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Abstract

The principal aim of the study was to develop methods for the measurement of potential
urinary biomarkers of oxidative stress using liquid chromatography/tandem mass
spectrometry with minimum sample preparation to avoid artefact formation. Initially the
development of an assay to measure the urinary concentrations of isoprostanes (8-
1soPGF2a) was attempted but this did not prove to be sufficiently sensitive and gave non-
reproducible results. An assay to measure the intact sulphate and glucuronide conjugates of
urinary metabolites of vitamin E [a-tocopheronolactone (a-TLHQ) and a-carboxy-ethyl-
hydroxychroman (a-CEHC)] was then developed, as it has been suggested that a-TLHQ
with an oxidised chroman ring might be an indicator of oxidative stress. A novel method
was also developed to quantitate urinary amino acids associated with NO™ metabolism (L-
arginine - precursor, L-citrulline - product, L-ADMA —inhibitor of nitric oxide synthase
and L-homocysteine — reduces bioavailability of nitric oxide). This method was extended to
quantitate seven additional amino acids. The latter two methods were applied to 32 children
with type 1 diabetes and compared with age and sex matched controls. The mean
concentrations of all the o-THLQ conjugates were highly significantly increased in the
diabetic subjects (p<0.002). The concentrations of the a-CEHC conjugates were also
increased but not to the same degree of significance (p<0.05). When the diabetic children
were divided into those who were poorly (n=24) and adequately (n=8) controlled, the a-
THLQ conjugates remained highly significantly increased (p<0.002) in the poorly
controlled group compared to controls. However, the concentrations of the a-CEHC
conjugates were not significantly different. The diabetic subjects had a highly significantly
increased concentration (p<0.0001) of all the urinary amino acids studied compared to
controls. These results suggest that the measurement of urinary a-TLHQ conjugates may
provide a useful biomarker of oxidative stress. The clinical relevance of the increased
concentrations of urinary amino acids in children with type 1 diabetes requires further

investigation.
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1 Introduction

The overall aim of this study was to develop methodologies to quantitate possible urinary
biomarkers of oxidative stress that could be utilised in human diseases. The methods
developed were aimed to be specific and rapid using reverse phase high pressure liquid
chromatography together with tandem mass spectrometry as the principal methodology
used in this current study. This section of the thesis will introduce the concept of oxidative
stress, discuss the current biomarkers of oxidative stress and conclude with the principles of

the methodology.

1. 1 Background information

1.1. 1 Oxidative stress

Oxidative stress refers to the situation where there is an imbalance between the production
of reactive oxygen species (ROS) and/or reactive nitrogen species (RNS) and antioxidant
defences (Halliwell and Gutteridge 1999). Sies (1986), first introduced the term in the
1985 book entitled, “Oxidative Stress”. He re-defined it in 1991 in the introduction to the
second edition as “a disturbance in the prooxidant-antioxidant balance in favour of the

former, leading to potential damage” (Sies 1991).

In principle, oxidative stress can result from:

1. Increased production of ROS/ RNS (Halliwell & Gutteridge 1999)

Or
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2. Diminished concentrations or activities of antioxidants (Halliwell & Gutteridge

1999)

Therefore, in order to understand oxidative stress it is necessary to consider the chemistry

of oxygen and reactive oxygen and nitrogen species, and antioxidant defence mechanisms.

1.1. 2 Oxygen

Oxygen (O,) exists in the air as a diatomic molecule, which strictly should be called
dioxygen. Over 99% of the O, in the atmosphere is the isotope oxygen-16 but there are
traces of oxygen-17 (approximately 0.04%) and oxygen-18 (approximately 0.2%). O,
appeared in significant amounts in the earth’s atmosphere over 2.5 x 10’ years ago, and
geological evidence suggests that this was due to the evolution of photosynthesis by blue
green algae (cyanobacteria). Except for certain anaerobic unicellular organisms, all

animals, plants and bacteria require O, for efficient production of energy by the use of O,

dependent electron transport chains, such as those in the mitochondria of eukaryotic cells

(Gilbert 1981).

1.1. 3 Activation of oxygen

One of the paradoxes of life on this planet is that the molecule that sustains aerobic life,
oxygen, is not only essential for energy metabolism and respiration, but has also been

implicated in many diseases and degenerative conditions (Marx 1985). A common factor in
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these conditions is the suggestion that partially reduced forms of oxygen and chemical
species derived from oxygen acting as free radicals may be implicated (Gutteridge 1996). A
free radical is any chemical species capable of independent existence that contains one or
more impaired electrons. The presence of one or more unpaired electrons results in free
radicals being highly reactive chemical species (Gutteridge 1996). The following section

describes the current understanding of the general principles of activated oxygen.

Atmospheric oxygen in its ground-state is distinctive among the gaseous elements because
it is a biradical, or in other words it has two unpaired electrons. This feature makes oxygen
paramagnetic; it also makes oxygen extremely unlikely to participate in reactions with
organic molecules unless it is "activated". The requirement for activation occurs, because
the unpaired electrons in oxygen have parallel spins. According to Pauli's exclusion
principle, this precludes reactions with a divalent reductant, unless this reductant also has
two unpaired electrons with parallel spins opposite to that of oxygen, which is a very rare
occurrence. This spin restriction means that the most common mechanisms of oxygen
reduction in biochemical reactions are those involving transfer of only a single electron

(monovalent reduction) (Afanas'ev 1985).

Activation of oxygen may occur by two different mechanisms: either by absorption of
sufficient energy to reverse the spin of one of the unpaired electrons or by univalent
reduction. The biradical form of oxygen is in a triplet ground state because the electrons
have parallel spins. If triplet oxygen absorbs sufficient energy to reverse the spin of one of
its unpaired electrons, it will form the singlet state (Kuehl 1994), in which the two electrons
have opposite spins (Fig.1.1.1). This activation overcomes the spin restriction and singlet

oxygen can consequently participate in reactions involving the simultaneous transfer of two
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electrons (divalent reduction). Since paired electrons are common in organic molecules,
singlet oxygen is much more reactive towards organic molecules than its triplet counterpart
(Afanas’ev 1985). If a single electron is added to the ground state O, molecule, the product
is the superoxide radical ("O-O) (Fig.1.1.1). With only one unpaired electron, superoxide is
less of a radical than oxygen. Addition of another electron gives rise to the peroxide ion,

which is not a radical. Further reductions give rise to the hydroxyl radical and then water.

Triplet oxygen ‘0-0°

(ground state)

Singlet oxygen 0-0:
Superoxide ‘0-0:
Peroxide ion :0-0:

Perhydroxyl radical ‘0-0: H

Hydrogen peroxide H:0-O0:H
Hydroxyl radical H:O
Hydroxyl ion H:0:
Hypochlorous acid HOCI
Ozone O3

Fig.1.1. 1 Various forms of reactive oxygen
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Hydrogen peroxide is noteworthy because it readily permeates membranes and it is
therefore not compartmentalised in the cell. Numerous enzymes (peroxidases) use
hydrogen peroxide as a substrate in oxidation reactions. The well-known reactivity of
hydrogen peroxide is not due to its reactivity per se but requires the presence of a metal
reductant (Fenton 1899) which following a series of reactions (Fenton and Haber Weiss
reactions) which results in the production of the highly reactive hydroxyl radical (OH)

(Balentine 1982). The net Haber-Weiss reaction is shown below in scheme 1.1.1

(A) Fe% + H,O, ——» intermediate complexes —» Fe3+ + QH" +OH"

(B) 0.2 + H,0O» metal catalyst O, + OH" +OH"

v

Scheme 1.1. 1 (A) Fenton and (B) Haber-Weiss (1935) reactions

Hydroxyl radicals are responsible for a large part of the damage done to the cellular DNA,

proteins and lipids by ionising radiation (Von Sontang 1987).

The oxidation of organic substances by OH" may proceed by two possible reactions: either
by an addition of OH to the organic molecule, or the abstraction of a hydrogen atom from
an organic substrate. In the addition reaction, the hydroxyl radical forms a stable, oxidised
product. In the abstraction reaction, an organic radical and water is formed. The organic
radical has a single unpaired electron and thus can react with oxygen leading to the
formation of a peroxyl radical. This in turn can readily abstract hydrogen from other

organic molecules leading to the formation of a second carbon radical. This, therefore
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results in a chain reaction which is why oxygen free radicals cause damage far in excess of

their initial concentration (Haber and Wiess 1934).

A point to be noted is that not all products of activated oxygen can be referred to as free
radicals, as some do not have unpaired electrons. Reactive oxygen species (ROS) is a
collective term often used to include not only the oxygen derived free radicals but also
other non-radical derivatives of oxygen. Other examples of ROS are shown in Fig 1.1.1 and
include the perhydroxyl radical ("O-O : H), the hydroxyl radical (H : O), hypochlorous
acid (HOCI), an oxidizing and chlorinating agent produced by activated phagocytes and
ozone (Boger et al. 1996); (Halliwell & Gutteridge 1999). Other reactive species such as

the reactive nitrogen species are described below.

1.1. 4 Reactive nitrogen species

Some oxides of nitrogen such as nitric oxide (NO") and nitrogen dioxide (NO,") are also
free radicals and just as the term ROS has been introduced in the earlier section, there also
exists a field of biology where products (radicals) of nitrogen react with reactive oxygen
species resulting in a whole range of products which have been termed reactive nitrogen
species (RNS). Some other examples of RNS are the non-radicals nitrous acid (HNO,),
dinitrogen trioxide (N,0O3), dinitrogen tetroxide (N2O,), the nitronium (nitryl) ion (NO,")
and peroxinitrite (Sharpe and Cooper 1998). An important and biologically relevant
reaction involving RNS is the fast reaction of the nitric oxide radical (NO") and superoxide

('0-0) to form peroxynitrite (scheme.1.1.2) (Beckman and Koppenol 1996).
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NO'+°0-0 —>  ONOO

Scheme 1.1. 2 Reaction of nitric oxide and activated oxygen

Peroxynitrite itself is also a strong oxidant and can react directly with electron-rich groups,
such as sulfhydryls in general (Radi 1991) and the active sulfhydryl site in tyrosine
phosphatases (Takakura et al. 1999), iron-sulfur centers (Castro 1994) and zinc-thiolates
(Crow 1995). Although peroxynitrite is a strong oxidant, the anion also reacts directly with
nucleophiles, molecules with a partial positive charge (Sharpe & Cooper 1998). One
example of major importance is carbon dioxide-forming carbonate. Carbonate radical is
more selective than hydroxyl radical but will initiate many of the damaging reactions
commonly attributed to hydroxyl radical in the biological literature and is perhaps more
significant as a biological oxidant (Michelson and Maral 1983). Peroxynitrite can also
produce novel products such as nitrotyrosine, nitrotryptophan, and nitrated lipids that serve

as important biological markers in vivo (Radi 2001).

Nitric oxide and its biological importance will be discussed in more detail in chapter 4.
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1.1. 5 Defence mechanisms

In order to prevent damage caused by oxygen in vivo, the body has an array of antioxidant
compounds and enzymes, which in healthy subjects are able to scavenge or prevent
production of these highly reactive oxygen species. These antioxidants function in a variety
of different ways and are localised within specific areas of the cell. They include enzymes
such as superoxide dismutase (SOD), catalase and glutathione peroxidase (Burton and
Ingold 1984), as well as small molecules such as water-soluble vitamin C (ascorbate),
glutathione and lipid-soluble vitamin E (Packer 1979). These antioxidants will be briefly

considered below:

1.1.5. 1 Superoxide dismutase (SOD)

Superoxide dismutase (SOD) was first isolated by Mann and Kleilin (Mann and Kleilin
1938) and thought to be a copper storage protein. SOD is now known to catalyse the
dismutation of superoxide to hydrogen peroxide and oxygen by the following reaction

(Fridovich 1995):

.02_ + .02_ + 2HJr > H,O, + O,
Superoxide Dismutase

Scheme 1.1. 3 Reaction catalysed by superoixde

The activity of this enzyme therefore determines the relative proportions of two

constituents ("O,” and H,O,) of the Haber-Weiss reaction that generates hydroxyl radicals.
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SOD curtails the damaging reactions of superoxide, thus protecting the cell from
superoxide toxicity. The reaction of superoxide with non-radicals is limited in biological
systems, which means its main reactions are with itself (dismutation) or with another
biological radical such as nitric oxide or a metal. SOD is important because superoxide
reacts with sensitive and critical cellular targets. For example, as discussed above it can
react with NO' to produce peroxynitrite, which is a powerful oxidising agent (Murray-Rust
2001). Since SOD is present in all aerobic organisms and most subcellular compartments
that generate activated oxygen, it has been assumed that SOD has a central role in the
defence against oxidative stress. In humans (as in all other mammals and most chordates),
three forms of superoxide dismutase are present: SOD1-3. The three distinct types of SOD
are classified on the basis of the metal cofactor: SODI is a dimer containing copper and
zinc and is located in the cytoplasm. SOD2 is a tetramer containing manganese in the
centre (its active site) with copper and zinc- present in the mitochondria. SOD3 is also a
tetramer containing copper and zinc and is found in the extracellular (Beyer 1991;Bowler

and Inze 1992;Scandalias 1993).

1.1.5. 2 Catalase

H,0,1s removed by aerobes by two types of enzymes- catalases and peroxidases. Catalase
is a heme-containing enzyme that catalyses the conversion of hydrogen peroxide into water

and oxygen (scheme 1.1.4)

2H,0, ~aatalse ¥ 2H,0 + O,

Scheme 1.1. 4 Catalase reaction mechanism
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The enzyme is found in all aerobic eukaryotes and is important for the removal of hydrogen
peroxide generated in peroxisomes by oxidases such as that involved in B-oxidation of fatty
acids, and purine catabolism. Catalase was one of the first enzymes to be isolated in a
highly purified state (Hugo 1984). Examination of the structure of beef liver catalase has

shown four NADPH binding sites per catalase tetramer (Fita and Rossmann 1985).

1.1.5. 3 Glutathione peroxidase

Selenium containing glutathione peroxidase (GPX) 1s the general name of
an enzyme family with peroxidase activity whose main biological role is to protect the
organism from oxidative damage (Richard and Raymond 1976). Eight different isoforms of
glutathione peroxidase (GPX1-8) have been identified in humans of which glutathione
peroxidase 1 (GPX1) the most abundant peroxidase in vivo (Prohaska and Ganther 1977). It
is found in the cytoplasm of nearly all mammalian tissues, and its preferred substrate is
hydrogen peroxide. Glutathione peroxidase 4 (GPX4) has a preference for lipid
hydroperoxides and is expressed in nearly every mammalian cell. Glutathione peroxidase 2
is an intestinal and extracellular enzyme, while glutathione peroxidase 3 is predominantly

an extracellular enzyme, especially abundant in plasma (Michiels 1994).

Glutathione peroxidase removes H>O; by coupling its reduction to H,O with oxidation of

reduced glutathione to its oxidised form (GSSG) (Mills 1957).
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H,0, +  2GSH —  GSSG + 2H,0

Scheme 1.1. 5 Reaction of glutathione peroxidase

1.1.5. 4 Ascorbate

L-ascorbic acid (vitamin C) is an important vitamin in the human diet. The most striking
chemical property of ascorbate is its ability to act as a reducing agent. The physiological
and biochemical actions of vitamin C are due to its action as an electron donor. It is
noteworthy that when vitamin C donates electrons, they are lost sequentially (see scheme
1.1.6). The species formed after the loss of one electron is a free radical,
semidehydroascorbic acid or ascorbyl radical. The ascorbyl radical is relatively stable and
is fairly unreactive. This property explains why ascorbate may be a preferred antioxidant.
Upon the loss of a second electron, dehydroascorbate (DHA) is formed. Dehydroascorbate

is unstable and decomposes to L-threonic and oxalic acid (Halliwell & Gutteridge 1999b)

Ascorbate radical attack _ semidehydroascorbate (Dinsdale 2008) radical
2SDA disproportionation ascorbate + dehydroascorbate (DHA)
DHA rapid non-enzymatic  L-threonic and oxalic acid

breakdown

Scheme 1.1. 6 Oxidation and degradation of ascorbate (Halliwell & Gutteridge 1999)
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In vitro, ascorbate has been shown to have multiplicity of antioxidant properties, protecting
various biomolecules against damage by ROS and RNS (Halliwell & Gutteridge 1999b).
The levels of ascorbate found in vivo (30-100 uM in human plasma) are sufficient to exert
such antioxidant effects, though direct evidence of ascorbic acid as an antioxidant in vivo is
not supported consistently by currently available clinical research. Vitamin C may have
favourable effects on vascular dilatation, possibly through its antioxidant effects on NO’
(Gokce 1999;Khassat 2003) but these findings were not consistent (Duffy 1999). It has also
been postulated to improve impaired endothelial vasodilation restoring nitric oxide activity.
This phenomenon was first documented by Taddei et al., (1998) where 14 hypertensive
subjects were shown to have improved vasodilation after infusion of intrabrachial vitamin
C (2.4 mg/100 mL forearm tissue per minute). This was reversed by the nitric oxide
synthase inhibitor N°-monomethyl-L-arginine. These findings supported the hypothesis
that nitric oxide inactivation by oxygen free radicals contributes to endothelial dysfunction
in essential hypertension. Moreover, in most studies, the vitamin C-induced effects on
vasodilatation occurred when vitamin C was administered intra-arterially and whether
vasodilatation occurs at physiologically relevant concentrations of vitamin C is uncertain

(Choi 2010).

Several lines of evidence suggest that vitamin C is a powerful antioxidant in biological
systems in vitro. However, its antioxidant role in humans has not been supported by
currently available clinical studies (Ye and Song 2008). Zheng et al., (2008) in a cohort
study of vitamin C supplementation (30 mg/day for a period of 15 years) did not find any
significant reductions in the CHD risks. Additionally, a randomised, double-blinded,
placebo-controlled trial in more than 14,000 older men found that vitamin C
supplementation (500 mg/day) for an average of eight years had no significant effect on
major cardiovascular events, total myocardial infarction or cardiovascular mortality (Sesso

2008).
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1.1.5. 5 Glutathione

Glutathione is a tripeptide composed of cysteine, glutamic acid and glycine. Its active
group is the thiol (-SH) of cysteine. Oxidised glutathione (GSSG) consists of two GSH
molecules joined by disulfide bridge (Meister 1989;Meister 1994). GSH functions as an
antioxidant primarily as a component of the enzyme system containing GSH oxidase and
reductase. GSH is oxidised to GSSG by selenium containing glutathione peroxidase
(section 1.1.5.3 and scheme 1.1.5) and removing hydrogenperoxide. GSH reductase, which

contain flavin adenine dinucleotide, a derivative of riboflavin, reduces GSSG:

GSSG + NADPH + H' reductase NADP" +2GSH

»

Scheme 1.1. 7 Reaction of glutathione reductase

GSH also functions as an antioxidant independent of enzymes. For example it donates
hydrogen to repair damaged DNA. For this reason, GSH and other thiol compounds might

be important for protecting against damage from free radicals (Tanaka 2002).

1.1.5. 6 Vitamin E (a-tocopherol)

Vitamin E is a generic term for the tocopherols and tocotrienols, which have saturated and
unsaturated side chains, respectively. Each group has a, B, vy and & forms that differ

according to the position and the number of the methyl groups on the hydroxychroman ring

36



with a-tocopherol being the most abundant form of vitamin E in vivo (Burton 1983). The
structure and nomenclature of tocotrienols and tocopherols will be discussed in more
detailed in chapter 3. An important biological activity of a-tocopherol is its ability to act as
an antioxidant. a-tocopherol is considered to be the principal lipid soluble chain breaking

antioxidant in vivo (Burton 1983).

Peroxyl radicals are probably the principal oxidants scavenged by a-tocopherol in
biological systems. Phenols, such as a-tocopherol, typically trap lipid peroxyl radicals, for
example during lipid peroxidation by a two-step mechanism as indicated in general terms in
Scheme 1.1.8. First a peroxyl radical abstracts a hydrogen atom from tocopherol to produce
a hydroperoxide and a tocopheroxyl radical. The tocopheroxyl radical is then able to
scavenge another lipid peroxyl radical to form a non-radical adduct. The tocopheroxyl
radical is unusually stable, owing to resonance stabilisation of the chroman ring, and
therefore less likely to propagate the radical chain. Overall, each a-tocopherol molecule in

capable of scavenging two peroxyl radicals (Burton 1983).

TOH + LOO’ > TO + LOOH

TO® + LOO’ — NRP + LOOH

Scheme 1.1. 8 Reaction of a-tocopherol (TOH) with lipid peroxyl radicals (LOQO¢)
(TO’- tocopheroxyl radical, NRP- non- radical adduct and LOOH- lipid hydroperoxide)

In the event of the failure of the defence mechanisms to scavenge the free radicals,
oxidative stress may result. The consequences of oxidative stress are discussed in the

section below.
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Fig.1.1. 2 Lipid peroxidation (Sevanian & Hochstein 1985)
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1.1. 6 Oxidative damage

1.1.6. 1 Oxidative damage to proteins

Oxidative attack on proteins can result in a number of consequences such as site-specific
amino acid modifications, fragmentation of the peptide chain, aggregation of cross-linked
reaction products, altered electrical charge and increased susceptibility to proteolysis. The
amino acids in a protein differ in their susceptibility to attack, and the various forms of
activated oxygen differ in their potential reactivity. In spite of this complexity, some
generalisations can be made. Sulphur containing amino acids, including those with thiol
groups, are highly susceptible sites. Activated oxygen can abstract an H atom from cysteine
residues to form a thiyl radical that will cross-link to a second thiyl radical to form

disulphide bridges (Markesbery and Lovell 2007).

Many amino acids undergo specific irreversible modifications when a protein is oxidised.
For example, tryptophane is readily cross-linked to form bityrosine products (Davies
1987a;Davies 1987b). Histidine, lysine, proline, arginine and serine form carbonyl groups
on oxidation (Stadtman 1986;Stadtman 1993). The oxidative degradation of protein is
enhanced in the presence of metal cofactors that are capable of redox cycling, such as iron.
In these cases, the metal binds to a divalent cation-binding site on the protein. The metal
can then react with hydrogen peroxide to form a hydroxyl radical that can rapidly oxidise

an amino acid residue at or near the cation-binding site of the protein (Radak 2011).

Oxidative modification of specific amino acids is one mechanism of marking a protein for
proteolysis (Stadtman 1986). In E. coli there are specific proteases that degrade oxidised
proteins (Farr and Kogoma 1991a;Farr and Kogoma 1991b) and similar specificity is

hypothesised to occur in humans, but no direct evidence has been put forward to date
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(Radak 2011). Oxidative modification of specific amino acids is one mechanism of
marking a protein for proteolysis (Stadtman 1986). In E. coli there are specific proteases
that degrade oxidised proteins (Farr & Kogoma 1991b) and similar specificity is
hypothesised to occur in humans, but no direct evidence has been put forward to date

(Radak 2011).

1.1.6. 2 Oxidative damage to DNA and carbohydrates

Oxidative damage to DNA is a result of interaction of DNA with reactive oxygen species
(ROS), in particular the hydroxyl radical. Superoxide and hydrogen peroxide are normally
not reactive towards DNA. However, in the presence of ferrous or cuprous ions (the Haber-
Weiss reaction), both superoxide and hydrogen peroxide are converted to the highly
reactive hydroxyl radical. The hydroxyl radical can produce a multiplicity of modifications
in DNA. For example, oxidative attack by OH" radical on the deoxyribose moiety will lead
to the release of free bases from DNA, generating strand breaks with various sugar
modifications and simple abasic (AP) sites, where a DNA base is lost (Sies H 1991b;Sies
1986). The C4-C5 double bond of pyrimidines in DNA are particularly sensitive to attack
by the OH’ radical, generating a spectrum of oxidative pyrimidine products including
thymine glycol, uracil glycol, urea residue, 5-OHdU (5-hydroxyuridine), 5-OHdC (5-
hydroxycytosine), hydantoin and others (Kasai et al. 1984). Similarly, the interaction of
OH’ radical with purines will generate 8-hydroxydeoxyguanosine (8-OHdG), 8-
hydroxydeoxyadenine (8-OHdA), formamidopyrimidines and other less characterized
purine oxidative products (Loft 2008). The biological consequences of many of the
oxidative products are known. For example, unrepaired thymine glycol is a block to DNA
replication and is thus potentially lethal to cells (Dizdaroglu 1985). 8-OHdG causes

abundant oxidative damage to guanine, is readily by-passed by the DNA polymerase and is
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highly mutagenic resulting in base mispairings (European standards committee on Oxidative

DNA damage (ESCODD) 2003).

In the case of oxidative damage to carbohydrates, it has been observed that polysaccharides
such as hyaluronic acid can be degraded by oxidative attack and superoxide dismutase
was found to be capable of protecting hyaluronic acid against depolymerisation in
synovial fluid (Duan and Kasper 2011). Proteoglycans have also been shown by (Rees et
al. 2008) to be susceptible to oxidative breakdown in a similar manner to carbohydrate
damage. Another key carbohydrate associated with oxidative stress is the aldehyde

malonaldehyde which can be used as an index of lipid peroxidation, as discussed in section

1.1.8.

1.1. 7 Significance of oxidative stress in disease

As stated earlier, disease-associated oxidative stress could result from either (Suarna et al.
1995) diminished antioxidants (Golden 1987) or is an increased production of ROS/RNS
(Halliwell & Gutteridge 1999). The latter mechanism is usually thought to be more relevant
to disease and is frequently the target of attempted therapeutic interventions (Halliwell &
Gutteridge 1999). However, in most human diseases, oxidative stress is likely to be a
consequence and not the primary cause of the disease process. Oxidative stress can result in
either adaptation, where the target completely, partially or overtly protects itself against
damage, or tissue damage where molecular targets like DNA and protein are targeted or
cell death where necrosis and/or apoptosis is observed. A point to be noted is that these

three events follow each other chronologically, whereby the first line of action against
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oxidative stress is defence, when this fails tissue damage can occur which is then followed

by either necrosis and/or apoptosis of the cell (Halliwell & Gutteridge 1999b).

A large increase in the production of oxidants, leading to oxidative stress has been
hypothesised to be implicated in the aetiology of number of diseases such as
atherosclerosis, diabetes and rheumatoid arthritis (Burton 1983). Some human conditions
may result directly from oxidative stress. For example, ionising radiation generates OH’, by
splitting water molecules and many of the biological consequences of exposure to excess
radiation are probably due to oxidative damage to proteins, DNA and lipids. Tissue damage
by for example infection, trauma, toxins and abnormally high or low temperatures, usually
leads to the formation of increased amount of putative ‘injury mediators’, such as
prostaglandins, leukotrienes, interleukins and other cytokines such as tumour necrosis
factor (TNFs). The presence of free radicals in these situations would exaggerate or aid in

furthering tissue damage (Halliwell and Gutteridge 1990).

Oxidative stress has been implicated in the aetiology of numerous diseases and for this
thesis purpose I have selected the more prominent diseases that have been implicated with
oxidative stress. The section below details the role of oxidative stress in the aetiology of

vascular disease, neurodegenerative diseases and diabetes.

In the case of vascular diseases, it is thought that oxidative stress contributes markedly to
endothelial dysfunction. For example the, bioavailability of NO (nitric oxide) is reduced as
a result of its reaction with superoxide (O;") to peroxynitrite (Halliwell 2000). In addition,
there is evidence that persisting oxidative stress will render endothelial nitric oxide
synthase (eNOS) dysfunctional such that it no longer produces NO but superoxide and thus

continues the cycle of destruction (Forstermann 2010). Evidence of this has been obtained
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in rat aorta (Laursen 2001), endothelial cells treated with low-density lipoprotein (Pritchard
1995) and stroke prone spontaneously hypertensive rats (Kerr 1999). eNOS dysfunction has
also been observed in patients with endothelial dysfunction due to hypercholesterolemia
(Stuehr 2001), diabetes mellitus (Heitzer 2000) and in chronic smokers(Heitzer 2001a).

The neurodegenerative diseases - Alzheimer’s disease (AD) and Parkinson’s disease (PD),
are age-related disorders characterized by the deposition of abnormal forms of specific
proteins in the brain. AD is characterized by the presence of extracellular amyloid plaques
and intra-neuronal neurofibrillary tangles in the brain (Jomovo 2010). Biochemical analysis
of amyloid plaques revealed that the main constituent is fibrillar aggregates of a 39-42
residue peptide referred to as the amyloid-b protein (Ab) (Selkoe 2001). PD is associated
with the degeneration of dopaminergic neurons in the substantia nigra pars compacta. One
of the pathological hallmarks of PD is the presence of intracellular inclusions called Lewy
bodies that consist of aggregates of the presynaptic soluble protein called a-synuclein

(Latha and Hindupur 2010).

There are various factors influencing the pathological depositions, and in general, the cause
of neuronal death in neurological disorders appears to be multifactorial. However, it
appears, that the underlying factor in the neurological disorders is increased oxidative stress
substantiated by the findings that the protein side-chains are modified either directly by
reactive oxygen species (ROS) or reactive nitrogen species (RNS), or indirectly, by the
products of lipid peroxidation (Jomova 2010). The increased level of oxidative stress in AD
brain is reflected by the increased brain content of iron (Fe) and copper (Cu) both capable
of stimulating free radical formation (e.g. hydroxyl radicals via the Fenton reaction),
increased protein and DNA oxidation in the AD brain, enhanced lipid peroxidation, and
decreased levels of cytochrome ¢ oxidase and advanced glycation end products (AGEs),

carbonyls, malondialdehyde (MDA), peroxynitrite, and heme oxygenase-1 (HO-1). AGEs,
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mainly through their interaction with receptors for advanced glycation end products
(RAGESs), further activate signaling pathways, inducing formation of proinflammatory
cytokines such as interleukin-6 (IL-6) (Bush 2003). The conjugated aromatic ring of
tyrosine residues is a target for free-radical attack, and accumulation of dityrosine and 3-

nitrotyrosine has also been reported in AD brain (Valko 2005).

The oxidative stress linked with PD is supported by both postmortem studies and by studies
showing an increased level of oxidative stress in the substantia nigra pars compacta,
demonstrating thus the capacity of oxidative stress to induce nigral cell degeneration
(Jomova 2010). Increased concentration (statistically significant) of markers of lipid
peroxidation was observed, which included 4-hydroxytrans- 2-nonenal (HNE), 4-oxo-trans-
2-nonenal (4-ONE), acrolein, and 4-oxo-trans-2-hexenal, all of which are well recognized
neurotoxic agents (Kraystberg 2006). In addition, other important factors, involving
inflammation, the toxic action of nitric oxide (NO), defects in protein clearance and

mitochondrial dysfunction appears to contribute to the aetiology of PD (Jomova 2010).

Section 5.1 will focus on the aetiology of oxidative stress in diabetes, the condition which

has been investigated in this study.

1.1. 8 Biomarkers of oxidative stress

Oxidative stress is propagated by free radicals (Section 1.1.6). Free radicals are extremely
reactive and short-lived and it is difficult to measure these species, and therefore, oxidative
stress directly. Electron spin resonance (ESR) can be used to detect free radicals (Gilbert

1981c). This method is however often too insensitive to detect directly such radicals such
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as O,” and OH’ in living systems. Direct ESR of biological material can only detect less-
reactive radicals such as the ascorbyl radical. In practice it has been found to be necessary
to use spin trapping methods to detect radical adducts but this method is not feasible for
application to sample batches in clinical trials. Most methodologies therefore, measure
products of oxidative stress. There are numerous potential products of oxidative stress,
because as discussed previously free radicals attack all cell components resulting in
peroxidation of lipids, oxidation of protein and carbohydrates and oxidative damage to
DNA. Guanine is the DNA base most prone to oxidative damage resulting in the formation
of 8-hydroxydeoxy guanosine (8-OHdG). 8-OHdG has been studied widely in both cellular
DNA analyses and in non-invasive urinary analysis (Helbock 1998). The most commonly
used analytical procedures are high performance liquid chromatography with
electrochemical detection (HPLC-ECD) (Von Sontang 1987a;Von Sontang 1987b), gas
chromatography-mass spectrometry (GC-MS) (Jenner 1998) and enzyme-linked
immunosorbent assay (ELISA) (Tsuboi 1998). The major disadvantage of these assays is
that it is labour intensive requiring multiple steps which include enzymatic digestion, an
elaborate extraction and separation steps for 8-OHdG isolation. The HPLC procedure has
its advantages over the GC-MS method as it determines the free 8-OHdG
in plasma and urine without enzymatic digestion (Lengger 2000). In the case of the ELISA
assay, (Shimoi 2002) found in their study that ELISA estimates were about twofold higher
than that of the HPLC on original urine. For reasons not known, 10% of the urine samples

showed more than a fourfold increase in value produced by ELISA.

Other frequently used markers of oxidative stress are products of lipid peroxidation. A

direct approach would involve the measurement of primary products of peroxidation, such

as the hydroperoxides. However, hydroperoxides are unstable, so indirect measures are
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frequently used which employ determination of secondary or end products derived from
further oxidation of the hydroperoxides. The most frequently quoted index of lipid
peroxidation is the aldehyde, malondialdehyde (MDA). MDA is a three carbon, low-
molecular weight aldehyde that can be produced from free radical attack on
polyunsaturated fatty acids. Documented methods to measure MDA either involve the
measurement of free MDA or an MDA derivative. The most common and simple method
employs measurement of an MDA derivative, where MDA reacts with thiobarbituric acid
(TBA) at low pH and elevated temperature to produce fluorescent and pigmented adducts,
referred to as thiobarbituric acid reactive substances (TBARS). This method is however
non-specific, as other low molecular weight aldehydes are also able to react with TBA
Asakawa and Matsushita, 1980 (Asakawa Matsushita 1980a). HPLC methods have also
been developed for the specific and direct quantitation of plasma and urinary MDA but
these methods were found to require long elution times of almost 1 hr 90 min and were also
observed to elute non specific MDA-related compounds which results in the over
estimation of the metabolite (Janero 1990). To compensate the problem of overestimation,
Khoschsorur (Khoschsorur 2000) et al., (2000) used an HPLC method with
spectrofuorimetric detection to quantitae urinary MDA. The major advantage of the method
was its high selectivity, accuracy and reproducibility compared to the existing methods but
the sample preparation protocols still required a labourious derivatisation step, which

though yet to be proved could potentially lead to overestimation (Janero 1990).

A hydrocarbon breath test is a method to measure exhalation of a group of volatile
hydrocarbons, the alkanes, formed by in vivo lipid peroxidation of polyunsaturated fatty
acids (PUFAs). The alkanes, most frequently measured, include ethane and pentane. In

Kivits et al., 1981 (Kivits 1981)demonstrated that an increased recovery of exhaled ethane
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resulted from an increased oxidation of w-3-PUFA, and oxidation of w-6-PUFAs was
responsible for increased pentane recovery. Practical limitations of this non-invasive
approach include the lack of standardised methods of collecting, processing and analysing
expired air. In addition, ambient concentrations of ethane and pentane in the atmosphere are

greater than in expired air and, can therefore easily contaminate the breath samples.

