam 

cells, due to down regulation of the LDL receptor [30].  Subsequent experiments 

indicated that LDL can be converted into a high uptake form via incubation with 

endothelial cells, and this was associated with oxidation of LDL [31].  Unlike 
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native LDL, oxidised LDL (Ox-LDL) can be taken up by macrophages via 

scavenger receptors, and this process is unregulated, thus contributing to foam cell 

formation [32] (Figure 1.3).  Although other types of LDL modification such as 

acetylation have also been described [33], oxidation of LDL has received the most 

experimental support for its biological relevance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.  
LDL oxidation and uptake via macrophage scavenger receptor [29]. 
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A wide range of studies have suggested that oxidised LDL is pro-

inflammatory, cytotoxic and immunogenic (summarised in Table 1.2) [32].  Given 

the key role of foam cell formation (section 1.1.1.) and the inflammatory nature of 

atherosclerosis, oxidation of LDL has been suggested to be a central, if not 

obligatory event, in atherogenesis [32]. 

Table 1.2.  
Potential atherogenic mechanisms of Ox-LDL [32]. 

• Ox-LDL has enhanced uptake by macrophages leading to foam cell formation. 
• Products of Ox-LDL are chemotactic for monocytes and T-cells and inhibit the 
motility of tissue macrophages. 

• Products of Ox-LDL are cytotoxic, in part due to oxidized sterols, and can 
induce apoptosis. 

• Ox-LDL, or products, are mitogenic for smooth muscle cells and macrophages. 

• Ox-LDL, or products, can alter gene expression of vascular cells, e.g. induction 
of MCP-1, colony stimulating factors, IL-1 and expression of adhesion 
molecules. 

• Ox-LDL, or products, can increase expression of macrophage scavenger 
receptors, thereby enhancing its own uptake. 

• Ox-LDL, or products, can induce proinflammatory genes, e.g. hemoxygenase, 
SAA and ceruloplasmin. 

• Ox-LDL can induce expression and activate PPARγ, thereby influencing the 
expression of many genes. 

• Ox-LDL is immunogenic and elicits autoantibody formation and activated T-
cells. 

• Oxidation renders LDL more susceptible to aggregation, which independently 
leads to enhanced uptake.  Similarly, Ox-LDL is a better substrate for 
Sphingomyelinase, which also aggregates LDL. 

• Ox-LDL may enhance procoagulant pathways, e.g. by induction of tissue factor 
and platelet aggregation. 

• Products of Ox-LDL can adversely impact arterial vasomotor properties. 

1.2.1. Existence of oxidised LDL in vivo 

Oxidation of LDL can lead to alterations in its lipid as well as protein 

component.  Studies have demonstrated that these structurally altered LDL exist 

in vivo [34].  Antibodies which recognise oxidation specific epitopes on LDL 

readily stain human atherosclerotic lesions, but not normal arteries [35].  In 
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apparently healthy, middle aged men, elevated plasma level of oxidised LDL 

could predict coronary heart disease (CHD) events [36].  These observations are 

indirect evidence supporting the oxidative modification hypothesis of 

atherosclerosis.  However, despite detection of oxidised LDL in vivo, there is 

currently no consensus as to the most important oxidant species responsible for 

LDL oxidation.  Both one electron oxidants (such as superoxide anion, O2
-. ) and 

two electron oxidants (for example peroxynitrite, ONOO-) could possibly play a 

role [18].  Numerous potential sources of these oxidants have also been suggested 

including both non-enzymatic and enzymatic sources [37,38]. 

1.2.2. LDL oxidation: cause or consequence   

Despite abundant data suggesting the pro-atherogenic nature of oxidised 

LDL and its demonstrated existence in vivo, the oxidative modification hypothesis 

remains un-proven.  The causal nature of LDL oxidation to atherogenesis has 

received support in animal models of atherosclerosis such as the apolipoprotein E 

deficient (apoE-/-) mouse.  ApoE-/- mice that also lacked 12/15-Lipoxygenase (a 

potential source of LDL oxidation), had decreased markers of lipid oxidation and 

autoantibodies to oxidised LDL compared to apoE-/- mice, and this correlated with 

lesion reduction [39].  However, in other animal models such as the Watanabe 

heritable hyperlipidemic rabbits, the process of lipoprotein lipid oxidation can be 

dissociated from atherosclerosis [40].  This suggests that oxidants may be 

generated as a by-product of inflammatory processes during atherosclerosis, and 

may therefore be a consequence of the disease process [18]. 
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1.2.3. Oxidative stress: more than LDL oxidation 

The term ‘oxidative stress’ has been used to describe an imbalance 

between oxidants and antioxidants in favour of oxidants, potentially leading to 

damage [41].  This is proposed as an important pathogenic process for several 

diseases including atherosclerosis.  While it has received the most attention and 

experimental support in the setting of atherosclerosis, LDL oxidation may not be 

the only mechanism by which oxidative stress has deleterious consequences.  

Other potential mechanisms for oxidative stress contributing to atherosclerosis 

have been described, such as the oxidative modification of high density 

lipoprotein (HDL) [42].  This has been shown to lead to the loss of HDL 

cholesterol efflux activity, which is normally considered an anti-atherosclerotic 

mechanism, removing cholesterol from macrophages and reducing foam cell 

formation [42]. 

1.2.4. Quantification of oxidative stress: F2-isoprostanes 

Quantitation of oxidative stress is important in order to identify conditions 

which are related to increased oxidant generation, and if this could contribute to 

atherosclerosis.  The general approach to quantifying oxidative stress involves 

measuring endogenous molecules (such as lipids and amino acids) that have been 

modified by oxidants, leaving a ‘fingerprint’ of oxidative modification [43].  

Given the hypothesised importance of LDL oxidation in atherosclerosis, and that 

many of its potential atherogenic properties have been attributed to modification 

of its lipid components [44], lipid peroxidation products represented a logical 

target for measurement as markers of oxidative stress.  One of the most widely 

accepted markers of lipid peroxidation and oxidative stress are the F2-isoprostanes 
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[45].  This family of compounds are formed from free radical mediated 

peroxidation of arachidonic acid (Figure 1.4) [46].  F2-isoprostanes are formed in 

LDL following exposure to oxidants in vitro [47], and they have also been found 

in human atherosclerotic lesions [48].  F2-isoprostanes can be measured in plasma 

and urine by gas chromatography-mass spectrometry (GC-MS) [49], and studies 

in animal models have shown that their levels reflect systemic oxidative stress in 

vivo [50].  In humans, numerous atherosclerotic risk factors are associated with 

elevated F2-isoprostanes in plasma and urine [51,52].  Modulation of these risk 

leads to a decrease isoprostane formation [53,54].  Measurement of F2-

isoprostanes in biological fluids therefore represents a non-invasive marker of 

systemic oxidative stress, and may help in elucidating the role of oxidative stress 

in atherosclerosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4.  
Mechanism of F2-isoprostane formation [45]. 
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1.2.5. Oxidative modification hypothesis: the search for antioxidants 

Traditionally, pharmacological and behavioural intervention strategies for 

the treatment of CVD have aimed to control or reduce the severity of identified 

risk factors.  For example, the statin family of drugs have been proven to be 

effective in lowering LDL-cholesterol and reducing CVD [55].  However, with 

increased understanding of molecular processes underlying atherogenesis, there 

now exists the possibility of targeting the mechanisms fundamental to the disease 

process.  A key corollary to the oxidative modification hypothesis is that the 

inhibition of LDL oxidation should lead to reduction in atherosclerosis [32].  This 

concept has led to the search for compounds which could ‘protect’ LDL 

molecules from oxidation and reduce oxidative damage in vivo, so-called 

antioxidants.  Dietary sources of antioxidants have been an intensive area of 

research, and in particular, the family of compounds known as vitamin E. 

1.3. Vitamin E 

The term vitamin E was originally used in 1922 to describe a dietary factor 

important for fertility in rodents [56].  It is now known that vitamin E is made up 

of two groups of similar compounds, the tocopherols and the tocotrienols, each 

consisting of four isomers.  All forms of vitamin E have a basic structure 

consisting of a chromanol ring with an aliphatic side chain, which is saturated for 

tocopherols and unsaturated for tocotrienols (Figure 1.5).  The individual vitamin 

E isomers (α, β, δ and γ) differ in their position and number of methyl groups on 

the chromanol ring.  Due to the presence of three chiral centres in the side chain, 

tocopherols can exist as stereoisomers.  Natural forms of vitamin E, however, 

occur exclusively in the RRR configuration whereas synthetic tocopherols consist 
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of an equal racemic mixture of eight stereoisomers [57].  Humans can not 

synthesise vitamin E and must therefore obtain this essential nutrient from the diet 

[58].  Dietary sources that are rich in vitamin E include cereal grains, nuts, seeds 

and plant oils [59].  The ratio of vitamin E isomers found in different dietary 

sources varies considerably, for example, while sunflower oil contains almost 

exclusively α-tocopherol (αT), soybean oil has approximately 5 fold more γ-

tocopherol (γT) than αT [59].  Dietary habits may therefore influence the intake of 

different forms of vitamin E. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5.  
Chemical structure of vitamin E isomers [56].   

1.3.1. Bio-availability of vitamin E isomers 

The long aliphatic side chain of vitamin E makes it a highly lipid-soluble 

compound, and its absorption and transport is closely associated with lipid 

metabolism [57].  The initial absorption of vitamin E occurs in the intestine, and it 

has been suggested that the presence of dietary lipids is crucial in facilitating 
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vitamin E absorption [60].  Vitamin E is subsequently secreted in chylomicrons 

and these enter the systemic circulation via the thoracic duct [61].  Chylomicron 

triglycerides are hydrolysed by endothelium bound lipoprotein lipase, which 

reduces the size of the particles and subsequently chylomicron remnants are taken 

up by the liver (Figure 1.6) [62].  Studies using deuterated tocopherol isomers 

have shown that, despite similar initial absorption of vitamin E isomers in the 

intestine and secretion with chylomicrons, discrimination of vitamin E isomers 

occurs in the liver [63].  Very low density lipoprotein (VLDL) synthesised in the 

liver is selectively enriched with RRR-αT before it is secreted into circulation 

(Figure 1.6) [64].  A protein called α-tocopherol transfer protein (α-TTP) exists in 

human liver and brain [65,66], as well as in the uterus of mice [67].  It has the 

highest relative binding affinity to RRR-αT over other tocopherol isomers as well 

as SRR-αT [68], and facilitates preferential incorporation of  αT into VLDL, 

although the exact mechanism is unknown [69].  It is also not known whether 

αTTP or other tocopherol binding proteins help regulate αT concentrations in 

human peripheral tissues [56].  The selective enrichment of VLDL with αT has 

been suggested to be a main contributor towards αT’s predominance in human 

plasma and tissue. 
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Figure 1.6.  

αTTP aids the preferential enrichment of VLDL with αT [70]. 

Other tocopherol and tocotrienol isomers are generally present in much 

lower quantities in human plasma and tissues compared to αT.  γT is the second 

most abundant vitamin E isomer found in the human body [71].  It normally 

represents about 10-20% of plasma vitamin E (with the rest being αT) [72] and 

could attain higher levels proportionately in sites such as adipose and skin tissues 

[73].  This may be as a consequence of the high dietary intake of γT, which has 

been estimated to be as much as 75% to 80% of the average American diet [74].  

The higher bioavailability of αT has partly contributed to its status as the most 

important vitamin E isomer, and often the term vitamin E is used synonymously 

with αT. 
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1.3.2. Vitamin E metabolism 

Vitamin E does not accumulate to toxic levels in the liver even following 

supplementation, suggesting that its levels are regulated by excretion or 

metabolism or both [75].  Vitamin E is known to be secreted by the liver into the 

bile [76], although some reabsorption is likely to occur in the small intestine, 

relatively high levels of vitamin E have been found in fecal water, suggesting this 

may be an important route of elimination [77].  Metabolically, vitamin E is known 

to be converted to carboxyethyl hydroxychromans (CEHC), which are its major 

urinary metabolites [78].  The process of vitamin E metabolism is akin to 

xenobiotic metabolism.  It is initially ω-oxidised by cytochrome P450 (CYP450), 

followed by removal of 2 carbon units from its side chain by β-oxidation [79,80].  

This results in shortening of the side chain and increasing water solubility of the 

metabolites, with the CEHC representing the final metabolite in this pathway.  

CEHC are subsequently sulphated or glucuronidated and excreted in urine 

[81,82].  It has been demonstrated that human liver microsomes are capable of 

metabolising vitamin E to CEHC [79], however, it is unknown if tissues other 

than liver are also capable of metabolising vitamin E by this pathway [83].  The 

exact CYP isoforms involved in the initial ω-oxidation of different vitamin E 

isomers is also unknown, although in vitro studies have shown that both CYP4F2 

and CYP3A4 may be involved [79,84].  Figure 1.7 shows the metabolism of αT to 

α-CEHC as an example of vitamin E metabolism. 
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Figure 1.7. 

αT metabolism to α-CEHC [78]. 

It is suggested that α-TTP protects αT from excretion and metabolism by 

aiding its preferential re-secretion into plasma [83].  This is supported by the 

observation in patients with ataxia with vitamin E deficiency (AVED, who have a 

defective α-TTP), that the level of urinary α-CEHC is much higher than healthy 
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individuals [85].  Additionally, urinary α-CEHC levels in healthy human subjects 

do not increase significantly until a certain ‘thresh-hold’ of plasma αT 

concentration is reached, suggesting that degradation of αT only increases after 

saturation of α-TTP’s ability to protect αT [85].  In contrast to natural αT, other 

forms of vitamin E such as γT and synthetic SRR-αT appear to be more actively 

metabolised [75].  Urinary levels of γ-CEHC are normally much higher than α-

CEHC in urine of un-supplemented healthy people [86,87], and it has been 

suggested that urinary γ-CEHC represents a major route of elimination of γT [82].  

Apart from the low binding affinity of αTTP towards γT, the higher metabolic 

rate of γT may also be due to higher catalytic activities of CYP4F2 towards γT 

compared to αT [79]. 

1.3.3. Vitamin E metabolism and drug interaction 

Many drugs and xenobiotics are metabolised by the same degradation 

pathway as vitamin E [88].  In particular, one of the CYP isoforms suggested as 

likely for vitamin E hydroxylation, CYP3A4, may be responsible for about 60% 

of CYP mediated metabolism of drugs presently used for therapy [78].  This has 

led some to question if vitamin E can decrease drug efficacy by inducing the 

expression of xenobiotic degradation systems, especially in populations taking 

high dose supplemental vitamin E [78].  This type of adverse effect is known for 

other nutritional supplements such as St. John’s wort [83].  In vitro studies have 

shown that some vitamin E isomers can induce CYP3A4 expression possibly via 

binding to the pregnane X receptor (PXR) [89].  Mice studies have also shown 

that long term supplementation with high dose αT can increase CYP3a11 (murine 

analogue to human CYP3A4) expression in the liver [90].  There have been  
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recent studies showing that vitamin E supplementation (either alone or co-

administered with other antioxidants) could decrease the concentration of 

cyclosporine A (an immunosuppressant) in healthy volunteers and renal transplant 

recipients [91,92].  Cyclosporine A is a known substrate for CYP3A4 [93].  

Collectively, these studies indicate a need for more research to define the potential 

for vitamin E supplementation to interfere with drug metabolism in humans. 

1.3.4. Vitamin E biological activities: is it an antioxidant? 

Most of the research into the biological activities of vitamin E has focused 

on αT as it has the highest bioavailability amongst the vitamin E isomers.  Due to 

the presence of the chromanol hydroxyl group, vitamin E is chemically capable of 

inhibiting free radical propagated chain reactions.  The reaction between peroxyl 

radical and αT and the subsequent possible products are shown in Figure 1.8. 

αT was shown in early in vitro studies to protect against lipid peroxidation 

[94-96].  Since oxidative stress has been suggested to contribute towards human 

diseases (section 1.2.3), this led to the suggestion that αT has a key role as a lipid 

soluble, endogenous antioxidant essential for the protection against lipid 

peroxidation [96].  However, this hypothesis has been questioned by many 

subsequent studies suggesting that the apparent antioxidant capability of αT is 

highly dependent on the in vitro oxidising conditions used [97].  It has been 

shown that when radical oxidants are generated at low frequency, αT does not 

inhibit lipid peroxidation efficiently and could actually act as a pro-oxidant 

[98,99].  Furthermore, while αT may effectively scavenge single electron oxidants 

in lipid environments, it does not protect against lipid or protein oxidation by two 

electron oxidants such as those generated by the enzyme myeloperoxidase (MPO) 
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[100,101].  The endogenous functions of αT have may be unrelated to its free 

radical scavenging activities [102].  This is supported by recent studies which 

suggest that αT may regulate cell signalling and gene expression by non-

antioxidant mechanisms, and these activities are not shared by other vitamin E 

isomers with similar free radical scavenging activities [103,104].  The biological 

mechanisms by which vitamin E affects human physiological functions remains to 

be elucidated [105]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8.  

Reaction of αT with peroxyl radicals [105]. 
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1.3.5. Vitamin E deficiency syndromes 

Vitamin E deficiency is a relatively rare condition in humans, such that 

overt deficiency symptoms in normal individuals consuming dietary vitamin E 

have never been described [106].  Vitamin E deficiency was first recognised in 

subjects with abetalipoproteinemia by Kayden and Silber in 1965 [107].  The 

primary symptom for vitamin E deficiency is peripheral neuropathy, characterised 

by degeneration of large calibre axons on the sensory neurons [106].  Defective 

lipoprotein production in abetalipoproteinemia patients results in extremely low 

plasma levels of apo-lipoprotein B containing lipoproteins (chylomicrons, VLDL 

and LDL) [57].  As these lipoproteins are important in the maintenance of vitamin 

E bioavailability (see section 1.3.1.), abetalipoproteinemia patients also have very 

low plasma vitamin E.  Conditions associated with lipid mal-absorption and 

digestion (such as cholestatic disease and cystic fibrosis), as well as genetic 

mutations resulting in defective α-TTP, are also known causes of vitamin E 

deficiency [108-110].  The neurologic symptoms observed for vitamin E 

deficiency could be prevented or reversed through supplementation with high 

dose αT [111,112], which emphasises the importance of this vitamin E isomer in 

human health.  However, the exact mechanism by which αT protects against 

neurologic disorders and whether it is related to its antioxidant activities, is still 

unknown [56]. 

1.4. αT and atherosclerosis 

Given its putative function as an endogenous antioxidant, and the 

oxidative modification hypothesis of atherosclerosis, there has been intensive 

research to investigate whether increasing intake of vitamin E can decrease 
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oxidative stress, and therefore protect against atherosclerosis.  αT is the only 

vitamin E isomer which has been examined extensively in this regard, and there is 

currently wide spread use of supplemental αT amongst the general public, at least 

in some countries such as the United States [113].  This section reviews some of 

the evidence regarding supplemental αT for the protection against atherosclerosis, 

with particular focus on human clinical studies. 

1.4.1. Epidemiological studies 

Several large-scale, prospective cohort studies have suggested that vitamin 

E intake is inversely associated with the risk of CHD [114].  The Nurse’s Health 

Study and the Health Professionals Follow-Up study found that both men and 

women in the highest compared to the lowest quintile of vitamin E intake, had a 

significantly decreased risk of major coronary disease [115,116].  Most of the 

reduction in risk was attributed to vitamin E consumed as supplements.  While 

dietary vitamin E likely consists of a mixture of isomers (section 1.3.), 

supplemental vitamin E is traditionally made up of pure αT.  Supplemental 

vitamin E also usually contains quantities of αT far in excess of that which could 

be obtained from the diet.  For example, typical αT supplement contains between 

67mg – 670mg of natural αT per dose, and carries the recommendation of at least 

one intake per day (Blackmores, Australia).  On the other hand, adults consuming 

a typical western diet have an αT intake of <10mg/day [117,118].  Not all studies 

have supported the inverse correlation between supplemental αT intake and 

atherosclerosis.  In the Iowa Women’s Health Study the significantly decreased 

risk of death from CHD was related to dietary intake of vitamin E, rather than 

supplemental vitamin E [119].  This finding was also supported by another study 
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in Finland [120].  Therefore while prospective follow up studies generally 

suggested a protective effect of increasing vitamin E intake against CVD, they did 

not agree as to whether the benefits were related to taking supplemental αT.   

1.4.2. αT supplementation and its potential antioxidant activities  

Many clinical studies have been conducted to examine the effect of short-

term αT supplementation and its ability to decrease oxidative stress in humans.  

As mentioned (section 1.3.4.), αT has been hypothesised as a key antioxidant for 

protection against lipid peroxidation.  αT supplementation in humans has 

consistently been shown to result in the enrichment of LDL with αT, which 

decreases the susceptibility of isolated LDL to copper induced lipid oxidation 

[121-123].  These studies provided some of the initial impetus for the use of αT 

supplementation in trials for protection against atherosclerosis.  However, the in 

vivo relevance of copper induced oxidation as a measure of LDL oxidizability has 

been questioned [124].  It has been documented by Stocker et al [125,126], that 

human atherosclerotic lesions contain relatively normal levels of αT, and yet, this 

did not prevent accumulation of oxidised lipids in these lesions compared to 

healthy control vessels.  This is in contrast to in vitro copper induced LDL 

oxidation, where lipid peroxidation proceeds rapidly only after all αT molecules 

in LDL have been consumed [95].  To assess the antioxidant activities of αT in 

vivo, several recent studies have instead used systemic oxidative stress markers 

such as F2-isoprostanes [127-131].  These studies have shown that αT 

supplementation can, but does not consistently lead to a decrease in the level of 

lipid peroxidation.  This has led to the suggestion that many factors, such as the 

level of oxidative stress of the study population, and the availability of other co-
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antioxidants, will likely influence whether supplementation with αT will have an 

anti-oxidative effect in vivo [97].  Some supplementation studies have also shown 

that αT may have alternative activities, such as anti-inflammatory effects, that 

could potentially contribute to protection against atherosclerosis [132]. 

1.4.3. Randomised clinical trials 

Many randomised, placebo-controlled studies have been carried out to 

assess the effect of αT supplementation on CVD risk.  With the exception of a 

few smaller studies, the majority of these studies have shown no beneficial effects 

of αT supplementation [133].  Recent meta-analyses also suggested that high dose 

αT supplementation is associated with an increase in all cause mortality [134], 

although this remains controversial [135].  Several explanations have been 

suggested to account for the lack of effect of αT [136].  As discussed, αT may not 

be effective for the protection of LDL against oxidation and does not consistently 

reduce oxidative stress in vivo (section 1.4.2).  None of the clinical trials to date 

have assessed if αT supplementation actually decreased oxidative stress in the 

target population [137].  The inverse relationship between dietary vitamin E 

(rather than supplemental αT) with CVD shown by some of the prospective 

studies [119,120], also suggest that vitamin E intake may be associated with other 

un-identified protective nutrients in the diet [138].  In summary, currently 

available evidence does not support the routine use of αT supplements for the 

prevention and treatment of CVD [133,139]. 
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1.5. γT and atherosclerosis 

It has been suggested that other dietary vitamin E isomers may be 

protective against atherosclerosis.  This is based on prospective follow up studies 

which suggested that dietary vitamin E intake, and not supplemental vitamin E 

(αT), was inversely correlated with CVD [119,120].  The other major form of 

dietary vitamin E, γT, which can account for more than half of total vitamin E 

intake [140], has therefore received attention.  The following section reviews 

recent studies which demonstrated that γT possesses biological activities different 

to αT.  Some of these activities may be relevant for protection against 

atherosclerosis. 

1.5.1. Epidemiological studies 

Case control studies by Kontush et al [141], and Ohrvall et al [142] have 

both found that serum γT levels were significantly lower in subjects with 

atherosclerosis, whereas αT was not.  This was supported by a cross sectional 

study comparing healthy middle-aged men from Lithuania and Sweden [143].  At 

that time, mortality from CHD was four times higher in this population in 

Lithuania, despite small differences in traditional risk factors [143].  This led to 

investigation into other factors which may influence atherosclerosis risk, such as 

antioxidant status.  It was found that while plasma γT was significantly lower in 

men from Lithuania, they had similar αT levels to Swedish men [143].  These 

studies therefore suggested that plasma γT level was inversely associated with 

atherosclerosis risk.  It is worthwhile noting that ingestion of pure αT 

supplementation is known to lead to a reduction in the plasma and tissue 

concentrations of other vitamin E isomers such as γT [144,145].  This is 

 43



 

potentially caused by the higher affinity of αTTP for αT.  Thus, higher intake of 

αT may contribute to further displacement of other vitamin E isomers from 

binding to this protein in the liver, and therefore prevent re-entry into the 

circulation with lipoproteins (section 1.3.1.).  

Other epidemiological studies have questioned the relationship between γT 

and atherosclerosis.  In the study by Olmedilla et al [146], patients who suffered 

their first MI had lower plasma γT compared to control subjects.  As expected, 

these patients also had a significantly worse traditional CVD risk factor profile 

such as higher triacylglycerols and body mass index (BMI).  A sub-group of these 

patients were followed up for a year after their MI event.  This group showed 

significant improvement in their traditional risk factor profile following medical 

counselling, and their plasma γT level was no longer different to that of the 

control subjects [146].  This suggested that γT maybe a marker for a healthier 

lifestyle and /or other important nutrients in the diet.  For example, previous 

studies have suggested that increasing dietary saturated fat intake could decrease 

the level of serum γT [147], and serum γT also strongly correlates with certain 

fatty acids such as alpha linolenic acid [142].    

1.5.2. γT and reactive nitrogen species (RNS) 

Early in vitro studies comparing the relative antioxidant activities of 

different vitamin E isomers generally used pure oxyradical oxidants [71].  αT is 

reported to be a better radical scavenger than γT in these systems [148].  While the 

identity of the most important oxidant in vivo responsible for LDL oxidation and 

contributing to atherogenesis remains to be elucidated (section 1.2.1), recent 

studies have suggested a potential role for RNS such as peroxynitrite (ONOO-) 
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[149].  Peroxynitrite is formed from the near diffusion-limited reaction of nitric 

oxide (NO.) and O2
-., both of which can be generated by activated phagocytic cells 

such as neutrophils during inflammation [150].  Peroxynitrite has therefore been 

suggested to be an important oxidant during inflammation [151].  It has been 

shown to readily oxidise LDL in vitro [152], and also to nitrate the aromatic ring 

of tyrosine to produce 3-nitro-tyrosine (3-NO2-Tyr), which has been used as a 

marker of production of peroxynitrite and other RNS [153].  3-NO2-Tyr has been 

found to be elevated in LDL isolated from atherosclerotic lesions compared to 

circulating LDL in healthy subjects [154].  These studies support the role of RNS 

such as peroxynitrite in oxidising LDL in vivo.  Other potentially important 

sources of RNS have also been identified, such as nitrogen dioxide-like oxidants 

generated by the enzyme MPO [155]. 

Several studies have shown that γT reacts with RNS differently to αT 

[156-158].  This is due to structural differences between the two tocopherols 

(Figure 1.9). 
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Figure 1.9.  

Main reactions of γT with free radicals and RNS [140].   

Apart from reacting with radical species, γT is capable of trapping RNS at 

its un-substituted C-5 position on the chromanol ring, forming 5-NO2-γ-

tocopherol (5-NO2-γT) as one of the main reaction products [156].  Because αT is 

already methylated at this position, it is unable to react in an analogous fashion.  

The ability of γT to trap electrophilic RNS may explain its ability to inhibit lipid 

peroxidation by peroxynitrite more effectively than αT [156].  γT has also been 

shown to be more efficient than αT in inhibiting neoplastic transformation of 

C3H/10T1/2 fibroblasts, a process which has been suggested to be dependent on 

RNS generation [157].  This has led to the suggestion that the presence of γT may 

complement αT in protecting tissues from oxidative damage.   

5-NO2-γT has been detected in human plasma and tissue, which suggests 

that reaction between γT and RNS does occur in vivo [159,160].  Furthermore, in 
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conditions that are regarded as chronic inflammatory states such as atherosclerosis 

and Alzheimer’s disease, the plasma and tissue levels of 5-NO2-γT are elevated 

compared to healthy controls [160,161].  In a study by Traber et al [159], cigarette 

smoke (a known source of RNS) was shown to nitrate γT in vitro, and smokers 

also had higher plasma levels of 5-NO2-γT compared to non-smoker controls.  

However, it remains unknown if γT nitration has any functional significance such 

as protection of other biological molecules from RNS damage. 

