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ABSTRACT 
Interest in the role of peroxynitrite in the pathogenesis of atherosclerosis 

has increased due to many in vitro studies which have demonstrated its potent 

oxidising and nitrating capability and immunohistochemical staining studies 

which demonstrate nitration of tyrosine in vivo. It is frequently suggested that 

the production of nitric oxide and superoxide at sites of inflammation implicates 

peroxynitrite as the major damaging reactive nitrogen species in vivo. Evidence 

for a role for peroxynitrite is often demonstrated by measurement of 

3-nitrotyrosine yet even this cannot distinguish peroxynitrite from other nitrating 

species. Clearly, however, if peroxynitrite is important in atherogenesis, then 

identification of mechanisms for its detoxification could provide a means of 

preventing such effects. Therefore, this Thesis has sought to determine whether  

phenolic compounds of dietary origin can be preferentially nitrated by reactive 

nitrogen species thereby protecting endogenous structures, such as low density 

lipoproteins, from atherogenic modifications. This Thesis focuses upon phenolic 

acids as they have received relatively less attention than other classes of 

phenolic compounds, such as flavonoids, yet they are quite abundant in socially 

important beverages such as red wine. In order to complete the required 

analyses, the development of methods to detect phenolic acids and their 

nitration products together with 3-nitrotyrosine, dityrosine and 5-nitro-γ-

tocopherol was necessary. 

The initial in vitro experiments described herein sought to determine the 

products of reaction of peroxynitrite with phenolic acids of the 4-hydroxy and 

3,4-dihydroxy type and then to examine whether these products could account 

for a protective effect upon tyrosine, lipids and endogenous anti-oxidants, if any 

was observed, when isolated LDL was treated with SIN-1, which releases 

peroxynitrite through the simultaneous generation of nitric oxide and 

superoxide. A concurrent minor focus was to examine the relationship between 

structure and activity of these phenolic acids under various regimes of oxidative 

insult. These experiments indicate that, at least in this in vitro model, oxidation 

is a dominant mechanism over nitration. Peroxynitrite was shown to nitrate 

coumaric acid in moderate yields but exclusive oxidation of caffeic acid 

appeared to occur. Although a potential role for γ-tocopherol as an anti-nitration 

agent was inferred, all types of chemical treatment of LDL in the presence of 

phenolic acids yielded oxidation as the primary end point. In fact, nitration of 
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tyrosine was not detected and nitration of coumaric acid was at the limit of 

detection. Since nitration of tyrosine is generally regarded as important in many 

disease states, a more physiological nitrating mechanism involving artificially 

stimulated neutrophils was used. This system demonstrated that although 

physiologically relevant reactive nitrogen species can result in nitration of 

phenolic compounds, in a complex system including biological structures (LDL) 

and phenolic compounds, oxidation but not nitration of all species appears to 

occur. 

As a consequence of the results above, an examination of carotid plaque 

was undertaken to determine to what extent nitration occurred relative to 

oxidation in atherosclerotic tissue. These studies applied methods developed 

herein to detect 3-nitrotyrosine and dityrosine in complex biological matrices as 

markers of nitration and oxidation respectively. The data obtained demonstrated 

that nitration was a minor modification of protein (0.01%) compared to oxidation 

(0.3%) even in a highly diseased tissue such as carotid artery plaque. A 

secondary study examining plasma revealed that dityrosine, which has been 

implicated in irreversible albumin aggregation in chronic renal failure and more 

recently in heart disease, is elevated in chronic renal failure subjects compared 

to well matched controls. A separate examination of plasma from healthy 

subjects revealed that in both the fasting and post prandial state 3-nitrotyrosine 

could not be detected and, in fact, interfering species could be problematic in 

the GC-MS analysis of 3-nitrotyrosine. 

The lack of nitration of any substrate observed in vitro using reactive 

nitrogen species generated in the aqueous phase, the relative lack of nitration 

of tyrosine in plaque proteins and the lipophilicity of nitric oxide, the precursor of 

all reactive nitrogen species, suggested that nitration could be more closely 

associated with lipid structures. The known ability of γ-tocopherol to form 

5-nitro-γ-tocopherol was used to probe this concept. The 5-nitro-γ-tocopherol 

content of lipid extracts obtained from carotid artery plaques was very high 

(30%). This indicated that nitration is predominantly a lipid phase phenomenon 

and that nitrating species are present in much greater abundance than oxidising 

species in vivo. Furthermore, an examination of plasma levels of 5-nitro-γ-

tocopherol in coronary heart disease subjects versus controls showed that 

elevation in reactive nitrogen species, as demonstrated by an increased 5-nitro-
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γ-tocopherol:γ-tocopherol ratio, occurs in this disease. Thus, the nitration of 

γ-tocopherol may have relevance to the disease process. 

In conclusion, the abundance of 5-nitro-γ-tocopherol compared to 

dityrosine in carotid plaque samples suggests that reactive nitrogen species 

may be substantially more abundant than reactive oxygen species in 

atherosclerosis. Although oxidation effectively damages and aggregates 

protein, it is hypothesised that most reactive oxygen species which attack lipids 

are sequestered by conversion to reactive nitrogen species which primarily 

nitrate γ-tocopherol. However, these secondary species may escape into the 

aqueous phase, when γ-tocopherol is sufficiently depleted, where they may 

mediate protein oxidation. 
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1.0 INTRODUCTION
 Cardiovascular disease is the major cause of mortality and morbidity in 

Australia and other developed countries where it accounts for approximately 

half of all deaths1. Therefore, an understanding of the role of lifestyle factors in 

ameliorating this condition would be beneficial in order to prevent or at least 

reduce the impact of this disease. This Thesis seeks to extend upon the current 

knowledge of the relationship between diet and vascular disease by 

investigating the role of some common phenolic components from the diet in the 

chemistry of pathways relevant to the pathogenesis of atherosclerosis. Since 

some aetiological features in atherosclerosis are common to many other human 

diseases, it is feasible that the information contained herein may be relevant to 

other disease states. 

 There has been considerable interest in the possibility that increased 

intakes of dietary antioxidants may protect against some chronic diseases. 

Epidemiological evidence suggests that consumption of fruit and vegetables 

may reduce the risk of some forms of cancer and cardiovascular disease and it 

is hypothesised that this may be due, at least in part, to their antioxidant 

content. These antioxidants include beta-carotene, vitamin C and vitamin E and 

in addition a broad range of compounds called polyphenolics. The latter include 

flavonoids and phenolic acids and have received popular attention due to their 

high levels in beverages such as red wine and both green and black tea. 

Following is a discussion of the principles of oxidation and nitration in 

atherogenesis and the current evidence pertaining to a potential role of dietary 

phenolic compounds as anti-oxidation and anti-nitration agents. 

 

1.1 ATHEROSCLEROSIS AND THE OXIDATIVE HYPOTHESIS 
 Although the exact trigger for atherosclerosis remains unclear, this 

Thesis shall examine some of the chemistry which is relevant to the hypothesis 

first proposed in the early 1980s and recently reviewed2 that low density 

lipoproteins (LDL) must be oxidatively modified in order to become atherogenic. 

The commonly proposed model for the genesis of plaque in artery walls3 

involves the oxidative modification of LDL which subsequently becomes trapped 

within the sub-endothelial space. These oxidised particles exhibit a number of 

toxic effects and promote foam cell formation2. Products from these oxidised 

LDL (oxLDL), such as oxygenated lipids (hydroxides, aldehydes etc), are 
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released from the oxLDL particles and, inter alia, induce the recruitment of 

immune cells into the arterial wall. These cells, typically monocytes which 

ultimately differentiate into macrophages, migrate through the endothelial 

monolayer and take up the oxLDL through a receptor known generically as the 

scavenger receptor. The macrophages are unable to clear the lipid and 

cholesterol which accumlates within them and become lipid laden “foam cells” 

due to their appearance under the microscope. This is an auto-catalytic process 

since the differentiation of monocytes into macrophages, and their inability to 

clear the lipid material, potentiates a cycle of inflammation-induced oxidation. 

Figure 1.1 is a pictorial representation of the above model. 

 This model of atherogenesis may not be complete since more general 

modifications of LDL other than oxidation which result in a chemical or physical 

alteration of native LDL (nLDL) can produce forms of LDL which are avidly 

taken up by macrophages. This has arisen through the observation that 

acetylated LDL4 and other treatments5,6 of nLDL can contribute to foam cell 

formation. 

LDL 

LDL 

Lumen 

Endothelial 
Cells 

Intima 

Media 

Mildly 
oxidised LDL

Adhesion 
molecules Monocyte 

Macrophage 
Cytokines and 
Growth factors

Foam cell 

Extensively 
oxidised LDL

Smooth muscle cell 

Figure 1.1 A model of the oxidative hypothesis of atherosclerosis 
Adapted from 3

 A central requirement of the oxidative hypothesis of atherogenesis is that 

natural anti-oxidant defences become overwhelmed by an oxidative insult and 

that oxidation therefore dominates anti-oxidation. This is often referred to as an 

oxidant/anti-oxidant imbalance and is thought to catalyse the genesis of plaque. 
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The nature of the initiating event, how it occurs and the exact primary effects 

are still not understood. It is clear from the many studies carried out that 

processes occur which modify not only LDL7 but also other nearby structures 

such as artery wall proteins8 and enzymes9,10. Unfortunately, the long term 

nature of atherosclerosis development renders it difficult to determine the 

initiating events. Frequently, only the progressive cycle of inflammation is 

studied. Nevertheless, since inflammation characterises the atherosclerotic 

plaque and catalyses chemical modifications of endogenous structures, much 

insight into the prevention of progression of the disease may be gained. Such 

insights may be sufficient to alleviate the burden of the disease since it is only 

the late stages of atherosclerosis which affect quality of life. 

 

1.2 MODIFYING AGENTS IN VIVO 
The term “modifying agents”, in the context of this Thesis, describes 

those agents capable of producing a change in the physical or chemical 

structure of a biological target. This rather broad definition could include 

exogenous agents such as radiation and pollutants which may behave similarly 

to, or yield the same products as, endogenous agents such as enzymes and 

metabolic by-products. Free radicals are frequently implicated in the 

modification of biological molecules. A free radical is a compound which exists 

with an unpaired electron. These species typically abstract hydrogen atoms 

from nearby molecules to produce a secondary radical. Thus chain reactions 

ensue from the production of radicals. Termination reactions may occur 

whereby two radicals mutually donate their unpaired electron to form a covalent 

bond. Whilst this is the mechanism by which anti-oxidants are proposed to exert 

their effects, it can also result in the formation of more reactive species. Below 

is a discussion of the origin and reactivity of various modifying agents produced, 

or thought to be produced, in vivo. 

 

1.2.1 Sources and Chemistry of Reactive Oxygen Species
 Reactive oxygen species (ROS) are those produced directly or indirectly 

from molecular oxygen and have been reviewed previously11,12. Thus, 

superoxide (O2
•-), produced by electrons “leaking” from the electron transport 

chain of oxidative metabolism or from the oxidative burst of activated 

phagocytes, is a major contributor of ROS in vivo and as much as 2kg may be 
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produced in the human body per year13. This is not necessarily damaging 

because this species is not very reactive and “superoxide dismutase” enzymes 

exist which convert superoxide to molecular oxygen and hydrogen peroxide 

(H2O2). Hydrogen peroxide is more reactive but can also be degraded to 

harmless products by enzymes such as catalase. However, if the production of 

these species exceeds the ability to catalyse their degradation then damage 

may occur. Both superoxide and hydrogen peroxide are frequently regarded as 

poorly reactive, however, they may be involved in the production of more 

reactive species. 

Hydrogen peroxide may form more damaging ROS such as hydroxyl 

radical (•OH) either by reaction with superoxide (Haber-Weiss chemistry) or 

transition metals such as copper and iron. Hydroxyl radical is so reactive that it 

will attack whatever biological molecule exists nearby, initiating free radical 

chain reactions. Hydroxylation of aromatic structures has been used to probe 

the involvement of hydroxyl radical in protein damage in vivo14. Hydrogen 

peroxide is also utilised by myeloperoxidase to produce hypochlorous acid 

which is responsible for chlorinating and, indirectly, nitrating tyrosine residues of 

proteins (summarised by van Dalen et al15). Hypochlorous acid also behaves 

directly as an oxidising agent producing p-hydroxyphenylacetaldehyde from 

tyrosine16. 

The ability of superoxide to produce highly reactive species is 

exemplified by its reaction with nitric oxide (•NO) to produce peroxynitrite. The 

consequences of this are discussed later since peroxynitrite is derived from 

nitric oxide and is therefore generally regarded as a reactive nitrogen species. 

Despite this, it will be shown that peroxynitrite is capable of exhibiting ROS-like 

reactivity through the production of reactive intermediates which behave like the 

hydroxyl radical, and through the formation of dityrosine. 

 Free radical chain reactions initiated by ROS may propagate through 

lipid compartments via the initial formation of a lipid radical (L•). This will give 

rise to lipid peroxides (LOO•) through the reaction of the lipid radical with 

oxygen. This species is a major contributor to free radical chain reactions in lipid 

structures as it effectively abstracts hydrogen atoms from nearby lipids, 

especially bis-allylic hydrogens of polyunsaturated fatty acids, to form a second 

lipid radical and a lipid hydroperoxide (LOOH). The relatively unstable peroxide 

bond may initiate further free radical chain reactions via formation of alkoxyl 
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radicals (LO•) thus magnifying the effects of the initiating radical. The proposed 

involvement of α-tocopherol in this process and the effects of LOOH on 

lipoprotein structure shall be discussed in later chapters, however, the lipid 

hydroperoxides are an important class of ROS which can catalyse membrane 

oxidation. 

 

1.2.2 Sources and Chemistry of Reactive Nitrogen Species
The term reactive nitrogen species (RNS) describes an array of 

compounds which are typically higher oxidation products of nitric oxide and are 

derived from nitric oxide either directly (eg peroxynitrite) or indirectly (eg 

nitrylchloride) through the activation of a secondary nitric oxide product to a 

reactive tertiary product. Therefore, various reactions of nitric oxide with other 

species have been proposed to give rise to the RNS in vivo. Perhaps the most 

widely studied is peroxynitrite, ONOO-, a potent oxidising agent which can react 

with a wide range of biological molecules. 

Although various figures are quoted17-19, its rate of production from nitric 

oxide and superoxide is known to approximate a diffusion controlled reaction 

rate and thus peroxynitrite is thought to be rapidly formed wherever concurrent 

production of nitric oxide and superoxide occurs. Evidence indicates that 

peroxynitrite is sufficiently stable to diffuse large distances on a cellular scale, 

until it might reach a target molecule such as protein or DNA20. Marla et al21 

have shown that peroxynitrite can diffuse across cellular membranes with a 

permeability coefficient equivalent to that of water. Thus extracellular and 

intracellular sources of peroxynitrite may be relevant in terms of LDL oxidation 

and tissue damage22. 

The exact reaction mechanisms of peroxynitrite are not clear although 

the products derived from its breakdown exhibit behaviour similar to both RNS 

and ROS such that the products of the reaction of peroxynitrite with biological 

molecules may not reflect its nitric oxide origins. It is commonly expected that a 

RNS imparts a nitrogenous modification upon a target molecule but this may not 

always be the case. For example, peroxynitrite has been shown to produce both 

3NT and dityrosine depending upon the concentration or flux of peroxynitrite 

used such that at low flux, dityrosine is formed and at higher flux 3NT is 

formed23,24. This apparent biphasic reaction mechanism of peroxynitrite has 

important implications in the study of RNS-induced damage in vitro. Specifically, 
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it indicates that experiments examining peroxynitrite should mimic its in vivo 

production. Many experiments have used bolus addition of synthetic 

peroxynitrite to an experimental solution to investigate nitration/anti-nitration 

effects. This is not satisfactory since, if peroxynitrite is produced through the 

reaction of nitric oxide with superoxide in vivo, then experiments using a 

simultaneous generator of •NO and O2
•- (eg morpholinosydnonamine, SIN-1) or 

independent generators of •NO (eg spermine NONOate) and superoxide (eg 

xanthine oxidase) should be used. This has implications for the experimentally 

derived product profile of peroxynitrite. The observations of Goldstein23 and 

others25 indicate also that the exact flux of •NO and O2
•- can influence the 

degree of nitration versus oxidation produced by peroxynitrite suggesting that 

where chemical production of nitric oxide and superoxide is used, the ratio of 

the two reactants can influence the results obtained. Thus, the chemistry 

associated with peroxynitrite is extremely complex and renders it virtually 

impossible to propose a standard set of experimental conditions which might 

mimic a heterogeneous in vivo situation. 

Other factors can influence the product profile of peroxynitrite through the 

formation of intermediates which follow alternative reaction mechanisms. 

Peroxynitrite is thought to produce reactive tertiary products through the 

interaction with other species present in vivo such as carbon dioxide. This is 

thought to produce an intermediate nitrosoperoxycarbonate species26 which 

favours nitration of targets due to a decomposition mechanism which produces 

nitrogen dioxide and the carbonate radical27,28. Alternatively, protonation of 

peroxynitrite yields peroxynitrous acid which is unstable and spontaneously 

decomposes into poorly described intermediates which behave mostly like 

hydroxyl radical. Figure 1.2 (adapted from Radi et al29 and Uppu et al30) shows 

the species thought to be produced from peroxynitrite. This could explain 

dityrosine24 and aromatic hydroxylation products31 which are also frequently 

observed following treatment with peroxynitrite. Peroxynitrite can also rapidly 

react with other biological targets such as glutathione32 and glucose33,34 to 

produce meta-stable intermediates which release nitric oxide. This could 

represent a means of scavenging peroxynitrite in vivo but would have to 

compete with carbon dioxide. 
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Figure 1.2 Reactive products formed from the decomposition of peroxynitrite 
Adapted from 29 and 30 
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Although peroxynitrite has been widely studied, very little evidence exists 

for its production in vivo. It is a generally accepted principle that peroxynitrite is 

formed where nitration of tyrosine can be demonstrated35. An elegant study by 

Linares et al36 has taken steps to remedy this by comparing mouse strains 

which are resistant or susceptible to Lieshmania amazonensis infection. In the 

presence of low and unchanged levels of peroxidase, control of the parasite 

required induction of nitric oxide synthase and nitration of parasite proteins was 

observed. Although nitrogen dioxide could conceivably act to nitrate tyrosine 

residues in these experiments, the rise in tyrosine nitration was palleled by an 

increase in tyrosine hydroxylation suggestive of the mixed reaction mechanisms 

of peroxynitrite. Nitration of tyrosine, however, is not a specific marker of 

peroxynitrite35. Many species are capable of nitrating tyrosine and, indeed, other 

targets. 

Nitrite (NO2
-), an oxidation product of nitric oxide, is present at low to 

sub-micromolar levels in biological fluids37 and is quite unreactive unless it 

becomes protonated to form nitrous acid (HNO2). Nitrous acid is able to nitrate 

phenolic structures and is used in organic synthesis for this purpose. Therefore, 

nitrous acid could potentially contribute to nitration in vivo. However, the 

requirement for acidic conditions perhaps eliminates this species as a 

contributor to overall nitration of endogenous targets since sufficiently low pH 

levels are unlikely in vivo35. 

Myeloperoxidase (reviewed recently38), an abundant enzyme in 

neutrophils and monocytes, is able to produce hypochlorous acid (HOCl) from 

chloride (Cl-) and hydrogen peroxide (H2O2). It has been demonstrated that 

hypochlorous acid reacts with nitrite to produce nitrylchloride (NO2Cl). This 

species can both nitrate and chlorinate phenolic structures39 and may contribute 

to nitration in atherosclerotic lesions which have been shown to contain active 

myeloperoxidase40. Chlorination is observed in plaque material41,42 suggesting 

myeloperoxidase activity and therefore, nitration by this enzyme is a likely 

possibility. In fact, recent evidence suggests that myeloperoxidase does actually 

produce nitrating species in vivo43. Although the exact mechanism by which it 

achieves this is not clear the evidence suggests myeloperoxidase could convert 

nitrite to nitrogen dioxide (NO2) via a single electron oxidation43 and this could 

nitrate tyrosine. An examination of atherosclerotic material from fatty streak 
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through to advanced plaque suggests that, although substantial chlorination is 

observed early in plaque development, this level does not rise with progression 

of the disease42 and therefore the activity of myeloperoxidase may not be so 

important in late stage atherosclerosis. It may remain active within the plaque40 

but available substrate for the production of hypochlorous acid may diminish. As 

such, myeloperoxidase may be an important contributor to nitration mainly in 

early stage disease. 

Nitrogen dioxide has been demonstrated to nitrate tyrosine in vitro44,45. 

Similarly, it can nitrate γ-tocopherol to produce 5-nitro-γ-tocopherol (5NGT)46. 

Since nitrogen dioxide can be produced from the direct oxidation of nitric oxide 

by molecular oxygen47, and the oxygen tension in vivo is estimated to be 2-

10µM48 it is feasible that nitrogen dioxide is a major contributor to nitration and 

possibly also dityrosine formation.  

 
1.3 MODIFICATIONS OF PROTEINS AND LIPIDS 
 Since progression of atherosclerosis to a plaque is a highly localised 

event, perhaps the most relevant location to examine modifications of proteins 

and lipids which may contribute to plaque development is in atherosclerotic 

plaque itself. Frequently, difficulty is encountered in obtaining human plaque 

material and this is one reason why the early stages of atherosclerosis are 

poorly studied. Nevertheless, examination of plaque material from deceased 

persons has been achieved42,49 but it is unclear what may occur in the time 

between death and excision of the plaque or fatty streak. Carotid 

endarterectomy provides a convenient source of plaque material from living 

individuals but commonly only represents the advanced stage of the disease. In 

addition, the differences between carotid artery plaque and, for example, 

coronary artery plaque are unclear. It is most probable that the chemistry 

contributing to plaque formation and growth in arterial walls is independent of 

locality since it is mostly derived from the inflammatory processes of ubiquitous 

immune cells. However, an anti-oxidant supplementation study in apolipoprotein 

E-deficient mouse models of atherosclerosis, indirectly suggests that the 

probability of site specific genetic contributions to atherosclerosis may be very 

high50. 

 Although direct studies of plaque may elicit some information regarding 

the development of the disease, it is not a useful means of establishing results 
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from intervention trials intended to assess methods of risk reduction. For this, 

an indicator is required in order to assess if alteration of a certain parameter 

may reduce, or perhaps increase, the risk or burden of disease. Thus the use of 

“markers” is intended to give a rapid and accurate indication of treatment effects 

and should be comparable with non-treatment or placebo controlled individuals. 

Markers may take several forms but are essentially either invasive or non-

invasive and examine biochemical or functional changes. Functional tests for 

underlying risk of atherosclerosis typically involve measuring a response to a 

physical stimulus such as flow-mediated dilation of arteries. In this Thesis, 

potential biochemical markers for risk of atheroscerotic vascular disease are 

explored. Blood-borne compounds may provide a simple means of obtaining a 

snap shot of risk in an individual. 

 The requirements of a marker of disease or risk of disease have been 

well defined by De Zwart et al51. To paraphrase the salient points in this 

reference, a marker should ideally: 

• Be obtained through non-invasive means; 

• Remain stable throughout the analysis; 

• Accurately depict the risk or state of disease; 

• Not suffer from interference or background “noise”; and, 

• Be highly responsive to changes in disease status of the subject. 

The current state of the art with respect to markers is that no compound has yet 

been clearly identified which accurately reflects atheroscerotic vascular disease 

status. Despite this, various compounds demonstrate some utility and, in the 

future, new biochemical tests will be developed which better describe risk of 

vascular disease. In this Thesis, several markers were used to assess 

experimental outcomes. The main intent was to examine markers of RNS in 

biological systems, however, since RNS frequently act as oxidising agents 

rather than nitrating agents, an examination of markers of both oxidation and 

nitration also became necessary. 

 

1.3.1 Markers of Oxidation 
 Markers of oxidation are those whose chemical structure may appear to 

represent two potential mechanisms of modification. In accordance with the 

classical definition of oxidation and reduction, removal of hydrogen atoms or 

addition of oxygen atoms can constitute oxidation. Often simultaneously, the 
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Lewis definition may be applicable in which removal of one or more electrons 

constitutes oxidation. Oxidative modifications of amino acids and peptides are 

so numerous that it is not within the scope of this Thesis to address them in 

their entirety. Instead, this discussion shall be restricted to modifications of 

tyrosine since the work contained herein seeks, in broad terms,  to examine the 

role of phenolic anti-oxidants in preventing protein modifications observed in 

plasma and plaque. The phenolic compounds examined share a similarity of 

chemical structure with tyrosine and thus, there is an interest regarding the 

possibility that these proposed anti-oxidants may act by mimicking the structure 

of tyrosine. Lipid oxidation products are also numerous but, since lipid oxidation 

is not a focus of this Thesis, only a general treatment of this subject shall follow. 

 

1.3.1.1 Oxidation of Tyrosine 
 Tyrosine (Figure 1.3A) is a readily modified amino acid due to its 

phenolic structure. By virtue of this structure it is possible to (i) substitute 

protons ortho to the phenolic hydroxyl group with oxygen containing groups, 

and, (ii) remove an electron to generate the tyrosyl radical. Both of these 

mechanisms are observed in vivo and produce markers of tyrosine oxidation. A 

product of (i), above, is the hydroxylation product Dopa (Figure 1.3B). Tyrosine 

has clearly been oxidised as represented by the addition of an oxygen 

containing substituent in the 3’-position. Many ortho-dihydroxybenzene 

containing compounds are susceptible to oxidation and typically form brown, 

polymeric pigments via oxidation to the quinone. This process may result in an 

underestimate of oxidation and so Dopa was not used as an indicator of 

oxidation in these studies. 

Dityrosine and isodityrosine (Figure 1.3C and D) represent oxidation of 

tyrosine under the Lewis definition of (ii) above since they are formed by the 

termination reaction of two tyrosyl radicals to form the covalently bonded dimer. 

For the purposes of this Thesis, dityrosine was selected as the marker of 

tyrosine oxidation since both dityrosine and its parent amino acid exhibit 

excellent stability. Dityrosine, a known product of peroxynitrite oxidation23, is a 

highly fluorescent compound which renders it amenable to HPLC with 

fluorescence detection. Beyond this, dimers of tyrosine may be an important 

feature of disease since they may be formed not only within a single protein 

(intramolecular) but also between proteins (intermolecular) thus contributing to 
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the irreversible aggregation or cross-linking of proteins. Dityrosine has been 

implicated in the formation of protein aggregates in chronic renal failure52 and 

more recently in coronary artery disease53. Since aggregation appears to render 

protein resistant to proteolysis54, intermolecular dityrosine could be important for 

studies into regression of many disease processes. Similarly, protein 

aggregates are reported to stimulate inflammation55 which could be important in 

the progression of disease. 

The oxidation of tyrosine or any other substrate may be extrapolated to 

represent a qualitative assessment of the oxidative stress status of an 

individual, but it is not quantitative since many oxidative modifications are 

known to occur. However, if the level of tyrosine oxidation, as indicated by one 

or more markers, is lowered due to a treatment or intervention, then the 

oxidative stress status of the individual has improved. Caution should be 

exercised, however, because since aggregation reduces proteolysis, urinary or 

free, circulating protein oxidation products may actually decrease as disease 

progresses as the oxidised proteins become trapped within the aggregate. 

Therefore, markers of oxidation which may accompany (eg tocopherol oxidation 

products), but which may be independently mobile from (eg by diffusion), the 

aggregate could better indicate oxidative stress in disease states. 

 

1.3.1.2 Oxidation of Lipids 
 Oxidation products of lipids can be produced upon exposure to an 

oxidative insult such as ROS derived from oxidative enzymes, inflammation and 

air (especially when oils are cooked). Commercially used oils are therefore 

mostly saturated and contain anti-oxidant additives in order to prevent rancidity. 

The polyunsaturated oils are particularly vulnerable to oxidation and absorption 

of oxidation products from cooked meals has been demonstrated56,57. These 

oxidation products remain detectable in the circulation even after a 24 hour 

fast56. Others have demonstrated that oxidised lipids in the diet create LDL 

particles seeded with lipid hydroperoxides which renders them susceptible to 

oxidation over and above the normal level58. Furthermore, these oxygenated 

compounds alter the 3-dimensional structure of Apolipoprotein B100 (ApoB100)59 

rendering it liable to invoke inflammatory responses58. The absorption of dietary 

lipid oxidation products and the apparent longevity of these species in the 

plasma raises questions regarding their suitability as markers of lipid oxidation 
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in vivo. The use of isoprostanes (oxidation products of arachadonic acid) for this 

purpose may provide some advantages since data indicate that there is no 

dietary contribution to in vivo levels in humans60,61. 
Oxidation of lipids in its simplest form produces a lipid radical (Figure 

1.4A) but more complex mechanisms produce an array of rearrangement, 

scission and substitution products as outlined in Figure 1.4. Examples of 

rearrangement products are conjugated dienes and isoprostanes (Figures 1.4B 

and 1.4C respectively). Conjugated dienes are formed when a bis-allylic 

hydrogen atom is abstracted from a polyunsaturated fatty acid. The resultant 

radical electron can undergo resonance delocalisation onto a carbon at the 

opposite end of the double bond. This allows the two double bonds to come into 

conjugation and if quenching of the radical (by an anti-oxidant or by a 

propagation reaction) were to occur then the two double bonds are trapped in 

conjugation. This increase in conjugation can be detected by an increase in 

absorption at 234nm. Isoprostanes follow a similar but more complicated 

pathway to generate a cyclised rearrangement product an example of which is 

8-isoprostane F2α. 

Scission products of lipids typically include aldehydes. These are formed 

when oxidative processes cleave double bonds in (poly)unsaturated fatty acids. 

Examples of some aldehydes are acrolein and malondialdehyde (Figure 1.4D 

and E). Aldehydes are able to modify proteins by binding to the free amine 

groups of lysine62 to form a multitude of adducts (reviewed recently63). This 

imparts greater hydrophobicity upon the surface of the protein58 and may 

contribute to aggregation of lipoproteins. 

Lipids may also be modified by addition of oxygenated substituents such 

as hydroxyl and carbonyl groups. These products fall into various groups which 

include HETEs, EETs, HODEs and oxoHODEs. Examples of some of these 

products are shown in Figure 1.4F and G. Oxidation products of lipids have 

been detected in various human tissues and tend to demonstrate pro-

atherogenic biological activities such as vasoconstriction and chemoattraction 

(of monocytes) which strengthens the hypothesis that oxidation of lipids may 

induce a range of atherogenic processes64. 

In these studies, lipid hydroperoxides (LOOH, Figure 1.4H) were used to 

examine the anti-oxidant effects of some phenolic acid compounds. Although 

hydroperoxides are not stable over long periods, they are sufficiently stable for 
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measurement of in vitro lipid oxidation. The hydroperoxides can be rapidly 

measured spectrophotometrically using the FOX assay65 since specificity of 

hydroperoxide type is not required. Prevention of lipid hydroperoxide formation 

could be an important function for anti-oxidants due to the possible effects of 

these compounds on the physical structure of ApoB100
59. 

 
1.3.2 Markers of Nitration 
 Reactive nitrogen species frequently induce non-nitrogenous 

modifications in biological targets. Nevertheless, nitration of a substrate is both 

necessary and sufficient evidence of the action of a reactive nitrogen species. 