Oxidative products of proteins are measured by protein carbonyl (CO) groups.
Carbonyl (CO) groups (aldehydes and ketones) are produced on protein side chains
(especially of Proline, Arginine, Lysine and Threonine) when they are oxidised. These
moieties are chemically stable, which is useful for both their detection and storage (le-
Donne 2003). The proteins (plasma) are then quantated by spectrophotometry (Levine
1990), spectrophotometry coupled with HPLC (Gladstone 1994) or ELISA (Buss et al.
1997). The spectrophotometry assay was observed by (Fagan 1999) to be unreliable for
quantitating carbonyl content in protein extracts that contain high amounts of chromophore
that absorbs at 370 nm (e.g., haemoglobin, myoglobin, retinoids). Also the assay does not
provide any information on the extent of oxidative damage to a particular protein in a
complex mixture like plasma, tissue homogenates, or cellular extracts; it requires more
protein than may be available from clinical samples; it is labor intensive; and washing steps
can give rise to variability (Lyras 1996;Reznick and Packer 1994). In the case of
spectrophotometry coupled with HPLC assay one major disadvantage observed was that
protein mixture fractionation by HPLC cannot completely separate proteins of close
molecular weights. On the other hand, it is a highly sensitive technique for the quantitation
of protein oxidative damage, especially for investigating purified proteins, but is less useful
in protein mixtures due to problems with resolution (Agarwal and Sohal 1995). The

drawback of the ELISA test is that it requires somewhat expensive and specialized
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equipment and, like the spectrophotometric assay, does not provide any information on the

extent of oxidative damage to a particular protein in a complex mixture (Le- Donne 2003).

The oxidative products of carbohydrates especially deoxyribose has been exploited for the
development of an assay of the formation of free radicals. In the tiobarbiturate assay,
deoxyribose yields a degrading product that is almost identical to the product obtained with
malondialdehyde (MDA) (Halliwell 1992). The use of MDA, its advantages and

disadvantages have been covered earlier in this section.

Many studies have measured a group of compounds called the F,-isoprostanes, a family of
eicosanoid like structures, as a sensitive marker of in vivo oxidative stress. The F,-
isoprostanes are lipids which are non-enzymatically derived isomers of the prostaglandins.
They are formed in vivo by free radical mediated oxidation of arachidonic acid. Increase in
the Fr-isoprostanes have been well documented in a number of disease conditions (section
2.1.2). Fy-isoprostanes will be discussed in more detail in chapter 2 where I aimed to
establish a novel method for the measurement of isoprostanes in urine. In summary the
established method of quantitating urinary and plasma isoprostanes is a GC-MS method
which requires an extraction protocol followed by a derivatisation step and a
chromatographic separation prior to analysis using gas chromatography. The process is
laborious and could generate artefacts. The ELISA and HPLC methods developed have

been indicated to be inaccurate and are discussed in detail in section 3.1.3.

In conclusion, even though oxidative stress has been implicated in either the aetiology

and/or a feature of various acute and chronic disease conditions, definitive evidence for this

association is lacking. This may be due to the short comings with the biomarkers and/or
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methods available to assess oxidative stress status in humans. The existing methodologies
discussed above either lack validity or are too cumbersome to be used as a routine clinical
procedure. Even though isoprostanes are currently considered to be the “gold standard” for
quantitating oxidative stress, the established methodology is labour intensive and could
cause artefact formation. Shorter HPLC and ELISA methods are inaccurate and thus there
is a critical need to develop new methodologies to accurately quantitate biomarkers of

oxidative stress.

In this study I attempted to develop a new and faster method of accurately measuring
isoprostanes using HPLC MS/MS. In addition I also developed methods to measure other
two other possible markers of oxidative stress namely conjugated metabolites of vitamin E
and amino acids associated with NO metabolism. The reasoning behind selecting these

markers will be explained in the following sections of the thesis.
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Chapter 2

Materials and Methods
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2 Materials and Methods

2. 1 Principles of methodology

In this study the development of methods using liquid chromatography/ tandem mass

spectrometry and the principles of this methodology will now be described.

2.1. 1 High performance liquid chromatography (HPLC)

High performance liquid chromatography (HPLC) is a physical method of separation in
which the components to be separated are distributed between two phases, one is solid and
stationary while the other is a mobile liquid. In practice the solid stationary phase is packed
into a HPLC column. The liquid mobile phase is pumped at a high pressure (500-2000 psi)
through the column, where individual components of the sample separate from each other
based on their individual affinities for the solid and mobile phase, with each emerging from
the column at separate points in time. This separation in time may be manipulated by

changing the physico-chemical properties of the mobile phase (Sandie Lindsay 1992).

In the current study, reverse phase chromatography was applied to separate the metabolites.
Reverse phase means that the polarity of the stationary phase is less than that of the mobile
phase and as a result solutes are eluted in order of polarity with the most polar eluting first.
The retention times of the solute can be controlled by for example, changing the polarity of
the mobile phase. The advantages of using reverse phase chromatography are that it has a
very broad scope that allows components with wide ranges of polarity to be separated, it
uses relatively inexpensive solvents, and equilibration of the mobile phase with the column

is rapid (Sandie Lindsay 1992).
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In order to analyse and quantitate the metabolites of interest (isoprostanes, vitamin E and
amino acids) in urine, HPLC was coupled to an electrospray triple quadrupole tandem mass
spectrometer (ESI-MS/MS). The HPLC separates the metabolites of interest from the urine
and then introduces them singularly to the ESI-MS/MS. This was a particularly important
step in the case of the vitamin E metabolites, as the mass spectrometer cannot differentiate
between the two important metabolites a-TLHQ (Pope et al. 2000) and a-CEHC (carboxy-
ethyl-hydrochroman) because they have the same molecular weight. (the alternative method
would include deconjugation but method has been implicated with artifact formation-which

has been detailed in the discussion)

2.1. 2 Electrospray triple quadrupole tandem mass spectrometry
(Fig.2.1.1)

Tandem mass spectrometry (MS/MS) is a rapid and sensitive method that is used routinely
to permit the identification of metabolites in biological samples with minimal sample
preparation (Griffiths et al. 2001a;Griffiths et al. 2001b). The basic principles of mass
spectrometry and the usefulness of tandem mass spectrometry in identifying and

characterising metabolites are discussed below.

2.1.2. 1 Basic principles of mass spectrometry

Mass spectrometers are essentially composed of three components (see Fig.2.2.1):

i 10n source
i mass analyser
1ii detector
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Fig.2.1. 1 Diagrammatic representation of HPLC-MS/MS
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In order to obtain a mass spectrum, ions must be produced in the gas phase. These ions are
then accelerated to a specific velocity using electric fields and projected into a mass
analyser that separates the ions according to their mass. Finally, each charged particle of a

particular mass is detected sequentially in time.

The appearance of the mass spectrum obtained is dependent largely on the ionisation
method used. So-called soft or low energy ionisation methods such as electrospray or
matrix assisted laser desorption, produce simple spectra which contain peaks corresponding
mainly to the masses of molecular ions. In contrast, high energy ionisation techniques, such
as electron impact, produce complicated spectra due to the large number of fragment ions

produced. Electrospray ionisation was used in this study which is discussed below.

2.1.2. 2 Electrospray ionisation (ESI)

High-energy ionisation techniques, such as electron impact (EI), cause decomposition of
thermally labile biomolecules, making such techniques unsuitable for the analysis of
underivatised biological samples. In contrast, electrospray ionisation (ESI) is able to ionise
intact non-volatile, thermally labile biomolecules and transfer them into the gaseous phase

where they can be subjected to mass analysis.

ESI was originally described over 40 years ago (Dole et al. 1968) but the first description of

the technique coupled to MS was not published until almost two decades later
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(WhitehouseC.M. et al. 1985). In conventional ESI, the sample is dissolved in a solution
and then sprayed through a thin capillary needle, which is maintained at a high voltage (2-5
kV) (Fig.2.1.2). At the end of the needle the solution disperses into a mist of highly charged
droplets containing the analyte molecules of interest. As the charged droplets travel down a
pressure and potential gradient towards an orifice in the high vacuum system of the mass
spectrometer, they desolvate and reduce in size aided by the application of dry gas and/or
heat. The surface area of the droplet decreases until either the solvent is completely
removed (Dole, Mack, Hines, Mobely, Ferguson, & Alice 1968) or the charge density on
the surface of the droplet reaches the Raleigh limit and the ion is ejected (desorbed)
(Irtbarne J.V. and Thomson 1976;Thomson and Iribarne J.V. 1979). The ion can then be

transported to the mass analyser.
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Electrospray ionisation
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Fig.2.1. 2 Features and schematic of ioinisation in an ESI source (Dr. Kevin Mills)

An important feature of ESI, as with other soft ionisation methods, is the fact that following
ionisation, it produces minimal fragmentation of the molecule of interest allowing its
molecular mass to be determined. In certain situations e.g. quantitative mass spectrometry,
this may be advantageous but it also has implications for the identification and structural
characterisation of molecules within a complex biological sample owing to the isobaric
(equal mass) nature of many biological molecules. It is, therefore, often necessary to
separate the different species present in a biological sample either prior to (e.g. using liquid
chromatography-mass spectrometry (LC-MS)) or after ionisation (e.g. tandem mass
spectrometry (MS/MS). Although, MS/MS does not physically ‘separate’ isobaric
components it may allow them to be detected individually and unambiguously due to

specific fragmentations. In this study liquid chromatography and tandem mass spectrometry
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was used to characterise the individual vitamin E metabolites and amino acids detected in

urine.

2.1.2. 3 Basic principles of tandem mass spectrometry

The most commonly used type of tandem mass spectrometer consists of two quadrupole
mass analysers coupled together in series. In a typical tandem mass spectrometric analysis
(MS/MS), ions are selected by the first mass analyser (Q1) and focused into a collision cell
(g2) preceding a second mass analyser (Q3) (Fig. 2.1.3). The second or middle quadrupole
(q2) performs no mass analysis and serves as a high pressure gas collision cell, which
promotes fragmentation of the ions selected by Q1. The second mass analyser (Q3) detects
the fragment ions produced in the collision cell. Therefore, a tandem mass spectrometer not
only gives information about the molecular mass of individual components but also allows

structural information to be obtained by studying characteristic fragment ions.

2.1.2. 4 Possible configurations of a tandem mass spectrometer
(Fig.2.1.3)

The basis of MS/MS is a process known as collision-induced dissociation (CID)
(Chowdhury et al. 1990). In this process as mentioned above, ions of a selected mass
(precursor or parent ions) are transmitted by the first mass analyser (Q1) into the collision
cell, g2, where they collide with the neutral atoms of an inert gas usually argon, helium or
nitrogen. As a result of these collisions, the internal energy of the parent ion is increased
causing the molecule to fragment. The subsequent fragment (product or daughter ions) are

then analysed by the second mass analyser, Q3.
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The first and second mass analysers (Q1 and Q3) can be operated in either fixed mass
mode, whereby only ions of a certain mass are measured, or in scan mode, where ions of a
range of masses are measured sequentially. By operating QI and Q3 in various
combinations of fixed mass and scan mode, a number of different types of tandem mass

spectrometric analyses are possible.

Straight scan mode (Fig.2.1.3.A)

In order to produce a simple spectrum of all the species in a sample, the tandem mass
spectrometer can be operated as a simple, single quadrupole mass spectrometer by utilising
only the first mass analyser in scan mode. This analysis gives an overview of all the
chemical species in a sample and allows fine tuning of the mass spectrometer for further

analysis using the collision cell (q2).

Product ion scan (Fig.2.1.3.B)

The simplest reaction in MS/MS is the dissociation of a selected precursor ion into product
ions. This reaction can be monitored by selecting one particular ion out of the ions
generated in the ion source Q1, transferring that ion to the collision cell and then analysing
the product ions with Q3. This enables a characteristic fragment ion spectrum to be
produced for each compound of interest e.g. product ions from 357 in the case of the

vitamin E metabolites (a-TLHQ and a-CEHC).

Precursor ion scan (Fig.2.1.3.C)
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In a precursor 1on scan, Q3 is fixed on one particular fragment ion produced by dissociation
of precursor ions in the collision cell (q2). Scanning of Q1, while Q3 is fixed, allows all

precursor ions which fragment to give a specific product ion to be analysed.
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Fig.2.1. 3 Examples of possible analysis using a triple quadrupole mass spectrometer. CID=Collision
induced dissociated
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A precursor ion scan can be used to detect groups of compounds that produce a common
product ion. An example is the analysis of sulphated metabolites of vitamin E by the
detection of the characteristic product ion, m/z 80. In this way, if Q3 is set to m/z 80 and

QI is scanned, the resulting spectrum will display all sulphated metabolites in that sample.

Neutral loss scan (Fig.2.1.3.D)

Many fragmentations in the collision cell produce neutral products that cannot be directly
analysed by mass spectrometry owing to their lack of charge. However a neutral loss scan,
where the two mass analysers, Ql and Q3, scan simultaneously with a fixed mass

difference between them allows neutral losses to be analysed.

An example of the use of a neutral loss scan is in the analysis of glucuronides metabolites
of vitamin E, which typically fragment with a neutral loss of 176. If Q3 is set to scan 176
mass units below Q1 e.g. if QI scans from 300 to 600 and Q3 scans simultaneously
between 124 and 424, the resulting spectrum will display all glucuronidated metabolites in

the sample.

By combining the information obtained from these different types of tandem mass

spectrometric analyses it is possible to identify and characterise even minor metabolites in

urine.
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2.1. 3 Internal standards

In order to quantitate compounds of interest using HPLC-MS/MS it is necessary to add
known amounts of internal standards as early as possible in the analysis. Internal standards
are compounds that are chemically and/ or structurally similar to the molecules intended for
quantitation and are added in a known amount at the start of the extraction. They
compensate for sample handling variations, mainly due to losses during preparation or

variation of injection volumes. The types of internal standards are as follows:

Type 1: These are usually deuterated or "*C labeled compounds and are chemically
identical to the molecule intended for analysis. They behave almost identically to the
compound it is intended to quantitate and can only be distinguished from this molecule by
use of a mass spectrometer. They are the ideal internal standards.

Type 2: These are compounds structurally similar to the class of molecule to be quantitated.

Type 3: These compounds are not structurally or chemically similar to the compounds to be

quantitated and are the least favourable choice of internal standards.

The specific internal standards used in this study will be discussed in more detail in the

relevant sections.
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2.1. 4 Urinary creatinine expression

In this study, urinary concentrations of the compounds of interest were corrected for
dilution differences by measuring the urinary creatinine concentration as creatinine is
filtered but not re-absorbed by the kidneys. Creatinine is a breakdown product of creatine
phosphate found in muscle a spontaneously formed cyclic derivative of creatine. If the
filtering of the kidney is deficient, creatinine blood levels rise. Therefore, creatinine levels
in blood and urine may be used to calculate the creatinine clearance (CrCl), which reflects
the glomerular filtration rate (GFR). The GFR is clinically important because it is a
measurement of renal function. However, in cases of severe renal dysfunction, the
creatinine clearance rate will be "overestimated" because the active secretion of creatinine
will account for a larger fraction of the total creatinine (Gross et al. 2005). The urinary
concentration of creatinine in this study of children and young people with type 1 diabetes

mellitus were normal limits.

Creatinine was measured by mass spectrometry using deuterated creatinine as the internal
standard in the urine samples. This method was developed in-house by the biological mass

spectrometry unit.

Spot urines were used in this study and the concentrations of the compounds of interest

were expressed per mmol of creatinine.
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2. 2 Isoprostanes

2.2. 1 Chemical reagents

8-150-PGF,, and the internal standard ds-8-iso-PGF,, were purchased from Cayman
Chemical Company (Ann Arbor, Michigan, USA). All the other reagents were of LC-MS
grade or equivalent and obtained from the Sigma-Aldrich Chemical Company (Poole,
Dorset, UK). The working solution of d4-8-is0-PGF,, and 8-iso-PGF,, were made up to a

concentration of 100 umol/l in ethanol.

2.2. 2 Urinary samples

Method development was performed on a urinary pool obtained from 12 laboratory
volunteers from the UCL Institute of Child Health (6 males and 6 females). The samples

were stored in -20°C.

2.2. 3 LC-MS/MS analysis

2.2.3. 1 Sample preparation prior to analysis

Neat urine (150 pl) was spun for 5 min at 1500 rpm/ 214 RCF (relative centrifugal force)
and spiked with 10 pl of (100 pmol/l) of the internal standard d4-8-iso-PGF,,. Samples
were vortexed and 15 pl was injected onto the LC-MS for analysis. The LC-MS/MS

specifications are detailed below (section 2.2.3.2 and 3):
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2.2.3. 2 Liquid chromatography (LC)

8-150-PGF,, was desalted and/ or separated prior to mass spectrometry using a Waters
2795XE high performance liquid chromatography unit with 100 mm X 2.1 mm (5 p)
HyPURITY C8 column fitted with a guard column containing the same stationary phase
(Phenomenex UK). The mobile phase consisted of water and acetonitrile: methanol (1:2)

with a flow rate of 0.25 ml/min.

The LC gradient is shown in Table 2.4.1.The mobile phase consisted of a step change
gradient where the mobile phase consisted of 80% HPLC grade water and 20%
ACN:MeOH (1: 2, v/v) which was gradually changed to 100% ACN:MeOH (1: 2, v/v) over
a period of 7.5 min. The mobile phase was maintained at 100% ACN:MeOH for 2.5 min.
The column was then reconditioned and re-equilibrated before the next injection with 80%
water and 20% ACN:MeOH (1: 2, v/v) for 4 min. The total analysis time between each

injection was 14 min. The injection volume was 40 pl.

67



Time Water Acetonitrile:Methanol Flow
(1:2) ml/min
% %
0.0 80 20 0.25
2.00 55 45 0.25
7.49 20 80 0.25
7.50 0 100 0.25
10.00 0 100 0.25
10.01 80 20 0.25
14.00 80 20 0.25

Table 2.2. 1 Chromatographic conditions

2.2.3. 3 Electrospray ionisation-tandem mass spectrometry (ESI-
MS/MS)

Mass spectrometry was carried out using a triple quadrupole Quattro Micro instrument
(MicroMass, Waters, U.K.) fitted with an electrospray ionisation source in negative ion
mode. The source and desolvation gas temperature were held constant at 150 and 350 °C
respectively, with flow rates of 900 and 25 litres of nitrogen per hour, respectively. The
optimal collision energy was found to be 36 eV with an optimal gas cell pressure of 7.66 X
10~ mbar. The MS/MS parameters remained constant throughout the method development

in this chapter. Table 2.4.2 below shows the mass spectrometry parameters.
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Transition Dwell time Cone Voltage Collision

(Sec) Voltage
8-150-PGF,, 353>193 0.50 42 26
d4-8-150-PGFy, 357>197 0.50 25 36

Table 2.2. 2 Mass spectral specifications
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2.3. 1 Chemical reagents

The internal standards used in this study to quantitate the vitamin E metabolites were
lithocholic acid sulphate and androsterone glucuronide which were purchased from Sigma-
Aldrich Chemical Company (Poole, Dorset, UK). The working solutions of the internal
standards were made up to a concentration of 100 pmol/l in methanol. Vitamin E
metabolites were kindly synthesised and supplied by Simon Pope and were made up to a
concentration 100 pmol/l in methanol. All the other reagents were of LC-MS grade or

equivalent and obtained from the Sigma-Aldrich Chemical Company (Poole, Dorset, UK).

2.3. 2 Sample preparation prior to analysis

Neat urine (150 pl) was spun for 5 min at 1500 rpm/ 214 RCF (relative centrifugal force)
and spiked with 10 pl of 100 uM of the internal standards, lithocholic acid sulphate and
androsterone glucuronide. Samples were vortexed and 15 pl was injected into the LC-MS

for analysis. The LC-MS/MS specifications are detailed below:

2.3. 3 Liquid chromatography (LC)

Vitamin E metabolites were desalted and/ or separated prior to mass spectrometry using a
Waters 2795XE high performance liquid chromatography unit fitted with a 100 mm X 2.1
mm (5 p) HyPURITY C8 column plus a guard column containing the same stationary
phase (Phenomenex UK). The mobile phase consisted of methanol, 4 mM ammonium
acetate (containing 0.01 % formic acid) and methanol: acetonitrile (2:1), using flow rates of

0.25-0.55 ml/min.
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The chromatographic conditions used are tabulated in Table 2.3.1. The mobile phase
consisted of a step change gradient where the LC gradient started with 5% 2:1 mixture of
methanol: acetonitrile (MeOH: ACN) and 95% 4mM ammonium acetate (containing 0.01%
formic acid) for 4 min. Water then replaced ammonium acetate in the gradient and MeOH:
ACN was increased to 20% with 80% water for 1 minute and further increased to 45%
where it was held until 10.49 minutes. It was at this gradient that all the vitamin E
metabolites eluted between 7-10 minutes. The gradient was then increased and held at 100
% until 14 minutes. The column was reconditioned before the next injection for 4 min by
re-equilibration with 5 % MeOH: ACN and 95% 4mM ammonium acetate (0.01% formic
acid). The total analysis time between each injection was 20 minutes with a flow rate of

0.25-0.55 ml/min.
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Time Water 4 mM Ammonium | Acetonitrile: Flow
acetate Methanol
% (0.01 Formic acid) | (1: 2, v/v) ml/min
%

0.0 0 95 5 0.50
1.00 0 95 5 0.50
1.01 0 95 5 0.25
4.00 80 0 20 0.25
5.00 55 0 45 0.25
10.49 20 0 80 0.25
10.50 0 0 100 0.50
14.00 0 0 100 0.50
16.01 0 95 5 0.55
20.00 0 95 5 0.55

Table 2.3. 1 Chromatographic conditions

2.3. 4 Electrospray ionisation-tandem mass spectrometry (ESI-

MS/MS)

Mass spectrometry of the vitamin E metabolites was carried out using a triple quadrupole

Micro Quattro instrument (MicroMass, Waters, U.K.) fitted with an electrospray ionisation

source. The source and desolvation gas temperatures were held constant at 150°C and

350°C respectively, with flow rates of 950 and 60 liters of nitrogen per hour. The optimum

gas cell pressure was set at 4 X 10~ mbar. The vitamin E metabolites were detected using

multiple reaction monitoring mode (MRM) of the transitions at 356.97>80.37 and
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453.02>112.8 m/z for the CEHC/TLHQ sulphate and CEHC/TLHQ glucuronide,
respectively. Table 3.3.2 below shows the mass spectrometry parameters. Data was
acquired over a period of 2-20 min, in multiple channel acquisition mode and with a dwell
time for each ion species of 50 ms. Using the divert valve, the HPLC mobile phase
containing salts and other contaminants were diverted away from the mass spectrometer
during the first 3 minutes. In this way at least 300 analyses could be performed before the

ion source required routine maintenance.

The method developed is an in-house method and no changes were made.

Transition Dwell (Sec) Cone Collision
Voltage Voltage

a-CEHC/TLHQ 356.9>79.7 0.50 42 26
sulphate
a-CEHC/TLHQ 453>112.8 0.50 25 36
glucuronide
Lithocholic acid 455.3>97 0.50 49 31
sulphate
Androsterone 465.3>113.2 0.50 156 46
glucuronide

Table 2.3. 2 Mass spectral specifications
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2. 3 Amino acids associated with nitric oxide (NO)

2.4. 1 Chemical reagents

All reagents were LC-MS grade or equivalent and obtained from the Sigma-Aldrich
Chemical Company (Poole, Dorset, UK). The internal standard used in this study to
quantitate the amino acids was *Cg arginine which was purchased from CDN isotopes

(Thaxted, Essex, UK).

2.4. 2 Preparations of standards and internal standard for MS/MS

The working solution of each of the amino acids and internal standard was made up to a
concentration of 100 pmol/l in methanol and was derivatised as follows: 15 pl of the 100
umol/l working solution was added to 100 ul water. 250 pl 0.1 M borate buffer (pH 10.4)
and 250 pl FMOC (5.8 mmol/l in acetone) were then added to the mixture, vortexed and
left at room temperature for 15 min. The derivatised compounds were then desalted on a
C18 Sep-Pak column (LiChrolut RP-18-500 mg) as follows:
1. Prime column with 3 ml 50 % acetonitrile- discard
2. Prime column with 3 ml water- discard
3. Apply sample to column and collect eluant
4. Reapply eluant and collect eluant
5. Wash with : 3 ml water- collect eluant
3 ml 20 % acetonitrile — collect eluant
3 ml 40 % acetonitrile — collect eluant
3 ml 60 % acetonitrile — collect eluant

3 ml 100 % acetonitrile — collect eluant
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The total volume (15 ml) of the collected eluant was frozen (-20°C) and used as standards

in the validation procedures.

2.4. 3 Urinary samples

Method development was performed on a urinary pool obtained from laboratory volunteers
from the UCL Institute of Child Health. Neat urine (150 pl) was spun for 5 min at 1500
rpm/ 214 RCF (relative centrifugal force) and spiked with 10 pl of (100 umol/l) of the
internal standard. The protocol for the urinary derivatisation of the urinary amino acids was

as follows.

1. 10 pl of 100 pmol/l internal standard ('*Cg arginine) was added to

2. 50 pl of urine and vortexed

3. 150 pl of 0.1 mol/l borate buffer, pH 10.4, was added and vortexed

4. 150 ul FMOC (5.8 mmol/l in acetone) was added and vortexed

5. The final reaction mixture was left for 15 minutes at room temperature prior to

analysis by mass spectrometry

The derivatisation protocol was found to be >95% complete and any losses would be
corrected for by the addition of the internal standard. The samples and metabolites were

also found to be stable when experiments were conducted on spiked urine (data not shown).

2.4. 4 LC-MS/MS data analysis

15 ul of the sample prepared as described in section 2.4.3 was injected onto the LC-MS for

analysis. The LC-MS/MS specifications are detailed below.
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2.4.4. 1 Liquid chromatography

The amino acids were desalted and/ or separated prior to mass spectrometry using a Waters
2795XE high performance liquid chromatography unit. Rapid analyses were achieved using
a 100 mm X 2.1 mm with a 5 p particle size HyPURITY C8 column and a guard column
containing the same stationary phase (Phenomenex UK) and using flow rates of 0.25
ml/min. The LC gradient used was procedure 2 as described previously (Table 4.2.4) which
consisted of ammonium acetate containing 0.01 % formic acid and acetonitrile. The masses
of all the amino acids were observed between 5-11 min. The total analysis time between

each injection was 20 min.

2.4.4. 2 Electrospray ionisation-tandem mass spectrometry (ESI-
MS/MS)

Mass spectrometry of the amino acids was carried out using a triple quadrupole Micro
Quattro instrument (MicroMass, Waters, U.K.) fitted with an electrospray ionisation source
in negative mode. The temperatures of the source and desolvation gas were held constant at
150 °C and 350 °C respectively, with flow rates of 950 and 60 liters of nitrogen per hour.
The optimum gas cell pressure was set at 4 X 10~ mbar. The amino acids were detected
using multiple reaction monitoring mode (MRM) of the appropriate transitions. Table 4.3.1
shows the MRMs and mass spectrometry parameters for the amino acids analysed. Data
was acquired over a period of 2-20 min, in multiple channel acquisition mode with a dwell
time for each ion species of 50 ms. Using the divert valve, the HPLC mobile phase
containing salts and other contaminants were diverted away from the mass spectrometer
during the first 3 min. In this way at least 300 analyses could be performed before the ion

source needed routine maintenance.

76



Transition Dwell Cone Collision

(Sec) Voltage Voltage
FMOC L-arginine 394.7>172.9 0.50 18 8
FMOC L-citrulline 396.1>173.9 0.50 18 8
FMOC L-ADMA 422.8>201.0 0.50 16 13
FMOC L-homocysteine | 356.1>159.8 0.50 9 9
FMOC L-taurine 346.0>123.7 0.50 16 21
FMOC L-serine 326.1>129.7 0.50 11 11
2(FMOC) L-cystine 683.5>151.8 0.50 12 13
FMOC L-cysteine 342.0>145.7 0.50 15 7
FMOC L-phenylalanine | 386.6>190.1 0.50 14 13
FMOC L-glutamic 368.4>172 0.50 24 10
FMOC L-glycine 296.5>73.8 0.50 17 5
FMOC L-"Cgarginine 400.6>178.9 0.50 18 8

Table 2.4. 1 Mass spectral specifications
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Chapter 3

Isoprostanes
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3 Isoprostanes

The aim was to establish and validate a rapid non-invasive method for the measurement of
8-1s0PGF,, isoprostane in urine. The chapter describes the development of an assay and its

potential use as a measure of oxidative stress.

3. 1 Isoprostanes as markers of oxidative stress

One of the greatest problems in the field of free radical research has been the absence of a
reliable non-invasive method to assess oxidative stress in humans (Milne 2007). It has also
been recognised that the methods developed previously for this purpose tended to lack
specificity, sensitivity, or were too invasive for human investigation (Milne 2005).
In(Morrow et al. 1990), Morrow et al., reported the formation of isoprostanes (IsoPs),
which are prostaglandin F; like compounds that are produced in vivo in man by the non-
enzymatic free radical- induced peroxidation of arachidonic acid. The notion that
prostaglandin (PG) - like compounds could be generated in vitro non-enzymatically as
products of autoxidation of fatty acids was first demonstrated over 30 years ago (Nugteren
1976) and today isoprostanes are considered to be the “gold standard” for the assessment of

oxidative stress in vivo (Milne and Morrow 2006).
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3.1. 1 Chemistry and metabolism of the isoprostanes (IsoPs)

The F»-isoprostanes consist of four regioisomers (classes III, IV, V, VI) (Fig.3.1.1), which
have been observed to exist in eight racemic diastereomeric forms (Fig.3.1.2). This allows
for the possibility of 64 different isoprostane isomers to be generated. The most studied of
these are the isoprostanes isomeric to PGF,,, especially the class IV F;-isoprostanes (iPF,.-
III) species, 8-1s0 PGF,, (Fig.3.1.2). The metabolic fate of 8-isoPGF,,in humans has been
explored using radiolabelled 8-is0PGF;, (Robert 1997). Interestingly, approximately 43%
of the excreted radioactivity was unextractable into ethyl acetate, suggesting the presence
of very polar material, perhaps polar conjugates (Morrow 1994). The major urinary
metabolite of 8-i1soPGF,, was identified as 2,3-dinor-5,6-dihydro-8-isoPGF,, (Robert

1997).
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Fig.3.1. 1 Formation of the four regioisomeric classes of F2-isoprostane
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Fig.3.1. 2 Structure of prostaglandin PGF2a and the eight racemic diastereomeric forms of class III F2-
isoprostanes
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3.1. 2 Value of measuring isoprostanes to assess oxidative stress
in vivo

Most methods available to assess oxidative stress, which are adequate for in vitro purposes
such as malondialdehyde (MDA), thiobarbituric reactive substances (Seghrouchni et al.
2002) and 8-ox0-2’ deoxyguanosine, have suffered from a lack of sensitivity and/or
specificity or are unreliable when applied to ex-vivo complex biological fluids and tissues
(Milne 2005). However, a considerable body of evidence has been obtained that suggests
that the measurement of IsoPs represents an important advance in our ability to assess the

status of oxidative stress in vivo (Robert 1997).

Firstly, it is important to point out that IsoPs are almost entirely products of lipid
peroxidation. However, it is known that minute quantities of the F»-IsoP, 8-isoPGF,, can be
produced as a minor by-product of cyclooxygenase activity (Robert 1997). More recently,
it was demonstrated that small quantities of 8-i1soPGF,, are formed by prostaglandin H
synthase-1 (PGH synthase-1) during aggregation of human platelets in vitro and by PGH
synthase-2 in human monocytes (Pratico 1998). Importantly, it was demonstrated that the
administration of high doses of cyclooxygenase inhibitors to normal humans does not
significantly reduce 8-isoPGF,, concentrations (Morrow 1990). This indicates that the
relative contribution of the enzymatic generation of 8-isoPGF,, in vivo is negligible
compared to the amounts formed non-enzymatically (Robert 1997). Further evidence that
8-1s0PGF,, is predominantly formed non- enzymatically comes from pathologic/disease
situations (e.g. cardiovascular disease, diabetes) associated with increased cyclooxygenase
activity, where enzymatic generation of 8-i1s0PGF,, remains insignificant in relation to the

amounts formed non-enzymatically in vivo (Robert 1997).
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Initial suggestions that the measurement of IsoPs may provide a valuable approach to
assess the status of oxidative stress in vivo emerged from some of the early studies carried
out by (Morrow 1990). Importantly, measurable levels of IsoPs can be detected in virtually
every animal and human biological fluid and tissues that have been analysed. This allows
the definition of a normal range such that even small increases in the formation of IsoPs
can be detected. Normal ranges of F,-IsoPs have been defined by (Milne 2007) as follows:
plasma - 35 + 6 pg/ml, urine - 1.6 £ 0.6 ng/mg creatinine and cerebrospinal fluid - 23 + 1

pg/ml.

An increased production of IsoPs has been documented to occur in settings where oxidative
stress has been implicated. Thus many studies have shown that the F-isoprostanes are
reliable indicators of lipid peroxidation (Pratico 2000). Elevated levels have been detected
in patients with cardiovascular disease (Reilly 1996), where lipid peroxidation is proposed
to be involved in atherogenesis. Enhanced ROS production from a dysfunctional
mitochondrial respiratory chain has been implicated in atherosclerosis and other vascular
diseases (Madamanchi 2005). Human investigations also support the oxidative stress
hypothesis of atherogenesis. Lipid peroxidation has also been suggested to play a role in the
pathogenesis or consequence of neurodegeneration in many neurological disorders, and
elevated concentrations of F-isoprostane have been reported in Alzheimer’s disease
(Montine 1999;Pratico 1998) and elevated levels of 8,12-is0-iPF,.-IV have been found in
the urine of patients with Down’s syndrome (Pratico 1998). Asthma is a chronic
inflammatory disease of the airways, and elevated levels of the isoprostane, 8-isoPGF;,
have been found in urine and plasma following allergen challenge, which suggests that
oxidant injury of the lungs may occur (Dworski 2001). Elevated concentrations of urinary

F>-isoprostanes have been reported in both type-1 and type-2 diabetes patients (Davi
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1999a;Devaraj 2001). It was found that the elevated levels of F,-isoprostanes seen in type-2
diabetic patients could be significantly reduced by supplementation with a-tocopherol
(Devaraj 2001). Oxidative stress plays a secondary role in diabetes and has been dealt with
in section 6.1.4. Increased concentrations of IsoPs in human body fluids and tissues have
been found in a diverse array of human disorders indicating a possible increase in oxidative

stress as shown in Table 3.1.1
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Table 3.1. 1 Disorders in which increased concentration of F2-IsoPs have been reported
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3.1. 3 Methods for the measurement of isoprostanes

Over recent years, several methods have been developed to quantify isoprostanes. The two
most commonly used methods for measuring urinary F2-isoprostanes are by GC-MS and

enzyme immuno-assay (EIA).

The most widely used method uses gas chromatography—negative ion chemical ionization—
mass spectrometry (GC-NICI-MS) with a stable isotope of ds4-8-is0-PGF,, as an internal
standard (Morrow 1994). For quantitation purposes, Fy.IsoP and other F,-IsoPs that co-
elute with 8-1s0-PGF,, were measured together. The main advantage of this technique over
other approaches is its high sensitivity, which yields quantitative results in the low
picogram range. The method can also detect the metabolite in low quantities in urine
(Obrosova 2002) and plasma (MacRury 1993). The major drawback of this method is that it
is labour intensive as it requires an extraction, separation and derivatisation procedure

taking approximately 6-8 hours to analyse 12-15 samples.

Several alternative GC/MS assays have been developed by different investigators including
(Pratico 1997) and Lawson et al, (1998). Like the GC-NICI-MS assay developed by
Morrow and co-workers (1994), all these methods require solid phase extraction (SPE),
thin layer chromatographic (TLC) purification and/or chemical derivatisation. These
methods measure other isomers of F,-IsoPs in addition to 8-1s0-PGF,,. These methods
appear to be comparable to that of Morrow and co-workers (1994) in terms of sensitivity

and specificity.