1.5.3. γT and platelet aggregation 

The adherence and aggregation of platelets to ruptured atherosclerotic 

plaque is suggested to be a crucial step in thrombus formation [162], which causes 

acute coronary events (section 1.1.2.).  Previous studies have shown that in vivo 

supplementation with αT could reduce platelet aggregability [163].  However, the 

effect of αT is agonist dependent, such that it reduces platelet aggregation induced 

by arachidonic acid and phorbol ester, but not adenosine 5’-diphosphate (ADP) 

[163].  Recent studies have suggested that γT may complement αT in inhibiting 

platelet aggregation.  In healthy humans supplemented with either pure αT or a 

mixed tocopherol preparation predominant in γT (62.5% γT, 25% δT and 12.5% 

αT), ADP induced platelet aggregation was inhibited by mixed tocopherol, but 

not pure αT supplementation [164].  Compared to αT, the mixed tocopherol 

supplementation increased platelet nitric oxide (NO) release [164], which 

provides a potential explanation for the reduced platelet aggregation [165].  The 

ability of γT to inhibit ADP induced platelet aggregation has also been shown in a 

rat supplementation study [166]. 
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1.5.4. Anti-inflammatory activities of γT 

Recent studies by Ames et al have suggested that γT may possess unique 

anti-inflammatory activities different from αT [153,167,168].  At physiologically 

relevant concentrations, γT significantly inhibited prostaglandin E2 (PGE2) 

synthesis in stimulated cultured murine macrophages, as well as human epithelial 

cells [167].  In comparison, αT had either moderate or no effect at similar or 

higher concentrations.  Mechanistically, this study suggested that γT decreased 

PGE2 synthesis by inhibiting the activity of cyclooxygenase-2 (COX-2), a key 

enzyme in the biosynthesis of PGE2 [167].  In a rat model of inflammation, 

supplementation with γT significantly inhibited the formation of PGE2 as well as 

another eicosanoid, leukotriene B4 (LTB4) [168], whereas αT had no effect.  

Studies have pointed to the importance of arachidonic acid derived eicosanoids 

such as PGE2 and LTB4, as potential pro-inflammatory mediators in 

atherosclerosis [169,170].  In the same rat model, γT supplementation also 

reduced the level of tumor necrosis factor-α (TNF-α)  [168], a pro-inflammatory 

molecule which has been shown to be associated with an increased risk of 

recurrent coronary events [171]. 

1.5.5. γ-CEHC and its potential biological activities 

γ-CEHC, the major urinary metabolite of γT, has been reported to be an 

endogenous natriuretic factor [71].  This effect was suggested to be mediated 

through its inhibition of the 70 pS K+ channel in the apical membrane of the thick 

ascending limb of the kidney [172].  This inhibition is highly specific for γ-

CEHC, such that the analogous metabolite of αT, α-CEHC, showed no such 

activity [173].  The potential natriuretic activity of γ-CEHC has been shown in a 
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rat study, where a combination of high salt diet and administration of γ-tocotrienol 

(another member of the vitamin E family which is also metabolised to γ-CEHC, 

section 1.3.2.) resulted in increased sodium and urine excretion [174].  Sodium 

excretion may influence blood pressure and has also been implicated as an 

independent CVD risk factor [175,176].  The possible role of γ-CEHC as a 

natriuretic factor and its influence on blood pressure has not been investigated in 

humans. 

Some of the studies investigating the anti-inflammatory effects of γT have 

also tested the activities of γ-CEHC [167,168].  While these studies indicated that 

γ-CEHC can also inhibit PGE2 synthesis, micro-molar concentrations of γ-CEHC 

were required for this activity.  Plasma concentration of γ-CEHC in healthy 

individuals is typically < 1μM [177,178].  It is unknown whether γ-CEHC would 

have anti-inflammatory activities in vivo.    

1.6. Study aims 

  Current understanding of atherosclerosis suggests that it is a chronic 

inflammatory disease, and that increased oxidative stress may be an important 

pathological event contributing to the disease process.  There has been interest in 

the ability of dietary derived nutrients such as vitamin E, to act as antioxidants 

and protect against atherosclerosis.  Despite promising epidemiological data 

which suggested benefits from a higher intake of αT, for protection against 

atherosclerosis, large scale, randomised controlled trials have generally shown no 

protective effect of high dose αT supplementation.  Recent studies suggest that 

the other major dietary vitamin E isomer, γT, may possess biological activities not 

shared by αT.  Supplementation with γT, or mixtures of tocopherols rich in γT, 
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have shown biological activities that may help protect against atherosclerosis.  

The aim of this PhD thesis was to further characterise the biological relevance of 

γT for protection against CVD.  Specifically, there were two major components: 

1. The ability of γT to react with RNS to form 5-NO2-γ-T may represent a 

‘protective’ mechanism against oxidative tissue damage.  Careful quantitation 

of 5-NO2-γ-T is important, in order to assess this putative protective function 

of γT.  Furthermore, characterisation and measurement of 5-NO2-γ-T in 

different pathological conditions, may enable the use of this compound as a 

biomarker for the generation of lipophilic RNS [179].  While 5-NO2-γ-T has 

been detected in vivo, its metabolic fate is unknown.  We therefore 

investigated if 5-NO2-γ-T is metabolised by the same degradation pathway as 

its parent compound, γT (Chapter 2). 

2. There have been very few studies which have investigated if the antioxidant 

and anti-inflammatory activities of γT observed in vitro and in animal studies, 

could be achieved in humans through supplementation.  We therefore carried 

out a randomised, placebo controlled study, in a population at high risk of 

atherosclerosis in order to assess the effects of short term mixed tocopherol 

supplementation (predominantly γT), compared to αT supplementation or 

placebo.  The impact of supplementation on systemic oxidative stress and 

inflammation (Chapter 3), as well as on specific pathways of eicosanoid 

synthesis (Chapter 4) is investigated. 
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Chapter 2: Investigation of 5-NO2-γT metabolism 

2.1. Introduction 

Ames and colleagues recently investigated the effect of γT 

supplementation to inhibit RNS mediated tissue damage in a rat model of 

inflammation [153].  The rats were either maintained on a standard chow diet 

which contained adequate levels of αT, or they were fed the same chow diet 

which was further supplemented with γT for 4 weeks.  Inflammation was induced 

by a single intraperitoneal injection of zymosan [180].  3 days after zymosan 

treatment, there was a significant increase in plasma and tissue levels of 3-NO2-

Tyr, which reflects production of RNS [151].  γT supplementation significantly 

reduced the levels of 3-NO2-Tyr in the kidney of the rats (by ∼30%).  However, 

the levels of 5-NO2-γT, whether expressed as absolute concentrations or as 

percentages of γT, did not increase in the kidney [153].  The authors hypothesised 

that 5-NO2-γT may have been metabolised via the same CYP450 pathway as its 

parent compound γT (Figure 2.1), to the metabolite 5-NO2-γ-CEHC and excreted, 

but this compound was not measured [153].  It is therefore unknown if γT 

supplementation decreased protein nitration by directly reacting with RNS, or 

through non-antioxidant related mechanisms such as inhibition of eicosanoid 

synthesis [167], which are known pro-inflammatory mediators in this rat model 

[180].  This study highlights the need to further investigate the metabolism of 5-

NO2-γT. 
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Figure 2.1.  

Schematic representation of γT degradation via oxidation of the phytyl side chain. 

In the present study, we investigated whether 5-NO2-γT is metabolised to 

5-NO2-γ-CEHC and excreted in urine.  We previously used a liquid 

chromatography – tandem mass spectrometry (LC-MS/MS) method for the 

detection of 5-NO2-γ-tocopherol [161].  On the other hand, the GC-MS method 

for measuring the γ-tocopherol metabolite, γ-CEHC, was already well documented 

by others [82].  Considering the similarity of the metabolites, 5-NO2-γ-CEHC was 

initially synthesized, and used as authentic standard in the development of a 

sensitive GC-MS assay to see if it could be detected in human urine.  HepG2 

cells, a hepatoma cell line known to catabolize vitamin E via the CYP450 

pathway [80] were also used as an in vitro model to assess the metabolism of 5-

NO2-γT. 
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2.2. Methods 

2.2.1. Materials 

All solvents used in the chromatography were of HPLC (high performance 

liquid chromatography) grade.  Hydrochloric acid, acetic acid, ethyl acetate, 

ethanol, chloroform and sodium nitrite were purchased from Ajax chemicals 

(Sydney, Australia) while lithium perchlorate and anhydrous pyridine were 

purchased from Fluka (Steinheim, Germany).  Tert-butyl methyl ether (TBME), 

Bradford protein dye reagent, bovine serum albumin (BSA), L-ascorbic acid, 

anhydrous magnesium sulphate, E. coli β-glucuronidase (Type IX-A), N, O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane 

(TMCS), butylated hydroxy toluene (BHT) and clotrimazole were obtained from 

Sigma (NSW, Australia).  HepG2 cells (ATCC HB 8065) were donated by Dr 

Gwen Crawford (Department of Biochemistry, Royal Perth hospital).  RPMI 

(without glutamine), heat-inactivated fetal calf serum (HIFCS), phospho-buffered 

saline (PBS), alanyl-glutamine, penicillin and streptomycin were purchased from 

Invitrogen (Victoria, Australia).  Tocopherols (DL-α and D-γ-tocopherol, purity ≥ 

95%) and γ-CEHC (purity ≥ 98%) were obtained from Merck (Darmstadt, 

Germany) and Cayman chemicals (MI, USA), respectively.  5-NO2-γT was 

synthesised according to the method by Morton et al [161].  d9-α-CEHC and N-

Hydroxy-N’-(4-butyl-2-methylphenyl)-formamidine (HET0016) was a gift from 

Dr Joy Swanson (Cornell University, NY, USA) and Taisho Pharmaceutical Co. 

Ltd, respectively.   
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2.2.2. Reaction conditions 

γ-CEHC was reacted with nitrous acid according to the methods by 

Christen et al [156] for the nitration of γ-tocopherol.  Briefly, 10mg of γ-CEHC 

was dissolved in absolute ethanol (10mL) to which 6mL of aqueous sodium nitrite 

(2%, w/v) and 0.4mL of glacial acetic acid was added.  After 10 minutes at room 

temperature, 20mL of water was added and the orange reaction mixture extracted 

with ethyl acetate (50mL).  The organic extract was dried using anhydrous 

magnesium sulphate and evaporated under nitrogen gas before the products were 

purified by C18 reverse-phase high performance liquid chromatography (RP-

HPLC). 

2.2.3. Purification of reaction products 

Reaction products were reconstituted in acetonitrile/water/acetic acid 

(30:70:0.7) and separated on an Agilent LiChrosphere C18 (125 x 4mm, 5μm) 

reversed phase column using a Hewlett-Packard series 1100 instrument (Hewlett-

Packard, Waldbronn, Germany).  An initial mobile phase consisting of 

acetonitrile/water/acetic acid (30:70:0.7) with a flow rate of 1mL/min was used. 

Compounds were eluted with a linear gradient beginning at 30% acetonitrile and 

increased to 67.5% acetonitrile over 9 minutes.  Compounds were monitored at 

310nm and two major peaks were observed eluting at approximately 3.1 and 6.9 

minutes.  0.4min fractions were collected between 2.9-3.3 and 6.7-7.1 minutes 

respectively, using an automated Gilson FC-205 fraction collector (Gilson Inc., 

Middelton, WI).  Pooled fractions were mixed with equal volume of water (pH 

3.5), and re-extracted with ethyl acetate until the aqueous phase was no longer 

visibly coloured. 
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2.2.4. Identification of reaction products 

RP-HPLC purified products were dried under vacuum overnight and 

dissolved in deuterated chloroform for 1H nuclear magnetic resonance (NMR) and 

correlated spectroscopy analysis.  The NMR experiments were conducted on 

either a Bruker AV-500 or AV-600 NMR spectrometer.  High resolution mass 

spectra were obtained using a VGAutospec and ultra-violet (UV)-vis spectra of 

reaction products were obtained using a Beckman Du 640 series 

spectrophotometer in ethanol. 

2.2.5. Serum and urine collection from human subjects 

Overnight fasting blood samples were drawn from three different groups 

of volunteers, allowed to clot and centrifuged at 2500x g for 10min at 4°C before 

the serum was portioned into polypropylene tubes.  Spot urine (single urine 

sample taken from volunteers at random times) and 24 hour urine samples were 

also collected.  Biological specimens were stored without preservatives at –80°C 

until analysed.  All volunteers were recruited by the School of Medicine and 

Pharmacology at the University of Western Australia.  The first group of 5 

subjects all had established CHD and the patient characteristics have been 

described previously [161].  The second group were 5 healthy controls recruited 

from the laboratory staff (non-smoking males, 29±12.9 year) and the third group 

were 5 subjects with type 2 diabetes recruited from the Perth general population.  

The type 2 diabetic subjects were recruited for the second component of this PhD 

project (γT supplementation study), the details of which are in Chapter 3.  The 

study was approved by the University of Western Australia Human Research 
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Ethics Committee, and written informed consent was provided before inclusion in 

the study.   

2.2.6. Analysis of serum γ- tocopherol 

Serum γ-tocopherol was analysed by RP-HPLC with coulometric 

detection.  250μL of internal standard tocol in ethanol (1.6nmol/mL) was added to 

200μL of serum.  This was mixed for 30s and left in the dark for 5min before 

mixing again for 30s.  1mL of hexane was added and tocopherols extracted by 

shaking the mixture vigorously for 1min.  The samples are centrifuged at 6500x g 

at 4°C for 3min to aid phase separation before 0.6mL of the hexane layer was 

removed and evaporated under a stream of nitrogen. 

For tocopherol analysis the samples were re-dissolved in 200μL methanol, 

and 10μL was injected and analysed by RP-HPLC.  The HPLC system consisted 

of a Hewlett-Packard series 1100 instrument (Hewlett-Packard, Waldbronn, 

Germany), coupled to a Coulochem 5100A coulometric detector equipped with an 

analytical cell 5011 (ESA, Inc., Chelmsford, MA).  Tocopherols were separated 

using an Agilent LiChrosphere C18 (125 x 4mm, 5μm) reversed phase column and 

eluted isocratically at 1mL/min with a mobile phase consisting of methanol:water 

(98:2, contain 10mM lithium perchlorate).  The analytical cell potential was set at 

600mV. 

For quantitation, the peak height ratio of γ-tocopherol to the internal 

standard tocol was calculated.  This was compared to a standard curve prepared 

on the day of analysis by combining a constant amount of tocol with variable 

amounts of the γ-tocopherol.  Concentrations of tocopherol standard solutions 

were determined spectrophotometrically [181].  As γ-tocopherol circulates in the 
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blood with lipoproteins, its levels are reported as the concentration corrected for 

the sum of serum cholesterol and triglycerides.  Serum lipids were analysed in the 

Department of Clinical Biochemistry at Royal Perth hospital. 

2.2.7. Extraction of urinary γ- and 5-NO2-γ-CEHC 

The method of Swanson et al [82] was used with some modifications.  

1000 units of E. coli β-glucuronidase (Type IX-A) was dissolved in 3mL of 

0.33M potassium phosphate buffer (pH 7.4) and added to 5mL of freshly thawed 

urine.  The urine was incubated for 3-h at 37°C in the dark.  7mL of hexane / 

TBME (99:1 v/v) was added followed by 0.25mL of 6M hydrochloric acid.  The 

mixture was shaken for 30 seconds to ensure thorough mixing of solution and 

centrifuged at 4°C, 2500x g for 10 minutes to aid phase separation.  The upper 

layer was removed and solvent evaporated under nitrogen gas.  The residue was 

silylated by re-dissolving in 50μL of anhydrous pyridine and 50μL of BSTFA + 

1% TMCS and heated at 60°C for one hour.  Samples were injected directly onto 

GC-MS for analysis. 

2.2.8. GC-MS analysis 

Derivatised samples were analysed on an Agilent 5973 GC-MS.  Samples 

(1μL) were injected on an Agilent DB-5MS column (20m x 0.18mm (i.d); 0.18μm 

film thickness) in the splitless injection mode.  The heating gradient was as 

follows: initial temperature of 160°C held for 0.5min, and an increase at a rate of 

20°C / min to 300°C with a final hold at 300°C for 10 min.  Helium was used as 

the carrier gas and the mass spectrophotometer was used initially in the electron 

impact ionisation (EI) scan mode to characterize the fragmentation pattern for 
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derivatives of authentic 5-NO2-γ-CEHC.  In selected ion monitoring (SIM) mode 

the molecular ions were monitored: mass to charge ration (m/z) 408 (γ-CEHC) and 

m/z 453 (5-NO2-γ-CEHC).  Concentration of γ-CEHC is calculated by comparing 

its peak area (m/z 408) to a calibration curve. The calibration curve was 

constructed by adding different amounts of γ-CEHC to 5mL aliquots of urine 

samples that was subsequently extracted and quantitated by GC-MS.  The 

calibration curve was repeated on each day of urine sample analysis.  Urinary 

creatinine was analysed with a standard kinetic colorimetric assay in the 

Department of Clinical Biochemistry at the Royal Perth Hospital. 

2.2.9. HepG2 Cell culture 

HepG2 cells were grown in culture flasks in RPMI medium supplemented 

with 10% HIFCS, streptomycin (100μg/mL), penicillin (100units/mL) and 2mM 

glutamine, in 5% CO2 at 37°C.  The cells were passaged every 2 to 3 days.   

‘Tocopherol enriched’ RPMI was prepared according to the method of 

Birringer et al [80].  Initially, tocopherol stock solution was made up in ethanol 

and tocopherol enriched HIFCS was made by addition of the corresponding 

tocopherol to the serum.  The tocopherol enriched HIFCS was incubated at 4°C 

overnight before being added to the RPMI medium to give a final concentration of 

10% HIFCS and tocopherol concentration of 25 or 50μM.  Stock solutions of the 

CYP450 inhibitors clotrimazole and HET0016 were made in ethanol and just 

prior to their use added to HIFCS and diluted 1:10 with RPMI medium to give 

final inhibitor concentration of 1μM. Culture medium added to HepG2 cells 

always contained less than 0.2% ethanol 
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To determine the metabolism of tocopherol by HepG2 cells, the cells were 

transferred to 24 well cell culture plates (Becton Dickinson Co., Franklin lakes, 

NJ) and grown in RPMI medium until confluent.  The medium was replaced with 

tocopherol enriched RPMI.  For some experiments, the cells were pre-incubated 

with CYP450 inhibitors for 4 hours prior to their incubation with tocopherol 

enriched RPMI.   At timed intervals, the culture medium is collected and the cells 

washed with phosphate-buffered saline, detached from the culture wells by 

treatment with 1% trypsin, and resuspended in 500μL of deionised water.  For all 

experiments the cell viability was checked using trypan-blue exclusion test and 

found to be ≥ 95%.  The CYP450 inhibitors did not have any effect on cell 

viability.  Both the collected medium and cells were stored at -80°C until analysis. 

2.2.10. Extraction and analysis of metabolites from culture media 

A two-step extraction procedure was used to extract vitamin E metabolites 

from culture medium similar to the method published by Stahl et al. [182].  To 

3mL of thawed culture medium was added 0.5mL ascorbate (10mg/mL water) and 

1.5mL methanol.  To remove lipids 5mL of hexane (containing 10μg/mL BHT) 

was added and shaken for 30s.  The mixture was centrifuged at 4°C for 10min at 

3500x g.  The upper hexane layer was removed and 30μL of glacial acetic acid 

added to acidify the remaining aqueous phase.  This was subsequently extracted 

with 5mL of chloroform (containing 10μg/mL BHT) by shaking for 30s.  The 

mixture was again centrifuged at 4°C for 10min at 3500x g before the chloroform 

phase was transferred into a glass reagent tube and evaporated under a stream of 

nitrogen and re-dissolved in water:acetonitrile (6:4) prior to RP-HPLC analysis.  
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The HPLC system is the same as described before for the analysis of 

serum tocopherols (section 2.2.6.).  Tocopherol metabolites were separated using 

an Agilent LiChrosphere C18 (125 x 4mm, 5μm) reversed phase column and 

eluted isocratically with a mobile phase consisting of water:acetonitrile (6:4, pH 

3.5, contain 10mM lithium perchlorate).  Flow rate was 1mL/min and tocopherol 

metabolites were detected with the analytical cell potential set to 400mV 

(upstream electrode) and 700mV (downstream electrode).  Concentration of 

tocopherol metabolites was calculated by comparing sample peak areas to an 

external standard curve run on the same day as sample analysis.  The 

concentration of α and γ-CEHC standards were determined 

spectrophotometrically [182], and for 5-NO2-γ-CEHC: ε 308 nm = 2372 M-1 cm-1. 

2.2.11. Analysis of intracellular tocopherols and metabolites 

Freshly thawed HepG2 cell suspension (500μL) was disrupted by 

sonication on ice with a Branson Sonifer 150 (Branson Ultrasonics corporation).  

5μL was taken for protein quantification by the Bradford protein dye reagent 

method with BSA as standard.  To the remaining sample 0.5mL of ice cold 

ethanol was added, followed by 900μL of hexane.  The mixture was shaken for 

30s and centrifuged at 4°C, 2min at 6500x g.  650μL of the hexane phase was 

removed and analysed for cell associated tocopherols by RP-HPLC.  The 

remaining hexane was evaporated under a stream of nitrogen for 10min before the 

aqueous phase was acidified with 10μL glacial acetic acid and re-extracted with 

900μL of 8:2 hexane/ TBME.  After shaking (30s) and centrifuging (4°C, 2min, 

6500x g) 650μL of the organic phase was collected and analysed for intra-cellular 

metabolites by RP-HPLC.   
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The organic extracts from sonicated HepG2 cells were evaporated under a 

stream of nitrogen.  For metabolite analysis the dried residue was re-dissolved in 

water:acetonitrile (6:4) and analysed by RP-HPLC as described.  For tocopherol 

analysis the samples were re-dissolved in methanol, and separated and detected 

using a mobile phase of methanol:water (98:2, contain 10mM lithium perchlorate) 

and analytical cell potential set to 250mV (upstream electrode) and 750mV 

(downstream electrode).   

2.2.12. Statistical analysis 

Statistical analysis was performed using the Statistical Package for the 

Social Sciences (SPSS Inc., IL, USA).  Data are presented as means ± standard 

error of means (SEM).  Independent samples Student t-test was used to compare 

differences in mean values between two groups and analysis of variance 

(ANOVA) used for comparison between multiple groups.  The significance level 

was 0.05. 
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2.3. Results 

2.3.1. 5-NO2-γ-CEHC synthesis and structural confirmation  

Analogous to the synthesis of 5-NO2-γT, addition of sodium nitrite to γ-

CEHC in acidic ethanol produced an orange coloured solution [156].  RP-HPLC 

analysis separated two major products (Figure 2.2). 

 

 

 

 

 

 

 

 

   

 

 

Figure 2.2.  

RP-HPLC purification of reaction products formed from γ-CEHC and nitrous 
acid. (A) Chromatogram of the initial reaction product mixture, two peaks at ∼3.2 
and 6.9 min were observed.  (B) and (C), chromatogram of purified products. 

Based on results previously published by Cooney et al. [158], the product 

eluting at 3.2 minutes was likely to be the oxidized quinone derivative of γ-CEHC 

(analogous to γ-tocored [158]) whereas the product at approximately 7 minutes 

was identified as nitrated γ-CEHC.  High-resolution mass spectrometry of this 

product determined the mass for the molecular ion as 309.121238, which best fit 
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the elemental composition C15H19O6N.  The di-trimethyl silyl (TMS) derivative 

gave a molecular ion of m/z 453 by GC-MS (Figure 2.3A) which is consistent 

with nitrated γ-CEHC.  1H NMR of both γ-CEHC and the purified product were 

obtained (figure 2.3B and C).  While the spectrum for γ-CEHC appeared identical 

to that previously published [183], we assigned the methylene protons differently 

to Wechter et al based on our two dimensional correlational spectrum (Figure 

2.4).  Compared to the spectrum of γ-CEHC, the spectrum of the isolated 

compound showed several significant differences.  The reaction product isolated 

did not have a signal peak at 6.37ppm, which suggests the replacement of the 

aromatic C-5 proton with the nitro-group.  This was further supported by the 

appearance of a singlet peak at 10.7ppm for the reaction product, consistent with 

the C-6 hydroxyl proton being hydrogen bonded to the nitro-group.  Collectively, 

the spectral data identify the major reaction product isolated as 5-NO2-γ-CEHC.  

The UV-vis λmax (ethanol) was determined: at 260nm (ε = 2789), 308nm (ε = 

2372) and 408nm (ε = 952).  Concentrations of standard 5-NO2-γ-CEHC solutions 

were subsequently determined spectrophotometrically. 

 

 

 

 

 

 

 

 63



 

 

 

 

 

 
50 100 150 200 250 300 350 400 450 500

m/z-->

Abundance 453
290

73

420

438

2a

3
3’

8a

7a

2’
4

5

B

C

A

50 100 150 200 250 300 350 400 450 500
m/z-->

Abundance 453
290

73

420

438

2a

3
3’

8a

7a

2’
4

5

B

C

A

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.  
Mass and NMR spectrum of CEHC metabolites (A) GC-MS (EI) mass spectrum 
of the RP-HPLC isolated product for the reaction between γ-CEHC and acidified 
NaNO2.  The molecular ion at m/z 453 is consistent with the di-TMS derivative of 
5-NO2-γ-CEHC.  (B) 1H NMR (500MHz, CDCl3) of γ-CEHC.  Based on a two-
dimensional correlational spectrum (see Figure 2.3.) the methylene protons were 
assigned differently to that published by Wechter et al [183].  For numbering of 
the peaks refer to Figure 2.1. (C) 1H NMR (500MHz, CDCl3) of isolated reaction 
product: d (ppm) 1.27 (3H, s), 1.76-1.78 (2H, m), 1.94-1.98 (1H, m), 2.03-2.07 
(1H, m), 2.18 (3H, s), 2.23 (3H, s), 2.52-2.56 (2H, m), 3.04-3.08 (2H, m), 10.7 
(1H, s). 
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Figure 2.4.  

Correlated spectroscopy analysis (COSY) of γ-CEHC in CDCl3. 

2.3.2. GC-MS assay validation for detection of 5-NO2-γ-CEHC 

Following structural confirmation of the synthesized 5-NO2-γ-CEHC, this 

compound was used as authentic standard in the development of a GC-MS assay 

for its detection in human urine.  We found that 5-NO2-γ-CEHC showed excellent 

qualities for GC-MS analysis in the electron impact mode.  The di-TMS 

derivative of 5-NO2-γ-CEHC was easily detectable in SIM mode on the GC-MS 

giving good sensitivity (limit of detection ∼ 50fmol).  Spot urine samples were 

subsequently collected from four volunteers and spiked with the authentic 5-NO2-

γ-CEHC.  Using a modified organic solvent extraction procedure, 5-NO2-γ-CEHC 

could be efficiently (approximately 85% recovery) and reproducibly (intra-assay 

CV 4.5%, n = 4) recovered from human urine (Figure 2.5A and B).  5-NO2-γ-

CEHC was not detected in any unspiked urine samples (results not shown).  To 
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establish the lower limit of detection, a calibration curve was constructed by 

adding different amounts of 5-NO2-γ-CEHC to 5mL aliquots of urine that was 

then extracted and analysed by GC-MS.  As can be seen in Figure 2.5C, the 

method has a lower limit of detection of 5nM of 5-NO2-γ-CEHC in urine with 

excellent linearity.  The stability of 5-NO2-γ-CEHC in aqueous media was 

checked by repeating the calibration curve following storage of spot urine, with 

added 5-NO2-γ-CEHC, at room temperature in a dark bag for 24 hours before 

extraction and analysis.  We found that 5-NO2-γ-CEHC was highly stable in urine 

and our stated limit of detection of 5nM was not affected.   
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Figure 2.5.  

Recovery of CEHC metabolites from urine samples.  GC-MS (EI) of  γ-CEHC 
and 5-NO2-γ-CEHC. (A) Ion chromatogram (SIM mode) of silylated standard γ 
(5.98min) and 5-NO2-γ-CEHC (7.08min). (B) Urine samples spiked with standard  
γ-CEHC and 5-NO2-γ-CEHC, extracted and derivatized as described in 
experimental procedures. (C) Calibration curve for 5-NO2-γ-CEHC. 
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2.3.3. 5-NO2-γ-CEHC could not be detected in human urine 

γ-CEHC is mostly excreted in urine as conjugates of β-glucuronic acid 

[82], and therefore it was possible that 5-NO2-γ-CEHC was also excreted in the 

conjugated form.  Spot urine samples from volunteers (n = 4) were treated with β-

glucuronidase to investigate if this could release 5-NO2-γ-CEHC.  While γ-CEHC 

was released time dependently and de-conjugation was complete by ∼ 3 hours 

(Figure 2.6) and could be readily detected, 5-NO2-γ-CEHC could not be detected. 
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Figure 2.6.  

Time Course of γ-CEHC release from urine samples. 

The same observations were made in 24 hour urine samples from different 

groups of volunteers, the results of which are summarised in Table 2.1. 
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Table 2.1.  
Serum γT and urinary CEHC metabolite concentrations in human 
volunteers. 