The lack of specificity within the products of the reactive nitrogen species can 

leave little alternative than to quantify whole oxidation, whole nitration and 

whole chlorination and to deduce which mechanism exhibits the greatest impact 

by virtue of magnitude. This is perhaps a more relevant approach anyway since, 

if scavenging of reactive nitrogen species is to occur, then the scavenger must 

be of a suitable chemical structure that it can sequester the reactive 

intermediate produced. That is, if RNS induce oxidation, then an anti-oxidant is 

necessary. If nitration dominates then a scavenger which is readily nitrated is 

required.  

 

1.3.2.1 Nitration of Tyrosine 
 3-Nitrotyrosine (3NT, Figure 1.3E) is produced by various mechanisms in 

which the addition of an NO2
+-like group at the 3’-position of tyrosine or NO2 at 

the 3’-position of the tyrosyl radical occurs. Peroxynitrite, ONOO-, is known to 

be produced by the rapid reaction of nitric oxide with superoxide and 

decomposes into a number of poorly described, highly reactive intermediate 

species (discussed earlier) some of which may nitrate tyrosine. 

A biphasic reaction mechanism has been demonstrated for peroxynitrite 

using free tyrosine to trap the reactive intermediates produced23. Thus, some 

differences have been observed between addition of peroxynitrite as a bolus 

compared to slow addition or production of a continuous flux using 

simultaneous •NO/O2
•- generators such as SIN-1. Bolus addition of peroxynitrite 

typically results in greater nitration activity than a flux. The flux produced using 
•NO/O2

•- generators is also likely to cause variability in nitration efficiency66 

since there is no standard set of concentration and temperature conditions to 
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allow direct comparison of the results. In vivo, the flux of peroxynitrite is likely to 

be low67 and thus the most abundant product of peroxynitrite is likely to be 

dityrosine.  

 An alternative mechanism for the production of 3NT in vivo is through the 

formation of nitrylchloride (NO2Cl) from hypochlorous acid (HOCl) and nitrite 

(NO2
-). This requires active myeloperoxidase and the presence of chloride (Cl-) 

and nitrite ions. Chloride is an abundant species in vivo and nitrite is also 

present as an oxidation product of nitric oxide. Active myeloperoxidase enzyme 

has been obtained from atherosclerotic plaque material40 and so nitration of 

tyrosine by myeloperoxidase is a feasible mechanism. The formation of 

(di)chlorotyrosine (Figure 1.3F and G) early in plaque development42 implicates 

myeloperoxidase as active and therefore nitration of tyrosine in early stage 

plaque is also likely. Although the constant level of chlorotyrosine in this 

analysis of plaques at various stages of progression suggests myeloperoxidase 

may become less active with progression, nitration of tyrosine residues in the 

active-site of key proteins9,10,68 (enzymes) may play an important role in 

atherosclerosis and high levels of tyrosine nitration may not be required for this 

mechanism to be damaging. Thus, a contribution from myeloperoxidase may be 

important. 

3NT is frequently referred to as a “stable marker of reactive nitrogen 

species in vivo”, however, this statement requires some qualification. Certainly, 

3NT does not appear to demonstrate any tendency to propagate radical chain 

reactions, nor does it appear to oxidise or modify other biological targets. In this 

respect, it is a stable product of the activity of RNS. Complicating this is the 

question regarding its stability in situ. Since hypochlorous acid is known to 

modify 3NT to an as yet unidentified secondary oxidation product69 which could 

be 3-nitro-4-hydroxyphenylacetaldehyde16, 3NT may be the stable product, but 

not the terminal product, of RNS in vivo. Therefore, 3NT values reported at sites 

with active myeloperoxidase may not fully account for the activity of RNS. 

Nitration of tyrosine has also been achieved using nitrogen dioxide44,45. 

This is a radical species produced through the oxidation of nitric oxide and 

which exhibits greater reactivity than its parent species, nitric oxide. Nitrogen 

dioxide has been demonstrated to produce 3NT probably firstly through the 

production of an intermediate tyrosyl radical which then reacts with a second 

nitrogen dioxide molecule. It follows that any species which produces tyrosyl 
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radical (such as reaction of tyrosine with other non-nitrogenous radicals) in the 

presence of nitrogen dioxide will contribute to the formation of 3NT without 

directly exhibiting the ability to nitrate tyrosine by itself. Thus, a number of 

oxidising agents could contribute to 3NT formation in plaque. Nitrogen dioxide is 

also able to contribute to dityrosine formation via the formation of tyrosyl 

radicals44,45. 

The apparently numerous mechanisms which can contribute to the 

formation of 3NT renders 3NT a general marker of the activity of reactive 

nitrogen species35 and is not independently useful in discriminating between the 

various nitrating agents present in vivo. Furthermore, secondary oxidation 

products of 3NT produced by the action of hypochlorous acid may need to be 

elucidated in order to fully account for the impact of RNS in vivo. 3NT does, 

however, indicate the impact of nitration upon protein and was used for this 

purpose in these studies. 

 

1.3.2.2 Nitration of Lipids 
 Nitration of lipids has received little attention. Some pioneering work has 

been carried out which demonstrates nitration of lipids in vitro47,70. In these 

studies, mass spectrometric and 15N NMR data indicate that peroxynitrite may 

produce nitrated lipids (LNO2, Figure 1.4I) probably through a nitrogen dioxide-

mediated mechanism. Lipid radicals may also be terminated by a nitrogen 

dioxide radical. The oxidation of nitric oxide by molecular oxygen in lipid 

compartments71 suggests that nitrogen dioxide may actually be relatively 

abundant in lipid structures and that nitration by this mechanism could be a 

major modification of lipids in vivo.  

 

1.4 ANTI-OXIDATION AND ANTI-NITRATION 
 Central to the oxidative hypothesis of atherosclerosis is the concept that 

an imbalance between the production or exposure to ROS and RNS and in vivo 

anti-oxidant defence mechanisms can create a state of oxidative stress72. This 

implies that additional anti-oxidants can resolve the imbalance and restore 

homeostasis. Whilst “additional anti-oxidants” can mean up-regulation of 

enzymes such as superoxide dismutase (which removes superoxide), 

glutathione peroxidase (converts hydrogen peroxide to water and other 

hydroperoxides to less harmful hydroxides) and catalase (which can also 
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decompose hydrogen peroxide), for the purposes of this Thesis, dietary sources 

of small, organic molecules which may act as anti-oxidants shall be the primary 

focus of this chapter. 

 

1.4.1 The Chemistry of Anti-Oxidation and Anti-Nitration
Flavonoids and phenolic acids can potentially act as anti-oxidants by a 

number of pathways but perhaps the most significant is by free radical 

scavenging in which the phenolic compound can break the free radical chain 

reaction. The resulting flavonoid/phenolic acid radical must exhibit sufficient 

stability that it does not contribute to the radical propagation mechanism. 

Stabilisation of the radical is usually via delocalisation of the unpaired electron, 

however, termination of meta-stable phenolic radicals is required to produce a 

stable, terminal product. This can be achieved by further oxidation via reaction 

with another radical species, a mechanism which would permit ortho- and para-

dihydroxyphenols to form a quinone product. There is some evidence that 

formation of multiple semi-quinones can result in a disproportionation reaction 

(Figure 1.5) in which one semi-quinone is fully oxidised to the quinone, while the 

other is reduced back to the quinol73. This mechanism could be envisaged to 

occur where the concentration of anti-oxidants is high compared to the flux of 

oxidants since this could result in incomplete oxidation of quinol species. Failure 

to terminate the meta-stable intermediates can result in the pro-oxidant effects 

sometimes observed. Thus, “anti-oxidants” can be protective whilst other radical 

quenching co-anti-oxidants, such as Vitamin C, are present but can become 

pro-oxidant when quenching is limited or does not occur at all. Some pro-

oxidant effects of phenolic compounds are discussed throughout this Chapter. 
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Figure 1.5 The disproportionation reaction of phenolic (Caffeic acid) radicals 
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 An alternative mechanism by which anti-oxidants can be effective is by 

mimicking the chemical structure of the biological target species. In the case of 

phenolic compounds, a structural resemblance exists with the amino acid 

tyrosine (Figure 1.6). Thus, phenolic acids could potentially prevent 

modifications of tyrosine such as hydroxylation, dimerisation, nitration, 

chlorination and bromination by acting as a sacrificial target for the ROS or 

RNS. Hydroxylation of aromatic structures can be used for detecting the activity 

of •OH in vivo74 although it does not distinguish between •OH and other species 

which may behave like •OH75.  Recently, a dimer of sinapinic acid has been 

described which is formed after treatment with peroxynitrite76 and probably 

results from the mutual termination of two sinapinic acid radicals. Similarly, 

nitration of p-coumaric acid by bolus peroxynitrite has been observed by LC-

MS77 and HPLC-UV78 while the nitration of γ-tocopherol as demonstrated by 

HPLC-electrochemical detection79 was detected using a flux of peroxynitrite 

generated by SIN-1. In each of these cases, concurrent measurements of 

tyrosine, the phenolic compound and their nitration products were not made and 

it is therefore difficult to know if the phenolic compounds can protect tyrosine via 

the formation of these products although less free tyrosine is nitrated in the 

presence of these compounds78. Despite this, bolus peroxynitrite is not 

representative of the proposed in vivo production of peroxynitrite and the 

environment of the tyrosine residue in a protein could be critical to the reaction 

mechanism80. Therefore, experiments which more closely resemble potential in 

vivo environments are required in order to clarify the role of these phenolic 

compounds. 
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Figure 1.6 Structural similarity of tyrosine and some phenolic compounds 
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1.4.2 Dietary Anti-Oxidants
 Dietary anti-oxidants can be defined as those compounds capable of 

scavenging ROS and RNS which are obtained through the consumption of 

foods containing them. This includes nutrients such as Vitamins C and E as well 

as non-vitamins such as carotenoids, flavonoids and phenolic acids. Since this 

Thesis seeks to examine the specific role of phenolic acids, the discussion 

below will be restricted to only those dietary compounds containing phenolic 

structures. Thus, literature pertaining to flavonoids and Vitamin E may have 

relevance to the behaviour of phenolic acids and will be discussed below. The 

effectiveness of a dietary anti-oxidant will depend upon a number of factors 

such as its efficiency of absorption, its metabolism, which ROS or RNS is being 

scavenged, how and where they are being generated and the accessibility of 

the anti-oxidant to possible sites of damage.  Therefore, a water soluble anti-

oxidant may be less able to penetrate a lipid particle or cell membrane. 

Similarly, an anti-oxidant may be effective against single electron oxidants such 

as peroxynitrite but may not be effective against two electron oxidants such as 

hypochlorous acid.  

 

1.4.2.1 Biosynthesis of Dietary Anti-Oxidants 
Phenolic compounds are ubiquitous in the plant kingdom and the term 

refers to substances that possess an aromatic ring bearing one or more 

hydroxyl substituents. There is, however, only a limited number of metabolic 

pathways through which such compounds can be formed and so this enables 

the production of a wide range of compounds with the same basic skeleton. The 

two primary mechanisms for producing phenolic structures are the polyketide 

and shikimic acid pathways81. 

The phenolic acids are formed via reductive amination of phenylpyruvic 

acid to form the amino acid phenylalanine, which can undergo deamination 

and/or cytochrome p450 mediated hydroxylation to give either cinnamic acid 

and its hydroxylated analogues or tyrosine. The hydroxylated phenylpropanoid 

analogues are the so called polyphenolics. Loss of carbons from the side chain 

is one route to the formation of protocatechuic and gallic acids although 

formation from shikimic acid is an alternative. Hydroxylation of the cinnamic acid 

precursor usually first occurs in the para position followed by sequential 

hydroxylation at each of the meta positions.  Species variation governs the 
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degree of hydroxylation and methylation of these hydroxyl groups. Figure 1.7 

outlines the biosynthetic formation of some of these major compounds. 
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Figure 1.7 Biosynthesis of some phenolic compounds in plants 

In the flavonoids, the typical 5,7-hydroxyl pattern of the A ring is derived 

from the polyketide pathway, whilst the 4’-, 3’,4’-, and 3’,4’,5’- patterns of the B 

ring find their origins in the shikimic acid pathway. The major structural features 

 23



of the chalcone, flavonol and flavone groups are also shown in Figure 1.8.  The 

isoflavonoids are formed by cyclisation of the chalcones such that the B ring is 

located at the 3 position as also indicated in Figure 1.8.  Other major groups of 

flavonoids include the catechins (often occurring as esters with gallic acid in 

tea) and the anthocyanidins which are highly coloured pigments. 
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Figure 1.8 Structure and some examples of flavonoids 

 The biosynthesis of the Vitamins E has only recently been conclusively 

demonstrated82-84 (Figure 1.9). From the precursor homogentisate, a product of 

the shikimic acid pathway, decarboxylation and prenylation (addition of the 

phytyl side chain from geranylgeranylpyrophosphate, a product of the 

mevalonate pathway) produces the intermediate 2-methyl-6-phytylquinol which 

then undergoes methylation and cyclisation to yield γ-tocopherol. Methylation to 

α-tocopherol occurs subsequently although some species variation appears to 

govern the exact timing of methylation such that complete methylation can 

occur prior to cyclisation85. This species variation presumably governs the 

proportion of each tocopherol present in a plant product. 
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1.4.2.2 Bioavailability and Metabolism of Dietary Anti-Oxidants 

The phenolic acids are known to be involved in the formation of lignins, 

polymers present in the cell wall of plants. They play a role in structural stability 

of plant material by virtue of the fact that their chemical structure enables them 

to form a variety of ester and ether cross linkages. It is not surprising then that 

these phenolic compounds are present in abundance wherever vascular 

bundles or structural features of plants are found. Thus the seeds and skins of 

fruits and the stems, roots and leaves of vegetables are rich sources of phenolic 

acids. Red wine and tea are known to provide concentrated sources of these 

compounds86,87. The distribution of the various phenolic acids in plants and 

dietary sources has not been well documented and this in part reflects the lack 

of current understanding of their potential role in human nutrition. There are no 

comprehensive food composition data, (which are required to assess dietary 

intakes in a population), available for the flavonoids or phenolic acids. 

There are, however, many individual papers in which levels of phenolic 

acids in selected samples of specific foods and beverages have been 

quantitated. Red wine has been found to contain phenolic acids in 

concentrations of approximately 200 mg/L88, although this can vary quite 

dramatically depending on the variety of the grape89, how vigorously the grape 

skin and seeds have been crushed and the climate in which they have been 

grown90. Other studies have found phenolic acids in a range of fruits91-97, 

vegetables98,99 and grains99-100 which are summarised in Table 1.1. This table is  

 
Table 1.1 Some dietary sources of phenolic acids 

Source Compounds Ref 
Red wine and grapes Cinnamic acid derivatives, flavonoids 88, 89 
Tea Gallic and caffeic acid, complex flavonoids 87 
Apricots Caffeic acid (as chlorogenic acid) 91 
Cherries Caffeic and gallic acids 92 
Apples and peaches Caffeic, coumaric and ferulic acids 93 
Raspberries Ellagic, gallic and cinamic acids 94 
Apple cider Caffeic acid 95 
Citrus fruit Cinnamic acids 96 
Olives, olive oil Dihydroxyphenylethanol (tyrosol), oleuropeine 97 
Alfalfa, cabbage, 
spinach 

Cinnamic acids, mainly caffeic 99 

Wheat Cinnamic acids derivatives (minor amounts of 
caffeic and coumaric acids) 

100 

Potato Caffeic, gallic and protocatechuic acids 98 
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by no means a comprehensive list of foods which contain phenolic acids and, 

because of genetic and environmental variability, it cannot be regarded as a 

universal guide to food composition. However, it does highlight that there is a 

range of plant products which are good sources of these compounds. 

An understanding of the absorption and bioavailability of phenolic 

compounds is critical before evaluation of their biological activity or potential 

nutritional value can be made. In general the absorption, distribution, 

metabolism and excretion of dietary phenolics in humans is little studied101. 

While most of the published work has considered the flavonoids, several studies 

have found that a wide range of phenolic compounds enter the circulation and 

are found in the plasma or excreted in urine102-106. Their presence in plasma 

appears to be largely transient, although a short half life does not preclude 

these compounds from playing an important role in disease prevention. 

Several flavonoid glycosides and anthocyanins have been detected in 

human plasma at levels which could allow biological activity104 although there is 

less evidence regarding absorption of phenolic acids. Our own data suggest 

that plasma levels of caffeic acid and the gallic acid metabolite, 4-O-methyl 

gallic acid, are significantly increased within 1-4 hours following consumption of 

red wine105. In addition, resveratrol, a compound which is structurally similar to 

the phenylpropanoid phenolics, has been found in the plasma of rats and shown 

to accumulate in organs such as the liver, heart and kidney with longer term 

consumption107. Furthermore, caffeic acid is absorbed from the gut by rabbits108 

and Jacobsen et al103 have observed absorption, metabolism and excretion of 

caffeic and ferulic acids in humans. More recently, Bourne et al109 identified 

urinary excretion of chlorogenic, caffeic, p-coumaric and ferulic acids and rutin 

in people consuming tomatoes and apricots as well as the excretion of 

anthocyanidin following consumption of raspberries. 

It is not entirely clear why methylation may occur in vivo since removal of 

hydrogen from the phenolic group inhibits the ability to form phenoxyl radicals. 

There is evidence that “anti-oxidants”, especially ortho-diphenol type 

compounds, are able to reduce oxygen to produce superoxide, hydrogen 

peroxide and hydroxyl radical thus acting as a source of ROS110-112. Since 

molecular oxygen tensions in vivo are estimated at circa 2-10µM48, it is possible 

that free phenolic compounds may act as pro-oxidants. Thus, disruption of the 
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phenolic structure through methylation or glucuronidation could prevent ROS 

production by blocking the formation of quinones. 

While many aspects of flavonoid and phenolic acid absorption and 

metabolism remain unknown, there is enough evidence to suggest that some of 

these compounds will be absorbed in sufficiently high concentration to have 

physiological effects. Improvements in HPLC and GC-MS methodologies for 

measuring phenolic compounds or their  metabolites in plasma and urine will 

continue to provide useful information in this area. 

 More is known regarding the bioavailability and metabolism of the 

Vitamins E (Figure 1.10). Since tocopherols are formed primarily in the 

chloroplasts of higher plants, green leafy foods provide a good source of these 

vitamins113. However, tocopherols are also found in large quantities in seeds 

and nuts suggesting that these, and oils derived therefrom, can also provide 

rich sources of tocopherols. Indeed, vegetable oils provide the richest source of 

tocopherols in the human diet. Sesame and sunflower oils are good sources of 

γ- and α-tocopherol respectively while other oils, such as canola, are rich in 

more than one tocopherol113. 

 Absorption of tocopherols in humans (recently reviewed114) does not 

appear to be dependent upon the type of Vitamin E since α- and γ-tocopherol 

appear to be absorbed equally as efficiently by intestinal cells and incorporated 

in chylomicrons. Despite the relative abundance of γ-tocopherol in the diet, 

human plasma is enriched in α-tocopherol such that the concentration of 

γ-tocopherol is only 10% that of α-tocopherol. This selectivity appears to occur 

in the liver where chylomicrons are repacked into VLDL and α-tocopherol is 

selectively incorporated via the α-tocopherol transfer protein (α-TTP).  Such a 

mechanism lends itself to stereoselective incorporation of α-tocopherol and 

thus, all racemic α-tocopherol, such as that found in many supplements, does 

not demonstrate the same bioactivity as natural (R,R,R-) α-tocopherol. 

 All tocopherol species appear to be metabolised by the same mechanism 

which involves cytochrome P450. Initial ω-oxidation of the phytyl side chain is 

followed by successive rounds of β-oxidation and produces a series of 

analogues exhibiting different degrees of side chain oxidation. The terminal 
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products of these processes have been identified as 2,5,7,8-tetramethyl-2(2’-

carboxyethyl)-6-hydroxychroman (α-CEHC) for α-tocopherol and 2,7,8-

trimethyl-2-(2’-carboxyethyl)-6-hydroxychroman (γ-CEHC) for γ-tocopherol 

(Figure 1.10). These species have been isolated from human urine although the 

longer chain precursors are probably more efficiently excreted via the bile and 

are therefore much less abundant. This mechanism has been demonstrated to 

require a threshold feeding of 50mg for α-tocopherol115 but may account for the 

excretion of ≥50% of all γ-tocopherol116. Interestingly, γ-CEHC has been 

demonstrated to exert a natriuretic influence upon the 70pS K+ channel of 

human kidneys and could conceivably play a role in regulating blood pressure 

via control of sodium excretion117. It also exhibits an anti-inflammatory effect 

specific to cyclooxygenase-2 which appears to occur via direct inhibition of the 

enzyme. This property appears to be shared by γ-tocopherol itself but not 

α-tocopherol nor α-CEHC118. As a result of the greater anti-oxidant capacity of 

α-tocopherol119 and its superiority in the prevention of various diseases in 

rats120 research has tended to focus primarily upon α-tocopherol while the other 

tocopherols have been largely neglected. This may change with the recent 

realisation that γ-tocopherol should receive more attention121. Table 1.2 

indicates the degree of accumulation of different tocopherols in human tissues 

and indicates that γ-tocopherol may play an important role in some tissues. 

Table 1.2 Tocopherol levels in some human tissues 

Site α-Tocopherol γ-Tocopherol 

Plasma (µM) 15-20 2-7 

Adipose (nmol/g) 440±279 176±80 

Muscle (nmol/g) 155±163 107 

Skin (nmol/g) 127±74 180±89 
Adapted from 121

 
1.4.2.3 Aqueous Phase Anti-Oxidation and Anti-Nitration 
 Many phenolic compounds have been shown to have anti-oxidant activity 

in vitro122, and several observational studies support their role in potentially 

protecting against cardiovascular disease123,124. However, not all 

epidemiological studies have found a protective effect of dietary phenolics 

against heart disease. The largest cohort study to date, the Health 
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Professionals Follow-Up Study in the US, found only a weak and non-significant 

inverse association between dietary flavonoid intake and total coronary heart 

disease125, while a study from Wales found no relationship of dietary flavonoid 

intake to ischaemic heart disease incidence126. Reviews of the literature 

necessarily espouse cautious views with respect to the anti-atherogenic role of 

phenolic compounds127,128. The potential reasons behind the variability of these 

and other studies is possibly revealed in a recent analysis which examined the 

role of individual flavonoids and has revealed an apparent specificity of various 

flavonoids in the prevention of specific human conditions129.  

Flavonoids and phenolic acids are still not considered as dietary anti-oxidants 

due largely to the lack of information on their absorption and metabolism from 

dietary sources, as well as limited evidence for anti-oxidant effects in vivo130,131. 

In vitro studies have utilised various systems to oxidise LDL and then measure 

prevention of oxidation after inclusion of a specific phenolic compound. The 

cinnamic acid derivatives have been the most widely studied phenolic acids and 

in models using Cu2+ ions to catalyse LDL oxidation these compounds show 

potent anti-oxidant activity132-134. These compounds can also prevent LDL 

oxidation by ferrylmyoglobin (iron in the form FeIV=O) by reducing the 

ferrylmyoglobin135. In such studies caffeic acid was able to act synergistically 

with α-tocopherol, extending the anti-oxidant capacity of LDL by recycling α-

tocopherol from the α-tocopheroxyl radical136. In contrast, p-coumaric acid was 

not able to protect α-tocopherol. In a myoglobin-catalysed model of LDL 

oxidation both caffeic and coumaric acids show synergistic anti-oxidant activity 

with ascorbate137, a finding of possible physiological relevance given the 

frequent co-occurrence of these diet-derived compounds.   

It should also be pointed out that redox active phenolic compounds can 

act as pro-oxidants under some conditions. This is particularly the case in metal 

ion catalysed systems as demonstrated with flavonoids138. Caffeic acid can also 

have pro-oxidant activity on Cu++-induced oxidation of LDL139. However this pro-

oxidant activity is only seen in the propagation phase of oxidation while during 

the initiation phase caffeic acid inhibits LDL oxidation.  In the healthy body, 

metal ions appear to be largely sequestered in forms unable to catalyse free 

radical reactions140, whereas injury to tissues may release iron or copper12 and 

in this context catalytic metal ions have been measured in atherosclerotic 
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lesions141. If metal ions do play a role in lipoprotein oxidation in vivo then 

possible pro-oxidant effects of phenolic compounds should not be ignored. 

A range of other phenolic compounds such as ellagic acid (an oxidation 

product of gallic acid)142, demethyldiisoeugenol143 and phenolic compounds 

derived from olive oil144 have been shown to act as potent anti-oxidants in vitro. 

While there are numerous examples of dietary phenolic compounds acting as 

anti-oxidants in vitro there are limited studies examining in vivo effects. Most in 

vivo studies have been stimulated by an interest in the potential anti-oxidant 

effects of beverages such as red wine and tea. These beverages, as mentioned 

previously, contain a wide range of phenolic compounds including flavonoids 

and phenolic acids. Of the in vivo studies conducted to date most have used 

indirect measures of lipid and lipoprotein damage or non-specific measures of 

plasma anti-oxidant capacity. Table 1.3 summarises the in vivo studies 

conducted with wine, grape juice or tea. 

In general red wine or grape phenolics appear to increase the anti-

oxidant capacity of plasma, and while mechanisms have not been specifically 

investigated in these studies, it is presumed that the beverage phenolics are 

absorbed sufficiently to contribute to the radical trapping capacity of the plasma. 

Effects on ex vivo LDL oxidation have been variable and largely inconclusive, 

partly due to differences in study design and methodology of LDL isolation and 

oxidation conditions151. Green and black tea have not yet been shown to affect 

ex vivo LDL oxidation. The study by Ishikawa157 although showing an increase 

in lag-time to oxidation of LDL with tea consumption compared to baseline, 

when compared to the control group showed no difference. Hodgson et al161 

have shown a mild, acute protective effect of black tea using non-specific 

measures of LDL oxidation. The same group later showed no effect on 

isoprostanes of prolonged tea consumption162. In a study by Klaunig et al163, 

both smokers and non-smokers showed decreases in both plasma and urinary 

markers of oxidative stress following the consumption of green tea. 

 The role of reactive nitrogen species, especially peroxynitrite, in 

the oxidation of LDL has also been of interest for some time now164. The high 

mobility of peroxynitrite within a biological setting20,21 indicates that a source of 

peroxynitrite could produce damage over a large area. RNS damage to LDL, 

such as tyrosine nitration, can be inhibited by the hydroxy cinnamates such as 

caffeic and coumaric acid78 as well as the polyphenols found in tea and red
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Table 1.3 Anti-oxidant effects of various beverages in Man 
Subjects and design Measurement of 

anti-oxidant activity 
Results Ref 

8 healthy men; 9 controls; 
red and white wine 
(2 weeks) 

Ex vivo LDL oxidation Decreased by red wine but 
increased by white 

145 

13 healthy males/females 
red wine (4 weeks) 

Ex vivo LDL oxidation No effect 146 

20 healthy males, 
uncontrolled, red wine 
extract (2 weeks) 

Ex vivo LDL oxidation 
Plasma anti-oxidant 
capacity 

No effect on LDL oxidation 
Increased anti-oxidant capacity 
of plasma 

147 

7 healthy subjects, 
uncontrolled, grape juice 
(1 week) 

Ex vivo LDL oxidation 
Plasma anti-oxidant 
capacity 

Inhibited LDL oxidation 
Increased anti-oxidant capacity 
of plasma 

148 

9 females, 11 males, con-
trolled, red wine (10 days) 

Ex vivo LDL oxidation No effect 149 

5 healthy subjects/group 
red wine, grape juice, 
beer, white wine (2 hours) 

Ex vivo LDL oxidation Inhibition by red wine 150 

6-9 healthy men red wine 
of extract (2 weeks) 

Ex vivo LDL oxidation Inhibited LDL oxidation 151 

10 males, uncontrolled, 
red wine (2 weeks) 

Plasma anti-oxidant 
capacity 

Increased anti-oxidant 
 capacity of plasma 

152 

12 healthy males, 
controlled crossover, 
acute red wine 

Ex vivo LDL and serum 
oxidation 

No effect 105 

Acute red wine Plasma anti-oxidant 
capacity 

Increased anti-oxidant 
capacity of plasma 

153 

Acute red wine Plasma anti-oxidant 
capacity 

Increased anti-oxidant 
capacity 

154 

Acute alcohol-free 
red wine 

Plasma anti-oxidant 
capacity 

Increased anti-oxidant 
capacity of plasma 

155 

5 subjects, no control, 
cross-over, apple, black-
currant juice (1 week) 

Plasma aldehyde residues, 
anti-oxidant capacity, 
glutathione peroxidase 

Pro-oxidant effect on plasma 
proteins, increase in 
peroxidase activity 

156 

14 males, 8 controls, 
black tea (4 weeks) 

Ex vivo LDL oxidation No effect compared to 
controls 

157 

Acute black tea Plasma anti-oxidant 
capacity 

Increased anti-oxidant 
capacity of plasma 

158 

16 male/female smokers 
per group, green or black 
tea (4 weeks) 

Ex vivo LDL oxidation, 
plasma vitamins 

No effect on LDL oxidation 
Green tea increased Vitamin E 

159 

16 healthy men/women 
per group, green or black 
tea (4 weeks) 

Ex vivo LDL oxidation, 
plasma lipid oxidation 
products 

No effects 160 

20 healthy men, 
controlled, green or black 
tea, acute 

Ex vivo serum oxidation 
and serum anti-oxidant 
capacity 

Increased lag time to oxidation 
of serum 

161 

2 controlled studies green 
or black tea 

Urinary isoprostanes No effects 162 

2 controlled studies, 
smokers, green tea 
(1 week) 

Biomarkers of DNA 
damage and free radical 
generation 

Biomarkers of DNA damage 
were decreased with tea 

163 
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wine165-167,77, although nitration may not always be the major outcome observed 

with a constant flux of RNS66. Some evidence indicates that coumaric acid is 

nitrated by RNS77,78, however, due to the nature of the experiments performed, 

it does not provide adequate evidence that dietary phenolic compounds may act 

as a sink for a continuous flux (cf bolus dose) of RNS by preferential nitration. 

However, whilst the trapping of RNS by nitration offers an alternative 

mechanism whereby phenolics may act to protect against damaging 

modifications to biological targets, the results of simple reaction experiments 

are yet to be confirmed in more complex studies. 

 
1.4.2.4 Lipid Phase Anti-Oxidation and Anti-Nitration 
 The importance of Vitamin E was recognised when it was identified as a 

key nutrient supporting the fertility of rats168. Although frequently used as a 

synonym of “α-tocopherol”, the term “Vitamin E” describes a group of similar 

compounds including tocopherols and tocotrienols which vary in the degree of 

methylation of the chromanol ring and saturation of the phytyl side chain (Figure 

1.10). The major species in human plasma are α-tocopherol and γ-tocopherol 

and of these, α-tocopherol is the most abundant as described in Section 

1.4.2.2. For this reason, the following discussion will not include the 

tocotrienols. 