Enzyme immunoassay (EIA) is a biochemical technique used mainly in immunology to

detect the presence of an antibody or an antigen in a sample. A typical method involves
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binding the antigen within the sample to a surface, and then a specific antibody is applied
over the surface so that it can bind to the antigen. This antibody is linked to an enzyme, and
in the final step another molecule or compound to the enzyme to create a detectable signal,
most commonly a colour change in a chemical substrate. Antibodies have been generated
against 8-1s0-PGF,, and currently at least three commercial immunoassay kits are available.
A potential drawback of these methods is there is some debate regarding the accuracy of

these techniques due to over-estimation of the metabolite (Milne 2005a).

The GC-MS and EIA methods have been compared by two independent research groups.
(Proudfoot et al. 1999) found that GC-MS gave greater 8-isoPGF,, concentration than EIA,
which they explained by GC-MS failing to discriminate between a number of different F»-
isoprostane isomers, whereas EIA was specific for a particular isomer. In contrast, (Bessard
et al. 2001) reported lower concentrations of 8-isoPGF,, using GC-MS compared to EIA,

and consequently concluded that EIA was less specific.

The fundamental difference between the GC-MS and EIA techniques is that EIA measures
F2-isoprostanes that bind to an antibody raised against 8-isoPGF,., whereas GC-MS
measures only the isomers with common retention times to the internal standard d4-8-
1SOPGF,.. Thus in theory, the 8-isoPGF,, isomers that may not be present in the GC-MS
peak could have cross-reactivity with the antibody, whereas the isomers that co-elute may

not react with the antibody of the EIA.

In addition to these GC-MS and EIA assays, methods using liquid chromatography tandem
mass spectrometry (LC-MS/MS) for the quantitation of F»-IsoPs have also been developed.

The most detailed of these methods has been reported by (Liang 2000) using SPE without a
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derivatising procedure and (Bohnstedt et al. 2003) using a liquid/liquid extraction
procedure. (Sircar and Subbaiah 2007)) overcame the labour intensive SPE or liquid/liquid
extraction procedure by using an immuno affinity column to isolate the metabolite prior to
the LC-MS/MS analysis. (Haschke 2007) developed an LC-MS/MS assay for 8-i1s0-PGF,,
with an automated online extraction procedure. (Teerlink 2007) prior to LC-MS/MS
analysis. All these methods require less sample preparation time as compared to the
established GC-MS method by Morrow et al, (1994) but still involve a clean-up,
separation/concentration procedure and required at least 3-5 ml of urine. In all the methods
mentioned above, the sensitivity of the analysis of complex biological fluids was 4-5 fold
lower than the established GC-MS method. It should also be noted that the antibody and the

internal standard are supplied by a single commercial supplier- Caymen Chemicals U.S.A.

The methods described above involve multiple steps, including extensive sample
preparation, derivatisation, and clean-up, that are not only labour intensive but could
potentially lead to contamination, artefact generation and poor recoveries. The aim of the
current study was to develop a method for the analysis of urinary isoprostanes with
minimal sample preparation to reduce artefact formation and a short run time to increase

the sample throughput.
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3. 2 Method development for isoprostanes

3.2. 1 Principles of methodology

3.2.1. 1 Solid phase extraction

Solid phase extraction (SPE) is the separation or removal of an analyte or analytes from a
mixture of compounds by selective partitioning of the compounds between a solid phase

(sorbent) and a liquid phase (Hearn and Grego 1984; Jones Chomatography 1998).

Most solid phase extraction cartridges are based on silica chemistry. Cross-bonded silanols
form the bases of the solid phase with changes in the reactive (R) group affecting
specificity (Fig.3.2.1.A). The most commonly used SPE cartridges are probably C18 SPEs.
These consist of the silanol backbone with octadecyl side-chains allowing hydrophobic
interactions to occur with the analytes of interest. Sorbents containing other functional
groups, which form polar or ionic interactions, are sometimes used to allow greater
selectivity. Priming the cartridges with an organic solvent such as methanol stops the
aggregation of the hydrophobic side chains and thereby increases the surface area for the

hydrophobic interactions to occur (Fig.3.2.1.B).

The six steps involved in a typical solid phase extraction are as follows:

1. Sample pre-treatment. This may for example involve removal of solid material from
the sample, ionisation/ deionisation of the sample to increase/ decrease interactions
with the solid phase or derivatisation.

2. The solvation or priming (conditioning) of the sorbent bed of the SPE cartridge.

This involves adding an organic solvent, such as methanol, to the cartridge so that
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interactions between the branches of the solid phase are minimised allowing greater
interaction with analytes. As mentioned above the hydrophobicity of solid phase
such as C18 tends to make the chains aggregate together if they are not first primed.
The cartridge is washed with the solvent that will be used to apply the sample.

The sample is then loaded onto the column.

Interfering compounds are washed off, usually using aqueous solution.

The analytes are eluted using a suitable solvent, which is often the initial priming
solvent. Variations can include sequential elution using greater amounts of organic

modifier in order to achieve a better separation.
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Fig.3.2. 1 (A) The structure of silanol based SPE cartridges. (B) Priming of the cartridges to increase
retention capacity
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3. 3 Method development

Initial analysis of isoprostane metabolites was conducted using standard solutions
(100pmol/l) of ds-8-is0-PGF,, (internal standard) and 8-iso-PGF,,. The compounds were
commercially available standards which aided the standardisation procedures for the assay.
Straight scans were conducted to check the purity of the standards and check their
amenability to electrospray ionisation MS/MS. After checking the suitability of
isoprostanes for analysis by ESI-MS/MS, a proposed scheme for developing the assay was
implemented (Fig 3.3.1), which is typical for the method development of metabolites using
LC-MS/MS. The first steps involved mass spectral analysis which included determining the
molecular weight and the integrity of the metabolite of interest, followed by fragmentation
studies which give distinct progeny/daughter ions unique to each metabolite (but not their
isomers). The last step in the method development involved separating the metabolite of
interest not only from the biological fluid (Tsikas 2003b) but also from its isomers by using
reverse phase high performance liquid chromatography. Following the method

development the assay was tested and validated on laboratory control samples.
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Fig.3.3. 1 Plan of preliminary studies used in method development
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3.3. 1 Preliminary studies

100 pmol/l of Isoprostanes (d4-8-iso-PGF,, and 8-iso-PGF,,) were analysed by
electrospray triple quadrupole mass spectrometry operated in negative ion mode. No signal
was detected using positive ion mode. Straight scans were conducted to check purity, to see
if the standards had degraded during transportation and storage, and to see if the masses of

the standards corresponded to their theoretical molecular weights.

The tandem mass spectral analysis of the metabolite 8-is0-PGF,, and internal standard ds-
8-1s0-PGF,, were obtained in scan mode over the mass range of 50 to 600 m/z. The major
peaks were observed at 353.6 m/z and 357.3 m/z which corresponded to the molecular
weight [M-H'] of the metabolite (8-1s0-PGF,,)and internal standard (d4-8-is0-PGF,,) (Fig.

3.3.2 A and B).
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Fig.3.3. 2 Parent ion scans of (A) 8-iso-PGF2a m/z 353.6 and m/z357.3 (B) d4-8-iso-PGF2a
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Each metabolite was further characterised by fragmentation studies using the mass
spectrometer operated in the product ion scan mode. The fragmentation analysis for both
the 8-1s0-PGF,, and internal standard d4-8-1s0-PGF,, were observed over the mass range 2-
360 m/z. The fragmentation studies of 8-i1s0-PGF», led to the identification of a major peak
at the intensity of 193 m/z with minor peaks at 247 m/z and 309 m/z (Fig.3.3.3 A).
Fragmentation analysis of the internal standard (ds-8-1s0-PGF,,) revealed the presence of a

major product ion at 197 m/z with minor peaks at 251 m/z and 313 m/z (Fig. 3.3.3 B).

Product ions at 193 m/z (Fig.3.3.3.A) and 197 m/z (Fig.3.3.3.B) were observed to be the
most abundant product ions and were specific for 8-iso-PGF,, and d4-8-1s0-PGFy,
respectively. Therefore, precursor/product ion pairs (transitions) for the detection of 8-iso-
PGF,, and d4-8-1s0-PGF,, using MRM mode were determined to be m/z 353>193 and m/z

357>197 respectively.
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Fig.3.3. 3 Product ion scan mass range 2-360 m/z of 8-iso-PGF2a (A) -major peak at the intensity of
193 m/z with minor peaks at 247 m/z and 309 m/z and d4-8-iso-PGF2a (B) major product ion at 197
m/z with minor peaks at 251 m/z and 313 m/z
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3.3. 2 Development of the HPLC methodology: procedure-1

In the case of 8-1s0-PGF,,, there are four regioisomers that cannot be distinguished from
each other by using the MRM mode as all the isomers show the same fragmentation
patterns. They must therefore be separated chromatographically prior to MS/MS analysis to
allow for specific quantitation. As discussed in section 3.1.3, previous methods have relied
on gas chromatography for this separation. However, these assays require extensive sample
preparation, including solid phase extraction (SPE), thin layer chromatography (TLC), and
a derivatising step to protect the polar group. Thus in the current methodology a high
performance liquid chromatographic step was investigated, as it required little or no sample

preparation without a derivatising step.

Initially, a Scm X 2.1mm Discovery HSF5 (S5pum) column with a guard column containing
the same stationary phase (Supleco USA) was used with a flow rate of 0.20 ml/min. The
initial HPLC gradient procedure, termed HPLC procedure-1 is shown in Table 2.3.1. The
mobile phase consisted of a step change gradient where the LC gradient initially consisted
of 5% ammonium acetate containing 0.01% formic acid and 95% methanol for the first 4
min, which was then changed to 30% ammonium acetate containing 0.01% formic acid and
70% methanol for another 6 min. The column was then reconditioned before the next
injection by re-equilibration with 5% ammonium acetate (containing 0.01 % formic acid)
and 95% methanol for 2 min. The total analysis time between each injection was 12 min.
Each injection consisted of 40 pl of sample from a vial of 150 pl of neat urine plus 10 pl of

100pumol/L ds-8-150-PGFy,.
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Ammonium acetate

. (containing 0.01 % Methanol Flow rate
Time . :
Formic Acid) o .
° Yo ml/min
%o
0.00 5 95 0.20
4.00 5 95 0.2
4.01 30 70 0.3
10.00 30 70 030
10.01 5 95 0.3
12.00 5 95 030

Table 3.3. 1 HPLC procedure-1

The ESI-MS/MS parameters remained constant for the entire method development as

described in section 3.4.3.3.

100 umol/L of internal standard and the metabolite (in ethanol) were detected in the
chromatogram Fig. 3.3.4. Though, using this procedure, neither 8-is0-PGF,, nor d4-8-iso-
PGF,, could be detected in the chromatogram (Fig. 3.3.5). The method was found to have a
problem with sensitivity as the signal to noise ratio was very high.
proposed that either concentration and/or purification of the sample might enable the
quantitation of the isoprostanes. It was thought therefore that the method should include

either a metabolite extraction procedure or a different HPLC assay which may increase the

sensitivity of the method. This is discussed in the next section.
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Fig.3.3. 4 Elution of d4-8-iso-PGF2a (A) at 7.29 min and 8-iso-PGF2a (B) at 7.27 in ethanol using
HPLC procedure 1
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Fig.3.3. 5 Absence of peaks in the elution of d4-8-iso-PGF2a and 8-iso-PGF2a (B) in
neat urine using HPLC procedure-1
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3.3. 3 Development of the HPLC methodology: procedure-2

A possible reason for the lack of sensitivity of HPLC procedure-1 was a high matrix
suppression effect caused by other metabolites eluting at the same time as the isoprostanes.
The instability of the standards both in isolation and in urine as a reason for the lack of
sensitivity was ruled out as firstly, the metabolite and internal standard were observed in
ethanol (Fig.3.3.4) and secondly when a larger concentration (500umol/l) was added to
urine, elution of the metabolite was observed (data not shown). To eliminate possible
matrix suppression effects and to concentrate the metabolite of interest an extraction

procedure using SPE was evaluated.

To purify and concentrate the isoprostanes, solid phase extraction (SPE) was carried out
using C-18 cartridges with 1 ml of urine based on the method of (Zhang and Saku 2007) as
illustrated in Fig 3.3.6. For the HPLC step a- HyPurity C8 column was used instead of the
HSFS5 column, but all the other parameters of HPLC procedure-1 were retained for this

experiment. This method was termed HPLC procedure-2

On analysis, only the mass for the internal standard (7.60 min) with a signal to noise ratio
of 3:1 was detected, but no 8-iso-PGF,, could be detected in the urine (Fig. 3.3.7). The
signal intensity for the internal standard was very low indicating poor sensitivity and thus
further steps were required to optimise the method. It was postulated that changes to the
mobile phase of the HPLC solvents might lead to an increase in the sensitivity of the

method, which is also discussed in the following section.
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Fig.3.3. 6 Procedure for solid phase extraction (SPE) based on Zhang et al., 2007
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Fig.3.3. 7 Elution of d4-8-iso-PGF2a at 7.60 min (A) and 8-iso-PGF2a (B) in neat urine using HPLC
procedure 2
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3.3.4 HPLC procedure-3

It was postulated that changes to the HPLC parameters based on the method of Zhang et
al., 2007 might increase the sensitivity of the method. Changes were made to the mobile
phase of HPLC procedure-1 where water replaced ammonium acetate and acetonitrile:

methanol (1:2 v/v) replaced methanol.

The HPLC gradient (Table 3.3.2) was also modified to incorporate the new solvents. The
mobile phase consisted of a step change gradient where the LC gradient initially consisted
of 80% HPLC grade water and 20% ACN:MeOH (1: 2, v/v) gradually changing to 100 %
ACN:MeOH (1: 2, v/v) over a period of 7.5 min. The mobile phase was maintained at
100% ACN:MeOH for 2.5 min. The column was then reconditioned before the next
injection with 80% water and 20% ACN:MeOH (1: 2, v/v) for 4 min. The total analysis
time between each injection was 14 min. The injection volume was 40 pl. All the other
experimental procedures such as the column, SPE protocol and mass spectral parameters

were retained from HPLC procedure-2.
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Time Water Acetonitrile:Methanol Flow
(1: 2, v/v)
% % ml/min
0.00 80 20 0.20
2.00 55 45 0.20
7.49 20 80 0.20
7.50 0 100 0.20
10.00 0 100 0.20
10.01 80 20 0.20
14.00 80 20 0.20

Table 3.3. 2 HPLC procedure-3

Using the new procedure both the internal standard ds-8-is0-PGF», and metabolite 8-iso-
PGF;, could be detected (Fig.3.3.8). However, the chromatographic peaks were broad with
tailing, and there was still a low signal to noise ratio resulting in a low sensitivity. It was
decided that a change in the flow rate of the HPLC gradient might be a parameter that could

improve the chromatography.
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Fig.3.3. 8 Elution of d4-8-iso-PGF20 at 8.17 min (A) and 8-iso-PGF2a at 8.27 min (B) using HPLC
procedure-3
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3.3. 5 Evaluation of changes in flow rate

Five different flow rates of the HPLC were evaluated, ranging from 0.1 to 0.3 ml/min (0.1,
0.15, 0.20, 0.25, 0.3 ml/min). All the other variables such as the solid phase extraction,
HPLC and mass spectral parameters were maintained as described in HPLC procedure-3.
The effect of the different flow rates was assessed by measuring the peak areas of 8-iso-
PGF,, after adding 500 pmol/ d4-8-is0-PGF,, 500 pmol added to urine. The experiment

was conducted in triplicate.

Comparisons of different flow rates

160

110

Response of the metabolite

60

0.1 0.15 0.2 0.25 0.3
Flow Rates (ml/min)

Fig.3.3. 9 Comparisons of different flow rates

From the results obtained (Fig. 3.3.9) it appeared that a flow rate increase from 0.20 to 0.25
ml/min increased the sensitivity of the procedure by approximately 64% compared to the

original method.
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To try and further increase the sensitivity of the method it was decided to optimise the

extraction procedure of the assay and this is discussed in the following section.

3.3. 6 Comparing different SPE cartridges

After optimisation of the HPLC conditions, it was decided to try and improve the extraction
of the metabolite during the solid phase extraction procedure. Two different cartridges C-18
and C-6 (100 mg) were compared. The SPE method described previously in section 2.3.3
(Fig. 3.3.6) was repeated using 1 ml of urine on the two cartridges. Each experiment was
carried out in triplicate. The efficiency of the separation was evaluated by estimating the
area under the curve after adding a known amount of the internal standard ds-8-1s0-PGF»,

(500 pmol) to the urine.

The results (mean/SEM) indicated that the C-6 stationary phase (3724+734.6) gave
marginally better results than the C-18 cartridges (3065+44.5). Thus it was decided to

continue the solid phase extraction using C-6 cartridges.

The benefits of using an extraction procedure was investigated by comparing the results

with and without SPE as described below.

3.3. 7 Comparing recovery of 8-iso-PGF2a with and without SPE

To compare the inclusion of a SPE step versus no SPE a known amount (500 pmol) of the
standard metabolite 8-i1s0-PGF,, and 500 pmol of d4-8-iso-PGF,,were added to 12 pooled
urine samples, of which 6 were extracted on a SPE cartridge and 6 were not. The samples

were then analysed using LC-MS/MS and the same HPLC parameters as HPLC procedure-
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3. It was observed that the area under the curve (mean+=SEM) from the urine that underwent

SPE was 110£7 compared to 548+27 which approximates to an increase of 400% (Fig.

3.3.10).
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Fig.3.3. 10 Mean area under the curve of the metabolite following solid phase
extraction was at 1107 compared to 548+27 without solid phase extraction

The addition of the extraction procedure did initially appear to increase the sensitivity of
the method as discussed in section 3.3.3 but the subsequent changes made to the HPLC
solvents and gradients (section 3.3.4) and flow rate (section 3.3.5) and had resulted in an

increase in the sensitivity of the method which meant that the SPE step was not necessary.

On the basis of the method developed outlined above, it was decided that the following

method without SPE would be used for the urinary analysis of 8-is0-PGF»,,
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3. 4 Analysis of control urines

Twelve laboratory control urine samples were run (in triplicates) on the same occasion to
quantitate 8-1s0-PGF,, using the final method. The internal standard (ds-8-is0-PGF»,) and
the metabolite (Dworski 2001) could not be detected in 6 of the samples as the signal to
noise ratio was too great (chromatograms not shown). The metabolite and the internal
standard were however detected in the other six samples (Fig.3.4.1 and Fig.3.4.2). The
elution times of the samples varied as shown in Table 3.4.1. They ranged from 4.04 min in
control-6 to 7.60 min in control-4. Multiple peaks were observed in the chromatogram of
the internal standard for control-2 where two peaks appeared at 3.98 and 5.56 respectively.
Multiple peaks, possibly indicating the presence of regioisomers of the metabolite, were
also observed at 5.56 and 8.79 min in control-2 and 7.58 and 7.92 min in control-4. The

metabolite could not be detected in control-3.

Elution times (min)
Laboratory control -1 4.8
Laboratory control-2 5.8
Laboratory control-3 5.3
Laboratory control-4 7.6
Laboratory control-5 6.8
Laboratory control-6 4.04

Table 3.4. 1 Elution times of metabolite and internal standard
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Fig.3.4. 1 Elution of internal standard (green) and metabolite (red) in three laboratory
controls. Elution of the metabolite was observed at 4.80 min in Lab control-1 and 5.50
min in Lab control-2 albeit with peak splitting of the internal standard and was not
observed
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Fig.3.4. 2 Elution of internal standard (green) and metabolite (red) in three laboratory controls. Peak
splitting was observed in Lab control-4 at 7.78 and 7.97 min. The metabolite was observed to have
eluted at 6.82 and 4.04 min in Lab control-5 and -6 respectively
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3. 5 Discussion and conclusions

We aimed to develop a LC-MS/MS method for isoprostanes which involved minimum
sample preparation to avoid artefact formation, which was more specific than previous

methods and would increase the throughput compared to existing methods.

Preliminary studies (straight scans and fragmentation spectra) were conducted to identify
the metabolites. The compounds detected had mass spectra consistent with the structures of
the metabolite 8-is0-PGF,, and the internal standard ds-8-iso-PGF,, (Fig. 3.3.2). The
fragmentation studies produced progeny ions (Fig.3.3.3) which were identical to those

reported by Liang et a/,. (2003) and Zhang & Saku (2007).

Because F,-isoprostanes are isomers of F,-prostaglandins and consist of many
stereoisomers, the prior separation of the metabolite of interest from its isomers is
important for quantitation. The analysis of isoprostane in neat urine, using the initial HPLC
method (procedure-1) was unsuccessful as shown in Fig. 3.3.5. At this point, it was
theorised that in order to increase the sensitivity of the method the metabolite would need
to be concentrated-and therefore an extraction procedure was introduced. It was
additionally felt that the inclusion of a solid phase extraction step would purify i.e. remove
the metabolite from the urine matrice. This theory was substantiated by the results obtained
by (Li 1999) who observed that an extraction procedure (solid phase extraction) prior to
HPLC analysis achieved a base line separation of 8-iso-PGF;, and its isomers. Our method
was further influenced by the assay of Zhang & Saku (2007), who observed that an
unknown isomer coeluted with 8-i1s0-PGF,, 0on a C18 column but separated with a better
resolution when a C8 column was used. Modifications were therefore made to the method

(section 3.3.3), by using a 5 um C8 column 100 mm X 2.1 mm (which has a higher density
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than the previously used HSF5 column) coupled with an extraction/concentration process
using solid phase extraction procedure using a C18 cartridge. The results obtained were
still not satisfactory (Fig. 3.3.7) and the HPLC gradient was therefore further modified
(Table 3.3.2) by replacing ammonium acetate with water and acetonitrile:methanol (1:2
v/v) replaced methanol. It had been reported previously by Zhang & Saku (2007), that
buffer solutions caused significant ion suppression of isoprostanes and after the change of
the aqueous phase to water, a significant improvement in the sensitivity of the method was
observed (Fig. 3.3.8). The sensitivity of the method was improved further by changing the
flow rate of the HPLC gradient from 0.20 to 0.25 ml/min (section 3.3.5). Following the
increase in the flow rate, the use of the SPE extraction procedure was re-evaluated. It was
found that the SPE procedure resulted in a decrease in sensitivity (section 3.3.7). Even
though the SPE would have enabled the purification and concentration of the metabolite
and in theory should allow a higher concentration of the metabolite entering the MS, a drop
in sensitivity could have been due to an “unknown matrix effect”. (de Jong and Teerlink
2006) has suggested that the ion suppression can occur as a result of the presence of an

unknown chemical contaminant in the SPE column.

The assay was then tested in laboratory control (section 3.4). Three major problems were

observed:

* The internal standard and metabolite (section 3.4) could only be detected in half of

the twelve samples tested, suggesting a very high and varied matrix effect between
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the samples (Figs 3.4.1 and 2). (Liang 2003) reported that the metabolites were
retained for a longer time on the column in urine samples and they referred to this
observation as an “unknown matrix effect”. They postulated that another unrelated
compound co-eluted with the isoprostanes/metabolite of interest causing this effect.
(Haschke 2007) have suggested another possible explanation for the matrix effect.
They found that, electrospray ionisation (ESI), the technique used in the current
study, was particularly susceptible to matrix effects and that an increase of signal
intensity by an order of magnitude was obtained when the ionisation was switched
to atmospheric pressure chemical ionisation (APCI).

Another observation made in the current study was the peak splitting/presence of
multiple peaks in some of the laboratory controls. An example of which has been
enlarged in Fig 3.5.1. These numerous peaks have been postulated to be 8-iso-15
PGFy,, 11B- PGFyq, 15-PGFy,, 5-trans- PGF,, PGFy,, 8-i50-PGF,p, PGF2p and 5-
trans- PGFg 1dentified and quantified by Li ef al., (1999) and Zhang & Saku (2007)
as the eight regioisomers of 8-i1s0-PGF;, (353>193). This raises the question of the
specificity of this method, as there is the possibility of the coelution of the nine
peaks quantified by Li ef al., (1999) and Zhang and Saku (2007), of which only a
minor peak corresponded to that of the metabolite of interest. The presence of a
minor unknown chromatographic peak was observed for ds-8-is0-PGF,,. This
finding is similar to that reported by Liang (2003), who ruled out the presence of
possible interferences or artefacts in urine by extracting the samples with and

without adding d4-8-1s0-PGF5,.
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Fig.3.5. 1 Enlarged elution of internal standard (green) and metabolite (red) in

laboratory control-2

The third unexplained observation made in the current study was the inconsistency
of the elution times (Fig. 3.4.1 and 3.4.2) of the metabolites and internal standard
within a run, even though a blank was included between each sample was included
to rule out “carry over” effects caused by the previous sample. This observation in
the LC-MS/MS methodology has not been previously reported by other
investigators but on close examination of the study of Saenger et al, (2007)
inconsistent elution times of the metabolite of interest (Dworski 2001) can be seen.
In Fig. 3.5.2.A (taken from Saenger’s study) the elution time of the internal standard
and the metabolite was 6.32 min whereas in Fig. 3.5.2.B the same internal standard
and metabolite eluted a minute earlier at 5.25 min (Saenger 2007). The reason for
this inconsistency of retention times is not known. It can be postulated that as the

method did not include solid phase extraction prior to LC-MS/MS analysis, the
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column could have become overloaded with neat urine causing ion-pairing by

unknown metabolites which could result in varied elution times.
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Fig.3.5. 2 Inconsistency in the elution time of 8-iso-PGF2o taken from Saenger (2007)
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The variation in the retention times could also result from the “unknown matrix effect”
reported in 2006 by de Jong & Teerlink (discussed above) or from variations in the urinary
concentration. The effect of the urinary concentration was investigated by examining
whether there was a relationship between the urinary creatinine concentration and retention
time, but no correlation was observed. Urine has also been reported to be more susceptible

to matrix effects than any other biological fluid (Haschke 2007).

The conclusions drawn from the current study was that the method developed was neither
sufficiently sensitive nor reproducible to be used for the accurate measurement of

isoprostanes.

With the benefit of hindsight, if the study was to be repeated, the use of a one-step sample
clean-up where the isoprostane is liberated using mild alkaline hydrolysis, followed by
isolation of the metabolite using immunoaffinity chromatography (IAC) as described by
Sircar & Subbaiah (2007) would be considered prior to quantitation (HPLC MS/MS).
Another approach that can be considered either in isolation or in combination with the
method of (Sircar & Subbaiah 2007) is the use of a semi-automated column switching
technique and an on-line sample extraction procedure. The metabolite can be extracted
online using an HPLC extraction column, after which the analyte from the extraction would
then be back flushed on to an analytical column prior to MS/MS analysis (2007). The
current study could not undertake such an experiment as the laboratory functions with as a

shared facility and I could not change the machinery for the current experiment.

A common observation in the studies of Sircar ef al., (2007) and Haschke et al., (2007) was

that the methods were not as sensitive as the GC/MS method with the presence of multiple

122



peaks (isomers) and the peak of interest (8-1s0-PGF,,) being minor. In addition, the
absolute values of the metabolite reported by Sircar et al., (2007) and Haschke et al.,
(2007) were 5- to 10- fold lower respectively than those reported using GC/MS. Lastly,
GC/MS probably measures all the sterioisomers together i.e. it measures the total
isoprostanes present and also GC/MS has significantly greater chromatographic resolving
power compared to HPLC which enables GC/MS to be more accurate and limits ion

suppression effects.

In conclusion, the LC-MS/MS method which we attempted to develop proved to be
unsatisfactory for measuring isoprostanes in small volumes of urine. It therefore appears
that although most GC/MS methods require multiple steps and are labour intensive they
remain at present the method of choice. Therefore, the use of other possible biomarkers of

oxidative stress was investigated.
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Chapter 4

Vitamin E metabolites
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4 Vitamin E metabolites

4. 1 Background information

4.1. 1 History and nomenclature

Vitamin E was first described by Evans and Bishop in the 1920s, as a dietary factor present
in lettuce and wheat germ that prevented foetal resorption in rats fed a rancid lard diet
(Evans and Bishop 1922;Evans and Burr 1925). A chemically pure compound with vitamin
E activity was first isolated from wheat germ oil by (Evans 1936). It was partially
characterised as an alcohol with the chemical formula C,9Hs0O, The structural formula of

a-tocopherol was published by (Fernholz 1938).

The term vitamin E refers to tocopherols and the tocotrienols, which have saturated and
unsaturated phytyl side chains respectively. The o-, B-, y- and 6- tocopherols and
tocotrienols differ in the number and position of the methyl groups on the chromanol ring
(Fig.4.1.1). In the case of a-tocopherol, three methyl groups are present on the chromanol
ring, whereas 0- tocopherol has one a methyl group and B and y —tocopherol contain two
methyl groups and differ from each other with respect to the positioning of the methyl

group as illustrated in Fig.4.1.1.
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Fig.4.1. 1 Nomenclature of vitamin E

The key structural features of tocopherols and tocotrienols are the chromanol ring and the
hydrocarbon side chain. The chromanol ring is responsible for the antioxidant properties of
tocopherol and tocotrienols, while the side chain is responsible for their lipid-solubility.
This combination of lipid-solubility and antioxidant activity makes vitamin E ideally suited
to protect lipid molecules from oxidative damage. Vitamin E has been shown to account for
the majority of the lipid soluble antioxidant activity in human blood (Burton 1983;Burton

and Ingold 1986).

The phytyl side chain of the tocopherols has 3 chiral centres and can therefore exist as eight

possible sterioisomers. Natural tocopherol is a single isomer, designated RRR, indicating it
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has the same stereochemistry at every chiral centre (positions 2, 4’ and 8’ in Fig.4.1.1).
Synthetic tocopherol made from trimethylhydroquinone and synthetic isophytol is an

equimolar mixture of all eight different isomers and is designated all-rac-tocopherol.

The predominant form of vitamin E in human and animal diets differs around the world
depending on the type of plant oils used. RRR-y-tocopherol is the most abundant form (2-4
times in excess of RRR-a-tocopherol) in North American and European diets due to the
widespread use of corn and soybean oil (Sheppard 1993). In contrast, South East Asian
diets contain tocotrienols in much higher abundance than the North American diets due to
the routine use of palm oil in cooking. However, in general over 90% of vitamin E in
plasma and tissues is RRR-a-tocopherol (Traber 1998). The preferential enrichment with a-
tocopherol in vivo results from the presence of an a-tocopherol transfer protein (a-TTP)
(Traber 1998). a-TTP, is responsible for the preferential loading of nascent VLDL particles

in the liver with a-tocopherol.

The relative affinities of a-TTP for the different vitamin E homologues were determined by
evaluating competition between labeled and non-labeled compounds for transfer between
membranes in vitro, and the following relative affinities were found: RRR- a-tocopherol
taken as 100%; RRR-B-tocopherol 38%; RRR-y-tocopherol 9%; RRR- &-tocopherol 2%,
SRR-a-tocopherol 11% and a-tocotrienol 12%. It appears from the data of (Hosomi 1997)
and also from other data (Burton 1990;Burton 1995) that the position and number of methyl
groups around the chromanol ring of the tocopherols and tocotrienols, as well as the
stereochemistry at the C-2 position of the phytyl side chain are the most important
determinants in the relative rate of transfer of tocopherol-type compounds by a-TTP. Thus,

RRR- a-tocopherol has a higher activity than SRR- a-tocopherol because of the difference

128



in stereochemistry at the C-2 position and SRR- a-tocopherol has a higher activity than
RRR-6-tocopherol due to the number and position of methyl groups around the chroman
ring, even though it does not have optimal stereochemistry at the C-2 position of the phytyl
side chain. Comparison of the excretion rates of the metabolites of natural (RRR) versus
synthetic (all-rac) a-TOH have also shown preferential retention of the natural stereoisomer

(Traber 1998).

Besides the liver, the presence of low levels of mRNA for a-TTP has also been reported in

the brain, spleen, lung and kidney of rats (Hosomi 1998). Low level expression in these

organs may be essential for the transfer and retention of a-tocopherol within these organs.
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4.1. 2 Metabolism

4.1.2. 1 Vitamin E metabolism

Although vitamin E was discovered in the 1920s relatively little is known about its
metabolism. Vitamin E metabolites are likely to form two distinct groups. The first of these
contains metabolites that are produced after reaction of vitamin E with oxidants, while the
second contains metabolites that are produced by successive shortening of the side chain

(Sato 1991).

Vitamin E metabolites are excreted as conjugates but virtually all of the research into the
metabolism of vitamin E has investigated the free unconjugated urinary metabolites, after
their enzymatic or acidic deconjugation. Urinary metabolites of vitamin E, were first
reported by Simon et al., (1956). They described two metabolites of a-tocopherol, 2-(3-
hydroxy-3methyl-5-carboxypentyl)-3, 5, 6- trimethyl-1, 4-benzoquinone (a-tocopheronic
acid, a-TA) and its y-lactone (a-tocopheronolactone, a-TL), which were produced by both
rabbits and humans following oxidation and opening of the chromanol ring (Fig.3.1.2).
Enzymatic deconjugation of these metabolites with B-glucuronidase suggested that a-TA
and a-TL were excreted as glucuronidate conjugates. Owing to their quinone structures, it
was hypothesized that a-TA and a-TL were derived from the known a-tocopherol oxidation
product, a- tocopherylquinone (a-THQ), following the B-oxidation and cyclisation of the

phytyl side chain.

a-tocopherol can also undergo B-oxidation and shortening of its phytyl side chain without

oxidation of the chromanol ring and this first results in the formation of o—carboxy-methyl-
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hydroxy-butyl-hydroxy-chroman (0—CMBHC), further leading to the excretion of a-
carboxy- ethyl- hydroxychroman (a-CEHC) after oxidation of a—CMBHC’s side chain. o-
CEHC excretion was found to increase when a certain plasma level of RRR-a-
tocopherol was exceeded (Schultz 1995). It has also been suggested that there is a
possibility of the artefactual oxidation of a-CEHC to a-TLHQ during the assay procedure

for quantitation of the metabolites as observed by Pope et al., (2001).

CEHC was first reported when it was found to be the major metabolite when rats were
injected with radiolabelled vitamin E and when o8- tocopherol was injected, the & form of

CEHC was observed (Chiku et al. 1984).

The a-tocopherol homologue of 6-CEHC was first characterised in human urine by
Schonfeld et al., (1993) and a more detailed study was carried out by Schultz et al., (1995)
Enzymatic studies suggested a-CEHC was excreted as a sulphate conjugate and since this
metabolite was only detected after a daily intake of 50-150 mg a-tocopherol, it was
proposed to be an indicator of excess vitamin E (though this hypothesis has not been
unequivocally proved in a clinical setting). They also proposed by that a-TL and o-TA
were oxidation artefacts of the experimental procedure. This was shown to be plausible by
the oxidative conversion of a-CEHC to a-TL in the presence of air and acid (Schonfeld

2006) and also by ultra-violet light (unpublished data Sharma et al.)
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Fig.4.1. 2 Overview of vitamin E metabolism
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Wechter et al. (1996) isolated a new endogenous natriuretic factor (a factor that controls the
body’s pool of extracellular fluid) which was characterized as unconjugated trimethyl-
carboxyethyl-hydroxychroman (y-CEHC) and was therefore presumed to be a metabolite of

y-tocopherol.

The urinary excretion of conjugated y-CEHC was also reported by Traber et al ., (1998)
and they proposed that CEHC metabolites were produced from excess vitamin E in the
liver. The researchers also investigated the fate of differently deuterium labeled synthetic
(all rac) and natural (RRR) a-tocopherol as a-CEHC. They found that a-CEHC derived
from synthetic tocopherol was excreted in larger amounts than a-CEHC derived from
natural tocopherol. They proposed that this resulted from the preferential loading of natural
as opposed to synthetic a-tocopherol onto a-TTP and subsequently onto nascent VLDL in

the liver thus reducing the likelihood of natural a-tocopherol being metabolised to a-

CEHC.