Subject group 

(n = 5 per 

group) 

aSerum γ-tocopherol 

(μmol/mmol) 

Urinary γ-CEHC 

(μmol/mmol) 

Urinary 

5-NO2-γ-CEHC 

Controls 0.33 ± 0.1 0.87 ± 0.2 NDb

Coronary heart 

disease 

0.28 ± 0.1 0.50 ± 0.2 ND 

Type 2 diabetes 0.42 ± 0.1 0.83 ± 0.3 ND 
aSerum γ-tocopherol is normalized to lipids, i.e. serum tocopherol  (μmol/L) / serum 
lipids (cholesterol + triglycerides, mmol/L). 
bND = not detected. 

There was no significant difference in the concentration of γ-CEHC 

between the groups (ANOVA, p = 0.517).  We also measured the serum γT 

concentration of all volunteers and found no significant differences between the 

groups (ANOVA, p = 0.428).  The serum γT concentration of the subjects in the 

current study is comparable to that previously reported for other populations 

[159,184,185]. 

2.3.4. HepG2 cells are unable to metabolise 5-NO2-γ-tocopherol 

The human HepG2 hepatoma cell line has been used by different groups to 

investigate the metabolism of vitamin E isomers.  We sought to determine if 5-

NO2-γT could be broken down via the same enzymatic pathway as γT.  Organic 

solvent extraction recovered γ-CEHC (81.5%), α-CEHC (88.6%) and 5-NO2-γ-

CEHC (75.7%) efficiently.  The intra assay CV was < 10% for each metabolite (n 

= 4).  The RP-HPLC coulometric assay of tocopherol metabolites extracted from 
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HepG2 cell culture is illustrated in Figure 2.7. with a limit of detection of 10pmol 

in 3mL of culture supernatant. 
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Figure 2.7.  
RP-HPLC chromatogram analysis of tocopherol metabolites.  The upper and 
lower trace of each panel depicts the upstream and downstream electrode of the 
coulometric analytical cell, respectively.  (A) A typical trace of a cell culture 
extract from HepG2 cells incubated for 48 hours with 50μM γ-tocopherol, 
identification of extracted metabolites was done by comparing peak retention 
times to (B) Standard mixture of α, γ and 5-NO2-γ-CEHC. 

 

When HepG2 cells were incubated with 50μM of γT over 48 hours, there 

was a time dependent increase in the supernatant concentration of its major, 

terminal β-oxidation product, γ-CEHC (Figure 2.8A).  Under identical conditions, 

incubation with αT, did not lead to release of α-CEHC into the supernatant.  

HepG2 cells were also incapable of catabolizing 5-NO2-γT over 48 hours of 

incubation as no 5-NO2-γ-CEHC could be detected in the cell supernatant.  The 

dose-dependent metabolism of γT into γ-CEHC was not affected by the 
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simultaneous presence of α or 5-NO2-γT (Figure 2.8B).  Again no α-CEHC nor 5-

NO2-γ-CEHC could be detected under any of the incubation conditions.   
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Figure 2.8.  

HepG2 cell metabolism of γT. A) Cells were incubated with 50μM of γT for 48 
hours.  The supernatant was collected at different times and γ-CEHC 
concentration determined by RP-HPLC. (B) HepG2 cells were incubated with γT 
alone, or γT in combination with other tocopherol isomers for 48 hours before 
determination of γ-CEHC in the culture supernatant. 

We also determined that when HepG2 cells were incubated with 25μM of 

γT, a small amount of γ-CEHC was retained intra-cellularly (7.5 ± 1.02 pmol/mg 

cell protein, n = 3) but α-CEHC and 5-NO2-γ-CEHC were not detected under 

identical incubation conditions (limit of detection of 2pmol/mg cell protein).  

When HepG2 cells were incubated with 50μM of each of the individual 

tocopherols, γT was incorporated time dependently to the highest level, and after 
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48 hours was approximately 3 fold and 28 fold greater than αT and 5-NO2-γT, 

respectively (Figure 2.9A).  The degree of cell incorporation of each tocopherol 

was not affected by simultaneous incubation of 25μM each of γ and αT, or γ and 

5-NO2-γT (Figure 2.9B). 
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Figure 2.9.  
HepG2 cell uptake of tocopherol isomers.  (A) Time course of HepG2 cell 
tocopherol uptake.  Cells were incubated with 50μM of each tocopherol isomers 
over 48 hours.  The cells were washed and intracellular tocopherol concentration 
determined by RP-HPLC. (B) HepG2 cells were incubated with 25μM of each 
tocopherol isomer alone, or combinations of tocopherol isomers for 48 hours 
before determination of cellular tocopherol content. 
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2.3.5. Effect of CYP450 inhibitors on tocopherol metabolism by HepG2 

cells 

In a previous study by Swanson et al [84], it was shown that when HepG2 

cells were pre-treated for 4 hours with CYP450 inhibitors (1μM ketoconazole or 

sesamin), γT metabolism was almost completely inhibited (>90% reduction in γ-

CEHC production).  In the current study we carried out similar experiments by 

treating the cells with two different types of CYP450 inhibitor [186-188], 

clotrimazole or HET0016 (n = 2).  Compared to untreated control cells, 1μM 

clotrimazole decreased γ-CEHC production from HepG2 cells from 208.5pmol / 

mg cell protein to 66.9pmol / mg (∼68% reduction) whereas HET0016 (1μM) 

achieved ∼83% reduction.  Cellular γT content in HepG2 cells treated with 

inhibitors did not change significantly compared to control cells (Figure 2.10).   

Pre-treatment of HepG2 cells with either inhibitor prior to incubation with 5-NO2-

γT had no effect on 5-NO2-γ-CEHC production (remained undetectable in culture 

supernatant) nor cellular 5-NO2-γT content (Figure 2.10). 
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Figure 2.10.  

Effect of CYP450 inhibitors on HepG2 cell tocopherol uptake.  Cells were either 
treated with ethanol vehicle (control) or pre-treated for four hours with CYP450 
inhibitors HET0016 or clotrimazole, before incubation with 25μM of each 
tocopherol isomer for 48 hours, and cellular tocopherol concentration determined 
by RP-HPLC.
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 2.4. Discussion 

The excessive generation of RNS during inflammation has been suggested 

to damage biological molecules [189].  This may be relevant in diseases such as 

atherosclerosis [154,190].  Previous studies have indicated that one of the major 

forms of dietary vitamin E, γT, is nitrated to 5-NO2-γT by RNS [156].  While the 

functional significance of this is currently unknown, the quantitation of 5-NO2-γT 

and its metabolites would be a useful indicator of RNS production. We therefore 

sought to determine if 5-NO2-γT is metabolized by the same CYP450 catalysed 

pathway as other tocopherols, and excreted in human urine.  The results of the 

current study suggest that 5-NO2-γT is not broken down via the same route, 

possibly due to the inability of hepatocytes to incorporate 5-NO2-γT, the liver 

being the major site of vitamin E metabolism. 

Previous reports have documented the existence of 5-NO2-γT in the 

plasma of healthy individuals, as well as smokers and patients with CHD 

[159,161].  While no such study has been conducted in individuals with type 2 

diabetes, these subjects have been shown to have elevated plasma levels of 3-

NO2-tyr [191], a marker of RNS stress.  Urine from subjects with type 2 diabetes, 

CHD and healthy controls was examined for the existence of 5-NO2-γ-CEHC 

using our newly developed GC-MS assay.  The level of γ-CEHC was similar to 

previously reported values [82], but no 5-NO2-γ-CEHC could be detected in any 

of the samples.  This was surprising given that in all but three of our subjects the 

urine concentration of γ-CEHC was between 3.5 - 25μM (results not shown), and 

the previously reported level of plasma 5-NO2-γT in healthy subjects and patients 

with CHD accounted for at least 0.23% of total γT [159,161].  Taking the 0.23% 
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level of nitration of total γ-tocopherol reported [159], we would expect urine 

concentration of 5-NO2-γ-CEHC to be in the range of 8nM – 57.5nM if 5-NO2-γT 

was metabolised to the same extent as γT , this is well above our lower limit of 

detection of 5nM. 

While it is possible that the GC-MS assay did not have sufficient 

sensitivity to detect 5-NO2-γ-CEHC in human urine, our results with the HepG2 

cell model suggest the metabolism of 5-NO2-γT may be limited in vivo.  Previous 

reports have shown that these cells possess the enzymes required for the 

metabolism of all naturally occurring vitamin E [192], however they were 

particularly inefficient at catabolising αT, as confirmed by our study.  One of the 

suggested mechanisms to account for this is the presence of α-tocopherol transfer 

protein (α-TTP) in HepG2 cells, which protects αT from degradation [80].  

However this is unlikely to apply to 5-NO2-γT given the high specificity of α-TTP 

for αT [68].  A subsequent investigation by Sontag et al [79] found that the main 

form of CYP450 responsible for tocopherol metabolism in vivo is human liver 

CYP4F2, which has a lower catalytic efficiency towards αT compared to γT.  Our 

results suggest that the lack of synthesis of 5-NO2-γ-CEHC by HepG2 cells could 

be explained by inefficient incorporation of 5-NO2-γT into the cells.  The very low 

cellular 5-NO2-γT level would provide the cells with minimal substrate even if 

CYP4F2 was catalytically active for 5-NO2-γT.  Low 5-NO2-γT incorporation 

may also result in the required metabolizing enzymes not being activated.  It has 

been shown that other vitamin E isomers can dose-dependently activate the 

pregnane X receptor, and subsequently up-regulate CYP450 enzymes in HepG2 

cells [89], which suggests that some forms of vitamin E may induce their own 
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metabolism [78].  To assess if the presence of γT could activate the required 

enzymes for 5-NO2-γT metabolism, HepG2 cells were incubated with γ and 5-

NO2-γT simultaneously.  The concurrent incubation did not affect tocopherol 

isomer uptake by HepG2 cells, furthermore, no 5-NO2-γ-CEHC could be detected 

in the culture media nor in the cells, while γ-CEHC synthesis was unaffected.  

This suggests that activation of γT catabolizing enzymes does not facilitate the 

degradation of 5-NO2-γT.   

Birringer et al [192] suggested that while HepG2 cells may be capable of 

the initial ω-hydroxylation of vitamin E, it could be inefficient at carrying out the 

complete β-oxidation of certain isomers to their final side chain truncated CEHC 

metabolites.  If this was the case with 5-NO2-γT, our observation of low uptake of 

5-NO2-γT may be due to inability to detect the hydroxylated 5-NO2-γT.  However, 

our experiments with the CYP450 inhibitors suggest this is not the case.  

Clotrimazole and HET0016 have been shown previously to be potent inhibitors of 

the CYP3A subfamily and CYP4F2, respectively [186-188].  Both CYP3A4 and 

CYP4F2 have been suggested to be responsible for the ω-hydroxylation of γT and 

αT [79,84].   Indeed, we found that both Clotrimazole and HET0016 inhibited the 

metabolism of γT by HepG2 cells.  However under the same experimental 

conditions we did not see any increase in the level of 5-NO2-γT accumulation in 

the cell.  This supports our hypothesis that the low cellular level of 5-NO2-γ-

tocopherol was indeed due to poor incorporation into the cells and not due to 

inability to detect hydroxylated 5-NO2-γT metabolites. 

The lack of metabolism of 5-NO2-γT raises other questions regarding its 

metabolism in vivo.  Whether 5-NO2-γT is mainly excreted via the bile or 
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degraded by an unknown pathway warrants further study.  Our current 

experiments using HepG2 cells are also limited by the fact that 5-NO2-γT was 

added exogenously, where as it is not known if 5-NO2-γT can be formed in situ in 

cell membranes.  This is possible given the recent discovery of nitrated lipids such 

as nitrated linoleic acid in red blood cell membranes [193].  We would expect the 

aromatic structure of γT to render it much more susceptible to nitration than 

unsaturated lipids.  The in situ production of 5-NO2-γT through nitration of γT in 

cellular membranes may alter its metabolism via the CYP450 pathway as it would 

not need to be taken up by cells from lipoproteins.  The accumulation of nitrated 

lipids in cell membranes may have implications for health given the possible 

biological activities of such compounds [194]. 

Our observation that γT was more readily incorporated into HepG2 cells 

than αT provides another mechanistic explanation for its increased rate of 

metabolism in this cell model [192].  We do not know the reason for the 

preferential uptake of γT, although this phenomenon has now been observed for a 

range of cell types including macrophages [195], endothelial cells [196,197], and 

colon cancer cell lines [198].  To the best of our knowledge, there have been no 

studies on cellular mechanisms of γT uptake.  Given its lipophilic nature, it is 

likely a process that is highly dependent on mechanisms of lipid transport between 

lipoprotein and cells.  Recent studies have shown that the interaction between 

HDL, and scavenger receptor class B type I (SR-BI) mediated the selective uptake 

of αT into HepG2 cells [199].  This has been suggested as an important 

mechanism in the regulation of tissue αT levels [200]. Future cell culture studies 

using γ-tocopherol enriched HDL as the tocopherol source may shed more light on 

its uptake pathways. 
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In summary, the present study shows that 5-NO2-γ-CEHC, a putative 

metabolite of 5-NO2-γT, could not be detected in human urine using a sensitive 

GC-MS assay, even in populations where elevated reactive nitrogen species 

production may be expected.  HepG2 cell culture studies demonstrated that the 

nitration of γT prevents its metabolism possibly due to a lack of cellular 

incorporation, thus providing a potential explanation for our in vivo observation. 
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Chapter 3: Human study - Effects of α-tocopherol 

and mixed tocopherol supplementation on markers 

of oxidative stress and inflammation in type 2 

diabetes. 

3.1 Introduction 

Patients with type 2 diabetes have a significantly higher risk of developing 

CVD and atherosclerosis [201].  One of the possible reasons for accelerated 

atherosclerosis in these patients is increased sub-clinical systemic inflammation.  

It is now known that inflammation plays a key role in all stages of atherosclerosis 

(section 1.1).  Prospective studies have shown that levels of circulating acute 

phase proteins such as IL-6 and CRP, are positive predictors of future risk of 

atherosclerosis [202,203].  Several studies have shown that levels of these 

inflammatory markers are elevated in patients with type 2 diabetes compared to 

healthy controls [204-206].  Interestingly, follow-up studies have suggested that 

elevated levels of acute phase proteins also predict the risk of developing type 2 

diabetes [207,208].  These data support the hypothesis that activation of the innate 

immune system and subsequent generation of pro-inflammatory cytokines, could 

be a common pathogenic feature of both type 2 diabetes and atherosclerosis [209].  

In addition to increased inflammation, another possible mechanism for accelerated 

atherogenesis in type 2 diabetes is increased oxidative stress, which has been 

demonstrated in these patients by measuring F2-isoprostanes [210,211]. 

Given the increased risk of atherosclerosis in subjects with type 2 diabetes, 

we chose this population to investigate the potential benefits of tocopherol 
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supplementation.  Based on recent findings (section 1.5.) suggesting novel 

biological activities of γT, we carried out a randomised, placebo controlled study 

to examine whether a mixed tocopherol supplementation (predominant with γT) 

would have unique anti-inflammatory or anti-oxidative properties not shared by 

pure αT supplementation.  We assessed the impact of tocopherol supplementation 

on plasma concentrations of inflammatory markers high sensitivity CRP (Hs-

CRP), IL-6, TNF-α and MCP-1, all of which have been shown to be elevated in 

patients with type 2 diabetes [28,204-206].  We also determined plasma and 

urinary levels of F2-isoprostanes and erythrocyte antioxidant enzyme activity, to 

see if tocopherol supplementation could reduce systemic lipid peroxidation or 

alter endogenous antioxidant defences.  These results are presented and discussed 

in Chapter 3.  Additionally, the effects of tocopherol supplementation on 

eicosanoid synthesis were measured both in vivo and using ex vivo assays, since 

γT may inhibit these pathways more potently than αT [167,168].  These results 

form the basis of Chapter 4. 
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3.2 Methods 

3.2.1. Subjects and Study design 

We recruited 58 individuals with type 2 diabetes, who had not previously 

used vitamin E supplements, from the Perth general population to the School of 

Medicine and Pharmacology at the University of Western Australia.  Subjects 

were either on hypoglycaemic treatment or had diabetes confirmed by previous 

oral glucose tolerance test.  At recruitment, a medical history was obtained and 

medication use was recorded.  Exclusion criteria included BMI > 35 kg/m2, pre-

menopausal status in women, a recent coronary or cerebrovascular event (<6 

months), evidence of renal impairment, insulin dependence, regular use of nitrate 

medication, smokers, high alcohol intake (>40g/day for men and >30g/day for 

women), and those who regularly consumed non steroidal anti-inflammatory 

drugs (NSAIDS) or vitamin E supplements.  The trial was approved by the 

University of Western Australia Human Research Ethics Committee and all 

subjects gave written informed consent.   

All subjects ceased any vitamin, or fish oil supplementation for at least 3 

weeks prior to study entry and for the duration of the trial.  They were randomized 

to 1 of 3 treatments for six weeks: (1) RRR-αT (2) Mixed tocopherol enriched 

with γT and (3) Placebo.  The capsules were supplied by Cognis Ltd and Cardinal 

Health Ltd (Victoria, Australia), and used soybean oil as a carrier.  The contents 

of the capsules were confirmed RP-HPLC with electrochemical detection.  The 

αT group received 500mg of RRR-αT per day.  The mixed tocopherol group 

received 500mg of tocopherols per day consisting of 75mg αT, 315mg γT and 

110mg delta-tocopherol (δT) (all natural RRR-isomers).  The placebo capsules 

 82



 

were pure soybean oil containing <1mg of tocopherols.  The capsules were all 

identical in appearance.  Subjects were instructed to consume one 250mg capsule 

with breakfast and one with dinner and to maintain their usual medications, 

dietary and activity patterns.  All volunteers provided fasting blood samples and a 

24-hour urine collection at baseline and following 6 weeks of intervention.  Pre- 

and post-intervention samples from the same subject were always analysed in the 

same run.  Compliance was assessed by a post-intervention tablet count and 

measurement of serum tocopherol concentrations.  The study was double-blinded 

and subject’s grouping was revealed only upon completion of all biochemical 

analysis. 

3.2.2. Materials 

All solvents used were of HPLC grade.  Sulphuric acid were purchased 

from Ajax chemicals (Sydney, Australia), while methanol, hexane and acetonitrile 

were obtained from Mallinckrodt chemicals (NJ, USA).  

Pentafluorobenzylbromide (PFBBr), N,N-diisopropylethylamine (DIPEA), 

isooctane, human haemoglobin (Hb), potassium hydroxide and Drabkins reagent 

were obtained from Sigma (NSW, Australia).  96 well plates for enzyme linked 

immunosorbent assay (ELISA), Tetramethylbenzidine (TMB) and hydrogen 

peroxide (H2O2) were purchased from BD PharMingen (CA, USA).  Hanks 

balanced salt solution (HBSS) was purchased from Invitrogen (Victoria, 

Australia).  Bond Elute Certify II columns and 8-iso-PGF2α-d4 were obtained from 

Varian Inc (CA, USA) and Caymen chemicals (MI, USA), respectively.  Internal 

standard d9-α-CEHC was a gift from Dr Joy Swanson (Cornell University, NY). 
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3.2.3. Measurement of serum tocopherol and urinary vitamin E 

metabolites 

Serum tocopherol was measured by RP-HPLC as described in section 

2.2.6., using tocol as internal standard.  Vitamin E metabolites were extracted 

using the method of Galli et al [178] with some modifications.  5nmol of internal 

standard d9-α-CEHC in ethanol was added to 1mL of freshly thawed urine 

followed by 1mL of 0.33M potassium phosphate buffer (pH 7.4) containing 350 

units of E. coli β-glucuronidase (Type IX-A).  The urine was incubated for 3.5h at 

37°C in the dark and acidified with 0.25mL of 6M hydrochloric acid before the 

metabolites were extracted with 8mL of hexane / TBME (4:1 v/v).  Urine extracts 

were dried under N2 and silylated with 50μL of BSTFA + 1% TMCS and heated 

at 60°C for one hour.  Samples were injected directly onto GC-MS for analysis.  

The same GC-MS parameters as reported in section 2.2.8 were used, except a 

different column was used: DB-5MS (25m x 0.2mm (i.d); 0.33μm film thickness).  

The SIM mode was used to monitor the molecular ion and one major fragment ion 

(as a qualifiying ion) of each metabolite as follows: d9-α-CEHC, m/z 431, 246; α-

CEHC, m/z 422, 237; γ-CEHC, m/z 408, 223; and δ-CEHC, m/z 394, 209 [212].  

Concentration of vitamin E metabolites were determined by comparing peak area 

to d9-α-CEHC as internal standard and adjusted for the appropriate response 

factor except for α-CEHC (expected to have identical response as d9-α-CEHC).  

Authentic standard was un-available for δ-CEHC so it was assumed to have a 

similar response factor to γ-CEHC.  The intra and inter-assay CV for all 

metabolites were < 10%. 
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3.2.4. F2-isoprostanes analysis by GC-MS 

Plasma and 24 hour urinary F2-isoprostanes were measured by GC-MS 

with minor modifications [213].  Plasma samples were protected from oxidation 

by collection into tubes containing BHT (200μg/mL) and kept frozen at -80°C 

until analysis, whereas urine samples were kept at -80°C without preservatives.  

Samples were thawed, and 5ng 8-iso-PGF2α-d4 (internal standard) was added to 

250μL of samples.  Esterified isoprostanes in plasma samples were hydrolysed by 

adding an equal volume of 1M potassium hydroxide and kept under N2 for 30min 

at 40°C.  The pH of both plasma and urine samples were adjusted to 4.6 using 

0.1M sodium acetate buffer before the isoprostanes were extracted using Bond 

Elute Certify II columns.  Samples were loaded onto Certify II columns which 

have been pre-conditioned with 2mL each of methanol and sodium acetate buffer 

(pH=7, contain 5% methanol).  The columns were subsequently washed with 2mL 

methanol/H2O (1:1, v/v) followed by 2mL ethyl acetate/hexane (25:75, v/v), 

before the samples were eluted with 2mL ethyl acetate:methanol(9:1, v/v).  

Samples were dried under vacuum before addition of a mixture of PFBBr (40μL, 

10% v/v in acetonitrile) and DIPEA (20μL, 10% v/v in acetonitrile) and incubated 

for 30min at room temperature to give the F2-isoprostane pentafluorobenzyl 

esters.  Samples were thoroughly dried under N2 and 30μL BSTFA + 1% TMCS: 

pyridine (2:1, v/v) added prior to incubation at 45°C for 20min to yield the 

trimethylsilylethers [213].  The samples were dried under N2, reconstituted in 

30μL of iso-octane before directly injected into GC-MS for analysis. 

Derivatised samples were analysed on an Agilent 5973 GC-MS.  Samples 

were injected on an HP-5MS (crosslinked 5% diphenyl and 95% 
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dimethylpolysiloxane) column (30m x 0.25 mm; 0.25-μm film thickness, Hewlett-

Packard) in the splitless injection mode.  The heating gradient was as follows: 

initial temperature of 160°C held for 1min, and an increase at a rate of 20°C / min 

to 300°C with a final hold at 300°C for 17min.  Helium was used as the carrier gas 

at a flow rate of 0.68ml/min.  The mass spectrophotometer was operated in the 

electron capture negative ionization (ECNI) mode using methane as the reagent 

gas, at an ion source pressure of 1.8torr.  Data was collected between 10 and 13 

minutes of each run in the SIM mode.  The F2-isoprostanes were detected at m/z 

569 (correspond to the loss of the pentafluorobenzyl radical from the intact F2-

isoprostane anion) and quantitated by comparing their peak area to that of m/z 573 

for the deuterium labelled internal standard 8-iso-PGF2α-d4 [213].  The within and 

between assay reproducibility were <10% for both urinary and plasma F2-

isoprostanes. 

3.2.5. Erythrocyte antioxidant enzyme activities 

To isolate erythrocytes, fasting venous blood was collected into 

ethylenediaminetetraacetic acid (EDTA) tubes and centrifuged at 2500 x g for 

10min at 4 °C.  After removal of plasma and the buffy coat layer, erythrocytes 

were washed once with HBSS and stored at -80°C.  On the day of analysis, 

erythrocytes were thawed and lysed by mixing thoroughly with 4 x volume of ice 

cold de-ionised H2O.  The lysates were centrifuged at 5000 x g for 30min at 4°C 

and the supernatant was used for measuring Hb concentration with Drabkins 

reagent [214] as well as superoxide dismutase (SOD; EC 1.15.1.1) and glutathione 

peroxidase (GPx; EC 1.11.1.9) activity by commercially available kits (Cayman 

Chemical, Michigan U.S.A.) according to manufacturer instructions.   
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Drabkins reagent is an alkaline solution containing potassium ferricyanide 

and potassium cyanide.  It converts Hb to cyanmethemoglobin which can be 

measured by its maximum absorbance at 540nm.  Sample Hb concentration was 

determined by converting to cyanmethemoglobin and compared to a standard 

curve constructed from human Hb.  

The SOD assay kit utilizes a tetrazolium salt which absorbs light at 540nm 

when it reacts with superoxide radicals.  A xanthine oxidase and hypoxanthine 

system was used to generate the superoxide anions.  The presence of SOD in the 

samples dismutates the superoxide anions generated and therefore reduces the 

measured absorbance.  Activity of SOD in the samples was compared to a 

standard curve constructed using pure bovine erythrocyte SOD, and one unit of 

SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of 

the superoxide radical.  The GPx assay kit measures GPx activity indirectly by a 

coupled reaction with glutathione reductase (GR).  Oxidised glutathione (GSSG), 

produced by reduction of hydroperoxide (R-O-O-H) by GPx in the samples, is 

recycled to its reduced state by GR and reduced nicotinamide adenine 

dinucleotide phosphate (NADPH): 

R-O-O-H + 2GSH                                      R-O-H + GSSG + H2O GPx 

GSSG + NADPH + H+                                     2GSH + NADP+GR 

The decrease in absorbance at 340nm due to oxidation of NADPH to 

NADP+ is monitored.  The rate of decrease in the A340 is therefore proportional to 

the GPx activity in the sample.  One unit of GPx activity is defined as the amount 

of enzyme which causes the oxidation of 1nmol of NADPH to NADP+ per min at 

25°C.  Erythrocyte antioxidant enzyme activities are expressed as unit/mg Hb.  
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The intra and inter-assay CV was 11.9% and 13.7% for the SOD assay, whereas 

the GPx assay had intra and inter assay CV of 4.2% and 6.3%.   

3.2.6. Plasma inflammation markers  

Fasting blood was collected into EDTA tubes and plasma separated by 

centrifugation at 2500 x g for 10minutes at 4°C.  Plasma was frozen at -80°C until 

analysis for the inflammatory markers Hs-CRP, TNF-α, IL-6 and MCP-1.  Hs-

CRP, TNF-α and IL-6 were measured at the Core Clinical Laboratory at Royal 

Perth Hospital.  Hs-CRP was assayed using the particle enhanced 

immunonephelometry system on the Dade Behring BNII analyser (Dade Behring 

Marburg, Gmbh, Germany).  TNF-α and IL-6 were assayed with high sensitivity 

enzyme-linked immunosorbent assays (HS-ELISA, R&D Systems, Minneapolis, 

MN).  MCP-1 was measured using the human MCP-1 OptEIA kit (BD 

PharMingen, San Diego. CA) according to manufacturer instructions.  Briefly, 96 

well ELISA plates were coated with anti-human MCP-1 monoclonal antibody 

overnight at 4°C, in 0.1M sodium carbonate buffer (pH 9.5).  The plates were 

washed 3x with wash buffer, which was PBS, pH 7.4, containing 0.05% Tween-

20.  Appropriately diluted recombinant human MCP-1 (used to construct a 

standard curve) and samples were added to the wells in duplicates.  Samples were 

diluted with dilution buffer (PBS, pH 7 with 10% HIFCS).  This was incubated 

for 2 hours at room temperature before the plates were washed 5x with wash 

buffer.  A working detector (Biotinylated anti-human MCP-1 monoclonal 

antibody and streptavidin-horseradish peroxidase conjugate) was added and 

incubated at room temperature for 1 hour.  The plates were washed 7x with wash 

buffer before addition of substrate solution (TMB and H2O2).  Plates were 
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incubated for 30min in the dark and colour development stopped with 1M 

sulphuric acid and the Ab450nm read with a SpectraMax® 190 spectrophotometer 

(Molecular Devices, CA, USA).  Sample MCP-1 concentration was determined 

by comparing to the standard curve.  The lowest detectable concentrations for the 

inflammatory markers were 0.15mg/L for Hs-CRP, 0.15pg/mL for IL-6, 0.5pg/mL 

for TNF-α and 30pg/ml for MCP-1, respectively.  The inter-assay coefficient of 

variation (CV) was 12% for MCP-1 and less than 8% for Hs-CRP, IL-6 and TNF-

α. 