The slightly different structure of α- and γ-tocopherol has important 

consequences for the chemistry in which they can participate. α-Tocopherol has 

been demonstrated to be the most potent radical scavenger (anti-oxidant) of the 

Vitamins E being 10-fold more potent that γ-tocopherol119. For this reason, much 

research has focussed upon the proposed anti-oxidant capacity of α-tocopherol 

as the primary defence mechanism in vivo against lipid peroxidation. Thomas 

and Stocker reviewed169 the putative anti-oxidant role of α-tocopherol and much 

of the primary literature relevant to its pro-oxidant effects was produced by 

these Authors. In this review, the point is made that the mechanism behind the 

early in vitro work which demonstrated a clear anti-oxidant role for α-tocopherol 

was flawed in that the oxidative insult was excessive compared to that produced 

in vivo. At lower oxidant flux, α-tocopherol switched from an anti-oxidant to a 

pro-oxidant. In fact, it was shown that α-tocopherol was required in order to 

initiate lipid peroxidation in LDL. Thus a model of tocopherol-mediated 
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peroxidation has been developed which thus far appears to explain the 

behaviour of LDL toward low fluxes of oxidants in vitro. In this model, 

α-tocopherol imports aqueous phase radicals into the lipoprotein particle by 

reducing the oxidant and forming the tocopheroxyl radical. This meta-stable 

radical moves freely within the lipoprotein at times abstracting a bisallylic 

hydrogen to regenerate tocopherol and propagate radical oxidation of lipids. 

Thus α-tocopherol acts catalytically to potentiate free radical oxidation of lipids. 

If a second radical should enter the lipoprotein, by virtue of a second 

α-tocopherol molecule, then termination (disproportionation?) may occur. In this 

sense, the higher the flux of radicals, the higher the probablity that two radicals 

shall be present in the lipoprotein particle simultaneously. The meta-stability of 

the tocopheroxyl radical, however, imparts a net slower rate of lipid peroxidation 

than LOO• and so α-tocopherol depleted-LDL oxidises faster than LDL 

containing α-tocopherol. Thus, although α-tocopherol enables the oxidation of 

lipid hydroperoxide-free LDL it also serves to reduce the rate of peroxidation 

which could be important since it might permit the use of co-antioxidants such 

as CoQ10H2, Vitamin C, α-tocopheryl hydroquinone and 3-hydroxyanthranilate 

which are potential co-anti-oxidants in vivo. The former provides the advantage 

of co-location with the α-tocopheroxyl radical and supplementation has revealed 

an improvement in the resistance of LDL to various oxidants. The potential anti-

atherogenic role of α-tocopherol has been examined through clinical 

intervention studies which are examined in Section 1.4.3.2. 

 The other main tocopherol in human plasma, γ-tocopherol, is not as 

potent as α-tocopherol either as an anti-oxidant or in other biological assays in 

rats120 although the only difference is the lack of a methyl group at the 

5-position. This absent substituent imparts the ability to interact with 

electrophiles which may displace hydrogen ortho- to the phenolic hydroxyl 

group. This is borne out in vitro where γ-tocopherol has been shown to readily 

nitrate to form 5-nitro-γ-tocopherol when exposed to nitrogen dioxide46, nitrous 

acid and SIN-179. Although it has been proposed to play a complementary role 

to α-tocopherol79 some evidence questions this finding170 and so further 

investigation of this potential complementarity is warranted. 
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1.4.3 Supplemental Anti-Oxidants
 Supplemental anti-oxidants are those compounds capable of scavenging 

ROS or RNS which are obtained in concentrated form as a tablet, capsule or 

liquid. They may be synthetic, extracted from natural sources or a combination 

thereof. Although salicylic acid and its derivatives (eg Aspirin) could be 

construed to fall into this category they are taken for medicinal purposes and, in 

the context of this Thesis, do not warrant inclusion into this discussion. Despite 

this, Aspirin exhibits many anti-atherogenic properties171,172 and could 

complement a regime of oxidative stress reduction. 

 Vitamin E has been widely tested for its efficacy in preventing 

cardiovascular disease. The rationale behind this is that lipid peroxidation 

contributes to atherosclerosis and that a lipid soluble anti-oxidant should 

alleviate this damage thereby preventing disease. The studies carried out to 

date have yielded contradictory results. Table 1.4 summarises the findings of 

these trials. 

Thus far, only one study has attempted to investigate the actual 

hypothesis that any effect of Vitamin E is due to anti-oxidant effects. The 

VEAPS study examined the amount of circulating LDL- as a measure of LDL 

oxidation and also tested the ex vivo resistance of LDL to copper oxidation 

using conjugated dienes, a relatively crude marker of oxidative stress. Although 

LDL- is thought to be produced by the interaction of aldehydes with lysine 

residues in ApoB100
62, plasma levels are thought to be effected by dietary 

contributions of lipid hydroperoxides57. Therefore, a more suitable marker would 

have been isoprostanes and a lowering of plasma or urinary levels would have 

been sufficient to indicate an anti-oxidant effect of supplementation. As 

previously discussed, ex vivo oxidation of LDL is highly susceptible to 

interference by experimental conditions and is not necessarily a reliable 

indicator of anti-oxidant status. Nevertheless, the VEAPS study does address 

some key criticisms of previous studies179. 

 Of the remaining studies, the results are equivocal at best which could 

reflect the different populations in which each study was conducted since the 

GISSI subjects where already consuming a Mediterranean diet. In addition, 

however, it could also reflect the: 
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Table 1.4. Summary of the Vitamin E intervention trials to date 

 
Trial 

 
Year 

 
Vitamin E 

 
Vitamin E 

Type 

 
Purity of 

Supplement 

 
Compliance 

(Plasma) 

 
Markers of 
Oxidation 

 
Subjects 

(n) 

 
Follow 
Up (y) 

 
Prevention 

 
Effect 

 
ATBC173

 
1996 

 
50mg 

 
Racemic 

 
--- 

 
No 

 
No 

 
22 269 

 
7 

 
Primary 

 
-9% 

 
CHAOS174

 
1996 

 
800/400IU 

 
Natural 

 
Not reported 

 
Yes 

 
No 

 
2 002 

 
1.4 

 
Secondary 

 
-47% 

 
GISSI175

 
1999 

 
300mg 

 
Racemic 

 
--- 

 
No 

 
No 

 
11 324 

 
3.5 

 
Secondary 

 
0% 

 
HOPE176

 
2000 

 
400IU 

 
Natural 

 
Not reported 

 
No 

 
No 

 
9 541 

 
4.5 

 
Secondary 

 
0% 

 
SPACE177

 
2000 

 
800IU 

 
Natural 

 
Not reported 

 
Yes 

 
No 

 
196 

 
1.4 

 
Secondary 

 
-54% 

 
VEAPS178

 
2002 

 
400IU 

 
Racemic 

 
--- 

 
Yes 

 
Yes 

 
353 

 
3 

 
Primary 

 
0% 
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i. Dosage since higher doses appear to confer some benefit; 

ii. Type of Vitamin E used since (a) the R,R,R- stereoisomer of 

α-tocopherol is more active than other stereoisomers in racemic 

supplements and (b) “natural Vitamin E” could contain some γ-tocopherol 

which has very different chemical properties; 

iii. Absorption of Vitamin E, since the individual response to 

supplementation can be vastly different180. Only the VEAPS study has 

measured the plasma levels of α-tocopherol in all subjects to ensure 

plasma enrichment following supplementation; and, 

iv. Oxidative stress status of the subjects at commencement since anti-

oxidant supplementation may yield an effect proportional to the degree of 

oxidative stress. 

These factors suggest that a correctly designed intervention trial investigating 

whether an anti-oxidant effect of α-tocopherol is responsible for a reduction in 

cardiovascular disease is still required. Future investigators should also draw 

the distinction between α- and γ-tocopherol by measuring both of these species 

in the supplement and in plasma before drawing any conclusions since the 

evidence to date121 suggests “Vitamin E” is no longer an adequate description. 

 The proposed pro-oxidant effects of α-tocopherol have also induced the 

study of co-supplementation using “Vitamin E” and Vitamin C. The ASAP 

study181 indicates that smokers may benefit from a combination of these two 

vitamins as determined by intima-medial thickening. Dietrich et al182 used 

8-isoprostaglandin F2α to demonstrate that Vitamin C was effective in reducing 

evidence of oxidative stress in those smokers with higher BMI but a mixture of 

Vitamin C, Vitamin E and α-lipoic acid did not. A third trial by Huang and 

others183 in normal individuals showed a clear benefit in the use of either 

Vitamin C or E but no synergistic value when measuring urinary 

8-isoprostaglandin F2α. However, urinary malondialdehyde and 4-hydroxy-

alkenals did not change. Similarly, the Heart Protection Study184 demonstrated 

neither positive nor negative effects on disease outcomes of a combination of 

Vitamin E, Vitamin C and β-carotene. These studies suggest that there is no 

clear synergistic effect from such a regimen but the sporadic benefits observed 

may be suggestive that an adequately designed study in those with higher 

oxidative stress may provide a protective effect against development of 
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atherosclerosis since intima-medial thickening, and not disease outcomes, 

appeared to yield some result in the ASAP study. 

 This appears to be true in the case of pre-eclampsia which is a condition 

known to be associated with oxidative stress185,186. In the VIP study187 subjects 

at high risk of developing pre-eclampsia were selected either by medical history 

(previous pre-eclampsia is predictive of developing the condition in subsequent 

pregnancies) or by ultrasound of the uterine artery. These subjects were 

randomised to a placebo or to Vitamin C (1000mg)/Vitamin E (400IU) treatment 

before the onset of the condition. This regimen reduced the incidence of pre-

eclampsia by 76% compared to placebo and significantly reduced the PAI-

1/PAI-2 ratio. This study could be a model for the use of co-supplementation of 

anti-oxidants in prevention rather than treatment of disease in subjects with 

elevated oxidative stress. 

 

1.5 MARKERS OF OXIDATION AND ANTI-OXIDATION 
Due to structural analogy, a compound containing a phenolic component 

with an unsubstituted ortho-position could be susceptible to the same 

modifications as tyrosine. In this way, phenolic acids, γ-tocopherol and 

flavonoids of dietary origin represent a pool of renewable and sacrificial 

compounds which may act as a sink for ROS and RNS (see Figure 1.6, p21) 

and inhibit modification of protein/lipid structures. Nitration of simple phenol 

containing compounds has been demonstrated under simulated physiological 

conditions which may represent atherogenic mechanisms39. However, there has 

been no investigation into the presence of these compounds in vivo. 
 To obtain meaningful data from experiments and intervention trials, it is 

necessary to quantify marker(s) which describe changes in the study subject 

and which can be directly related to defined positive or negative outcomes. 

Analytical methods for this have evolved together with technology for computer-

driven-control of instruments and data analysis. In addition, however, an 

understanding of the advantages and limitations of various analytical techniques 

is essential. Below is a discussion of the techniques used in this Thesis, why 

these techniques were used and how reliable the data is from each technique. 
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1.5.1 Reliability of Analytical Data 
Mass spectrometry is highly selective but not sufficient in itself to provide 

completely unequivocal identification of an analyte. To detect a peak which 

exhibits the desired ion mass at a given retention time does not imply 

identification of the species of interest. To the contrary, it is only possible to 

increase the probability that the peak is the analyte of interest. Each concurrent 

property (eg retention time, parent ion mass and charge, daughter ion mass and 

charge) which matches that of the analyte adds to the probability that one is 

detecting the analyte of interest. Thus, GC-MS provides less certainty than GC-

MS/MS or LC-MS/MS but has greater specificity than UV-visible analysis. It is 

important to consider this when quantifying a compound of interest as it may 

account for the considerable controversy which can arise when different 

methods are used to assess similar tissues188. 

 In addition to the above, it is noteworthy that the European Standards 

Committee on Oxidative DNA Damage recently dispensed identical samples to 

27 laboratories for quantitative analysis by a variety of chromatographic 

techniques189. The result was that a 200-fold difference existed between the 

highest and lowest value. Using a non-chromatographic assay, the result was 

less than the lowest chromatographic value by 250%. Therefore, a caveat upon 

all chromatographically-derived data is that the potential exists for all 

quantitative data to be distorted by artefact production and/or interference from 

similar compounds or from dissimilar compounds which behave similarly. 

 

1.5.2 Analytes Measured in This Thesis 
 The analytes selected as markers for the studies in this Thesis were 

chosen according to the following criteria: 

• The compound is known, proposed or is hypothesised to be a marker of the 

phenomenon of interest, 

• The compound is sufficiently stable that it can be measured readily, 

• The compound can be obtained from the study matrix in sufficiently pure 

form that it is amenable to analysis by the selected method, and 

• The instrumentation available within the laboratory is adequate for the 

proposed analysis. 

A list of the analytes measured in this Thesis, as various derivatives, 

appears in Table 1.5 together with a description of the nature of the compound.
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Table 1.5 Analytes and derivatives used in this Thesis 
Analyte Purpose Derivative Analytical technique 
p-hydroxyphenylacetic 
acid 

Internal standard for phenolic acid 
assay 

t-BDMS or 
per-methylation 

GC-MS (EI) 

p-coumaric acid Phenolic acid anti-oxidant t-BDMS or 
per-methylation 

GC-MS (EI) 

Caffeic acid Phenolic acid anti-oxidant t-BDMS or 
per-methylation 

GC-MS (EI) 

3’-nitro-coumaric acid Marker of coumaric acid as a sink 
for RNS 

t-BDMS or 
per-methylation 

GC-MS (EI) 

Tyrosine Parent amino acid: 
relative quantification of tyrosine 
modifications 

Oxazolinone GC-MS (NCI) 

3-nitrotyrosine A marker of the impact of RNS 
upon protein 

Oxazolinone GC-MS (NCI) 

3-aminotyrosine A reduced form of 3-nitrotyrosine 
used for technical reasons 

Oxazolinone GC-MS (NCI) 

Dityrosine A marker of the impact of 
oxidation of protein due to either 
ROS or RNS 

None HPLC-fluorescence 
(λex=289nm, λem=410nm) 

α-tocopherol A lipophilic, phenolic antioxidant None HPLC-electrochemical 
(+0.600V) or HPLC-UV 
(296nm) 

γ-tocopherol A lipophilic, phenolic anti-oxidant 
which can also be nitrated 

None HPLC-electrochemical 
(+0.600V) or 
HPLC-UV (296nm) 

Tocol An internal standard for the assay 
of tocopherols by electrochemical 
detection 

None HPLC-electrochemical 
(+0.600V) 

α-tocopherol acetate An internal standard for the assay 
of tocopherols by UV detection 

None HPLC-UV (296nm) 

5-nitro-γ-tocopherol A marker of the impact of RNS 
upon lipids and membranes 

None HPLC-MS/MS 

7-nitro-β-tocopherol An internal standard for the assay 
of 5-nitro-γ-tocopherol 

None HPLC-MS/MS 
1.5.3 Analytical and Statistical Methods Used for Assessing Markers 
 Each analytical method has both advantages and disadvantages. One 

critical factor in the selection of a method is whether an isotopically enriched 

internal standard may be used. This essentially requires the use of mass 

spectrometry as a detection method, however,  this is not universally applicable. 

Thus, it is sometimes necessary to make use of external standard curves or 

internal standards of similar chemical structure. A 13C-enriched internal 

standard will provide an unequivocal demonstration of retention time of the 

analyte. In addition, it will exhibit the same chemical reactivity and therefore the 

same extraction efficiency, oxidation rate and so on and, importantly, it will do 

so on a proportional basis. Thus, an 80% extraction efficiency for the analyte of 

interest will be shared as an 80% extraction efficiency of the internal standard. 

Thus standard curves are frequently highly linear for methods of this nature 

since a ratio of analyte to internal standard is used for quantification. Care must 

be taken to ensure that the selected internal standard is sufficiently enriched in 

heavier isotopes that a contribution to the internal standard peak by the natural 
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rate of isotope enrichment or protonated species (during ionisation in the mass 

spectrometer) is eliminated. 

An internal standard of slightly different chemical structure, such as 

7-nitro-β-tocopherol, can oxidise at a different rate, extract with a slightly 

different efficency and so on. Thus standard curves from these types of 

experiments can exhibit non-linearity if a wide enough range is tested. It is 

sometimes necessary to select a relatively linear portion of the standard curve 

and dilute all samples to lie within that range for the purposes of quantification. 

External standard curves are frequently quite linear but often exhibit greater 

error for each concentration assessed. This is primarily due to reproducibility of 

pipetting technique, injection volume (of the instrument) and variations (random 

and systematic) in the detection system. Thus, long term reproducibility can be 

a problem in such assays. 

 Despite these shortfalls, quite acceptable error is observed for many 

assays which do not utilise isotopically enriched internal standards and useful 

data can be obtained. Multiple experiments usually provide the required 

certainty that a real result has been obtained. In this Thesis, triplicate 

experiments have frequently been used to verify the results obtained. Results 

are represented as mean±SEM and statistical comparisons were conducted 

using the Student’s t-test.  

 

1.5.3.1 UV-Visible Spectrophotometry 
 Absorption of specific wavelengths of light can have great utility but is 

limited to simple mixtures190. These mixtures should ideally contain compounds 

which have unique and mutually exclusive absorption spectra. That is, a 

wavelength should be used which is only absorbed by the analyte of interest. In 

this way, absorbance specifically due to that compound can be used for 

quantification. In practice, biological samples are too complex for this simple 

type of analysis. Similar compounds typically exist which share common 

absorption wavelengths and it is impossible to discern between interfering 

compounds and the analyte of interest. This is attributable to the very broad 

absorption peaks associated with electronic excitation. Despite this, some early 

experiments described in this Thesis used this technique for 3NT detection. The 

experiments were an examination of structure-activity relationships and the 
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relative simplicity of the samples and the lack of more sophisticated methods at 

the time made this technique a feasible option. 

 

1.5.3.2 HPLC-Fluorescence and HPLC-Electochemical Detection 
 High performance liquid chromatography (HPLC) permits rapid sample 

through-put and high resolution and efficiency. One major advantage of HPLC 

is that derivatisation of a sample is not a requirement for successful 

chromatography, although it may assist in some cases especially for the 

purpose of detection. Thus, oxidation or other chemical modifications (such as 

artefactual production of the analyte) due to sample handling are not common.   

 Fluorescence detection offers a simple, highly sensitive and very 

selective detection method for compounds which are fluorescent. The very 

nature of this detection system eliminates a multitude of interfering compounds 

which either do not fluoresce, are not excited at the wavelength used or do not 

emit at the wavelength selected. Even if a complex sample matrix contains 

multiple fluorescent compounds, separation by HPLC before analysis is a 

convenient means of determining the fluorescence emanating only from the 

analyte of interest. This technique was used to detect dityrosine in biological 

samples as HPLC-MS was not available at the time and several derivatisation 

techniques for GC-MS analysis produced an analyte which was involatile or had 

a mass outside the range for the mass spectrometer in our laboratory. 

 The major disadvantage of fluorescence detection is that a true internal 

standard cannot be used. Although a fluorescent compound which is excited 

and emits at the same wavelengths can be used as an internal standard, it must 

separate by HPLC, must not be subject to interference by other fluorescent 

compounds and can behave differently under the sample handling procedures 

(eg different recovery efficiency, faster/slower rate of oxidation etc). Therefore, 

an external standard curve can be used, derived from known amounts of 

authentic material. Provided careful pipette technique is used throughout the 

procedure, a co-efficient of variation comparable with the use of an internal 

standard can be obtained.  

 Electrochemical detection is similar to fluorescence detection in that it is 

highly sensitive but will only detect those compounds which are oxidised at the 

selected potential while other compounds will pass through undetected. 

However, again, a different compound must be used as an internal standard. 
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Nevertheless, it was useful for detecting α- and γ-tocopherol in the relatively 

simple matrix employed for the in vitro experiments carried out for this Thesis. 

 

1.5.3.3 GC-MS 
 Gas chromatography also exhibits extremely high resolution and 

efficiency which is most useful for complex biological matrices. The relatively 

small quantities of carrier gas required for GC are easily removed and therefore 

this chromatographic technique is amenable to mass spectrometry (MS) which 

requires high vacuum. GC offers high separating power to remove interfering 

compounds in the matrix from the analyte of interest. Thus, a complex matrix 

can be examined as a crude mixture and, using a combination of factors such 

as choice of chromatographic column and temperature and flow control, it is 

often possible to remove almost all compounds which may interfere in the 

analysis. For very complex matrices such as biological samples, complete 

separation of the compound of interest is often not possible but this can be 

resolved at the level of the mass spectrometer by the use of selected ion 

monitoring. This chromatographic technique was used for tyrosine, 3NT and 

3-aminotyrosine (3AT) analyses as HPLC-MS was not available at the time. 

Phenolic acids and their derivatives were also analysed by this method. 

The major shortfall of GC is the requirement that the analyte of interest 

should be volatile and should not be heat labile. This imposes the need for 

derivatisation procedures to convert otherwise involatile or reactive compounds 

into a form amenable to this analysis. This, in itself, creates problems which 

have been encountered in this Thesis. Specifically, alteration of the true 

composition of the matrix may occur, that is, artefacts may be produced or the 

derivatisation may be labour intensive. There is therefore a need for “soft” and 

rapid derivatisation techniques. 

 Mass spectrometry is typically used for detection since it provides very 

high sensitivity and also selectivity. It is possible to monitor a specific mass and 

therefore remove interference from dissimilar co-eluting peaks. This 

concurrently provides exceptional signal-to-noise ratios which are necessary for 

detection of trace level components in a complex matrix. A further advantage is 

the ability to simultaneously monitor an isotopically enriched internal standard 

which typically contains 13C since deuterons can alter the retention time in gas 

chromatography191. Deuterons can also exchange with protons under certain 
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conditions and this was observed when producing the oxazolinone derivative of 

D2-tyrosine. The use of fluorinated derivatives can render an analyte amenable 

to negative chemical ionisation (NCI) which can increase both selectivity and 

sensitivity of this technique. Therefore, NCI was used for the analysis of natural 

and modified amino acids while phenolic acids were analysed by electron 

impact ionisation (EI). The main disadvantage associated with mass 

spectrometry as a detection technique is the method of sample introduction. 

 

1.5.3.4 HPLC-UV-MS/MS 
 HPLC as a means of sample introduction into a mass spectrometer 

eliminates problems associated with derivatisation. Samples do not need to be 

volatile and can be chromatographed at room temperature which is an 

advantage for heat-labile analytes. Sensitivity can be reduced compared to GC-

MS due to the large volumes of solvent vapour which must be removed. 

 Tandem UV-MS/MS analysis was useful for the simultaneous detection 

of 5-nitro-γ-tocopherol (MS) and tocopherols with internal standard (UV). The 

tocopherols were quite abundant in samples and interfering compounds were 

not observed. The greater specificity of tandem MS over electrochemical 

detection was useful in the identification and quantification of 5-nitro-γ-

tocopherol. The cool temperature used for HPLC was a major advantage since 

derivatives of 5-nitro-γ-tocopherol were not amenable to GC-MS analysis. 

 

1.6 HYPOTHESES AND AIMS OF THIS THESIS 
1.6.1 Preamble 
 Analytical methods for the analysis of nitration products can be 

deceptively difficult and it is for this reason alone that no single method has 

gained widespread acceptance. Therefore, substantial methodological 

development forms a major component of this Thesis. Some method 

development was carried out in parallel with similar work in other laboratories192 

but ultimately investigated alternative procedures. Method development has 

formed an integral and necessary component of the work since it is through 

accurate and reliable methods that meaningful results are obtained. This has, 

however, limited the time available to fully investigate nitration of phenolic 

compounds in vivo. Despite this, the data presented herein represent novel 
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findings which should influence our current understanding of the genesis and 

progression of atherosclerosis. 

 

1.6.2 Hypothesis
 Reactive nitrogen species such as peroxynitrite are implicated in various 

human diseases due to the detection of nitrated tyrosine residues in diseased 

tissues193. Furthermore, nitration may be an atherogenic modification of 

lipoproteins6. It is possible that phenolic compounds may react with RNS to 

become nitrated, thereby preventing the modification of tyrosine and this may, 

at least in part, explain the proposed anti-atherogenic effects of phenolic-rich 

beverages such as red wine.  Therefore, the primary objective of this Thesis 

can be summarised as follows: 

 

“To determine whether phenolic compounds of dietary origin are capable of 

preferential reaction with reactive nitrogen species thereby protecting 

endogenous structures, such as low density lipoproteins, from atherogenic 

modifications.” 

 

Figure 1.11, outlines this hypothesis from the perspective of this Thesis. 

Phenolic acids were examined as they have received relatively less attention 

than flavonoid compounds. Caffeic acid and coumaric acid, phenolic acid 

compounds identified as potential anti-oxidants in red wine133, may also act as 

anti-nitration agents of tyrosine via competitive interception of RNS. These 

compounds were selected for the slightly different chemical structure which may 

permit different reactivities. Specifically, caffeic acid is capable of forming a 

quinone structure78 but may also be nitrated194. Coumaric acid cannot form a 

quinone structure but may be nitrated77. Therefore, these compounds may 

exhibit different activities depending upon their exact structures and this may 

influence their suitability as a sink for specific types of RNS. 

 

1.6.3 Aims of This Thesis 
1. To identify the products of reaction between caffeic or coumaric acids and 

peroxynitrite. 
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Figure 1.11 Phenolic acids may act as sacrificial targets for ROS or RNS in vivo  



 

2. To determine whether: 

(i) Caffeic or coumaric acids provide protection for LDL from 

modification by peroxynitrite- (SIN-1), transition metal- (Cu2+), 

peroxyl radical- (AAPH) and cell- (neutrophil) mediated 

mechanisms, or whether they are pro-oxidant, 

(ii) The products identified in 1.6.3.1, above, are related to any 

protective effect observed, and, 

(iii) The structure of the phenolic compound influences its protective 

or pro-oxidant role under the various regimes of LDL modification. 

3. To determine the contribution of nitration to in vivo protein modification 

relative to oxidation as evidenced by plasma and carotid plaque levels of 

dityrosine and 3-nitrotyrosine. 

4. To determine whether γ-tocopherol is nitrated in vivo. 

5. To determine whether nitration of γ-tocopherol is a major lipid phase 

mechanism by which reactive nitrogen species may be detoxified in vivo as 

evidenced by the relative abundance of 5-nitro-γ-tocopherol in plasma and 

carotid plaque. 

The development of new methods and the implementation of published 

methods has formed an integral component of this Thesis. The following 

chapter deals with methodological considerations but does not indicate the 

timeline on which each method became available for use. Therefore, whilst a 

LC-MS/MS methodology may have been more favourable for some analytes, it 

was not available at the time. Similarly, the use of UV-visible spectrophotometry 

to determine 3NT in simple protein experiments, whilst outdated today, was 

acceptable at the time the experiments were carried out190. In this context, the 

data presented herein were obtained using the most appropriate method 

available in the laboratory at the time. 

 48



 
 
 
 
 
 

 
CHAPTER TWO 

 
 

METHOD DEVELOPMENT 
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2.0 METHOD DEVELOPMENT
2.1 PROTEIN BOUND MARKERS OF OXIDATION 
2.1.1 Introduction
 Interest in the measurement of dityrosine in biological systems has 

increased steadily since 1964 when Anderson195 identified dityrosine and 

trityrosine as the cross links in resilin, an elastic ligament protein found in 

arthropods. More recently, dityrosine has found utility as a biological marker of 

oxidative stress196 signifying the termination reaction of two tyrosyl radicals. 

Dityrosine links have been implicated in albumin aggregation in chronic renal 

failure (CRF) patients52. Fluorescence data from plasma proteins was 

consistent with dityrosine formation in high molecular weight proteins 

(aggregates, intermolecular dityrosine) and also low molecular weight proteins 

(intramolecular dityrosine)52. However, since the exact nature of the bonds 

involved in aggregation was not identified, it is difficult to ascertain whether 

dityrosine was specifically involved since many other fluorescent products are 

formed in oxidised proteins197. Recently, albumin aggregates have also been 

associated with heart failure patients53. Therefore, protein aggregation through 

the formation of intermolecular dityrosine could be an important mechanism by 

which oxidative stress exerts toxic effects. The aggregates in CRF patients 

have been reported to stimulate inflammatory responses198 which could 

potentiate a cycle of oxidative stress especially since there is evidence that 

such aggregates may resist proteolysis54 and therefore persist in oxidatively 

stressed tissues. 

Dityrosine is the fluorescent product of oxidative coupling of two tyrosine 

molecules. Bond formation can occur in either of two orientations due to 

resonance delocalisation of the radical electrons. If the radical electrons are 

both located on a carbon ortho to the hydroxyl group, then the product of 

coupling is dityrosine in which a carbon-carbon bond is formed. If one of the 

radical electrons is located on the phenolic oxygen, then a carbon-oxygen bond 

can form generating an ether linkage yielding isodityrosine (Figure 2.1). 

 Despite the fact that dityrosine has been measured for almost 40 years 

and that interest in this compound has increased steadily in that time, there still 

remains no commercially available source of dityrosine necessitating the 

synthesis of a pure standard. Synthesis of dityrosine has, thus far, been 

restricted largely to enzymatic methods and many protocols are available in the 
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Figure 2.1 Structures of  dityrosine (A) and isodityrosine (B). 

literature since the original experiment of Gross and Sizer in 1956199-202. 

Chemical methods to produce dityrosine have been published as recently as 

1994 in which Nishiyama et al203 described an electrochemical method requiring 

five chemical reactions for completion. In 1992, Miller and Fry204 used 

potassium ferricyanide to induce oxidative coupling of tyrosine but produced 

numerous products which rendered the purification difficult. The use of ferric ion 

in oxidative coupling is not new205 and the method of Miller204 has the additional 

problem that alkaline conditions must be maintained at all times to prevent the 

generation of very toxic hydrogen cyanide gas. Therefore, no simple method 

has yet been devised for the convenient preparation of dityrosine. 

 Dityrosine is a known product of oxidation of tyrosine by peroxynitrite and 

was therefore of interest in this Thesis. As dityrosine had not previously been 

measured in our laboratory, a method was required to produce authentic 

standard material for the measurement of this compound in biological samples. 

Although enzymatic methods for the synthesis of dityrosine prevail in the 

literature the lack of an existing authentic standard in our laboratory provided 

the opportunity to explore the chemical synthesis of dityrosine and alternative 

chromatographic methods for the purification of the standard. Ferric ion has 

been used to prepare a dimer of 1-naphthol205 in 50% yield which exceeds even 

the highest yields obtained by enzymatic means (36%201). In addition, the 

purification of the enzyme-derived products frequently involves freeze drying of 

large volumes of water and a combination of chromatographic techniques which 

may not be universally accessible199-202. The method described herein for the 

synthesis of dityrosine was initially based upon that previously published for 

1-naphthol but was developed for application to tyrosine. 
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2.1.2 Materials 
 Tyrosine was obtained from Sigma Chemical Co. (St. Louis, MO) while 

ferric chloride hexahydrate and silica gel (40-63µm) were obtained from BDH 

(Poole, England). UV absorbance was measured using a Beckman DU640 

spectrophotometer and for fluorescence using an Hitachi F-3000 fluorescence 

spectrophotometer. 

 

2.1.3 Preparation of Dityrosine

 Ferric chloride hexahydrate (30mg, 111µmol) was added to tyrosine 

(10mg, 55µmol) and the solids were mixed using a vortex mixer to uniformly 

coat the ferric chloride with tyrosine. Water (1mL) was added and the mixture 

was heated at 110oC for four minutes with brief, manual mixing every one 

minute. Whilst still warm, potassium hydroxide solution (3M, 1mL, 3.0mmol) 

was added followed by water (1mL). The solid thus formed was sedimented by 

centrifugation (1000 x g, 10 minutes) and discarded. 