Quantitative measurement of (human) urinary y-CEHC using a deuterium labeled internal
standard indicated that y-tocopherol was inefficiently transferred onto a-TTP and VLDL
and was consequently metabolised to y-CEHC within a few days of ingestion (Swanson
J.E. et al. 1999). Daily urinary y-CEHC excretion was equivalent to about half the daily
intake of y-tocopherol. If other routes of excretion are taken into account this suggests that
very little y-tocopherol was retained in the body. In comparison only a small percentage of
the daily intake of a-tocopherol was excreted as a-CEHC (Traber 1998). This explains why
despite y-tocopherol being the major tocopherol in western diets, a-tocopherol is the major

tocopherol in vivo. This also emphasises the importance of a-TTP in vitamin E metabolism.
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Vitamin E metabolites being lipophilic in nature would be expected to be excreted in the
urine as conjugates, as detailed below in section 4.1.2.2. However, no definitive
characterisation of the intact conjugates has been reported previously owing to a lack of

suitable methods to analyse these polar metabolites directly.

4.1.2. 2 Excretion of vitamin E metabolites

In general, the metabolic breakdown of xenobiotics and lipophilic compounds (catabolism)
occurs for two principal reasons. Firstly to reduce the activity or toxicity of compounds,
which is especially important with regards to drugs, and secondly to increase the water
solubility and thus the rate of excretion of waste compounds. The two most important

routes of excretion of the waste products in the body are:

1. From the liver to the large intestine via bile

2. From the kidney via urine

Many biologically active molecules are lipophilic and remain un-ionised or only partially
ionised at physiological pH. These molecules are often bound to plasma proteins and are
not readily excreted in the bile or urine, or else are efficiently reabsorbed. Therefore in
order to increase their excretion, hydrophobic compounds such as vitamin E undergo
extensive metabolism in order to increase their water solubility. These metabolic reactions
occur in a wide range of organs but the liver and the kidney are the primary sites of

metabolism before excretion via bile or urine (Belanger 1985).
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In general, the greater the lipophilicity of a substrate the more accessible it is to the sites of
metabolism, particularly in the liver. Alkyl side-chains, as found in compounds such as
vitamin E, are reduced in length by processes such as o, ®- and P-oxidation in the
mitochondria or peroxisome. Reduction/oxidation reactions to introduce polar
functionalities, including hydroxyl and carboxyl groups, mainly occur in the smooth
endoplasmic reticulum (ER) and are catalysed by enzymes such as cytochrome P450/
cytochrome 450 reductase. These polar functionalities are then conjugated with groups
such as sulphates or glucuronides to further increase their water solubility. Glucuronic acid
is the most commonly attached to hydroxyl groups and these conjugation reactions are
catalysed by a range of glucuronyl transferase enzymes, with broad specificity, in the ER
(Meech and Mackenzie 1997). Sulphate conjugation (mainly of phenol groups), in contrast
to glucuronidation, occurs in the cytosol. Once produced, these polar conjugates and either
excreted in the bile directly from the liver or else are taken in the blood to the kidney where

they are filtered in to the urine (Meech & Mackenzie 1997).

There is currently interest in measuring urinary metabolites of vitamin E, as it has been
suggested that a-tocopheronolactone (a-TLHQ) with an oxidized chroman ring may be an
indicator of oxidative stress. Although vitamin E metabolites are excreted in urine as the
sulphate and glucuronide conjugates, virtually all studies to date have measured the free or
enzymatically deconjugated metabolites by gas chromatography/ mass spectrometry. This
involves a long complicated procedure with many preparatory steps and has a consequent
risk of artefact formation. The aim of this study was to develop a method to measure the
conjugated metabolites of vitamin E directly by liquid chromatography/ tandem mass
spectrometry with minimum sample preparation to avoid artefact formation. The method

was then validated for its precision, linearity and accuracy.
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4.1. 3 Quantitation of vitamin E metabolites

In order to study vitamin E metabolism and its possible implications on oxidative stress it
was necessary to measure vitamin E metabolites quantitatively in urine. A number of

methods have been described in the literature; details are shown in Table 4.1.1.

Vitamin E metabolites are excreted in the urine as sulphate or glucuronide conjugates. The
polar nature of these conjugates makes it difficult to analyse them directly using routine
techniques such as high performance liquid chromatography (HPLC) or gas
chromatography mass spectrometry (GC-MS). Therefore, in all the methods outlined, the
metabolites were deconjugated either enzymatically or by acid hydrolysis prior to their

analysis by HPLC or GC-MS.

These published analytical procedures can be divided into 4 main steps. These include 1)
extraction of the metabolites from urine 2) deconjugation of these metabolites 3) extraction
of the deconjugated metabolites and 4) analysis by HPLC or GC-MS. Each of these steps

needs to be optimised to produce quantitative and reproducible data.

The complicated technical aspects and the problem of artefactual oxidation of the previous
methodologies were the principal reasons to develop a new method to directly measure the
conjugated vitamin E metabolites. Thus the method developed in the current study contains
a simple sample preparation followed by a HPLC MS/MS run to minimise artefactual

oxidation.
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Table 4.1. 1 Past methodologies of measuring vitamin E metabolites
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4.2 Methodology

The development of the assay to quantitate vitamin E metabolites involved following the
same general scheme as described for the development of the isoprostane assay (section
2.3) and this pattern is retained for all the method development assays in the thesis.

* Determination of molecular weight (using standards of metabolites)

* Determination of fragmentation ions (using standards of metabolites)

* Optimisation of HPLC parameters (using laboratory pooled urine)

* Tests of linearity, reproducibility and limit of detection of the developed assay

(using laboratory pooled urine)

4.2. 1 Preliminary analysis

4.2.1. 1 Optimisation and determination of the vitamin E metabolites in
scan mode

Fig. 4.2.1 shows the tandem mass spectral analysis of the vitamin E metabolites
(100pmol/L) obtained in negative scan mode obtained over the mass range of 2-400 m/z
[M-H] and 2-500 m/z [M-H"] for the sulphate and glucuronide metabolites respectively. A
mass was observed at m/z 356.9 [M-H] which corresponded to the theoretical mass of the
sulphated vitamin E metabolites a-CEHC and o-TLHQ (Fig.4.2.1.A and B). The mass
observed at m/z 453 [M-H'] as illustrated in Fig.4.2.1.C and Fig.4.2.1.D corresponded to
the theoretical masses of a-CEHC and a-TLHQ glucuronide. a-CEHC and a-TLHQ have

the same molecular masses and are therefore isobaric.
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Fig.4.2. 1 Parent ion scan of a —-CEHC-sulphate (A) 356.9 m/z, o -TLHQ-sulphate (B) 356.9 m/z, a —
CEHC-glucuronide (C) 453 m/z and o —-TLHQ-glucuronide (D) 453.
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4.2.1. 2 Optimisation of fragmentation of each vitamin E metabolite

Each compound (100pumol/L) was further characterised by fragmentation studies using the
mass spectrometer operating in the product ion scan mode . The fragmentation analysis for
the sulphate metabolites were observed in a scan mode of 2-400 m/z (Fig. 4.2.2.A&B). The
fragmentation studies of o-CEHC sulphate led to the identification of a ‘fingerprint’
progeny ion at the intensity of 79.7 m/z. The characteristic daughter ion was identified as
the sulphite ion (SOj5°). Lesser intensity peaks were observed at 276.9 m/z, 241.3 m/z, 233.1
m/z and 163.1 m/z which were attributed to the fragmentation of the metabolite as shown in
Fig.4.2.2.A. Fragmentation analysis of a-TLHQ sulphate revealed the presence of the same
progeny ion and lesser intensity peaks similar to that of the a-CEHC sulphate (Fig.4.2.2.B),

except that 243.1 mz (Fig. 4.2.2 A) was not observed.

The product ion analysis of the glucuronide metabolites was conducted in scan mode
between 2-500 m/z. The highest intensity ion was observed at 112.8 m/z (Fig 4.2.3.A and
B), which was formed by the loss of H,O and CO; from the glucuronide moiety. Further
fragmentation led to the formation of additional masses at 233.1 m/z and 276.6 m/z. The
fragmentation studies of the a-CEHC and a-TLHQ glucuronides were very similar and thus

the two metabolites could not be differentiated by mass spectral analysis alone.

Because of the isobaric nature of a-CEHC and a-TLHQ and their similar fragmentation
patterns (except ion-243.1 m/z in the case of the sulphate metaboites), it was necessary to
conduct separation studies using HPLC prior to mass spectrometry to differentiate the

vitamin E metabolites according to their retention times on the column.
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Fig.4.2. 2 Fragmentation patterns of a -CEHC-sulphate (A) and a -TLHQ-sulphate
(B) with the progeny ion observed at 79.7 m/z and minor ions at 276.1 m/z, 233.1 m/z,
163.1 m/z in both the metabolites. In the case of « —-CEHC-sulphate (A) ion 243.1 m/z
can be used to differentiate the two sulphate metabolites
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Fig.4.2. 3 Fragmentation patterns of o« —-CEHC-glucuronide (A) and o —-TLHQ-
glucuronide (B) with the Progeny ion observed at 112.80 m/z and minor ions at 276.6
m/z and 233.1m/z for both the metabolites. No differential ion was observed in the
case of the glucuronide metabolites.
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4.2.1. 3 Optimisation and determination of mass and fragmentation
data of the internal standards

Unfortunately, no type 1 internal standards were available for CEHC and TLHQ
glucuronides or sulphates and therefore androsterone glucuronide and lithocholic acid
sulphate were used as internal standards in the current study. Both compounds contained a
sterol structure and glucuronide or sulphate side chain and would therefore act as good type
2 internal standards. The response factor of the internal standards were found to be 1:1 i.e.
the area under the curve for 5 nmol of the internal standards was found to be equal to the
area under the curve for 5 nmol of the vitamin E metabolites. The tandem mass spectral
analyses of the internal standards (100umol/L) were obtained in a negative ion scan mode
of 2-600 [M-H"]. The masses observed at m/z 455.3 [M-H'] and m/z 465.3 m/z [M-H'] were
that of the internal standards lithocholic acid sulphate (Fig.4.2.4.A) and androsterone

glucuronide (Fig.4.2.4.B) respectively.

The internal standards were further characterised by fragmentation studies using the mass
spectrometer operating in the product ion scan mode. The fragmentation analyses for the
internal standards (100pmol/L) were observed in negative ion scan mode over the mass
range of 2-550 m/z. The fragmentation study of lithocholic acid sulphate led to the
identification of a daughter ion at the intensity of 97 m/z in Fig.4.2.4.C and was identified
as the hydrogen sulphate ion (HSOy"). The product ion analysis of androsterone glucuronide
led to the identification of a high intensity ion at 113.2 m/z (Fig.4.2.4.D), which was

formed by the loss of H,O and CO, from the glucuronide moiety.
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Fig.4.2. 4 Scans 455.3 m/z (A) and 465.3 m/z (B) and fragmentation patterns 97 m/z (C )and 113.2 m/z (D)
of the internal standards lithicholid acid sulphate (A and C) and androsterone glucuronide (B and D).
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4.2.1. 4 LC-ESI-MS analysis of vitamin E metabolites

Because o-CEHC and o-TLHQ had identical masses and very similar fragmentation
patterns, high performance liquid chromatography (HPLC) was used together with tandem
mass spectrometry, to see if it was possible to distinguish each vitamin E metabolite by

chromatographic retention time in addition to mass spectral analysis.

Two types of columns were tested for the separation of the vitamin E metabolites: C8 and
HsF5. The C8 column was observed to give results that were 10- fold more sensitive than

the HsF5 column and therefore was used in the method development (data not shown).

The chromatographic separations of the metabolites (100umol/L) are shown in Fig. 4.2.5
and table 4.2.1 gives their retention times. a-CEHC sulphate eluted at 9.21 min and o-
TLHQ sulphate at 8.46 min. The a-CEHC glucuronide eluted at 8.48 min. Two peaks were
observed for the a-TLHQ glucuronide, a major peak eluted at 7.26 min and a minor one at
8.66 min. The minor peak was postulated to be an isomer with the structure as illustrated on
chromatogram D Fig.3.2.5 and was first observed by Pope (2001). The major and minor
peaks will be referred to as a-TLHQ glucuronide 1 and 2, respectively, in this study. The
elution times meant that all the vitamin E metabolites could be separated in a single run.
The internal standards glycolithocholic sulphate and androstane glucuronide eluted at 10.14
min and 10.82 min respectively. The mass spectrometric parameters have been presented in
the materials and methods section 2.3 and are based on an in house methodology developed
in our laboratory. Since the elution was satisfactory no changes were made to the method.
The run was conducted initially in an organic solvent (ethanol) and then replicated in

human urine (the chromatogram was observed to be identical).
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Retention

time
0o-CEHC sulphate 9.21
o-TLHQ sulphate 8.46
o-CEHC glucuronide 8.48
o-TLHQ glucuronide 1 7.26
o-TLHQ glucuronide 2 8.66
Androstane glucuronide (IS) 10.14
Lithocholic acid sulphate (IS) 10.82

Table 4.2. 1 Retention times of the vitamin E metabolites
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Fig.4.2. 5 The LC-ESI-MS analysis of vitamin E metabolites where A- a-CEHC sulphate 9.21 min, B- a-
TLHQ sulphate 8.46 min, C-a-CEHC glucuronide 8.48 min, D- a-TLHQ glucuronide 1 at 7.26 min and 8.66
min for 2, E-Androsterone glucuronide 10.14 min, and F-Glycolithicholic acid sulphate 10.82 min
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4.2. 2 Validation of the method

To test the performance and robustness of the method, the assay was evaluated for its

linearity, recovery and reproducibility.

4.2.2.1 Linearity

In order to assess if the method gave a linear response, increasing amounts of known
amounts of each of the vitamin E metabolites were added to a constant amount of internal
standard and ethanol prior to analysis. Calibration curves with seven points of reference
were plotted (0, 0.5, 1, 1.5, 2.5, 5 and 10 nmol equivalent to 0, 3.3, 6.6, 9.9, 16.6, 33.2 and
66.4 umoles/l). The ratio of the areas for the vitamin E metabolites over the corresponding
internal standard was calculated for each metabolite. The data obtained was analysed by
linear regression where the best fit for the linear relationship was calculated using

GraphPad Prism 4 software.

The correlation coefficients (r*) were > 0.99 for all the metabolites (see Fig. 4.2.6 A-D). In

a repeat experiment the linearity of the method ceased at 99.6 pmol/I.

The limit of detection and limit of quantitation (addressed in the following section 4.2.2.4
and have been tabulated in table 4.2.5) is on the lower end of the calibration curve but all
the control samples analysed in the diabetic study were >2 folds above the limit of

detection and quantitation.
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Fig.4.2. 6 Calibration curves for (A) a-CEHC sulphate r2=0.9967 (B) a-TLHQ sulphate r2=0.9963(C)
o-CEHC glucuronide r2=0.999and (D) o-TLHQ glucuronide r2=0.9987
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4.2.2. 2 Recovery

Recovery studies involved analysis before and after known amounts of the metabolites (0.2,
0.5 and 2.5 nmol) were added to 150 pl laboratory control urine containing a constant
amount of internal standard. The ratio of the areas for the vitamin E metabolites over the
corresponding internal standard was calculated for each metabolite. From the amount of the
metabolite present, the percentage recovery of the added analyte was then calculated using

the following formula:

% Recovery = [(b-a)/c] X 100
where, a=amount found before addition, b=amount found after addition and c=actual

amount of standard metabolite added

The mean percentage recoveries were determined using the three amounts of the

metabolites added with triplicate injections of each. The recoveries were consistently

greater than 90% and are summarised in the table below (Table 4.2.2).
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Amount of o-CEHC o-TLHQ o-CEHC o-TLHQ
Metabolite sulphate sulphate glucuronide glucuronide
added Recovery Recovery Recovery Recovery
(nmoles) (%) (%) (%) (%)
0.2 98 96 92 91
0.5 99 90 98 95
2.5 97 92 100 98

Table 4.2. 2 Percentage recoveries of vitamin E metabolites

4.2.2. 3 Reproducibility

To assess the reproducibility of the method, low, normal and high amounts of the a-CEHC
and o-TLHQ glucuronide/sulphate metabolites (0.1, 0.5 and 2.5 nmol) were added to
laboratory control urine. The intra-assay precision of the method was evaluated using
twenty replicate injections of the three concentrations of the metabolites in the same run on
a single day. Inter-assay reproducibility was assessed by running a single injection of the
three concentrations on 20 separate occasions over a period of 60 days. The area under the
peak for each metabolite and internal standard was calculated from the chromatogram using
Mass Lynx software. The ratio of the areas for the vitamin E metabolites over the

corresponding internal standard was calculated for each metabolite.

The intra- and inter-assay coefficients of variation for the metabolites are shown in Tables
3.2.3 and 3.2.4. The intra-assay coefficient of variation ranged from 0.60 to 3.73 % (Table

4.2.3) and the inter-assay coefficient of variation ranged from 1.18 to 4.32 % (Table 4.2.4).
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Concentration of

Concentration of

Concentration of

metabolite metabolite metabolite
0.6 pmol/l 3.3 pmol/l 16.6 pmol/l
(0.1 nmol) (0.5 nmol) (2.5 nmol)
N=20 N=20 N=20
C.V.% C.V.% C.V.%
o-CEHC 1.95 2.20 0.65
Sulphate
o-TLHQ 2.63 0.60 1.42
Sulphate
o-CEHC 3.73 1.92 1.33
Glucuronide
o-TLHQ 3.70 1.57 0.88
Glucuronide

Table 4.2. 3 The intra-assay coefficients of variation for the vitamin E metabolites

Concentration of

Concentration of

Concentration of

metabolite metabolite metabolite
0.6 pmol/l 3.3 pmol/l 16.6 pmol/l
(0.1 nmol) (0.5 nmol) (2.5 nmol)
N=20 N=20 N=20
C.V.% C.V.% C.V.%
o-CEHC 2.11 3.44 1.40
Sulphate
o-TLHQ 3.06 1.18 3.60
Sulphate
o-CEHC 3.86 2.97 1.99
Glucuronide
o-TLHQ 4.32 2.04 2.84
Glucuronide

Table 4.2. 4 The inter-assay coefficient of variation of vitamin E metabolites
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4.2.2. 4 Limit of detection

The limit of detection is a measure of the sensitivity of a method. There is both a functional
and biological limit of detection. The functional limit indicates the cut off point for
detection in a non-biological sample such as water or organic solvent, whereas the
biological limit of detection indicates the cut off point for detection in a biological matrix
such as urine. The limit of detection of the method was evaluated by diluting a known
amount of metabolite sequentially and determining the amount at which detection was not
possible. The lowest amount of the metabolites in urine and ethanol giving a signal to noise

ratio of 5:1 were taken to be the biological and functional limits of detection in this study.

The functional and biological limits of detection for the four metabolites are tabulated

below (Table.4.2.5). a-TLHQ glucuronide had the lowest limit of detection, with functional

and biological limits of detection of 0.06 and 0.30 umol/l respectively.
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Metabolite Functional Biological
Limit Limit
(pmol/l) (pmol/l)
a-CEHC sulphate 0.10 0.50
a-TLHQ sulphate 0.20 0.60
a-CEHC glucuronide 1.30 5.10
a-TLHQ glucuronide 0.06 0.30

Table 4.2. 5 Functional and biological limits of detection for the vitamin E metabolites
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4. 3 Discussion

Over the past 50 years a number of metabolites of vitamin E have been identified. Recently,
however there has been a renewed interest in measuring urinary metabolites of vitamin E
due to their proposed use as a biomarker of oxidative stress (Schultz, Cato, Corkeron, &
Bryden 1995). Published studies to date on the metabolites have measured the free
unconjugated compounds using GC/MS (Pope 2001) and HPLC-ECD (Lodge 2000). These
methodologies require long deconjugation and extraction procedures with a high risk of

artefact formation.

Schultz (1995) showed that a-CEHC could be almost totally converted to a-TLHQ after
bubbling oxygen through a solution of 70 uM a-CEHC in 0.1 M HCL for 24 hours at room
temperature. This was regarded as evidence that the presence of oxygen could cause
artefactual oxidation and the possibility that some or all the lactone reported by others
could have resulted from the artefactual oxidation of a-CEHC during the assay procedure.
Pope (2000) observed poor reproducibility for a-TLHQ in their GC/MS assay, which they
attributed to some artefactual conversion of a-CEHC to TLHQ. They found that despite
trying to keep artefactual oxidation to a minimum by controlling parameters such as
exposure to air, heat, acidity and reducing the number of solvents, 5-10 % of added do- a-

CEHC was converted to do- a-TLHQ.

The aim of the current study was to establish, validate and use a rapid LC-MS/MS method
to investigate the intact conjugates of vitamin E metabolites. The direct measurement of the
conjugates has the great advantage that the conjugated group (glucuronide or sulphate)

greatly reduces the risk of the artefactual formation of a-TLHQ from a-CEHC (Pope 2001).
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The current study concentrated on metabolites of a-tocopherol as this is the most

biologically active form of vitamin E.

Preliminary studies (straight scans and fragmentation spectra) were conducted to confirm
the identity of the metabolites of interest. The molecular masses obtained were consistent
with the theoretical masses of the metabolites and internal standards (Fig.4.2.1.A.B.C and
D). However the a-CEHC and a-TLHQ metabolites had identical molecular weights and
similar fragmentation patterns, except in the case of a-CEHC sulphate where a previously
unreported peak at 241.3 m/z was observed (Fig.4.2.2.A). In theory this progeny ion at
241.3 m/z could have been used to distinguish the sulphate metabolites, but the glucuronide
metabolites could not be differentiated due to their identical fragmentation patterns
(Fig.4.2.3). It was therefore decided to separate the metabolites prior to their identification
by mass spectrometry. High performance liquid chromatography (HPLC) was used prior to
tandem mass spectrometry, which resulted in the successful separation of all of the vitamin
E metabolites and the internal standards (Fig. 4.2.5). An additional unreported minor peak
was also obtained for a-TLHQ glucuronide at 8.66 min (Fig.4.2.5.E), which was postulated
to be an isomer. This isomer was also postulated to be present during the synthesis of a-

TLHQ by Pope (2001).

An advantage of the new method was the speed of analysis. The established methodology
of Pope (2000) included a long (eight hours) sample preparatory procedure which included
extraction, deconjugation, desalting and derivatisation steps (Fig. 4.3.1) prior to each

GC/MS run which took 30 min. The new method on the other hand measured vitamin E
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metabolites in neat urine with virtually no sample preparation and a run time of 20 min

(Fig.4.3.1).

The use of type Il internal standards (androsterone glucuronide and lithocholic acid
sulphate) in the current study (due to time constraints dueterated internal standards could
not be synthesised) was substantiated by extensive validation procedures which were found
to be satisfactory. The current method was found to be linear over the necessary working
range, to be reproducible and having recovery of greater than 90%. The inter- and intra-
assay coefficients of variation ranged from 0.60 to 4.32 % (Table. 4.2.3 and 4.2.4) in the
current assay compared to 21.9 and 64.7 % (intra and inter) in the method using GC/MS
developed by Pope and his co-workers (Pope, Clayton, & Muller 2000). These figures are
well within the criteria for an LC-MS/MS method using type Il internal standards. The limit
of detection were observed to be 0.30-5.10 umol/l in biological fluids (urine) which was
well below the concentrations that control values could be accurately be detected and

quantitated.
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Fig.4.3. 1 Comparison between the existing GC/MS methodology and the new method
(IS= Internal Standard)
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Chapter 5

Amino Acids Associated with
Nitric oxide (NO')
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5 Amino acids associated with Nitric oxide (NO¢)

Nitric oxide (NO") in its role as reactive nitrogen species (RNS) has been implicated as a
source of oxidative stress in human physiology (section 1.1.4). It has particularly been
studied in vascular integrity (Moncada and Higgs 2006). In the current study we have
aimed to develop a method to quantitate the amino acids that are involved in the
homeostasis of NO' metabolism in the hope that they would indicate the oxidative stress

status of the individual.

The following section will elaborate on the amino acids involved/ associated closely with

NO’ in maintaining vascular equilibrium and the implications for oxidative stress.

5. 1 Background information

The endothelium plays an important role in the maintenance of vascular homeostasis, in
part through the production of NO' (Moncada & Higgs 2006). Vascular diseases, including
atherosclerosis, hypertension and the complications of diabetes are characterised by
impaired endothelium-derived NO® bioactivity, and such impairment is thought to
contribute to clinical events associated with vascular disease including myocardial
infarction and stroke (Price 2008). Oxidative stress in the vascular wall is a prominent
feature of vascular disease (Diaz 1997) and evidence indicates that impaired endothelium-
derived NO’ bioactivity is due, in part, to increased oxidative stress (Cai and Harrison

2000).

NO’ is a gas, which is difficult to measure directly. In this study we aimed to develop a

method to investigate NO' metabolism by measuring a number of amino acids involved in
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its metabolism and its synthesis by nitric oxide synthase (NOS) e.g L-arginine (precursor),
L-citrulline (product), L-ADMA (inhibitor), L-homocysteine (implicated in NO’

bioavailability).

5.1. 1 History of nitric oxide

Nitric oxide is an inorganic free radical (formula N=O, abbreviated to NO") and is
considered to be one of the smallest and simplest biologically active molecules in nature. It
was discovered in 1772 by Joseph Priestly as a clear, colorless gas and was thought to be
merely an atmospheric pollutant (Moncada & Higgs 2006). However, in 1979 (Gruetter
1979) delivered a gaseous mixture of NO’ into an organ bath containing isolated pre-
contracted strips of bovine coronary artery which resulted in the relaxing of the artery. This
which led to the discovery that NO' had vascular smooth muscle relaxant properties.
(Furchgott and Zawadzki 1980), discovered that endothelial cells in vessels with an intact
endothelium produce an endothelium-derived relaxing factor (EDRF) in response to
stimulation by acetylcholine and in 1987, Palmer et al., (1987) et al., and Ignarro et al.,
(1987) independently proved that EDRF was NO™ . A year later, Moncada's group also
demonstrated that NO" was synthesized from the amino acid L-arginine (Palmer et al.

1988).

NO’ has not only been implicated in a range of conditions ranging from hypertension to
septic shock and dementia (Moncada and Higgs 1993) but also in many areas of
biomedicine, including cardiovascular function, neurotransmission, pain, wound healing
and tissue repair, cancer, immune function, infection, respiratory function and eye disease
(Yetik-Anacak and Catravas 2006). Today, it is hard to find a disease which is not

associated with altered NO' homeostasis. In fact because of its numerous endothelial
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functions, the term “endothelial dysfunction”, originally coined in 1983 (Catravas 1983)
has now become synonymous with reduced biological activity of NO (Yetik-Anacak &

Catravas 20006).

5.1. 2 Synthesis of NO*Synthesis of NO’

Many reports supported the idea that mammalian cells can synthesise nitric oxide (Ignarro
1987;Palmer 1987). In 1989 it was reported that endothelial cells contain a cytosolic
enzyme which is either directly or indirectly regulated by calcium, which converts L-
arginine to citrulline and a compound which behaves similarly to EDRF (Mayer 1989). It is
now know that NO' is synthesised enzymatically from L-arginine by one of three nitric
oxide synthases (NOS) with the production of L-citrulline as a by-product. The first
isolation of NOS1 was reported from the brain (Bredt and Snyder 1990). This enzyme
(nNOS) is found constitutively in a variety of cells, including endothelial cells and neurons
(Griffith and Stuehr 1995). The second NOS, is inducible NOS (iNOS) or NOS2, which
was isolated from macrophages by (Hevel 1991). Inducible NOS is expressed in numerous
cells after several hours of exposure to cytokines and/or microbial products (Stuehr 1997).
The last synthase to be identified was endothelial NOS (eNOS) or NOS3, which was

isolated from bovine aortic endothelial cells (Palmer and Moncada 1989).

The activity of NOS is controlled by intracellular concentrations of calcium and
calmodulin, NOS concentration is directly proportional to the production of NO' (Knowles
and Moncada 1994). The main physiological stimulation contributing to the increase in
NO’ production in the endothelium is through the action of sheer stress on the blood vessels

(Knowles & Moncada 1994).
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5.1. 3 NO¢-, oxidative stress and endothelial dysfunction

Endothelial dysfunction refers to a loss of normal homeostatic functions (e.g.,
vasodilatation, platelet inhibition) often occurring early in the course of vascular diseases
such as atherosclerosis, hypertension and complications of diabetes (Puddu 2005). One
important manifestation of endothelial dysfunction is a reduction in endothelium-derived
NO’ bioactivity which is an independent predictor of cardiovascular events in patients with
coronary artery disease (Gokce 2002). In theory, such a decrease in NO" bioactivity could
result from reduced NO’ production or inactivation of NO". There is considerable evidence

for both of these situations in animal and human models of vascular disease.

Oxidative stress is a characteristic of many vascular diseases, including atherosclerosis,
hypertension and complications of diabetes (Cai & Harrison 2000). Various stimuli have
been proposed to promote vascular oxidative stress, including hypercholesterolaemia,
hyperglycaemia, shear stress, angiotensin II, and proinflammatory cytokines (Cai &

Harrison 2000;Griendling 2000).

Diseased blood vessels from hypercholesterolaemic rabbits produce substantial amounts of
nitrogen oxides (NO’ oxidation products) despite the impairment in NO’-dependent
vascular relaxation (Minor 1990). This finding suggested that NO" production in vascular
disease was not decreased, but that NO" was inactivated before reaching its cellular target.
Subsequent studies have established that oxidative inactivation of NO™ frequently involves
the superoxide anion radical. For example, hypertension, hypercholesterolaemia and
atherosclerosis are associated with an increase in the steady-state flux of superoxide in the
vascular wall (Griendling 2000). Superoxide is then able to react with NO"to produce the

potent oxidant peroxynitrite (Kissner 1997). Peroxynitrite formation is kinetically favored

168



over other NO' reactions and is likely to occur whenever both NO and superoxide are

present (Radi 1996).

Various studies have provided evidence that direct inactivation of NO" by superoxide is a
mechanism for impaired NO' bioactivity. For example, the addition of superoxide to
vascular bioassay systems impairs NO’-dependent vessel relaxation (Gryglewski 1986).
Conversely exogenous SOD improves the vascular relaxation response to endothelial-
derived NO’ under both basal and acetylcholine stimulated conditions (Gryglewski 1986).
It has also been shown that, blood vessels with decreased Cu/Zn-SOD activity exhibit
enhanced vascular superoxide production and impaired NO'-mediated arterial relaxation
(Lynch 1997). Finally, it has been shown that acute intra-arterial infusion of ascorbate at
concentrations that effectively prevent superoxide interaction with NO™ (Jackson 1998)
improves endothelium-dependent relaxation in patients with cardiovascular disease
(Heitzer 2001b). In fact, patients that demonstrated the greatest improvement in NO’
bioactivity in response to ascorbate also exhibited the greatest reduction of cardiovascular
events, which is consistent with the notion that oxidative stress induced endothelial

dysfunction is clinically important (Heitzer 2000).
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5.1. 4 Reduced bioavailability of NO’

Asymmetric dimethylarginine (ADMA) and homocysteine both affect NO' bioavailability

and will now be discussed.

5.1.4. 1 Assymetric dimethylarginine (ADMA) as an endogenous
inhibitor of NOS

Asymmetric dimethylarginine (ADMA) is an endogenous molecule which can be detected
in human blood and urine. It shows structural similarity to the amino acid L-arginine
(Fig.5.1.1). Vallance et al., (1992) were the first to describe substances that show similar
structure to L-arginine but differ from it in that they contain one or two methyl groups and
act as inhibitors of NO" synthesis. These substances are found in human plasma and urine
and Vallance ef al., (1992) also reported that asymmetric dimethylarginine was the one
member of this group of substances that is present in vivo in sufficiently high
concentrations to inhibit NO" synthesis. They showed that after its isolation from human
urine, ADMA induced a significant and concentration-dependent inhibition of NO°
production by cultured human macrophages (Vallance 1992). By contrast to ADMA, its
structural isomer symmetric dimethylarginine (SDMA) (Fig.5.1.1) had no effect on NO’

production.
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Fig. 5.1. 1 Chemical structures of L-arginine, asymmetric dimethylarginine (ADMA),
and symmetric dimethylarginine (SDMA)

Other experimental studies in various laboratories have since shown that ADMA inhibits
NO’ production in vitro within a concentration range that can be measured in plasma of
patients with cardiovascular or metabolic diseases (Faraci 1995;Kurose 1995). Moreover,
experiments with isolated, purified, cloned isoforms of NOS in vitro (Tsikas et al. 2000)
and clinical studies in patients with varying plasma concentrations of ADMA have also
demonstrated that ADMA inhibits NO" production in a concentration dependent manner

(Boger 1997;Boger 1998;Kielstein 2001).

Elevated ADMA concentrations are thus associated with a reduced systemic NO’
production. The latter can be assessed in vivo as a reduced urinary excretion of the stable
NO" metabolites, nitrite and nitrate and impaired endothelium-dependent vasodilation
(Bode-Boger 1998;Boger, BodeBoger 1997). Taken together, these studies strongly suggest
that ADMA could influence NO' metabolism which could then precipitate endothelial

dysfunction in humans.
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5.1.4. 2 Homocysteine nitric oxide and oxidative stress

Homocysteine is a sulphur-containing amino acid which is not found in our daily diet. It is
biosynthesised from methionine via a multi-step process including the formation of S-
adenosyl methionine (SAM) and adenosyl homocysteine to finally yield homocysteine
(Stryer 1981). It has been suggested that increased concentrations of plasma homocysteine
(hyperhomocysteinaemia) may play a role in the pathogenesis of various diseases,
especially at the cardiovascular level (Welch and Loscalzo 1998). It has also been
suggested that hyperhomocysteinaemia may be an independent risk factor for
cardiovascular disease (Perna 2003). Following the oxidation of homocysteine with nitric
oxide, S-nitroso-homocysteine is produced, and it has therefore been suggested that

increased homocysteine levels can reduce NO™ bioavailability (Perna 2003).

Homocysteine has been reported to reduce NO™ bioavailability by a number of additional
mechanisms. Firstly, it has been reported that homocysteine can function as an antagonist
of NOS as it triggers the accumulation of ADMA, but the exact mechanism is not clear (De
Groote 1996). Secondly, electrochemical detection of NO' released from endothelial cells
exposed to homocysteine, showed that homocysteine produced an indirect suppression of
endothelial nitric oxide synthase (eNOS) activity, and therefore NO" production, without
affecting NOS expression (Zhang 2000). Thirdly, evidence exists that homocysteine affects
glutathione peroxidase activity, thus providing the environment for the propagation of ROS
(Upchurch 1997). Endothelial glutathione peroxidase catalyses the reduction of hydrogen
and lipid peroxides to the corresponding alcohol and also prevents the oxidative
inactivation of NO°, however the exact mechanism of homocyteine’s action on glutathione
peroxidase is unknown. Finally, homocysteine has also been shown to reduce mRNA levels

of glutathione peroxidase, indicating that the expression of the enzyme is inhibited or down
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regulated. These findings were reported in mice and have yet to be confirmed in humans

(Weiss 2009).