3.2.7. Other biochemical measurements 

Fasting plasma glucose, glycated haemoglobin (HbA1c), lipids and full 

blood picture were analysed at the Core Clinical Laboratory at Royal Perth 

Hospital by routine methods. 

3.2.8. Statistical Analysis 

All analyses used the SPSS (version 11.5).  Non-parametric data were log 

transformed and results are presented as mean ± SEM or geometric mean (95% 

CI) for log-normalised data.  Baseline clinical and laboratory variables were 

compared between randomised groups using either ANOVA for means or a χ2 test 

for proportions.  Within group changes in cellular tocopherol content and urinary 

metabolites were analysed by paired samples t-test.  Treatment effects compared 

to the placebo group were determined by general linear modelling, adjusting for 

baseline values and potential confounders.  We accepted statistical significance at 

P< 0.025 to adjust for multiple testing. 
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3.3 Results 

3.3.1. Subject Characteristics 

Of the 58 subjects who took part, 55 completed the study (three 

withdrawing due to changes in medication).  Baseline clinical details on the study 

subjects are shown in Table 3.1.  The groups were well matched except the mixed 

tocopherol group was younger than the α-tocopherol supplemented group 

(students t-test, P= 0.009), but neither group was significantly different to the 

placebo group.  The groups did not differ in the proportion of subjects who were 

taking oral hypoglycemics (58%), anti-hypertensive treatment (51%), lipid 

lowering drugs (53%) and aspirin (38%).  We were careful to ensure that the 

subject’s medication status remained unchanged throughout the study.  Mean 

compliance by tablet count was 97% and was not significantly different between 

treatment groups.  BMI, fasting plasma glucose, HbA1c, lipids, total leukocyte 

count were not affected by tocopherol treatments (results not shown). 

3.3.2. Serum tocopherol enrichment 

Serum tocopherol concentration pre- and post-6 weeks of supplementation 

are shown in Figure 3.1.  Result for δT is not included as it was below the limit of 

detection in the majority of the subjects at baseline, and increased significantly in 

the mixed tocopherol group to ∼10% of γT, but remained mostly undetectable in 

the other two groups.  At baseline, serum αT was approximately 15 x that of γT 

and there was no difference between the groups for α, γ and total tocopherols as 

analysed by ANOVA.  Compared to the placebo group, mixed tocopherol 

supplementation lead to a ∼4.5 fold increase in γT (P < 0.001) and 30% increase 
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in αT (P = 0.009).  However, αT was still the dominant form of tocopherol 

present (ratio of αT to γT, 4.3:1, Figure 3.1).  In the αT supplemented group, 

there was a 2.3 fold increase in αT (P < 0.001) compared to the placebo group.  

αT supplementation also caused a decrease in γT compared to baseline (∼40% 

decrease, P < 0.001, Figure 3.1).  Both αT and mixed tocopherol supplementation 

lead to significant net increases in total tocopherol concentration in serum post 

supplementation (P < 0.001, Figure 3.1C).  All of the above analyses were also 

carried out using lipid normalised tocopherol values (tocopherol / (total serum 

cholesterol + triglycerides)) and this did not alter any of the results. 

Table 3.1.  
Baseline subject characteristics. 
 αT group 

(n = 18) 

Mixed tocopherol 

group 

(n = 19) 

Placebo group 

(n = 18) 

Pa

Age (years) 64 ± 7 58 ± 4 62 ± 7 0.025 

Gender (Male/Female) 13/5 12/7 16/2 0.192 

Body mass index (kg/m2) 29.2 ± 2.0 27.7 ± 2.8 27.6 ± 4.3 0.250 

Fasting plasma glucose (mmol/L) 6.7 ± 2.4 7.5 ± 3.0 7.5 ± 2.6 0.617 

HbA1c (%) 6.4 ± 1.1 6.6 ± 1.2 6.7 ± 1.1 0.706 

Cholesterol (mmol/L) 

Total 

LDL 

HDL 

 

4.71 ± 0.23 

2.67 ± 0.17 

1.27 ± 0.08 

 

4.70 ± 0.25 

2.64 ± 0.23 

1.36 ± 0.07 

 

4.62 ± 0.16 

2.63 ± 0.18 

1.35 ± 0.11 

 

0.947 

0.988 

0.694 

Total triglycerides (mmol/L) 1.70 ± 0.16 1.51 ± 0.16 1.38 ± 0.18 0.412 

Total leukocyte count (x109/L) 6.23 ± 0.35 6.51 ± 0.35 6.73 ± 0.31 0.568 

Values are mean ± SEM for continuous variables. 
aGroup differences for continuous variables evaluated by ANOVA; categorical variables 
by χ2 test. 
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Figure 3.1.  

Serum tocopherol concentration pre- and post-supplementation (A) α- (B) γ- and 
(C) total tocopherol pre- and post-supplementation with αT (black bars), mixed 
tocopherols (hatched bars) or placebo (white bars).  Results are presented as ± 
SEM of each group.  aP < 0.001 and bP =0.009 compared to the placebo group and 
adjusting for baseline values.  cP < 0.001 compared to pre-intervention. 
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3.3.3. Urinary vitamin E metabolite excretion 

We identified all three major urinary vitamin E metabolites α-, γ-, and δ-

CEHC.  γ-CEHC was identified based on comparison of its retention time and 

fragmentation pattern to the authentic standard (section 2.3.2. and Figure 3.2.).  

On the other hand, δ- and α-CEHC were identified based on their corresponding  

molecular ion (Figure 3.3.) and fragmentation pattern [212,215].  α-CEHC also 

had very similar retention time to the internal standard d9-α-CEHC as expected 

(Figure 3.2.).  The excretion of vitamin E metabolites pre- and post-

supplementation is shown in table 3.2.  γ-CEHC was the predominant metabolite 

at baseline.  Mixed tocopherol supplementation lead to significantly increased 

excretion of all three vitamin E metabolites (P-value all < 0.001).  αT 

supplementation on the other hand increased both α-CEHC (P < 0.001) and γ-

CEHC (P = 0.01) excretion. 

Table 3.2.  
Urinary excretion of vitamin E metabolites α-, γ- and δ-CEHC before and 
after supplementation. 

                Treatment group 

 αT group 

(n = 18) 

Mixed tocopherol group 

(n = 19) 

Placebo group 

(n = 18) 

 Before After Before After Before After 

 μmol/mmol creatinine μmol/mmol creatinine μmol/mmol creatinine 

α-CEHC 0.21 ± 0.04 7.84 ± 0.04a 0.22 ± 0.03 1.29 ± 0.21a 0.19 ± 0.06 0.17 ± 0.03 

γ-CEHC 0.65 ± 0.09 0.88 ± 0.11b 0.63 ± 0.07 10.46 ± 1.61a 0.51 ± 0.08 0.52 ± 0.06 

δ-CEHC 0.07 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 3.49 ± 0.48a 0.06 ± 0.01 0.06 ± 0.01 

All values are mean ± SEM  
aP < 0.001 and bP = 0.01 baseline adjusted post-intervention differences compared to the 
placebo group as analysed by general linear models. 
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Figure 3.2.  
Total ion chromatogram for GC-MS (EI, scan mode) of vitamin E metabolites. 
(A) Silylated extract of β-glucuronidase-treated urine samples which have been 
spiked with the internal standard d9-α-CEHC as described in the methods section.  
The peaks at 7.54min and 8.16min were identified as γ-CEHC and d9-α-CEHC, 
respectively, based on comparison to directly derivatised authentic standards 
shown in (B).  The peaks at 7.10min and 8.20min were identified as δ-CEHC and 
α-CEHC based on their molecular ion (Figure 3.3.) and comparison of 
fragmentation pattern to the literature.
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Figure 3.3.  

Mass spectra of the 7.10min, 7.54min, 8.16min and 8.20min peaks of the 
chromatogram shown in Figure 3.2.(A).  The m/z of 394, 408, 422 and 431 
correspond to the molecular ion of the disilyl forms of δ-, γ-, α- and d9-α-CEHC, 
respectively.  
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3.3.4. Markers of oxidative stress and inflammation  

At baseline, there were no significant differences between groups for 

plasma and urinary isoprostanes, as well as erythrocyte antioxidant enzyme 

activities analysed by ANOVA.  Treatment with either αT or mixed tocopherols 

significantly reduced plasma F2-isoprostanes compared to the placebo group (P < 

0.001 and P = 0.001, respectively, Table 3.3).  Neither treatment affected urinary 

F2-isoprostane concentrations.  There was also no significant change in 

erythrocyte SOD and GPx activity by αT and mixed tocopherol supplementation 

(Table 3.3).  Neither αT nor mixed tocopherol supplement affected plasma Hs-

CRP, IL-6, TNF-α, and MCP-1 concentrations (Table 3.4).  Adjustment for age 

did not change these results. 
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Table 3.3.  
Effect of treatment on F2-isoprostanes and antioxidant enzyme activities. 

  Treatment  

 αT group Mixed tocopherol group Placebo group 

Plasma F2-isoprostanesa

(pmol/L) 

   

   Baseline 

   Post-intervention 

1694 (1337-2145) 

1306 (1040-1640)c

1467 (1109-1940) 

1262 (952-1673)d

1439 (1113-1859) 

1572 (1221-2023) 

Urinary F2-isoprostanesa

(pmol/mmol creatinineb) 

   

   Baseline 

   Post-intervention 

227 (133-386) 

171 (107-272) 

201 (135-301) 

232 (146-369) 

160 (115-224) 

160 (111-231) 

Erythrocyte SOD activity 

(units/mg haemoglobin) 

   

   Baseline 

   Post-intervention 

8.59 ± 0.35 

9.60 ± 0.44 

8.80 ± 0.27 

9.63 ± 0.39 

8.48 ± 0.37 

9.20 ± 0.44 

Erythrocyte GPx activity 

(units/mg haemoglobin) 

   

   Baseline 

   Post-intervention 

9.26 ± 0.65 

9.02 ± 0.54 

8.71 ± 0.41 

8.83 ± 0.36 

9.95 ± 0.50 

8.97 ± 0.61 

Data are presented as mean ±  SEM or aGeometric mean (95% confidence interval). 
bUrinary F2-isoprostane values are expressed normalised to creatinine excretion. 
There were no significant baseline differences for any of the variables between groups by 
ANOVA. 
Significant P-values presented are baseline adjusted post-intervention differences 
compared to the placebo group analysed using general linear models: cP < 0.001, dP = 
0.001. 
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Table 3.4.  
Effect of treatment on plasma inflammatory markers. 
  Treatment  

 αT group Mixed tocopherol group Placebo group 

Plasma Hs-CRPa

(mg/L) 

   

   Baseline 

   Post-intervention 

1.64 (0.95-2.82) 

1.66 (0.93-2.96) 

1.60 (1.11-2.31) 

1.39 (0.99-1.97) 

1.40 (0.67-2.93) 

1.20 (0.59-2.42) 

Plasma IL-6a

(pg/mL) 

   

   Baseline 

   Post-intervention 

1.98 (1.55-2.52) 

1.65 (1.25-2.20) 

1.31 (1.05-1.62) 

1.36 (1.06-1.74) 

1.60 (1.15-2.23) 

1.75 (1.32-2.32) 

Plasma TNF-α 

(pg/mL) 

   

   Baseline 

   Post-intervention 

1.13 ± 0.06 

1.16 ± 0.06 

0.94 ± 0.05 

0.96 ± 0.05 

1.07 ± 0.08 

1.10 ± 0.06 

Plasma MCP-1 

(pg/mL) 

   

   Baseline 

   Post-intervention 

98.2 ± 6.7 

90.2 ± 6.1 

83.1 ± 4.9 

85.2 ± 4.0 

88.8 ± 7.0 

95.3 ± 6.7 

Data are presented as mean ±  SEM or aGeometric mean (95% confidence interval). 
There were no significant baseline differences for any of the variables between groups by 
ANOVA. 
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3.4. Discussion 

3.4.1. Tocopherol bioavailability and metabolism 

There have been relatively few studies that have investigated changes to 

serum tocopherol concentration following supplementation with tocopherol 

isomers other than αT.  We found that the mixed tocopherol supplementation 

effectively increased serum concentrations of α-, γ- and δT, which is in agreement 

with a previous study in healthy volunteers [164].  Our study is also consistent 

with previous reports which observed a decrease in serum γT concentration 

following pure αT supplementation [144,145].  The possible biological 

consequences of reduction in γT following αT supplementation is currently 

unknown, but it deserves further investigation as epidemiological studies have 

shown an association between low γT  levels and increased atherosclerosis risk 

(section 1.5.1).   

It was interesting to observe that although the subjects were supplemented 

with the same dose (by weight) of αT and mixed tocopherols, αT resulted in 

higher post-supplementation total serum tocopherol (Figure 3.1C).  αT 

supplementation therefore seems to have higher bioavailability than the γT 

enriched tocopherols.  This is at least partly explained by the higher rate of 

metabolism of γT to γ-CEHC.  As shown in Table 3.2., the creatinine corrected 

level of γ-CEHC in the mixed tocopherol supplemented group was higher than the 

level of α-CEHC in the αT supplemented group, despite the higher dose of αT 

given (500mg αT compared to 315mg γT).  This is consistent with literature 

suggesting that γT seems to be more actively metabolised [75], possibly due to 

higher catalytic activity of CYP4F2 towards γT [79], or protection of αT from 
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degradation by the αTTP [83].  The role of αTTP is supported by the observation 

that in the αT supplemented group the level of γ-CEHC increased significantly 

post supplementation (Table 3.2).  The presence of increased amounts of αT may 

have displaced γT binding to αTTP and increased its availability for metabolism, 

since αTTP has ∼10x higher affinity towards αT[68].  However, we can not rule 

out that αT supplementation may have caused an up-regulation in CYP enzyme 

activity in the liver leading to increased degradation of γT.  The ability of αT to 

affect CYP enzyme expression has been demonstrated in animals studies [90,216], 

and liver αT levels have been shown to correlate with both CYP expression and γ-

CEHC concentration in αTTP deficient mice [216]. 

3.4.2. Tocopherol supplementation and markers of oxidative stress 

Our study is in agreement with previous reports that showed αT 

supplementation reduced F2-isoprostanes in subjects with type 2 diabetes 

[127,129].  However, while we observed a decrease in plasma F2-isoprostanes, 

urinary F2-isoprostanes were not affected.  Previous studies have shown a lack of 

correlation between plasma and urinary F2- isoprostanes in subjects with type 2 

diabetes and also smokers [52,217,218].  The exact reason for this is unknown, 

but it has been suggested that urinary F2-isoprostanes may partly be derived from 

local production in the kidney [218]. Therefore while data concerning urinary F2-

isoprostanes as a marker of systemic oxidative stress should be interpreted with 

caution, circulating levels of F2-isoprostanes are likely to be a better reflection of 

oxidant stress in vivo [218]. 

The current observation that mixed tocopherol supplementation had a 

similar effect to αT in reducing oxidative stress is a novel finding.  This is despite 
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the slightly lower bioavailability of the mixed tocopherol compared to the αT 

supplementation (section 3.4.1).  Apart from their potential to function as chain 

breaking antioxidants, tocopherols may reduce oxidative stress through their 

ability to modulate cell-signalling pathways such as inhibition of protein kinase C 

(PKC) [219].  While most studies have focused on αT, there have been some 

reports which indicated that other tocopherol isomers could also inhibit PKC 

activation [220], and that supplementation with mixtures of tocopherols is equally 

as effective as αT alone [164].  Using erythrocyte SOD and GPx activity as 

markers, we also showed that there was no perturbation of two of the major 

endogenous antioxidant defence systems.  Further studies are needed to 

investigate the potential mechanisms via which different tocopherol isomers 

reduce oxidative stress in subjects with type 2 diabetes and how this could be 

optimised. 

3.4.3. Tocopherol supplementation and markers of systemic inflammation 

Studies in subjects with type 2 diabetes have shown αT supplementation 

reduced CRP [221,222], although the exact mechanism is unknown.  This is in 

contrast to our findings.  The level of post-supplementation serum tocopherol 

concentrations in our volunteers are comparable to these previous studies 

[221,222].  For example, in the study by Upritchard et al [222], the group 

supplemented with αT had mean serum αT concentration of ∼56μM (γT 

concentration was not reported) compared to total serum tocopherol concentration 

of 79μM and 52μM in our αT and mixed tocopherol supplemented groups, 

respectively.  It is therefore unlikely that the lack of impact of αT and mixed 

tocopherol supplementation on inflammatory markers is due to low 
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bioavailability.  Instead, the difference in results could be explained by the 

populations being studied.  Baseline values of CRP in our subjects were much 

lower than that reported for the previous studies [221,222], indicating that our 

subjects had very low levels of systemic inflammation.  Baseline HbA1c suggests 

that our subjects had well controlled diabetes.  This may have contributed to the 

low levels of systemic inflammation in our subjects, as previous studies have 

shown that improved glycemic management in type 2 diabetes could reduce CRP 

[25]. Additionally, unlike the previous studies [221,222], we did not exclude 

patients taking statin medication.  We believe this allowed a clinically realistic 

approach to investigate if supplementation with different preparations of vitamin 

E has anti-inflammatory activities in addition to the patients existing therapy.  

Apart from their ability to reduce cholesterol synthesis, statins have been 

suggested to have anti-inflammatory effects [24,223].  This may have contributed 

further to the low level of systemic inflammation in our subjects.  Levels of 

inflammatory markers in our subjects were in fact comparable to a previous study 

by Bruunsgaard et al, in healthy men with minor hypercholesterolemia [224].  

These investigators also reported a lack of any effect on these cytokines following 

a combined αT and ascorbic acid supplementation [224]. 

3.4.4. Conclusions 

The ability of both pure αT and mixed tocopherol supplementation to 

reduce systemic lipid peroxidation in patients with type 2 diabetes, suggests 

potential benefits of vitamin E supplementation in this population.  However, 

despite decreasing oxidative stress, our results also suggests that in populations 

with well controlled type 2 diabetes, supplementation with either αT, or mixed 
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tocopherol supplementation rich in γT, is unlikely to confer further benefits in 

reducing inflammation.  Treatment of subjects with type 2 diabetes should 

emphasize on pharmacological and lifestyle interventions to reach optimum 

glycemic and lipid control.   
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Chapter 4: Human study -  Effects of α-tocopherol 

and mixed tocopherol supplementation on 

eicosanoid biosynthesis in type 2 diabetes. 

4.1. Introduction 

Eicosanoids are important lipid mediators derived from the poly-

unsaturated fatty acid (PUFA), arachidonic acid [225].  Two of the known major 

classes of eicosanoids are the leukotrienes and the prostanoids [226] (Figure 4.1.).  

These eicosanoids have diverse physiological functions, including important roles 

in the cardiovascular system [227]. 

The prostaglandins (PGs), prostacyclin (PGI2) and thromboxanes (TXs) 

are collectively called the prostanoids and are formed via the COX pathway of 

arachidonic acid metabolism [226] (Figure 4.1).  There are two major isoforms of 

COX, COX-1 and COX-2.  COX-1 is expressed constitutively in most tissues and 

is traditionally considered to be involved in ‘house-keeping’ functions, such as 

protection of gastrointestinal integrity [228].  The COX-2 isoform on the other 

hand, is undetectable in most tissues, but can be induced by stimuli such as 

lipopolysaccharide (LPS) and inflammatory cytokines [229].  COX-2 has been 

suggested to be the isoform responsible for producing pro-inflammatory 

eicosanoids during inflammation [227].  COX-2 levels are elevated in human 

atherosclerotic lesions [230].  In addition, COX-2 dependent over-expression of 

PGE2 has been associated with plaque instability, possibly via up-regulation of 

MMPs [169].  However, the effect of COX-2 inhibition on atherosclerotic lesion 
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progression is currently unknown, with studies in animal models showing 

inconsistent results [226]. 

Recent studies have shown that 5-lipoxygenase (5-LO) and the leukotriene 

arm of AA metabolism (Figure 4.1), maybe an important contributor to 

atherosclerosis.  5-LO mRNA and protein is abundantly expressed in 

atherosclerotic lesions and increased with lesion severity [231].  This may 

contribute to the inflammatory cascade because 5-LO products such as LTB4 have 

potent chemotactic properties, as well as the ability to up-regulate production of 

other pro-inflammatory cytokines [232].  The key role of LTB4 has been 

highlighted in animal studies, where the treatment of apolipoprotein E and low-

density lipoprotein receptor deficient mice with LTB4 receptor antagonists 

significantly retarded lesion progression [233].  The atherogenic effect of 5-LO in 

humans is supported by the observation that homozygous carriers of variant 5-LO 

promoter alleles had increased intima-media thickness, a validated marker of 

atherosclerosis [234].  In that study, it was also found that dietary intake of certain 

n-3 fatty acids significantly counteracted the genotypic effect, suggesting that 

dietary nutrients may protect against atherosclerosis via effects on the 5-LO 

cascade [234]. 

Tocopherols have been shown in previous studies to alter eicosanoid 

biosynthesis [104,235].  Recent work in cultured cells as well as animal 

inflammatory models by Ames and colleagues [167,168], pointed to the potential 

of γT to inhibit production of PGE2 and LTB4 more significantly than αT (section 

1.5.3.).  To the best of our knowledge, there have been no previous studies in 

humans comparing the effect of supplementation with different tocopherol 

isomers on eicosanoid biosynthesis.  In the current study, subjects with type 2 
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diabetes were supplemented with pure αT, or γT enriched mixed tocopherols for 6 

weeks in a randomised, placebo controlled study.  We used ex vivo models of 

stimulated whole blood and isolated neutrophils, to assess the effects of 

tocopherol supplementation on the COX-2 and 5-LO pathways, respectively.  

COX-2 has also been suggested as a major source of systemic PGI2 biosynthesis 

in humans [228].  Therefore, urinary excretion of the PGI2 metabolites, PGI-M, 

was also measured as an additional in vivo marker of tocopherol influence on 

COX-2 activity.    Finally, we measured levels of MPO in neutrophils, a novel 

inflammatory marker in atherosclerosis [236], which may also play an important 

role in oxidative modification of lipoproteins [189,190]. 
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Figure 4.1.  
Molecular pathways for formation of Leukotrienes and Prostanoids, adapted from 
[226].  Eicosanoid biosynthesis is initiated by release of arachidonic acid from 
membrane phospholipids.  The cyclooxygenases are one of the key enzymes 
responsible for prostanoid synthesis by catalysing the conversion of arachidonic 
acid to prostaglandin H2 (PGH2).  PGH2 is the substrate used by various 
downstream synthases to produce the different types of prostanoids.  5-
lipoxygenase converts arachidonic acid to the unstable intermediate leukotriene 
A4 (LTA4), which can then be metabolised by LTA4 hydrolase or LTC4 synthase, 
to become LTB4 or the cysteinyl leukotrienes, respectively [237]. 
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4.2. Methods 

4.2.1. Subjects and Study design 

This was part of the human tocopherol supplementation study and the 

subjects and study design are outlined in section 3.2.1.  All volunteers provided 

fasting blood samples for cell isolation and stimulation at baseline and following 6 

weeks of intervention.  The volunteers also provided a 24-hour urine collection 

for the analysis of PGI-M. 

4.2.2. Materials 

All solvents used were of HPLC grade.  Formic acid was purchased from 

Ajax chemicals (Sydney, Australia). Calcium ionophore A23187, 

hexadecyltrimethylammonium bromide, guaiacol, LPS (serotype 0111:B4), 

aspirin, ammonium chloride, EDTA, diethylenetriamine penta-acetic acid 

(DTPA), H2O2 and trypan blue were obtained from Sigma (NSW, Australia).  

CD14 microbeads, MS columns and the OctoMACS separator were purchased 

from Miltenyi Biotec (CA, USA).  Prostaglandin B2 (PGB2), LTB4, 20-hydroxy-

LTB4 (20-OH-LTB4) and 20-carboxy-LTB4 (20-COOH-LTB4) were purchased 

from Cayman chemicals (MI, USA), while Ficoll-Paque and dextran were from 

GE Healthcare Bio-Sciences (NJ, USA).  Energy coupled dye (ECD)-conjugated 

anti-CD45 (clone J.33) and fluorescein isothiocyanate (FITC)-conjugated anti-

CD14 (clone 322A-1) for flow cytometry were obtained from Beckman Coulter 

(CA, USA).   
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4.2.3. Monocyte and neutrophil isolation 

Peripheral blood mononuclear cells (PBMC) were isolated from venous 

blood collected into citrated tubes using a modification of the method of Boyum 

[238].  Blood was diluted 1:1 with RPMI medium and layered 2:1 onto Ficoll-

Paque.  This was centrifuged at 400 x g for 30min at room temperature.  The 

PBMC at the inter-phase layer was removed and washed once with HBSS.  

CD14+ monocytes were subsequently isolated using a magnetic activated cell 

sorting system (Miltenyi Biotec, CA, USA). 

Briefly, PBMC were spun down (300 x g, 5min at 4°C) and resuspended 

in MACS buffer (PBS with 0.5% BSA, 2mM EDTA, pH 7.2) at 107 cells / 80μL.  

Microbeads coated with CD14 antibody were added to the cells (20μL / 107 cells), 

thoroughly mixed and incubated for 15min at 4°C.  Cells were washed with 

MACS buffer (2mL / 107 cells), spun down (300 x g, 5min at 4°C) and re-

suspended in 500μL MACS buffer.  The cells were passed through MS columns 

mounted on an OctoMACS separator to allow positive selection of CD14+ cells.  

After washing the columns with 3 x 500μL MACS buffer to remove unlabelled 

cells, the column was removed from the magnetic separator and the remaining 

cells eluted with 1mL MACS buffer.  Purity of the isolated cells was determined 

by flow cytometry.  Briefly, cells were washed and resuspended in PBS (with 1% 

BSA).  Cells were then simultaneously stained with ECD-conjugated anti-CD45 

and FITC-conjugated anti-CD14.  Positive and negative populations were 

identified on 15 samples and differentiated by isotype controls conjugated to 

FITC.  All samples were analysed on a CoulterR EPICSR XL-MCL Flow 

Cytometer.  Monocytes and lymphocyte populations were separated by their 
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CD45 and side scatter characteristics.  CD14+ monocytes were gated using the 

isotype matched controls as reference.  A total of 50000 leukocytes identified by 

their CD45 and side-scatter characteristics were collected for each sample.  

CD14+ monocytes constituted ≥ 95% of the isolated cell population.   

The method of Boyum was also used for the initial separation of 

neutrophils [238].  Briefly, neutrophils were isolated from the neutrophil-

erythrocyte pellet from the bottom of the Ficoll-Paque gradient by Dextran 

sedimentation, and removal of contaminant red blood cells by lysis with 0.83% 

ammonium chloride [238].  Typically, the percentage of neutrophils exceeded 

90% (measured by CELLDYNTM Coulter counter) and cell viability was greater 

than 99% (Trypan Blue exclusion).   

All cell separation procedures were carried out in less than 3 hours, at 

room temperature and under sterile conditions.  Isolated cells were washed once 

with HBSS, then either processed immediately for cell stimulation or frozen at -

80°C until determination of cellular tocopherol. 

4.2.4. Measurement of cellular tocopherol 

Monocyte and neutrophil tocopherol content was analysed by RP-HPLC 

according to the method of Kayden et al [239] with minor modifications.  Tocol 

was used as internal standard and added to freshly thawed cells resuspended in 

500μL HBSS, and the cells were disrupted by sonication on ice.  Cell protein was 

quantified by the Bradford method [240] for neutrophils or a modified Lowry 

assay kit (Pierce, Rockford, IL) for monocytes with BSA as standard.  The Lowry 

assay kit was used because greater sensitivity was required for detection of cell 

proteins, as monocytes were isolated in much smaller numbers than neutrophils.  
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Tocopherols were extracted using hexane and analysed by RP-HPLC with 

electrochemical detection (section 2.2.11.).  Neutrophils were isolated from all 

subjects for tocopherol determination.  However, due to time constraints 

monocytes were only isolated from 8, 10 and 8 subjects from the α-, mixed and 

placebo group, respectively.  The intra- and inter-assay coefficient of variation 

(CV) for δ, γ and αT were all less than 15% (n = 5) and tocopherol values were 

expressed as pmol per mg cellular protein. 

4.2.5. Neutrophil LTB4 generation 

To stimulate neutrophil LTB4 synthesis, calcium ionophore A23187 was 

added to freshly isolated cells according to previously published methods [241].  

Cells (4 x 106) were incubated with 2.5μg/mL ionophore for 10 minutes at 37°C 

then immediately centrifuged and the supernatant taken for analysis of LTBB4 and 

its metabolites.  All samples were prepared in duplicate and stored at -80°C until 

analysis by RP-HPLC [242].  The method allows the simultaneous determination 

of LTB4 and its ω-oxidised metabolites using PGB2, as the internal standard.  