 Acetic acid (glacial, 1mL) and silica gel (0.30g) were added to the 

supernatant and the mixture was dried under vacuum and with heating 

(Rotavapor-R, Büchi, Switzerland) and applied to a column of silica gel (65.0g, 

2.2cm x 45cm). Mobile phase (1-propanol:25% ammonia=7:3 v/v)206 was then 

applied to the column (5 x 30mL, 2 x 15mL and then 5mL portions) until such 

time as the fluorescence ceased to be present in the eluate. Dityrosine elution 

was monitored by absorbance (320nm) and fluorescence (λex=317nm, 

λem=407nm) of samples while tyrosine and isodityrosine elution was monitored 

by the absorbance at 280nm. Since infusion into an Agilent MSD Trap mass 

spectrometer indicated some contamination from tyrosine, the combined 

fluorescent fractions were dried with silica gel (0.3g) and the separation was 

repeated using the same column. A second passage through the column was 

sufficient to completely remove tyrosine (mass spectrometry) but the 

absorbance at 280nm and 320nm revealed partial separation of dityrosine and 

another compound (Figure 2.2). This contaminant was deduced to be 

isodityrosine because it was present in similar amounts as dityrosine only after 

reaction, it eluted with dityrosine from the silica column, it possessed ions 

indistinguishable from those of dityrosine upon analysis by mass spectrometry 

but did not absorb at 320nm and did not fluoresce (HPLC (see below), 

λex=289nm, λem=410nm). 
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Figure 2.2 A typical chromatogram of the second column eluate. 
A graph of fluorescence ( ) and absorbance at 280nm ( ) and 320nm ( ). The reaction 
mixture was eluted from the silica column (2.2 x 45cm) using portions of mobile phase 
(1-propanol:25% ammonia = 7:3). Although discrete fractions were collected, the results have 
been plotted as a line graph to imitate a chromatogram. The arrow indicates where the 
remaining tyrosine elutes but is not observed using absorbance because it becomes diluted 
into 30mL of mobile phase. 
 

2.1.4 HPLC Analysis of the Semi-Purified Product
This mixture was subjected to HPLC using a Hewlett-Packard 1050 

HPLC, a Phenomenex C18 Aqua column (25cm x 4.6mm x 5µm) and a mobile 

phase of ammonium acetate buffer (0.1M, pH 5.9, 1mL/minute). Analysis was 

carried out using a multiwavelength detector (280nm, isodityrosine; 320nm, 

dityrosine) and revealed two clearly resolved peaks (11.3 and 17.0 minutes, 

Figure 2.3A, only 280nm shown). Only the peak at 17.0 minutes absorbed at 

320nm and this compound was also fluorescent (λex=289, λem=410nm). A spike 

of authentic tyrosine was partially resolved from the peak at 11.3 minutes. The 

fluorescent peak at 17.0 minutes was subjected to MS/MS (Agilent MSD Trap) 

and demonstrated parent and daughter ions consistent with dityrosine 

([M+H]+=361, [M+H-NH3]+=344, [M+H-H2O-CO]+=315, [M+H-2NH3-CO2]+=283) 

and did not appear to be contaminated by trimer (calculated: m/z 540, [M+H]+).  

The supernatant of a second preparation of dityrosine was adjusted to 

pH 5.9, frozen overnight (-20oC), thawed and briefly centrifuged at room 

temperature. This precipitated approximately 90% of tyrosine but only 30% of 

dityrosine. The dityrosine enriched reaction product was subjected to HPLC-UV 

analysis as above and dityrosine was again clearly resolved from both tyrosine 

and isodityrosine (Figure 2.3B, only 280nm shown). On the basis of this 

evidence, pure dityrosine standard may be produced using a simple reverse 
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phase HPLC separation of the thawed reaction mixture and collecting the 

relevant fraction. 
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Figure 2.3 Reverse phase chromatography of dityrosine reaction products. 
Chromatograms of (A) dityrosine and isodityrosine after normal phase chromatography on 
silica gel and (B) the crude reaction mixture after the freeze-thaw procedure. 
 
2.1.5 Standard Curve and Limit of Detection of Dityrosine
 Two independent stock solutions of purified dityrosine which had been 

quantified by UV absorbance207 (calculated yield=2.8%) were used to prepare 

serial dilutions. These were analysed on a Hewlett-Packard 1100 series HPLC 

interfaced with a 1046A fluorescence detector set at λex=289nm and 

λem=410nm. The limit of detection (S:N=10) was 150fmol. The standard curve is 

shown in Figure 2.4. 

 

2.1.6 Discussion 
 Presented herein is a procedure for the preparation of dityrosine for 

analytical methodologies. The synthetic method differs substantially from that 
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involving 1-naphthol as it was observed that dityrosine yield increased with 

increasing concentration of the reactants. A “melt”, performed using dry 

reagents at 110oC, yielded too much polymeric material. The yield, however, 

appeared to be largely independent of time with no improvement after a few 

minutes. Therefore, a short, highly concentrated reaction procedure was used. 

 Through the use of two stationary phases, it has been demonstrated that 

both tyrosine and isodityrosine can be separated  from dityrosine using reverse 

phase chromatography. This provides a convenient means of purification since 

fraction collection can be automated. The freezing process, which preferentially 

precipitates a large proportion of starting material, allows larger volumes to be 

injected and eliminates any need for multiple chromatographic treatments for 

high purity. 

The utility of this procedure remains dependent upon the laboratory in 

which dityrosine is to be synthesized. The yield is not high compared to those 

reported for the enzymatic method. This is not a limiting factor for this method 

since very little material is required to produce a standard curve. However, if the 

object is to synthesize isotopically enriched dityrosine for use in a GC- or LC-

MS method, then the yield may be an important consideration, although the 

starting material may also be collected and re-used. In those laboratories 

already making use of an enzymatic method, future purifications may be 

improved using the freeze-thaw procedure. In addition, reverse phase 

chromatography may prove more convenient. 
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Figure 2.4 Standard Curve for dityrosine using HPLC-fluorescence 
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2.2 PROTEIN BOUND MARKERS OF NITRATION 
2.2.1 Introduction
 The measurement of 3NT has been of interest for many years as it is 

thought to represent the product of reactions involving RNS in vivo35. It has 

been detected in samples of diseased tissue including atherosclerotic plaque, 

Alzheimer’s Disease lesions and multiple sclerosis plaques193,208. Thus, the 

measurement of this compound is potentially important in the understanding of 

nitrative mechanisms underlying many disease states. In the past, 3NT in lesion 

proteins has largely been described using immunological staining techniques209 

but has fallen short of quantification. In addition to this, protein oxidation 

products have been quantified in lesion material but concurrent measurements 

of 3NT were not made8,42. Therefore, the relative contribution of nitration to 

protein modification in atherosclerotic lesions remains unknown.  

The measurement of 3NT has proven difficult especially with regard to 

controlling artefactual nitration of tyrosine during sample handling. Recently, a 

method was published in which alkaline conditions were used to effect the 

hydrolysis of proteins192. The authors indicate that there is no nitration during 

the acidic clean up and cold derivatisation procedures, but diligence is required 

in the exclusion of air from the hydrolysis sample. An understanding of the 

shortfalls of acidic hydrolysis procedures may enable one to hydrolyse protein 

under the less rigorous conditions of low pH. 

The labour intensive nature of existing derivatisations192,210, problems 

with loss of large quantities of sample (>25mg/L) during hydrolysis and 

artefactual nitration provided the impetus to investigate, in detail, the problems 

associated with this assay. Amongst the most significant outcomes of this 

investigation was the observation that choice of hydrolysis vessel has significant 

effects on sample stability. In addition, a new, facile and highly sensitive 

procedure for analysing 3NT by GC-MS with negative chemical ionisation (NCI) 

which yields significant savings in time and cost per sample is presented. 

 
2.2.2 Materials
 13C6-tyrosine was obtained from Cambridge Isotope Laboratories 

(Andover, Massachusetts). Tyrosine, 3-aminotyrosine (3AT), tetranitromethane, 

butylated hydroxytoluene (BHT) and all fluorinated materials were obtained from 

Sigma Chemical Company (St. Louis, MO) and 3NT was from Cayman 
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Chemical Company (Ann Arbor, MI). Sodium Nitrite was from Ajax Chemicals 

(Sydney, Australia). AG® 50W-X8 resin (100-200 mesh, hydrogen form) was 

supplied by Bio-Rad Laboratories. Eppendorf tubes (1.5mL) were obtained from 

Interpath Services (Leda, Western Australia, Cat. No. 616001), 0.5 dram 

borosilicate tubes from Southern Biological Services (Nunawading, Victoria) and 

Sarstedt tubes were supplied directly by Sarstedt (Germany). Pyrex tubes 

(7mL) were supplied by Crown Scientific (Belmont, Western Australia). High 

Flow C18 solid phase extraction cartridges were obtained from Alltech 

(Baulkham Hills, New South Wales).  All water was purified by a milli-Q plus 

purification unit. A Savant SpeedVac SVC200 was used to dry samples under 

vacuum using maximum heat (45oC approx). 

 

2.2.3 Methods
2.2.3.1 Nitration of 13C6Tyrosine Using Tetranitromethane 
 The method of Sokolovsky211 was repeated and also modified to 

examine various experimental conditions. Briefly, tetranitromethane in ethanol 

(13.8mM) was added portionwise (20µL) to tyrosine (1mg) in buffer (PBS, pH 

7.4). The mixture was sampled 30 minutes after each portion and analysed by 

HPLC-UV.  

 

2.2.3.2 Nitration of 13C6Tyrosine Using Acidified Nitrite 
[13C6]tyrosine (100mg, 0.53mmol) was dissolved in the minimum of 

aqueous potassium hydroxide (3M, <5mL) and diluted with water (100mL). 

Acetic acid (glacial, 100mL) was added and the solution was constantly stirred 

at room temperature. Sodium nitrite (2.28g, 33mmol) was dissolved in water 

(50mL) and added to the tyrosine solution at a rate of 1mL per hour for 22 hours 

using a syringe pump (IVAC 770). Excess nitrite was removed using a cation 

exchange resin (Bio-Rad, 50W-X8 resin, 100-200 mesh, Hydrogen form) and 

the product was eluted using ammonia (3M). The dried eluate was taken up into 

methanol, frozen overnight (-20oC) and filtered. The recovery was quantitative 

(HPLC-UV)  using this method and the standard was stored dry (-20oC). 

 
2.2.3.3 Analysis of Reaction Products 
 All reaction samples were analysed using a Hewlett-Packard 1100 Series 

HPLC with UV detection (280nm) and a LiChrosphere C18 column (125mm x 
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4mm x 5µm). The mobile phase was 20% methanol: 80% water containing 

0.05% acetic acid with a flow rate of 1mL/minute. Yield and recovery were 

calculated using this method and by applying a response factor to the area 

under the peak for tyrosine. 

For GC-MS analysis, all samples (1µL) were analysed as the 

oxazolinone derivative (see sections 2.2.3.7 and 2.2.3.8) on a Hewlett-Packard 

6890 gas chromatograph fitted with an HP5-MS column (25m x 0.25mm x 

0.25µm) and interfaced with an Agilent 5973 mass selective detector unless 

otherwise indicated. Instrument parameters were set according to the values 

outlined in Table 2.1. Samples were analysed in either EI mode or NCI mode in 

which case methane was used as the reagent gas. 

Table 2.1 GC-MS Parameter Settings (Tyrosine and 3-aminotyrosine) 

Parameter Setting 
Carrier Gas Helium 
Carrier Gas Flow 1mL/minute 
Inlet Temperature 250oC 
Initial Oven Temperature 85oC 
Initial Oven Temperature Hold Time 1.5 minutes 
Oven Temperature Ramp Rate 15oC/minute 
Final Oven Temperature 250oC 
Final Oven Temperature Hold Time 5 minutes 
Transfer Line Temperature 280oC 
Ion Source Temperature 150oC 
Reagent Gas* Methane 
Ions Monitored m/z=369/375 or m/z=355/361 

*NCI only 

 

2.2.3.4 Comparison of Hydrolysis Preservatives 
Literature210 hydrolysis conditions were assessed using standard 3NT. 

The sample of 3NT  (100µL, 1mg/mL) was diluted with hydrochloric acid (6M, 

1mL) and heated at 110oC for 24 hours. The hydrolysis vessel was borosilicate 

glass (0.5 dram) with a teflon seal. Phenol (n=10) was included by adding 10µL 

of melted phenol for every 1mL of hydrochloric acid equating to 1% v/v phenol 

which is essentially equivalent to the 1% v/w added by others210. BHT (n=10) 

was trialled as an alternative preservative to phenol using equivalent conditions 

and was added at 1% w/v. These were compared with controls (n=9) which 

included no preservative. “Hydrolysed” samples were analysed by HPLC-UV as 

outlined in section 2.2.2.3 above. 
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2.2.3.5 Comparison of Hydrolysis Vessels 

The hydrolysis vessel used above was compared with authentic Pyrex 

tubes (7mL, teflon seal) by hydrolysing standard 3NT with phenol as described 

above. Pyrex exhibited improved recovery (data not shown) so these tubes 

were used for all further work. Pyrex was compared with Eppendorf and 

Sarstedt tubes which served as plastic alternatives. Simulation of hydrolysis 

was carried out on standard 3NT with phenol added as described above and 

triplicate samples were assessed using GC-MS as described in section 2.2.3.3. 

Based on the results obtained from the these experiments, Eppendorf 

tubes were selected and tested by carrying out the simulation of hydrolysis with 

and without phenol, maintaining all other conditions. The test was carried out in 

triplicate using both 3AT and 3NT at near-analytical concentrations (500fmol on 

column). Analysis was by GC-MS with NCI (see below). 3AT was included in 

these tests because it had been observed that approximately 10% of the 3NT 

standard was reduced during the hydrolysis simulation. 

 

2.2.3.6 Assessment of Artefactual Nitration During Hydrolysis 

 To assess artefactual nitration during hydrolysis sodium nitrite solution 

with nitrite concentration equivalent to plasma levels (0.14µM)212 was used to 

dilute authentic tyrosine solution (1mg/mL) 1:100. Samples (n=3) were treated 

using the above hydrolysis conditions, reduced using dithionite, derivatised  and 

analysed by GC-MS with NCI (see below). This process was repeated using 

sodium nitrate (n=3) with nitrate concentration equivalent to that of plasma 

(28µM) which was the average of several publications213-216. 

 

2.2.3.7 Reduction of 3-Nitrotyrosine 
To examine the effects of buffer type and pH on the reduction of 3NT 

using sodium dithionite samples of authentic 3NT (1mg/mL, 100µL) were 

dissolved in buffers (400µL) of pH 5 (0.1% TFA, pH5 using ammonia) or 7.4 

(PBS) as well as pure water. Sodium dithionite (100µL, 10mM), also in buffer or 

water, was added to the samples which were briefly mixed. Samples were then 

analysed by GC-MS with NCI as outlined in section 2.2.2.3. 
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2.2.3.8 Derivatisation of Amino Acids 
 The oxazolinone derivatives of tyrosine, 3NT and 3AT were produced by 

the addition of trifluoroacetic acid (TFA, 100µL), trifluoroacetic acid anhydride 

(TFAA, 100µL) and toluene (1mL) to dry samples of each amino acid followed 

by heating at 110oC for 20 minutes. Each amino acid was analysed by GC-MS 

with NCI in scan mode as outlined in section 2.2.2.3. An attempt was made to 

produce longer chain perfluorocarbon analogues using pentafluoropropanoic 

acid or heptafluorobutanoic acid with the respective anhydrides and using the 

same volume of reagent and heating conditions. 

 It was observed that tyrosine became nitrated during this derivatisation 

process. Consequently, toluene (0, 500 and 1000µL) was tested in the 

derivatisation solution as a means of preventing artefactual nitration217. Aliquots 

of tyrosine (100µL, 1.0mg/mL) were dried, derivatised with varying amounts of 

toluene and analysed by GC-MS with NCI. The amount of artefactual nitration 

was determined as a percentage of the amount of tyrosine added. 

Three independent solutions, equimolar in the three amino acids, were 

prepared, sampled and analysed as the oxazolinone derivative. This was 

carried out in triplicate and the results were used to determine whether 

reduction of the nitro group to an amino group conferred any benefit in terms of 

sensitivity. Response factors for each amino acid were calculated as a 

response (area under the peak) relative to the most sensitive amino acid. 

 

2.2.3.9 Comparison of the Oxazolinone with Other Derivatives 
 The previously reported method of Crowley210 gives details of the 

procedure. Briefly, the method requires a dry hydrolysate to be treated with 

hydrochloric acid:n-propanol=1:3 (v/v) at 65oC for one hour then dried under 

nitrogen (0.5 hours approx.) followed by treatment with heptafluorobutyric 

anhydride:ethylacetate=1:3 (v/v) for 5 minutes at 65oC. Samples were then 

analysed directly. The method of Frost192 requires on-column injection for 

maximum sensitivity and the method of Yi et al218 is reported to produce 

artefactual nitration. Thus, a valid comparison with these two techniques is not 

possible. However, the artefactual nitration produced by the method of Yi218 

could be overcome by reduction prior to derivatisation and so this method was 

applied to 3AT using the same derivatisation conditions as recommended by 

the Authors for 3NT. Briefly, to a dry sample of the amino acid, trifluoroethanol 
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(50µL) and trifluoroacetic acid anhydride (200µL) were added and the mixture 

was heated at 70oC for 30 minutes. Samples were then diluted into toluene 

before analysis. 

 

2.2.3.10 Standard Curves and the Limit of Detection 
 Internal standard ([13C6]-3NT, 300pmol) was added to samples of 

unlabelled 3NT with a range of 100-2000pmol. The samples were reduced and 

then derivatised and analysed by GC-MS with NCI. Results of triplicate 

experiments were plotted as the ion ratio of the samples:internal standard 

versus the known amount of 3NT added. The limit of detection was determined 

by analysing sequential dilutions of a stock solution of 3NT. The reproducibility 

(c.v.) of the derivatisation process was determined from these data. 

 

2.2.4 Results
2.2.4.1 Nitration of 13C6Tyrosine 

Using HPLC-UV, it was found that although tetranitromethane did 

produce 3NT, it also produced large quantities of a secondary product which 

only formed after 3NT. Further addition of portions of tetranitromethane began 

to consume 3NT and contribute to the secondary product at which point 

additions were ceased. The secondary product eluted later than 3NT and 

exhibited stronger “tailing” on the C18 column (Figure 2.5A). Interestingly, this 

compound could not be detected using GC-MS with NCI. The identity of this 

peak was not formally investigated but was tentatively regarded as 

3,5-dinitrotyrosine since it was formed only after 3NT and appeared to coincide 

with consumption of 3NT in the reaction mixture. An additional product which 

eluted just after tyrosine by HPLC was also not identified but could be dityrosine 

since this has been shown to form when protein is treated with 

tetranitromethane206,219. 

Due to the excessive consumption of 3NT using tetranitromethane, 

acidifed nitrite was trialled. The reaction was found to be slow at room 

temperature and low yielding if single molar ratios were used. It was found that 

slow addition of a large excess of nitrite was optimal. The yield was 

approximately 45% by mass although yields varied up to 65% during testing of 

this method on unlabelled tyrosine. A typical chromatogram is shown in Figure 

2.5B for comparison. The different retention times are due to the different 
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solvent used for the injection of samples but peaks have been identified by 

spiking samples with known standards. 

100 

2.2.4.2 Acid Hydrolysis 
 The 3-nitro and 3-amino derivatives of tyrosine were highly unstable to 

acid hydrolysis in borosilicate glass vials such that 0.1mM solutions were 

completely undetectable by GC-MS with NCI. Phenol and BHT were tested as 

preservatives of 3NT (Figure 2.6A) and they exhibited different degrees of 

protection. Nitrogen flushing of samples and hydrochloric acid had no effect on 

recovery, which indicated the possibility of an involvement of vessel type in the 

stability of the sample during hydrolysis. Pyrex was superior to the borosilicate 

vessels and all subsequent comparisons were carried out using Pyrex as the 
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Figure 2.5 Reverse phase chromatography of 3-nitrotyrosine reaction products. 
When preparing 3-nitrotyrosine from tyrosine, (A) multiple products are formed using tetranitro-
methane but (B) quite clean reaction mixtures are obtained using nitrous acid. Different retention 
times are a result of the different injection solvents used. 
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glass container (data not shown). Figure 2.6B demonstrates that, as a 

hydrolysis vessel, Eppendorf tubes proved superior to both Pyrex and Sarstedt 

tubes, a polypropylene alternative. Furthermore, when Eppendorf tubes were 

used, there was no difference in either 3NT (Figure 2.6C) or 3AT (data not 

shown) recovery whether or not phenol was added. Therefore, since Eppendorf 

tubes had proven successful in preventing the instability of 3NT, hydrolysis was 

carried out in Eppendorf tubes in the absence of phenol. The performance of 

the Eppendorf tubes was found to be independent of several batch numbers. 

 When authentic tyrosine was hydrolysed in Eppendorf tubes with nitrite 

at concentrations equivalent to that of plasma, then no nitration was observed. 

Similarly, no nitration was observed when nitrate was added to the hydrolysis 

mixture. 
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Figure 2.6 Factors effecting recovery of 3-nitrotyrosine during hydrolysis 
(A) When 3-nitrotyrosine (0.1mg/mL, 100µL) was submitted to hydrolysis in borosilicate glass 
vessels then the yield obtained (HPLC-UV) depended upon the preservative added (*p<0.01 v 
control, #p<0.01 v BHT). However, (B) when identical samples were submitted to hydrolysis 
with phenol (1% v/v) in various tube types, then different yields were obtained (*p<0.05, GC-
MS). Since Eppendorf tubes provided maximum sample stability, (C) they were tested with and 
without phenol added and no difference in yield was observed (GC-MS).*,#: Results from 
unpaired t-test 

2.2.4.3 Reduction and Derivatisation of 3-Nitrotyrosine 
 The reduction of the nitro group of 3NT to an amino group for the 

purposes of analysis is not new220, however, not only was the reduction step  

carried out in a buffered solution as previously recommended210 it was also 

carried out in aqueous solution and in buffer (see Section 4.3.4). Under all the 

reaction conditions tested, the reduction appeared to be an instantaneous 

(empirical observation: colour change from yellow to colourless) and 

quantitative process as determined by GC-MS. 
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 The derivatisation presented here creates an oxazolinone derivative 

whose structure is shown together with its NCI mass spectrum for both tyrosine 

and 3AT (Figure 2.7). A trifluoromethyl group is located at the 2 position of the 

oxazolinone ring and a trifluoroacetyl group on the hydroxy and amine residues 

of the aromatic ring. The molecular ion for 3AT, m/z 466, is not detected at 

typical analytical concentrations, however, exclusive fragmentation to m/z 369, 

corresponding to loss of a trifluoracetyl group, is observed. The internal 

standard can be detected at m/z 375 due to the incorporation of 13C in all six of 

the aromatic positions. In contrast, tyrosine was observed not to fragment to 

any great extent, instead presenting as a molecular ion at m/z 355. Again, the 

internal standard could be detected 6Da higher at m/z 361. The 111Da 

difference between each of the molecular ions is consistent with the presence of 

a trifluoroacetamide group (CF3CONH-) on the aromatic ring of tyrosine. 
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Figure 2.7 Structure and full scan mass spectrum of the oxazolinone 
derivatives of (A) tyrosine and (B) 3-aminotyrosine 
A dry sample of each amino acid is derivatised by adding toluene (up to 1mL), trifluoroacetic 
acid (100µL) and trifluoroacteic acid anhydride (100µL) then heating at 110oC for 20 minutes. 
During analysis, selected ion monitoring of m/z 355 and 369 is used to monitor tyrosine and 
3-aminotyrosine respectively. The corresponding [13C6]-internal standards are monitored at 
m/z 361 and 375. 

To increase the sensitivity of this derivative to NCI, it was attempted to 

synthesize analogues with longer chain perfluorocarbon groups but these 

attempts failed to produce any detectable products. Therefore, the formation of 

oxazolinones from amino acids was only possible using the simplest of the 

perfluoro reagents. 
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 The effect of toluene on the artefactual nitration of tyrosine was 

determined and the results are shown in Figure 2.8. Interestingly, 1000µL of 

toluene was effective in reducing artefactual nitration below the c.v. for the 

derivatisation process (<0.6%) suggesting that this is a useful means of 

suppressing artefactual nitration. However, separate experiments showed that 

3NT is not reduced to 3AT during the derivatisation process. Therefore, 

reduction of samples prior to derivatisation would be preferable since analysis 

of 3AT in samples would eliminate a contribution from 3NT produced 

artefactually during derivatisation which could be substantial considering the 

relative abundance of tyrosine compared to 3NT. Thus, the effect of reduction 

on the sensitivity of the assay was investigated. 
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Figure 2.8 Effect of toluene on artefactual nitration of tyrosine 
The oxazolinone derivative was produced from a sample of tyrosine (0.1mg/mL, 100µL) and 
the amount of 3-nitrotyrosine produced was calculated as a percentage of the initial amount of 
tyrosine added after application of response factors. 

 To this end, the relative response of each amino acid to GC-MS with NCI 

was determined using 1000µL of toluene in the derivatisation solution. The 

results from three independent solutions, equimolar in the three amino acids, 

are presented in Table 2.2. Interestingly, the reduction of 3NT to 3AT confers an  

approximate 650% increase in sensitivity to this assay. Therefore, not only does 

reduction prior to derivatisation provide a convenient means of eliminating 

artefactual nitration, it also produces a more responsive analyte. 
Table 2.2 Relative response of some amino acids as the oxazolinone derivative 

Tyrosine 3-Aminotyrosine 3-Nitrotyrosine 
100 ± 13.2% 52.6 ± 6.0% 8.0 ± 1.0% 
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2.2.4.4 Comparison of the Oxazolinone with Other Derivatives 
 The relative response of the three methods are indicated in Table 2.3. 

The method of Yi et al218 yielded several products, one of which was the 

expected product (the bis-trifluoroacetamide-O-trifluoroacetate, trifluoroethyl 

ester) and of the other two, the oxazolinone was a minor product while the other 

unidentified product contributed a peak of size approximately equal to that of 

the expected product. The method of Crowley210 gave only the product 

described in the method. Surprisingly, the oxazolinone was almost two orders of 

magnitude more sensitive than either of the two other methods although the 

sensitivity reported by Crowley210 could not be reproduced. 

Table 2.3 Relative response of some derivatives of 3-aminotyrosine 

Method Relative Response (Mean±SEM, %) 

Oxazolinone 100±2.5 

Yi et al218 2.10±0.08 

Crowley et al210 1.60±0.01 

 

2.2.4.5 Standard Curves and Limit of Detection 
 The standard curve for each analyte demonstrated good linearity in the 

range tested (Figure 2.9). The minimum detection level of the oxazolinone 

derivative of 3AT was determined as 100amol with a signal to noise ratio of 

approximately 90:1 (RMS, Agilent Chemstation Software). This compared 

favourably with other data where 400amol gave a signal to noise ratio of 

10:1210. 

 
2.2.5 Discussion 

The implication of RNS in human disease by nitrated tyrosine residues in  

protein from diseased tissue requires an understanding of the quantitative 

contribution of nitration to overall protein modification. This can only be 

achieved by analytical procedures. Thus far, several methods for the 

determination of 3-nitrotyrosine in biological samples have been proposed but 

none have gained widespread acceptance. The development of this new 

method was initiated due to the inability to detect large quantities (>25mg/L) of 

3-nitrotyrosine in simulated hydrolyses using the method of Crowley210 which 

was the state-of-the-art at the time. This has resulted in a stepwise analysis of 
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acid hydrolysis of protein for the detection of 3-nitrotyrosine by GC-MS with 

NCI. 
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Figure 2.9 Standard curve for (A) 3-aminotyrosine and (B) tyrosine 
Samples containing either (A) 100-2000fmol of 3NT and 300fmol of [13C6]3NT or (B) 0-
8000nmol of tyrosine and 1000nmol of [13C6]tyrosine were reduced (3NT only), converted to the 
oxazolinone and analysed by GC-MS with NCI. Using the area under the peak, the ratio of the 
analyte:internal standard was plotted against the known amount of authentic standard added. 

Contrary to previous reports regarding the synthesis of [13C6]-3NT  for 

use as an internal standard210,211, tetranitromethane was not found to be a 

satisfactory reagent due to the formation of significant quantities of by-products, 

possibly 3,5-dinitrotyrosine. The reported presence of dityrosine in samples 

treated with tetranitromethane206,219 further supports the need for an improved 

synthesis for such an expensive material. The use of nitrous acid appears to 

provide a superior means of generating 3NT by avoiding the production of 

secondary products thereby reducing waste of the enriched starting material. 

Although a cation exchange resin was used to remove salts from the reaction 

product a reverse phase method may have been more suitable. Tyrosine and 

3NT can be easily separated by reverse phase HPLC and this may provide an 

alternative to future investigators. 

Although it has not been specified in previous reports, there was 

considerable difference in measured 3NT levels when vials of different materials 

were used to effect sample hydrolysis. The inclusion of substances such as 

benzoic acid and phenol by other investigators210,220 reflects the need to protect 

samples during hydrolysis. The underlying problem with the hydrolysis 

procedure is indicated by the variable recovery using different preservatives. It 

was found that the 3-nitro- and 3-amino- derivatives of tyrosine were not stable 

to hydrolysis in glass and the remedy to this problem was the use of 
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polypropylene Eppendorf tubes. Sarstedt tubes, an alternative polypropylene 

vessel, performed as poorly as glass and it is possible that displacement of 

oxygen by water/acid vapours from the non-airtight Eppendorf tubes plays an 

additional role in their suitability. 

The absence of nitration observed when samples of authentic tyrosine 

were submitted to hydrolysis in Eppendorf tubes using physiological 

concentrations of nitrite and nitrate is in contrast to previous results192. 

However, it should be noted that a nitrite concentration more than 700 times 

greater than the physiological level was used for those experiments and even 

with this abundance, only 1% nitration was observed. In addition, using this 

level of nitrite, it was observed that no nitration occurred at pH 3, 4 or 5 despite 

a 20 hour incubation192. This demonstrates that acidic conditions are necessary 

but not sufficient to induce nitration of tyrosine. It is not surprising, then, that at 

the physiological levels of nitrite (and nitrate) used herein, no nitration was 

observed. It is feasible, however, that nitration occurred but at levels beyond the 

limit of sensitivity of this assay. We have observed that acidifed nitrite and 

nitrate solutions can give rise to brown, nitrogenous gases. This may be one 

mechanism for loss of inorganic nitrogen from acidic solutions which may 

explain why large excesses of nitrite are required for nitration of tyrosine. As our 

experiments had shown that nitration does not occur in the presence of 

physiological concentrations of nitrite and nitrate, proteins were not treated (eg 

MWCO filters, dialysis) to remove these species, however, they were probably 

largely removed by the Folch extraction since we have observed that aqueous 

sodium nitrite remains soluble when added to one or more volumes of 

methanol. 

We have also observed during the derivatisation procedure that glass 

containers are a source of reactive nitrogen species which contribute to 

artefactual nitration (0.5 dram borosilicate vials:>50%; Pyrex <2.5%), so it is 

most probable that reactive species which induce artefactual nitration during 

hydrolysis emanate from the glass containers and are not due to the presence 

of inorganic nitrogenous species in biological samples. Reduction of the crude 

hydrolysate prior to the acidic derivatisation used herein provides the key to 

avoiding the detection of artefacts produced during derivatisation. This is so 

because the focus of the analysis shifts to 3AT avoiding detection of artefactual 

3NT.  
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The synthesis of the oxazolinone derivative of 3NT was used for its rapid 

production time and its high sensitivity to NCI. The formation of oxazolinone 

derivatives of amino acids using trifluoroacetic acid anhydride was first 

described by Weygand and Glockler in 1956221. Grahl-Neilsen and Movik 

applied the concept to the gas-chromatography of amino acids when gas-

chromatography was in its infancy222. Oxazolinone derivatives were viewed as 

potentially useful for amino acid identification by Ferrito et al223, who 

demonstrated that under electron impact (EI) conditions, the oxazolinones 

produced simple mass spectra. This feature is replicated for 3AT where, at 

typical analytical concentrations, only the [M-97]- ion (m/z 369) is generated 

which equates to loss of trifluoracetyl. This allows selected ion monitoring of a 

single ion which maximises the probability of detecting an ionised analyte 

molecule. The formation of the oxazolinone is a rapid, single step and 

quantitative (HPLC-UV, GC-MS with EI and NCI, data not shown) procedure 

and assists in reducing the sample handling time. 