5.1. 5 Quantitation of amino acids associated with NO’

Analytical assays for monitoring NO" are complicated by NO™s unique chemical and
physical properties (Wink and Mitchell 1998) including its reactivity (Moller 2007), rapid
diffusion (Williams 1996), and short half-life (Thomas 2006). The most commonly used
technique that can detect free radicals directly is the spectroscopic technique (Barker and
1998;Toda 2007;Zhou and Arnold 1996) of electron spin resonance (ESR) otherwise also
called as electron paramagnetic resonance (EPR) (Kleschyov 2000). For example, the
reactive radical NO' is allowed to react with a trap (haemoglobin) to produce a long-lived
radical (nitrosylhaemoglobin), which accumulates to a level that does permit detection by
ESR. These methods for the detection of NO' benefit from simple, affordable
instrumentation and conceptually straightforward analytical procedures, but their major
drawback is that the techniques were not found to be accurate and have been reported to
over estimate the oxidation of NO' (Zhang 1996). As such, even with these drawbacks the
methods are widely used for detecting NO°, especially in biological systems in vitro
(Hetrick & Schoenfisch 2009). Electrochemical sensors/ NO electrodes are likely the most
commonly employed analytical method for monitoring NO® in physiology/biology due to
their specific inherent advantages, which include real-time monitoring (i.e. on site),
amenability to miniaturization i.e. can be used in cells and tissues, and the ability to
enhance selectivity and sensitivity via electrode modification i.e using porphyrin on the
anode (Ciszewski & Milczarek 2003). Although electrochemical sensors are both sensitive

and fast responding, questions with respect to accuracy remain unanswered as it has been
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reported that the assays were unable to discriminate between NO' and carbon monoxide CO
(Lee & Kim 2007) and the technique is known to be widely used in in vitro animal studies
and has not known to be used to assess NO" metabolism in vivo involving human subjects

in a clinical setting (Hetrick & Schoenfisch 2009).

NO’ metabolism could also be monitored indirectly based on the spectrophotometric
analysis by the Griess reaction (Green 1982) - which consists of nitrite’s reaction under
acidic conditions with aromatic amines generating a purple azo dye. This method has some
limitations regarding detection limit and sensitivity, thus resulting unsuitable for nitrite

detection in plasma (Giustarini 2004).

Another approach of understanding NO" metabolism could be by measuring amino acids
associated with NO" metabolism; L-arginine (precursor of NO°), L- citrulline (product of
NO" formation), L-ADMA (inhibitor of NOS) and L-homocysteine (decreases

bioavailability of NO' by inhibiting NOS).

The most widely used analytical method for measuring amino acids in a clinical setting has
been ion-exchange chromatography. It is a process that allows the separation
of ions and polar molecules based on their charge. The procedure is fully automated,
specific and accurate measuring 43 amino acids in biological fluids including plasma- 100
ul (Dickinson 1965), urine- 100 pl (Yokoyama 1991) and cerebrospinal fluid- 750 pl
(Dickinson and Hamilton 1966) and follows the principle of the method established by
(Hamilton 1963). The major drawback of this method is it is labour intensive requiring
extensive sample preparation-including an extraction step, requiring upto 24 hours

analytical time. Current methods based on ion exclusion chromatography Alpert (2007)
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require elaborate sample preparation -including an extraction step, and requiring up to 24

hours analytical time.

Mass spectrometric approaches for quantitation of the amino acids associated with NO’
metabolism are limited to individual amino acids (detailed below) and no published study

to date has quantified all the four amino acids associated with NO" metabolism together.

Gas chromatographic-mass spectrometric methodologies for the quantitation of the amino
acids are unsuitable unless all polar centres of the molecules are derivatised. A procedure
for the quantitative determination of arginine and ADMA in human plasma and urine
utilising a derivatisation protocol for subsequent GC-MS/MS analysis have been reported
by (Tsikas 2003a). The sample underwent a clean-up step (ultrafiltration) and subsequent
concentration by drying. Derivatisation of the amino acids required firstly esterification
with acidic methanol and then the addition of pentafluoropropionic anhydride (PFPA) to
form pentafluoropropionic acid amides. After derivatisation, the samples were suitable for
GC separation. The major drawback of this method was the labour intensive sample
preparation procedure which took approximately 2 hours prior to MS/MS analysis. A
similar GC-MS/MS method was reported by Albsmeier and co-workers (2004), where
sample clean-up consisted of protein precipitation with acetone followed by solid phase
extraction prior to analysis. There were no significant advantages to the method of Tsikas et
al., (2003) and again the labour intensive sample preparation was the major drawback of

the study.

Vishwanathan et al., (2000) reported the first LC-MS/MS method for L-arginine and L-

ADMA. After protein precipitation with acetonitrile and solvent evaporation, the
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underivatised amino acids were separated on a straight phase silica column. The
chromatographic run time was about 15 min. However, the noise level of the
chromatograms was high and the amino acids of interest were not always completely
separated from endogenous interfering compounds, leading to doubts about specificity.
Quantitation was carried out by ESI-MS as well as by ESI-MS/MS, although the MS/MS

mode did not appear to substantially improves the selectivity.

Martens-Lobenhoffer and Bode-Boger (2003) subsequently developed an assay applicable
to human plasma and urine, which derivatised the analytes with ortho-phthalaldehyde
(OPA) and 2-mercaptoethanol prior to HPLC separation, following similar approaches
developed for fluorescence detectionby (Chen 1997). The OPA derivatives
of arginine, ADMA and SDMA were analyzed by ESI-MS in the studies of (Martens-
Lobenhoffer & Bode-Boger 2003). Because of the superior selectivity of the mass
spectrometric detection, the laborious sample clean-up could be avoided, and sample
preparation was reduced to protein precipitation for plasma and dilution for urine samples.
In addition to L-Arginine and L-ADMA, the amino acid L-citrulline was quantified in the

same run, using a C18 column with a run-time of 27 min.

Markowski et al., (2007), reported a reversed phase-HPLC method for the quantitation of
L-arginine, L-citrulline and L-ADMA in human urine. The sample preparation included a
solid phase extraction procedure prior to drying and derivatisation using OPA prior to LC

analysis on a C-18 column with a run-time of 60 min.

In the case of homocysteine, reported analytical studies have generally concentrated on

measuring plasma concentrations of the amino acid. (Magera 1999), reported the first LC-
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MS/MS study measuring urinary homocysteine, with a simple sample clean-up of protein
precipitation by acetonitrile (0.05% containing formic acid). HPLC separation was

achieved on a C-18 column with a run time of 2.5 min.

Rafii et al., (2007) improved the method developed by Magera ef al., (1999) by including a
derivatisation step using 7-fluorobenzofurazan-4-sulfonic acid ammonium salt which

improved the chromatography.

We worked to develop an assay to measure all the amino acids associated with NO’
metabolism in a single run in order to gain a better understanding of the in vivo alteration of
the NO" metabolism in disease conditions such as diabetes. No study to date has looked into
the metabolism of NO’ in its entirety i.e. its precursor (arginine) its inhibitors (ADMA,
homocysteine) and the co-product of nitric oxide synthase (citrulline). It was with this aim
that the current assay was developed to measure urinary concentrations of L-arginine, L-

citrulline, L-ADMA and L-homocysteine.
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5. 2 Method development

The development of the assay to quantitate the amino acids associated with NO’
metabolism involved the following steps

* Determination of molecular weight

* Determination of fragmentation ions

* Optimisation of HPLC parameters

* Tests of linearity, reproducibility and limit of detection of the developed assay

5.2. 1 Principles of 9-fluorenylmethyl chloroformate (FMOC)
derivatisation

The quantitation of amino acids has traditionally been based on separation by ion-exchange
chromatography, followed by post-column derivatisation (most commonly ninhydrin) for
detection (Hearn & Grego 1984). In recent years rapid improvements in HPLC equipment
and high-efficiency chromatographic columns have led to a significant change in approach
to amino acid analysis. Thus many methods are frequently based on pre-column
fluorescence derivatisation are simple, sensitive and without time-consuming manipulation

(Hearn & Grego 1984).

One of the most promising pre-column derivatizing reagents is 9-
fluorenylmethylchloroformate (FMOC) which has been used successfully for HPLC
separations of amino acids by (Einarsson et al. 1983). The reagent reacts rapidly with the
amine group of amino acids to form a highly fluorescent and stable carbamate derivative. A

general reaction of FMOC with a primary amine is shown in Fig. 5.2.1
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Fig.5.2. 1 Reaction of FMOC with an amino acid

The advantage of FMOC over other derivatising agents is its ability to react rapidly and
quantitatively, under mild conditions, with amino acids forming in general a single stable
derivative per amino acid. The derivatives can be detected with high sensitivity at low
picomole levels (without being disturbed by sample matrix components such as salts) and
the reagent does not interfere with the chromatographic separation of the amino acids

(Einarsson 1983).

The major disadvantage of FMOC is its reactivity with water as the fluorescent alcohol -
FMOC-OH, elutes in the middle of the chromatogram. At high concentrations, FMOC-OH
overlaps with other amino acids in the chromatogram complicating their quantitation
(Einarsson and Josefsson 1987). Other specific disadvantages of FMOC are the poor
fluorescent properties of the cysteine and homocysteine derivative as well as the di-FMOC

derivative of histidine.
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The low fluorescent problem with cysteine and homocysteine was effectively solved by
(Bank 1996) by derivatising the amino acids with FMOC in 0.1M borate buffer at pH 11.4
(as opposed to pH 7.7 used by Einarsson 1983) for a period of 40 min. This protocol was
used in the current study. The method enabled the mass spectrometer to be used in negative
ion mode, thus improving the chromatography of the amino acids (sharper/ narrower peaks)

and increasing the signal to noise ratio thus enhancing the sensitivity of the assay.

5.2. 2 Preliminary Analysis

A method was initially developed to quantitate the amino acids associated with NO'
metabolism (L-arginine, L-citrulline, L-ADMA and L-homocysteine) in a single run, using
an FMOC derivatising protocol. Subsequently, seven additional amino acids were also

included in the analysis. They were;

L-glycine: non-polar uncharged side chain

L-serine: polar uncharged side chain
L-phenylalanine: aromatic hydrophobic side chain
L-glutamic acid: polar negatively charged side chain

L-taurine, L-cysteine and L-cystine: sulphur containing amino acids

The derivatisation and clean up procedures are presented sections 2.4.2 for the standards

and 2.4.3 for urinary samples.
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5.2.2. 1 Determination of the FMOC amino acids in scan mode

The tandem mass spectral analyses of the FMOC derivatives of the amino acids
(100pmol/L) were obtained in scan mode over the mass range of 2-1000 [M-H'] and are
illustrated in Figs.5.2.2-5.2.4. The observed masses [M-H'] corresponded to the theoretical
mass of the FMOC amino acid except in the case of L-cysteine where the amino acid took
on 2 FMOC moieties (Fig.5.2.3.C). The observed and theoretical mass of each FMOC

amino acid is tabulated in Table 5.2.1.
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Fig.5.2. 2 Parent scan of FMOC L -arginine 394.7 m/z (A), -citrulline: 396.1 m/z (B), -
ADMA: 422.8 m/z (C) and -homocysteine: 356.1 m/z (D).
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Fig.5.2. 3 Parent scan of FMOC L —taurine: 346.0 (A), -serine:326.1 (B), -cystine:683.5
(C) and —cysteine:342.0 (D).
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Fig.5.2. 4 Parent scan of FMOC L —phenylalanine:386.6 m/z (A), -glutamic acid:368.4
m/z(B) and —glycine:296.5 m/z (C).
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Figure Amino acid Observed mass Theoretical mass
[M-H] [M-H']
522A FMOC L-arginine 394.7 395
52.2.B FMOC L-citrulline 396.1 396
522.C FMOC L-ADMA 422.8 423
5.2.2.D FMOC L-homocysteine 356.1 356
523.A FMOC L-taurine 346.0 346
52.3.B FMOC L-serine 326.1 326
523.C 2 (FMOC) L-cystine 683.5 684
523D FMOC L-cysteine 342.0 342
52.4A FMOC L-phenylalanine 386.6 386
5.2.4B FMOC L-glutamic acid 368.4 369
524.C FMOC L-glycine 296.5 296

Table 5.2. 1 Observed and theoretical masses of the FMOC amino acids
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5.2.2. 2 Optimisation of fragmentation of the FMOC amino acids

Each compound was further characterised by fragmentation studies using the mass
spectrometer operating in the product ion scan mode. The fragmentation patterns of the
amino acids (100umol/L) were observed to give characteristic “fingerprint” progeny ions
which corresponded to the molecular masses of the underivatised amino acids. The
fragmentation pattern of each amino acid is shown in Figs.5.2.5-5.2.7 and the major

progeny ions observed are tabulated in Table 5.2.2

186



Fig.5.2. 5 Product ion spectra of FMOC L —arginine 172.9 m/z, -citrulline: 173.9 m/z, -ADMA: 201.0
m/z, -homocysteine 159.8 m/z
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Fig.5.2. 6 Product ion spectra of FMOC -L-taurine: 123.7 m/z (A), -serine m/z (B), -cystine
m/z (C), -cysteine: 145.7 m/z (D)
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Fig.5.2. 7 Product ion spectra of FMOC L-phenylalanine:190 m/z and minor ion: 164.1 m/z(A),-
glutamic acid: 172.0 m/z and minor ions: 146 and 128 m/z (B) —glycine: 73.8 m/z minor ions: 99.9 and
117.9 m/z
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Figure Amino acid Theoretical mass | Major progeny | Minor ions

[M-H] ion used for

MRM

525A FMOC L-arginine 395 172.9 N.D
5.2.5.B FMOC L-citrulline 396 173.9 N.D
52.5.C FMOC L-ADMA 423 201.0 N.D
5.2.5.D FMOC L-homocysteine | 356 159.8 N.D
5.2.6.A FMOC L-taurine 346 123.7 N.D
5.2.6.B FMOC L-serine 326 129.7 N.D
5.2.6.C 2 (FMOC) L-cystine 684 151.8 N.D
5.2.6.D FMOC L-cysteine 342 145.7 N.D
5.2.7.A FMOC L-phenylalanine | 387 190.1 164.1
5.2.7.B FMOC L-glutamic acid | 368 172.0 146.0,128.0
5.2.7.C FMOC L-glycine 297 73.8 99.9,117.9

Table 5.2. 2 Fragmentation patterns of FMOC amino acids (ND-not detected)
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5.2.2. 3 Mass and fragmentation data for internal standards

In this study, *Cs L-arginine was used as an internal standard for the measurement of the
amino acids. The response factor of the internal standards were found to be 1:1 i.e. the area
under the curve for 5 nmol of the internal standards was found to be equal to the area under
the curve for 5 nmol of all the amino acids studied. The tandem mass spectral analysis of
the FMOC internal standard was obtained in scan mode over a mass range of 2-600 [M-H],
and a mass was observed at m/z 400.6 [M-H'] (Fig.5.2.8.A). The fragmentation analysis of
the internal standard was observed in scan mode over a mass range of 2-400 m/z. This led
to the identification of ‘fingerprint’ progeny ion at the intensity of 178.9 m/z (Fig.5.2.8.B)

which corresponded to the molecular mass of the underivatised '*Cg L-arginine.
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Fig.5.2. 8 Parent ion scan: 400.6 m/z (A) and product ion spectrum: 178.95 (B) of
FMOC L-13C6 arginine
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5.2. 3 LC-ESI-MS analysis of amino acids

High performance liquid chromatography (HPLC) was used together with tandem mass
spectrometry. A HyPURITY C8 column (100 mm X 2.1 mm with a 5 p particle size) fitted
with a guard column containing the same stationary phase (Phenomenex UK) was used.
The use of HPLC prior to mass spectrometry had several additional advantages. Firstly, the
use of the HPLC column enabled individual amino acids to be separated before entering the
MS/MS, thus increasing the specificity of the method. Secondly there was a reduction of
ion suppression and thirdly, the use of a solvent delay system allowed at least 300 analyses
to be completed before routine maintenance of the mass spectrometer was necessary. Two
gradients were evaluated to elucidate the best results. The first gradient (procedure-1)
contained water and methanol: acetonitrile/MeOH: ACN (2:1). The use of methanol:
acetonitrile (2:1) was used in case the isoprostane analysis was incorporated into the
method at a later date. Details of the gradient are shown in Table.5.2.3. The mobile phase
consisted of a step change gradient where the LC gradient started with 5% MeOH:ACN
and 95% water for 2 min which was then increased to 45% MeOH:ACN and 55% water for
3 min. The gradient was further increased to 55% MeOH:ACN and 45% water for a further
2.49 min and was held at 100% MeOH:ACN for 8.5 min after which the gradient was
reduced to 20% MeOH:ACN and 80% water for 4 min. The flow rate of the gradient

varied from 0.25-0.50 ml/min.
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Time Water MeOH:ACN Flow
(Min) % (2:1) (ml/min)
%
0.00 95 5 0.50
2.00 55 45 0.25
5.00 45 55 0.25
7.49 20 80 0.25
7.50 0 100 0.50
16.00 80 20 0.50
20.00 80 20 0.50

Table 5.2. 3 HPLC procedure-1

The chromatographic elutions are shown for each of the FMOC compounds in Fig.5.2.9.
An overlap of the chromatographic separations of L-cysteine and L-homocysteine were
observed with a retention time of 8.78 min and 8.87 respectively. Also, a minor peak at
9.21 min was observed for both the amino acids. In addition no mass for glutamic acid

could be observed.
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Fig.5.2. 9 Elution using HPLC procedure-1. Absence of glutamic acid elution (G)
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In order to try and elute the glutamic acid an acidic HPLC gradient was tried (procedure-2).
Ammonium acetate containing 0.01% formic acid and acetonitrile (ACN) were used as the
solvents. Details of the gradient used are shown in Table.5.2.4. The mobile phase consisted
of a step change gradient which started with 5% ACN and 95% ammonium acetate (0.01%
formic acid) for 2 min and was increased to 31% ACN and 69% ammonium acetate (0.01%
formic acid) and held for 8 min. The gradient was then increased to 100% ACN and held
for 5 min. The column was then reconditioned with 5% ACN and 95% ammonium acetate

(0.01% formic acid) for 5 min.

Time Ammonium ACN Flow
acetate +
(Min) 0.01 % % (ml/min)
formic acid
%
0.00 95 5 0.50
2.00 70 30 0.50
2.10 69 31 0.25
10.00 30 70 0.25
10.01 0 100 0.50
15.01 95 5 0.50
20.00 95 5 0.50

Table 5.2. 4 HPLC procedure-2

The chromatographic elutions are shown for each of the compounds in Fig.5.2.10 with

glutamic acid eluting at 5.6 min. Procedure-2 gave better separation of the amino acids
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including cysteine and homocysteine with elution taking place between 5.6 and 10.5
minutes. This compared to procedure-1 where the amino acids eluted between 5.8 and 8.9
minutes, with FMOC-L-cystine, L-ADMA, L-arginine and L-phenylalanine eluting
between 7.35-7.57 min. The different retention times of procedure 1 and 2 have been
tabulated in Table 5.2.5. Thus procedure 2 was used in future studies to validate the

method.

The run was conducted initially in an organic solvent (ethanol) and then replicated in

human urine (the chromatogram was observed to be identical).
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Procedure 1 Procedure 2

Retention time Retention time

L-Cystine 7.35 8.16
L-ADMA 7.57 6.79
IS/13C6L- Arginine 7.38 6.51
1-Citrulline 5.82 6.14
L-Arginine 7.38 6.51
L-Phenylalanine 7.57 8.25
L-Glutamic acid ND 5.61
L-Homocysteine 8.87/9.21 10.49
L-Taurine 6.26 6.88
L-Cysteine 8.87/9.21 10.30
L-Serine 5.86 6.26
L-Glycine 6.07 6.57

Table 5.2. 5 Retention times of amino acids
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Fig.5.2. 10 Elution using HPLC procedure-2, elutions of L-cystine:8.15 min,-ADMA:
6.79 min,-1S:6.51 min,-Citrulline:6.14 min,-Arginine:6.51 min,-Phenylalanine:8.25
min,-Glutamic acid:5.61 min,-Homocysteine:10.49 min,-Taurine:6.88 min,-
Cysteine:10.30 min,-Serine:6.2
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5.2. 4 Validation of method

To test the performance and robustness of the method, the assay was evaluated for its

linearity, recovery, reproducibility and limit of detection.

5.2.4. 1 Linearity

In order to assess if the method gave a linear response, increasing amounts of each of the
compounds and a constant amount (10 pl of 100 umol/l) of the internal standard were
added to 50 pl of pooled urine from laboratory volunteers and analysed as described in
section 4.3.3. The amino acids could be divided into two groups according to their typical
urinary concentration and so two ranges of concentrations were used in the linearity
studies. The two calibration curves with seven points of reference were 0, 5, 10, 25, 50, 100
and 200 nmol (0, 33.2, 66.4, 166.0, 332.0, 664.0 and 1328 umol/l) for ADMA, arginine,
phenylalanine, glutamic acid, homocysteine, citrulline and 0, 10, 25, 50, 100, 250 and 500
nmol (0, 66.4, 166.0, 332.0, 664.0, 1328.0, 1660.0 and 3320.0 pmol/l) for taurine, serine,
cysteine, cystine and glycine. The ratio of the areas for each metabolite over the internal
standard was calculated for each metabolite. The data obtained was subjected to linear
regression analysis where the best fit for the linear relationship was calculated using
GraphPad Prism 4. The plots were linear up to 5000 and 9500 pmol/L respectively, for the
two groups, which is approximately 4 times the highest concentration used (data not

shown).

The correlation coefficients were greater than 0.99 for all the amino acids. Typical plots for

the four amino acids related to NO” metabolism are shown in Fig.5.2.12.
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Fig.5.2. 11 Calibration curves for L-arginine, L-citrulline, L-ADMA, L-homocysteine
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5.2.4. 2 Recovery

Recovery studies involved analysis before and after adding known amounts of the
metabolites (0.2, 0.5 and 2.5 nmol) to 150 pl urine from laboratory controls containing a
constant amount of internal standard. Injections at each concentration were performed in
triplicate. The ratio of the areas for the amino acids over the corresponding internal
standard was calculated for each amino acid. The percentage recovery of the added analyte

was then calculated using the following formula:

% Recovery = [(b-a)/c] X 100
where, a=amount found before addition, b=amount found after addition and c=amount of

standard metabolite added

The results are summarised in Table.5.2.6. The recoveries were consistently greater than

90%, with most being greater than 95%. (Recoveries above 85% are found to be acceptable

by The Journal of Clinical Biochemistry)
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Amount of Amount of Amount of
metabolite added | metabolite added | metabolite added
(0.2 nmol) (0.5 nmol) (2.5 nmol)
Recovery Recovery Recovery
(%) (%) (%)

Arginine 95 97 98
Citrulline 97 99 100
ADMA 93 97 99
Homocysteine 98 97 99
Taurine 98 94 98
Serine 90 98 99
Glutamic acid 92 95 98
Glycine 99 97 100
Phenylalanine 92 94 95
Cysteine 95 93 99
Cystine 97 95 100

Table 5.2. 6 Percentage recoveries of the amino acids
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5.2.4. 3 Reproducibility

To assess the reproducibility of the assay, repeated analysis were undertaken following the
addition of low and high amounts of the amino acids (5 and 50 nmoles) to control urines.
The intra- assay reproducibility was evaluated using fifteen replicate injections, of the two
concentrations of the amino acids, within the same run on a single day. The inter-assay
reproducibility was assessed by running a single injection of the two concentrations on
fifteen separate occasions over a period of 45 days. The ratio of the areas for the amino acid

over the corresponding internal standard was calculated for each metabolite.

The intra-assay coefficient of variation for the amino acids ranged from 0.07 to 1.23 %

(Table 5.2.7) and the inter-assay C.V. of the amino acids ranged from 2.32 to 5.76 %

(Table 5.2.8).
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Amount of metabolite

Amount of metabolite

added added
5 nmol 50 nmol
N=15 N=15
C.V.% C.V. %
Arginine 0.62 0.75
Citrulline 0.80 0.67
ADMA 0.61 0.59
Homocysteine 0.31 0.47
Taurine 0.32 0.27
Serine 0.11 0.19
Glutamic acid 0.41 0.39
Glycine 0.31 0.67
Phenylalanine 0.17 1.23
Cysteine 0.28 0.45
Cystine 0.07 0.7

Table 5.2. 7 The intra-assay coefficient of variation
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Amount of metabolite

Amount of metabolite

added added
5 nmol 50 nmol
N=15 N=15
C.V.% C.V. %
Arginine 2.67 3.45
Citrulline 2.32 2.89
ADMA 5.45 5.67
Homocysteine 545 4.76
Taurine 2.69 3.87
Serine 4.12 3.45
Glutamic acid 3.55 4.07
Glycine 2.86 3.12
Phenylalanine 4.57 5.12
Cysteine 5.46 5.76
Cystine 4.74 4.23

Table 5.2. 8 The inter-assay coefficient of variation
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5.2.4. 4 Limit of detection

The limit of detection of the method was evaluated by diluting known amounts of the
amino acids sequentially and determining the dilution at which detection was lost. The
lowest amount of the metabolites in urine and ethanol giving a signal to noise ratio of 5:1

was considered to be the biological and functional limit of detection respectively.

The functional and biological limits of detection for the amino acids are tabulated below

(Table 5.2.9) and vary between 0.01-0.63 and 0.02-1.25 pumol/l for the functional and

biological limits respectively.
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Functional limit

Biological limit

pmol/l pmol/l
Arginine 0.16 0.32
Citrulline 0.04 0.02
ADMA 0.32 0.63
Homocysteine 0.08 0.63
Taurine 0.02 0.16
Serine 0.16 0.63
Glutamic acid 0.01 0.16
Glycine 0.04 0.16
Phenylalanine 0.63 1.25
Cysteine 0.63 1.25
Cystine 0.04 0.16

Table 5.2. 9 The functional and biological limits of detection
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5. 3 Discussion

Measuring NO’ metabolism directly in vivo is difficult (section 5.1.5) and thus indirect
measurements of NO' have been proposed. In this study we aimed to develop a
methodology to investigate alterations in NO' metabolism by measuring amino acids
involved in NO" metabolism; L-arginine (precursor of NO"), L- citrulline (product of NO’
formation), L-ADMA (inhibitor of NOS) and L-homocysteine (decreases bioavailability of

NO' by inhibiting NOS).

Traditionally, amino acid analysis is performed by ion-exchange chromatography with
detection after post-column derivatisation. An inherent disadvantage of this technique is
that long run times are required to obtain adequate resolution and a typical ion-exchange
assay can take over 24-48 hours to complete (Teerlink 2007). GC/MS has also been used to
quantitate amino acids but the assays require a sample clean-up and derivatising protocol
resulting in the method being long and labour intensive (Vishwanathan 2000) as discussed
in section 5.1.5. HPLC methods have been cited in the literature to be faster than the
GC/MS methods but they also require extraction procedures using SPE (section 5.1.5). The
present methodology used pre-column derivatisation and a separation protocol (HPLC)
prior to MS/MS analysis and took only 20 min to analyse the amino acids of interest.
Quantitation of individual amino acids using the FMOC derivatising protocol has been
carried out (Bank 1996) but no previous study prior has looked at all the four amino acids

associated with NO" metabolism in a single run.

The quantitation of the amino acids associated with NO" metabolism in biological fluids is
also associated with analytical difficulties. Typically, concentrations of the amino acids

associated with NO™ metabolism are two orders of magnitude lower than the typical amino
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acids, requiring assays of high specificity and sensitivity (Macallister 1996). In this study
HPLC was used together with tandem mass spectrometry, to separate all the amino acids of
interest. The use of HPLC served two purposes, firstly it increased the specificity of the
method and secondly it desalted the sample which helped to maintain the integrity of the
mass spectrometer and increase the time between routine maintenance checks. In theory the
method could have been developed using a shorter column and the use of a C8 column in
this assay was retained to keep the instrumentation similar to the method developed for the

analysis of vitamin E metabolites.

As amino acids are zwitter ions, thermally labile and non-volatile compounds, their
analysis without derivatisation is difficult by means of reverse phase HPLC and impossible
by GC (section 5.1.5). All other published HPLC methods have involved derivatisation
using o-phthalaldehyde (OPA) to increase sensitivity and retention of these compounds on
the HPLC columns as discussed in section 5.1.5. The inherent problems were the complex
gradient systems used and an elution time of greater than seventy minutes (Blundell and
Brydon 1987;Meyer 1997). Studies that did not utilise derivatisation techniques such as that
of Vishwanthan et al., (2000) where the sample was analysed after protein precipitation
with acetonitrile and solvent evaporation, resulted in a high noise level and the amino acids
of interest were not always completely separated from endogenous interfering compounds
leading to doubts about their quantitation. (Weaving 2008) overcame this problem using an
elaborate solid phase extraction (SPE) procedure but questions remained regarding the
validation procedures, matrix effects caused by SPE, method selectivity and comparability
issues as highlighted by Martins-Lobenhoffer (2009). The method of Weaving et al., (2008)
was validated using concentrations that were greater by 1000- fold compared to biological

fluids (plasma and urine). They also failed to provide any data to evaluate the matrix effect
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caused by the omission of the HPLC separation. Lastly, they did not account for the
potential interference caused by SPE to the accuracy of their method. In addition, sample
clean-up using SPE is labour intensive and ‘blank’ analyses have to be included to check
for the presence of spurious peaks, because some batches of pre-packed columns may

contain impurities, necessitating a conditioning step before use (de Jong & Teerlink 2006).

The methodology developed in this study for the analysis of amino acids involved a short
derivatising protocol utilising 9-fluorenylmethyl chloroformate (FMOC) prior to LC-
MS/MS analysis with minimum sample preparation. FMOC increases the detectability and
quantitation as it improves the ionisation of amino acids and it also enables superior
chromatographic resolution in the most frequently used mobile phase (acetonitrile,
ammonium acetate, methanol and water) of reverse phase HPLC systems (Gartenmann and
Kochhar 1999). The use of FMOC in the current assay also enabled us to quantitate seven

additional amino acids in addition to those involved with NO" metabolism in a single run.

The current method was found to be linear over the necessary working range (Table 5.3.1),
to be reproducible and have recovery rates of greater than 95%. This compared to the
recoveries of 84-95 % quoted by (Markowski, Baranowska, & Baranowski 2007) and his
co-workers, using RP-HPLC. The coefficients of variation for inter- and intra-
reproducibility varied from 0.07 to 5.76% in the current study which were better than the 8
% observed by (Martens-Lobenhoffer & Bode-Boger 2003) using LC-MS instrumentation
and the 2.3-14.2% and 2.9-6.4% by Vishwanthan et al., (2000) and (Rafii 2007)

respectively using LC-MS/MS instrumentation.
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The reference range of the urinary amino acids in healthy adults expressed per mmol/l
creatinine compiled by (Tan and Gajra 2006) in Asian and Caucasian population, using ion-
exchange chromatography is compared in Table.5.3.1 to the functional and biological limits

of the developed assay.

It can be seen that the amino acids can be quantitated with confidence as the method
developed in the current study is sufficiently sensitive to detect the low amounts present in

urine.

In summary, we have developed a rapid method with minimal sample preparation to
measure eleven amino acids in a single, multiplexed assay. In addition the utilisation of an
isotopically labeled internal standard adds robustness to the measurements. The
methodology developed to measure those amino acids associated with NO™ metabolism was
used to investigate children with Type 1 diabetes in whom oxidative stress has been

implicated (chapter 6).
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Functional Functional Functional Functional
Limit Limit Limit Limit

pmol/mmol pmol/mmol pmol/mmol pmol/mmol

creatinine creatinine creatinine creatinine
Arginine 0.83 1.66 2-13 ND-5
Citrulline 0.21 0.10 ND-3 ND-4
ADMA 1.66 3.28 ND ND
Homocysteine 0.42 3.28 0-9 ND
Taurine 0.10 0.83 21-244 ND-180
Serine 0.83 3.28 21-133 ND-30
Glutamic acid 0.05 0.83 ND-7 ND-40
Glycine 0.21 0.83 37-690 ND-107
Phenylalanine 3.28 6.50 1-22 ND-19
Cysteine 3.28 6.50 NA NA
Cystine 0.21 0.83 2-17 Nd-17

Reference Range I- Asian population-Tan and Gujara (2006)
Reference Range II- Caucasian population-Tan and Gujara (2006)

ND- Not detected
NA-Not available

Table 5.3. 1 Comparism of reference ranges to the limits of detection
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Chapter 6

Diabetes
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6 Diabetes

6.1 Background information

6.1. 1 Definition of diabetes

The term diabetes mellitus describes a metabolic disorder of multiple aetiology
characterised by chronic hyperglycaemia with disturbances of carbohydrate, fat and protein
metabolism resulting from defects in insulin secretion, insulin action or both. The
underlying defects may result in the destruction of the beta cells of the pancreas with
consequent insulin deficiency (Type 1), or result in resistance to insulin action (Type 2).
The effects of diabetes include long-term damage, dysfunction and failure of various organs
as discussed below (W.H.O 2006). Often the symptoms are not severe, or may be absent
and consequently hyperglycaemia sufficient to cause pathological and functional changes
may be present for a long time before the diagnosis is made. Subjects with diabetes are at a
significantly increased risk of cardiovascular, peripheral vascular and cerebrovascular
disease. Other long-term effects of diabetes mellitus include progressive development of
retinophathy with potential blindness, nephropathy that may lead to renal failure and
neuropathy. Several pathogenic processes have been implicated in the development of these

long term effects of diabetes (Rother 2007).

Diabetes (Type-1 and 2) is one of the major metabolic disorders worldwide; the prevalence
of which is estimated to rise from 6 % to over 10 % of the world population in this current
decade (Rosen et al. 2001). According to the Health Survey of England, there are 2.35
million people with diabetes with 85 % (1.99 m) having Type-2 and 25 % (0.35 m) having
Type-1 in England alone (2006). This is predicted to grow to more than 2.5 million by 2010

(Dinsdale 2008) and increase to 4 million by 2025 (Gould 2008). The national health
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service (NHS) has been reported to be spending £1m an hour, 10% of its yearly budget,
treating diabetes and its complications - equating to around 9 billion per year according to a

report by the charity Diabetes UK (Gould 2008).

6.1. 2 Glycated haemoglobin (HbA1c%)

Glycosylated/glycated haemoglobin (HbA1c%) is used clinically as an indicator of diabetic
control (Nathan, 1984). It 1s formed in a non-enzymatic reaction as a result of the exposure

of haemoglobin to high plasma concentrations of glucose (Larsen 1990).

Once the haemoglobin molecule is glycated, it retains that chemical change and the
accumulation of glycated haemoglobin within the red blood cells reflects the average level
of glucose to which the cell has been exposed during its life cycle of approximately 120

days. HbA1c% is expressed as a percentage of total haemoglobin (Nathan, 1984).

The normal (non diabetic) value for HbA1c% is 4.0-6.5 and the NHS/NICE guide lines
have advised an HbA1c% range of 6.5-7.5% as the target for diabetic patients in the U.K.
An HbA1c% of >7.5% is considered to reflect poorly controlled diabetes mellitus and an

increased risk factor for the complications associated with diabetes (Wild 2004).
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6.1. 3 Diabetes and its complications

Long-term vascular complications represent a major cause of morbidity and mortality in
patients with diabetes mellitus (Giuliano 1996). In addition, various biochemical disorders
associated with vascular complications, such as hyperlipidemia and oxidative stress
frequently co-exist with diabetes mellitus (Mezzetti 2000). Chronic hyperglycaemia is
related to the pathophysiology of micro-vascular diseases. Even in a mild imbalance,
glucose metabolism may directly affect endothelial function and several studies have
demonstrated that hyperglycaemia plays an important role in the development of
endothelial dysfunction and cardiovascular disease in type 1 diabetic patients (Pinkey

1998).