Briefly, samples are thawed and PGB2 added (60ng) before the pH was adjusted 

to ≤ 3 with 2M formic acid.  Samples were thoroughly mixed with 2mL ethyl 

acetate by vortexing and then centrifuged at 2500 x g for 10min at 4°C.  1.5mL of 

the top ethyl acetate layer was removed and dried under a stream of N2.  Samples 

were resuspended in sample buffer (H2O:methanol:acetonitrile, 2:1:1, v/v) and 

analysed by RP-HPLC.  The HPLC system consisted of a Hewlett-Packard series 

1050 instrument coupled to a UV detector (Hewlett-Packard, Waldbronn, 

Germany).  LTB4 and its metabolites were separated using an Agilent 

LiChrosphere C18 (125 x 4mm, 5μm) reversed phase column.  Samples were 
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eluted using a gradient system at 1mL/min according to Table 4.1.  The UV 

detector was set at 270nm. 

Table 4.1.  
Gradient elution system used for RP-HPLC analysis of LTB4 and its 
metabolites 

Mobile phase composition (%) Elution Time  

(minutes) Mobile phase A Mobile phase B Mobile phase C 

0 100 0 0 

5 100 0 0 

20 50 50 0 

30 50 50 0 

31 0 0 100 

40 0 0 100 

41 100 0 0 

56 100 0 0 

Mobile phase A, H2O:Methanol:Acetonitrile:CF3COOH (80:40:40:0.1, pH adjusted to 3 
using triethylamine), Mobile phase B, Methanol:Acetonitrile (1:1) and Mobile phase C, 
Methanol. 

LTB4 and its metabolites, 20-OH-LTB4 and 20-COOH-LTBB4 were 

identified by comparing retention time to authentic standards (Figure 4.2.A and 

B).  For quantitation, the peak area ratio of LTB4 and its metabolites to the 

internal standard PGB2 was calculated.  This was compared to a calibration curve 

prepared on the day of analysis by combining a constant amount of PGB2 with 

variable amounts of LTB4 and its metabolites.  Total LTB4 is calculated as the 

sum of LTB4, 20-OH-LTB4 and 20-COOH-LTB4 and expressed per 10  cells.  

Inter-assay CV for total LTB

6

4 was 11% (n = 10). 
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Figure 4.2. 

Chromatogram of RP-HPLC analysis of LTB4 and its metabolites.  (A) 
Chromatogram showing elution of authentic standards 20-COOH-LTB4, 20-OH-
LTB4, PGB2 (internal standard) and LTB4.  (B) Isolated neutrophils were 
stimulated with calcium ionophore, the supernatant extracted and analysed by RP-
HPLC according to section 4.2.5.  LTB4 and its metabolites were identified by 
comparison to the retention time of the standards.  (C) Chromatogram of a control 
sample where solvent vehicle (sterile dimethyl sulphoxide, used to dissolve and 
dilute calcium ionophore) was added to isolated neutrophils and the cell 
supernatant extracted and analysed.  LTB4 and its metabolites were not detected.  
The internal standard PGBB2 was used to help with quantitation of LTB4 and its 
metabolites (section 4.2.5.). 

4.2.6. MPO activity assay 

For functional MPO activity assay, freshly isolated neutrophils were lysed 

with hexadecyltrimethylammonium bromide for 10 minutes at room temperature.  

Cell lysate was stored at -80°C until MPO activity was measured by a peroxidase 

activity assay.  Briefly, thawed cell lysates were assayed in duplicates by addition 

to 20mM phosphate buffer (pH 7) containing 200μM DTPA, 0.34mM H2O2 and 

14.4mM guaiacol, and the formation of guaiacol oxidation product catalysed by 

MPO was monitored at A470 at 25°C (intra- and inter- assay CV of < 5%, n = 6) 
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[243].  An absorption coefficient of 26.6mM-1 cm-1 for the guaiacol oxidation 

product was used to calculate MPO activity, which is defined as the amount of 

enzyme that consumes 1μmol of H2O2 per minute at 25°C.  MPO activity is 

reported normalised per mL of blood, calculated by multiplying MPO activity per 

neutrophil by the absolute neutrophil count [236]. 

 4.2.7. Whole blood COX-2 activity assay 

The impact of tocopherol supplementation on PGE2 synthesis was 

assessed in  LPS stimulated whole blood [244].  Briefly, fasting blood was 

collected into a lithium heparin containing tube to which freshly prepared aspirin 

was added straight away to a final concentration of 10μg/mL to inhibit 

constitutive COX-1 [245].  LPS was then added (final concentration 1μg/mL) to 

induce COX-2 dependent formation of PGE2, and the blood incubated at 37°C for 

24 hours.  Samples were centrifuged 2500 x g for 10minutes at 4°C and plasma 

stored at -80°C until analysis for PGE2 by enzyme immunosorbent assay (EIA). 

4.2.8. Enzyme immunoassay for PGE2 and PGI-M 

The EIA kit for PGE2 determination was obtained from Cayman chemicals 

(Michigan U.S.A) and used according to manufacturer instructions.  Briefly, 

diluted plasma samples are added to 96-well plates which have been pre-coated 

with goat-polyclonal anti-mouse IgG.  A mouse PGE2 monoclonal antibody and 

also a ‘tracer’ (acetylcholinesterase linked to PGE2) are then added and the plates 

incubated at 4°C for 16 hours.  Free PGE2 in the samples competes with the tracer 

to binding with the antibody and subsequent binding to the wells.  Plates are 

washed to remove all unbound reagents and followed by addition of Ellman’s 

reagent.  Plates are incubated at room temperature for 60minutes before 

 114



 

absorbance of each well is read at 412nm on a SpectraMax® 190 

spectrophotometer (Molecular Devices, CA, U.S.A.).  Concentration of sample 

PGE2 was determined by comparison to a standard curve constructed from serially 

diluted authentic PGE2 ran on the same 96 well plate.  The inter-assay CV for 

PGE2 was 14%. 

The EIA kit for PGI-M determination was obtained from Assay Designs 

Inc. (Ann Arbor, U.S.A.) and used according to manufacturer instructions.  The 

kit measures the two major breakdown products of PGI2 in urine, 6-keto-

prostaglandin F1α (6k-PGF1α) and 2,3-dinor-6-keto-prostaglandin F1α (2,3d-6k-

PGF1α).  24-hour urine samples are extracted by the following procedures prior to 

reconstitution in assay buffer for EIA measurements.  2.5mL of 0.1M citric acid-

phosphate buffer (pH 3.5) is added to 100μL urine samples.  The PGI-M were 

extracted using Bond Elute Certify II columns.  Samples were loaded onto Certify 

II columns which have been pre-equilibrated with 2mL each of ethanol and H2O.  

The columns were subsequently washed with 2mL H2O followed by 2mL 

ethanol/H2O (15:85, v/v) and finally 2mL hexane before the samples were eluted 

with 2mL ethyl acetate.  Samples were dried under N2 and reconstituted in 500μ 

of EIA assay buffer.  The principle and procedures of the PGI-M EIA assay is 

similar to that described for PGE2 EIA, except that the tracer consist of alkaline 

phosphatase conjugated with PGI-M and therefore the plates were developed with 

p-nitrophenyl phosphate (p-NPP) and absorbance read at 405nm.  The urinary 

PGI-M extraction procedure allowed ∼90% recovery of PGI-M (n = 3, validated 

by spiking and recovery from control urine samples with 2,3d-6k-PGF1α), and the 

assay had intra- and inter- assay CV of 5.5% and 9.3%, respectively. 
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4.2.9. In vitro tocopherol supplementation and neutrophil LTB4 synthesis 

A set of experiments were also carried out where neutrophils were isolated 

from fasting blood of healthy volunteers (from the School of Medicine and 

Pharmacology, UWA).  Various tocopherol isomers and mixture of tocopherols 

made up in ethanol were added to isolated cells (final concentration of ethanol in 

the cell culture was ≤ 0.1%) at different concentrations for 15min.  The cells were 

then stimulated with calcium ionophore and total LTB4 synthesis measured by 

RP-HPLC (according to section 4.2.5.).  Total LTBB4 synthesised is compared to 

that produced by vehicle (ethanol) treated control cells. 

4.2.10. Statistical Analysis 

All analyses used the SPSS (version 11.5).  Non-parametric data were log 

transformed and results are presented as mean ± SEM or geometric mean (95% 

CI) for log-normalised data.  Baseline laboratory variables were compared 

between randomised groups using ANOVA for means.  Within group changes in 

cellular tocopherol content were analysed by paired samples t-test.  Treatment 

effects compared to the placebo group were determined by general linear 

modelling, adjusting for baseline values and potential confounders.  We accepted 

statistical significance at P< 0.025 to adjust for multiple comparisons. 
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4.3. Results 

4.3.1. Cellular tocopherol enrichment 

At baseline, neutrophils contained predominantly αT followed by γT 

(∼90% and 10% of all tocopherols, respectively, Figure 4.3A, top panel).  δT was 

undetectable in 90% of all of the subjects (detection sensitivity of 5pmol/mg 

protein, data not shown).  Compared to the placebo group, mixed tocopherol 

supplementation lead to a ∼7-fold increase in γT (P < 0.001) and 40% increase in 

αT (P < 0.01), but αT remained the major form of tocopherol present (Figure 

4.3A).  δT also increased significantly post-supplementation to 23.3 ± 

1.9pmol/mg (P< 0.001).  In the αT supplemented group, there was a 2.6-fold 

increase in αT (P< 0.001) compared to the placebo group.  αT supplementation 

also caused a concomitant decrease in γT compared to baseline (∼ 30% decrease, 

P< 0.005, Figure 4.3A, middle panel).  δT remained undetectable in ∼90% of the 

subjects in the αT and placebo group post supplementation (data not shown).  

Both αT and mixed tocopherol supplementation lead to significant net increases 

in total tocopherol concentration in neutrophils post supplementation (P< 0.001, 

Figure 4.3A, bottom panel).  The change in monocyte tocopherol concentration 

post supplementation in each group was qualitatively similar to that seen in 

neutrophils (Figure 4.3B), except that the decrease in γT in the αT supplemented 

group was not statistically significant (P = 0.138, Figure 4.3B, middle panel). 

 117



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

(A)

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

30

60

90

120

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

100

200

300

400

500
a

a

a

a

b

(B)

pm
ol

α
-to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
γ-

to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

Pos
t

Pre
Pos

t
Pre

Pos
t

0

100

200

300

400

500

Pre

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

(A)

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

c

a

a

b

a

a

pm
ol

γ -
to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
α

-to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
Pre

Pos
t

0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

40

80

120

160

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

200

400

600

800

(A)

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

30

60

90

120

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

100

200

300

400

500
a

a

a

a

b

(B)

pm
ol

α
-to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
γ-

to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

Pos
t

Pre
Pos

t
Pre

Pos
t

0

100

200

300

400

500

Pre

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

30

60

90

120

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

30

60

90

120

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

100

200

300

400

500

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
0

100

200

300

400

500
a

a

a

a

b

(B)

pm
ol

α
-to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
γ-

to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

a

a

a

a

b

(B)

pm
ol

α
-to

co
ph

er
ol

 / 
m

g 
ce

ll 
pr

ot
ei

n
pm

ol
γ-

to
co

ph
er

ol
 / 

m
g 

ce
ll 

pr
ot

ei
n

pm
ol

to
ta

l t
oc

op
he

ro
l /

 m
g 

ce
ll 

pr
ot

ei
n

Pos
t

Pre
Pos

t
Pre

Pos
t

0

100

200

300

400

500

Pre Pos
t

Pre
Pos

t
Pre

Pos
t

0

100

200

300

400

500

Pos
t

Pre
Pos

t
Pre

Pos
t

0

100

200

300

400

500

Pos
t

Pre
Pos

t
Pre

Pos
t

0

100

200

300

400

500

Pre

αT

Mixed tocopherol

Placebo

αT

Mixed tocopherol

Placebo

αT

Mixed tocopherol

Placebo

αT

Mixed tocopherol

Placebo

 

 

 

Figure 4.3.   

(A) Neutrophil and (B) monocyte tocopherol content pre- and post-
supplementation. α- (top panels), γ- (middle panels) and total tocopherol (bottom 
panels) pre- and post-6 weeks supplementation with αT (black bars), mixed 
tocopherols (hatched bars) or placebo (white bars).  Results are presented as mean 
± SEM of each group.  aP < 0.001 and bP < 0.02 compared to placebo group and 
adjusting for baseline values.  cP < 0.005 compared to Pre-intervention. 
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4.3.2. Effect of supplementation on eicosanoid synthesis and MPO 

activity 

At baseline, there were no significant differences between groups for any 

of the measured variables as analysed by ANOVA.  Neither αT nor mixed 

tocopherol supplement affected whole blood PGE2 synthesis, urinary PGI-M and 

blood MPO activity (Table 4.2).  Unless stimulated by calcium ionophore, LTB4 

synthesis by neutrophils was undetectable.  Post-supplementation, there was a 

significant decrease in stimulated neutrophil LTB4 synthesis in the mixed 

tocopherol group compared to the placebo group (P = 0.02, Table 4.2).  

Adjustment for age did not change the result.  The decrease in LTB4 synthesis 

with αT supplementation was not significant (P = 0.15). 
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Table 4.2.  
Effect of treatment on markers of eicosanoid synthesis and MPO activity 
  Treatment  

 αT group Mixed tocopherol group Placebo group 

Whole blood PGE2
a

(ng/mL) 

   

   Baseline 

   Post-intervention 

10.64 (6.29-17.99) 

11.58 (7.16-18.75) 

9.64 (5.24-17.74) 

6.81 (3.89-11.92) 

11.37 (7.05-18.34) 

8.16 (5.78-11.52) 

Urinary PGI-Ma

(ng/mmol creatinineb) 

   

   Baseline 

   Post-intervention 

64.27 (52.03-79.39) 

65.16 (55.79-76.09) 

66.87 (60.03-74.51) 

66.14 (57.15-76.54) 

74.09 (63.12-86.98) 

79.46 (65.53-96.36) 

Neutrophil total LTB4

(ng/106 cells) 

   

   Baseline 

   Post-intervention 

30.6 ± 1.9 

27.2 ± 1.6 

30.2 ± 2.3 

25.1 ± 2.3C

31.3 ± 1.7 

30.8 ± 1.4 

Blood MPO activitya 

(units/mL blood) 

   

   Baseline 

   Post-intervention 

7.3 (5.1-10.3) 

7.0 (5.3-9.3) 

9.0 (6.5-12.5) 

9.4 (6.4-13.8) 

8.3 (6.4-10.8) 

9.1 (6.8-12.2) 

Data are presented as mean ± SEM or aGeometric mean (95% confidence interval). 
bUrinary PGI-M values are expressed normalised to creatinine excretion. 
There were no significant baseline differences for any of the variables between groups by 
ANOVA. 
Significant P-values presented are baseline adjusted post-intervention differences 
compared to the placebo group analysed using general linear models: cP = 0.02. 

4.3.3. Tocopherol inhibition of neutrophil LTB4 synthesis in vitro 

To gain some insights regarding the effects of an individual tocopherol 

isomer’s ability to inhibit LTB4 synthesis by neutrophils, in vitro, cells were 

isolated from healthy volunteers (n = 5) and incubated with tocopherol isomers.  α 

and γT was examined as these were the dominant tocopherol isomers present in 

neutrophils at baseline, as well as post-supplementation (Figure 4.3A).  Treatment 

of cells with ethanol vehicle did not cause inhibition of LTB4 synthesis compared 
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to untreated controls (results not shown).  At 50 and 25μM, the individual 

tocopherol isomers inhibited LTB4 synthesis but the isomers did not differ in their 

potency, although αT showed a trend for higher inhibition at 25μM (paired 

sample t-test, P = 0.07, Figure 4.4A).  In another set of experiments, when the 

cells were supplemented with an equal molar mixture of αT and γT (i.e. 12.5μM 

of each) there was a trend for increased inhibition of LTB4 synthesis than either 

γT or αT alone (paired sample t-test, P = 0.03 and 0.14, respectively) (Figure 

4.4B).    The in vitro incubation procedure did not affect the cells viability at any 

of the doses or combinations of tocopherols used, as confirmed by trypan blue 

exclusion. 
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Figure 4.4.  
Tocopherol inhibition of neutrophil LTB4 synthesis in vitro.  Results are presented 
as mean ± SEM of 5-6 experiments.  (A) Neutrophils were incubated with 
individual tocopherol isomers and (B) effect of equal molar mixed tocopherol 
supplementation at 25μM is compared to individual tocopherols at the same 
concentration.  Total LTBB4 synthesised is compared to that produced by vehicle 
(ethanol) treated control cells and % inhibition calculated.  Paired sample t-test 
was used to compare differences in % inhibition by tocopherols at the same 
concentration. 

 122



 

4.4. Discussion 

Consistent with the observation in serum (section 3.1), both the αT and 

mixed tocopherol supplementation enriched neutrophils and monocytes with the 

intended tocopherol isomers.  The decrease in neutrophil γT following αT 

supplementation is also in agreement with previous observations [246].  Although 

there was a decrease in monocyte γT after αT supplementation this did not reach 

statistically significance, possibly as a result of the smaller number of monocyte 

samples analysed (8 subjects from the αT supplemented group). 

An ex vivo whole blood stimulation assay was chosen to test the 

hypothesis that γT is a better inhibitor of PGE2 synthesis than αT in certain cell 

types [167].  Monocytes were studied as these cells play a crucial role in 

atherosclerosis [10].  Using LPS as a stimulant, PGE2 production in this assay 

reflects COX-2 activation in peripheral monocytes [244], and this has been a 

commonly used model to test the activity of anti-inflammatory drugs which may 

inhibit COX-2 [228,247].  We found that neither αT nor mixed tocopherol 

supplementation affected PGE2 synthesis, despite enrichment of monocytes with 

the tocopherol isomers.  This result is in agreement with previous studies 

suggesting αT does not inhibit PGE2 synthesis in human monocytes [104,248].  

However, large within-person biological variation is evident in this assay.  There 

was a 28% decrease in PGE2 in our placebo control group, which has also been 

observed in a previous study [228].  We may have had insufficient power to detect 

small effects of the tocopherol supplementation.  Future studies employing 

purified monocytes may provide more insight into the effect of γT on PGE2 

production.  PGI2 is another eicosanoid which may be synthesised by COX-2 in 
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vivo [247], and has been suggested to play a role in the prevention of CVD 

through its anti-thrombotic and vasodilatory effects [227].  Although αT has been 

shown in in vitro studies to alter PGI2 synthesis [235], we found no effect of either 

α- or mixed tocopherol supplementation on the excretion of PGI-M, an index of 

PGI2 formation in vivo [249]. 

Recent studies have found that carriers of particular gene haplotypes for 5-

lipoxygenase activating protein (FLAP), as well as leukotriene A4 hydrolase 

(LTA4H) are associated with increased risk of MI [250,251].  Both FLAP and 

LTA4H are enzymes involved in leukotriene synthesis [252].  Using ex-vivo 

stimulated neutrophils, it was shown that carriers of the at- risk haplotype (HapK) 

for the LTA4H enzyme, had increased LTB4 production, thus providing a link 

between LTB4 synthesis and atherosclerosis [251].  This also indicated that the ex-

vivo stimulation of neutrophils may be a useful model to study the 5-LO / LTB4 

biosynthesis pathway.  Compared to mixed tocopherol, αT supplementation 

actually resulted in a greater net increase in total tocopherol content in neutrophils 

but only caused a non-significant decrease in LTBB4 production.  It is likely that at 

least some of the inhibitory activities of αT on LTB4 synthesis could be explained 

by its inhibition of 5-LO, a key enzyme in the biosynthesis of LTB4 [104,253].  In 

contrast, there is limited information on the ability of other tocopherol isomers to 

inhibit 5-LO and LTB4 synthesis.  Reddanna et al [254] showed using purified 5-

LO, that γT and αT were equally potent inhibitors, whereas in a rat model of 

inflammation, γT alone reduced LTB4 significantly [168].  One of the limitations 

of our study is the use of a mixed tocopherol supplement.  While γT was the main 

isomer present in this mixture, we could not attribute the significant inhibition of 

LTB4 synthesis (or indeed changes in other biochemical measures) to this isomer 
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alone.  Our in vitro experiments indicated that αT and γT are similarly effective at 

reducing LTB4B  synthesis in neutrophils.  However, equal molar mixtures of the 

two isomers did not provide increased inhibition compared to either isomer alone.  

Further mechanistic studies with pure γT or combinations of vitamin E isomers 

would be required to confirm if these could decrease LTB4 biosynthesis more 

significantly, compared to αT alone.   

It has recently been demonstrated that LTB4 can stimulate MCP-1 

production by human monocytes in vitro, and the interaction between these 

molecules may contribute to atherogenesis [232].  In our study, we did not 

observe an inhibitory effect on plasma MCP-1 levels (section 3.3.4.) following 

mixed tocopherol supplementation despite a decrease in LTB4.  Our results are 

consistent with a recent study in subjects with a history of MI, who were also 

carriers of at-risk haplotypes in the FLAP gene.  Administration of a FLAP 

inhibitor in these subjects caused a significant reduction in neutrophil LTB4 

synthesis yet had no effect on plasma MCP-1 levels [255].  These investigators 

also observed a small (12%) but significant reduction in MPO activity, whereas 

we did not observe any effect in our study.  MPO has recently been suggested as 

an important contributor to atherosclerosis [256], and if suppression of the 5-LO 

pathway was related to diminished MPO activity, this may provide additional 

benefits above and beyond that of inhibiting LTB4 synthesis alone.  It is possible 

that a greater inhibition of LTB4 synthesis (26% in their study compared to 16% 

in ours) is necessary in order to reduce MPO activity.  However it should also be 

noted that while those investigators measured MPO release by neutrophils 

following ionomycin challenge, we measured functional MPO activity in cell 

lysates and this may account for the different observations.  
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In summary, neither pure αT nor mixed tocopherol supplementation in 

subjects with type 2 diabetes, affected the COX-2 eicosanoid pathway as 

measured by two commonly used markers of biosynthesis.  The significant 

inhibition of neutrophil LTB4 synthesis by the mixed tocopherols is a novel 

observation and future research into the ability of vitamin E isomers other than 

αT, to alter production of inflammatory mediators such as LTBB4 is warranted. 
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Chapter 5: General summary and discussion 

5.1. Antioxidants and biomarkers of oxidative stress 

Excess production of ROS and RNS may cause damage to biological 

molecules, which is a potentially important mechanism contributing to diseases 

such as atherosclerosis [18].  However, this hypothesis remains unproven, and this 

is at least due in part, to the lack of reliable methods that are available to assess 

oxidative stress status in vivo in humans [257].  A commonly used approach to 

determine oxidative stress is to measure specific products formed from the 

reaction between reactive species and endogenous molecules.  Measurement of 

F2-isoprostanes is regarded as one of the most reliable approaches for the 

assessment of oxidative damage to lipids in vivo [258].  Using F2-isoprostanes as a 

biomarker, our study supports the hypothesis that tocopherols could act as anti-

oxidants, in populations with increased oxidative stress such as subjects with type 

2 diabetes.  On the other hand, a previous study in healthy populations has shown 

that even very high dose αT supplementation does not reduce the level of F2-

isoprostanes [130].  These results highlight that if the aim of a study is to test the 

potential antioxidant activity of a compound, it is important to monitor validated 

markers of oxidative stress.  While previous large scale clinical trials of CVD 

prevention have often employed αT with the aim of reducing oxidative stress, 

they generally did not monitor any markers of oxidative stress.  There was thus no 

objective measurement of whether αT behaved in vivo as an antioxidant [34].  For 

example, the Secondary Prevention with Antioxidants of Cardiovascular disease 

in End-stage renal disease study (SPACE), is one of the few clinical trials carried 

out to date, in which αT supplementation resulted in reduced composite CVD 
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endpoints [259].  While end stage renal disease patients have been suggested to be 

under elevated oxidative stress [260], it remains unknown whether αT mediated 

its beneficial effects in that particular study through reduction of oxidative stress 

[259].  If possible, future antioxidant studies in haemodialysis patients should 

include validated markers of oxidative stress to provide important mechanistic 

information regarding antioxidant efficacy.  Similarly, as our result is consistent 

with previous tocopherol supplementation studies in subjects with type 2 diabetes 

showing reduced F2-isoprostane formation [127,129], these subjects may be an 

ideal population for future dose-response studies, to determine the optimal level of 

tocopherol supplementation for reducing oxidative stress.  This information could 

then be used for the design of randomised clinical trials in type 2 diabetic 

subjects, to assess if reduction of oxidative stress is related to decreased 

atherosclerosis and CVD. 

While F2-isoprostanes have been widely used as a biomarker of oxidative 

stress, there remains a need for the identification of other novel markers of 

oxidant generation [258].  A myriad of oxidants are generated in vivo from a 

variety of sources, and they are also produced at different locations [34].  A recent 

study by Hazen et al [261] emphasized the usefulness of characterising a panel of 

oxidative stress biomarkers.  In that study, intervention with lipid-lowering 

medication selectively reduced some markers of oxidative stress such as 3-NO2-

Tyr, while it had no significant effect on others, leading to the suggestion that 

lipid lowering medication may have antioxidant effects [261].  The measurement 

of discrete biomarkers may therefore allow the identification of specific oxidative 

stress pathways operating in vivo, and also which ones are affected by antioxidant 

treatment.  In order for an oxidised molecule to be a useful marker for monitoring 
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oxidative stress in vivo, it is important to understand its metabolic fate in the body 

[258].  The metabolism study outlined in this thesis is the first step towards 

further characterisation of 5-NO2-γT, as a novel biomarker for the assessment of 

RNS species generation.  Further studies are required to determine the metabolism 

of 5-NO2-γT such as alternative breakdown and excretion pathways. 

5.2. Anti-inflammatory activities of tocopherols 

While our study suggests that in subjects with low levels of systemic 

inflammation such as those with well controlled type 2 diabetes, high dose 

tocopherol supplementation is unlikely to further reduce inflammation, the 

potential anti-inflammatory activities of tocopherols need to be further tested in 

other populations.  A recent study in subjects with type 2 diabetes with or without 

overt CVD, showed that intensive risk factor management, including both 

pharmacological and lifestyle intervention, was only partially effective in 

reducing inflammation [262].  Identification of such patients may form the initial 

step of future supplementation studies with tocopherols, to assess the potential for 

additive anti-inflammatory effects of tocopherols with a patients existing therapy.  

Studies should also employ purified γT alone to improve our understanding of the 

anti-inflammatory activities of this vitamin E isomer.  In particular, our study 

suggests that the influence of γT on the 5-LO pathway needs to be further 

evaluated.  Experiments should be carried out in other 5-LO expressing cells such 

as macrophages, which may play an important role in the pathogenesis of 

atherosclerosis [170]. 
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5.3. Bioavailability and bioactivity of tocopherol isomers 

Results from our study support the idea that αT has the highest 

bioavailability amongst the tocopherol isomers.  Compared to the mixed 

tocopherol supplementation, αT supplementation led to greater increases in total 

tocopherol concentration both in circulation, as well as in different cell types.  

However, of the two major end points which were affected by tocopherol 

intervention, namely plasma F2-isoprostanes and ex vivo synthesis of LTB4 by 

stimulated neutrophils, the mixed tocopherol supplementation had either similar, 

or greater inhibitory activities.  These observations suggest that the higher 

bioavailability of αT may not necessarily equate to higher bioactivity.  A recent 

study in α-TTP deficient mice investigating the protective effect of tocopherol 

isomers against Parkinson’s disease also supported this idea [263]. 

5.4. Tocopherol supplementation and CVD 

The observation that mixed tocopherol supplementation was more potent 

than αT at reducing LTBB4 production by stimulated neutrophils, suggests a need 

for further investigation into the biological activity of individual tocopherol 

isomers.  However, the majority of our results did not show different antioxidant 

or anti-inflammatory activity of mixed tocopherol, compared to αT 

supplementation.  These results therefore do not support the idea that 

supplementation with mixed tocopherols rich in γT, which resembles more closely 

dietary intake of vitamin E, could be more beneficial for protection against CVD. 

Furthermore, as part of the clinical study, blood pressure measurements 

(carried out by Dr Natalie Ward) were taken and unexpectedly, both αT and 

mixed tocopherol increased 24 hour ambulatory blood pressure significantly 
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[264].  There have been very few studies investigating the effects of vitamin E 

supplementation on blood pressure, although one recent study also showed that 

αT supplementation resulted in marginal elevation of systolic blood pressure, in 

subjects with type 1 and type 2 diabetes [265].  We did not identify the 

mechanism for the blood pressure elevating effects of tocopherol 

supplementation, and this is currently being pursued.  However, our results 

suggest that when possible, future studies employing tocopherol supplementation 

should include blood pressure measurements.  If the adverse effects of tocopherol 

supplementation on blood pressure is confirmed in future studies, this may 

provide a potential explanation for a recent meta-analysis which suggested that 

high dose αT supplementation may increase all cause mortality [134].  