 Identification of the mechanisms which affect sample stability and 

produce artefactually nitrated tyrosine enables the accurate quantification of 

3NT in biological systems. Although artefactual nitration could not be eliminated 

from the derivatisation step, the use of reduction prior to derivatisation 

eliminates the detection of artefacts and conveniently contributes to a large 

increase in sensitivity. The alternative derivatisation procedure described here 

imparts exquisite sensitivity in addition to the rapid nature of the reaction. The 

improvements to the measurement of 3NT described herein provide a useful 

tool for the understanding of nitration in biological systems. Methods which have 

previously suffered from interference by artefactually produced 3NT may benefit 

from the use of eppendorf tubes during hydrolysis and reduction of the sample 

prior to derivatisation. 
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2.3 LIPOPHILIC MARKERS OF REACTIVE NITROGEN SPECIES 
2.3.1 Introduction 

The role of RNS in human disease states characterised by inflammation, 

such as coronary atherosclerosis has largely been obtained from the 

quantification of 3NT in diseased tissues193,208. Recent evidence has suggested 

that one form of the members of the lipid soluble group of antioxidant Vitamins 

E (γ-tocopherol) can scavenge membrane soluble RNS, an activity that is not 

shared by the other major form of Vitamin E, α-tocopherol79. This has led to 

speculation that nitration of γ-tocopherol may be an important mechanism for 

the detoxification of RNS in vivo79. An in vivo role for such a mechanism in 

coronary atherosclerosisis is supported by the observation that patients with 

coronary heart disease have a higher α− to γ−tocopherol ratio than healthy 

controls224-226 but no difference in α-tocopherol, suggesting selective depletion 

of γ-tocopherol. 

The physiological and biochemical role(s) of γ-tocopherol is relatively 

poorly understood. The dominance of α-tocopherol as a subject of study is 

mainly a result of its potency in antioxidant and fertility studies (See section 

1.4.2.4) Furthermore, its selective incorporation into lipoproteins of hepatic 

origin (See section 1.4.2.2), and therefore its abundance in plasma, has lead 

investigators to focus research upon α-tocopherol since deposition of 

lipoproteins in arterial plaques implicates α-tocopherol as the major lipophilic 

antioxidant. Whilst this appears to be a logical progression, the structure of 

α-tocopherol (Figure 2.10A) does not permit any potential to react with 

electrophilic, nitrogenous species since the aromatic ring is fully substituted and 

therefore its reactivity is specifically antioxidant in nature. On the other hand, 

the absence of a substituent in the 5-position of γ-tocopherol (Figure 2.10B) 

may afford a unique biochemical role in preventing the initiation or progression 

of diseases involving inflammation by acting as a renewable substrate for 

nitration by RNS in endogenous lipid structures. 

γ-tocopherol is the second most abundant tocopherol in plasma and, 

therefore, is likely to be the most important tocopherol in studies of electrophilic 

reactive nitrogen species. Deposition of lipoproteins in atherosclerotic plaques 

localises γ-tocopherol at the site of disease and since other evidence indicates 
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Figure 2.10 The structure of (A) α-tocopherol and (B) γ-tocopherol. 
The arrow indicates where electrophilic groups could attack γ-tocopherol 

that γ-tocopherol is preferentially taken up by human endothelial cells227, several 

pools of γ-tocopherol are available to react. Furthermore, since in vitro 

experiments have confirmed the formation of 5-nitro-γ-tocopherol79, a nitrated 

product of γ-tocopherol (Figure 2.11), it is feasible that γ-tocopherol plays a 

specific role in neutralising the potentially harmful effects of reactive nitrogen 

species.  

OH  
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Figure 2.11 The structure of 5-nitro-γ-tocopherol 

There is evidence that nitration could occur in the lipid phase. Nitric oxide 

partitions substantially in favour of the lipid phase as do other gaseous 

molecules11,71,228. Thus, oxidation of •NO to higher oxides has been 

demonstrated by Liu et al71 to require a discrete lipid phase in which oxygen 

and nitric oxide may co-localise and interact to produce more reactive, nitrogen 

based compounds at a rate which is greatly accelerated compared to the 

aqueous phase. Cooney et al229 demonstrated that •NO2, also a lipid soluble 

species, was sequestered through nitration of γ-tocopherol, which was superior 

to α-tocopherol for the detoxification of •NO2. 

There is evidence that nitration could occur in the lipid phase. Nitric oxide 

partitions substantially in favour of the lipid phase as do other gaseous 

molecules11,71,228. Thus, oxidation of •NO to higher oxides has been 

demonstrated by Liu et al71 to require a discrete lipid phase in which oxygen 

and nitric oxide may co-localise and interact to produce more reactive, nitrogen 

based compounds at a rate which is greatly accelerated compared to the 

aqueous phase. Cooney et al229 demonstrated that •NO2, also a lipid soluble 

species, was sequestered through nitration of γ-tocopherol, which was superior 

to α-tocopherol for the detoxification of •NO2. 

The nitration of γ-tocopherol in vitro by treatment of lipoproteins with 

peroxynitrite and in lipopolysaccharide-stimulated rat astrocytes79,230 together 

The nitration of γ-tocopherol in vitro by treatment of lipoproteins with 

peroxynitrite and in lipopolysaccharide-stimulated rat astrocytes79,230 together 
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with the co-existence of γ-tocopherol and nitric oxide in the lipid phase of 

cellular membranes implicates oxidation of nitric oxide as a source of RNS and 

γ-tocopherol nitration as a means of detoxification of such species. 

 

2.3.2 Materials

 α−, β- and γ-tocopherol and α-tocopherol acetate were purchased from 

Merck (Germany) while sodium nitrite was obtained from Ajax Chemicals 

(Sydney, Australia). All solvents were HPLC grade from laboratory stocks. 

 

2.3.3 Preparation of 5-Nitro-γ-Tocopherol and 7-Nitro-β-Tocopherol
The method of Christen et al79 was used with minor alterations. Briefly, to 

an ethanolic solution of the tocopherol (1mg/mL) was added an equimolar 

amount of sodium nitrite in water (2% w/v) and acetic acid (glacial, 4% v/v final 

volume) was added. The solution was manually mixed and allowed to stand for 

ten minutes. Water (1/4 of final volume) was added and the mixture was 

extracted with hexane (5 x 30mL). The organic extract was washed with water 

(2 x 30mL), dried (MgSO4) and the solvent was evaporated to apparent 

dryness. The bright orange oil which remained was purified by reverse phase 

HPLC using methanol as the mobile phase. The solution was dried under 

vacuum with heating. The residue was taken up into ether, dried again and 

allowed to stand under vacuum at room temperature for 36 hours. The yield 

was 75-90%.  

The product of nitration of γ-tocopherol was confirmed as 5-nitro-γ-

tocopherol (5NGT) by a combination of UV-visible absorption79 and (LC-) mass 

spectrometery which was also used to assess purity. The product of nitration 

from β-tocopherol was confirmed as 7-nitro-β-tocopherol (7NBT) by a 

combination of 200MHz 1H NMR and (LC-) mass spectrometry. The UV-visible 

data were also recorded. 

 

2.3.4 Analytical Procedure for 5-Nitro-γ-Tocopherol
 A LC-MS/MS method was used for the analysis of 5NGT in biological 

samples (See Chapter 5) and is described here. The chromatographic and 

mass spectrometer parameters are defined in Table 2.4. The mass spectra for 

negative mode electrospray and tandem mass spectrometry were recorded for 

both 5NGT and 7NBT. 
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Table 2.4 LC-MS/MS parameters for the analysis of 5-nitro-γ-tocopherol 

Parameter Setting 
HPLC Column Agilent LiChrosphere C18 

125mm x 4mm x 5µm 
Mobile Phase 100% methanol for 12 minutes to 

100% ethylacetate over 7 minutes 
Column Flush 100% ethylacetate for 10 minutes to 

100% methanol over 5 minutes 
Equilibration 100% methanol for 4 minutes 
Mobile Phase flow rate 400mL per minute 
UV 296nm 
Ionisation Negative electrospray 
Nebuliser pressure 40 psi 
Drying gas temperature 350oC 
Drying gas flow rate 12L per minute 
Compound Stability 130% 
Trap Drive Level 140% 
Fragmentation Amplitude 0.8 

 
2.3.5 Standard Curves and Limit of Detection

Standard curves were prepared for α- and γ-tocopherol using 

α-tocopherol acetate as the internal standard and LC-UV as the method for 

quantification. α-Tocopherol acetate (75nmol) was added to each tocopherol in 

the range 0-200nmol. A plot of the response of the tocopherol relative to the 

response of the internal standard was obtained and used to quantify sample 

content. For 5NGT, the internal standard used was 7NBT (25pmol). A standard 

curve in the range 0-500pmol was established using mass spectrometry as the 

detection method and the daughter ion m/z 194. The limit of detection was only 

assessed for 5NGT by using serial dilutions of a stock solution of standard 

5NGT. 

 

2.3.6 Results 
2.3.6.1 Preparation of Nitrated Tocopherol Standards 

5-nitro-γ-tocopherol: 

UV-visible: λmax(MeOH): 262, 304, 414nm (lit79 (EtOH): 260, 304, 413nm)  

MS: 460 ([M-1]-) 

MS/MS: 460 to 194 ([M-1-266]-) and 164 ([M-1-296]-) 

7-nitro-β-tocopherol: 

UV-visible: λmax(MeOH)=269nm, 286nm, 397 (Inflection) 
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200MHz 1H NMR (CDCl3) δ: 0.75-.090 (m, 12H), 0.90-1.60 (m, 24H), 1.81 (dt, 

2H, J=3Hz, 7Hz), 2.15 (s, 3H), 2.35 (s, 3H), 2.65 (t, 2H, J=7Hz), 9.65 (s, 1H). 

MS: 460 ([M-1]-) 

MS/MS: 460 to 194 ([M-1-266]-) 

The loss of the proton signal from β-tocopherol at 6.46ppm together with 

the addition of 45 mass units (M-1+46=M+45) suggests that the product of 

reaction between nitrous acid and β-tocopherol is the nitro adduct and not the 

nitroso adduct. 

 

2.3.6.2 Analytical Procedure for 5-Nitro-γ-Tocopherol 
 The daughter ion m/z 194 was used for the detection of 5NGT and 7NBT 

and the mass spectrum derived from fragmentation of the parent ion m/z 460 

are shown in Figure 2.12. Sensitivity was greatest when the 5NGT was eluted 

with the described ethyl acetate gradient. It was presumed that this assisted in 

the emulsification of water present in the methanol at natural levels (ie dry 

methanol was not used) with the 5NGT. Slightly more or less ethyl acetate in 

the mobile phase would substantially reduce the sensitivity. Standard samples 

of 5NGT and 7NBT were run in order to establish retention times and a sample 

chromatogram is shown in Figure 2.13 where a mixture of the two standards 

was injected. 
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Figure 2.12 Mass spectra of the parent ions (m/z 460) of (A) 5-nitro-γ-tocopherol 
and (B) 7-nitro-β-tocopherol 
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Figure 2.13 A chromatogram of 7-nitro-β-tocopherol and 5-nitro-γ-tocopherol 
A mixture of two standards was injected and the mass transition m/z 460 to 194 was monitored.

 

2.3.6.3 Standard Curves and Limit of Detection 
 The standard curves for the tocopherols (Figure 2.14A-B) demonstrated 

good linearity for the range tested. On the other hand, the curve for 5NGT did 

not and only the range of 0-500pmol was useful (Figure 2.14C). This 

corresponded to the range observed in biological samples analysed in Chapter 

5. The limit of detection for 5NGT was first determined as 5pmol, however, the 

condition of the nebuliser needle was found to be a critical factor in the 

sensitivity of this assay and a revised limit of detection is <500fmol. 

 

2.3.7 Discussion

 The methodology presented here for the determination of 5-nitro-γ-

tocopherol makes use of LC-MS/MS to provide the most unequivocal 

determination of identity possible due to the monitoring of the mass transition 

m/z 460 to 194 under strictly controlled conditions and at a certain retention 

time. The selectivity of the method provided herein is proposed as a means of 

studying the quantity and distribution of 5NGT in biological systems. 

This procedure is not without its limitations though. The primary 

shortcoming of this method is the choice of internal standard. As discussed in 

Section 1.5.3 of this Thesis the internal standard is ideally an isotopically 

enriched analogue of the analyte of interest. However, isotopically enriched 

γ-tocopherol was not commercially available at the time. Although 15N enriched 
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5NGT could be produced, it does not provide sufficient resolution from the 

naturally occurring isotopes. Literature methods for enriching the standard in 

18O did not produce satisfactory yields231. Therefore, selection of 7NBT was 

made on the basis that it was not detectable in plasma and it mimicked the 

structure and mass spectrometric properties of the analyte of interest with 

consideration that it may be more or less susceptible to interferences of 

chemical or sample origin. In addition, 5NBT could be prepared which did not 

contain detectable levels (LC-MS/MS) of 5NGT even when highly concentrated. 
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Figure 2.14 Standard Curves for (A) α-tocopherol, (B) γ-tocopherol and (C) 
5-nitro-γ-tocopherol. 
Triplicate samples of the authentic (5-nitro-γ-) tocopherol were spiked with a known amount of 
internal standard being either α-tocopherol acetate (A and B) or 7-nitro-β-tocopherol (C). 
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The standard curve was logarithmic in shape over a sufficiently wide 

range and this indicated that the internal standard was perhaps more stable 

than the analyte of interest since the curve represents the ratio 5NGT/7NBT. 

Therefore, analysis of samples as soon as possible after preparation is 

recommended. The lower concentration range of the standard curve provided a 

sufficiently linear region that quantification was possible and, fortuitously, the 

natural concentrations of 5NGT fell within this range eliminating the need to 

dilute samples. Thus, the linear portion of the standard curve which 

incorporates the upper and lower bounds of the concentrations found in real 

samples (see Chapter 5 of this Thesis) was used. This novel methodology 

should provide some insight into the existence and abundance of 5NGT in vivo. 
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3.0 PHENOLIC ACIDS AS ANTIOXIDANTS IN VITRO
3.1 INTRODUCTION 
 The hypothesis that oxidative stress is central to the development of 

atherosclerosis and the association of fruit and vegetable intake with reduced 

rates of chronic diseases124 has implicated the phenolic compounds in these 

foods as anti-oxidants in vivo. An array of phenolic compounds is present in 

plant-derived foods and, of these, the flavonoids have attracted much attention. 

The phenolic acids are less well studied but are also obtained in large quantities 

especially from beverages such as tea (mainly gallic acid) and red wine (mainly 

caffeic, coumaric and protocatechuic acids). Previous work in this laboratory 

examining the role of alcohol consumption in atherosclerosis has revealed that 

caffeic and coumaric acids are absorbed following consumption of red wine105 

and contribute to an improved plasma capacity to resist an oxidative insult133. 

This was reflected by a reduced level of isoprostanes in those subjects 

consuming alcohol free red wine232. These phenolic compounds may also be 

able to interact with RNS although the exact nature of this chemistry is not yet 

clear. 

 Various RNS are thought to be formed in vivo35 but of these peroxynitrite 

has been the subject of intense scrutiny since nitric oxide and superoxide are 

both produced at sites of inflammation and the formation of peroxynitrite is 

highly probable. Furthermore, these free radical species are either considered 

unreactive (eg nitric oxide) or poorly reactive (eg superoxide) and so the 

extremely high reactivity of peroxynitrite implicates it as one of the most 

damaging of the RNS. There is some evidence that coumaric acid may be 

nitrated77,78 by peroxynitrite, however, these studies have either not addressed 

the more physiological setting of generating a flux of nitric oxide and superoxide 

or have not clearly set out to determine whether this mechanism may reduce 

damage to physiologically relevant targets such as low density lipoproteins. The 

data regarding the reaction of caffeic acid with RNS are less clear. There is 

some evidence that caffeic acid may be nitrated194 although other data suggest 

the formation of a quinone structure78. 

 These studies seek to determine whether caffeic and coumaric acids 

may act as anti-oxidants in a more physiological setting where peroxynitrite is 

produced using a flux of nitric oxide and superoxide and the biologically relevant 

target of the RNS is LDL. Specifically, a role in the prevention of protein nitration 
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was examined by the measurement of 3NT formation. In addition a role in 

preventing damage to LDL-lipids either directly, as measured by the formation 

of lipid hydroperoxides (LOOH), or by preventing the consumption of 

tocopherols, the main lipophilic anti-oxidants present in vivo, was also 

examined.  

It is hypothesised that these two phenolic acids may protect biological 

targets such as LDL by becoming oxidatively modified themselves. That is, 

caffeic and coumaric acids may become nitrated by peroxynitrite thereby 

protecting LDL-tyrosine from modification as shown in Figure 1.11. In this 

sense, the phenolic acids act as sacrificial dietary components which undergo 

preferential nitration in the presence of RNS. 

 Based on the results of the above studies, the role of coumaric acid as a 

specific anti-nitration agent was examined by activating neutrophils in the 

presence of nitrite ions to produce RNS. This system was shown to produce 

RNS capable of causing nitration of phenolic structures39 and may be more 

relevant to atherosclerosis due to the role of inflammation and, therefore, 

immune system-derived RNS. Also based on the results obtained from the 

above studies, an additional focus of these experiments was the ability of 

coumaric acid to prevent nitration of γ-tocopherol which has been shown to 

become nitrated by chemically produced RNS in vitro79. 

 

3.2 IDENTIFICATION OF THE PRODUCTS OF THE REACTION OF 
PEROXYNITRITE WITH PHENOLIC ACIDS 

3.2.1 Materials
 Coumaric acid, caffeic acid and N-methyl-N-nitroso-p-

toluenesulphonamide were obtained from Sigma Chemical Co. (St. Louis, MO). 

Hydrogen peroxide (30%w/v) and ethyl acetate were from BDH (Poole, 

England), sodium nitrite, potassium hydroxide, ether and sulphuric acid 

(d=1.84) were the products of Ajax Chemicals (Sydney, Australia) and 

manganese dioxide was a gift from the Chemistry Department of the University 

of Western Australia. SIN-1 was sourced from Cayman Chemical Co. (Ann 

Arbor, MI) and absolute ethanol was from Scot Scientific (Malaga, Western 

Australia). All solvents were distilled before use. 
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3.2.2 Preparation of Diazomethane 
 Potassium hydroxide (0.1g, 1.8mmol) was dissolved in water (0.15mL) 

and ethanol (0.5mL). N-methyl-N-nitroso-p-toluenesulphonamide (430mg, 

2.0mmol) was dissolved in ether (3mL). The solutions were mixed, heated using 

hot water and the bright yellow distillate, which was obtained by cooling the 

collection flask in an ice bath, was sealed and stored at –20oC until use as a 

methylating agent. 

 

3.2.3 Preparation of Peroxynitrite233

Sulphuric acid (0.18g, 1.8mmol) and hydrogen peroxide (0.34g, 3mmol) 

were dissolved in water (25mL final volume) to give solution A. Sodium nitrite 

(0.17g, 2.5mmol) was dissolved in water (25mL final volume) to give solution B. 

Solutions A (1mL) and B (1mL) were drawn into separate syringes and joined 

by rubber tubes to a Y shaped fitting. The solutions were simultaneously 

expelled from the syringes as quickly as possible such that they mixed at the 

junction of the Y shaped fitting and fell directly into a vigorously stirred solution 

of sodium hydroxide (5mL, 0.15M). A small portion of manganese dioxide was 

added to eliminate excess hydrogen peroxide and, when no further gas was 

evolved, the mixture was filtered through a pipette with a plug of cotton wool to 

produce a yellow solution of peroxynitrite which was used immediately. 

 

3.2.4 Preparation of 3′-Nitrocoumaric Acid

 Coumaric acid (4mg, 24µmol) was dissolved in phosphate buffer (5mL, 

0.2M) at pH 7.4. The solution was stirred vigorously and the peroxynitrite 

solution above was added dropwise over 3 minutes to produce a bright yellow 

solution. Hydrochloric acid was added dropwise until the solution tested acidic 

to blue litmus paper. The solution was then extracted by overlaying with 

ethyl acetate (5mL) and stirring for 10-15 minutes. The organic fraction was 

drawn off the top and was derivatised using ethereal diazomethane to generate 

the methyl ether, methyl ester of the product. The reaction mixture was purified 

by thin layer chromatography upon silica plates using a mobile phase of 

ethyl acetate:hexane:acetic acid 25:75:3 (v/v). The plates were visualised using 

UV light (254nm) and the band which did not correspond with starting material 

(Rf=0.3, 1mg, yield=20%) was removed and the structure of the product was 
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determined by a combination of  500MHz 1H NMR and high resolution mass 

spectrometry (HRMS).  

 
3.2.5 Results  

Using GC-MS (EI), it was possible to demonstrate that a single product 

was formed from the above reaction but that the mixture fails to separate using 

normal phase thin layer chromatography. Therefore, purification of 

3’-nitrocoumaric acid as the methyl ester/methyl ether (per-methylated) was 

required. Identification using 500MHz 1H NMR and high resolution mass 

spectrometry (HRMS) was carried out using the per-methylated derivative.  

The spectral data recorded are: HRMS (EI) m/z 237.0634 (C11H11NO5 

requires 237.0637, ∆=1ppm).  MS: m/z 237, [M]+; 206, [M-31]+; 102, [M-135]+. 

500MHz 1HNMR: δ8.02, d, 1H, HA, Jmeta=2.5 Hz; δ7.69, dd, 1H, HB, Jmeta=2.5 

Hz, Jortho=8.7 Hz; δ7.62, d, 1H, HC, Jtrans=16.1 Hz; δ7.11, d, 1H, HD, Jortho=8.7 

Hz; δ6.40, d, 1H, HE, Jtrans=16.1 Hz; δ4.00, s, 3H, Me; δ3.82, s, 3H, Me. 
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Figure 3.1 The structure and proton labels of per-methylated 3’-nitrocoumaric acid

The loss of an aromatic proton from the starting material, consistent with 

aromatic substitution, was confirmed by integration (3 Ar-H only), increased 

complexity in the aromatic signal structure as described above and changes in 

chemical shift which approximately mirror those observed following addition of a 

nitro group to benzene234. Some allylic coupling was observed between HB and 

HC and decoupling experiments confirmed the coupling relationships between 
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each of the aromatic protons. The mass spectrum derived from GC-MS (EI) 

analysis of the per-methylated product demonstrates some complexity (Figure 

3.3). A clear molecular ion at 237 confirms the concurrent addition of NO2 and 

loss of H consistent with aromatic substitution. Loss of a methoxy group is clear 

from the m/z 206 ion, however, m/z 102 requires a significant degree of 

fragmentation and perhaps a cyclic rearrangement. It seems that cleavage of 

the aromatic methoxy and nitro groups has occurred and a rearrangement of 

the propenoyl side chain is likely yielding formaldhyde and carbon monoxide 

with transfer of a proton to the aromatic fragment which retains the charge. 
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Figure 3.2 Mass spectrum of per-methylated 3’-nitrocoumaric acid 

 The phenolic acids tended to undergo polymerisation under the reaction 

conditions used herein, a process which appeared to be esterification (1H NMR) 

as there was no evidence for modification of the structure. Presumably this is an 

artefact of the acidic preparation conditions and not the result of an interaction 

with peroxynitrite. Caffeic acid did not produce any nitrated products and 

appeared to oxidise extensively into a brown, amorphous and inseparable mass 

indicative of formation of polymeric material via intermediate formation of a 

quinone structure thus indicating that peroxynitrite tends to oxidise rather than 

nitrate caffeic acid. 

 
3.3 PHENOLIC ACIDS AS INHIBITORS OF CHEMICALLY-INDUCED LDL 
MODIFICATION 
3.3.1 Materials
 Phosphate buffered saline (PBS) solution containing sodium bicarbonate 

(20mM) as a source of carbon dioxide (pH=7.4) was treated with water- 
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washed235 chelex resin before use. Pyridine and dipotassium EDTA were from 

BDH (Poole, England). Sodium chloride, fatty-acid-free-bovine serum albumin 

(BSA), cupric chloride dihydrate, xylenol orange, ammonium ferrous sulphate 

and butylated hydroxytoluene were obtained from Sigma Chemical Co. (St 

Louis, MO) and N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide was from 

Aldrich (Milwaukee, WI). 2,2’-Azobis-(2-amidinopropane)hydrochloride (AAPH) 

was from Polysciences (Warrington, PA), methanol was from Mallinckrodt 

(Paris, Kentucky) and sodium hydroxide was from Fisons (Homebush, NSW, 

Australia). PD-10 columns were obtained from Pharmacia (Uppsala, Sweden) 

while tocol was a gift from Hoffman-La Roche (Switzerland). 

 

3.3.2 LDL Isolation133 

 Blood (60mL) was obtained from healthy volunteers into a tube 

containing EDTA (0.1 g/mL, 600µL) in 0.9% saline and centrifuged (2500 x g, 

10 minutes). Sodium chloride (2.79g, 47.7mmol) was added to plasma (30mL) 

to adjust the density to 1.07 and particulates were removed by centrifugation 

(2500 x g, 10 minutes). Plasma (density=1.07, 5mL) was overlayed with 

volumes of saline solution (1.75mL, density=1.063, 1.04, then 1.02) containing 

EDTA (100mg/L) then water (2.5mL) before centrifugation (205 000 x g, 20 

hours, 10oC). The LDL was obtained using a syringe by puncturing the 

centrifuge tube just below the LDL band. This LDL suspension was subjected to 

gel filtration through a PD-10 column to remove the bulk of the salt and EDTA 

and then stored (4oC, dark), although a small portion was retained for the 

protein and cholesterol assays. Prior to use, the remaining salt and EDTA were 

removed from the LDL by a second passage through a PD-10 column. PBS 

solution was the eluant in both cases. 

 

3.3.3 LDL Protein and Cholesterol Assays
 The modified Lowry method236 was used to determine the concentration 

of protein in the LDL suspension after the first PD-10 treatment. A standard 

curve was created using BSA for each experiment. The cholesterol 

concentration was determined using the Monotest cholesterol assay kit (Roche, 

Mannheim, Germany). Briefly, 10µL of LDL is mixed with 1mL of the supplied 

reagent and incubated at 37oC for 5 minutes in duplicate. The average 

absorbance at 500nm of the two samples is determined and converted to a 
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concentration in mmol/L using a formula supplied with the kit. This was used to 

determine the exact amount of LDL-protein eluting from the second PD-10 

column purification since the protein:cholesterol ratio should be constant in a 

single batch of LDL. 

 

3.3.4 LDL Oxidation Experiments
 Low density lipoprotein ([protein]=0.1mg/mL) suspended in PBS was 

oxidised in polypropylene tubes either at room temperature (SIN-1, 100µM) or in 

a 37oC water bath (Cu2+, 5µM or AAPH, 6mM). One tube was maintained as a 

control. For each type of oxidant one tube contained no added phenolic acids 

(“control oxidation”), one contained coumaric acid and another contained caffeic 

acid. Experiments were performed at phenolic acid concentrations of 50, 10 and 

1µM in triplicate. 

 

3.3.5 Lipid Hydroperoxide Assay
 Lipid hydroperoxide generation was determined using the FOX Assay65. 

Samples (100µL) from each tube were added to FOX working reagent (900µL) 

and the absorbance (560nm) was determined after a 30 minute incubation at 

room temperature. The FOX working reagent consisted of a mixture of 1 volume 

of the stock FOX reagent (76mg xylenol orange and 98mg ammonium ferrous 

sulphate in 500mL of 250mM sulphuric acid) and 9 volumes of a methanolic 

solution of BHT (4.4mM). The stock FOX reagent is stable for two weeks (4oC, 

dark). The FOX working reagent was made fresh each day and kept dark in a 

sealed vessel. 

 A standard curve was created for each FOX working reagent using serial 

dilutions of hydrogen peroxide in PBS to give concentrations from 1.56µM up to 

50µM. PBS was used as the blank. Hydrogen peroxide solution (100µL) was 

added to the FOX working reagent (900µL), incubated (30 minutes, room 

temperature) and the absorbance (560nm) was used to create a standard 

curve. The amount of lipid hydroperoxide present in samples was calculated by 

subtracting the value of the control tube and calculating the concentration of 

lipid hydroperoxides using the standard curve. 
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3.3.6 Tocopherol Assay

 α- and γ-tocopherols were extracted from samples237 (100µL) by diluting 

in cold methanol (400µL) containing tocol as internal standard, adding heptane 

(500µL) and mixing vigorously (30 seconds). The heptane extracts were dried 

under vacuum with warming for the minimum time, reconstituted in ethanol 

(45µL) and injected (30µL) into a Hewlett-Packard 1100 series HPLC fitted with 

a LiChrosphere C18 (120mm x 4mm x 5mm) column and interfaced with a 

Hewlett-Packard 1049A electrochemical detector (solid state reference 

electrode, glassy carbon working electrode) in oxidation mode at +0.600V238. 

The mobile phase was 90% ethanol/10% water containing potassium chloride 

(5mM) and acetic acid (1%). Tocol eluted at 3.72 minutes, γ-tocopherol at 5.35 

minutes and α-tocopherol at 6.29 minutes. Consumption of each tocopherol 

was expressed as a percentage of the initial amount present in the samples. 

 

3.3.7 Phenolic Acid Consumption Assay

 Samples (100µL) of reaction solution were added to cold aliquots (-20oC, 

1mL) of saturated sodium chloride solution, pH 3, containing 

p-hydroxyphenylacetic acid (5nmol) as internal standard and the phenolic acids 

were extracted using ethyl acetate (1mL). The organic extract was dried under 

vacuum with warming and the t-butyldimethylsilyl derivatives were produced by 

adding pyridine (40µL) and N-(tert-butyldimethylsilyl)-N-methyltrifluoro-

acetamide (20µL) and heating (75oC, 20 minutes). The derivatives thus formed 

were analysed by GC-MS in EI mode using a Hewlett-Packard 6890 gas 

chromatograph (Inlet: 250oC, Oven: 120oC for 1 minute then 20oC/minute until 

280oC. Hold for 5 minutes) fitted with an HP5-MS column (30m x 0.25mm x 

0.25µm) and interfaced with an Agilent 5973 mass selective detector. Phenolic 

acids were quantified by monitoring ions m/z 323 (p-hydroxyphenylacetic acid, 

8.08 minutes), 335 (coumaric acid, 9.59 minutes), 380 (3’-nitrocoumaric acid, 

11.14 minutes) and 465 (caffeic acid, 11.52 minutes). 

 

3.3.8 Determination of Protein Modifications 
 The aqueous phase remaining after the extraction procedure outlined in 

Section 3.3.7 was adjusted to pH>10 by the addition of sodium hydroxide 

solution (10M, 20µL) and the UV absorbance was simultaneously determined at 
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280nm, 320nm and 435nm to assess the levels of aromatic hydroxylation 

(phenolic groups), dityrosine and 3-nitrotyrosine (SIN-1 oxidations only) 

respectively. Phenolic groups include o-, m- and p-tyrosine. 