There seems to be a general agreement that the production of oxygen derived free radicals
is increased in diabetic patients (Mezzetti 2000). Gopaul et al (1995) have reported that the
mean concentration of esterified 8-iso-PGF2a in plasma from 39 patients with diabetes was
approximately threefold higher than in healthy individuals. Davi et al (1999) reported that
urinary 8-i1s0-PGF;, was significantly higher in a group of 23 type 2 and type 1 patients
than in age-matched control subjects. Finally, Flores and coworkers (2004) observed that
even in patients on insulin therapy and with good diabetic control (6-7.5 Hbalc%), the
urinary excretion of 8-is0-PGF,, was significantly greater in diabetic patients compared
with control subjects. Several clinical studies have shown increased levels of other markers
of oxidative stress in type 1 and 2 diabetes, for instance 8-hydroxy-2'-deoxyguanosine
(Krapfenbauer 1998) and oxidised LDL (oxLDL) (Leinonen et al. 1997; MacRury et al.
1993) in plasma. There is also evidence from experimental studies (see below) that the
formation of reactive oxygen species (ROS) and disruption of NO" metabolism is a direct

consequence of hyperglycemia (Du et al. 1999). In conclusion, the above isoprostane and
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biomarker studies indicate a general oxidative stress status (not site or tissue specific) in the
diabetic cohorts and this could be the starting point for damage leading to the vascular

complications seen in diabetes.

Diabetic nephropathy is another complication that is considered as a public health problem.
At the onset of the disease, glomerular filtration rate (GFR) is high. It starts to decline
approximately 5 years. The decline is sluggish, but over a time scale of approximately
20-25 years it inexorably leads to end-stage renal disorder (ESDR). The appearance of
microalbuminuria, which may occur after 10 years, heralds early renal damage. The
evolution to frank proteinuria is a critical phase because it accelerates renal damage,

leading to ESRD within a few years (Locatelli 2003).

6.1. 4 Mechanisms for hyperglycaemia-induced oxidative damage

There is growing evidence that hyperglycaemia can induce ROS production and disrupt
natural antioxidant defence mechanisms in patients with diabetes, thus leading to an
increased oxidative stress in these individuals (Okazawa et al. 1996; Davi et al. 1999).
Increased oxidative stress can elicit alterations in tissues that undergo insulin-dependent
glucose uptake, thereby resulting in early tissue damage in target organs such as the occular
lens, retina, peripheral nerves and renal glomerulus (Chung 2003). Possible mechanisms

whereby hyperglycaemia can induce ROS production are detailed as follows:
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6.1.4. 1 Polyol pathway flux (Fig.6.1.1)

One source of ROS is thought to be the polyol pathway. The first enzyme in the pathway is
aldose reductase (AR) which reduces glucose to sorbitol utilizing NADPH. AR has a low
affinity for glucose and at normal glucose concentrations found in non-diabetics,
metabolism of glucose by this pathway is a very small percentage of total glucose use
(Packer et al. 2001). In a hyperglycaemic environment (>10mmol/l), AR also reduces
aldehydes generated by reactive oxygen species (ROS) to inactive alcohols and the
increased intracellular glucose to sorbitol with a concomitant decrease in NADPH. In the
polyol pathway, sorbitol is oxidised to fructose by the enzyme sorbitol dehydrogenase
(SDH), with NAD" being reduced to NADH. The flux through this pathway during
hyperglycaemia varies from 33% of total glucose use in the rabbit lens to 11% in human
erythrocytes (Wilson 1992). Thus, the contribution of this pathway to diabetic

complications is likely to be species, site and tissue dependent.

The reduction of glucose to sorbitol by AR consumes NADPH and as NADPH is required

for regenerating reduced glutathione (GSH), this could induce or exacerbate intracellular

oxidative stress (Brownlee 2001).
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Fig.6.1. 1 Polyol Pathway (Brownlee 2001)
SDH- Sorbitol dehydrogenase, GSH- Reduced glutathione, GSSG- Oxidised glutathione

Decreased levels of GSH have in fact been found in the lenses of transgenic mice that
overexpress aldose reductase, and this is the most likely mechanism by which increased
flux through the polyol pathway has deleterious consequences (Lee 1999). This conclusion

is further supported by experiments as detailed below.

Transgenic mice that overexpress AR specifically in their lenses showed a significant
increase in oxidative stress when they became hyperglycemic, as indicated by a decrease in
glutathione (GSH) and an increase in malondialdehyde in their lenses. Introducing an SDH-
deficient mutation into these transgenic mice significantly normalised the GSH and
malondialdehyde levels (Chung 2003). These results indicate that both enzymes of the

polyol pathway contributed to hyperglycemia-induced oxidative stress in the lens.
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Similar findings have been found in the nerves of wild-type mice which were made
diabetic. Diabetes caused a significant decrease in GSH in their sciatic nerves. In the AR
null mutant mice, diabetes did not lead to any decrease in the concentration of GSH in the
nerve. These results indicate that AR is also a major contributor to hyperglycemia-induced

oxidative stress in the nerve (Chung 2003).

6.1.4. 2 Increased formation of advanced glycation end products (AGE)

AGEs are a heterogeneous group of molecules formed from the nonenzymatic reaction of
reducing sugars with free amino groups of intracellular and extracellular proteins
(Brownlee 2001). AGEs are found in increased amounts in diabetic retinal vessels (Stitt
1997) and renal glomeruli (Horie 1997). Intracellular hyperglycaemia is the primary
initiating event in the formation of both intracellular and extracellular AGEs (Degenhardt

1998).

The potential importance of AGEs in the pathogenesis of diabetic complications is
indicated by the observation in animal models that two structurally unrelated AGE
inhibitors (aminoguanidine and OPB-9195) partially prevented various functional and
structural manifestations of diabetic microvascular disease in retina, nerve and kidney
(Soulis-Liparota 1991, Hammes 1991 and Nakamura 1997). These findings were confirmed

in a large randomized, double-blind, placebo-controlled, multi-centre trial of the AGE
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inhibitor aminoguanidine in 690 patients with type-1 diabetes (Bolton 2004). In another
study by Foiles and co-workers (2001) in type 1 diabetic patients with overt nephropathy,
aminoguanidine was also observed to lower total urinary protein concentrations and slow
the progression of the nephropathy, over and above the effects of existing optimal care. In
addition, they also observed that aminoguanidine reduced the progression of diabetic

retinopathy.

Production of intracellular AGE damages target cells by three general mechanisms. First,
intracellular proteins modified by AGEs have altered function. Second, extracellular matrix
components modified by AGE interact abnormally with other matrix components and with
the receptors for matrix proteins (integrins) on cells. Third, plasma proteins modified by
AGE bind to AGE receptors on endothelial cells, mesangial cells and macrophages,

inducing receptor-mediated production of reactive oxygen species (Brownlee 2001).

6.1.4. 3 Activation of protein kinase C (PKC)

The PKC family comprises at least eleven isoforms, nine of which are activated by the lipid
second messenger, diacylglycerol (DAG). Intracellular hyperglycaemia increases the
amount of DAG in cultured microvascular cells and in the retina and renal glomeruli of
diabetic animals (Brownlee 2001). Hyperglycaemia may also activate PKC isoforms
indirectly through both ligation of AGE receptors (Portilla 2001) and increased activity of
the polyol pathway (Keogh 1997) presumably by increasing reactive oxygen species

(Brownlee 2001).
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The activation of PKC has been shown to depress nitric oxide (NO") production by
inhibiting endothelial nitric oxide synthase (eNOS) (Brownlee 2001). In early experimental
diabetes, the activation of the B isoform of PKC has been shown to result in abnormalities
of retinal and renal blood flow possibly by supressing nitric oxide production (Ishi 1999).
Abnormal activation of PKC-B has aslo been implicated in the decreased glomerular
production of nitric oxide induced by experimental diabetes (Craven 1994) and in the
decreased production of nitric oxide in smooth muscle cells that is induced by
hyperglycaemia (Ganz 2000). Activation of PKC-B also inhibits insulin-stimulated

expression of the messenger RNA for eNOS in cultured endothelial cells (Kuboki 2000).

In addition to affecting hyperglycaemia-induced abnormalities of blood flow and
permeability, activation of PKC-f has also been shown to contribute to increased
microvascular matrix protein accumulation by inducing expression of fibronectin and
collagen both in cultured mesangial cells (Studer 1993) and in glomeruli of diabetic rats
(Koya 1997). This effect also seems to be mediated through inhibition of nitric oxide

production by PKC-f (Craven 1997)

Treatment with an inhibitor specific for PKC-f significantly reduced PKC-f activity in the
retina and renal glomeruli of diabetic animals and at the same time significantly reduced
diabetes-induced increases in retinal blood circulation, normalised increases in glomerular

filtration rate and partially corrected urinary albumin excretion (Koya 2000).

6.1.4. 4 Mitochondrial dysfunction and insulin signaling

The pathways leading to insulin resistance may be synergistic and mitochondrial

dysfunction can create a feedback loop, adding to the overall oxidative stress environment
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(Fig.6.1.2). Studies have shown that fatty acid-induced insulin resistance can be caused by
direct inhibition of insulin-stimulated glucose transport activity (Dresner 1999). A decrease
in mitochondrial fatty acid oxidation, which is caused by mitochondrial dysfunction, results
in increased levels of fatty acyl-CoA and DAG. These in turn activate stress-related Ser/Thr
kinase activity and inhibit glucose transport by mechanisms (Lowell 2005). In relation to
stress-activated kinases, oxidative stress also contributes to impaired insulin signaling by
increased uncoupling protein-2 (UCP2) activity. Uncoupling proteins are mitochondrial
transporters of the inner membrane that, when activated, cause protons to leak across the
inner membrane, generating heat without contributing to ATP production (Rousset 2004
and Fisler 2006). UCP2 is thought to negatively regulate glucose-stimulated insulin
secretion by reducing the amount of ATP produced (Rousset 2004). This idea is supported
by studies that have demonstrated stimulation of UCP2 in vitro and in vivo by
hyperglycemia and lipid fuels and in animal models of type 2 diabetes (Fisler 2006).
Because ATP production is key to providing energy for almost all cellular processes, it is
likely that decreased ATP production could affect insulin signaling in many different cell
types. Further studies are needed to determine the exact effects of oxidative stress on the

mitochondria and the link between the mitochondria and insulin resistance.
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Fig.6.1. 2 Scheme of the putative pathways linking mitochondrial dysfunction and diabetes (Rains
2011)
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6.1. 5 Diabetes, oxidative stress, nitric oxide and endothelial
dysfunction

The mechanisms involved in the endothelial dysfunction seen in diabetes patients include a
reduced bioavailability of nitric oxide (NO"), possibly due to the increased production of
ROS as detailed in section 5.1 (Furchgott 1980, Cooke 1997, Cooke 2000). A deficiency of
NO’ will tend to increase vascular resistance and promote atherogenesis (Cooke 1997). In
addition to oxidative damage caused by conversion by conversion of NO"to peroxynitrite,
another possible mechanism for NO" deficiency and cardiovascular morbidity is reduced
NO’ synthesis caused by the endogenous arginine metabolite, asymmetric dimethylarginine

(ADMA) (Harrison 1997) and have been discussed in section 5.1.4.1.

Plasma ADMA concentrations have been reported to be elevated in animal models of
diabetes (Lin 2002, Xiong 2003) and in patients with impaired glucose tolerance (Miyazaki
1999), insulin resistance (Stuhlinger, 2002) and type 1 and 2 diabetes (Abbasi 2001, Tarnow
2004). It has also been reported that elevated plasma concentrations of ADMA are
associated with increased risks of nonfatal stroke and myocardial infarction in type 1
diabetic patients with early nephropathy (Tarnow 2004). These findings suggest that
elevated ADMA could contribute to an acceleration of atherosclerosis in the diabetic
population. It is, therefore, tempting to speculate that ADMA might be a

pathophysiological relevant factor for diabetes-associated complications.

Hyperhomocysteinaemia has been shown to be an independent risk factor for
atherosclerosis in the general population (Welch 1998). The adverse effects of
homocysteine on endothelial function may be mediated by reduced production and

bioavailability of NO’ as a result of oxidative stress (Loscalzo 1996). The role of
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homocysteine and its involvement in oxidative stress has been addressed in section 5.1.4.2.
Studies in adult patients with type 1 diabetes have however demonstrated similar (Hultberg
1991, Chico 1999, Vaccaro 2000), lower (Robillon 1994, Cronin 1998) and higher
(Hofmann 1998, Targher 2000) plasma homocysteine levels compared with non-diabetic

controls. Thus, a direct link between homocysteine and diabetes has yet to be established.

Because of the evidence of increased oxidative stress in subjects with diabetes mellitus, the

method developed for the measurement of urinary vitamin E metabolite and amino acids

associated with nitric oxide metabolism were applied to 32 children with type 1 diabetes,
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6. 2 Methodology

32 children and young people (16 male) with a mean age at study of 12.9 years (range 7.8-
18.4) with DMI were studied. Their mean age at diagnosis was 10.8 years and the average
duration of diabetes was 5 years. The patients were considered pre-syptomatic (i.e. showed
no clinical complications associated with long-term diabetes including kidney disorder or
cardiovascular disease with their microalbumin test result being well within the normal
range of 3-30 g/L- Table 6.2). A urinary sample for measurement of vitamin E metabolites
was obtained at a routine clinic visit and glycosylated haemoglobin (HbA 1c¢) was measured
as part of the standard clinic appointment using the DCCT aligned Bayer 2000+ system

(Siemens Healthcare Diagnostics Inc, Deerfield, IL, USA).

32 aged matched healthy control subjects were drawn from the University College London
Fetal Growth Study. This study consists of 1650 consecutive mothers who delivered a
singleton, Caucasian baby free of pregnancy complications and whose offspring’s growth
has been followed for the last 10 yrs. As part of the follow-up of these children urine

samples were obtained contemporaneously to the DMI study.

Ethical approval was obtained from the Ethics committees of University College
London/University College London Hospitals Ethics Committee and the Great Ormond
Street Hospital for Children/Institute of Child Health Ethics Committee. Written informed
consent was obtained from the parents, and the children and young people when

appropriate.

Each sample was analysed in triplicates and the mean of the three tests was taken as the

final result.
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Unless otherwise stated the results are expressed as mean £ 1SEM

The significance of differences of the mean values was determined using the Students t-

test.
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Table 6.2. 1 Clinical data of the diabetic patients including duration of
diabetes in years, creatinine (umol/L) and Hba1c (%).
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6. 3 Results

6.3. 1 Urinary vitamin E metabolites

Concentrations of the urinary vitamin E metabolites were quantified in 32 patients with
type 1 diabetes mellitus and age-matched controls. Figures 6.3.1 to 6.3.5 illustrate the mean

concentration per nmol/mmol creatinine (= 1 SEM) for each of the metabolites.

The mean concentration of a-TLHQ glucuronide 1 was 10984279 in the diabetic subjects

compared to 76+13 nmol/mmol creatinine in the sex and age-matched control group with

p<0.001 (Fig.6.3.1)
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Fig.6.3. 1 a-TLHQ glucuronide 1 concentrations (nmol/mmol creatinine) in diabetic
(1098+279) and control (76+13) urine, with p<0.001
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The mean concentration of a-TLHQ glucuronide 2 was 562+166 in diabetic patients
compared to 3449 nmol/mmol creatinine in the age-matched controls with p<0.002

(Fig.6.3.2).
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Fig.6.3. 2 a-TLHQ glucuronide 2 concentrations (nmol/mmol creatinine) in diabetic
(562+166) and control (34+9) urine with p<0.002.

234



The mean concentration of a-TLHQ sulphate was 98+24 in diabetic patients compared to

10+2 nmol/mmol creatinine in the age-matched controls with p=0.001 (Fig.6.3.3).
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Fig.6.3. 3 a-TLHQ sulphate concentrations (nmol/mmol creatinine) in diabetic (98+24)
and control (10+2) urine with p=0.001
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The mean concentration of a-CEHC glucuronide was 126+16 in diabetic patients compared

to 73+19 nmol/mmol creatinine in the age-matched controls with p<0.05 (Fig.6.3.4).
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Fig.6.3. 4 a-CEHC glucuronide concentrations (nmol/mmol creatinine) in diabetic
(126+16) and control (73+19) urine with p<0.05

236



The mean concentration of a-CEHC sulphate was 138+33 in diabetic patients compared to

57412 nmol/mmol creatinine in the age-matched controls with p<0.05 (Fig.6.3.5).
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Fig.6.3. 5 a-CEHC sulphate (nmol/mmol creatinine) concentrations in diabetic
(138+33) and control (57+12) urine with p<0.05
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The urinary concentrations of the vitamin E metabolites are summarised in Table 6.3.1. The
diabetic cohort excreted more vitamin E metabolites than the control subjects. The
concentrations of the glucuronide metabolites were greater than the sulphates in both
groups, but the concentrations of a-CEHC (glucuronide and sulphate) were similar within
each cohort (Table 6.3.1), although there was more a-CEHC (glucuronide and sulphate) in
diabetic group compared to controls. Lastly, the control subjects were also observed to
excrete similar amounts of a-CEHC and o-TLHQ glucuronides. On the basis of these

results it was decided to examine the concentrations of the metabolites expressed as ratios

of their conjugates or total metabolites.

Diabetic subjects Control subjects

N=32 N=32 p value

nmol/mmol nmol/mmol

creatinine creatinine

mean+SEM mean+SEM
a-TLHQ-glucuronide 1 | 1098+279 76+13 <0.001
a-TLHQ-glucuronide 2 | 562+166 3449 <0.002
a-CEHC-glucuronide 126£16 73+£19 <0.05
Total-glucuronide 1786 183
a-TLHQ-sulphate 98+24 10£2 0.001
a-CEHC-sulphate 138+33 5712 <0.05
Total-sulphate 236 67

Table 6.3. 1 Summary of urinary concentrations of vitamin E metabolites
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6.3. 2 Urinary vitamin E metabolites expressed as ratios

In an attempt to further compare the diabetic group with controls, vitamin E metabolites
were also expressed in terms of either total sulphate or glucuronide conjugates (e.g. a-
CEHC sulphate expressed as a-CEHC sulphate /a-CEHC sulphate + a-TLHQ sulphate) or
total vitamin E metabolites (e.g. a-CEHC sulphate expressed as a-CEHC sulphate /a-
CEHC sulphate + a-TLHQ sulphate + a-CEHC glucuronide + a-TLHQ glucuronide 1 + a-

TLHQ glucuronide 2).

The results are summarised in Table 6.3.2. They show that all the ratios of the a-TLHQ
metabolites were significantly increased in the diabetic subjects with the exception of a-
TLHQ sulphate when expressed as ratios, where there was no significant difference. On the
other hand all the ratios of the a-CEHC conjugates were significantly decreased in the

diabetic subjects compared to the controls.
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Diabetic Control
Variable subjects subjects p value

N=32 N=32

Ratio Ratio

mean+SEM mean+SEM
a-TLHQ glucuronide 1 / total glucuronide 0.61+0.03 0.49+0.04 0.02
a-TLHQ glucuronide 2 / total glucuronide 0.284+0.03 0.11+0.03 <0.0001
a-TLHQ glucuronide 1 / total vitamin E 0.5240.03 0.3620.03 <0.0005
metabolites
a-TLHQ glucuronide 2 / total vitamin E 0.0002+ 0.00008+ <0.0001
metabolites 0.00003 0.00001 )
a-TLHQ sulphate/ total sulphate 0.40+0.03 0.15+0.02 <0.0001
a-TLHQ sulphate/ total vitamin E 0.0640.01 0.0440.01 NS
metabolites
a-CEHC glucuronide/ total glucuronide 0.11+0.01 0.39+0.04 <0.0001
a-CEHC glucuronide/ total vitamin E 0.0940.01 0.2540.03 <0.0001
metabolites
a-CEHC sulphate/ total sulphate 0.60+0.30 0.85+0.02 <0.0001
a-CEHC sulphate/ total vitamin E 0.0840.02 0.2640.03 <0.0001
metabolites

Table 6.3. 2 The ratio of a-CEHC and o-TLHQ metabolites expressed as ratios of
total sulphate/glucuronide and of total vitamin E metabolites in diabetic and age-

matched controls.
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6.3. 3 Urinary vitamin E metabolites in relation to glycated
haemoglobin concentrations

The diabetic patients were divided into two groups according to their glycated haemoglobin
concentrations, 6-7.5 HbA1c% (well controlled) and >7.5 HbA1c% (poorly controlled)
respectively according to the NICE/NHS guidelines (section 6.1.2). A diagrammatic
representation of the numbers in each group is shown in Fig. 6.3.6. The results for each

vitamin E metabolite expressed per mmol creatinine are shown in Figs 6.3.7 to 6.3.11

The outliers could not be completely removed as the sample size is below 100 and the

outliers were not the same sample in all the analysis (Barnett and Lewis 1994).

6-7.5 HbA1c% >7.5 HbA1c%
n=8 n=24

Fig.6.3. 6 Diabetic patients divided according to their glycated haemoglobin
concentrations
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The mean concentration (= 1 SEM) of a-TLHQ glucuronide 1 was 1119+356 in diabetic
patients >7.5 HbA1c% and 1034+351 in patients with an HbA1c% of 6-7.5 compared to
76+13 nmol/mmol creatinine in the controls (Fig. 6.3.7) with p=001 and <0.001
respectively compared to the control group. There was no significant difference (NS)

between the means of the two diabetic groups.
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Fig.6.3. 7 Mean (= 1 SEM) a-TLHQ glucuronide 1 concentrations was 1119+356 in
diabetic patients >7.5 HbA1c% and 1034+351 in patients with an HbA1c% of 6-7.5
and 76+13 nmol/mmol creatinine control urine with p=001 and <0.001 respectively
compared to the control group. There was no significant difference (NS) between the
means of the two diabetic groups
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The mean concentration (= 1 SEM) of a-TLHQ glucuronide 2 was 443491 in diabetic
subjects >7.5 HbAlc % and 9024601 in subjects with an HbA1c¢% of 6-7.5 compared to
3449 nmol/mmol creatinine in the controls (Fig. 6.3.8) with p=001 and p<0.002
respectively compared to the control group. There was no significant difference between

the means of the two diabetic groups.
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Fig.6.3. 8 Mean (= 1 SEM) o-TLHQ glucuronide 2 concentrations in diabetic 443+91
in diabetic subjects >7.5 HbAlc % and 902+601 in subjects with an HbA1c% of 6-7.5
compared to 34+9 nmol/mmol creatinine in control urine with p=001 and p<0.002
respectively compared to the control group. There was no significant difference
between the means of the two diabetic groups
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The mean concentration (= 1 SEM) of a-TLHQ sulphate was 67457 in diabetic subjects
>7.5 HbAlc% and 188+86 in patients with an HbAlc% 6-7.5 compared to 10+2
nmol/mmol creatinine in the age-matched controls (Fig. 6.3.9) with p<0.0001 in both the
groups compared to the control group. Subjects with HbA1c% 6-7.5 were found to have a
significantly higher concentration of the metabolite compared to patients with >7.5

HbA1c% (p<0.05).
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Fig.6.3. 9 Mean (= 1 SEM) o-TLHQ sulphate concentrations in diabetic was 67+57 in
diabetic subjects >7.5 HbAlc% and 188+86 in patients with an HbA1c% 6-7.5
compared to 10+2 nmol/mmol creatinine in the age-matched controls with p<0.0001 in
both the groups compared to the control group
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The mean concentration (= 1 SEM) of a-CEHC glucuronide was 127+17 in diabetic

patients >7.5 HbAlc % and 122441 in patients with an HbA1c% 6-7.5 compared to 73+19

nmol/mmol creatinine in the age-matched controls (Fig. 6.3.10). There were no significant

differences between any of the groups.
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Fig.6.3. 10 Mean (= 1 SEM) a-CEHC glucuronide concentrations in127+17 in diabetic
patients >7.5 HbAlc % and 122+41 in patients with an HbA1¢c% 6-7.5 compared to 7319
nmol/mmol creatinine in control urine. There were no significant differences between any

of the groups
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The mean concentration (= 1 SEM) of a-CEHC sulphate was 90413 in diabetic subjects
>7.5 HbA1c% and 311+131 in patients with an HbAlc% of 6-7.5 compared to 57412
nmol/mmol creatinine in the age-matched controls (Fig. 6.3.11). The difference between
the subjects with HbA1c% of 6-7.5 was significantly increased (p<0.0001) compared to
controls whereas there was no significant difference in the patient with >7.5 HbA1c%.
Patients with HbA1c% of 6-7.5 were observed to have a significantly higher concentration

of the metabolite compared to patients with >7.5 HbA1c% (p<0.005).

a-CEHC sulphate

-
(=]
(=]
o
1

800 -

1 p<0.00011

600 -

1 p<0.005 |

a -CEHC sulphate (nmol/mmol of creatinine)

400 4
A,
-
..
200 gy
[ 1|
[ | A
mEE—g
| 1] | |
: ni=zn R
Diabetes > 7.5 HbA1c% Diabetes 6.5-7.5% Control

Fig.6.3. 11 Mean (+ 1 SEM) a-CEHC sulphate concentrations in diabetic 90+13 in
diabetic subjects >7.5 HbA1c% and 311£131 in patients with an HbA1c% of 6-7.5
compared to 57+12 nmol/mmol creatinine in the age-matched controls. Diabetics with
HbA1c¢% of 6-7.5 were observed to have a significantly higher concentration of the
metabolite compared to patients with >7.5 HbA1¢% (p<0.005)
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Table 6.3.3 summarises the statistical significance between the diabetic patients divided

according to their HbAlc% and the control subjects. It also includes the statistical

difference between the two diabetic groups. A point to be noted is that the outlier in the

various analyses was not the same subject for all the metabolites.

Variable All Diabetics 6-7.5 >7.5 Inter- Inter-
(nmol/mmol of HbA1c¢% HbA1c¢% Diabetic Diabetic
creatinine) N=32 N=8 N=24 analysis Analysis
(-outlier)
p value p value p value p value p value
a-TLHQ glucuronide 1 <0.001 <0.001 0.001 NS NS
a-TLHQ glucuronide 2 <0.002 <0.002 0.001 NS NS
a-TLHQ sulphate 0.001 <0.0001 <0.0001 <0.05 NS
a-CEHC glucuronide <0.05 NS NS NS NS
a-CEHC sulphate <0.05 <0.0001 NS <0.005 <0.05

Table 6.3. 3 Significance of difference between the various groups of diabetic subjects
and controls (NS=not significant)
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6.3. 4 Quantitation of urinary amino acids involved in nitric oxide
metabolism in diabetics and controls

The amino acids involved in nitric oxide (NO") metabolism were quantitated per mmol
creatinine in 32 patients with type 1 diabetes mellitus and 32 age- and sex-matched controls

(Figures 6.3.12-15).

The diabetic patients were observed to have statistically significantly increased

concentrations of all the amino acids as compared to the controls.

The mean concentration (= 1 SEM) of L-arginine was 6.68+1.22 umol/mmol creatinine in
diabetic patients compared to 0.25+0.03 pmol/mmol in age-matched controls p<0.0001
(Fig. 6.3.12). This equates to a greater than 26-fold increase of the mean urinary

concentration of L-arginine between the two groups.
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Fig.6.3. 12 Mean (+ 1 SEM) L-arginine concentrations was 6.68+1.22 diabetic patients
compared to 0.25+0.03 pmol/mmol in age-matched controls (p<0.0001)
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In the case of L-citrulline, the diabetic patients had a mean concentration (+ 1 SEM) of
1.83+0.24 compared to 0.06+0.01 pmol/mmol per creatinine in the age-matched controls
with p<0.0001 (Fig. 6.3.13). This equates to a greater than 30- fold increase of the mean

urine concentration of L-citrulline between the two groups.
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Fig.6.3. 13 Mean (+ 1 SEM) L-citrulline concentratons 1.83+0.24 in diabetic compared
to 0.06+0.01 pmol/mmol per creatinine in the age-matched controls with p<0.0001
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The mean concentration (£ 1 SEM) of L-ADMA (asymmetric dimethyl arginine) was
11.38+1.78 umol/mmol per creatinine in diabetic patients and 0.39+0.05 in the age-
matched controls, p<0.0001 (Fig. 6.3.14). This equates to almost a 30-fold increase of the

mean urine concentration of L-ADMA between the diabetic and control groups.
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Fig.6.3. 14 Mean (+ 1 SEM) L-ADMA concentrations 11.38+1.78 in diabetic patients
and 0.39+0.05 pmol/mmol per creatinine in the age-matched controls with p<0.0001
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In the diabetic patients the mean concentration (£ 1 SEM) of homocysteine was 12.11£2.5
umol/mmol per creatinine as compared to 0.24+0.05 in the age-matched controls, p<0.0001
(Fig. 6.3.15). This equates to a greater than 50-fold increase of the mean urine

concentration of L-homocysteine between the diabetic and control groups.
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Fig.6.3. 15 Mean (+ 1 SEM) L-homocysteine concentrations in was 12.11+2.5 and
0.24+0.05 pmol/mmol per creatinine in the age-matched controls with p<0.0001
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6.3. 5 Quantitation of the other urinary amino acids in diabetic and

control subjects

Seven additional amino acids, were also quantitated to evaluate their excretory pattern in

type 1 diabetes mellitus. The results are summarised in Table 6.3.4 and illustrate that all the

amino acids were significantly increased (p<0.0001) in the diabetic patients compared to

the control subjects.

Amino acids Diabetes Control p value
(pmol/mmol of creatinine) (mean+=SEM) | (mean+SEM)

Cysteine 296146 11+1 <0.0001
Cystine 161+20 4+0.5 <0.0001
Phenylalanine 46+10 0.8+0.1 <0.0001
Taurine 144+27 2+0.3 <0.0001
Serine 73+16 1+0.2 <0.0001
Glycine 32+6 0.8+0.1 <0.0001
Glutamic acid 9+1 0.3+0.04 <0.0001

Table 6.3. 4 The concentrations of amino acids in diabetic patients and age-matched

controls.
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6. 4 Discussion

Oxidative stress has been implicated in the pathogenesis of a number of clinical conditions
including diabetes where there are reports of an increased production of reactive oxygen
species and depleted concentrations of antioxidants (detailed in Section 6.1). There is,
therefore a need for biomarkers of oxidative stress in conditions such as diabetes.
Established biomarkers of oxidative stress such as malondialdehyde (MDA) have problems
with specificity (Asakawa- Matsushita 1980) and accuracy i.e.over-estimation
(Khoschsorur 2000), whereas isoprostanes, especially 8-iso-PGF,,. which is considered the
gold standard of measuring oxidative stress in vivo requires a laborious sample preparatory
step and large volumes of sample to quantitate the metabolite (Sircar & Subbaiah 2007). In
this study, we developed a rapid LC-MS/MS method to investigate if the urinary vitamin E
metabolite, conjugated o-TLHQ could be used as a biomarker of oxidative stress in type 1

diabetes.

Diabetes induced endothelial dysfunction has been associated with reduced bioavailability
of nitric oxide NO’ (discussed in Section 6.1.6), and therefore the second aim of the study
was to measure urinary amino acids involved in NO" metabolism. The method also allowed
the measurement of seven additional amino acids- each representing a different group of

amino acids.

Having established a simple, fast and reproducible assay for directly quantitating the
conjugated vitamin E metabolites (chapter 4), we showed unequivocally for the first time
that conjugates of a-TLHQ were real metabolites and not artefacts of the methodological
procedure. Thus it was possible to investigate the principal aim of the current study —to see

if conjugated a-TLHQ could be used as a biomarker of oxidative stress. The hypothesis put
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forward in this study was that the concentrations of a-TLHQ (sulphate and glucuronide)
would be higher in diabetic subjects compared to age-matched controls, with less change in

the concentrations of conjugated a-CEHC.

The total urinary concentrations of all the metabolites (sulphate and glucuronide) were
found to be greater by factor of approximately 8 in the diabetic children than their age-
matched controls (Table 6.4.1), with the concentrations of a-TLHQ (glucuronide and
sulphate) being approximately 15- times greater and the total a-CEHC (glucuronide and
sulphate) being twice that of the control subjects (Table 6.4.1). The ratio of a-TLHQ: a-
CEHC was approximately 7 in the diabetic cohort compared to 0.9 in the controls. When
the individual metabolites were compared in the two groups, the mean concentrations of the
conjugated a-TLHQ metabolites in the diabetic subjects were all highly significantly
increased to the same degree of significance (p<0.05). This suggests that these results
cannot be explained by a non-specific increase in urinary excretion of the conjugated
metabolites. Although plasma concentrations a-tocopherol were not compared in the two
groups, these results suggest an increased metabolism of vitamin E in diabetes compared to
controls with oxidation of a-tocopherol being more prominent than chain shortening. This
is compatible with an increase in oxidative stress in diabetes and suggests that conjugated

a-TLHQ may be a useful biomarker.

Essentially similar results were obtained when the diabetic subjects were divided on the
basis of their glycosylated haemoglobin concentrations (HbA1c¢%) into those who were
poorly and well controlled. There was no evidence from this study that the poorly
controlled subjects had an increased oxidative stress. To examine this further it will be

necessary to follow diabetic subjects longitudinally and compare urinary concentrations of
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conjugated o-TLHQ with other well recognised

HbA1c¢% and urinary albumin concentrations.

measures of diabetic control, such as

Diabetic subjects Control subjects Ratio
mean mean Diabetic:Control
nmol/mmol nmol/mmol
creatinine creatinine

a-TLHQ-glucuronide 1 | 1098 76 14.45
a-TLHQ-glucuronide 562 34 16.53
a-CEHC-glucuronide 126 73 9.8
a-TLHQ-sulphate 98 10 1.73
a-CEHC-sulphate 138 57 2.42

Total metabolites 2022 250 8.09

Total a-TLHQ 1758 120 14.65
Total a-CEHC 264 130 2.03

Total glucuronide 1786 183 9.76

Total sulphate 236 67 3.52

Table 6.4. 1 Summary of Vitamin E metabolites

The concentrations of the glucuronide metabolites were greater than the sulphates in both
the cohorts, with the glucuronide:sulphate ratio being approximately 8 in diabetics and 3 in
the controls. This was expected as humans have a higher capacity for glucuronidation than

sulphation (Gibson & Skett 1994) due to a high activity of the enzyme UDP-glucuronyl
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trasnsferase enzyme in the liver (Mulder 1992). Similar observations of preferential
glucuronidation of the vitamin E metabolites were made by Pope when he conducted LC-

MS/MS analysis on normal human urine (Pope 2001).

In summary, the results obtained in this study strengthen the hypothesis put forward by
Liebler et al, (1996) and Schonfeld et al., (2006) that o-TLHQ could be an
indicator/biomarker of oxidative stress, but the nature of the relationship between clinical
severity of diabetes to oxidative stress status would require further investigation which was

beyond the scope of this study.

Increases in the concentrations of other biomarkers of oxidative stress have been previously
observed in subjects with diabetes by a number of researchers. Thus Dandona et al., (1996)
observed an approximately four- fold higher concentration of 8-hydroxy-2’-
deoxyguanosine in mononuclear cells of diabetic patients compared to corresponding
controls. This difference was statistically significant and demonstrated for the first time
there was greater oxidative damage to DNA in diabetic patients. Davi et al., (1999b) were
the first group to demonstrate that the increased 8-epi-PGF,, observed in both type 1 and
type 2 diabetic patients could be normalised by vitamin E supplementation. Leonhardt et
al., (1996) had reported previously elevated levels of oxidised LDL and decreased
concentrations of RRR-a- tocopherol in the plasma of diabetic patients when compared to
healthy controls; making a case for investigating the role of vitamin E metabolites in
diabetes. Studies of oxidative stress and vitamin E in diabetes have been detailed in section

6.1.5.
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Patients with Type 1 diabetes have a two- to four- fold increased risk of vascular disease,
and vasculopathy is the principal cause of death in these patients (Wotherspoon 2003).
Vascular tone is influenced by a number of vasoactive substances produced by the
endothelium, including vasodilators such as NO" (Boger 1998b). In diabetes, endothelium
dysfunction is thought to be primarily caused by a hyperglycaemia induced increase in
reactive oxygen species production and a resultant reduction in NO" formation (Devaraj
2006). This has been illustrated schematically in Fig.6.4.1. As a result of increased
concentrations of reactive oxygen species, NO" formation by NOS is inhibited by the
increased concentrations of L-homocysteine and L-ADMA (section 5.1.5), which results in

an increased concentration of L-arginine (substrate) and a lower concentration of citrulline

(product).