Additionally, our current observation indicate the potential hazards of using 

tocopherol supplementation, αT or otherwise, at pharmacological doses.  This 

highlights the need for alternative strategies to improve tocopherol isomer status 

in humans.  A novel approach to increase bioavailability of different tocopherol 

isomers that is currently under investigation, is the potential for dietary phenolic 

compounds to interfere with tocopherol metabolism [266].  Several clinical 

studies have demonstrated that by having a higher dietary intake of sesame (as 

seeds or oil), serum tocopherol concentrations could be effectively increased in 

healthy volunteers [267-269].  Sesame is a rich source of a lignan, sesamin, which 

may enhance bioavailability of tocopherols by inhibiting CYP450 activity [84], 

and hence decrease degradation of tocopherols to CEHC [270].  Future studies 

could employ these alternative methods of manipulating tocopherol isomer 

concentrations in humans, and investigate if this could bring about any potential 

health benefits. 

 131



 

References 

 [1]  Lusis, A. J. Atherosclerosis. Nature 407:233-241; 2000. 

 [2]  Ross, R. Atherosclerosis--an inflammatory disease. N. Engl. J. Med. 
340:115-126; 1999. 

 [3]  Gimbrone, M. A., Jr. Vascular endothelium, hemodynamic forces, and 
atherogenesis. Am. J. Pathol. 155:1-5; 1999. 

 [4]  Lee, R. T.; Yamamoto, C.; Feng, Y.; Potter-Perigo, S.; Briggs, W. H.; 
Landschulz, K. T.; Turi, T. G.; Thompson, J. F.; Libby, P.; Wight, T. N. 
Mechanical strain induces specific changes in the synthesis and 
organization of proteoglycans by vascular smooth muscle cells. J. Biol. 
Chem. 276:13847-13851; 2001. 

 [5]  Nagel, T.; Resnick, N.; Atkinson, W. J.; Dewey, C. F., Jr.; Gimbrone, M. 
A., Jr. Shear stress selectively upregulates intercellular adhesion 
molecule-1 expression in cultured human vascular endothelial cells. J. 
Clin. Invest 94:885-891; 1994. 

 [6]  Nakashima, Y.; Raines, E. W.; Plump, A. S.; Breslow, J. L.; Ross, R. 
Upregulation of VCAM-1 and ICAM-1 at atherosclerosis-prone sites on 
the endothelium in the ApoE-deficient mouse. Arterioscler. Thromb. 
Vasc. Biol. 18:842-851; 1998. 

 [7]  Boring, L.; Gosling, J.; Cleary, M.; Charo, I. F. Decreased lesion 
formation in CCR2-/- mice reveals a role for chemokines in the initiation 
of atherosclerosis. Nature 394:894-897; 1998. 

 [8]  Libby, P. Inflammation in atherosclerosis. Nature 420:868-874; 2002. 

 [9]  Endemann, G.; Stanton, L. W.; Madden, K. S.; Bryant, C. M.; White, R. 
T.; Protter, A. A. CD36 is a receptor for oxidized low density 
lipoprotein. J. Biol. Chem. 268:11811-11816; 1993. 

 [10]  Libby, P.; Ridker, P. M.; Maseri, A. Inflammation and atherosclerosis. 
Circulation 105:1135-1143; 2002. 

 [11]  Wilcox, J. N.; Smith, K. M.; Schwartz, S. M.; Gordon, D. Localization 
of tissue factor in the normal vessel wall and in the atherosclerotic 
plaque. Proc. Natl. Acad. Sci. U. S. A 86:2839-2843; 1989. 

 [12]  Libby, P.; Aikawa, M. Stabilization of atherosclerotic plaques: new 
mechanisms and clinical targets. Nat. Med. 8:1257-1262; 2002. 

 [13]  Moreno, P. R.; Falk, E.; Palacios, I. F.; Newell, J. B.; Fuster, V.; Fallon, 
J. T. Macrophage infiltration in acute coronary syndromes. Implications 
for plaque rupture. Circulation 90:775-778; 1994. 

 132



 

 [14]  Uzui, H.; Harpf, A.; Liu, M.; Doherty, T. M.; Shukla, A.; Chai, N. N.; 
Tripathi, P. V.; Jovinge, S.; Wilkin, D. J.; Asotra, K.; Shah, P. K.; 
Rajavashisth, T. B. Increased expression of membrane type 3-matrix 
metalloproteinase in human atherosclerotic plaque: role of activated 
macrophages and inflammatory cytokines. Circulation 106:3024-3030; 
2002. 

 [15]  Amento, E. P.; Ehsani, N.; Palmer, H.; Libby, P. Cytokines and growth 
factors positively and negatively regulate interstitial collagen gene 
expression in human vascular smooth muscle cells. Arterioscler. 
Thromb. 11:1223-1230; 1991. 

 [16]  Grundy, S. M.; Pasternak, R.; Greenland, P.; Smith S Jr; Fuster, V. 
AHA/ACC scientific statement: Assessment of cardiovascular risk by 
use of multiple-risk-factor assessment equations: a statement for 
healthcare professionals from the American Heart Association and the 
American College of Cardiology. J. Am. Coll. Cardiol. 34:1348-1359; 
1999. 

 [17]  Schmidt, A. M.; Hori, O.; Chen, J. X.; Li, J. F.; Crandall, J.; Zhang, J.; 
Cao, R.; Yan, S. D.; Brett, J.; Stern, D. Advanced glycation endproducts 
interacting with their endothelial receptor induce expression of vascular 
cell adhesion molecule-1 (VCAM-1) in cultured human endothelial cells 
and in mice. A potential mechanism for the accelerated vasculopathy of 
diabetes. J. Clin. Invest 96:1395-1403; 1995. 

 [18]  Stocker, R.; Keaney, J. F., Jr. New insights on oxidative stress in the 
artery wall. J. Thromb. Haemost. 3:1825-1834; 2005. 

 [19]  Pigott, R.; Dillon, L. P.; Hemingway, I. H.; Gearing, A. J. Soluble forms 
of E-selectin, ICAM-1 and VCAM-1 are present in the supernatants of 
cytokine activated cultured endothelial cells. Biochem. Biophys. Res. 
Commun. 187:584-589; 1992. 

 [20]  Leeuwenberg, J. F.; Smeets, E. F.; Neefjes, J. J.; Shaffer, M. A.; Cinek, 
T.; Jeunhomme, T. M.; Ahern, T. J.; Buurman, W. A. E-selectin and 
intercellular adhesion molecule-1 are released by activated human 
endothelial cells in vitro. Immunology 77:543-549; 1992. 

 [21]  Albertini, J. P.; Valensi, P.; Lormeau, B.; Aurousseau, M. H.; Ferriere, 
F.; Attali, J. R.; Gattegno, L. Elevated concentrations of soluble E-
selectin and vascular cell adhesion molecule-1 in NIDDM. Effect of 
intensive insulin treatment. Diabetes Care 21:1008-1013; 1998. 

 [22]  Ferri, C.; Desideri, G.; Valenti, M.; Bellini, C.; Pasin, M.; Santucci, A.; 
De Mattia, G. Early upregulation of endothelial adhesion molecules in 
obese hypertensive men. Hypertension 34:568-573; 1999. 

 [23]  Lind, L. Circulating markers of inflammation and atherosclerosis. 
Atherosclerosis 169:203-214; 2003. 

 133



 

 [24]  Albert, M. A.; Danielson, E.; Rifai, N.; Ridker, P. M. Effect of statin 
therapy on C-reactive protein levels: the pravastatin inflammation/CRP 
evaluation (PRINCE): a randomized trial and cohort study. JAMA 
286:64-70; 2001. 

 [25]  Rodriguez-Moran, M.; Guerrero-Romero, F. Elevated concentrations of 
C-reactive protein in subjects with type 2 diabetes mellitus are 
moderately influenced by glycemic control. J. Endocrinol. Invest 
26:216-221; 2003. 

 [26]  Ridker, P. M.; Hennekens, C. H.; Roitman-Johnson, B.; Stampfer, M. J.; 
Allen, J. Plasma concentration of soluble intercellular adhesion molecule 
1 and risks of future myocardial infarction in apparently healthy men. 
Lancet 351:88-92; 1998. 

 [27]  Ridker, P. M.; Hennekens, C. H.; Buring, J. E.; Rifai, N. C-reactive 
protein and other markers of inflammation in the prediction of 
cardiovascular disease in women. N. Engl. J. Med. 342:836-843; 2000. 

 [28]  de Lemos, J. A.; Morrow, D. A.; Sabatine, M. S.; Murphy, S. A.; 
Gibson, C. M.; Antman, E. M.; McCabe, C. H.; Cannon, C. P.; 
Braunwald, E. Association between plasma levels of monocyte 
chemoattractant protein-1 and long-term clinical outcomes in patients 
with acute coronary syndromes. Circulation 107:690-695; 2003. 

 [29]  Steinberg, D. Atherogenesis in perspective: hypercholesterolemia and 
inflammation as partners in crime. Nat. Med. 8:1211-1217; 2002. 

 [30]  Goldstein, J. L.; Brown, M. S. The low-density lipoprotein pathway and 
its relation to atherosclerosis. Annu. Rev. Biochem. 46:897-930; 1977. 

 [31]  Steinbrecher, U. P.; Parthasarathy, S.; Leake, D. S.; Witztum, J. L.; 
Steinberg, D. Modification of low density lipoprotein by endothelial 
cells involves lipid peroxidation and degradation of low density 
lipoprotein phospholipids. Proc. Natl. Acad. Sci. U. S. A 81:3883-3887; 
1984. 

 [32]  Witztum, J. L.; Steinberg, D. The oxidative modification hypothesis of 
atherosclerosis: does it hold for humans? Trends Cardiovasc. Med. 
11:93-102; 2001. 

 [33]  Goldstein, J. L.; Ho, Y. K.; Basu, S. K.; Brown, M. S. Binding site on 
macrophages that mediates uptake and degradation of acetylated low 
density lipoprotein, producing massive cholesterol deposition. Proc. 
Natl. Acad. Sci. U. S. A 76:333-337; 1979. 

 [34]  Ridker, P. M.; Brown, N. J.; Vaughan, D. E.; Harrison, D. G.; Mehta, J. 
L. Established and emerging plasma biomarkers in the prediction of first 
atherothrombotic events. Circulation 109:IV6-19; 2004. 

 [35]  Yla-Herttuala, S.; Palinski, W.; Rosenfeld, M. E.; Parthasarathy, S.; 
Carew, T. E.; Butler, S.; Witztum, J. L.; Steinberg, D. Evidence for the 

 134



 

presence of oxidatively modified low density lipoprotein in 
atherosclerotic lesions of rabbit and man. J. Clin. Invest 84:1086-1095; 
1989. 

 [36]  Meisinger, C.; Baumert, J.; Khuseyinova, N.; Loewel, H.; Koenig, W. 
Plasma oxidized low-density lipoprotein, a strong predictor for acute 
coronary heart disease events in apparently healthy, middle-aged men 
from the general population. Circulation 112:651-657; 2005. 

 [37]  Mallat, Z.; Nakamura, T.; Ohan, J.; Leseche, G.; Tedgui, A.; Maclouf, J.; 
Murphy, R. C. The relationship of hydroxyeicosatetraenoic acids and 
F2-isoprostanes to plaque instability in human carotid atherosclerosis. J. 
Clin. Invest 103:421-427; 1999. 

 [38]  Hazen, S. L.; Heinecke, J. W. 3-Chlorotyrosine, a specific marker of 
myeloperoxidase-catalyzed oxidation, is markedly elevated in low 
density lipoprotein isolated from human atherosclerotic intima. J. Clin. 
Invest 99:2075-2081; 1997. 

 [39]  Cyrus, T.; Pratico, D.; Zhao, L.; Witztum, J. L.; Rader, D. J.; Rokach, J.; 
FitzGerald, G. A.; Funk, C. D. Absence of 12/15-lipoxygenase 
expression decreases lipid peroxidation and atherogenesis in 
apolipoprotein e-deficient mice. Circulation 103:2277-2282; 2001. 

 [40]  Witting, P.; Pettersson, K.; Ostlund-Lindqvist, A. M.; Westerlund, C.; 
Wagberg, M.; Stocker, R. Dissociation of atherogenesis from aortic 
accumulation of lipid hydro(pero)xides in Watanabe heritable 
hyperlipidemic rabbits. J. Clin. Invest 104:213-220; 1999. 

 [41]  Sies, H. Oxidative stress: oxidants and antioxidants. Exp. Physiol 
82:291-295; 1997. 

 [42]  Zheng, L.; Nukuna, B.; Brennan, M. L.; Sun, M.; Goormastic, M.; Settle, 
M.; Schmitt, D.; Fu, X.; Thomson, L.; Fox, P. L.; Ischiropoulos, H.; 
Smith, J. D.; Kinter, M.; Hazen, S. L. Apolipoprotein A-I is a selective 
target for myeloperoxidase-catalyzed oxidation and functional 
impairment in subjects with cardiovascular disease. J. Clin. Invest 
114:529-541; 2004. 

 [43]  Heinecke, J. W. Oxidative stress: new approaches to diagnosis and 
prognosis in atherosclerosis. Am. J. Cardiol. 91:12A-16A; 2003. 

 [44]  Subbanagounder, G.; Watson, A. D.; Berliner, J. A. Bioactive products 
of phospholipid oxidation: isolation, identification, measurement and 
activities. Free Radic. Biol. Med. 28:1751-1761; 2000. 

 [45]  Morrow, J. D. Quantification of isoprostanes as indices of oxidant stress 
and the risk of atherosclerosis in humans. Arterioscler. Thromb. Vasc. 
Biol. 25:279-286; 2005. 

 [46]  Morrow, J. D.; Hill, K. E.; Burk, R. F.; Nammour, T. M.; Badr, K. F.; 
Roberts, L. J. A series of prostaglandin F2-like compounds are produced 

 135



 

in vivo in humans by a non-cyclooxygenase, free radical-catalyzed 
mechanism. Proc. Natl. Acad. Sci. U. S. A 87:9383-9387; 1990. 

 [47]  Lynch, S. M.; Morrow, J. D.; Roberts, L. J.; Frei, B. Formation of non-
cyclooxygenase-derived prostanoids (F2-isoprostanes) in plasma and 
low density lipoprotein exposed to oxidative stress in vitro. J. Clin. 
Invest 93:998-1004; 1994. 

 [48]  Pratico, D.; Iuliano, L.; Mauriello, A.; Spagnoli, L.; Lawson, J. A.; 
Rokach, J.; Maclouf, J.; Violi, F.; FitzGerald, G. A. Localization of 
distinct F2-isoprostanes in human atherosclerotic lesions. J. Clin. Invest 
100:2028-2034; 1997. 

 [49]  Morrow, J. D.; Roberts, L. J. Mass spectrometric quantification of F2-
isoprostanes in biological fluids and tissues as measure of oxidant stress. 
Methods Enzymol. 300:3-12; 1999. 

 [50]  Kadiiska, M. B.; Gladen, B. C.; Baird, D. D.; Germolec, D.; Graham, L. 
B.; Parker, C. E.; Nyska, A.; Wachsman, J. T.; Ames, B. N.; Basu, S.; 
Brot, N.; FitzGerald, G. A.; Floyd, R. A.; George, M.; Heinecke, J. W.; 
Hatch, G. E.; Hensley, K.; Lawson, J. A.; Marnett, L. J.; Morrow, J. D.; 
Murray, D. M.; Plastaras, J.; Roberts, L. J.; Rokach, J.; Shigenaga, M. 
K.; Sohal, R. S.; Sun, J.; Tice, R. R.; Van Thiel, D. H.; Wellner, D.; 
Walter, P. B.; Tomer, K. B.; Mason, R. P.; Barrett, J. C. Biomarkers of 
oxidative stress study II: are oxidation products of lipids, proteins, and 
DNA markers of CCl4 poisoning? Free Radic. Biol. Med. 38:698-710; 
2005. 

 [51]  Keaney, J. F., Jr.; Larson, M. G.; Vasan, R. S.; Wilson, P. W.; Lipinska, 
I.; Corey, D.; Massaro, J. M.; Sutherland, P.; Vita, J. A.; Benjamin, E. J. 
Obesity and systemic oxidative stress: clinical correlates of oxidative 
stress in the Framingham Study. Arterioscler. Thromb. Vasc. Biol. 
23:434-439; 2003. 

 [52]  Morrow, J. D.; Frei, B.; Longmire, A. W.; Gaziano, J. M.; Lynch, S. M.; 
Shyr, Y.; Strauss, W. E.; Oates, J. A.; Roberts, L. J. Increase in 
circulating products of lipid peroxidation (F2-isoprostanes) in smokers. 
Smoking as a cause of oxidative damage. N. Engl. J. Med. 332:1198-
1203; 1995. 

 [53]  Reilly, M.; Delanty, N.; Lawson, J. A.; FitzGerald, G. A. Modulation of 
oxidant stress in vivo in chronic cigarette smokers. Circulation 94:19-
25; 1996. 

 [54]  Davi, G.; Guagnano, M. T.; Ciabattoni, G.; Basili, S.; Falco, A.; 
Marinopiccoli, M.; Nutini, M.; Sensi, S.; Patrono, C. Platelet activation 
in obese women: role of inflammation and oxidant stress. JAMA 
288:2008-2014; 2002. 

 136



 

 [55]  MRC/BHF Heart Protection Study of cholesterol lowering with 
simvastatin in 20,536 high-risk individuals: a randomised placebo-
controlled trial. Lancet 360:7-22; 2002. 

 [56]  Ricciarelli, R.; Zingg, J. M.; Azzi, A. Vitamin E: protective role of a 
Janus molecule. FASEB J. 15:2314-2325; 2001. 

 [57]  Kayden, H. J.; Traber, M. G. Absorption, lipoprotein transport, and 
regulation of plasma concentrations of vitamin E in humans. J. Lipid 
Res. 34:343-358; 1993. 

 [58]  Sen, C. K.; Khanna, S.; Roy, S. Tocotrienols: Vitamin E beyond 
tocopherols. Life Sci. 78:2088-2098; 2006. 

 [59]  McLaughlin, P. J.; Weihrauch, J. L. Vitamin E content of foods. J. Am. 
Diet. Assoc. 75:647-665; 1979. 

 [60]  Leonard, S. W.; Good, C. K.; Gugger, E. T.; Traber, M. G. Vitamin E 
bioavailability from fortified breakfast cereal is greater than that from 
encapsulated supplements. Am. J. Clin. Nutr. 79:86-92; 2004. 

 [61]  Hacquebard, M.; Carpentier, Y. A. Vitamin E: absorption, plasma 
transport and cell uptake. Curr. Opin. Clin. Nutr. Metab Care 8:133-138; 
2005. 

 [62]  Cooper, A. D. Hepatic uptake of chylomicron remnants. J. Lipid Res. 
38:2173-2192; 1997. 

 [63]  Traber, M. G.; Burton, G. W.; Hughes, L.; Ingold, K. U.; Hidaka, H.; 
Malloy, M.; Kane, J.; Hyams, J.; Kayden, H. J. Discrimination between 
forms of vitamin E by humans with and without genetic abnormalities of 
lipoprotein metabolism. J. Lipid Res. 33:1171-1182; 1992. 

 [64]  Traber, M. G.; Kayden, H. J. Preferential incorporation of alpha-
tocopherol vs gamma-tocopherol in human lipoproteins. Am. J. Clin. 
Nutr. 49:517-526; 1989. 

 [65]  Arita, M.; Sato, Y.; Miyata, A.; Tanabe, T.; Takahashi, E.; Kayden, H. 
J.; Arai, H.; Inoue, K. Human alpha-tocopherol transfer protein: cDNA 
cloning, expression and chromosomal localization. Biochem. J. 306 ( Pt 
2):437-443; 1995. 

 [66]  Copp, R. P.; Wisniewski, T.; Hentati, F.; Larnaout, A.; Ben Hamida, M.; 
Kayden, H. J. Localization of alpha-tocopherol transfer protein in the 
brains of patients with ataxia with vitamin E deficiency and other 
oxidative stress related neurodegenerative disorders. Brain Res. 822:80-
87; 1999. 

 [67]  Jishage, K.; Arita, M.; Igarashi, K.; Iwata, T.; Watanabe, M.; Ogawa, 
M.; Ueda, O.; Kamada, N.; Inoue, K.; Arai, H.; Suzuki, H. Alpha-
tocopherol transfer protein is important for the normal development of 

 137



 

placental labyrinthine trophoblasts in mice. J. Biol. Chem. 276:1669-
1672; 2001. 

 [68]  Hosomi, A.; Arita, M.; Sato, Y.; Kiyose, C.; Ueda, T.; Igarashi, O.; Arai, 
H.; Inoue, K. Affinity for alpha-tocopherol transfer protein as a 
determinant of the biological activities of vitamin E analogs. FEBS Lett. 
409:105-108; 1997. 

 [69]  Blatt, D. H.; Leonard, S. W.; Traber, M. G. Vitamin E kinetics and the 
function of tocopherol regulatory proteins. Nutrition 17:799-805; 2001. 

 [70]  Kaempf-Rotzoll, D. E.; Traber, M. G.; Arai, H. Vitamin E and transfer 
proteins. Curr. Opin. Lipidol. 14:249-254; 2003. 

 [71]  Hensley, K.; Benaksas, E. J.; Bolli, R.; Comp, P.; Grammas, P.; 
Hamdheydari, L.; Mou, S.; Pye, Q. N.; Stoddard, M. F.; Wallis, G.; 
Williamson, K. S.; West, M.; Wechter, W. J.; Floyd, R. A. New 
perspectives on vitamin E: gamma-tocopherol and 
carboxyelthylhydroxychroman metabolites in biology and medicine. 
Free Radic. Biol. Med. 36:1-15; 2004. 

 [72]  Traber, M. G.; Arai, H. Molecular mechanisms of vitamin E transport. 
Annu. Rev. Nutr. 19:343-355; 1999. 

 [73]  Burton, G. W.; Traber, M. G.; Acuff, R. V.; Walters, D. N.; Kayden, H.; 
Hughes, L.; Ingold, K. U. Human plasma and tissue alpha-tocopherol 
concentrations in response to supplementation with deuterated natural 
and synthetic vitamin E. Am. J. Clin. Nutr. 67:669-684; 1998. 

 [74]  Kayden, H. J. The genetic basis of vitamin E deficiency in humans. 
Nutrition 17:797-798; 2001. 

 [75]  Traber, M. G. Vitamin E regulation. Curr. Opin. Gastroenterol. 21:223-
227; 2005. 

 [76]  Bjorneboe, A.; Bjorneboe, G. E.; Drevon, C. A. Serum half-life, 
distribution, hepatic uptake and biliary excretion of alpha-tocopherol in 
rats. Biochim. Biophys. Acta 921:175-181; 1987. 

 [77]  Halliwell, B.; Rafter, J.; Jenner, A. Health promotion by flavonoids, 
tocopherols, tocotrienols, and other phenols: direct or indirect effects? 
Antioxidant or not? Am. J. Clin. Nutr. 81:268S-276S; 2005. 

 [78]  Brigelius-Flohe, R. Vitamin E and drug metabolism. Biochem. Biophys. 
Res. Commun. 305:737-740; 2003. 

 [79]  Sontag, T. J.; Parker, R. S. Cytochrome P450 omega-hydroxylase 
pathway of tocopherol catabolism. Novel mechanism of regulation of 
vitamin E status. J. Biol. Chem. 277:25290-25296; 2002. 

 138



 

 [80]  Birringer, M.; Drogan, D.; Brigelius-Flohe, R. Tocopherols are 
metabolized in HepG2 cells by side chain omega-oxidation and 
consecutive beta-oxidation. Free Radic. Biol. Med. 31:226-232; 2001. 

 [81]  Pope, S. A.; Burtin, G. E.; Clayton, P. T.; Madge, D. J.; Muller, D. P. 
Synthesis and analysis of conjugates of the major vitamin E metabolite, 
alpha-CEHC. Free Radic. Biol. Med. 33:807-817; 2002. 

 [82]  Swanson, J. E.; Ben, R. N.; Burton, G. W.; Parker, R. S. Urinary 
excretion of 2,7, 8-trimethyl-2-(beta-carboxyethyl)-6-hydroxychroman is 
a major route of elimination of gamma-tocopherol in humans. J. Lipid 
Res. 40:665-671; 1999. 

 [83]  Traber, M. G. Vitamin E, nuclear receptors and xenobiotic metabolism. 
Arch. Biochem. Biophys. 423:6-11; 2004. 

 [84]  Parker, R. S.; Sontag, T. J.; Swanson, J. E. Cytochrome P4503A-
dependent metabolism of tocopherols and inhibition by sesamin. 
Biochem. Biophys. Res. Commun. 277:531-534; 2000. 

 [85]  Schuelke, M.; Elsner, A.; Finckh, B.; Kohlschutter, A.; Hubner, C.; 
Brigelius-Flohe, R. Urinary alpha-tocopherol metabolites in alpha-
tocopherol transfer protein-deficient patients. J. Lipid Res. 41:1543-
1551; 2000. 

 [86]  Lodge, J. K.; Traber, M. G.; Elsner, A.; Brigelius-Flohe, R. A rapid 
method for the extraction and determination of vitamin E metabolites in 
human urine. J. Lipid Res. 41:148-154; 2000. 

 [87]  Traber, M. G.; Elsner, A.; Brigelius-Flohe, R. Synthetic as compared 
with natural vitamin E is preferentially excreted as alpha-CEHC in 
human urine: studies using deuterated alpha-tocopheryl acetates. FEBS 
Lett. 437:145-148; 1998. 

 [88]  Brigelius-Flohe, R. Induction of drug metabolizing enzymes by vitamin 
E. J. Plant Physiol 162:797-802; 2005. 

 [89]  Landes, N.; Pfluger, P.; Kluth, D.; Birringer, M.; Ruhl, R.; Bol, G. F.; 
Glatt, H.; Brigelius-Flohe, R. Vitamin E activates gene expression via 
the pregnane X receptor. Biochem. Pharmacol. 65:269-273; 2003. 

 [90]  Kluth, D.; Landes, N.; Pfluger, P.; Muller-Schmehl, K.; Weiss, K.; 
Bumke-Vogt, C.; Ristow, M.; Brigelius-Flohe, R. Modulation of 
Cyp3a11 mRNA expression by alpha-tocopherol but not gamma-
tocotrienol in mice. Free Radic. Biol. Med. 38:507-514; 2005. 

 [91]  Blackhall, M. L.; Fassett, R. G.; Sharman, J. E.; Geraghty, D. P.; 
Coombes, J. S. Effects of antioxidant supplementation on blood 
cyclosporin A and glomerular filtration rate in renal transplant 
recipients. Nephrol. Dial. Transplant. 20:1970-1975; 2005. 

 139



 

 [92]  Barany, P.; Stenvinkel, P.; Ottosson-Seeberger, A.; Alvestrand, A.; 
Morrow, J.; Roberts, J. J.; Salahudeen, A. K. Effect of 6 weeks of 
vitamin E administration on renal haemodynamic alterations following a 
single dose of neoral in healthy volunteers. Nephrol. Dial. Transplant. 
16:580-584; 2001. 

 [93]  Hsiu, S. L.; Hou, Y. C.; Wang, Y. H.; Tsao, C. W.; Su, S. F.; Chao, P. D. 
Quercetin significantly decreased cyclosporin oral bioavailability in pigs 
and rats. Life Sci. 72:227-235; 2002. 

 [94]  Wayner, D. D.; Burton, G. W.; Ingold, K. U.; Barclay, L. R.; Locke, S. J. 
The relative contributions of vitamin E, urate, ascorbate and proteins to 
the total peroxyl radical-trapping antioxidant activity of human blood 
plasma. Biochim. Biophys. Acta 924:408-419; 1987. 

 [95]  Esterbauer, H.; Striegl, G.; Puhl, H.; Rotheneder, M. Continuous 
monitoring of in vitro oxidation of human low density lipoprotein. Free 
Radic. Res. Commun. 6:67-75; 1989. 

 [96]  Burton, G. W.; Joyce, A.; Ingold, K. U. First proof that vitamin E is 
major lipid-soluble, chain-breaking antioxidant in human blood plasma. 
Lancet 2:327; 1982. 

 [97]  Upston, J. M.; Kritharides, L.; Stocker, R. The role of vitamin E in 
atherosclerosis. Prog. Lipid Res. 42:405-422; 2003. 

 [98]  Stocker, R.; Bowry, V. W.; Frei, B. Ubiquinol-10 protects human low 
density lipoprotein more efficiently against lipid peroxidation than does 
alpha-tocopherol. Proc. Natl. Acad. Sci. U. S. A 88:1646-1650; 1991. 

 [99]  Bowry, V. W.; Ingold, K. U.; Stocker, R. Vitamin E in human low-
density lipoprotein. When and how this antioxidant becomes a pro-
oxidant. Biochem. J. 288 ( Pt 2):341-344; 1992. 