 

3.3.9 Results 
3.3.9.1 Analytical Data: Chromatograms and Mass Spectra 

The tocopherols were well separated and easily detectable using this 

HPLC method. The sample chromatogram shown in Figure 3.3 was obtained 

using an oxidation potential of +0.900V (see Section 3.4) but is typical for all 

LDL oxidation experiments except that 5NGT cannot be detected at +0.600V. 
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Figure 3.3 Chromatogram of the Vitamins E and 5-nitro-γ-tocopherol 
The HPLC-electrochemical detection (+0.900V) chromatogram of a sample of human LDL 
(0.1mg protein/mL) before oxidation with neutrophils. 

 The t-butyldimethylsilyl (tBDMS) derivatives of the phenolic acids were 

more suitable for analysis than the permethylated compounds as they can be 

produced quantitatively, are easily detected, producing one major ion (Figure 

3.4), and were not subject to interfering peaks. A second batch of 

3’-nitrocoumaric acid was prepared and derivatised to demonstrate the retention 

time and mass spectrum of this derivative. A chromatogram of a mixture of 

standards is shown in Figure 3.5. 

 

3.3.9.2 SIN-1 Mediated Oxidation of LDL 
A qualitative assessment of the anti- or pro-oxidant effects of each 

phenolic acid is given in Table 3.1. 

Caffeic acid exhibited potent protection of both α- and γ-tocopherol at all 

concentrations. The only concentration at which any tocopherol consumption 

was observed was 1µM as shown in Figure 3.6. Even here, significant 
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Figure 3.4 Full scan mass spectra of some phenolic acids 
Mass spectra (EI) of the tert-butyldimethylsilyl derivatives of (A) p-hydroxyphenylacetic acid, 
(B) coumaric acid, (C) 3’-nitrocoumaric acid and (D) caffeic acid demonstrate a prominent 
[M-57]+ ion for each compound. 
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Figure 3.5 A chromatogram of a mixture of phenolic acid standards 
The mixture of standards were analysed by GC-MS as the tBDMS derivative 
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protection is provided compared to the control oxidation. It was calculated that 

α-tocopherol was not oxidised at all until the caffeic acid concentration had 

been reduced to 2µM. For γ-tocopherol, a caffeic acid concentration of 0.2µM 

was reached before oxidation commenced. 
Table 3.1 The anti-oxidant effects of phenolic acids against SIN-1 oxidation of LDL 

  Caffeic Acid   Coumaric Acid  
 50µM 10µM 1µM 50µM 10µM 1µM 
Ar-NO2 
(Abs435nm) 

Pro-ox Weak Nil Weak Weak Nil 

       

Ar-OH 
(Abs280nm) 

Pro-ox Mild Nil Nil Weak Nil 

       

Dityrosine 
(Abs320nm) 

Pro-ox Potent 
Pro-ox 

Nil Pro-ox Pro-ox Nil 

       

α-Tocopherol Potent Potent Mild Nil Nil Nil 
       

γ-Tocopherol Potent Potent Mild Mild Nil Nil 
       

LOOH Potent Potent Mild Potent Potent Weak 
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Figure 3.6 SIN-1-induced depletion of tocopherols in LDL 
LDL was oxidised with SIN-1 (100µM) either without anti-oxidants ( ) or with caffeic acid ( ) or 
coumaric acid ( ) present at an initial concentration of 1µM. Depletion of (A) α-tocopherol and 
(B) γ-tocopherol was plotted relative to the initial amount of each tocopherol.  

 Coumaric acid exhibited no antioxidant protection with respect to either 

α- or γ-tocopherol until a concentration of 50µM was used. It was then observed 

to provide specific protection of γ-tocopherol but not α-tocopherol against the 

effects of SIN-1. Figure 3.9 demonstrates this effect where consumption of 

γ-tocopherol is observed to require approximately 90 minutes in the presence of 

coumaric acid and <15 minutes in the absence of coumaric acid. 
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Figure 3.7 Coumaric acid specifically protects γ-tocopherol from depletion 
LDL was oxidised with SIN-1 (100µM) either without anti-oxidants ( ) or with caffeic acid ( ) 
or coumaric acid ( ) present at an initial concentration of 50µM. Depletion of (A) α-tocopherol 
and (B) γ-tocopherol was plotted relative to the initial amount of each tocopherol. 

 Both phenolic acids provided potent protection against lipid 

hydroperoxide formation as shown in Figure 3.8. Although borderline statistical 

significance was observed with a phenolic acid concentration of 1µM, the 

protective effect was clear at 10µM. Interestingly, the lipid hydroperoxides for 

both the phenolic acid and control oxidation tubes were all equivalent until 

approximately t=30 minutes. At this time the curves diverge with the control 

oxidation proceeding to increase while the phenolic acid containing tubes 

decrease following an essentially indistinguishable time-course. 
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Figure 3.8 Effect of phenolic acids upon lipid peroxidation by SIN-1 
LDL was oxidised with SIN-1 (100µM) either without anti-oxidants ( ) or with caffeic acid ( ) or 
coumaric acid ( ) present at an initial concentration of 10µM. Lipid hydroperoxides (LOOH) 
were plotted as the increase in concentration of LOOH over baseline. 
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 With respect to protein modification, the phenolic acids yielded some 

variable results. No effect at all was observed for concentrations of 1µM. 

Formation of 3NT was weakly inhibited by both compounds at 10µM. At the 

maximum concentration, coumaric acid continued to inhibit nitration but caffeic 

acid promoted tyrosine nitration. Dityrosine formation appeared to be promoted 

by both phenolic compounds at both of the higher concentrations. Both 

dityrosine and 3NT formation were not abundant processes with the level of 

each compound observed being close to the limit of detection and therefore 

suffering from interference due to instrumental error.  As such, only qualitative 

data is provided. 

 Analysis of phenolic oxidation products indicated that trace levels of 

3’-nitrocoumaric acid were formed but it could not be detected at all time points. 

This suggests that it was produced at a level which is approximately the limit of 

sensitivity of the assay. In the samples which contained detectable levels of 

3’-nitrocoumaric acid, the total yield was calculated to be 0.4-20pmol. Caffeic 

acid was not detected at any time point in the tubes to which coumaric acid was 

added. 

 

3.3.9.3 Cu2+-Mediated Oxidation of LDL 
 A qualitative assessment of the anti- or pro-oxidant effects of each 

phenolic acid is given in Table 3.2. 
Table 3.2 The anti-oxidant effects of phenolic acids against Cu2+ oxidation of LDL 

  Caffeic Acid   Coumaric Acid  
 50µM 10µM 1µM 50µM 10µM 1µM 
       

α-Tocopherol Potent Potent Weak Nil Nil Nil 
       

γ-Tocopherol Potent Potent Mild Nil Nil Nil 
       

LOOH Potent* Potent* Mild Mild Mild Nil 
*Indicates an apparent pro-oxidant effect early in the time course 

 

 The ability of caffeic acid to prevent the depletion of both tocopherols 

during copper (II)-mediated oxidation was strong at the two highest 

concentrations but was weak-mild at 1µM as shown in Figure 3.9. In contrast, 

coumaric acid was completely ineffective at all of the concentrations tested. 

Despite this, both phenolic compounds exhibited inhibitory effects against the 

formation of lipid hydroperoxides. Caffeic acid was dominant in this role, but 

coumaric acid did provide substantial protection. Although the lag phase was 
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Figure 3.9 Cu2+-induced depletion of tocopherols in LDL 
LDL was oxidised with Cu2+ (5µM) either without anti-oxidants ( ) or with caffeic acid ( ) or 
coumaric acid ( ) present at an initial concentration of 1µM. Depletion of (A) α-tocopherol and 
(B) γ-tocopherol was plotted relative to the initial amount of each tocopherol. 

not substantially changed when coumaric acid was added, the slope of the 

curve during the propagation phase almost doubled when the initial 

concentration was reduced from 50µM to 10µM (Data not shown). Of interest 

was the observation that caffeic acid, although exhibiting potent inhibitory 

properties against lipid hydroperoxidation, consistently demonstrated an early 

rise in the rate of LOOH formation until approximately t=30 minutes at which 

point the concentration of LOOH reached a plateau. In this sense, the plateau 

was much less than that observed for the control oxidation yielding a net 

inhibitory result, however, the data are suggestive of an early pro-oxidant effect. 

This was most pronounced at the highest concentration, was evident but less 

apparent at the intermediate concentration and completely disappeared at the 

lowest concentration. This phenomenon is shown in Figure 3.10.  
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Figure 3.10 Lipid hydroperoxide formation during Cu2+ oxidation of LDL 
LDL was oxidised with Cu2+ (5µM) either without anti-oxidants ( ) or with caffeic acid ( ) or 
coumaric acid ( ) present at an initial concentration of either (A) 50µM, or (B) 1µM.  
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 Although there was some evidence of aromatic hydroxylation and 

dimerisation, the quantity was so small that it was difficult to separate from 

instrumental error. Therefore, data regarding anti-oxidant effects upon protein 

have been excluded. Similarly, there was no evidence of hydroxylation of 

coumaric acid. 

 

3.3.9.4 AAPH-Mediated Oxidation of LDL 
 A qualitative assessment of the anti- or pro-oxidant effects of each 

phenolic acid is given in Table 3.3. 
Table 3.3 The anti-oxidant effects of phenolic acids against AAPH oxidation of LDL 

  Caffeic Acid   Coumaric Acid  
 50µM 10µM 1µM 50µM 10µM 1µM 

       

α-Tocopherol Potent Potent Weak Mild 
Pro-ox 

Mild 
Pro-ox 

Nil 

       

γ-Tocopherol Potent Potent Mild Mild 
Pro-ox 

Mild 
Pro-ox 

Nil 

       

LOOH Mild Mild Nil Mild Weak Nil 
 

 Caffeic acid performed essentially exactly the same for AAPH induced 

depletion of both tocopherols as for copper oxidation (therefore, data not 

shown). However, coumaric acid exhibited pro-oxidant effects at each of the two 

higher concentrations as demonstrated by the accelerated depletion of both 

tocopherols relative to the control oxidation. No effect was observed at the 

lowest concentration. The data for 50µM are shown in Figure 3.11 as the effect 

was most pronounced at this concentration. 
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Figure 3.11 AAPH-induced depletion of tocopherols in LDL 
LDL was oxidised with AAPH (6mM) either without anti-oxidants ( ) or with caffeic acid ( ) or 
coumaric acid ( ) present at an initial concentration of 50µM. Depletion of (A) α-tocopherol 
and (B) γ-tocopherol was plotted relative to the initial amount of each tocopherol. 
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 Lipid hydroperoxides were formed essentially linearly during AAPH 

oxidation. Neither phenolic compound provided an inhibitory effect at 1µM. 

Coumaric acid exhibited increasing potency with increasing concentration while 

the transition to maximum potency for caffeic acid occurred in the step from an 

initial concentration of 1µM to 10µM. The data for 10µM phenolic acids are 

shown in Figure 3.12 where caffeic acid provided ongoing protection but 

coumaric acid did not. 
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Figure 3.12 Lipid hydroperoxide formation during AAPH oxidation of LDL 
LDL was oxidised with AAPH (6mM) either without anti-oxidants ( ) or with caffeic acid ( ) or 
coumaric acid ( ) present at an initial concentration of 10µM. 

 The effect of these phenolic compounds on aromatic hydroxylation and 

dimerisation could not be determined as the rate at which these processes 

occurred was too rapid. Of interest was the observation that coumaric acid 

became hydroxylated during the course of the experiment as indicated by the 

formation of caffeic acid. The amount of caffeic acid formed was not large (0.1% 

of coumaric acid), reached a maximum at approximately t=90 minutes and then 

decayed back toward zero. 

 
3.4 PHENOLIC ACIDS AS INHIBITORS OF NEUTROPHIL-INDUCED LDL 
MODIFICATION 
3.4.1 Materials
 All relevant materials and methods were outlined in Section 3.3 or as 

described below. Glucose was obtained from BDH (Poole, England) while 

magnesium and calcium chlorides were obtained from Ajax Chemicals (Sydney, 

Australia). Phorbol 12-myristate 13-acetate (PMA) was sourced from Sigma 
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Chemical Co. (St. Louis, MO) while Dextran T-500 and Ficoll-Paque was from 

Pharmacia (Uppsala, Sweden). Trypan blue was obtained from Australian 

Biosearch (Karrinyup, Western Australia) and glacial acetic acid was from BDH 

(Poole, England). Red cell lysing solution consisted of ammonium chloride 

(8.32g/L, Ajax, Sydney, Australia), sodium bicarbonate (0.84g/L, Sigma 

Chemical Co, St. Louis, MO) and K2EDTA (43.2mg/L, BDH, Poole, England). 

The cation exchange resin AG 50W-X8 (100-200 mesh, H+ form) was from Bio-

Rad Laboratories (Hercules, CA). All samples were centrifuged (5000 x g, 30 

seconds) to remove cells before analysis. 

 

3.4.2 Preparation of Human Neutrophil Suspensions239 

 Venous blood (20mL) was collected into two 10mL tubes containing 

citrate as anti-coagulant. To each tube was added 6% (w/v) Dextran T500 in 

0.9% saline (0.5mL). Red cells were permitted to settle at room temperature (1 

hour), the plasma was layered over Ficoll-Paque (5mL) and centrifuged (200 x 

g, 40 minutes, room temperature). The pellet thus obtained was resuspended in 

red cell lysing solution (5 minutes, 4oC) and then washed and resuspended 

using PBS. Cell counts were performed in trypan blue using a haemocytometer. 

This method produced approximately 94% neutrophils. 

 

3.4.3 Neutrophil-Mediated Oxidation of LDL
 Experiments were carried out in polypropylene tubes (10mL) in a water 

bath maintained at 37oC and contained (added in the order described) glucose 

(5mg), PBS (for a final volume of 5mL), magnesium chloride (500µM), calcium 

chloride (1mM), coumaric acid (50µM as required), sodium nitrite (500µM), LDL 

suspension (final [protein]=0.1mg/mL as required) and cell suspension (final: 

2x106 cells/mL). Each experiment involved one control tube, one tube with LDL, 

one tube with LDL and coumaric acid (50µM) and one tube with coumaric acid 

(50µM) and were carried out in triplicate. The control tube did not contain cells 

as they spontaneously activated after approximately 30 minutes of exposure to 

these conditions. The sample t=0 was taken from each tube and then PMA was 

added with a final concentration of 50ng/mL. Subsequent time points were then 

sampled. 
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3.4.4 Measurement of Tocopherols and 5-Nitro-γ-Tocopherol
 Tocopherols were measured as described above except that nitrated 

γ-tocopherol was measured simultaneously by setting the oxidation potential at 

+0.900V79. 

 

3.4.5 Measurement of Coumaric Acid and 3′-Nitrocoumaric Acid
 Samples (1mL)  and internal standard (p-hydroxyphenylacetic acid, 

5nmol) were added to acidified, saturated sodium chloride solution (pH 3, 2mL) 

and extracted with ethylacetate (2mL). The organic extract was dried under 

vacuum and the tBDMS derivatives were prepared and analysed as described 

in Section 3.3.7. 
 

3.4.6 Determination of Tyrosine and 3-Nitrotyrosine

Samples (100µL) were subjected to hydrolysis (20 hours, 106oC) in 

Eppendorf tubes containing [13C6]3NT (300pmol) and [13C6]tyrosine (10nmol) 

using hydrochloric acid (6M, 1mL). The hydrolysates were dried under vacuum 

with heating. The dried hydrolysates were washed with hot toluene (0.5mL), 

dried under nitrogen, reconstituted in water (0.4mL) and reduced using 

dithionite. An equal volume of acetic acid (glacial) was added and the 

hydrolysates were then applied to a cation exchange resin (0.5mL of slurry 

washed with 10mL of water), washed with acetic acid (50% v/v, 1mL) and water 

(1mL) and eluted using ammonia (3M, 3 x 0.5mL). The eluant was dried under 

vacuum with heating and then derivatised to the oxazolinone using 

trifluoroacetic acid anhydride and trifluoroacetic acid (100µL of each) in toluene 

(200µL). All samples (1µL) were analysed as described in Table 2.1 using a 

Hewlett-Packard 5890 Series II gas chromatograph fitted with an HP5-MS 

column (30m x 0.25mm x 0.25µm) and interfaced with a Hewlett-Packard 

5989B mass spectrometer in NCI mode. 

 

3.4.7 Determination of Dityrosine
 The remaining oxidation solution was centrifuged (2500 x g, 5 minutes) 

and the supernatant was transferred to a fresh tube and stored (-80oC) until 

analysis. The protein, obtained by Folch extraction, was hydrolysed with internal 

standard ([13C6]tyrosine, 1µmol) and prepared and analysed for dityrosine and 

tyrosine as described in detail in Sections 4.3.4, 4.3.5 and 4.3.6. 
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3.4.8 Results 

Coumaric acid was readily nitrated by neutrophils, although this 

appeared to be only a minor modification. Approximately 3% of coumaric acid 

was nitrated over the course of 3 hours with an initially rapid rate of nitration. 

Coumaric acid was also depleted rapidly in the first 30 minutes in which 20% of 

the coumaric acid was consumed and an additional 10% was lost over the 

course of 3 hours. Therefore, nitration of coumaric acid appeared to account for 

only 10% of products with the other products of coumaric acid oxidation 

remaining unidentified. The characteristic cleavage of the tBDMS derivatives 

([M-57]+) and the similarly characteristic ion ratio produced by compounds 

containing the isotopes of chlorine was used to search for a potential 

chlorination product of coumaric acid, however, no candidate peaks were 

identified. Figure 3.13 shows the time course for the consumption of coumaric 

acid (A) and formation of 3’-nitrocoumaric acid (B). Interestingly, coumaric acid 

did not exhibit the same behaviour when LDL was present. Although 

consumption of coumaric acid does not greatly change in the presence of LDL, 

it appears that nitration of coumaric acid is essentially abolished. This is shown 

in Figure 3.13B (note the different scales). 
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Figure 3.13 Effect of neutrophil activation upon coumaric acid 
Coumaric acid (A) depletion and (B) nitration was plotted as a proportion of the initial amount of 
coumaric acid added (50µM) both in the presence ( ) and absence ( ) of LDL (0.1mg 
protein/mL). 
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 During neutrophil-induced oxidation of LDL, α-tocopherol was completely 

depleted as was approximately 50% of γ-tocopherol. Coumaric acid appeared to 

contribute to the depletion of both tocopherols suggesting a pro-oxidant role in 

this regard (Figure 3.14). The specific protective effect demonstrated by 

coumaric acid towards γ-tocopherol during SIN-1 oxidation is not reflected in 

this system. Levels of 5-nitro-γ-tocopherol did not change from the endogenous 

levels which were present in all LDL samples at t=0 minutes (Data not shown; 

 Tyrosine in Apo

See Figure 3.3, p87). 
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Figure 3.14 Neutrophil-induced tocopherol depletion in LDL 
LDL was oxidised with neutrophils (2 x 106 cells/mL) either with ( ) or without ( ) coumaric acid 
present at an initial concentration of 50µM. Depletion of (A) α-tocopherol and (B) γ-tocopherol 
was plotted relative to the initial amount of each tocopherol. 

B100 was consumed almost immediately upon stimulation 

of the neutrophils, with complete depletion down to a constant basal level (<5%) 

within 15 minutes. There was no apparent difference in the rate of tyrosine 

consumption when coumaric acid was added and it was not possible to obtain 

more sampling within this time. There was no evidence for the nitration of 

tyrosine in this system. Due to the rapid nature of tyrosine depletion, an effect of 

coumaric acid was investigated through the measurement of dityrosine levels in 

the reaction solution which remained after completion of the oxidation process. 

It was found that the level of dityrosine formed was quite variable between 

neutrophils prepared from different individuals. Therefore, the most convenient 

means of discerning an effect (or no effect) of coumaric acid was to determine 

the relative reduction in the amount of dityrosine formed per mole of tyrosine 

available at t=0 minutes when coumaric acid was added compared to when 
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coumaric acid was not added. Thus, a reduction in dityrosine of 25 ± 6% was 

observed when coumaric acid was added. 

 Lipid hydroperoxides underwent an initial rise to maximum levels 

followed by a drop to below baseline levels and the rate of formation and decay 

was such that additional time points were collected around the maximum 

production time (t=15 minutes). The maximum level of lipid hydroperoxide 

formation was approximately 40% less when coumaric acid was present during 

3.5 

the oxidation as shown in Figure 3.15. 
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Figure 3.15 Lipid hydroperoxide formation during neutrophil oxidation of LDL 
LDL was oxidised with stimulated neutrophils (2x106/mL) either with ( ) or without ( ) coumaric 
acid (50µM) present. The increase/decrease in lipid hydroperoxides was plotted as a percentage 
of the maximum amount formed over baseline in order to account for the variable levels obtained 
using different LDL and neutrophil preparations. 

 The reaction of bolus, synthetic peroxynitrite with coumaric acid was 

performed in order to determine all the reaction products. Normal phase (thin 

layer) chromatography was eventually found to not provide separation of the 

starting material from 3’-nitrocoumaric acid and possibly other products. 

Therefore, GC-MS was used to determine whether other products were formed. 

The data indicated that only the nitration product was formed, although it is 

feasible that other products not amenable to GC-MS as the per-methylated 

derivative were also produced. Nevertheless, 1H NMR and high resolution mass 

spectrometry confirmed the identity of the product as 3’-nitrocoumaric acid. This 

compound was used to assess whether nitration of coumaric acid could prevent 

damage to LDL by various RNS-producing systems. 
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 At low to moderate concentrations, caffeic acid was found to be a potent 

inhibitor of LDL modification under all regimes of oxidation and also inhibited the 

depletion of endogenous anti-oxidants. The most likely mechanism by which 

this could occur is through the formation of the quinone as previously 

proposed78 since no nitration product of caffeic acid could be produced by 

reaction with peroxynitrite. At the highest concentration tested, caffeic acid 

exhibited oxidant-like activity in several assays. One explanation for this 

apparent biphasic behaviour is that the ortho-diphenolic structure permits the 

formation of superoxide from molecular oxygen48,240. Thus, at higher 

concentrations, this behaviour dominates the effects produced by caffeic acid 

and, as the concentration is reduced through conversion to the quinone, there 

exists a threshold at which a neutral and then net anti-oxidant effect becomes 

evident. Data collected in this laboratory from subjects consuming red wine 

suggests that plasma levels of caffeic acid can reach in the order of 0.1µM105 

indicating a net anti-oxidant effect may result in vivo. The apparent promotion of 

tyrosine nitration by caffeic acid may also be a reflection of increased formation 

of peroxynitrite through the replacement of superoxide which may have reacted 

with another substrate such as protein. 

 If the formation of superoxide is the mechanism by which caffeic acid 

may exert pro-oxidant effects, by what mechanism may the pro-oxidant effects 

of coumaric acid be explained given the lack of an ortho-diphenolic structure? 

Evidence of a pro-oxidant role for coumaric acid, with respect to proteins 

(Vitamin E is discussed later), is exclusively limited to the formation of 

dityrosine. This assay involved the use of absorbance at 320nm under alkaline 

conditions which is reported to be characteristic of dityrosine200,202. However, 

the moiety which most likely contributes to the absorbance at this wavelength is 

the conjugated phenolic region since absorption wavelength maxima tend to 

increase with increasing conjugation. Since the phenolic compounds were 

extracted from the samples prior to analysis, it is unlikely that an analogous 

dimer of coumaric acid is responsible for the apparent pro-oxidant effect. 

Therefore, it is possible that this apparent pro-oxidant effect is due to a similarity 

in the absorbance of dityrosine and a compound formed between tyrosine and 

coumaric acid which is analogous to dityrosine. The structure of this compound 

is shown in Figure 3.16 and would result from the termination reaction between 

a protein-bound tyrosyl radical and coumaric acid radical. Thus, the increase in 

 100



COOH

NH2

OH

COOH

OH

Figure 3.16 Structure of a hypothetical adduct of tyrosine and coumaric acid 

absorption reflects both anti-oxidant activity and oxidation of protein. For this 

reason, this assay cannot distinguish between any anti-oxidant and pro-oxidant 

effect with coumaric acid and probably also caffeic acid since the semi-quinone 

could conceivably behave similarly. A major question is whether modification of 

LDL by the formation of such a compound is atherogenic. One might speculate 

that any modification is atherogenic, although the abundance of the modification 

is probably also important, but the consequences of failing to quench the tyrosyl 

radical may be more atherogenic. Thus, inhibition of aggregation or propagation 

reactions through the formation of this adduct may provide a net reduction in the 

progression of atherosclerosis. 

 When neutrophils were used for the oxidation of LDL the tyrosine 

residues were rapidly depleted and therefore it was difficult to ascertain a 

protective effect of coumaric acid. However, the measurement of dityrosine by a 

more specific method clearly shows that although coumaric acid did not prevent 

the modification of tyrosine, it did reduce the amount of dityrosine formed. 

Therefore, since dityrosine is thought to be the product of termination of two 

tyrosyl radicals, coumaric acid seems to effectively inhibit the single electron 

oxidation of tyrosine, although whether this occurs through interception of the 

oxidant or regeneration of tyrosine (from tyrosyl radical) is not clear. 

Alternatively, coumaric acid could rapidly react with tyrosyl radicals to produce 

the (protein-bound) compound shown in Figure 3.16. Since tyrosyl radicals are 

required for intermolecular dityrosine formation (ie irreversible aggregation of 

proteins) coumaric acid may contribute positively toward inflammatory derived 

LDL modifications. Furthermore, since a recent study42 showed that dityrosine 

was the only marker of protein oxidation which increased with progression of 

disease, prevention of dityrosine formation is potentially very important. 
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 Although coumaric acid appeared to promote the depletion of 

tocopherols when AAPH was used for oxidation, this apparent pro-oxidant effect 

was not observed to contribute to increased lipid hydroperoxidation. The fact 

that, during copper oxidation, coumaric acid did not effect tocopherol depletion 

but did reduce the rate of propagation suggests either an ability to reduce lipid 

hydroperoxides directly or chain-breaking activity. Accelerated depletion of 

tocopherols during AAPH oxidation may therefore actually reflect a heirarchy of 

oxidation potentials. Thus, tocopherol depletion is accelerated because they 

reduce coumaric acid (radical?) in a continuous cycle limited only by the 

quantity of tocopherol present. Applying this hypothesis, the anti-oxidants may 

be ranked in order of decreasing potency as caffeic acid > α-tocopherol > 

γ-tocopherol > coumaric acid. 

 Further evidence regarding whether coumaric acid reduced LOOH 

directly can be obtained from LOOH formation during neutrophil oxidation of 

LDL. Of interest is the fact that the LOOH levels in the control oxidation tube 

drop below those in the coumaric acid containing tube. Therefore, for this to 

occur, coumaric acid must have reduced the LOOH already present in the LDL 

before the sample was taken for t=0 minutes. This also indicates that 

neutrophils possess an ability to reduce LOOH since the LOOH level drops 

below baseline levels which could not occur if this were due to Vitamin E only. 

This phenomenon has been described previously in monocytes241 and a high 

molecular weight thiol-type compound appeared to be secreted by (that is, not 

an integral component of) the monocytes. This phenomenon was dependent 

upon α-tocopherol in the LDL particle which could also be the case for 

neutrophils since the time at which the decrease in LOOH reaches a plateau 

corresponds with depletion of α-tocopherol. 

 The inability of the phenolic compounds to prevent LOOH formation in 

the early stages of any oxidation regimen is mimicked by the inability to prevent 

very rapid tyrosine depletion. Therefore, it is possible that the earliest 

hydroperoxide products are actually protein hydroperoxides and so a lack of 

specificity in the FOX assay probably reflects the sum of both lipid and protein 

hydroperoxides. Thus, the phenolic acids do not appear to exhibit any potential 

to prevent protein hydroperoxides but probably do successfully prevent lipid 

hydroperoxide formation. 
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 The poor nitration efficiency observed with SIN-1 is consistent with 

previous findings66. However, the fact that coumaric acid was also nitrated and 

appeared to coincide with a slight reduction of tyrosine nitration is consistent 

with the hypothesis that dietary phenolic compounds may act a sacrificial 

targets of RNS. However, since the amount of 3’-nitrocoumaric acid and 3NT 

detected in samples was near the limit of detection in both instances it is difficult 

to demonstrate that nitration of coumaric acid occurred with concurrent 

protection of tyrosine. For this reason, a known and perhaps more 

physiologically relevant nitrating system using neutrophils was chosen which 

was described by Eiserich et al39. This system was used to determine whether 

nitration of coumaric acid was a mechanism by which LDL-bound tyrosine could 

be protected from a regime of “nitrative stress”. In addition, however, coumaric 

acid (50µM) demonstrated a specific protective effect towards γ-tocopherol 

when SIN-1 was used as the oxidant and a mechanism by which this may occur 

is through the prevention of nitration of γ-tocopherol by nitration of coumaric 

acid. Therefore, the detection of 5-nitro-γ-tocopherol (5NGT) by electrochemical 

detection (shown in Figure 3.3) represents a means of investigating whether 

coumaric acid was able to simultaneously prevent γ-tocopherol and tyrosine 

nitration. 

Whilst nitration of coumaric acid was observed in a discrete system, 

nitration was abolished in the more complex environment including LDL. 

Furthermore, neither tyrosine nor γ-tocopherol were observed to become 

nitrated under these conditions. Two possible mechanisms which could explain 

this observation are, firstly, that nitration occurred but that the target was not 

coumaric acid, tyrosine or γ-tocopherol. Thus lipid could be the major target of 

neutrophil derived RNS.  Alternatively, in the presence of a complex biological 

target such as LDL, RNS react via other pathways such as oxidation. Since 

chlorination of coumaric acid was not observed, oxidation is the most likely of 

these alternative reaction pathways. Given that nitration products of lipids are 

known to occur and also the biphasic reaction mechanism of peroxynitrite, 

either of these mechanisms could explain the lack of nitration observed in these 

experiments. However, the increased depletion of tocopherols using neutrophils 

in the presence of coumaric acid is reminiscent of AAPH-style oxidation 

suggesting that alkoxyl radicals may be the dominant species in this type of 

oxidation. This suggests that lipids are the major target of modification and that 
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oxidation is the major mechanism and this could account for the lack of nitration 

observed. In addition, however, nitrite has been demonstrated to inhibit the 

chlorinating mechanism of myeloperoxidase15 and this may leave oxidation (of 

lipid and protein) as the only major mechanism for modification of LDL under 

these conditions. 