I L-Homocysteine IL-ADMA

| L-Arginine | L-citrulline + NO

Fig. 6.4. 1 Inhibition of NOe* formation by L-homocysteine and L-ADMA
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Thus an assay was established (Chapter 5) to quantify the amino acids associated with NO’
metabolism (L-arginine, L-citrulline, L-ADMA and L-homocysteine). In addition seven
other amino acids (each representing a different group of amino acids) were also quantified
to evaluate their excretory pattern in type 1 diabetic patients. The urinary concentrations of
the amino acids associated with NO' metabolism were found to be highly significantly
increased in diabetic patients compared to their age-matched controls (section 6.3.4). The
increase in the urinary concentrations of L-arginine, L-ADMA and L-homocysteine in the
diabetic patients was not an unexpected observation as it would follow the hypothesis of a
decrease of NO formation by the action of L-ADMA and L-homocysteine on NOS. But the
observation of an increased urinary concentration of L-citrulline and the seven additional

amino acids (section 6.3.5) in the diabetic patients was unexpected.

The increase in the L-citrulline concentration could be attributed to the degradation of L-
ADMA by dimethylarginine dimethylaminohydrolase (L-DDAH) to citrulline (Macallister
1996a), even though Lin et al., (2002) observed in vitro that hyperglycaemic endothelial
cells inhibit the action of L-DDAH. However, there is no current information of a human
study that has documented the urinary or plasma concentration of citrulline in relation to

the activity of L-DDAH.

Pereira et al., (2008) observed that the plasma concentrations of L-arginine and L-ADMA
were significantly higher in diabetic patients as compared to age- matched controls and
suggested the use of plasma levels of L-arginine and L-ADMA as markers of oxidative
stress and endothelial dysfunction in diabetes mellitus. Wotherspoon and co-workers
(2006) reported a significant increase in plasma homocysteine levels in type 1 diabetic

patients with microalbuminuria and suggested that homocysteine could act as an
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independent marker of oxidative stress and endothelial dysfunction in type 1 diabetic

patients.

The explanation for the generalised increased urinary excretion of the amino acids in the
diabetic patients is likely to be multifactoral and there are at least three possible
explanations for this observation. The most probable hypothesis for the loss of amino acids
is due to the development of “early stage progression of nephritis” in the diabetic patients.
Diabetic nephritis is characterised by thickening of the glomerulus and results in
microalbuminuria, which is considered to be the first clinical marker of the condition,
which increases as the disease progresses (American Diabetes Association 2009). The
results of the present study suggest that prior to the microalbuminuria stage there is a loss
of amino acids. This could result from an increased concentration of advanced glycated end
products (AGE) or fluctuating blood pressure within the normal range (120-140/80-90
mmHg) in the diabetic cohort. The role of AGE in the progression of nephropathy is well
documented in both animal (Hammes 1991;Nakamura 1997;Soulis-Liparota 1991) and
human studies (Genuth 2005). We propose that AGE via production of reactive oxygen
species (ROS), acts on integrins and causes structural modification of intracellular proteins
(Brownlee 2001), thus causing structural changes to the glomerulus cells which may result

in the loss of amino acids.

Drummond & Mauer (2002) suggested that variations of blood pressure in the normal
range in a largely normoalbuminuric cohort of young type 1 diabetic patients caused
diabetic glomerulopathy lesions. Studies in diabetic rats suggested that an increase in
systemic blood pressure was associated with an increased width of the glomerular basement

membrane (GBM) which was the principal morphometric abnormality in the kidney (Miller
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1991). However, the patients in the study of Drummond and Mauer (2002) had a greater
width of the glomerular basement membrane despite lower blood pressure. They proposed
that systemic blood pressure may be linked causally to diabetic nephrotic lesions. They
suggested this link could be direct, through effects of systemic blood pressure on
glomerular hemodynamics, or indirect, through genes linked to the propensity to develop

essential hypertension, but the exact explanation for these findings is still unkown.

The second hypothesis put forward is “proximal tubule damage”. The amino acids are
reabsorbed in the kidney in the proximal tubule (detailed later), and it is proposed that
damage to the proximal tubule could explain the loss of amino acids in the urine of the
diabetic children. Proximal tubule damage could be caused by the increased concentrations
of AGE and the fluctuating blood pressure (as discussed above). Data to support this
hypothesis has been obtained by urinary proteomic studies performed in our laboratory by
Mills et al., on the same sample set, which showed the loss of lysosomal proteins
(unpublished observations). There are high levels of lysosomes in the proximal tubules and

this could indicate damage to the proximal tubule in addition to the reduced filtration effect.

The third hypothesis to explain the high urinary excretion of the amino acids in the diabetic
patients is based on the theory of “disturbed re-absorption of the amino acids in the
proximal tubule in the kidney”. Frohnert ef al., (1969) showed that the reabsorption of the
amino acids occured in the brush border of the proximal tubule where the amino acids are
bound specifically. Four amino acid transport systems have been described, which are
neutral, basic, acidic and iminoglycine systems (Lewy & Windhager 1968). Young &
Freedman (1971) observed that the renal transport of amino acids was influenced by the

presence of glomerular filtrate and the renal capillary blood. Studies in vivo have

261



demonstrated that glucose infusions, impaired the renal absorption of amino acids
(Drummond et al. 1964). Thier et al., (1964) observed in vitro in the rat-kidney-cortex that
the four transport systems were in a single site, which was the same site as that for glucose
reabsorption. Glucose has also been shown to interact with amino acids in renal transport
mechanisms in dogs and inhibit their absorption in the kidney (Webber 1961). The basis of
the inhibition of amino acid re-absorption by glucose is due to their common dependence
on a sodium-dependent ATPase in the proximal tubule that provides the energy for the

transport systems (Reiser & Christiansen 1969).

To gain a better understanding for the unexpectedly increased urinary concentrations of all
the amino acids measured it will be necessary to undertake longitudinal studies of plasma
and urinary amino acid concentrations in diabetes and correlate the findings with routine

measures such as Hbalc%, glomerular filtration rates and urinary albumin concentrations.
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Chapter 7

Summary conclusions
and
limitations of the study
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7 Summary conclusions and limitations

Oxidative stress has been implicated in a range of acute and chronic diseases but frequently
it is unclear whether this is the cause or a result of the underlying condition. One of the
problems in the field is a lack of reliable but relatively quick and simple methods to
measure oxidative stress in man. In this study three potential assays of oxidative stress were
investigated 1.e. urinary prostaglandin, urinary o-tocopheronolactone (vitamin E
metabolite) and urinary amino acids associated with nitric oxide metabolism. The aim of

the project was to apply these assays to children with type 1 diabetes.

Initially, the aim was to establish and validate an LC-MS/MS method to measure
concentrations of urinary isoprostanes (8-isoPGF,,), which are widely accepted as reliable
indicators of oxidative stress (Milne & Morrow 2006). The most widely used method to
measure isoprostanes uses gas chromatography—negative ion chemical ionization—mass
spectrometry (GC-NICI-MS) with a stable isotope of d4-8-1s0-PGF,, as an internal standard
(Morrow, Minton, Badr, & Roberts 1994). The main advantage of this technique over other
approaches is its high sensitivity, which yields quantitative results in the low picogram
range. The method has been used to measure the metabolite in low quantities in urine
(Obrosova, Van Huysen, Fathallah, Cao, Green, & Stevens 2002) and plasma (MacRury,
Gordon, Wilson, Bradley, Gemmell, Paterson, Rumley, & MacCuish 1993). The major
drawback of this method is that it is labour intensive as it requires an extraction, separation
and derivatisation procedure, taking approximately 6-8 hours to analyse 12-15 samples.
Enzyme immuno assays (EIA) and HPLC methods have also been developed with

problems of overestimation in the former and sensitivity in the latter.
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Thus it was described to try and develop a new HPLC MS-MS method with minimal
sample preparation and a short run time to increase the sample throughput. However, the
developed assay when tested on laboratory control samples could not reliably detect and
quantify the metabolite. Three major problems were observed. The first was a lack of
sensitivity presumably because of ion suppression (Figs.3.3.10 and 3.3.11); the second
problem was that of specificity caused by the presence of multiple peaks (Fig.3.4.1).
Finally, there were inconsistencies in the retention times of both 8-iso- PGF,, and the

deuterated internal standard (d4-8-iso- PGFy,).

It was then decided to develop a method to measure urinary vitamin E metabolites and
investigate whether an oxidised vitamin E metabolite (a-TLHQ) could be used as a possible

biomarker of oxidative stress.

Vitamin E metabolites are excreted in the urine as sulphate or glucuronide conjugates. The
polar nature of these conjugates makes it difficult to analyse them directly using routine
techniques such as high performance liquid chromatography (HPLC) or gas
chromatography mass spectrometry (GC-MS). Therefore, in all previous methods, the
metabolites were deconjugated either enzymatically or by acid hydrolysis prior to their
analysis by HPLC or GC-MS. We aimed to establish and validate a method for measuring
intact conjugates of urinary metabolites of vitamin E, as it has been suggested that a-
tocopheronolactone (a-TLHQ) with an oxidised chromanol ring could be used as an
indicator of oxidative stress. A primary objective of developing an LC-MS/MS assay to
measure the intact conjugates was to reduce artefact formation, as the artefactual oxidation

of a-CEHC to a-TLHQ cannot take place if the metabolites remain conjugated.
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Using LC-MS/MS, conjugates of a-TLHQ were detected and quantified, thus proving
unequivocally that it is a real metabolite produced in vivo and not a product of artefactual
oxidation. The new method reduced the experimental time to 20 min compared to the
established methodology of Pope et al; 2000 which took approximately 9 hours to prepare
the vitamin E metabolites. The assay was also observed to be highly reproducible with the
inter- and intra-assay coefficient of variation being less than 5 % (Table. 3.2.3) compared to
21.9 and 64.7 % for o-TLHQ (intra- and inter-assay) in the method using GC/MS

developed by Pope and co-workers (2000).

When the conjugated urinary vitamin E metabolites were analysed in a group of children
with type 1 diabetes, the mean concentration of the a-TLHQ metabolites were significantly
increased in the patients with diabetes compared to controls (p<0.001), whereas the a-
CEHC conjugates were not increased to the same degree of significance (p<0.05). This
suggests that the results cannot be explained by a non-specific increase in urinary excretion

of the conjugated metabolites.

Nitric oxide (NO") has been implicated as a source of oxidative stress in human physiology
(section 1.1.4). It has particularly been studied in its role in vascular integrity (Moncada &
Higgs 2006). In the current study we aimed to develop a method to quantitate amino acids
that are involved in the homeostasis of NO' metabolism and might indicate the oxidative

stress status of the individual.

A method was developed to measure in a single run amino acids involved in NO'

metabolism i.e. L-arginine (precursor of NO"), L- citrulline (product of NO® formation), L-

ADMA (inhibitor of NOS) and L-homocysteine (decreases bioavailability of NO"). The
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method which used FMOC as the derivatising agent also enabled us to quantitate seven
additional amino acids (each representing a different group) in a single run. The method
was validated and it was observed that all 11 amino acids could be quantitated at
concentrations agreeing with the reference ranges reported by Tan and Gajra (2006). The
method was then applied to investigate the amino acids status in children with Type 1

diabetes mellitus and age -matched controls.

The urinary concentrations of all the amino acids were found to be significantly increased
in the diabetic patients as compared to their age-matched controls (section 5.3.4). The
reasons for the high urinary excretion of the amino acids in the diabetic patients is likely to
be multifactoral including a) early stage progression of nephritis, b) proximal tubule
damage and c) disturbed re-absorption of the amino acids in the proximal tubule in the

kidney.

Diabetic nephropathy is a complication that is considered to be a public health problem. At
the onset of the disease, the glomerular filtration rate (GFR) is high. It starts to decline after
approximately 5 years. The decline is sluggish, but over a time scale of about 20-25 years
it inexorably leads to end-stage renal disorder (ESDR). The appearance of
microalbuminuria, which may occur after 10 years, heralds early renal damage (Locatelli

2003).

In this study the patients were non-symptomatic and had normal urinary microalbumin and
creatinine concentrations. The result obtained in this study suggests that abnormal renal
function occurs earlier than previously thought. It will therefore be interesting to follow

amino acid excretion and kidney damage during the progression of diabetes. It would also
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be interesting to speculate if these changes could be reversed/minimised by the prescription

of anti-angiotensive drugs by clinicians to reduce the glomerular filtration rates.

To fully validate the use of urinary conjugates of a-TLHQ as a potential biomarker of in
vivo oxidative stress and the use of amino acids associated with NO metabolism as
indicators of early abnormal kidney function, it will be necessary to carry out the following

studies:

* Follow urinary a-TLHQ concentrations longitudinally in diabetes subjects

* Investigate urinary o-TLHQ concentrations in other disease conditions where
oxidative stress status is well documented such as cardiovascular diseases,
Alzheimer’s Disease, Parkinsons Disease, Down Syndrome, stroke, exercise and
smokers

*  Compare the a-TLHQ concentrations obtained in the above studies to the findings
of existing biomarkers of oxidative stress such as isoprostanes, 8-hydroxy-2’-
deoxyguanosine and TBARS which are well documented in these disease
conditions

* Undertake longitudinal studies should be undertaken to measure the urinary amino
acids concentrations during the course of diabetes and correlate the findings with
existing clinical markers such as Hbalc%, urinary albumin concentrations and the
plasma lipid profile.

* Correlate urinary concentrations of the amino acids should be correlated with

plasma concentrations in longitudinal studies in diabetic subjects.

268



269



References

Afanas'ev, 1.B. 1985a. Superoxide lon: Chemistry and Biological Implications Boca Raton,
CRC Press.

Afanas'ev, 1.B. 1985b. Superoxide lon: Chemistry and Biological Implications Boca Raton,
CRC Press.

Asakawa Matsushita 1980. Review of products of lipid peroxidation used as biomarkers of
oxidative stress. Winter- Japanese., 13, (1) 58-68

Balentine, J. 1982. Pathology of Oxygen Toxicity New York, Acedemic Press.

Beckman, J.A. & Koppenol, W.H. 1996. Nitric oxide, superoxide, and peroxynitrite: the
good, the bad, and ugly. Am J Physiol, 271, 1424-1437

Beyer, W., Imlay.J., & Fridovich, 1. 1991. Superoxide Dismutases. Prog.Nucl.Acid Res.,
40, 221-253

Boger, R.H., BodeBoger, S.M., Gerecke, U., Gutzki, F.M., Tsikas, D., & Frolich, J.C.
1996. Urinary NO3- excretion as an indicator of nitric oxide formation in vivo during oral
administration of L-arginine or L-name in rats. Clinical and Experimental Pharmacology
and Physiology, 23, (1) 11-15 available from: ISI:A1996XA00900002

Bowler, C.V.M.M. & Inze, D. 1992. Superoxide dismutase and stress tolerance. Ann
Rev.Plant Physiol.Plant Mol.Biol., 43, 83-116

Burton, G.W. 1983. Vitamin E as an antioxidant in vitro and invivo. Ciba Foundation
Symposium, 101, 4-18

Burton, G.W. & Ingold, K.U. 1984. B-carotene: an unusual type of lipid antioxidant.
Science., 224, 569-573

Castro, L., Rodriguez, M., & Radi, R. 1994. Aconitase is readily inactivated by
peroxynitrite, but not by its precursor, nitric oxide. Journal of Biological Chemistry, 269,
(47) 29409-29415 available from: http://www.jbc.org/content/269/47/29409.abstract

Chot, J., Choi, Y., dela Pe+ja, L., Yoon, S., Lee, G., Shin, C., Ryu, J., Yu, G., & Cheong, J.
2010. Vitamin C supplementation alleviates electroshock stress but not restraint stress in
ICR mice. Food Science and Biotechnology, 19, (1) 137-144 available from:
http://dx.doi.org/10.1007/s10068-010-0019-9

Crow, J.P., Beckman, J.A., & McCord, J.M. 1995. Sensitivity of the essential zinc-thiolate
moiety of yeast alcohol dehydrogenase to hypochlorite and peroxynitrite. Biochemistry, 34,
(3544) 3552

Davies, K.J.A. 1987. . Protein damage and degradation by oxygen radicals. I General
aspects. J.Biol.Chem., 162, 9895-9901

270



Dinsdale, P. 2008. Diabetes care needs to focus more on ethnic inequalities. British
Medical Journal, 337, al421 available from:
http://www.bmj.com/cgi/content/full/337/aug22 2/a1421

Dizdaroglu, M. 1985. Formation of 8-hydroxyguanine moiety in deoxyribonucleic acid on
.gamma.-irradiation in aqueous solution. Biochemistry, 24, (16) 4476-4481 available from:
http://dx.doi.org/10.1021/bi00337a032

Dufty, S., Gokce, N., Holbrook, M., Huang, A., Frei, B., Keaney, J., & Vita, J.A. 1999.
Treatment of hypertension with ascorbic acid. The Lancet, 354, (9195) 2048-2049 available
from: http://www.sciencedirect.com/science/article/B6T1B-3YB40JM-
J/2/cdb64e4e704176e6e7f15303a334afb8

Farr, S.B. & Kogoma, T. 1991. Oxidative stress responses in Escherichia coli and
Salmonella typhimurium. Microbiol., 55, (561) 585

Fenton, H.J.H. 1899. Oxidation of certain organic acids in the presence of ferrous salts.
Proc.Chem.Soc, 25, 224

Fita, I. & Rossmann, M.G. 1985. The active center of catalase. J. Mol Biol., 185, 21-37

Fridovich, I. 1995. Superoxide radical and superoxide dismutases. Ann Rev Biochem, 64,
97

Gilbert, D.L. 1981a. Oxygen and Living Processess: an Inter-disciplinary Approach New
York, Springer.

Gilbert, D.L. 1981b. Oxygen and Living Processess. an Inter-disciplinary Approach New
York, Springer.

Gilbert, D.L. 1981c. Oxygen and Living Processess: an Inter-disciplinary Approach New
York, Springer.

Gokce, N., Keaney, J.F., Jr., Frei, B., Holbrook, M., Olesiak, M., Zachariah, B.J.,
Leeuwenburgh, C., Heinecke, J.W., & Vita, J.A. 1999. Long-Term Ascorbic Acid
Administration Reverses Endothelial Vasomotor Dysfunction in Patients With Coronary
Artery Disease. Circulation, 99, (25) 3234-3240 available from:
http://circ.ahajournals.org/cgi/content/abstract/99/25/3234

Golden, M.N.H. 1987. Free Radicals in the pathogenesis of Kwashiorkar. Proc. Nutr.Soc,
46, 53

Gutteridge, J.M.C. 1996. O2 dependentant formation of OH from H202 an evaluation of
its effect. Biochem Biophys, 277, 422-424

Haber, F. & Wiess, J. 1934. The catalytic decomposition of hydrogen peroxide by iron
salts. Proc.Royal Soc.A., 147, 332

Halliwell, B. & Gutteridge, J. 1999a. Free Radicals in Biology and Medicine Oxford,
Oxford University Press.

271



Halliwell, B. & Gutteridge, D.G. 1999b. Free Radicals in Biology and Medicine Oxford,
Oxford University Press.

Halliwell, B. & Gutteridge, J. M. C. 1990, "[1] Role of free radicals and catalytic metal
ions in human disease: An overview," In Methods in Enzymology

Oxygen Radicals in Biological Systems Part B: Oxygen Radicals and Antioxidants, Volume
186 ed. Lester Packer and Alexander, ed., Academic Press, pp. 1-85.

Helbock, H.J., Beckman, K.B., Shigenaga, M.K., Walter, P.B., Woodall, A.A., Yeo, H.C.,
& Ames, B.N. 1998.

DNA oxidation matters: the HPLC-electrochemical detection assay of 8-oxo-
deoxyguanosine and 8-oxo-guanine. Proc Natl Acad Sci U S A., 6, (95) 1-288

Hugo, A. 1984, "[13] Catalase in vitro," In Methods in Enzymology
Oxygen Radicals in Biological Systems, Volume 105 ed. P. Lester, ed., Academic Press, pp.
121-126.

Kasai, H., Tanooka, H., & Nishimura, S. 1984. Formation of 8-hydroxyguanine residues in
DNA by X-irradiation. Gann, The Japanese Journal of Cancer Research, 75, (12) 1037-
1039 available from: http://www.scopus.com/inward/record.url?eid=2-s2.0-

0021737541 &partnerID=40&md5=37437c8bca41d03fc146dc130d9¢c9b83

Khassaf, M., McArdle, A., Esanu, C., Vasilaki, A., McArdle, F., Griffiths, R.D., Brodie,
D.A., & Jackson, M.J. 2003. Effect of vitamin C supplements on antioxidant defence and
stress proteins in human lymphocytes and skeletal muscle. The Journal of Physiology, 549,
(2) 645-652 available from: http://jp.physoc.org/content/549/2/645.abstract

Kuehl, D.W., Haebler, R., & Potter, C. 1994. Coplanar pcb and metal residues in dolphins
from the United States Atlantic coast including Atlantic bottle-nosed obtained during the
1987/88 mass mortality. Chemosphere, 28, 1245-1253

Mann, T. & Kleilin, D. 1938. Homocuprein and heptacuprein, copper-protein compounds
of blood and liver in mammals. Proc.R.Soc.London B, 126, 303-315

Marx, J.L. 1985. Oxygen free radicals linked to many diseases. Science, 235, 529-531

Meister, A. 1989, "Metabolism and function of glutathione," D. Dolphin, R. Poulson, & O.
Avrannovic, eds., New York: Wiley-Intrasciences Publications.

Michelson, A.M. & Maral, J. 1983. Carbonate anions: effects on the oxidation of luminol,
oxidative hemolysis, ?-irradiation and the reaction of activated oxygen species with
enzymes containing various active centres. Biochemie, 65, 95-105

Michiels, C., Raes, M., Toussaint, O., & Remacle, J. 1994. Importance of SE-glutathione
peroxidase, catalase, and CU/ZN-SOD for cell survival against oxidative stress. Free
Radical Biology and Medicine, 17, (3) 235-248 available from:
http://www.sciencedirect.com/science/article/B6T38-47NVNPS-
FY/2/c791d8239¢aec3e¢37935173¢92¢ca7b98

Mills, G.C. 1957. The mechanism is at the Selenocystein site, which is in a Se(-) form as
resting state. This is oxidized by the peroxide to SeOH which is then trapped by a GSH

272



molecule to Se-SG and by another GSH molecule to Se(-) again, releasing a GS-SG by-
product. J Biol Chem, 229, (1) 189-197

Murray-Rust, J., Leiper, J., McAlister, M., Phelan, J., Tilley, S., Maria, J.S., Vallance, P., &
McDonald, N. 2001. Structural insights into the hydrolysis of cellular nitric oxide synthase

inhibitors by dimethylarginine dimethylaminohydrolase. Nature Structural Biology, 8, (8)
679-683 available from: ISI:000170139500015

Packer, J.E., Slater, T.F., & Wilson, R.L. 1979. Direct observation of a free radical
interaction between vita- min E and vitamin C. Nature, 278, 737-738

Prohaska, J.R. & Ganther, H.E. 1977. Glutathione peroxidase activity of glutathione-S-
transferases purified from rat liver. Biochemical and Biophysical Research
Communications, 76, (2) 437-445 available from:
http://www.sciencedirect.com/science/article/BOWBK-4DXRY44-
B0/2/9ddf9691098b4a3ef7de78a62db753a8

Radi, R., Beckman, J.S., Bush, K.M., & Freeman, B.A. 1991. Peroxynitrite oxidation of
sulfhydryls. The cytotoxic potential of superoxide and nitric oxide. Journal of Biological
Chemistry, 266, (7) 4244-4250 available from:
http://www.jbc.org/content/266/7/4244 .abstract

Radi, R., Peluffo, G., Alvarez, M.c.a.a., Naviliat, M., & Cayota, A. 2001. Unraveling
peroxynitrite formation in biological systems. Free Radical Biology and Medicine, 30, (5)
463-488 available from: http://www.sciencedirect.com/science/article/B6T38-42BSHGG-
3/2/a38¢5435b5440cc63d0b39b6ea79c469

Richard, L.A. & Raymond, B.F. 1976. Glutathione peroxidase activity in selenium-
deficient rat liver. Biochemical and Biophysical Research Communications, 71, (4) 952-
958 available from: http://www.sciencedirect.com/science/article/B6WBK-4DMWBY W-
98/2/429735b597c840d44a542b2e6e177408

Scandalias, J.G. 1993. Oxygen stress and superoxide dismutase. Plant Physiol., 101, 7-12

Sharpe, M.E. & Cooper, C.E. 1998. Rections of NO with mitochondrial cytochrome c; a
novel mechanism for the formation of NO™ and ONOO". Biochem J, 332, 9

Sies H 1991. Oxidative Stress 1I, Oxidants and Antioxidants New York, Academic press.

Sies, H. 1986. Biochemistry of Oxidative Stress. Angewandte Chemie International Edition
in English, 25, (12) 1058-1071 available from: http://dx.doi.org/10.1002/anie.198610581

Stadtman, E.R. 1986. Oxidation of proteins by mixed-function oxidation systems:
implication in protein turnover, aging and neutrophil function. Trends Biochem.Sci., 11, 11-
12

Suarna, C., Dean, R.T., May, J., & Stocker, R. 1995. Human atherosclerotic plaque
contains both oxidized lipids and relatively large amounts of alpha-tocopherol and
ascorbate. Arteriosclerosis, Thrombosis, and Vascular Biology, 15, (10) 1616-1624
available from: http://www.scopus.com/inward/record.url?eid=2-s2.0-
0029129908&partnerID=40

273



Taddei, S., Virdis, A., Ghiadoni, L., Magagna, A., & Salvetti, A. 1998. Vitamin C
Improves Endothelium-Dependent Vasodilation by Restoring Nitric Oxide Activity in
Essential Hypertension. Circulation, 97, (22) 2222-2229 available from:
http://circ.ahajournals.org/content/97/22/2222.abstract

Takakura, K., Beckman, J.S., Millan-Crow, L.A., & Crow, J.P. 1999. Rapid and
Irreversible Inactivation of Protein Tyrosine Phosphatases PTP1B, CD45, and LAR by
Peroxynitrite. Archives of Biochemistry and Biophysics, 369, (2) 197-207 available from:
http://www.sciencedirect.com/science/article/B6WB5-45HRS7K -
5B/2/e22414b035faa61e584812e59bbe42ae

Von Sontang 1987a. The Chemical Basis of Radiation Biology London, Taylor and Francis.
Von Sontang 1987b. The Chemical Basis of Radiation Biology London, Taylor and Francis.

Ye, Z. & Song, H. 2008. Antioxidant vitamins intake and the risk of coronary heart disease:
meta-analysis of cohort studies. European Journal of Cardiovascular Prevention &
Rehabilitation, 15, (1) 26-34 available from:
http://cpr.sagepub.com/content/15/1/26.abstract

Abbasi, F., Asagmi, T., Cooke, J. P., Lamendola, C., McLaughlin, T., Reaven, G. M.,
Stuehlinger, M., & Tsao, P. S. 2001, "Plasma concentrations of asymmetric
dimethylarginine are increased in patients with type 2 diabetes mellitus", The American
Journal of Cardiology, vol. 88, no. 10, pp. 1201-1203.

Afanas'ev, 1. B. 1985, Superoxide lon: Chemistry and Biological Implications CRC Press,
Boca Raton.

Agarwal, S. & Sohal, R. S. 1995, "Differential oxidative damage to mitochondrial proteins
during aging", Mechanisms of Ageing and Development, vol. 85, no. 1, pp. 55-63.

American Diabetes Association 2009, "Standards of Medical Care in Diabetes-2009",
Diabetes Care, vol. 32, no. Supplement 1, p. S13-S61.

Asakawa Matsushita 1980, "Review of products of lipid peroxidation used as biomarkers of
oxidative stress", Winter- Japanese., vol. 13, no. 1, pp. 58-68.

Bakker, W., Eringa, E., Sipkema, P., & van Hinsbergh, V. 2009, "Endothelial dysfunction
and diabetes: roles of hyperglycemia, impaired insulin signaling and obesity", Cell and
Tissue Research, vol. 335, no. 1, pp. 165-189.

Balentine, J. 1982, Pathology of Oxygen Toxicity Acedemic Press, New York.

Bank, R. A., Jansen, E. J., Beekman, B., & te Koppele, J. M. 1996, "Amino Acid Analysis
by Reverse-Phase High-Performance Liquid Chromatography: Improved Derivatization
and Detection Conditions with 9-Fluorenylmethyl Chloroformate", Analytical
Biochemistry, vol. 240, no. 2, pp. 167-176.

274



Barker, S. L. R. &, K. R. 1998, "Development and cellular applications of ?ber optic nitric
oxide sensors
based on a gold-adsorbed ?uorophore", Anal Chem, vol. 70, pp. 4902-4906.

Beckman, J. A. & Koppenol, W. H. 1996, "Nitric oxide, superoxide, and peroxynitrite: the
good, the bad, and ugly.", Am J Physiol, vol. 271, pp. 1424-1437.

Beckman, J. A., Creager, M. A., & Libby, P. 2002, "Diabetes and Atherosclerosis", JAMA:
The Journal of the American Medical Association, vol. 287, no. 19, pp. 2570-2581.

Belanger, P. M. 1985, "Diurnal variations in the transferases and hydrolases involved in
glucuronide and sulfate conjugation of rat liver", Drug Metabolism and Disposition, vol.
13, no. 3, pp. 386-389.

Benzie, 1. F. F. 1996, "Lipid peroxidation: A review of causes, consequences, measurement
and dietary influences", International Journal of Food Sciences and Nutrition, vol. 47, no.
3, pp. 233-261.

Bessard, J., Cracowski, J. L., Stanke-Labesque, F., & Bessard, G. 2001, "Determination of
isoprostaglandin F2alpha type III in human urine by gas chromatography-electronic impact

mass spectrometry. Comparison with enzyme immunoassay.", J Chromatogr B Biomed Sci
Appl, vol. 754, no. 2, pp. 333-343.

Beyer, W., Imlay.J., & Fridovich, I. 1991, " Superoxide Dismutases.", Prog.Nucl.Acid Res.,
vol. 40, pp. 221-253.

Biemond, P., Swaak, A. J. G., van Ejjk, H. G., & Koster, J. F. 1988, "Superoxide dependent
iron release from ferritin in inflammatory diseases", Free Radical Biology and Medicine,
vol. 4, no. 3, pp. 185-198.

Blundell, G. & Brydon, W. G. 1987, "High performance liquid chromatography of plasma
aminoacids using orthophthalaldehyde derivatisation", Clinica Chimica Acta, vol. 170, no.
1, pp. 79-83.

Bode-Boger, S. M., Boger, R. H., Kienke, S., Bohme, M., Phivthong-ngam, L., Tsikas, D.,
& Frolich, J. C. 1998, "Chronic dietary supplementation with L-arginine inhibits platelet
aggregation and thromboxane A(2) synthesis in hypercholesterolaemic rabbits in vivo",
Cardiovascular Research, vol. 37, no. 3, pp. 756-764.

Bogdanov, M. B., Beal, M. F., McCabe, D. R., Griffin, R. M., & Matson, W. R. 1999, "A
carbon column-based liquid chromatography electrochemical approach to routine 8-
hydroxy-2'-deoxyguanosine measurements in urine and other biologic matrices: a one-year
evaluation of methods", Free Radical Biology and Medicine, vol. 27, no. 5-6, pp. 647-666.

Boger, R. H., Bode-Boger, S. M., Kienke, S., Stan, A. C., Nafe, R., & Frolich, J. C. 1998a,
"Dietary L-arginine decreases myointimal cell proliferation and vascular monocyte
accumulation in cholesterol-fed rabbits", Atherosclerosis, vol. 136, no. 1, pp. 67-77.

Boger, R. H., BodeBoger, S. M., Brandes, R. P., Phivthongngam, L., Bohme, M., Nafe, R.,
Mugge, A., & Frolich, J. C. 1997, "Dietary L-arginine reduces the progression of

atherosclerosis in cholesterol-fed rabbits - Comparison with lovastatin", Circulation, vol.
96, no. 4, pp. 1282-1290.

275



Boger, R. H., BodeBoger, S. M., Gerecke, U., Gutzki, F. M., Tsikas, D., & Frolich, J. C.
1996, "Urinary NO3- excretion as an indicator of nitric oxide formation in vivo during oral
administration of L-arginine or L-name in rats", Clinical and Experimental Pharmacology
and Physiology, vol. 23, no. 1, pp. 11-15.

Boger, R. H. 2005, "Asymmetric dimethylarginine (ADMA) and cardiovascular disease:
insights from prospective clinical trials", Vascular Medicine, vol. 10, no. 1_suppl, p. S19-
S25.

Boger, R. H., Bode-Boger, S. M., Szuba, A., Tsao, P. S., Chan, J. R., Tangphao, O.,
Blaschke, T. F., & Cooke, J. P. 1998b, "Asymmetric Dimethylarginine (ADMA): A Novel
Risk Factor for Endothelial Dysfunction : Its Role in Hypercholesterolemia", Circulation,
vol. 98, no. 18, pp. 1842-1847.

Bohnstedt, K. C., Karlberg, B., Wahlund, L. O., J=nhagen, M. E., Basun, H., & Schmidt, S.
2003, "Determination of isoprostanes in urine samples from Alzheimer patients using
porous graphitic carbon liquid chromatography-tandem mass spectrometry", Journal of
Chromatography B, vol. 796, no. 1, pp. 11-19.

Bolton, W. K., Cattran, D. C., Williams, M. E., Adler, S. G., Appel, G. B., Cartwright, K.,
Foiles, P. G., Freedman, B. 1., Raskin, P., Ratner, R. E., Spinowitz, B. S., Whittier, F. C.,
Wuerth, J. P., & for the ACTION 2004, "Randomized Trial of an Inhibitor of Formation of
Advanced Glycation End Products in Diabetic Nephropathy", American Journal of
Nephrology, vol. 24, no. 1, pp. 32-40.

Bowler, C. V. M. M. & Inze, D. 1992, " Superoxide dismutase and stress tolerance.", Ann
Rev.Plant Physiol.Plant Mol.Biol., vol. 43, pp. 83-116.

Bredt, D. S. & Snyder, S. H. 1990, "Isolation of nitric oxide synthetase, a calmodulin-
requiring enzyme.", Proc Natl Acad Sci U S A, vol. 87, pp. 682-685.

Brownlee, M. 2001, "Biochemistry and molecular cell biology of diabetic complications",
Nature, vol. 414, no. 6865, pp. 813-820.

Burton, G., Wronska, U., Stone, L., Foster, D., & Ingold, K. 1990, "Biokinetics of dietary
RRR-a-tocopherol in the male guinea pig at three dietary levels of vitamin C and two

levels of vitamin E. Evidence that vitamin C does not "spare"vitamin Ein vivo", Lipids, vol.
25, no. 4, pp. 199-210.

Burton, G. W. 1983, "Vitamin E as an antioxidant in vitro and invivo", Ciba Foundation
Symposium, vol. 101, pp. 4-18.

Burton, G. W., Cheeseman, K. H., Ingold, K. U., & Slater, T. F. 1995, "Vitamin E as an
antioxidant in vitro and in vivo", Ciba.Found.Symp, vol. 101, pp. 4-18.

Burton, G. W. & Ingold, K. U. 1986, "Vitamin E: application of the principles of physical
organic chemistry to the exploration of its structure and function", Accounts of Chemical
Research, vol. 19, no. 7, pp. 194-201.