 [100]  Zhang, R.; Shen, Z.; Nauseef, W. M.; Hazen, S. L. Defects in leukocyte-
mediated initiation of lipid peroxidation in plasma as studied in 
myeloperoxidase-deficient subjects: systematic identification of multiple 
endogenous diffusible substrates for myeloperoxidase in plasma. Blood 
99:1802-1810; 2002. 

 [101]  Hazell, L. J.; Stocker, R. Alpha-tocopherol does not inhibit hypochlorite-
induced oxidation of apolipoprotein B-100 of low-density lipoprotein. 
FEBS Lett. 414:541-544; 1997. 

 [102]  Azzi, A.; Gysin, R.; Kempna, P.; Munteanu, A.; Negis, Y.; Villacorta, 
L.; Visarius, T.; Zingg, J. M. Vitamin E mediates cell signaling and 
regulation of gene expression. Ann. N. Y. Acad. Sci. 1031:86-95; 2004. 

 [103]  Boscoboinik, D.; Szewczyk, A.; Hensey, C.; Azzi, A. Inhibition of cell 
proliferation by alpha-tocopherol. Role of protein kinase C. J. Biol. 
Chem. 266:6188-6194; 1991. 

 140



 

 [104]  Devaraj, S.; Jialal, I. Alpha-tocopherol decreases interleukin-1 beta 
release from activated human monocytes by inhibition of 5-
lipoxygenase. Arterioscler. Thromb. Vasc. Biol. 19:1125-1133; 1999. 

 [105]  Brigelius-Flohe, R.; Traber, M. G. Vitamin E: function and metabolism. 
FASEB J. 13:1145-1155; 1999. 

 [106]  Institute of Medicine Food and Nutrition Board. Dietary reference 
intakes for vitamin C, vitamin E, selenium and carotenoids.: 
Washington, DC: National Academy Press; 2000. 

 [107]  Kayden, H. J.; Silber, R.; Kossmann, C. E. The role of vitamin E 
deficiency in the abnormal autohemolysis of acanthocytosis. Trans. 
Assoc. Am. Physicians 78:334-342; 1965. 

 [108]  Sokol, R. J.; Heubi, J. E.; Iannaccone, S.; Bove, K. E.; Balistreri, W. F. 
Mechanism causing vitamin E deficiency during chronic childhood 
cholestasis. Gastroenterology 85:1172-1182; 1983. 

 [109]  Sokol, R. J.; Reardon, M. C.; Accurso, F. J.; Stall, C.; Narkewicz, M.; 
Abman, S. H.; Hammond, K. B. Fat-soluble-vitamin status during the 
first year of life in infants with cystic fibrosis identified by screening of 
newborns. Am. J. Clin. Nutr. 50:1064-1071; 1989. 

 [110]  Gotoda, T.; Arita, M.; Arai, H.; Inoue, K.; Yokota, T.; Fukuo, Y.; 
Yazaki, Y.; Yamada, N. Adult-onset spinocerebellar dysfunction caused 
by a mutation in the gene for the alpha-tocopherol-transfer protein. N. 
Engl. J. Med. 333:1313-1318; 1995. 

 [111]  Sokol, R. J.; Guggenheim, M. A.; Iannaccone, S. T.; Barkhaus, P. E.; 
Miller, C.; Silverman, A.; Balistreri, W. F.; Heubi, J. E. Improved 
neurologic function after long-term correction of vitamin E deficiency in 
children with chronic cholestasis. N. Engl. J. Med. 313:1580-1586; 1985. 

 [112]  Schuelke, M.; Mayatepek, E.; Inter, M.; Becker, M.; Pfeiffer, E.; Speer, 
A.; Hubner, C.; Finckh, B. Treatment of ataxia in isolated vitamin E 
deficiency caused by alpha-tocopherol transfer protein deficiency. J. 
Pediatr. 134:240-244; 1999. 

 [113]  Ford, E. S.; Ajani, U. A.; Mokdad, A. H. Brief communication: The 
prevalence of high intake of vitamin E from the use of supplements 
among U.S. adults. Ann. Intern. Med. 143:116-120; 2005. 

 [114]  Kushi, L. H. Vitamin E and heart disease: a case study. Am. J. Clin. 
Nutr. 69:1322S-1329S; 1999. 

 [115]  Rimm, E. B.; Stampfer, M. J.; Ascherio, A.; Giovannucci, E.; Colditz, G. 
A.; Willett, W. C. Vitamin E consumption and the risk of coronary heart 
disease in men. N. Engl. J. Med. 328:1450-1456; 1993. 

 141



 

 [116]  Stampfer, M. J.; Hennekens, C. H.; Manson, J. E.; Colditz, G. A.; 
Rosner, B.; Willett, W. C. Vitamin E consumption and the risk of 
coronary disease in women. N. Engl. J. Med. 328:1444-1449; 1993. 

 [117]  Maras, J. E.; Bermudez, O. I.; Qiao, N.; Bakun, P. J.; Boody-Alter, E. L.; 
Tucker, K. L. Intake of alpha-tocopherol is limited among US adults. J. 
Am. Diet. Assoc. 104:567-575; 2004. 

 [118]  Ahuja, J. K.; Goldman, J. D.; Moshfegh, A. J. Current status of vitamin 
E nutriture. Ann. N. Y. Acad. Sci. 1031:387-390; 2004. 

 [119]  Kushi, L. H.; Folsom, A. R.; Prineas, R. J.; Mink, P. J.; Wu, Y.; Bostick, 
R. M. Dietary antioxidant vitamins and death from coronary heart 
disease in postmenopausal women. N. Engl. J. Med. 334:1156-1162; 
1996. 

 [120]  Knekt, P.; Reunanen, A.; Jarvinen, R.; Seppanen, R.; Heliovaara, M.; 
Aromaa, A. Antioxidant vitamin intake and coronary mortality in a 
longitudinal population study. Am. J. Epidemiol. 139:1180-1189; 1994. 

 [121]  Jialal, I.; Fuller, C. J.; Huet, B. A. The effect of alpha-tocopherol 
supplementation on LDL oxidation. A dose-response study. Arterioscler. 
Thromb. Vasc. Biol. 15:190-198; 1995. 

 [122]  Dieber-Rotheneder, M.; Puhl, H.; Waeg, G.; Striegl, G.; Esterbauer, H. 
Effect of oral supplementation with D-alpha-tocopherol on the vitamin E 
content of human low density lipoproteins and resistance to oxidation. J. 
Lipid Res. 32:1325-1332; 1991. 

 [123]  Jialal, I.; Grundy, S. M. Effect of dietary supplementation with alpha-
tocopherol on the oxidative modification of low density lipoprotein. J. 
Lipid Res. 33:899-906; 1992. 

 [124]  Hodis, H. N.; Mack, W. J.; LaBree, L.; Mahrer, P. R.; Sevanian, A.; Liu, 
C. R.; Liu, C. H.; Hwang, J.; Selzer, R. H.; Azen, S. P. Alpha-tocopherol 
supplementation in healthy individuals reduces low-density lipoprotein 
oxidation but not atherosclerosis: the Vitamin E Atherosclerosis 
Prevention Study (VEAPS). Circulation 106:1453-1459; 2002. 

 [125]  Niu, X.; Zammit, V.; Upston, J. M.; Dean, R. T.; Stocker, R. 
Coexistence of oxidized lipids and alpha-tocopherol in all lipoprotein 
density fractions isolated from advanced human atherosclerotic plaques. 
Arterioscler. Thromb. Vasc. Biol. 19:1708-1718; 1999. 

 [126]  Suarna, C.; Dean, R. T.; May, J.; Stocker, R. Human atherosclerotic 
plaque contains both oxidized lipids and relatively large amounts of 
alpha-tocopherol and ascorbate. Arterioscler. Thromb. Vasc. Biol. 
15:1616-1624; 1995. 

 [127]  Davi, G.; Ciabattoni, G.; Consoli, A.; Mezzetti, A.; Falco, A.; Santarone, 
S.; Pennese, E.; Vitacolonna, E.; Bucciarelli, T.; Costantini, F.; Capani, 

 142



 

F.; Patrono, C. In vivo formation of 8-iso-prostaglandin F2α and platelet 
activation in diabetes mellitus: effects of improved metabolic control and 
vitamin E supplementation. Circulation 99:224-229; 1999. 

 [128]  Patrignani, P.; Panara, M. R.; Tacconelli, S.; Seta, F.; Bucciarelli, T.; 
Ciabattoni, G.; Alessandrini, P.; Mezzetti, A.; Santini, G.; Sciulli, M. G.; 
Cipollone, F.; Davi, G.; Gallina, P.; Bon, G. B.; Patrono, C. Effects of 
vitamin E supplementation on F(2)-isoprostane and thromboxane 
biosynthesis in healthy cigarette smokers. Circulation 102:539-545; 
2000. 

 [129]  Devaraj, S.; Hirany, S. V.; Burk, R. F.; Jialal, I. Divergence between 
LDL oxidative susceptibility and urinary F(2)-isoprostanes as measures 
of oxidative stress in type 2 diabetes. Clin. Chem. 47:1974-1979; 2001. 

 [130]  Meagher, E. A.; Barry, O. P.; Lawson, J. A.; Rokach, J.; FitzGerald, G. 
A. Effects of vitamin E on lipid peroxidation in healthy persons. JAMA 
285:1178-1182; 2001. 

 [131]  Weinberg, R. B.; VanderWerken, B. S.; Anderson, R. A.; Stegner, J. E.; 
Thomas, M. J. Pro-oxidant effect of vitamin E in cigarette smokers 
consuming a high polyunsaturated fat diet. Arterioscler. Thromb. Vasc. 
Biol. 21:1029-1033; 2001. 

 [132]  Singh, U.; Devaraj, S.; Jialal, I. Vitamin E, oxidative stress, and 
inflammation. Annu. Rev. Nutr. 25:151-174; 2005. 

 [133]  Kris-Etherton, P. M.; Lichtenstein, A. H.; Howard, B. V.; Steinberg, D.; 
Witztum, J. L. Antioxidant vitamin supplements and cardiovascular 
disease. Circulation 110:637-641; 2004. 

 [134]  Miller, E. R., III; Pastor-Barriuso, R.; Dalal, D.; Riemersma, R. A.; 
Appel, L. J.; Guallar, E. Meta-analysis: high-dosage vitamin E 
supplementation may increase all-cause mortality. Ann. Intern. Med. 
142:37-46; 2005. 

 [135]  Krishnan, K.; Campbell, S.; Stone, W. L. High-dosage vitamin E 
supplementation and all-cause mortality. Ann. Intern. Med. 143:151-158; 
2005. 

 [136]  Steinberg, D.; Witztum, J. L. Is the oxidative modification hypothesis 
relevant to human atherosclerosis? Do the antioxidant trials conducted to 
date refute the hypothesis? Circulation 105:2107-2111; 2002. 

 [137]  Steinberg, D.; Witztum, J. L. Is the oxidative modification hypothesis 
relevant to human atherosclerosis? Do the antioxidant trials conducted to 
date refute the hypothesis? Circulation 105:2107-2111; 2002. 

 [138]  Lichtenstein, A. H.; Russell, R. M. Essential nutrients: food or 
supplements? Where should the emphasis be? JAMA 294:351-358; 2005. 

 143



 

 [139]  Kritharides, L.; Stocker, R. The use of antioxidant supplements in 
coronary heart disease. Atherosclerosis 164:211-219; 2002. 

 [140]  Jiang, Q.; Christen, S.; Shigenaga, M. K.; Ames, B. N. gamma-
tocopherol, the major form of vitamin E in the US diet, deserves more 
attention. Am. J. Clin. Nutr. 74:714-722; 2001. 

 [141]  Kontush, A.; Spranger, T.; Reich, A.; Baum, K.; Beisiegel, U. Lipophilic 
antioxidants in blood plasma as markers of atherosclerosis: the role of 
alpha-carotene and gamma-tocopherol. Atherosclerosis 144:117-122; 
1999. 

 [142]  Ohrvall, M.; Sundlof, G.; Vessby, B. Gamma, but not alpha, tocopherol 
levels in serum are reduced in coronary heart disease patients. J. Intern. 
Med. 239:111-117; 1996. 

 [143]  Kristenson, M.; Zieden, B.; Kucinskiene, Z.; Elinder, L. S.; Bergdahl, 
B.; Elwing, B.; Abaravicius, A.; Razinkoviene, L.; Calkauskas, H.; 
Olsson, A. G. Antioxidant state and mortality from coronary heart 
disease in Lithuanian and Swedish men: concomitant cross sectional 
study of men aged 50. BMJ 314:629-633; 1997. 

 [144]  Handelman, G. J.; Machlin, L. J.; Fitch, K.; Weiter, J. J.; Dratz, E. A. 
Oral alpha-tocopherol supplements decrease plasma gamma-tocopherol 
levels in humans. J. Nutr. 115:807-813; 1985. 

 [145]  Handelman, G. J.; Epstein, W. L.; Peerson, J.; Spiegelman, D.; Machlin, 
L. J.; Dratz, E. A. Human adipose alpha-tocopherol and gamma-
tocopherol kinetics during and after 1 y of alpha-tocopherol 
supplementation. Am. J. Clin. Nutr. 59:1025-1032; 1994. 

 [146]  Ruiz, R. F.; Martin-Pena, G.; Granado, F.; Ruiz-Galiana, J.; Blanco, I.; 
Olmedilla, B. Plasma status of retinol, alpha- and gamma-tocopherols, 
and main carotenoids to first myocardial infarction: case control and 
follow-up study. Nutrition 18:26-31; 2002. 

 [147]  Ohrvall, M.; Gustafsson, I. B.; Vessby, B. The alpha and gamma 
tocopherol levels in serum are influenced by the dietary fat quality. J. 
Hum. Nutr. Diet. 14:63-68; 2001. 

 [148]  Kaiser, S.; Di Mascio, P.; Murphy, M. E.; Sies, H. Physical and chemical 
scavenging of singlet molecular oxygen by tocopherols. Arch. Biochem. 
Biophys. 277:101-108; 1990. 

 [149]  Radi, R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc. Natl. 
Acad. Sci. U. S. A 101:4003-4008; 2004. 

 [150]  Carreras, M. C.; Pargament, G. A.; Catz, S. D.; Poderoso, J. J.; Boveris, 
A. Kinetics of nitric oxide and hydrogen peroxide production and 
formation of peroxynitrite during the respiratory burst of human 
neutrophils. FEBS Lett. 341:65-68; 1994. 

 144



 

 [151]  Shigenaga, M. K.; Lee, H. H.; Blount, B. C.; Christen, S.; Shigeno, E. 
T.; Yip, H.; Ames, B. N. Inflammation and NO(X)-induced nitration: 
assay for 3-nitrotyrosine by HPLC with electrochemical detection. Proc. 
Natl. Acad. Sci. U. S. A 94:3211-3216; 1997. 

 [152]  Graham, A.; Hogg, N.; Kalyanaraman, B.; O'Leary, V.; Darley-Usmar, 
V.; Moncada, S. Peroxynitrite modification of low-density lipoprotein 
leads to recognition by the macrophage scavenger receptor. FEBS Lett. 
330:181-185; 1993. 

 [153]  Jiang, Q.; Lykkesfeldt, J.; Shigenaga, M. K.; Shigeno, E. T.; Christen, 
S.; Ames, B. N. Gamma-tocopherol supplementation inhibits protein 
nitration and ascorbate oxidation in rats with inflammation. Free Radic. 
Biol. Med. 33:1534-1542; 2002. 

 [154]  Leeuwenburgh, C.; Hardy, M. M.; Hazen, S. L.; Wagner, P.; Oh-ishi, S.; 
Steinbrecher, U. P.; Heinecke, J. W. Reactive nitrogen intermediates 
promote low density lipoprotein oxidation in human atherosclerotic 
intima. J. Biol. Chem. 272:1433-1436; 1997. 

 [155]  Hazen, S. L.; Zhang, R.; Shen, Z.; Wu, W.; Podrez, E. A.; MacPherson, 
J. C.; Schmitt, D.; Mitra, S. N.; Mukhopadhyay, C.; Chen, Y.; Cohen, P. 
A.; Hoff, H. F.; Abu-Soud, H. M. Formation of nitric oxide-derived 
oxidants by myeloperoxidase in monocytes: pathways for monocyte-
mediated protein nitration and lipid peroxidation In vivo. Circ. Res. 
85:950-958; 1999. 

 [156]  Christen, S.; Woodall, A. A.; Shigenaga, M. K.; Southwell-Keely, P. T.; 
Duncan, M. W.; Ames, B. N. gamma-tocopherol traps mutagenic 
electrophiles such as NO(X) and complements alpha-tocopherol: 
physiological implications. Proc. Natl. Acad. Sci. U. S. A 94:3217-3222; 
1997. 

 [157]  Cooney, R. V.; Franke, A. A.; Harwood, P. J.; Hatch-Pigott, V.; Custer, 
L. J.; Mordan, L. J. Gamma-tocopherol detoxification of nitrogen 
dioxide: superiority to alpha-tocopherol. Proc. Natl. Acad. Sci. U. S. A 
90:1771-1775; 1993. 

 [158]  Cooney, R. V.; Harwood, P. J.; Franke, A. A.; Narala, K.; Sundstrom, A. 
K.; Berggren, P. O.; Mordan, L. J. Products of gamma-tocopherol 
reaction with NO2 and their formation in rat insulinoma (RINm5F) cells. 
Free Radic. Biol. Med. 19:259-269; 1995. 

 [159]  Leonard, S. W.; Bruno, R. S.; Paterson, E.; Schock, B. C.; Atkinson, J.; 
Bray, T. M.; Cross, C. E.; Traber, M. G. 5-nitro-gamma-tocopherol 
increases in human plasma exposed to cigarette smoke in vitro and in 
vivo. Free Radic. Biol. Med. 35:1560-1567; 2003. 

 [160]  Williamson, K. S.; Gabbita, S. P.; Mou, S.; West, M.; Pye, Q. N.; 
Markesbery, W. R.; Cooney, R. V.; Grammas, P.; Reimann-Philipp, U.; 
Floyd, R. A.; Hensley, K. The nitration product 5-nitro-gamma-

 145



 

tocopherol is increased in the Alzheimer brain. Nitric. Oxide. 6:221-227; 
2002. 

 [161]  Morton, L. W.; Ward, N. C.; Croft, K. D.; Puddey, I. B. Evidence for the 
nitration of gamma-tocopherol in vivo: 5-nitro-gamma-tocopherol is 
elevated in the plasma of subjects with coronary heart disease. Biochem. 
J. 364:625-628; 2002. 

 [162]  Freedman, J. E.; Ting, B.; Hankin, B.; Loscalzo, J.; Keaney, J. F., Jr.; 
Vita, J. A. Impaired platelet production of nitric oxide predicts presence 
of acute coronary syndromes. Circulation 98:1481-1486; 1998. 

 [163]  Freedman, J. E.; Farhat, J. H.; Loscalzo, J.; Keaney, J. F., Jr. alpha-
tocopherol inhibits aggregation of human platelets by a protein kinase C-
dependent mechanism. Circulation 94:2434-2440; 1996. 

 [164]  Liu, M.; Wallmon, A.; Olsson-Mortlock, C.; Wallin, R.; Saldeen, T. 
Mixed tocopherols inhibit platelet aggregation in humans: potential 
mechanisms. Am. J. Clin. Nutr. 77:700-706; 2003. 

 [165]  Freedman, J. E.; Loscalzo, J.; Barnard, M. R.; Alpert, C.; Keaney, J. F.; 
Michelson, A. D. Nitric oxide released from activated platelets inhibits 
platelet recruitment. J. Clin. Invest 100:350-356; 1997. 

 [166]  Saldeen, T.; Li, D.; Mehta, J. L. Differential effects of alpha- and 
gamma-tocopherol on low-density lipoprotein oxidation, superoxide 
activity, platelet aggregation and arterial thrombogenesis. J. Am. Coll. 
Cardiol. 34:1208-1215; 1999. 

 [167]  Jiang, Q.; Elson-Schwab, I.; Courtemanche, C.; Ames, B. N. gamma-
tocopherol and its major metabolite, in contrast to alpha-tocopherol, 
inhibit cyclooxygenase activity in macrophages and epithelial cells. 
Proc. Natl. Acad. Sci. U. S. A 97:11494-11499; 2000. 

 [168]  Jiang, Q.; Ames, B. N. Gamma-tocopherol, but not alpha-tocopherol, 
decreases proinflammatory eicosanoids and inflammation damage in 
rats. FASEB J. 17:816-822; 2003. 

 [169]  Cipollone, F.; Prontera, C.; Pini, B.; Marini, M.; Fazia, M.; De Cesare, 
D.; Iezzi, A.; Ucchino, S.; Boccoli, G.; Saba, V.; Chiarelli, F.; 
Cuccurullo, F.; Mezzetti, A. Overexpression of functionally coupled 
cyclooxygenase-2 and prostaglandin E synthase in symptomatic 
atherosclerotic plaques as a basis of prostaglandin E(2)-dependent 
plaque instability. Circulation 104:921-927; 2001. 

 [170]  Cipollone, F.; Mezzetti, A.; Fazia, M. L.; Cuccurullo, C.; Iezzi, A.; 
Ucchino, S.; Spigonardo, F.; Bucci, M.; Cuccurullo, F.; Prescott, S. M.; 
Stafforini, D. M. Association between 5-lipoxygenase expression and 
plaque instability in humans. Arterioscler. Thromb. Vasc. Biol. 25:1665-
1670; 2005. 

 146



 

 [171]  Ridker, P. M.; Rifai, N.; Pfeffer, M.; Sacks, F.; Lepage, S.; Braunwald, 
E. Elevation of tumor necrosis factor-alpha and increased risk of 
recurrent coronary events after myocardial infarction. Circulation 
101:2149-2153; 2000. 

 [172]  Wechter, W. J.; Kantoci, D.; Murray, E. D., Jr.; D'Amico, D. C.; Jung, 
M. E.; Wang, W. H. A new endogenous natriuretic factor: LLU-alpha. 
Proc. Natl. Acad. Sci. U. S. A 93:6002-6007; 1996. 

 [173]  Murray, E. D., Jr.; Wechter, W. J.; Kantoci, D.; Wang, W. H.; Pham, T.; 
Quiggle, D. D.; Gibson, K. M.; Leipold, D.; Anner, B. M. Endogenous 
natriuretic factors 7: biospecificity of a natriuretic gamma-tocopherol 
metabolite LLU-alpha. J. Pharmacol. Exp. Ther. 282:657-662; 1997. 

 [174]  Saito, H.; Kiyose, C.; Yoshimura, H.; Ueda, T.; Kondo, K.; Igarashi, O. 
Gamma-tocotrienol, a vitamin E homolog, is a natriuretic hormone 
precursor. J. Lipid Res. 44:1530-1535; 2003. 

 [175]  Tuomilehto, J.; Jousilahti, P.; Rastenyte, D.; Moltchanov, V.; 
Tanskanen, A.; Pietinen, P.; Nissinen, A. Urinary sodium excretion and 
cardiovascular mortality in Finland: a prospective study. Lancet 
357:848-851; 2001. 

 [176]  Intersalt: an international study of electrolyte excretion and blood 
pressure. Results for 24 hour urinary sodium and potassium excretion. 
Intersalt Cooperative Research Group. BMJ 297:319-328; 1988. 

 [177]  Smith, K. S.; Lee, C. L.; Ridlington, J. W.; Leonard, S. W.; Devaraj, S.; 
Traber, M. G. Vitamin E supplementation increases circulating vitamin 
E metabolites tenfold in end-stage renal disease patients. Lipids 38:813-
819; 2003. 

 [178]  Galli, F.; Lee, R.; Dunster, C.; Kelly, F. J. Gas chromatography mass 
spectrometry analysis of carboxyethyl-hydroxychroman metabolites of 
alpha- and gamma-tocopherol in human plasma. Free Radic. Biol. Med. 
32:333-340; 2002. 

 [179]  Hensley, K.; Williamson, K. S. HPLC-electrochemical detection of 
tocopherol products as indicators of reactive nitrogen intermediates. 
Methods Enzymol. 396:171-182; 2005. 

 [180]  Rao, T. S.; Currie, J. L.; Shaffer, A. F.; Isakson, P. C. In vivo 
characterization of zymosan-induced mouse peritoneal inflammation. J. 
Pharmacol. Exp. Ther. 269:917-925; 1994. 

 [181]  Christen, S.; Jiang, Q.; Shigenaga, M. K.; Ames, B. N. Analysis of 
plasma tocopherols alpha, gamma, and 5-nitro-gamma in rats with 
inflammation by HPLC coulometric detection. J. Lipid Res. 43:1978-
1985; 2002. 

 [182]  Stahl, W.; Graf, P.; Brigelius-Flohe, R.; Wechter, W.; Sies, H. 
Quantification of the alpha- and gamma-tocopherol metabolites 2,5,7, 8-

 147



 

tetramethyl-2-(2'-carboxyethyl)-6-hydroxychroman and 2,7, 8-trimethyl-
2-(2'-carboxyethyl)-6-hydroxychroman in human serum. Anal. Biochem. 
275:254-259; 1999. 

 [183]  Wechter, W. J.; Kantoci, D.; Murray, E. D., Jr.; D'Amico, D. C.; Jung, 
M. E.; Wang, W. H. A new endogenous natriuretic factor: LLU-alpha. 
Proc. Natl. Acad. Sci. U. S. A 93:6002-6007; 1996. 

 [184]  Galli, F.; Lee, R.; Atkinson, J.; Floridi, A.; Kelly, F. J. gamma-
Tocopherol biokinetics and transformation in humans. Free Radic. Res. 
37:1225-1233; 2003. 

 [185]  Huang, H. Y.; Appel, L. J. Supplementation of diets with alpha-
tocopherol reduces serum concentrations of gamma- and delta-
tocopherol in humans. J. Nutr. 133:3137-3140; 2003. 

 [186]  Miyata, N.; Taniguchi, K.; Seki, T.; Ishimoto, T.; Sato-Watanabe, M.; 
Yasuda, Y.; Doi, M.; Kametani, S.; Tomishima, Y.; Ueki, T.; Sato, M.; 
Kameo, K. HET0016, a potent and selective inhibitor of 20-HETE 
synthesizing enzyme. Br. J. Pharmacol. 133:325-329; 2001. 

 [187]  Zhang, W.; Ramamoorthy, Y.; Kilicarslan, T.; Nolte, H.; Tyndale, R. F.; 
Sellers, E. M. Inhibition of cytochromes P450 by antifungal imidazole 
derivatives. Drug Metab Dispos. 30:314-318; 2002. 

 [188]  Turan, V. K.; Mishin, V. M.; Thomas, P. E. Clotrimazole is a selective 
and potent inhibitor of rat cytochrome P450 3A subfamily-related 
testosterone metabolism. Drug Metab Dispos. 29:837-842; 2001. 

 [189]  Podrez, E. A.; Schmitt, D.; Hoff, H. F.; Hazen, S. L. Myeloperoxidase-
generated reactive nitrogen species convert LDL into an atherogenic 
form in vitro. J. Clin. Invest 103:1547-1560; 1999. 

 [190]  Pennathur, S.; Bergt, C.; Shao, B.; Byun, J.; Kassim, S. Y.; Singh, P.; 
Green, P. S.; McDonald, T. O.; Brunzell, J.; Chait, A.; Oram, J. F.; 
O'brien, K.; Geary, R. L.; Heinecke, J. W. Human atherosclerotic intima 
and blood of patients with established coronary artery disease contain 
high density lipoprotein damaged by reactive nitrogen species. J. Biol. 
Chem. 279:42977-42983; 2004. 

 [191]  Ceriello, A.; Mercuri, F.; Quagliaro, L.; Assaloni, R.; Motz, E.; Tonutti, 
L.; Taboga, C. Detection of nitrotyrosine in the diabetic plasma: 
evidence of oxidative stress. Diabetologia 44:834-838; 2001. 

 [192]  Birringer, M.; Pfluger, P.; Kluth, D.; Landes, N.; Brigelius-Flohe, R. 
Identities and differences in the metabolism of tocotrienols and 
tocopherols in HepG2 cells. J. Nutr. 132:3113-3118; 2002. 

 [193]  Baker, P. R.; Schopfer, F. J.; Sweeney, S.; Freeman, B. A. Red cell 
membrane and plasma linoleic acid nitration products: synthesis, clinical 
identification, and quantitation. Proc. Natl. Acad. Sci. U. S. A 
101:11577-11582; 2004. 

 148



 

 [194]  Coles, B.; Bloodsworth, A.; Clark, S. R.; Lewis, M. J.; Cross, A. R.; 
Freeman, B. A.; O'Donnell, V. B. Nitrolinoleate inhibits superoxide 
generation, degranulation, and integrin expression by human neutrophils: 
novel antiinflammatory properties of nitric oxide-derived reactive 
species in vascular cells. Circ. Res. 91:375-381; 2002. 