An important observation is that 5NGT was detected in the LDL but was 

not formed during oxidation with neutrophils. A separate experiment was carried 

out in duplicate as described above to determine whether SIN-1 produced 

5NGT in LDL suspensions. These experiments showed that 5NGT was not 

formed in LDL using SIN-1 but is, instead, depleted. This is in stark contrast to 

the formation of 5NGT in LDL as demonstrated by others79 although this could 

be a consequence of the lower concentration of SIN-1 and temperature used 

herein (100µM and room temperature vs 200µM and 37oC) since this is likely to 

produce a lower flux of peroxynitrite and therefore favour oxidation over 

nitration. Regardless of the mechanism invoked to explain these results, the 

fundamental observation that neither SIN-1 nor neutrophils were able to induce 

nitration of γ-tocopherol, yet 5NGT was detected as a component of native LDL, 

indicates that the RNS produced during these experiments do not reflect those 

produced in vivo. Thus, in the physiological setting, nitration either does not 

occur via peroxynitrite produced in the aqueous phase (except at high flux) or 

nitration is not a consequence of inflammatory derived products except, 

perhaps, at a very low level of nitration over a sustained period of time. 
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4.0 AN EXAMINATION OF OXIDATION AND NITRATION OF TYROSINE IN 
HUMAN PLASMA AND ADVANCED CAROTID PLAQUE PROTEINS 

4.1 INTRODUCTION 
 The relative contribution of nitration to tyrosine modification in 

atherosclerosis remains unknown largely due to the qualitative methods used 

for its detection in plaque such as immunological staining. Although previous 

attempts have been made to quantitate 3NT in plaque, the sensitivity of the 

techniques used was probably insufficient49. More recent analyses of plaque 

determined levels of oxidation and chlorination products of tyrosine but 

concurrent measurements of 3NT were not made42,196. Therefore, since the 

relative contribution of nitration and oxidation of tyrosine to protein modification 

in atherosclerotic lesions remains unknown this study examines human carotid 

atherosclerotic plaques for the presence of 3NT and dityrosine, as markers of 

nitration and oxidation respectively, and then seeks to determine the relative 

contribution of each mechanism in protein modification. 

A circulating marker of disease provides a key to unlocking the 

mechanisms underlying atherosclerosis by serving as a marker of physiological 

effects that might result from a treatment regime such as lifestyle, diet or 

pharmaceuticals. Since contradictory results have been published with respect 

to normal levels of circulating 3NT (see Gaut et al188 for a recent summary), 

plasma was examined for 3NT content to determine the level of this compound 

detected using the new methodology described in Chapter 2 of this Thesis. In a 

separate study, plasma from chronic renal failure (CRF) patients and matched 

controls was examined for dityrosine content because of published evidence 

suggesting that dityrosine could be involved in aggregation of albumin in this 

disease state52 and also coronary heart disease53. 

 

4.2 MATERIALS 
Materials were obtained as outlined in Section 2.2.2 of this Thesis. 

 

4.3 METHODS 

4.3.1 Subjects and Collection of Samples
Category V or VI human carotid atherosclerotic plaques (n=8) as defined 

by Stary et al242,243 were obtained from patients undergoing carotid 

endarterectomy (with approval from the Royal Perth Hospital Ethics Committee 
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and informed patient consent) and were immediately stored in cold PBS buffer 

(pH 7.4) containing BHT (0.02mg/mL) and EDTA (0.75mg/mL) on ice. These 

were washed in fresh, cold buffer, blotted dry and stored (-80oC) until analysis.  
For the study of 3NT in plasma, venous blood (10mL) was collected from 

six volunteers into EDTA (100mg/mL in 0.9% saline, 100µL) containing tubes. 

Volunteers were of mixed sex (4 male, 2 female) and ethnic background (4 

caucasian, 2 asian) in both the fasting and postprandial state. The blood was 

centrifuged (2500 x g, 10 minutes) and the plasma was transferred to a fresh 

tube, centrifuged again and stored (4oC) in a second fresh tube. Analysis was 

commenced within 24 hours. For the study of dityrosine in plasma, samples 

were obtained from CRF patients and matched controls as described above. 

These were stored at –80oC until analysis. Table 4.1 provides details of the 

CRF and control subjects. 

Table 4.1 Clinical characteristics of the chronic renal failure (CRF) and control 
subjects (CS)** 
Parameter CRF 

(n=15) 
CS 
(n=14) 

p-value#

Age (years) 57.5±3.5 50.4±3.6 0.165 
Sex (m/f) 7/8 8/6 0.424 
BMI (kg/m2) 24.5±1.0 25.1±1.0 0.678 
SBP (mm Hg) 140±6 116±4 0.003 
DBP (mm Hg) 75±2 69±2 0.093 
Serum creatinine (µM) 398.2±42.6 81.4±2.9 <0.001 
Serum albumin (g/L) 38.7±1.4 43.5±0.8 0.005 
Up:Uc ratio (mg/mmol creatinine)* 128.2 (65.6-250.7) 2.7 (1.8-4.1) <0.001 
Calculated GFR (mL/min)* 13.9 (9.8-19.8) 78.6 (67.5-91.7) <0.001 
Flow mediated dilation (FMD) 4.3±0.6% 7.2±0.9% 0.014 
Results are expressed as mean±SEM except * expressed as geometric mean (95% confidence interval). # Unpaired 
t-test or chi-squared test as appropriate. **Pers. Comm. Dr S Dogra 
 

4.3.2 Preparation of Proteins
 The carotid plaque samples were homogenised using an Ultra-Turrax T8 

(Labortechnik, Germany) in cold (4oC) PBS buffer (5mL) containing BHT 

(0.02mg/mL) and EDTA (0.75mg/mL). Plaque homogenates or plasma (1mL) 

were subjected to a Folch extraction by addition of one volume of methanol 

(5mL for plaques) and two volumes of chloroform followed by vigorous mixing 

using a vortex mixer. Centrifugation produced a protein pellet at the interface of 

the two phases which was washed with acetonitrile and dried overnight under 

vacuum. 
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4.3.3 Hydrolysis of Proteins  
The amount of protein and internal standard used for each analysis is 

shown in Table 4.2. Proteins containing internal standards were then diluted 

with excess hydrochloric acid (6M, 1mL) and hydrolysed (106oC, 20 hours) in 

1.5mL, polypropylene Eppendorf tubes. Samples were then dried under vacuum 

and with warming. 

Table 4.2 Protein and internal standard used in various analyses 
 Plaque Healthy Plasma CRF Plasma and Controls 
Protein (mg) 10 2 10 
[13C6]Tyrosine 1µmol --- 1µmol 
[13C6]3-nitrotyrosine 300pmol 300pmol --- 
 
4.3.4 Treatment and Analysis of Hydrolysates

Crude hydrolysates were dried and then reconstituted in buffer (400µL, 

0.1% TFA, pH5 using ammonia). Aqueous sodium dithionite (100µL, 10mM), 

also in buffer, was added to the samples which were briefly mixed and 

permitted to sit at room temperature for at least 30 minutes. Following this 

treatment, the samples were directly applied to a High Flow C18 cartridge which 

had been prepared using methanol (2mL), water (2mL) and buffer (6mL) as 

previously described192. The samples were then washed with water (1mL) and 

eluted using methanol/water (1:3 v/v, 2mL) and collected into 7mL Pyrex tubes. 

The eluate was partitioned allowing one portion (5µL) for tyrosine analysis and 

the remainder for 3NT or dityrosine analysis. Each were dried under vacuum. 

 The dry samples in 7mL Pyrex tubes were converted to the oxazolinone 

derivatives by the addition of toluene (1mL tyrosine analysis, 400µL 3NT 

analysis), trifluoroacetic acid (100µL) and trifluoroacetic acid anhydride (100µL) 

and heating at 110oC for 20 minutes. The samples were cooled to room 

temperature and then analysed neat (3NT) or diluted 1/5 with toluene (tyrosine) 

by GC-MS.  

 

4.3.5 GC-MS Analysis of Tyrosine and 3-Nitrotyrosine

 All samples (1µL) were analysed on a Hewlett-Packard 6890 gas 

chromatograph fitted with an HP5-MS column (30m x 0.25mm x 0.25µm) and 

interfaced with an Agilent 5973 mass selective detector unless otherwise 

indicated. The GC-MS parameters are outlined in Table 2.1. Using NCI and 

selected ion monitoring for m/z 369 and 375 both ATyr and the [13C6]-internal 
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standard were detected at a retention time of approximately 9.90 minutes. 

Similarly, concurrent monitoring of m/z 355 and 361 allowed the simultaneous 

detection of tyrosine and the [13C6]-internal standard at a retention time of 8.37 

minutes. 

 

4.3.6 HPLC Analysis of Dityrosine
 The portion of the eluates which were to be analysed for dityrosine were 

reconstituted in buffer A (400µL, see below) for analysis by HPLC. Samples 

(5µL for plaque, 15µL for plasma)  were injected into a Hewlett-Packard 1100 

HPLC interfaced with a 1046A Fluorescence detector set with λex=289nm and 

λem=410nm. The samples were chromatographed using a Phenomenex C18 

Aqua column (25cm x 4.6mm x 5µm). The mobile phase was initially isocratic 

using  97% buffer A (0.1M ammonium acetate, pH5.9 using ammonia 

solution)/3% methanol until 12 minutes. This was changed to 100% methanol 

by 14 minutes which was maintained for 10 minutes and then returned to the 

original mobile phase by 26 minutes. Column equilibration time was 4 minutes. 

Dityrosine eluted after 9.04 minutes. 

 

4.4 RESULTS FROM THE ANALYSIS OF PLAQUE PROTEINS  

 Dityrosine was present at a concentration of 1.5±0.14mmol/mol of 

tyrosine after correction for recovery (80%) while 3NT was 92±15µmol/mol of 

tyrosine. Therefore, if dityrosine is considered to account for the modification of 

two tyrosine residues, then these amounts equate to 0.3% and 0.01% of 

tyrosine residues respectively. That is, tyrosine nitration occurs at a frequency 

which is only 3% that of tyrosine dimerisation. Figure 4.1 shows a sample of a 

HPLC-fluoresence chromatogram obtained from carotid plaques while Figure 

4.2 shows the chromatograms obtained by GC-MS. The co-efficients of 

variation for these assays were found to be 5% for both 3NT and dityrosine and 

4% for Tyr. 

 

4.5 RESULTS FROM THE ANALYSIS OF PLASMA PROTEINS 
The measurement of plasma 3NT has been of interest as a possible 

marker of RNS damage and atherosclerosis. Contradictory results have been 

obtained192,218 depending upon the choice of analytical tool. The oxazolinone 

derivative was used to determine the level of 3NT in normal plasma and the 
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Figure 4.1 Chromatogram of dityrosine in carotid plaque protein hydrolysate 
Protein hydrolysates from plaque were analysed by HPLC with fluorescence detection. Spiking of 
the sample with authentic dityrosine showed growth in the peak indicated as dityrosine without 
evidence of shouldering. Plasma samples had virtually identical chromatograms. 

results are outlined in Figure 4.3. When using the instrument configuration 

stated in Figure 4.3A, plasma clearly appears to contain 3NT. However, when 

the same plasma is analysed using the instrument configuration indicated in 

Figure 4.3B, the peak apparently corresponding to 3NT can be resolved from 

the internal standard. Spiking of the sample with authentic compounds clearly 

demonstrated that the peak is not 3NT. Furthermore, it was observed that if the 

reduction of the crude hydrolysate was carried out for at least 30 minutes at 

room temperature, then the peak apparently due to 3NT completely 

disappeared. 

 The plasma proteins of nephrotic syndrome patients contained 

significantly more dityrosine than control patients as indicated in Table 4.3. The 

control samples demonstrated quite a tight distribution while the CRF patients 

exhibited large variation. Despite this, the difference between the patients and 

control samples was highly significant (p<0.001). 

Table 4.3 Levels of 3-nitrotyrosine and dityrosine in plasma 
 3-Nitrotyrosine Dityrosine (mmol/mol Tyr) 
Healthy Plasma Nil or not detectable --- 
CRF Plasma --- 357±55* 
Controls --- 156±6* 
* p<0.001, unpaired Student’s t-test. Results are mean±SEM. 
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Figure 4.2 Chromatograms of 3-nitrotyrosine and tyrosine in plaque hydrolysates
Plaque protein hydrolysates were reduced and, using the oxazolinone derivative, the 3NT level 
was quantified using (A) m/z 369 and (B) 375 corresponding to 3AT and the internal standard 
13C63AT. Tyrosine was quantified using (C) m/z 355 and (D) 361 corresponding to tyrosine and 
13C6tyrosine. 
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Figure 4.3 Analysis of healthy human plasma for 3-nitrotyrosine by GC-MS. 
(A) A peak apparently due to 3NT (Ion 369) cannot be distinguished from the internal standard 
(Ion 375) using a previous model of the Hewlett-Packard GC-MS instrumentation and spiking 
the sample with authentic standards. However, (B) the upgraded model is capable of resolving 
the peak apparently due to 3NT from the internal standard and spiking the sample with 
authentic standards confirms that the peak from ion 369 is not 3NT. 
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 The individual levels of dityrosine negatively correlated with renal and 

endothelial function (flow mediated dilation) in CRF patients and control 

subjects while a positive correlation with fibrinogen was observed. There was 

only a trend toward association with IL-6. 

Table 4.4 Associations of dityrosine with other risk factors of disease* 

 Regression co-efficient (r) p-value 

GFR1 -0.539 0.004 

Flow mediated dilation1 -0.498 0.006 

Fibrinogen2 0.569 0.027 

IL-62 0.418 0.155 
 

1Univariate regression of pooled groups; 2Within CRF group. *Pers. Comm. Dr S Dogra 

 
4.6 DISCUSSION 

The relative contribution of oxidation and nitration to the modification of 

proteins could be important in the understanding of the mechanisms which 

initiate or aggravate atherosclerosis and perhaps other human disease states. 

The apparent difficulty in measuring 3NT probably accounts for the lack of data 

concurrently comparing oxidative and nitrative processes in atherosclerotic 

plaque proteins. The oxazolinone derivative, as an alternative means for the 

measurement of 3NT, has provided substantial insight into the paucity of this 

compound in the proteins of advanced carotid artery atherosclerotic lesions by 

demonstrating that nitration is not a major modification of tyrosine. The finding 

that approximately 0.01% of tyrosine residues are nitrated is consistent with the 

findings of others that less than 2% of tyrosine could be nitrated in lesions49 

from a range of categories. Nitration accounted for only 3% of the tyrosine 

modifications measured in this study, however, since other tyrosine 

modifications, such as 3-chlorotyrosine and DOPA, are known to occur in 

carotid plaque8,42 the amount of nitration, relative to other modifications of 

tyrosine, diminishes below 3%. This does not preclude nitration of selected 

arterial wall proteins as an important initiating mechanism in 

atherosclerosis244,245  and  the overall relative role of this process remains to be 

fully elucidated. It also remains possible that the low levels of 3NT 

demonstrated by this study could reflect further modification of 3NT by 

subsequent metabolic or chemical processes (eg effect of hypochlorous acid69) 

and that analytical methods produce underestimates of in vivo nitration. 
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 3NT in healthy human plasma was assayed to demonstrate the levels 

measured using an alternative procedure since some confusion appears to exist 

in the literature188. As the experiments described in Chapter 2 had shown that 

nitration does not occur in the presence of plasma levels of nitrite and nitrate, 

samples were not treated (eg MWCO filters, dialysis) to remove these species, 

however, they were probably largely removed by the Folch extraction. There are 

no data describing the effects of diet on free 3NT levels in plasma although it is 

possible that ingestion of nitrite containing foods could allow nitration of tyrosine 

in the stomach when exposed to gastric acids. Also, there are no data regarding 

absorption of 3NT from the gut. There is evidence that 3NT is rapidly cleared 

from plasma246 which suggests that it isn’t likely to be incorporated into proteins. 

Specific proteins may favour inclusion of 3NT although the data do not support 

its widespread incorporation into (plasma) protein247. Therefore, in the absence 

of data regarding dietary absorption, separation of dietary 3NT from 

endogenous 3NT by sampling from fasted individuals probably most accurately 

reflects RNS status. In any case, both fasting and non-fasting plasma from 

healthy volunteers were analysed in this study and it was found that 3NT was 

not detectable in any sample. This is contrary to other GC-MS methods188,192 

but concurs with LC-MS/MS methods218. 

These results highlight the possibility that co-eluting peaks can be 

problematic in the use of GC-MS for quantification. The amount of plasma 

protein to be hydrolysed and internal standard to be added were guided by 

other published methodologies192,210. Plasma data were originally obtained from 

the instrument described in Figure 4.3A and yielded results which indicated that 

relatively high levels of 3NT existed in plasma. This result was consistent with 

published data except that when multiple samples of the same plasma were 

analysed, quite variable yields of 3NT were obtained. Furthermore, this variation 

appeared to be systematic such that the later the sample in the sample-

sequence, the lower the yield of 3NT, an effect which was independent of any 

systematic change in the response of the internal standard. This suggested that 

the instability lay in the peak which was interpreted as 3NT but was probably 

not 3NT, although spiking samples with either or both of authentic 3NT and 

[13C6]3NT failed to distinguish the peaks. Due to the remarkable nature of this 

observation the samples were analysed on the instrument described in Figure 

4.3B as a further means of confirmation. This instrument was able to separate 
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the labile peak from the internal standard by a small margin using exactly the 

same GC parameters and a column which was of identical specification and 

obtained from the same manufacturer. The reasons for the ability of the more 

modern GC-MS to separate the two compounds are not clear but perhaps 

better electronic control of carrier gas flow is a feasible explanation. Whatever 

the case may be, this instrument confirmed that the compound which was 

demonstrating variable response was not 3NT and spiking the sample with 

authentic compounds as above also confirmed that the interfering compound 

was not 3NT. The systematic decrease in response of the interfering compound 

was suggestive of either its instability before derivatisation or that it reacted 

more slowly with sodium dithionite than did 3NT. Indeed, it was found that 

longer reduction times reduced the amount of this interfering compound. Thus, 

this compound could be completely removed from all samples by prolonged 

periods of reduction (30 minutes). Although different derivatives have been 

used, it is proposed that many methods in the literature may suffer from 

interference by a similarly behaving compound and that this may account for the 

large variation in basal levels of circulating 3NT observed in different studies 

(see Gaut et al188). Such interference has been previously observed when 

HPLC-UV was used to quantify 3NT in brain tissue68 and remains a feasible 

phenomenon in GC-MS. This highlights the caution which must be exercised 

when quantitative results are presented. 

 The strong fluorescence of dityrosine lends itself to the simple method of 

fluorescence detection. This is most convenient since the molecular weight of 

derivatised dityrosine (1282Da7) is such that it is beyond the working range of 

most mass spectrometers (50Da to 800Da). This method has provided 

substantial insight into the prevalence of circulating levels of oxidised proteins in 

humans. Plasma of CRF patients has been demonstrated to possess 

proteinaceous particles which appear to be aggregated albumin52. In addition, 

these aggregates have demonstrated fluorescent properties consistent with the 

presence of dityrosine and suggesting that intermolecular covalent bonding of 

tyrosine residues may be responsible for cross-linking and therefore 

aggregation52. The data presented herein are consistent with the above 

hypothesis in that they demonstrate clearly elevated levels of dityrosine in 

plasma samples of CRF patients relative to control samples. The data also 

demonstrate that normal subjects exhibit tight control over the levels of 
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oxidatively modified proteins circulating in plasma and that this control appears 

to have been compromised in the chronic renal failure patients. The correlation 

of dityrosine with other risk markers of disease is consistent with the hypothesis 

that inflammatory processes contribute to oxidative stress in CRF and possibly 

also coronary heart disease given the recent finding of Kaneda et al53. 
The very low levels of tyrosine nitration compared to oxidation observed 

in plaque proteins, a focal point of disease, were quite surprising given the high 

levels reported in plasma. This does not imply that RNS are a minor contributor 

to atherosclerosis because dityrosine is a known product of the reaction of 

tyrosine with either nitrogen dioxide or peroxynitrite. However, since 3NT 

appears to occur at very low levels, the pathological effects of tyrosine nitration 

probably result from nitration of specific tyrosine residues in specific proteins. 

Therefore, although oxidation (by ROS or RNS) may be a major contributor to 

the macroscopic protein damage in both atherosclerosis and CRF, a major 

question surrounds nitration as a contributor to the more subtle behaviour of 

atherosclerotic tissue such as arterial relaxation. The undetectable levels of 

plasma 3NT reported in this study now raises a second question as to how 

reliable the quantitative data are from analytical procedures thus far. 

 

4.7 POST-HOC ANALYSES 
 The analysis of protein is a difficult enterprise due to its susceptibility to 

oxidation and other artefacts. Indeed, analysis of whole protein by mass 

spectrometry techniques such as MALDI-TOF-MS has been attempted.  The 

utility of MALDI-TOF-MS as a means of detecting nitration of proteins has been 

assessed and whilst it could provide qualitative information, it was not a 

quantiative technique248. However, with respect to the studies carried out 

herein, there are some limitations to be considered regarding the analysis of 

proteins from carotid plaque. 

Specifically, it would have been desirable to include a stable isotope in 

order to assess artefactual nitration, however, this is a very expensive exercise. 

Although artefactual nitration in plaque was assessed using plasma levels of 

nitrite and nitrate, some may argue that plaque levels of these species could be 

substantially higher although there is a misperception that many studies have 

measured nitrite levels when, in fact, whole NOx has been determined190,249. 

Analytical methods have determined that even in a disease state, the level of 
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nitrite in plasma does not exceed a few micromolar37 (ie about 10 times that 

level tested herein) and we have found that even high millimolar levels of 

sodium nitrite remain soluble during Folch extraction. However, to determine 

whether the assessment of artefactual nitration was adequate, the analysis of 

five plaques was repeated as described except that only 13C6tyrosine was 

added to samples. That is, 13C63NT was not added. Thus, natural 3NT was 

used as the “internal standard” while any artefactual nitration would contribute 

to a peak corresponding to 13C6aminotyrosine (due to reduction of the sample 

prior to derivatisation). 

In addition, it is possible that dityrosine could be artefactually produced 

during hydrolysis. Although many methods were tested for the chemical 

production of dityrosine in Chapter 2 (not reported: benzoylperoxide, AAPH, 

Cu(II), Cu(II)/H2O2, Iodine/UV light, air; where possible, acidic and basic 

conditions were used at room temperature and 100oC) production of dityrosine 

was poor or did not exceed the (very low) level observed in the starting material. 

Thus, it was not anticipated that artefactual production was problematic. 

However, to assess whether the internal standard (13C6tyrosine) was able to 

contribute to peak area using HPLC-fluorescence detection, LC-MS/MS 

(instrument configuration as per Chapter 5) was used to seek a peak which 

could demonstrate dityrosine formation during the sample handling procedure 

described in Chapter 2. To this end, 100µL samples were obtained from the 

plaque hydrolysates described above after reverse phase purification and these 

were combined, dried, reconstituted in mobile phase (40µL) and subjected to 

HPLC-MS/MS analysis with parameter settings as outlined in Table 4.5. 

Table 4.5 LC-MS/MS parameters for the analysis of dityrosine 
Parameter Setting 
HPLC Column Agilent LiChrosphere C18 

125mm x 4mm x 5µm 
Mobile Phase Isocratic: 0.1M ammonium acetate, pH 5.9 
Mobile Phase flow rate 400µL per minute 
Ionisation Positive electrospray 
Nebuliser pressure 40 psi 
Drying gas temperature 350oC 
Drying gas flow rate 12L per minute 
Compound Stability 60% 
Trap Drive Level 50% 
Fragmentation Amplitude 0.65 
Parent Ion (natural,13C12-dityrosine) m/z 361, 373 
Fragment ion (natural, 13C12-dityrosine) m/z 315, 327 
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The results indicated that it was not possible to detect any artefactual 

formation of either species using the above techniques. Figures 4.4 and 4.5 

demonstrate the results obtained for the assessment of artefactual nitration and 

dimerisation respectively. 

It is, therefore, the conclusion of this study that the results obtained in 

this Chapter are free from artefactual production of the analytes determined and 

that the quantitative data are accurate, notwithstanding the caveats outlined in 

Section 1.5.1. 
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Figure 4.4 Assessment of artefactual nitration during 3-nitrotyrosine analysis 
Carotid plaque samples (10mg) were hydrolysed with 13C6tyrosine (1µmol) to probe the formation of 
13C6nitrotyrosine during sample processing. At the retention time of natural 3NT (m/z 369) there is 
no evidence of a peak corresponding to a putative artefact (m/z 375). Therefore, if the methodology 
used herein does contribute to artefactual nitration then the level is <0.1% of total 3NT which is 
much less than the error range for this assay. 
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Figure 4.5 Assessment of artefactual dityrosine formation during plaque hydrolysis 
Samples (100µL) of five plaque hydrolysates were combined and analysed for formation of dityrosine 
as evidenced by detection of 13C12-dityrosine (m/z 327). Natural dityrosine can be detected by 
monitoring m/z 315. 
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5.0 γ-TOCOPHEROL AS A TARGET OF REACTIVE NITROGEN SPECIES 
IN VIVO

5.1 INTRODUCTION 

Several224-226 studies support an important role for γ-tocopherol in 

atherosclerosis through the observation that coronary heart disease (CHD) 

patients have a lower plasma γ-tocopherol concentration than control subjects 

but α-tocopherol concentrations which are not different. This has been shown 

to result in a higher α- to γ-tocopherol ratio (the tocopherol ratio) in CHD 

subjects224 and is suggestive of the selective depletion of γ-tocopherol. The 

observation that γ-tocopherol can become nitrated in vitro79 implicates 

nitration by RNS as the mechanism by which γ-tocopherol could become 

depleted. Thus, it is possible that γ-tocopherol’s chemical structure may afford 

a unique biochemical role by acting as a renewable substrate for nitration by 

RNS in endogenous lipid structures. 

This study sought firstly to determine whether 5-nitro-γ-tocopherol is 

present in vivo and then assess whether plasma levels of 5-nitro-γ-tocopherol 

are higher in subjects with CHD. In addition, human carotid atherosclerotic 

plaque was investigated to establish whether nitration of γ-tocopherol is a 

significant process in atherosclerotic plaque. Therefore, the purpose of this 

study is to determine the relevance to, and magnitude of, nitration of 

γ-tocopherol in atherosclerotic vascular disease. 

 

5.2 MATERIALS 
Materials for this study were described in Section 2.3.2. 

 

5.3 METHODS 
5.3.1 Subjects and Collection of Samples
 Lipids were obtained from the chloroform layer of the Folch extract of 

whole plaque homogenates prepared in Section 4.3.2. The chloroform layer 

thus obtained was dried under vacuum to produce the lipid fraction of the 

samples and stored (-80oC) until analysis. For analysis, internal standards 

(75nmol α-tocopherol acetate, 25pmol 7NBT) in ethyl acetate were added and 

the samples were made up to volume by further addition of ethyl acetate 
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(100µL final volume). Samples were then centrifuged to remove particulate 

matter and analysed by LC-UV-MS/MS. 

For the analysis of plasma, subjects were recruited from the general 

population and the study had the approval of the Ethics Committee of Royal 

Perth Hospital. All subjects were male non-smokers, not taking any 

antioxidant supplements for at least 1 month prior to the study and were not 

taking nitrate therapies. The coronary disease group were all treated 

hypertensives, six had hypercholesterolemia, two had non insulin-dependent 

diabetes, four had previous bypass surgery or angioplasty for blocked 

coronary arteries, two subjects had previous myocardial infarction and one 

subject transient ischemic attacks. Control subjects had no risk factors for or 

clinical evidence of cardiovascular disease. Table 5.1 further characterises 

the two subject groups. 

Table 5.1 Clinical characteristics of coronary heart disease and control 
subjects 
Parameter CHD Subjects Control Subjects 

n 7 9 

Age (years) 67.7±4.0 50.8 ± 3.2 

24hr SBP (mm Hg) 130±2.7 119±2.1 

24hr DBP (mm Hg) 70±2.7 71±1.5 

BMI (kg/m2) 27.6±1.6 26.7 ± 0.8 

 

Blood was collected into EDTA tubes, centrifuged (2500 x g, 10 

minutes), and the plasma transferred to a fresh tube and stored (–80oC) until 

analysis. Thawed plasma (1mL) containing internal standards (75nmol 

α-tocopherol acetate, 25pmol 7NBT) was added to methanol (5mL) and the 

samples were mixed vigorously (30 seconds). Water was added (2mL) and 

the mixing was repeated (10 seconds). Heptane (3mL) was added and, after 

mixing for one minute using a vortex mixer, the heptane layer was obtained 

after brief centrifugation and dried under vacuum. The samples were 

reconstituted in ethyl acetate (40µL) and analysed by LC-UV-MS/MS. 
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5.3.2 LC-UV-MS/MS Analysis

 LC-UV-MS/MS of 8µL sample volumes was performed as described in 

Section 2.3.4. Detection of 5NGT and 7NBT was achieved by selecting the 

[M-1]- ion (m/z 460) and fragmenting this to produce a daughter ion (m/z 194) 

which was used to perform all quantification. 

 

5.3.3 Quantification of Tocopherols and 5-Nitro-γ-Tocopherol
 The tocopherol ratio was determined in plasma as previous studies 

have shown that this ratio is elevated in CHD subjects and is indicative of 

selective depletion of γ-tocopherol224. The plaque tocopherol ratio was also 

calculated. The 5NGT:γ-tocopherol ratio was determined for each tissue 

sampled as a measure of the extent of nitration of available substrate thereby 

normalising the level of nitration.  

 

5.4 RESULTS 

Nitrated γ-tocopherol was clearly detectable in both plasma and plaque 

samples. Figure 5.1 shows samples of chromatograms obtained from each of 

these tissues. The results of the analyses are shown in Table 5.2. 

Table 5.2 Tocopherol data from plasma and carotid plaque 
Subject 
Group 

[α-Tocopherol] 
(µM) 

[γ-Tocopherol] 
(µM) 

α:γ-tocopherol 
Ratio (mmol/mol) 

5NGT:γ-Tocopherol 
Ratio (mmol/mol) 

CHD 21.0 (2.2) 0.88 (0.13) 26.3 (3.0) 487 (54)* 

Control 21.3 (2.4) 1.03 (0.12) 21.4 (1.6) 163 (20) 

Plaque --- --- 19.1 (5.0) 460 (134) 
Results are presented as mean (SEM); *p<0.001 versus control plasma using unpaired Student’s t-test 

 

The tocopherol ratio was higher in CHD subjects, although it failed to 

reach statistical significance (p=0.09). In contrast, the degree of nitration of 

γ-tocopherol was significantly higher both in absolute (mmol) and relative 

(mmol/mol γ-tocopherol)  terms for the CHD group compared to the control 

subjects (p<0.001). Interestingly, the level of nitration observed in plasma of 

the CHD subjects mimicked the level of nitration in the carotid plaque 

samples. An additional feature of these data is that the level of nitration even 

in apparently healthy individuals was very high with approximately 14% 

 123



(163x100/(1000+163)=14.0%) of γ-tocopherol being nitrated. This “basal” level 

of nitration more than doubles in CHD subjects to approximately one-third of 

γ-tocopherol (487x100/(1000+487=32.8%). 
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Figure 5.1 LC-MS/MS chromatograms of 5-nitro-γ-tocopherol in human tissue.
The lipid extract of (A) plasma, or (B) carotid plaque was spiked with internal standard (7NBT, 
25pmol, 11.4 minutes) and analysed for 5NGT (18.1 minutes). 

5.5 DISCUSSION 

The first detection of 5-nitro-γ-tocopherol in this laboratory was in 

isolated human low density lipoproteins using HPLC with electrochemical 

detection (LWM, unpublished observation). The primary problem with this 

technique is that there is a moderate degree of uncertainty regarding the 

identity of the peak on the chromatogram especially in more complex matrices 

such as plasma. Using liquid chromatography tandem mass spectrometry 

(LC-MS/MS), a technique combining the selectivity and sensitivity of mass 

spectrometry with the resolving power of liquid chromatography, the existence 

of endogenous 5-nitro-γ-tocopherol has now been confirmed the for the first 

time in human plasma and carotid artery atherosclerotic plaques. 