 [195]  Gao, R.; Stone, W. L.; Huang, T.; Papas, A. M.; Qui, M. The uptake of 
tocopherols by RAW 264.7 macrophages. Nutr. J. 1:2; 2002. 

 [196]  Noguchi, N.; Hanyu, R.; Nonaka, A.; Okimoto, Y.; Kodama, T. 
Inhibition of THP-1 cell adhesion to endothelial cells by alpha-
tocopherol and alpha-tocotrienol is dependent on intracellular 
concentration of the antioxidants. Free Radic. Biol. Med. 34:1614-1620; 
2003. 

 [197]  Tran, K.; Chan, A. C. Comparative uptake of alpha- and gamma-
tocopherol by human endothelial cells. Lipids 27:38-41; 1992. 

 [198]  Campbell, S. E.; Stone, W. L.; Whaley, S. G.; Qui, M.; Krishnan, K. 
Gamma (gamma) tocopherol upregulates peroxisome proliferator 
activated receptor (PPAR) gamma (gamma) expression in SW 480 
human colon cancer cell lines. BMC. Cancer 3:25; 2003. 

 [199]  Goti, D.; Reicher, H.; Malle, E.; Kostner, G. M.; Panzenboeck, U.; 
Sattler, W. High-density lipoprotein (HDL3)-associated alpha-
tocopherol is taken up by HepG2 cells via the selective uptake pathway 
and resecreted with endogenously synthesized apo-lipoprotein B-rich 
lipoprotein particles. Biochem. J. 332 ( Pt 1):57-65; 1998. 

 [200]  Mardones, P.; Strobel, P.; Miranda, S.; Leighton, F.; Quinones, V.; 
Amigo, L.; Rozowski, J.; Krieger, M.; Rigotti, A. Alpha-tocopherol 
metabolism is abnormal in scavenger receptor class B type I (SR-BI)-
deficient mice. J. Nutr. 132:443-449; 2002. 

 [201]  Haffner, S. M.; Lehto, S.; Ronnemaa, T.; Pyorala, K.; Laakso, M. 
Mortality from coronary heart disease in subjects with type 2 diabetes 
and in nondiabetic subjects with and without prior myocardial infarction. 
N. Engl. J. Med. 339:229-234; 1998. 

 [202]  Ridker, P. M.; Glynn, R. J.; Hennekens, C. H. C-reactive protein adds to 
the predictive value of total and HDL cholesterol in determining risk of 
first myocardial infarction. Circulation 97:2007-2011; 1998. 

 [203]  Ridker, P. M.; Rifai, N.; Stampfer, M. J.; Hennekens, C. H. Plasma 
concentration of interleukin-6 and the risk of future myocardial 
infarction among apparently healthy men. Circulation 101:1767-1772; 
2000. 

 [204]  Katsuki, A.; Sumida, Y.; Murashima, S.; Murata, K.; Takarada, Y.; Ito, 
K.; Fujii, M.; Tsuchihashi, K.; Goto, H.; Nakatani, K.; Yano, Y. Serum 
levels of tumor necrosis factor-alpha are increased in obese patients with 

 149



 

noninsulin-dependent diabetes mellitus. J. Clin. Endocrinol. Metab 
83:859-862; 1998. 

 [205]  Pickup, J. C.; Mattock, M. B.; Chusney, G. D.; Burt, D. NIDDM as a 
disease of the innate immune system: association of acute-phase 
reactants and interleukin-6 with metabolic syndrome X. Diabetologia 
40:1286-1292; 1997. 

 [206]  Rodriguez-Moran, M.; Guerrero-Romero, F. Increased levels of C-
reactive protein in noncontrolled type II diabetic subjects. J. Diabetes 
Complications 13:211-215; 1999. 

 [207]  Barzilay, J. I.; Abraham, L.; Heckbert, S. R.; Cushman, M.; Kuller, L. 
H.; Resnick, H. E.; Tracy, R. P. The relation of markers of inflammation 
to the development of glucose disorders in the elderly: the 
Cardiovascular Health Study. Diabetes 50:2384-2389; 2001. 

 [208]  Spranger, J.; Kroke, A.; Mohlig, M.; Hoffmann, K.; Bergmann, M. M.; 
Ristow, M.; Boeing, H.; Pfeiffer, A. F. Inflammatory cytokines and the 
risk to develop type 2 diabetes: results of the prospective population-
based European Prospective Investigation into Cancer and Nutrition 
(EPIC)-Potsdam Study. Diabetes 52:812-817; 2003. 

 [209]  Pickup, J. C. Inflammation and activated innate immunity in the 
pathogenesis of type 2 diabetes. Diabetes Care 27:813-823; 2004. 

 [210]  Gopaul, N. K.; Anggard, E. E.; Mallet, A. I.; Betteridge, D. J.; Wolff, S. 
P.; Nourooz-Zadeh, J. Plasma 8-epi-PGF2 alpha levels are elevated in 
individuals with non-insulin dependent diabetes mellitus. FEBS Lett. 
368:225-229; 1995. 

 [211]  Sampson, M. J.; Gopaul, N.; Davies, I. R.; Hughes, D. A.; Carrier, M. J. 
Plasma F2 isoprostanes: direct evidence of increased free radical damage 
during acute hyperglycemia in type 2 diabetes. Diabetes Care 25:537-
541; 2002. 

 [212]  Pope, S. A.; Clayton, P. T.; Muller, D. P. A new method for the analysis 
of urinary vitamin E metabolites and the tentative identification of a 
novel group of compounds. Arch. Biochem. Biophys. 381:8-15; 2000. 

 [213]  Mori, T. A.; Croft, K. D.; Puddey, I. B.; Beilin, L. J. An improved 
method for the measurement of urinary and plasma F2-isoprostanes 
using gas chromatography-mass spectrometry. Anal. Biochem. 268:117-
125; 1999. 

 [214]  van Kampen, E.; Zijlstra, W. G. Standardization of hemoglobinometry. 
II. The hemiglobincyanide method. Clin. Chim. Acta 6:538-544; 1961. 

 [215]  Schultz, M.; Leist, M.; Petrzika, M.; Gassmann, B.; Brigelius-Flohe, R. 
Novel urinary metabolite of alpha-tocopherol, 2,5,7,8-tetramethyl-2(2'-
carboxyethyl)-6-hydroxychroman, as an indicator of an adequate vitamin 
E supply? Am. J. Clin. Nutr. 62:1527S-1534S; 1995. 

 150



 

 [216]  Traber, M. G.; Siddens, L. K.; Leonard, S. W.; Schock, B.; Gohil, K.; 
Krueger, S. K.; Cross, C. E.; Williams, D. E. Alpha-tocopherol 
modulates Cyp3a expression, increases gamma-CEHC production, and 
limits tissue gamma-tocopherol accumulation in mice fed high gamma-
tocopherol diets. Free Radic. Biol. Med. 38:773-785; 2005. 

 [217]  Feillet-Coudray, C.; Chone, F.; Michel, F.; Rock, E.; Thieblot, P.; 
Rayssiguier, Y.; Tauveron, I.; Mazur, A. Divergence in plasmatic and 
urinary isoprostane levels in type 2 diabetes. Clin. Chim. Acta 324:25-
30; 2002. 

 [218]  Morrow, J. D.; Roberts, L. J. The isoprostanes. Current knowledge and 
directions for future research. Biochem. Pharmacol. 51:1-9; 1996. 

 [219]  Venugopal, S. K.; Devaraj, S.; Yang, T.; Jialal, I. Alpha-tocopherol 
decreases superoxide anion release in human monocytes under 
hyperglycemic conditions via inhibition of protein kinase C-alpha. 
Diabetes 51:3049-3054; 2002. 

 [220]  Gimeno, A.; Zaragoza, R.; Vina, J. R.; Miralles, V. J. Vitamin E 
activates CRABP-II gene expression in cultured human fibroblasts, role 
of protein kinase C. FEBS Lett. 569:240-244; 2004. 

 [221]  Devaraj, S.; Jialal, I. Alpha tocopherol supplementation decreases serum 
C-reactive protein and monocyte interleukin-6 levels in normal 
volunteers and type 2 diabetic patients. Free Radic. Biol. Med. 29:790-
792; 2000. 

 [222]  Upritchard, J. E.; Sutherland, W. H.; Mann, J. I. Effect of 
supplementation with tomato juice, vitamin E, and vitamin C on LDL 
oxidation and products of inflammatory activity in type 2 diabetes. 
Diabetes Care 23:733-738; 2000. 

 [223]  LaRosa, J. C. Pleiotropic effects of statins and their clinical significance. 
Am. J. Cardiol. 88:291-293; 2001. 

 [224]  Bruunsgaard, H.; Poulsen, H. E.; Pedersen, B. K.; Nyyssonen, K.; 
Kaikkonen, J.; Salonen, J. T. Long-term combined supplementations 
with alpha-tocopherol and vitamin C have no detectable anti-
inflammatory effects in healthy men. J. Nutr. 133:1170-1173; 2003. 

 [225]  Funk, C. D. Prostaglandins and leukotrienes: advances in eicosanoid 
biology. Science 294:1871-1875; 2001. 

 [226]  Antman, E. M.; DeMets, D.; Loscalzo, J. Cyclooxygenase inhibition and 
cardiovascular risk. Circulation 112:759-770; 2005. 

 [227]  Grosser, T.; Fries, S.; FitzGerald, G. A. Biological basis for the 
cardiovascular consequences of COX-2 inhibition: therapeutic 
challenges and opportunities. J. Clin. Invest 116:4-15; 2006. 

 151



 

 [228]  McAdam, B. F.; Catella-Lawson, F.; Mardini, I. A.; Kapoor, S.; Lawson, 
J. A.; FitzGerald, G. A. Systemic biosynthesis of prostacyclin by 
cyclooxygenase (COX)-2: the human pharmacology of a selective 
inhibitor of COX-2. Proc. Natl. Acad. Sci. U. S. A 96:272-277; 1999. 

 [229]  Smith, W. L.; Garavito, R. M.; DeWitt, D. L. Prostaglandin 
endoperoxide H synthases (cyclooxygenases)-1 and -2. J. Biol. Chem. 
271:33157-33160; 1996. 

 [230]  Schonbeck, U.; Sukhova, G. K.; Graber, P.; Coulter, S.; Libby, P. 
Augmented expression of cyclooxygenase-2 in human atherosclerotic 
lesions. Am. J. Pathol. 155:1281-1291; 1999. 

 [231]  Spanbroek, R.; Grabner, R.; Lotzer, K.; Hildner, M.; Urbach, A.; 
Ruhling, K.; Moos, M. P.; Kaiser, B.; Cohnert, T. U.; Wahlers, T.; 
Zieske, A.; Plenz, G.; Robenek, H.; Salbach, P.; Kuhn, H.; Radmark, O.; 
Samuelsson, B.; Habenicht, A. J. Expanding expression of the 5-
lipoxygenase pathway within the arterial wall during human 
atherogenesis. Proc. Natl. Acad. Sci. U. S. A 100:1238-1243; 2003. 

 [232]  Huang, L.; Zhao, A.; Wong, F.; Ayala, J. M.; Struthers, M.; Ujjainwalla, 
F.; Wright, S. D.; Springer, M. S.; Evans, J.; Cui, J. Leukotriene B4 
strongly increases monocyte chemoattractant protein-1 in human 
monocytes. Arterioscler. Thromb. Vasc. Biol. 24:1783-1788; 2004. 

 [233]  Aiello, R. J.; Bourassa, P. A.; Lindsey, S.; Weng, W.; Freeman, A.; 
Showell, H. J. Leukotriene B4 receptor antagonism reduces monocytic 
foam cells in mice. Arterioscler. Thromb. Vasc. Biol. 22:443-449; 2002. 

 [234]  Dwyer, J. H.; Allayee, H.; Dwyer, K. M.; Fan, J.; Wu, H.; Mar, R.; 
Lusis, A. J.; Mehrabian, M. Arachidonate 5-lipoxygenase promoter 
genotype, dietary arachidonic acid, and atherosclerosis. N. Engl. J. Med. 
350:29-37; 2004. 

 [235]  Wu, D.; Liu, L.; Meydani, M.; Meydani, S. N. Vitamin E increases 
production of vasodilator prostanoids in human aortic endothelial cells 
through opposing effects on cyclooxygenase-2 and phospholipase A2. J. 
Nutr. 135:1847-1853; 2005. 

 [236]  Zhang, R.; Brennan, M. L.; Fu, X.; Aviles, R. J.; Pearce, G. L.; Penn, M. 
S.; Topol, E. J.; Sprecher, D. L.; Hazen, S. L. Association between 
myeloperoxidase levels and risk of coronary artery disease. JAMA 
286:2136-2142; 2001. 

 [237]  Funk, C. D. Leukotriene modifiers as potential therapeutics for 
cardiovascular disease. Nat. Rev. Drug Discov. 4:664-672; 2005. 

 [238]  Boyum, A. Isolation of mononuclear cells and granulocytes from human 
blood. Isolation of monuclear cells by one centrifugation, and of 
granulocytes by combining centrifugation and sedimentation at 1 g. 
Scand. J. Clin. Lab Invest Suppl 97:77-89; 1968. 

 152



 

 [239]  Hatam, L. J.; Kayden, H. J. A high-performance liquid chromatographic 
method for the determination of tocopherol in plasma and cellular 
elements of the blood. J. Lipid Res. 20:639-645; 1979. 

 [240]  Bradford, M. M. A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye 
binding. Anal. Biochem. 72:248-254; 1976. 

 [241]  Croft, K. D.; Proudfoot, J.; Moulton, C.; Beilin, L. J. The effect of 
lipoproteins on the release of some eicosanoids by stimulated human 
leukocytes. A possible role in atherogenesis. Eicosanoids 4:75-81; 1991. 

 [242]  Mita, H.; Yui, Y.; Yasueda, H.; Shida, T. Isocratic determination of 
arachidonic acid 5-lipoxygenase products in human neutrophils by high-
performance liquid chromatography. J. Chromatogr. 430:299-308; 1988. 

 [243]  Klebanoff, S. J.; Waltersdorph, A. M.; Rosen, H. Antimicrobial activity 
of myeloperoxidase. Methods Enzymol. 105:399-403; 1984. 

 [244]  Patrignani, P.; Panara, M. R.; Greco, A.; Fusco, O.; Natoli, C.; Iacobelli, 
S.; Cipollone, F.; Ganci, A.; Creminon, C.; Maclouf, J.; . Biochemical 
and pharmacological characterization of the cyclooxygenase activity of 
human blood prostaglandin endoperoxide synthases. J. Pharmacol. Exp. 
Ther. 271:1705-1712; 1994. 

 [245]  Mantzioris, E.; Cleland, L. G.; Gibson, R. A.; Neumann, M. A.; Demasi, 
M.; James, M. J. Biochemical effects of a diet containing foods enriched 
with n-3 fatty acids. Am. J. Clin. Nutr. 72:42-48; 2000. 

 [246]  Lehmann, J.; Rao, D. D.; Canary, J. J.; Judd, J. T. Vitamin E and 
relationships among tocopherols in human plasma, platelets, 
lymphocytes, and red blood cells. Am. J. Clin. Nutr. 47:470-474; 1988. 

 [247]  Capone, M. L.; Tacconelli, S.; Sciulli, M. G.; Grana, M.; Ricciotti, E.; 
Minuz, P.; Di Gregorio, P.; Merciaro, G.; Patrono, C.; Patrignani, P. 
Clinical pharmacology of platelet, monocyte, and vascular 
cyclooxygenase inhibition by naproxen and low-dose aspirin in healthy 
subjects. Circulation 109:1468-1471; 2004. 

 [248]  Devaraj, S.; Jialal, I. alpha-Tocopherol decreases tumor necrosis factor-
alpha mRNA and protein from activated human monocytes by inhibition 
of 5-lipoxygenase. Free Radic. Biol. Med. 38:1212-1220; 2005. 

 [249]  FitzGerald, G. A.; Pedersen, A. K.; Patrono, C. Analysis of prostacyclin 
and thromboxane biosynthesis in cardiovascular disease. Circulation 
67:1174-1177; 1983. 

 [250]  Helgadottir, A.; Manolescu, A.; Thorleifsson, G.; Gretarsdottir, S.; 
Jonsdottir, H.; Thorsteinsdottir, U.; Samani, N. J.; Gudmundsson, G.; 
Grant, S. F.; Thorgeirsson, G.; Sveinbjornsdottir, S.; Valdimarsson, E. 
M.; Matthiasson, S. E.; Johannsson, H.; Gudmundsdottir, O.; Gurney, M. 
E.; Sainz, J.; Thorhallsdottir, M.; Andresdottir, M.; Frigge, M. L.; Topol, 

 153



 

E. J.; Kong, A.; Gudnason, V.; Hakonarson, H.; Gulcher, J. R.; 
Stefansson, K. The gene encoding 5-lipoxygenase activating protein 
confers risk of myocardial infarction and stroke. Nat. Genet. 36:233-239; 
2004. 

 [251]  Helgadottir, A.; Manolescu, A.; Helgason, A.; Thorleifsson, G.; 
Thorsteinsdottir, U.; Gudbjartsson, D. F.; Gretarsdottir, S.; Magnusson, 
K. P.; Gudmundsson, G.; Hicks, A.; Jonsson, T.; Grant, S. F.; Sainz, J.; 
O'brien, S. J.; Sveinbjornsdottir, S.; Valdimarsson, E. M.; Matthiasson, 
S. E.; Levey, A. I.; Abramson, J. L.; Reilly, M. P.; Vaccarino, V.; Wolfe, 
M. L.; Gudnason, V.; Quyyumi, A. A.; Topol, E. J.; Rader, D. J.; 
Thorgeirsson, G.; Gulcher, J. R.; Hakonarson, H.; Kong, A.; Stefansson, 
K. A variant of the gene encoding leukotriene A4 hydrolase confers 
ethnicity-specific risk of myocardial infarction. Nat. Genet. 38:68-74; 
2006. 

 [252]  Peters-Golden, M.; Brock, T. G. Intracellular compartmentalization of 
leukotriene synthesis: unexpected nuclear secrets. FEBS Lett. 487:323-
326; 2001. 

 [253]  Maccarrone, M.; Taccone-Gallucci, M.; Meloni, C.; Cococcetta, N.; Di 
Villahermosa, S. M.; Casciani, C. U.; Finazzi-Agro, A. Activation of 5-
lipoxygenase and related cell membrane lipoperoxidation in 
hemodialysis patients. J. Am. Soc. Nephrol. 10:1991-1996; 1999. 

 [254]  Reddanna, P.; Rao, M. K.; Reddy, C. C. Inhibition of 5-lipoxygenase by 
vitamin E. FEBS Lett. 193:39-43; 1985. 

 [255]  Hakonarson, H.; Thorvaldsson, S.; Helgadottir, A.; Gudbjartsson, D.; 
Zink, F.; Andresdottir, M.; Manolescu, A.; Arnar, D. O.; Andersen, K.; 
Sigurdsson, A.; Thorgeirsson, G.; Jonsson, A.; Agnarsson, U.; 
Bjornsdottir, H.; Gottskalksson, G.; Einarsson, A.; Gudmundsdottir, H.; 
Adalsteinsdottir, A. E.; Gudmundsson, K.; Kristjansson, K.; Hardarson, 
T.; Kristinsson, A.; Topol, E. J.; Gulcher, J.; Kong, A.; Gurney, M.; 
Thorgeirsson, G.; Stefansson, K. Effects of a 5-lipoxygenase-activating 
protein inhibitor on biomarkers associated with risk of myocardial 
infarction: a randomized trial. JAMA 293:2245-2256; 2005. 

 [256]  Nicholls, S. J.; Hazen, S. L. Myeloperoxidase and cardiovascular 
disease. Arterioscler. Thromb. Vasc. Biol. 25:1102-1111; 2005. 

 [257]  Halliwell, B.; Whiteman, M. Measuring reactive species and oxidative 
damage in vivo and in cell culture: how should you do it and what do the 
results mean? Br. J. Pharmacol. 142:231-255; 2004. 

 [258]  Dalle-Donne, I.; Rossi, R.; Colombo, R.; Giustarini, D.; Milzani, A. 
Biomarkers of oxidative damage in human disease. Clin. Chem. 52:601-
623; 2006. 

 [259]  Boaz, M.; Smetana, S.; Weinstein, T.; Matas, Z.; Gafter, U.; Iaina, A.; 
Knecht, A.; Weissgarten, Y.; Brunner, D.; Fainaru, M.; Green, M. S. 

 154



 

Secondary prevention with antioxidants of cardiovascular disease in 
endstage renal disease (SPACE): randomised placebo-controlled trial. 
Lancet 356:1213-1218; 2000. 

 [260]  Gupta, R.; Birnbaum, Y.; Uretsky, B. F. The renal patient with coronary 
artery disease: current concepts and dilemmas. J. Am. Coll. Cardiol. 
44:1343-1353; 2004. 

 [261]  Shishehbor, M. H.; Brennan, M. L.; Aviles, R. J.; Fu, X.; Penn, M. S.; 
Sprecher, D. L.; Hazen, S. L. Statins promote potent systemic 
antioxidant effects through specific inflammatory pathways. Circulation 
108:426-431; 2003. 

 [262]  Lim, H. S.; Blann, A. D.; Lip, G. Y. Soluble CD40 ligand, soluble P-
selectin, interleukin-6, and tissue factor in diabetes mellitus: 
relationships to cardiovascular disease and risk factor intervention. 
Circulation 109:2524-2528; 2004. 

 [263]  Itoh, N.; Masuo, Y.; Yoshida, Y.; Cynshi, O.; Jishage, K.; Niki, E. 
gamma-Tocopherol attenuates MPTP-induced dopamine loss more 
efficiently than alpha-tocopherol in mouse brain. Neurosci. Lett. 
403:136-140; 2006. 

 [264]  Ward, N. C.; Wu, J. H.; Clarke, M. W.; Puddey, I. B.; Burke, V.; Croft, 
K. D.; Hodgson, J. M. Vitamin E increases blood pressure in individuals 
with type 2 diabetes.  A randomised, double blind, placebo controlled 
trial. Journal of Hypertension In Press; 2006. 

 [265]  Economides, P. A.; Khaodhiar, L.; Caselli, A.; Caballero, A. E.; Keenan, 
H.; Bursell, S. E.; King, G. L.; Johnstone, M. T.; Horton, E. S.; Veves, 
A. The effect of vitamin E on endothelial function of micro- and 
macrocirculation and left ventricular function in type 1 and type 2 
diabetic patients. Diabetes 54:204-211; 2005. 

 [266]  Frank, J. Beyond vitamin E supplementation: an alternative strategy to 
improve vitamin E status. J. Plant Physiol 162:834-843; 2005. 

 [267]  Cooney, R. V.; Custer, L. J.; Okinaka, L.; Franke, A. A. Effects of 
dietary sesame seeds on plasma tocopherol levels. Nutr. Cancer 39:66-
71; 2001. 

 [268]  Lemcke-Norojarvi, M.; Kamal-Eldin, A.; Appelqvist, L. A.; Dimberg, L. 
H.; Ohrvall, M.; Vessby, B. Corn and sesame oils increase serum 
gamma-tocopherol concentrations in healthy Swedish women. J. Nutr. 
131:1195-1201; 2001. 

 [269]  Wu, W. H.; Kang, Y. P.; Wang, N. H.; Jou, H. J.; Wang, T. A. Sesame 
ingestion affects sex hormones, antioxidant status, and blood lipids in 
postmenopausal women. J. Nutr. 136:1270-1275; 2006. 

 155



 

 [270]  Frank, J.; Kamal-Eldin, A.; Traber, M. G. Consumption of sesame oil 
muffins decreases the urinary excretion of gamma-tocopherol 
metabolites in humans. Ann. N. Y. Acad. Sci. 1031:365-367; 2004. 

 
 

 156


	Publications
	Presentations
	Awards received
	 Table of contents
	List of tables and figures
	 Thesis abstract
	 Abbreviations
	Chapter 1: literature review
	1.1. Atherosclerosis and inflammation
	1.1.1. Disease initiation: formation of fatty streaks
	 1.1.2. From fatty streak to late lesions
	1.1.3. Risk factors for atherosclerosis
	1.1.4. Markers of inflammation  
	1.2. Oxidative modification hypothesis
	1.2.1. Existence of oxidised LDL in vivo
	1.2.2. LDL oxidation: cause or consequence  
	 1.2.3. Oxidative stress: more than LDL oxidation
	1.2.4. Quantification of oxidative stress: F2-isoprostanes
	1.2.5. Oxidative modification hypothesis: the search for antioxidants

	1.3. Vitamin E
	1.3.1. Bio-availability of vitamin E isomers
	 1.3.2. Vitamin E metabolism
	1.3.3. Vitamin E metabolism and drug interaction
	1.3.4. Vitamin E biological activities: is it an antioxidant?
	 1.3.5. Vitamin E deficiency syndromes

	1.4. (T and atherosclerosis
	1.4.1. Epidemiological studies
	1.4.2. (T supplementation and its potential antioxidant activities 
	1.4.3. Randomised clinical trials

	1.5. (T and atherosclerosis
	1.5.1. Epidemiological studies
	1.5.2. (T and reactive nitrogen species (RNS)
	1.5.3. (T and platelet aggregation
	1.5.4. Anti-inflammatory activities of (T
	1.5.5. (-CEHC and its potential biological activities

	1.6. Study aims



	 Chapter 2: Investigation of 5-NO2-(T metabolism
	2.1. Introduction
	 2.2. Methods
	2.2.1. Materials
	 2.2.2. Reaction conditions
	2.2.3. Purification of reaction products
	2.2.4. Identification of reaction products
	2.2.5. Serum and urine collection from human subjects
	2.2.6. Analysis of serum (- tocopherol
	2.2.7. Extraction of urinary (- and 5-NO2-(-CEHC
	2.2.8. GC-MS analysis
	2.2.9. HepG2 Cell culture
	2.2.10. Extraction and analysis of metabolites from culture media
	2.2.11. Analysis of intracellular tocopherols and metabolites
	2.2.12. Statistical analysis
	 2.3. Results
	2.3.1. 5-NO2-(-CEHC synthesis and structural confirmation 
	2.3.2. GC-MS assay validation for detection of 5-NO2-(-CEHC
	 2.3.3. 5-NO 2-(-CEHC could not be detected in human urine
	2.3.4. HepG2 cells are unable to metabolise 5-NO2-(-tocopherol
	2.3.5. Effect of CYP450 inhibitors on tocopherol metabolism by HepG2 cells




	 Chapter 3: Human study - Effects of (-tocopherol and mixed tocopherol supplementation on markers of oxidative stress and inflammation in type 2 diabetes.
	3.1 Introduction
	 3.2 Methods
	3.2.1. Subjects and Study design
	3.2.2. Materials
	3.2.3. Measurement of serum tocopherol and urinary vitamin E metabolites
	 3.2.4. F2-isoprostanes analysis by GC-MS
	3.2.5. Erythrocyte antioxidant enzyme activities
	3.2.6. Plasma inflammation markers 
	3.2.7. Other biochemical measurements
	3.2.8. Statistical Analysis
	3.3 Results
	3.3.1. Subject Characteristics
	3.3.2. Serum tocopherol enrichment
	 3.3.3. Urinary vitamin E metabolite excretion

	 3.4. Discussion
	3.4.1. Tocopherol bioavailability and metabolism
	3.4.2. Tocopherol supplementation and markers of oxidative stress
	3.4.3. Tocopherol supplementation and markers of systemic inflammation
	3.4.4. Conclusions




	 Chapter 4: Human study -  Effects of (-tocopherol and mixed tocopherol supplementation on eicosanoid biosynthesis in type 2 diabetes.
	4.1. Introduction
	4.2.1. Subjects and Study design
	4.2.2. Materials
	 4.2.3. Monocyte and neutrophil isolation
	4.2.4. Measurement of cellular tocopherol
	4.2.5. Neutrophil LTB4 generation
	4.2.6. MPO activity assay
	 4.2.7. Whole blood COX-2 activity assay
	4.2.8. Enzyme immunoassay for PGE2 and PGI-M
	4.2.9. In vitro tocopherol supplementation and neutrophil LTB4 synthesis
	4.2.10. Statistical Analysis
	 4.3. Results
	4.3.1. Cellular tocopherol enrichment
	 4.3.2. Effect of supplementation on eicosanoid synthesis and MPO activity
	4.3.3. Tocopherol inhibition of neutrophil LTB4 synthesis in vitro

	 4.4. Discussion



	 Chapter 5: General summary and discussion
	5.1. Antioxidants and biomarkers of oxidative stress
	5.2. Anti-inflammatory activities of tocopherols
	5.3. Bioavailability and bioactivity of tocopherol isomers
	5.4. Tocopherol supplementation and CVD

	 References