An authentic standard of 5-nitro-γ-tocopherol was prepared by chemical 

nitration of γ-tocopherol. This enabled the determination of the mass spectra 

and LC retention time of this compound. From a molecular weight of m/z 461 

this compound loses a proton in electrospray ionisation to generate a [M-1]- 

ion, which can be selected and further fragmented to generate the product ion 

(m/z 194) due to fission of the heterocyclic ring (See Figure 2.12). This 
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characteristic fragmentation of 5-nitro-γ-tocopherol provides the basis for its 

detection in lipid extracts from plasma and plaque tissue. Although 5-nitro-γ-

tocopherol was also detected in the low density lipoprotein fraction of human 

plasma using this method, its natural distribution throughout other lipoprotein 

fractions has not yet been determined. This could provide information as to 

whether certain lipoprotein classes might be susceptible to attack by RNS. 

In order to quantify the concentration of 5NGT in plasma, and due to 

the lack of commercially available stable isotope labelled standards, we used 

7NBT as an internal standard. Since plasma does not contain detectable 

levels of 7NBT, this compound was added as an internal standard to each 

sample. Although it shares common fragmentation pathways with 5NGT in 

LC-MS/MS, the two are separated by reverse phase HPLC. Using this method 

quantification of 5NGT and the plasma concentration of α- and γ-tocopherol 

was achieved simultaneously.  

The data thus obtained reveal several interesting observations. Firstly, 

the level of 5NGT in the plasma of subjects with CHD was more than double 

that of controls (p<0.001) despite the tocopherol ratio failing to reach 

statistically significant elevation (p=0.09) suggesting that direct measurement 

of 5NGT is a more sensitive marker of the proposed mechanisms which may 

deplete γ-tocopherol. The α- to γ-tocopherol ratio may have reached 

statistically significant elevation if a greater number of subjects were used and 

this indicates the need to examine 5NGT levels in a larger cohort of subjects. 

The increased levels of 5NGT in the plasma of CHD subjects suggests a 

higher activity of circulating RNS especially within the lipid compartments of 

plasma. This is reflected by the detection of 5NGT specifically in isolated LDL. 

Furthermore, the concept that oxidative stress results from an imbalance in 

oxidants and anti-oxidants (ie a relative increase in the former over the latter) 

is supported by the apparently large amount of 5NGT detected in the plasma 

of control subjects since this hypothesis directly implies a continuous basal 

level of oxidation (ie nitration) which is only elevated in diseased states due to 

increased consumption of anti-oxidants. This increased consumption is 

reflected by the expression of 5NGT levels as a ratio with the amount of 

parent molecule since this provides a relative assessment of consumption. 
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Since an imbalance in the relative levels of oxidants and anti-oxidants has 

been demonstrated in this study, then the hypothesis also directly implies that 

any action which restores the balance between the two should ameliorate the 

disease state. Thus, feeding of γ-tocopherol to subjects with an elevated 

5NGT:γ-tocopherol ratio to raise plasma concentrations of γ-tocopherol may 

have a positive impact on disease outcomes, particularly if intervention is at a 

sufficiently early stage in the progression of the disease. 

 To determine whether this apparent elevation in γ-tocopherol nitration 

was reflected in atherosclerotic tissue, carotid plaque samples were analysed 

for 5NGT content and the tocopherol ratio was calculated. It was found that 

nitration of γ-tocopherol occurred at approximately the same rate as in the 

plasma of CHD subjects although the variation was greater with more 5NGT 

present than γ-tocopherol in some individuals. The degree of similarity 

between the level of γ-tocopherol nitration in the plasma of CHD subjects and 

that observed in atherosclerotic plaque suggests that plasma 5NGT levels 

may reflect the degree of disease in the arterial wall. It also makes it difficult to 

determine whether the 5NGT level in plaque is the result of modified 

lipoproteins being deposited in plaque or (damaged) lipoproteins managing to 

efflux from the site. Alternatively, 5NGT may be sufficiently mobile that it can 

diffuse throughout the plaque and is transferred to incident lipoproteins in the 

circulation. Some insight into this question may be obtained from the relative 

abundance of 5NGT in the plaques of some individuals whose very high 

levels suggest that lipophilic RNS are formed within the plaque. The basal 

level observed in healthy individuals suggests, however, that the plaque may 

not be the sole location for their generation. Thus, it is seems likely that RNS 

are formed directly from nitric oxide, possibly through its oxidation by 

molecular oxygen to nitrogen dioxide within lipid structures. Thus, basal levels 

of nitration occur as a result of the natural activity of eNOS while the 

abundance of nitric oxide produced by iNOS at sites of inflammation may 

serve to elevate nitration levels and, therefore, RNS. 

There was a similar tocopherol ratio in plaque and plasma consistent 

with no particular depletion of γ-tocopherol in plaque compared to plasma. 

Suarna et al250 determined α- and γ-tocopherol levels in eleven carotid 
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plaques and noted that α-tocopherol was not depleted compared to normal 

human plasma. From their data (individual plaque data are tabulated therein) 

a mean α- to γ-tocopherol ratio of approximately 26 can be calculated which is 

not statistically different (p=0.11) from the ratio observed in plaque samples 

from this study although it is tending towards a greater value suggesting that 

the tocopherol ratio may also become elevated in sufficiently advanced 

plaques. This, together with the strength of the relationship between 5NGT 

and the diseased state suggests that γ-tocopherol may become depleted in 

CHD but that the tocopherol ratio is not sufficiently sensitive to detect this 

depletion until very advanced stages. This could be due to the dynamic nature 

of γ-tocopherol levels which may be influenced regularly by dietary practices. 

Therefore, 5NGT may serve as a more sensitive marker of γ-tocopherol 

depletion (by RNS) by measuring the product of its depletion.  

The strength of the relationship and the utility of 5NGT as a marker of 

RNS activity clearly needs to be tested in a larger cohort but certainly 

indicates the potential of 5-nitro-γ-tocopherol as a marker of RNS in subjects 

with heart disease. These data have substantial implications in the field of 

human health. There is a growing body of evidence that γ-tocopherol may be 

substantially more important than previously thought in homeostasis yet 

recommended dietary intakes have not yet been established121. The 

epidemiological relationship of coronary heart disease and cancer with fruit 

and vegetable intake251 supports the notion that components of these 

foodstuffs are biologically active in more complex mechanisms than are 

currently understood. It is proposed that γ-tocopherol could be a central 

component of such diets connecting the diet to the epidemiological evidence. 

It is possible that nitration prevents γ-tocopherol from carrying out other 

physiological function(s) such as inhibition of cyclooxygenase118 and this 

could be crucial in many disease states where inflammation is a 

characteristic. The nitration of γ-tocopherol in carotid plaque, a focal point of 

inflammation, is an important observation and the consequences of this in 

terms of onset and/or progression of a number of inflammation based disease 

states are yet to be established. 
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6.0 CONCLUSION
The investigations described in this thesis have sought to determine whether 

phenolic compounds derived from the diet can materially reduce damage to 

biological structures by sequestering reactive nitrogen species through the 

formation of a stable nitro- adduct on the aromatic ring analogous to the formation 

of 3-nitrotyrosine. The two main systems utilised in vitro were the chemical 

production of peroxynitrite, through the concurrent generation of nitric oxide and 

superoxide by SIN-1, and biological production of RNS through the activation of 

neutrophils. What became clear is that the RNS resulting from either peroxynitrite 

produced chemically as a slow flux in the aqueous phase or by activated 

neutrophils appeared not to nitrate any substrate to any great extent but, instead, 

oxidise LDL. 

The essential conclusion of the in vitro studies is that, in the presence of a 

diverse range of oxidants, LDL tends to oxidise rather than become nitrated. 

Furthermore, phenolic compounds such as caffeic and coumaric acids are able to 

reduce the effects of oxidants incident upon the LDL particles, particularly lipid 

components. The fact that caffeic acid simultaneously protected α-tocopherol 

against all the oxidants, while coumaric acid did not, probably reflects a 

mechanism in which caffeic acid can react directly with the oxidants while coumaric 

acid tends to reduce lipid hydroperoxides already formed in the LDL by the 

oxidants. The specific protective effect of coumaric acid toward γ-tocopherol in the 

presence of SIN-1, although originally interpreted as a potential anti-nitration effect, 

is probably simply reflecting the heirarchy of oxidation potentials described in 

Chapter 3 and that a sufficiently high concentration of coumaric acid was present 

to enable a net effect to be observed. 

Importantly, no evidence was obtained to indicate that either phenolic 

compound was able to inhibit damage to protein, which was rapid and preceded 

lipid oxidation. Despite this, when a more specific HPLC method was utilised, it 

was found that coumaric acid was able to reduce the amount of dityrosine formed 

by neutrophil-derived oxidants suggesting that the lack of an effect on protein was 

most likely the consequence of a high oxidant flux in these experiments and the 

anti-oxidant effect was overwhelmed.  
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These experiments have also highlighted an important pro-oxidant role for 

phenolic compounds. At sufficiently high concentration caffeic acid, and probably 

most ortho- or para-dihydroxyphenols, are able to produce reactive oxygen 

species. Evidence in the literature48,240 suggests that formation of superoxide, 

hydrogen peroxide and hydroxyl radical is possible. This raises a pertinent 

question: Do these reactions take place in vivo? Our own evidence suggests that 

free phenolic compounds are present at concentrations of approximately 0.1µM105 

suggesting a net anti-oxidant role occurs although the effects observed in vitro 

probably represent the sum of the oxidant and anti-oxidant effects. Thus, some 

oxidation may be initiated by these substances. However, the cumulative 

concentration of all phenolic compounds could approach something close to pro-

oxidant levels. Therefore, how does one rationalise the potential pro-oxidant effect 

with the hypothesis that these compounds are anti-oxidants and therefore disease 

reducing/preventing agents? In practice, the body rapidly metabolises these 

compounds by glycating, methylating and glucuronidating the free phenolic groups. 

This removes the hydrogen donating capability and prevents formation of ROS as 

reported by Spencer and others252. It does not, however, remove the potential of 

these compounds to become nitrated and, thus, they may continue to act as anti-

nitrating agents.  

The metabolism of phenolic groups has implications for the hypothesis that 

these compounds may act as anti-oxidants since removal of the ability to form 

ROS also removes the ability to neutralise ROS. Therefore, it is mechanistically 

impossible for metabolites of these compounds to act as anti-oxidants in vivo 

unless they are able to form meta-stable radicals through direct electron donation. 

These meta-stable compounds would ultimately require termination, perhaps by 

Vitamin C, or else pro-oxidant effects would result and may actually serve to 

transport damaging free radicals to other sites. Given the restrictions imposed by 

metabolism, the ability of phenolic compounds to prevent disease or disease 

progression must be more complex. One mechanism which may be proposed is 

that the bulk of any health effects derived from phenolic compounds is a 

consequence of their ability to regulate gene expression. Supporting a role for 

(presumably metabolised) phenolic compounds in this regard is a recent report into 

the disease preventing effects of various flavonoid compounds. In fact, data 
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support an association between specific flavonoid compounds and specific 

diseases such that increased intake of a certain flavonoid was associated with 

decreased risk of developing the associated disease129. This apparent specificity of 

certain flavonoids for certain diseases together with the known anti-angiogenesis 

activity of flavonoids253 implicates a mechanism which is not based solely upon 

anti-oxidation. Therefore, it is suggested that future work into phenolic compounds 

as anti-disease agents should explore the role of these compounds, particularly as 

their metabolised form(s), upon gene expression. 

 The fact that the in vitro experiments failed to induce nitration of either 

γ-tocopherol or tyrosine created some doubt regarding how representative these 

conditions may be compared to the environment in vivo, especially considering the 

observations of immunohistochemical staining studies209. Indeed, the investigation 

in carotid plaque confirmed that nitration was not a common modification of 

tyrosine and that dityrosine was approximately 30-fold more abundant. Although 

3NT was not measured concurrently, Upston et al42 have shown that dityrosine is 

the only marker of protein modification to increase with progression of 

atherosclerosis which indicates that oxidation appears to dominate throughout this 

disease. Therefore, if nitration of tyrosine makes any contribution to 

atherosclerosis, it is most likely an early event targeting specific tyrosine residues 

in specific enzymes/proteins (or their activator/represser cascades) which control 

the normal homeostasis of the artery wall and evidence supporting this is 

beginning to emerge244,245. The inability to nitrate any substrate using RNS 

produced in the aqueous phase in vitro and the relative lack of abundance of 

tyrosine nitration in plaque proteins suggests that nitration could be more 

associated with lipid structures in vivo. That is, RNS which nitrate instead of 

oxidising substrates may originate, and therefore predominantly act, in the lipid 

phase. 

The phenolic acid compounds investigated in these in vitro experiments are 

aqueous phase “anti-oxidants”. Another dietary phenolic compound which occupies 

the lipid compartments of biological structures is γ-tocopherol. This compound, 

obtained mostly from vegetable oils, seeds and nuts, became potentially relevant 

to the prevention of RNS-derived damage when a report was published showing 
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the ability of γ-tocopherol to become nitrated by chemically produced RNS79. 

Therefore, this compound represents a means of probing whether diet can 

materially impact upon nitration in the lipid compartments in vivo. The study 

described in Chapter 5 examining the abundance of 5NGT in carotid plaques found 

that it was present in very large amounts being in the mmol/mol γ-tocopherol range 

as opposed to 3NT which is in the µmol/mol tyrosine range. In addition, evidence of 

a role for γ-tocopherol nitration in human disease was provided by the observation 

that subjects with coronary heart disease had approximately 30% of their plasma 

γ-tocopherol present in nitrated form whereas control subjects with no indications of 

disease had only approximately 15% of their γ-tocopherol nitrated. Thus, it appears 

that nitration of γ-tocopherol doubles in the disease state. This supports the 

concept that RNS are probably more associated with lipid structures than the 

aqueous milieu. Since neither activated neutrophils nor SIN-1 were able to nitrate 

γ-tocopherol in vitro, whatever species is responsible for nitrating γ-tocopherol in 

vivo probably does not get produced in the aqueous phase but is actually produced 

in the lipid structure itself. The discussion which follows describes a hypothesis 

whereby ROS which attack a lipid structure (eg LDL) can be detoxified by being 

converted to RNS and sequestered by γ-tocopherol through formation of 5NGT. 

The hypothesis is summarised in Figure 6.1. 

 

6.1 HYPOTHESIS: THE SITE OF RNS FORMATION DETERMINES THE 
PRODUCT PROFILE 

The environments in which the precursors of RNS reside should predict the 

location in which RNS are likely to act. Nitric oxide, the common denominator in all 

RNS is a highly lipophilic molecule71 with a high rate of diffusion. Therefore, even if 

released into the aqueous environment, nitric oxide will rapidly diffuse to, and 

accumulate within, lipid structures as demonstrated by the accumulation of nitric 

oxide in LDL228. On the other hand, compounds such as superoxide (an anion) and 

hydrogen peroxide (a polar molecule) are likely to reside within the aqueous phase. 

Thus, one would expect to observe segregation of the essential precursors of 

peroxynitrite in vivo! Compounding this, superoxide bears a net negative charge as 

do the polar phosphate groups of the phospholipid surface of cell membranes 
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Figure 6.1 Hypothesis of the major processes occurring in the lipid moiety of an 
LDL particle during oxidative insult. 
When a large flux of oxidants are encountered, α-tocopherol may act as an anti-oxidant (not shown), 
however, when a low flux of oxidants are present, the pro-oxidant role of α-tocopherol may convert 
most of the ROS into RNS which are sequestered by nitration of γ-tocopherol. The constant flux of 
nitric oxide and oxygen, which co-localise in lipid structures, yields a constant flux of nitrogen dioxide 
and, therefore, γ-tocopherol is continuously being nitrated. The segregation of ROS and nitric oxide 
predicts that peroxynitrite is formed predominantly at the interface of the lipid structure contributing 
to nitration of γ-tocopherol. This model predicts basal levels of nitration of γ-tocopherol in healthy 
subjects and increased nitration of γ-tocopherol in a disease state. 
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and lipoproteins suggesting an electrostatic repulsion between the two species 

occurs. So then, how could peroxynitrite actually form? If superoxide were to  

become protonated then it could conceivably overcome the electrostatic repulsion 

of the surface phosphate groups and approach the interface between lipid 

structures and the aqueous millieu. Hydrogen peroxide could behave similarly. 

Therefore, it is feasible that formation of peroxynitrous acid could be concentrated 

at the interface between a lipid structure and the aqueous phase suggesting a 

nitration mechanism in this area and sequestration by γ-tocopherol (Figure 6.2). 

The above does not exclude the formation of peroxynitrite in the aqueous 

environment. It is reasonable that nitric oxide requires a finite time to reach and 

transfer into a lipid structure. Similarly, nitric oxide exhibits a partition co-efficient of 

approximately 9 (quoted in 71, 228) which indicates that an equilibrium between its 

concentration in the aqueous and lipid compartments exists, although the bulk of 

nitric oxide would probably reside within lipid structures (Figure 6.3). Two possible 

targets for nitration by peroxynitrite, tyrosine and γ-tocopherol, are also expected to 

reside in separate environments. The rapid rate of tyrosine oxidation observed 

herein and its oxidation before lipids suggests aqueous phase oxidants have ready 

access to tyrosine residues and, therefore, tyrosine is probably mostly present in 

that portion of protein which is exposed to the aqueous environment. Thus, 

tyrosine is likely to encounter only that proportion of peroxynitrite which is formed in 

LDL 

Aqueous 
milieu 

Figure 6.2 The flux and reaction mechanisms of peroxynitrite around LDL. 
The grey can represent (i) The flux of peroxynitrite, being most concentrated at the interface of the 
LDL particle with the surrounding aqueous milieu and becoming more dispersed as it diffuses 
away, or (ii) the nitrating mechanism of peroxynitrite which switches to an oxidising mechanism 
(shown by the white colour) as the flux decreases. 
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Figure 6.3 Relative concentration of nitric oxide in lipid and aqueous phases. 
An equilibrium is shown in which the bulk of nitric oxide is located within the lipid structure due to its 
relative lipid solubility. A highly magnified concentration gradient is shown extending a short 
distance from the surface of the lipid structure into the aqueous milieu. Other lipophilic gaseous 
molecules such as oxygen, carbon dioxide and nitrogen dioxide would exhibit similar distributions. 

the aqueous environment. The above discussion suggests that that proportion 

could be quite small compared to the total and such a low flux of peroxynitrite in 

aqueous environments is likely to favour formation of dityrosine over 3NT. This is 

not to say that all tyrosine residues are located in aqueous environments. It is 

conceivable that some could be embedded within a lipophilic environment and 

similarly at or near the interface of lipid/aqueous environments. γ-Tocopherol, 

however, is exclusively located within or at the interface of lipid structures 

suggesting that it could form the first line of defence against RNS in these areas 

especially since it is renewable from dietary sources. Investigations into 

α-tocopherol have resulted in the conclusion that the phenol structure is located on 

the surface of lipoprotein particles with the phytyl side chain deeply embedded 

within the lipid structure254. The same orientation of γ-tocopherol is likely, because 

it lacks a methyl group adjacent to the phenolic group which imparts slightly greater 

polarity. This also places the 5-position, which is available for substitution, at the 

interface of lipid structures and the surrounding aqueous phase. Since water 

soluble ROS can only attack the surface of lipoproteins255 peroxynitrous acid is 
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probably mostly formed at the surface of lipid structures and this implicates 

γ-tocopherol as a major sink for this species in vivo (Figure 6.1). 

Peroxynitrite, however, is not the only RNS which can nitrate phenolic 

structures. Myeloperoxidase, which is active within atherosclerotic plaque40, may 

contribute to nitration through the formation of RNS. Nitrylchloride, NO2Cl, may be 

responsible for nitration, however, recent evidence suggests that the actual 

nitrating species produced is nitrogen dioxide43. If this is so, then the results of 

van Dalen et al15 predict that myeloperoxidase activity should decrease during 

progression of atherosclerosis and, therefore, so should the rate of chlorination of 

tyrosine since 3CT is a specific product of myeloperoxidase activity. This has been 

shown to be the case by Upston et al42 where chlorination was substantial early but 

did not increase with progression of atherosclerosis. Therefore, myeloperoxidase is 

probably an early contributor to nitrogen dioxide production in vivo. In addition, 

however, nitrogen dioxide can be formed spontaneously via the oxidation of nitric 

oxide by molecular oxygen35,47 as described in the reaction 6.147 below, a process 

which is enhanced by discrete lipid structures71. The co-localisation of these 

gaseous species in lipid structures by virtue of their solubilities suggests that this 

could be a continuous contributor to nitrogen dioxide formation in vivo and that 

iNOS produced during inflammation could also contribute to nitrogen dioxide 

formation. These processes are not necessarily adverse. Previous work has shown 

that nitrogen dioxide probably exhibits chain-breaking activity by terminating lipid 

radicals (L•) through the formation of stable lipid nitration products (LNO2)47,256. 

Importantly, however, these sources of nitrogen dioxide are also contributing to the 

depletion of γ-tocopherol through the formation of 5NGT in addition to oxidation 

products of γ-tocopherol46. 

2•NO + O2  2•NO2 6.1 

The depletion of γ-tocopherol has implications for the other reactivities of 

peroxynitrous acid and nitrogen dioxide since a lower net rate of sequestration will 

occur. The further peroxynitrous acid diffuses away from the surface of the lipid 

structure into the aqueous environment, the lower its concentration becomes as 

shown in Figure 6.2. The consequence of this is that the mechanism by which it 
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may react with tyrosine dictates the formation of dityrosine and not 3NT23. 

Similarly, whilst nitrogen dioxide may nitrate tyrosine, this requires the intermediate 

production of a tyrosyl radical with termination by a second nitrogen dioxide 

molecule to produce 3NT. However, dityrosine is also formed by nitrogen dioxide 

and as the flux of nitrogen dioxide decreases the formation of dityrosine would be 

expected to dominate44,45. Therefore, as γ-tocopherol is depleted, this hypothesis 

predicts that a generally low flux of RNS will induce dityrosine formation which is 

consistent with the findings of Upston42 (Figure 6.4). 
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HO2
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NO2

ApoB100

HO 

HO 

Figure 6.4 Depletion of γ-tocopherol allows excessive damage to protein 
As more γ-tocopherol becomes nitrated, the rate of sequestration of RNS becomes inadequate and 
they escape into the aqueous phase. As the RNS move further from their source, and since a low 
flux of RNS is expected, dityrosine formation is expected to dominate with a small contribution to 
3NT. 

The chain-breaking activity of nitrogen dioxide is of particular interest. 

Recently, α-tocopherol has been implicated as a pro-oxidant169. More specifically, 

though, it would seem that α-tocopherol is capable of detoxifying high fluxes of 

oxidants but as the flux is dispersed or detoxified, the low flux which results may 
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induce a pro-oxidant role for α-tocopherol. In the generally accepted model for 

tocopherol-mediated peroxidation, the meta-stable α-tocopheroxyl radical may 

abstract a susceptible hydrogen atom from a lipid molecule, generating a lipid 

radical (L•) which can catalyse oxidation of other lipids. However, in the presence 

of  nitrogen dioxide, this pro-oxidant activity may be abolished through the 

formation of lipid nitration products. Thus, those α-tocopheroxyl radicals which are 

not scavenged by co-anti-oxidants may be indirectly scavenged by nitrogen dioxide 

via a lipid radical intermediate. It is likely, though, that some lipid radicals will react 

with oxygen (a lipid soluble gas) before termination by nitrogen dioxide. What is the 

fate of such species? The work of Christen et al79 suggests a direct role for nitric 

oxide in reacting with lipid peroxides possibly producing an intermediate of the type 

LOONO which is analogous to peroxynitrite and probably results in lipid epoxy and 

epoxy-nitro compounds as described by O’Donnell et al47,256. Christen79 et al 

showed that γ-tocopherol nitration in LDL treated with SIN-1 was accelerated by 

the presence of LOOH suggesting a nitrating species is produced by LOOH in the 

presence of •NO. Furthermore, it has been shown that unsaturated lipids support 

high levels of nitration79 while saturated lipids do not79,170 suggesting a role for lipid 

oxidation as an intermediate step in the formation of RNS in lipid structures. 

The above hypothesis therefore predicts that ROS incident upon a lipid 

structure can be converted into RNS by reaction with nitric oxide and detoxified by 

γ-tocopherol via formation of 5NGT. In addition, nitrogen dioxide, either from 

myeloperoxidase or auto-oxidation of nitric oxide, is required to inhibit tocopherol-

mediated peroxidation but this may also result in nitration of γ-tocopherol and 

damage to protein. Thus, this hypothesis also predicts that γ-tocopherol is 

constantly being nitrated and requires replenishment from the diet. If depletion of 

γ-tocopherol occurs beyond a certain (undefined) threshold, then nitrogen dioxide 

and peroxynitrite may escape into the aqueous phase where their greater dilution 

mediates oxidation of tyrosine with predominant formation of dityrosine and only 

low levels of tyrosine nitration. 

These predictions are consistent both with the oxidative hypothesis of 

atherosclerosis and the data in this Thesis. The oxidative hypothesis of 

atherosclerosis predicts that a disease state arises when an imbalance in the 
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oxidants and anti-oxidants occurs, that is, oxidation is elevated relative to the 

amount of anti-oxidant present. This implies a basal level of oxidation in healthy 

subjects and a relative elevation in this basal level in the diseased state. In the 

case of 5NGT, nitration of γ-tocopherol was observed in healthy subjects and a 

higher rate of nitration, expressed relative to the amount of γ-tocopherol available, 

was observed in coronary heart disease subjects which satisfies the requirements 

of the oxidative hypothesis. The hypothesis proposed herein predicts this since the 

nitration of γ-tocopherol in healthy subjects could be due to the constant flux of 

nitrogen dioxide from the auto-oxidation of nitric oxide while the increase in 

nitration of γ-tocopherol in atherosclerosis subjects is due to the additional 

formation of oxidants or nitrogen dioxide from inflammatory processes 

(myeloperoxidase and iNOS257). 

With respect to the data in this Thesis, Chapters 4 and 5 demonstrate that in 

carotid plaque, nitration of γ-tocopherol is a very abundant process (30%) while 

very little tyrosine is nitrated (0.01%). Concurrently, dityrosine formation is also 

quite abundant (0.3%) but substantially less so than γ-tocopherol nitration. The 

absolute abundance of 5NGT implicates RNS as the major damaging species in 

vivo. The product profile of peroxynitrite includes hydroxylation of aromatic 

residues in protein (eg Dopa, m-tyrosine, o-tyrosine)29,36. The results of Upston et 

al42 do not support an ongoing role for peroxynitrite since hydroxylation of tyrosine 

does not increase with progression suggesting that peroxynitrite may also be an 

early contributor to atherosclerosis. Thus, combining these data, one may 

hypothesise that the inflammatory burst may contribute to the onset of 

atherosclerosis but that disease may not become apparent unless depletion of 

γ-tocopherol occurs via: 

(i) Formation of nitrogen dioxide; 

(ii) Formation of peroxynitrous acid at the surface of lipid structures; or, 

(iii) Tocopherol-mediated peroxidation and the anti-oxidant role of nitric oxide 

(ie LOO• + •NO  nitrating species). 

In the absence of adequate amounts of γ-tocopherol, the RNS may escape into the 

aqueous phase and contribute to protein damage primarily as dityrosine formation, 
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indicative of nitrogen dioxide as the major damaging species in vivo. If this damage 

exceeds the rate of repair, then a disease state arises. 

From the above examination of the sources and reactivity of RNS it is clear 

that RNS-induced nitration could be prominent in lipid structures, particularly at the 

interface of lipid and aqueous environments, while RNS-induced oxidation could 

occur in aqueous environments. This is most likely a consequence of nitrogen 

dioxide production either directly or from conversion of ROS. Therefore, although 

the amount of lipid nitration in vivo remains to be determined, 5NGT is likely to 

represent the major product of RNS activity in vivo with a minor contribution from 

3NT formed from tyrosine residues probably near the surface of the lipid structures. 

This is perhaps a favourable product profile since it suggests that nitration of 

γ-tocopherol, a dietary (and therefore renewable) phenolic compound, could limit 

both nitration and dimerisation of tyrosine and thus avoid atherogenic modifications 

to (lipo)proteins. 

 

6.2 FUTURE DIRECTIONS 

6.2.1 The Role of Phenolic Compounds in Atherosclerosis 
Although the previously observed concentrations of unmetabolised phenolic 

compounds in plasma could be responsible for an anti-oxidant effect, it is difficult to 

envisage that these compounds could penetrate into a plaque to any great extent 

to exert such an effect. Some accumulation of these compounds appears to occur 

in aortic tissues in animal studies suggesting they may play a preventative role in 

atherosclerosis. Thus, a high intake of these compounds may result in vessels 

which are resistant to oxidation and therefore plaque initiation, but progression of 

lesion development may not be inhibited. Therefore, as mentioned in Chapter 6, 

the growing body of evidence suggesting that phenolic compounds of all types are 

highly metabolised in vivo and the implication of recent studies that there may be a 

degree of specificity in the effects of certain phenolic compounds upon certain 

diseases requires that effects on gene expression of metabolised phenolic 

compounds should be examined. This may yield some more useful information 

than the currently contradictory evidence available regarding the anti-oxidant role 

of these compounds. 
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6.2.2 Phenomena Which May Interfere With Antibodies Against 3NT 
The observation that 5NGT is very abundant in plaque material and the 

failure of analytical methods to confirm the apparent abundance of 3NT in plaque 

using immunohistochemical staining requires that those methods utilising 

antibodies directed against 3NT should consider cross-reactivity with 5NGT as an 

interfering phenomenon. Alternatively, identification of secondary oxidation 

products of 3NT should be determined in order to fully quantify tyrosine nitration 

and to investigate cross-reactivity of these compounds with antibodies. Resolution 

of these matters may result in convergence in the apparent quantity of 3NT in 

plaque using analytical and immunohistochemical methods. 

 

6.2.3 Supplementation and the 5NGT:γ-Tocopherol Ratio
A key finding of this Thesis was the relative increase in the degree of 

nitration of γ-tocopherol in coronary heart disease subjects. It should be possible to 

alter the 5NGT: γ-tocopherol ratio by feeding γ-tocopherol to these subjects and/or 

an inhibitor of γ-tocopherol metabolism such as sesamin to return the ratio to that 

of control subjects. The effect of normalising the 5NGT:γ-tocopherol ratio upon 

blood pressure, oxidative stress status (ie markers of both RNS and ROS), 

inflammatory markers and endothelial function should be examined as well as 

effects upon gene expression. 

The effect on blood pressure could result from an apparent natriuretic effect 

of the metabolite of γ-tocopherol. The examination of both ROS and RNS should 

be done since the hypothesis presented in Chapter 6 predicts that both RNS and 

ROS may be sequestered through nitration of γ-tocopherol. Both γ-tocopherol and 

its metabolite have been shown to exert an inhibitory effect upon cyclooxygenase 

and this may account for decreased inflammation at various sites including plaque. 

Thus an examination of inflammatory markers should be conducted. The 

mechanisms by which γ-tocopherol reacts with nitrogen dioxide suggests that both 

oxidation (to tocored) and nitration of γ-tocopherol may occur. The oxidation of 

γ-tocopherol requires the production of nitric oxide from nitrogen dioxide and this 

mechanism may account for an effect of increased γ-tocopherol bioavailability upon 

endothelial function in those with an elevated 5NGT: γ-tocopherol ratio. Thus, 
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feeding of γ-tocopherol and/or inhibition of its metabolism in combination with other 

therapeutic agents may yield a synergistic effect in any of the above end points. 
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