Burton, G. W. & Ingold, K. U. 1984, "B-carotene: an unusual type of lipid antioxidant.",
Science., vol. 224, pp. 569-573.

276



Buss, I. H., Chan, T. P., Sluis, K. B., Domigan, N. M., & Winterbourn, C. C. 1997, "Protein
carbonyl measurement by a sensitive ELISA method.", Free Rad.Biol.Med, vol. 23, no. 3,
pp. 361-366.

Cai, H. & Harrison, D. G. 2000, "Endothelial Dysfunction in Cardiovascular Diseases: The
Role of Oxidant Stress", Circulation Research, vol. 87, no. 10, pp. 840-844.

Castro, L., Rodriguez, M., & Radi, R. 1994, "Aconitase is readily inactivated by

peroxynitrite, but not by its precursor, nitric oxide", Journal of Biological Chemistry, vol.
269, no. 47, pp. 29409-29415.

Catravas, J. D., Lazo, J. S., Dobular, K. J., Mills, L. R., & Gillis, C. N. 1983, "Pulmonary
endothelial dysfunction in the presence or absence of interstitial

injury induced by intratracheally injected bleomycin in rabbits", 4m Rev Respir Dis,
vol. 128, pp. 740-746.

Ceriello, A. 2003, "New insights on oxidative stress and diabetic complications may lead to
a "causal" antioxidant therapy", Diabetes Care, vol. 26, no. 5, pp. 1589-1596.

Ceriello, A., Kumar, S., Piconi, L., Esposito, K., & Giugliano, D. 2007, "Simultaneous
Control of Hyperglycemia and Oxidative Stress Normalizes Endothelial Function in Type 1
Diabetes", Diabetes Care, vol. 30, no. 3, pp. 649-654.

Chen, B. M., Xia, L. W., & Zhao, R. Q. 1997, "Determination of NG,NG-dimethylarginine
in human plasma by high-performance liquid chromatography", Journal of
Chromatography B: Biomedical Sciences and Applications, vol. 692, no. 2, pp. 467-471.

Chico, A., Vidal-R+jos, P., Subir+4, M., & Novials, A. 2003, "The Continuous Glucose
Monitoring System Is Useful for Detecting Unrecognized Hypoglycemias in Patients With
Type 1 and Type 2 Diabetes but Is Not Better Than Frequent Capillary Glucose
Measurements for Improving Metabolic Control", Diabetes Care, vol. 26, no. 4, pp. 1153-
1157.

Chiku, S., Hamamura, K., & Nakamura, T. 1984, "Novel urinary metabolite of d-delta-
tocopherol in rats", Journal of Lipid Research, vol. 25, no. 1, pp. 40-48.

Chot, J., Choi, Y., dela Petja, L., Yoon, S., Lee, G., Shin, C., Ryu, J., Yu, G., & Cheong, J.
2010, "Vitamin C supplementation alleviates electroshock stress but not restraint stress in
ICR mice", Food Science and Biotechnology, vol. 19, no. 1, pp. 137-144.

Chowdhury, S. K., Katta, V., & Chait, B. T. 1990, "An electrospray-ionization mass
spectrometer with new features", Rapid Communications in Mass Spectrometry, vol. 4, no.
3, pp. 81-87.

Chung, S. S. M., Ho, E. C. M., Lam, K. S. L., & Chung, S. K. 2003, "Contribution of
Polyol Pathway to Diabetes-Induced Oxidative Stress", J of Am Soc Nephrol, vol. 14, p.
S233-S236.

Ciszewski, A. & Milczarek, G. 2003, "Electrochemical detection of nitric oxide using
polymer modi?ed electrodes", Talanta, vol. 61, no. 11, p. 26.

277



Cooke, J. P. 2000, "Dose ADMA cause endothelial dysfunction?", Arterioscler Thromb
Vasc Biol, vol. 20, pp. 2032-2037.

Cooke, J. P. & Dzau, V. J. 1997, "Derangement of the nitric oside sythase pathway, L-
arginine, and cardiovascular disease", Circulation, vol. 96, pp. 379-382.

Craven, P. A., Studer, R. K., & DeRubertis, F. R. 1994, "Impaired nitric oxide-dependent
cyclic guanosine monophosphate generation in glomeruli from diabetic rats. Evidence for
protein kinase C-mediated suppression of the cholinergic response", J.Clin.Invest., vol. 93,
pp. 311-320.

Craven, P. A., Studer, R. K., Felder, J., Phillips, S., & DeRubertis, F. R. 1997, "Nitric oxide
inhibition of transforming growth factor-beta and collagen synthesis in mesangial cells",
Diabetes, vol. 46, pp. 671-681.

Crow, J. P., Beckman, J. A., & McCord, J. M. 1995, "Sensitivity of the essential zinc-
thiolate moiety of yeast alcohol dehydrogenase to hypochlorite and peroxynitrite",
Biochemistry, vol. 34, no. 3544, p. 3552.

Dandona, P., Thusu, K., Cook, S., Snyder, B., Makowski, J., Armstrong, D., & Nicotera, T.
1996, "Oxidative damage to DNA in diabetes mellitus.", Lancet, vol. 347, no. 6, pp. 4-287.

Davi, G., Ciabattoni, G., Consoli, A., Mezzetti, A., Falco, A., Santarone, S., Pennese, E.,
Vitacolonna, E., Bucciarelli, T., Costantini, F., Capani, F., & Patrono, C. 1999b, "In Vivo
Formation of 8-Iso-Prostaglandin F2{alpha} and Platelet Activation in Diabetes Mellitus :
Effects of Improved Metabolic Control and Vitamin E Supplementation", Circulation, vol.
99, no. 2, pp. 224-229.

Davi, G., Ciabattoni, G., Consoli, A., Mezzetti, A., Falco, A., Santarone, S., Pennese, E.,
Vitacolonna, E., Bucciarelli, T., Costantini, F., Capani, F., & Patrono, C. 1999a, "In Vivo
Formation of 8-Iso-Prostaglandin F2{alpha} and Platelet Activation in Diabetes Mellitus :
Effects of Improved Metabolic Control and Vitamin E Supplementation", Circulation, vol.
99, no. 2, pp. 224-229.

Davies, K. J. A. 1987, ". Protein damage and degradation by oxygen radicals. I General
aspects.", J.Biol. Chem., vol. 162, pp. 9895-9901.

De Groote, M. A., Testerman, T., Xu, Y., Stauffer, G., & Fang, F. C. 1996, "Homocysteine
antagonism of nitric oxide-related cytostasis in Salmonella typhimurium", Science, vol.
272, n0. 414, p. 417.

de Jong, S. & Teerlink, T. 2006, "Analysis of asymmetric dimethylarginine in plasma by
HPLC using a monolithic column", Analytical Biochemistry, vol. 353, no. 2, pp. 287-289.

Deakin, S., Leviev, 1., Guernier, S., & James, R. W. 2003, "Simvastatin modulates
expression of the PON1 gene and increases serum paraoxonase: a role for sterol regulatory
element-binding protein-2", Arterioscler Thromb Vasc Biol, vol. 23, no. 11, pp. 2083-2089.

Degenhardt, T. P., Thorpe, S. R., & Baynes, J. W. 1998, "Chemical modification of
proteins by methylglyoxal", Cell Mol.Biol., vol. 44, pp. 1139-1145.

278



Devaraj, S., Glaser, N., Griffen, S., Wang-Polagruto, J., Miguelino, E., & Jialal, 1. 2006,
"Review: Homocysteine, endothelial dysfunction and oxidative stress in type 1 diabetes
mellitus", Diabetes, vol. 55, pp. 774-779.

Devaraj, S., Hirany, S. V., Burk, R. F., & lJialal, 1. 2001, "Divergence between LDL
Oxidative Susceptibility and Urinary F2-Isoprostanes as Measures of Oxidative Stress in
Type 2 Diabetes", Clinical Chemistry, vol. 47, no. 11, pp. 1974-1979.

Diaz, M. N., Frei, B., Vita, J. A., & Keaney, J. 1997, "Antioxidants and atherosclerotic
heart disease", The New England Journal of Medicine, vol. 337, pp. 408-416.

Dickinson, J. C. & Hamilton, P. B. 1966, "THE FREE AMINO ACIDS OF HUMAN
SPINAL FLUID DETERMINED BY ION EXCHANGE CHROMATOGRAPHY",
Journal of Neurochemistry, vol. 13, no. 11, pp. 1179-1187.

Dickinson, J. C., Rosenblum, H., & Hamilton, P. B. 1965, "lon exchange chromatography
of the free amino acids in the plasma of the newborn infant", Pediatrics, vol. 36, no. 1, pp.
2-13.

Dinsdale, P. 2008, "Diabetes care needs to focus more on ethnic inequalities", British
Medical Journal, vol. 337, p. al421.

Dizdaroglu, M. 1985, "Formation of 8-hydroxyguanine moiety in deoxyribonucleic acid on
.gamma.-irradiation in aqueous solution", Biochemistry, vol. 24, no. 16, pp. 4476-4481.

Dole, M., Mack, L. L., Hines, R. L., Mobely, R. C., Ferguson, L. D., & Alice, M. B. 1968,
"Molecular Beams of Macroions", J Chem Phys, vol. 49, no. 5, pp. 2240-2249.

Dresner, A., Laurent, D., Marcucci, M., Griffin, M. E., Dufour, S., Cline, G. W., Slezak, L.
A., Andersen, D. K., Hundal, R. S., Rothman, D. L., Petersen, K. F., & Shulman, G. I.
1999, "Effects of free fatty acids on glucose transport and IRS-1-associated
phosphatidylinositol 3-kinase activity", Journal of Clinical Investigation, vol. 103, no. 2,
pp. 253-259.

Drummond, K. & Mauer, M. 2002, "The Early Natural History of Nephropathy in Type 1
Diabetes", Diabetes, vol. 51, no. 5, pp. 1580-1587.

Drummond, K. N., Michael, A. F., Ulstrom, R. A., & Good, R. A. 1964, "The blue diaper
syndrome: Familial hypercalcemia with nephrocalcinosis and indicanuria: A new familial
disease, with definition of the metabolic abnormality", The American Journal of Medicine,
vol. 37, no. 6, pp. 928-948.

Du, X. L. 2000, "Hyperglycemia-induced mitochondrial superoxide overproduction
activates the hexosamine pathway and induces plasminogen activator inhibitor-1 expression
by increasing Spl glycosylation", Proc.Natl Acad.Sci.USA, vol. 97, pp. 12222-12226.

Dufty, S., Gokce, N., Holbrook, M., Huang, A., Frei, B., Keaney, J., & Vita, J. A. 1999,
"Treatment of hypertension with ascorbic acid", The Lancet, vol. 354, no. 9195, pp. 2048-
2049.

Dworski, R., Roberts, L. J., Murary, J. J., Morrow, J. D., Hartert, T. V., & Sheller, J. K.
2001, "Assessment of oxidant stress in allergic asthma by measurement of the major

279



urinary metabolite of F2-isoprostane, 15-F2t-IsoP (8-iso-PGF2alpha).", Clin Exp Allergy.,
vol. 31, no. 3, pp. 387-390.

Einarsson, S. & Josefsson, B. 1987, "Separation of Amino Acid Enantiomers and Chiral
Amines

Using Precolumn Derivatization with (+H)- 1-(9-Fluorenyl)ethyl
Chloroformate and Reversed-Phase Liquid Chromatography", Analytical Chemistry, vol.
59, pp. 1191-1195.

Einarsson, S., Josefsson, B., & Lagerkvist, S. 1983, "Determination of amino acids with 9-
fluorenylmethyl  chloroformate and reversed-phase high performance liquid
chromatography", Journal of Chromatography A, vol. 282, pp. 609-618.

Etoh, T., Inoguchi, T., Kakimoto, M., Sonoda, N., Kobayashi, K., Kuroda, J., Sumimoto,
H., & Nawata, H. 2003."Increased expression of NAD(P)H oxidase subunits, NOX4 and
p22phox, in the kidney of streptozotocin-induced diabetic rats and its reversibility by
interventive insulin treatment", Diabetologia, vol.46, no.10, pp. 1428-1437.

Evans, H. M. & Bishop, K. S. 1922, "On the existence of a hithero unrecognised dietary
factor essential for reproduction", Science, vol. 56, pp. 650-651.

Evans, H. M. & Burr, G. O. 1925, "The antisterility vitamine fat soluble E", Proceedings of
the National Academy of Sciences of the United States of America, vol. 11, pp. 334-335.

Evans, H. M., Emerson, O. H., & Emerson, G. A. 1936, "The isolation from wheat germ oil
of an alcohol, arg-tocoherol, having the properties of vitamin E.", Journal of Biological
Chemistry, vol. 113, no. 1, pp. 319-332.

Fagan, J. M., Sleczka, B. G., & Sohar, 1. 1999, "Quantitation of oxidative damage to tissue
proteins", The International Journal of Biochemistry & Cell Biology, vol. 31, no. 7, pp.
751-757.

Faraci, F. M., Brian, J. E., & Heistad, D. D. 1995, "Response of Cerebral Blood-Vessels to
An Endogenous Inhibitor of Nitric-Oxide Synthase", American Journal of Physiology-
Heart and Circulatory Physiology, vol. 269, no. 5, p. H1522-H1527.

Farr, S. B. & Kogoma, T. 1991, "Oxidative stress responses in Escherichia coli and
Salmonella typhimurium.", Microbiol., vol. 55, no. 561, p. 585.

Fenton, H. J. H. 1899, " Oxidation of certain organic acids in the presence of ferrous salts",
Proc.Chem.Soc, vol. 25, p. 224.

Fernholz, E. 1938, "On the constitution of alpha-tocopherol", Journal of American
Chemical Society, vol. 113, pp. 319-322.

Fisler, J. & Warden, C. 2006, "Uncoupling proteins, dietary fat and the metabolic
syndrome", Nutrition & Metabolism, vol. 3, no. 1, p. 38.

Fita, I. & Rossmann, M. G. 1985, "The active center of catalase.", J.Mol.Biol., vol. 185, pp.
21-37.

280



Foiles, P. G., Founds, H. W., & Vasan, S. 2001, "Therapeutic potential of AGE inhibitors
and breakers of AGE protein cross-links", Expert Opinion on Investigational Drugs, vol.
10, no. 11, pp. 1977-1987.

Fridovich, I. 1995, "Superoxide radical and superoxide dismutases", Ann Rev Biochem, vol.
64, p. 97.

Frohnert, P., Baumann, K., Hohmann, B., Zweibel, R., & Papavassiliou, F. "Glucose
reabsorption in the rat kidney under free flow condition", p. 398.

Furchgott, R. F. & Zawadzki, J. V. 1980, "The obligatory role of endothelial cells in the
relaxation of arterial smooth muscles by acetocholine", Nature, vol. 288, pp. 373-376.

Ganz, M. B. & Seftel, A. 2000, "Glucose-induced changes in protein kinase C and nitric
oxide are prevented by vitamin E", Am.J. Physiol., vol. 278, p. E146-E152.

Gartenmann, K. & Kochhar, S. 1999, "Short-chain peptide analysis by High-Performance
Liquid Chromatography coupled to electrospray lonisation Mass Spectrometer after
derivatisation with 9-Fluorenylmethyl Chloroformate", J Agric Food Chem, vol. 47, pp.
5068-5071.

Genuth, S., Sun, W., Cleary, P., Sell, D. R., Dahms, W., Malone, J., Sivitz, W., Monnier,
V. M., & for the DCCT Skin Collagen Ancillary Study Group 2005, "Glycation and
Carboxymethyllysine Levels in Skin Collagen Predict the Risk of Future 10-Year
Progression of Diabetic Retinopathy and Nephropathy in the Diabetes Control and
Complications Trial and Epidemiology of Diabetes Interventions and Complications
Participants With Type 1 Diabetes", Diabetes, vol. 54, no. 11, pp. 3103-3111.

Gibson, G. & Skett, P. 1994, Introduction to drug metabolism Blackie Academic and
Professional, London and New York.

Gilbert, D. L. 1981, Oxygen and Living Processess: an Inter-disciplinary Approach
Springer, New York.

Giustarini, D., le-Donne, 1., Colombo, R., Milzani, A., & Rossi, R. 2004, "Adaptation of
the Griess Reaction for Detection of Nitrite in Human Plasma", Free Radical Research,
vol. 38, no. 11, pp. 1235-1240.

Gladstone, J. & Levine, R. L. 1994, "Oxidation of proteins in neonatal lungs", Pediatrics,
vol. 93, no. 5, pp. 764-768.

Gokce, N., Keaney, J. F., Jr., Frei, B., Holbrook, M., Olesiak, M., Zachariah, B. J.,
Leeuwenburgh, C., Heinecke, J. W., & Vita, J. A. 1999, "Long-Term Ascorbic Acid
Administration Reverses Endothelial Vasomotor Dysfunction in Patients With Coronary
Artery Disease", Circulation, vol. 99, no. 25, pp. 3234-3240.

Gokce, N., Keaney, J. F., Jr., Hunter, L. M., Watkins, M. T., Menzoian, J. O., & Vita, J. A.
2002, "Risk Stratification for Postoperative Cardiovascular Events via Noninvasive

Assessment of Endothelial Function: A Prospective Study", Circulation, vol. 105, no. 13,
pp. 1567-1572.

281



Golden, M. N. H. 1987, "Free Radicals in the pathogenesis of Kwashiorkar",
Proc.Nutr.Soc, vol. 46, p. 53.

Gopaul, N. K., -nggord, E. E., Mallet, A. 1., Betteridge, D. J., Wolff, S. P., & Nourooz-
Zadeh, J. 1995, "Plasma 8-epi-PGF2a levels are elevated in individuals with non-insulin
dependent diabetes mellitus", FEBS Letters, vol. 368, no. 2, pp. 225-229.

Gould, M. Diabetes costs NHS £Im an hour, charity says. Guardian . 2008.
Ref Type: Newspaper

Green, L. C., Wagner, D. A., Glogowski, J., Skipper, P. L., Wishnok, J. S., & Tannenbaum,
S. R. 1982, "Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids", Analytical
Biochemistry, vol. 126, no. 1, pp. 131-138.

Griendling, K. K., Sorescu, D., & Ushio-Fukai, M. 2000, "NAD(P)H oxidase: Role in
cardiovascular biology and disease", Circulation Research, vol. 86, no. 5, pp. 494-501.

Griffith, O. W. & Stuehr, D. J. 1995, "Nitric oxide synthases: Properties and catalytic
mechanism", Annual Review of Physiology, vol. 57, pp. 707-736.

Griffiths, W. J., Jonsson, A. P., Liu, S., Rai, D. P., & Wang, Y. 2001, "Electrospray and
tandem mass spectrometry in biochemistry", Biochem J, vol. 355, pp. 545-561.

Gruetter, C. A., Barry, B. K., McNamara, D. B., Gruetter, D. Y., Kadowitz, P. J., &
Ignarro, L. 1979, "Relaxation of bovine coronary artery and activation of coronary arterial
guanylate cyclase by nitric oxide, nitroprusside and a carcinogenic nitrosamine", J Cyclic
Nucleotide Res, vol. 5, pp. 211-224.

Gryglewski, R. J., Palmer, R. M., & Moncada, S. 1986, "Superoxide anion is involved in
the breakdown of endothelium-derived vascular relaxing factor", Nature, vol. 320, pp. 454-
646.

Gutteridge, J. M. C. 1996, "O2 dependentant formation of OH from H202 an evaluation of
its effect", Biochem Biophys, vol. 277, pp. 422-424.

Haber, F. & Wiess, J. 1934, "The catalytic decomposition of hydrogen peroxide by iron
salts.", Proc.Royal Soc.A., vol. 147, p. 332.

Hadi, A. R. H. & Suwadi, J. A. 2007, "Endothelial dysfunction in diabetes mellitus",
Vasscular Health and Risk Management, vol. 3, no. 6, pp. 853-876.

Halliwell, B. 1992, "Free radicals, antioxidants and human disease. Where are we now?", J
Lab Clin Med, vol. 119, p. 598.

Halliwell, B. & Gutteridge, D. G. 1999, Free Radicals in Biology and Medicine Oxford
University Press, Oxford.

Halliwell, B. & Gutteridge, J. M. C. 1990, "[1] Role of free radicals and catalytic metal
ions in human disease: An overview," in Methods in  Enzymology
Oxygen Radicals in Biological Systems Part B: Oxygen Radicals and Antioxidants, Volume
186 edn, Lester Packer and Alexander, ed., Academic Press, pp. 1-85.

282



Hamilton, P. B. 1963, "lon Exchange Chromatography of Amino Acids. A Single Column,
High Resolving, Fully Automatic Procedure", Analytical Chemistry, vol. 35, no. 13, pp.
2055-2064.

Hammes, H.-P., Martin, S., & Federlin, K. 1991, "Aminoguanidine treatment inhibits the
development of experimental diabetic retinopathy", Proc.Natl.Acad.Sci.USA, vol. 88, p.
11555.

Haschke, M., Zhang, Y. L., Kahle, C., Klawitter, J., Korecka, M., Shaw, L. M., &
Christians, U. 2007, "HPLC-Atmospheric Pressure Chemical Ionization MS/MS for

Quantitation of 15-F2t-Isoprostane in Human Urine and Plasma", Clinical Chemistry, vol.
53, no. 3, pp. 489-497.

Hearn, M. T. W. & Grego, B. 1984, "Solvent Composition-Capacity Factor Dependencies
of Todoamino Acids", Journal of Liquid Chromatography & Related Technologies, vol. 7,
no. 6, pp. 1079-1088.

Heitzer, T., Brockhoff, C., Mayer, B., Warnholtz, A., Mollnau, H., & Henne, C. 2000,
"Tetrahydrobiopterin improves endothelium-dependent vasodilation in chronic smokers:
evidence for a dysfunctional nitric oxide synthase.", Circ Res, vol. 97, pp. 1129-1135.

Heitzer, T., Schlinzig, T., Krohn, K., Meinertz, T., & Munzel, T. 2001, "Endothelial
Dysfunction, Oxidative Stress, and Risk of Cardiovascular Events in Patients With
Coronary Artery Disease", Circulation, vol. 104, no. 22, pp. 2673-2678.

Helbock, H. J., Beckman, K. B., Shigenaga, M. K., Walter, P. B., Woodall, A. A., Yeo, H.
C., & Ames, B. N. 1998, "
DNA oxidation matters: the HPLC-electrochemical detection assay of 8-oxo-
deoxyguanosine and 8-oxo-guanine.", Proc Natl Acad Sci U S A., vol. 6, no. 95, pp. 1-288.

Hetrick, E. M. & Schoenfisch, M. H. 2009, "Analytical Chemistryof Nitric Oxide", Annual
Review of Analytical Chemistry, vol. 2, pp. 409-413.

Hevel, J. M., White, A. K., & Marletta, M. A. 1991, "Purification of the Inducible Murine
Macrophage Nitric Oxide Synthase", J Biol Chem., vol. 266, no. 34, pp. 22789-22791.

Holvoet, P., Kritchevsky, S. B., Tracy, R. P., Mertens, A., Rubin, S. M., Butler, J.,
Goodpaster, B., & Harris, T. B. 2004, "The Metabolic Syndrome, Circulating Oxidized
LDL, and Risk of Myocardial Infarction in Well-Functioning Elderly People in the Health,
Aging, and Body Composition Cohort", Diabetes, vol. 53, no. 4, pp. 1068-1073.

Horie, K. 1997, "Immunohistochemical colocalization of glycoxidation products and lipid
peroxidation products in diabetic renal glomerular lesions. Implication for glycoxidative
stress in the pathogenesis of diabetic nephropathy", J.Clin.Invest., vol. 100, pp. 2995-2999.

Hosomi, A., Arita, M., Sato, Y., Kiyose, C., Ueda, T., Igarashi, O., Arai, H., & Inoue, K.
1997, "Affinity for [alpha]-tocopherol transfer protein as a determinant of the biological
activities of vitamin E analogs", FEBS Letters, vol. 409, no. 1, pp. 105-108.

Hugo, A. 1984, "[13] Catalase in vitro," in Methods in Enzymology
Oxygen Radicals in Biological Systems, Volume 105 edn, P. Lester, ed., Academic Press,
pp- 121-126.

283



Hultberg, B., Agardh, E., Andersson, A., Brattstr+m, L., Isaksson, A., Israelsson, B., &
Agardh, C. D. 1991, "Increased levels of plasma homocysteine are associated with
nephropathy, but not severe retinopathy in type 1 diabetes mellitus", Scandinavian Journal
of Clinical & Laboratory Investigation, vol. 51, no. 3, pp. 277-282.

Ignarro, L., Buga, G. M., Wood, K. S., Byrns, R. E., & Chaudhary, G. 1987, "Endothelium
derieved relaxing factor produced and released from the artery and vein is nitric oxide",
Proc Natl Acad Sci U S A, vol. 84, pp. 9265-9269.

Iribarne J.V. & Thomson, B. A. 1976, "On the evaporation of small ions from charged
droplets", J Chem Phys, vol. 64, no. 6, pp. 2287-2294.

Ishii, N. A. O. H., Patel, K. P., Lane, P. H., Taylor, T. R. A. C., BIAN, K. A., Murad, F. E.
R. I., Pollock, J. S., & Carmines, P. K. 2001, "Nitric Oxide Synthesis and Oxidative Stress
in the Renal Cortex of Rats with Diabetes Mellitus", Journal of the American Society of
Nephrology, vol. 12, no. 8, pp. 1630-1639.

Jackson, T. S., Xu, A., Vita, J. A., & Keaney, J. F., Jr. 1998, "Ascorbate Prevents the
Interaction of Superoxide and Nitric Oxide Only at Very High Physiological
Concentrations", Circulation Research, vol. 83, no. 9, pp. 916-922.

Janero, D. R. 1990, "Malondialdehyde and thiobarbituric acid-reactivity as diagnostic
indices of lipid peroxidation and peroxidative tissue injury", Free Radical Biology and
Medicine, vol. 9, no. 6, pp. 515-540.

Jenner, P., Kaur, H., Lyras, L., & Halliwell, B. 1998, " HPLC detection of oxidative
products in human assays.", Links J Neurochem, vol. 70, no. 5, pp. 2220-2223.

Jones Chomatography. Solid Phase Extraction Method Development(Technical notes
available from Jones Chromatography, Hengoed,UK). 1998.
Ref Type: Pamphlet

Kasai, H., Tanooka, H., & Nishimura, S. 1984, "Formation of 8-hydroxyguanine residues
in DNA by X-irradiation", Gann, The Japanese Journal of Cancer Research, vol. 75, no.
12, pp. 1037-1039.

Keogh, R. J., Dunlop, M. E., & Larkins, R. G. 1997, "Effect of inhibition of aldose
reductase on glucose flux, diacylglycerol formation, protein kinase C, and phospholipase
A2 activation", Metabolism, vol. 46, pp. 41-47.

Khassaf, M., McArdle, A., Esanu, C., Vasilaki, A., McArdle, F., Griffiths, R. D., Brodie,
D. A., & Jackson, M. J. 2003, "Effect of vitamin C supplements on antioxidant defence and

stress proteins in human lymphocytes and skeletal muscle", The Journal of Physiology, vol.
549, no. 2, pp. 645-652.

Khoschsorur, G., Winklhofer-Roob, B., Rabl, H., Auer, T., Peng, Z., & Schaur, R. 2000,
"Evaluation of a sensitive HPLC method for the determination of Malondialdehyde, and
application of the method to different biological materials", Chromatographia, vol. 52, no.
3, pp. 181-184.

284



Kielstein, J. T., Bode-Boeger, S. M., Froelich, J. C., Haller, H. H., & Boger, R. H. 2001,
"Relationship of ADMA to dialysis tratment and atherosclerotic disease", Kidney Int, vol.
59, no. Suppl 78, p. S9-S13.

Kissner, R., Nauser, T., Bugnon, P., Lye, P. G., & Koppenol, W. H. 1997, "Formation and
Properties of Peroxynitrite as Studied by Laser Flash Photolysis, High-Pressure Stopped-
Flow Technique, and Pulse Radiolysis", Chemical Research in Toxicology, vol. 10, no. 11,
pp. 1285-1292.

Kivits, G. A., Ganguli-Swarttouw, M. A., & Christ, E. J. 1981, "
The composition of alkanes in exhaled air of rats as a result of lipid peroxidation in vivo.
Effects of dietary fatty acids, vitamin E and selenium.", Biochim Biophys Acta., vol. 665,
no. 3, pp. 559-570.

Kleschyov, A. L., , M. B., Keravis, T., Stoeckel, M. E., & Stoclet, J. C. 2000, "Adventitia-
derived nitric oxide in rat aortas exposed to endotoxin: cell origin and functional
consequences.", AJP - Heart and Circulatory Physiology, vol. 279, p. H2743-H2751.

Knowles, R. G. & Moncada, S. 1994, "Nitric oxide synthases in mammal", Biochem J, vol.
298, pp. 249-254.

Koya, D. 1997, "Characterization of protein kinase C beta isoform activation on the gene
expression of transforming growth factor-beta, extracellular matrix components, and
prostanoids in the glomeruli of diabetic rats", J.Clin.Invest., vol. 100, pp. 115-126.

Koya, D. 2000, "Amelioration of accelerated diabetic mesangial expansion by treatment
with a PKC beta inhibitor in diabetic db/db mice, a rodent model for type 2 diabetes", The
FASEB Journal, vol. 14, pp. 439-447.

Kuboki, K. 2000, "Regulation of endothelial constitutive nitric oxide synthase gene
expression in endothelial cells and in vivo a specific vascular action of insulin",
Circulation, vol. 101, pp. 676-681.

Kuehl, D. W., Haebler, R., & Potter, C. 1994, "Coplanar pcb and metal residues in dolphins
from the United States Atlantic coast including Atlantic bottle-nosed obtained during the
1987/88 mass mortality", Chemosphere, vol. 28, pp. 1245-1253.

Kurose, 1., Wolf, R., Grisham, M. B., & Granger, D. N. 1995, "Effects of An Endogenous
Inhibitor of Nitric-Oxide Synthesis on Postcapillary Venules", American Journal of
Physiology-Heart and Circulatory Physiology, vol. 268, no. 6, p. H2224-H2231.

Larsen, M. L., Hurder, M., & Mogensen, E. F. 1990, "Effect of Long-Term Monitoring of
Glycosylated Hemoglobin Levels in Insulin-Dependent Diabetes Mellitus", New England
Journal of Medicine, vol. 323, no. 15, pp. 1021-1025.

Lawson, J. A., Li, H., Rokarch, J., Adiyaman, M., Hwang, S. W., Khanapure, S. P., &
FitzGerald, G. A. 1998, "ldentification of two major F2 isoprostanes, 8,12-iso- and 5-epi-8§,
12-1so-isoprostane F2alpha-VI, in human urine.", J Biol Chem., vol. 273, no. 45, pp. 29295-
29301.

285



le-Donne, I., Rossi, R., Giustarini, D., Milzani, A., & Colombo, R. 2003, "Protein carbonyl
groups as biomarkers of oxidative stress", Clinica Chimica Acta, vol. 329, no. 1-2, pp. 23-
38.

Lee, A. Y. & Chung, S. S. 1999, "Contributions of polyol pathway to oxidative stress in
diabetic cataract", The FASEB Journal, vol. 13, pp. 23-30.

Lee, Y. & Kim, J. 2007, "Simultaneous eclectrochemical detection of nitric oxide and
carbon monoxide generated from mouse kidney organ tissues.", Analitical Chemistry, vol.
79, pp. 7669-7675.

Lengger, C., Schuch, G., & Topp, H. 2000, "A High-Performance Liquid Chromatographic
Method for the Determination of 8-Oxo-7,8-dihydro-2'-deoxyguanosine in Urine from Man
and Rat", Analytical Biochemistry, vol. 287, no. 1, pp. 65-72.

Leonhardt, W., Hanefeld, M., Mnller, G., Hora, C., Meissner, D., Lattke, P., Paetzold, A.,
Jaross, W., & Schroeder, H. E. 1996, "Impact of concentrations of glycated hemoglobin,
[alpha]-tocopherol, copper, and manganese on oxidation of low-density lipoproteins in
patients with type I diabetes, type Il diabetes and control subjects", Clinica Chimica Acta,
vol. 254, no. 2, pp. 173-186.

Levine, R. L., Garland, D., Oliver, C. N., Amici, A., Climent, I., Lenz, A. G., Ahn, B. W,
Shaltiel, S., & Stadtman, E. R. 1990, "[49] Determination of carbonyl content in
oxidatively modified proteins," in Methods in Enzymology
Oxygen Radicals in Biological Systems Part B: Oxygen Radicals and Antioxidants, Volume
186 edn, A. N. G. Lester Packer, ed., Academic Press, pp. 464-478.

Lewy, J. E. & Windhager, E. E. 1968, "Peritubular control of proximal tubular fluid
reabsorption in the rat kidney"', American Journal of Physiology, vol. 214, no. 5, pp. 943-
954.

Li, H., Lawson, J. A., Reilly, M., Adiyaman, M., Hwang, S. W., Rokach, J., & FitzGerald,
G. A. 1999, "Quantitative high performance liquid chromatography/tandem mass
spectrometric analysis of the four classes of F2-isoprostanes in human urine", Proceedings
of the National Academy of Sciences of the United States of America, vol. 96, no. 23, pp.
13381-13386.

Liang, Y., Wei, P., , D. R. W, Reaven, P. D., Harman, S. M., Cutler, R. G., & , H. C. B.
2000, " Quantitcation of 8-isoprostaglandin-F2a and 2,3-dinor-8-iso-prostaglandin-F2a in
human urine using liquid chromatographytandem mass spectrometry", Free Radical
Biology and Medicine, vol. 34, pp. 409-418.

Liang, Y., Wei, P., Duke, R. W., Reaven, P. D., Harman, S. M., Cutler, R. G., & Heward,
C. B. 2003, "Quantification of 8-iso-prostaglandin-F2[alpha] and 2,3-dinor-8-iso-
prostaglandin-F2[alpha] in human urine using liquid chromatography-tandem mass
spectrometry", Free Radical Biology and Medicine, vol. 34, no. 4, pp. 409-418.

Liebler, D. J., Burr, J. A., & Philips, L. 1996, "Gas chromatography-mass Spectrometry
analysis of vitamin E ans its oxidation porducts", Analytical Biochemistry, vol. 236, pp. 27-
34.

286



Lilliam, F., Rodela, S., Abian, J., Joan, C., & Esmatjes, E. F2 isoprostane is already
increased at the onset of type 1 diabetes mellitus: Effect of glycemic control. Metabolism:
clinical and experimental 53[9], 1118-1120. 1-9-2004.
Ref Type: Abstract

Lin, K. Y., Ito, A., Asagami, T., Tsao, P. S., Adimoolam, S., Kimoto, M., Tsuji, H.,
Reaven, G. M., & Cooke, J. P. 2002, "Impaired Nitric Oxide Synthase Pathway in Diabetes
Mellitus:  Role  of  Asymmetric = Dimethylarginine  and  Dimethylarginine
Dimethylaminohydrolase", Circulation, vol. 106, no. 8, pp. 987-992.

Lodge, J. K., Traber, M. G., Elsner, A., & Brigelius-Flohe, R. 2000, "A rapid method for
the extraction and determination of vitamin E metabolites in human urine", Journal of Lipid
Research, vol. 41, no. 1, pp. 148-154.

Loscalzo, J. 1996, "The Oxidant Stress of Hyperhomocyst(e)inemia", J Clin Invest, vol. 98,
no. 1, pp. 5-7.

Lowell, B. B. & Shulman, G. I. 2005, "Mitochondrial Dysfunction and Type 2 Diabetes",
Science, vol. 307, no. 5708, pp. 384-387.

Lynch, S. M., Frei, B., Morrow, J. D., Roberts, L. J., II, Xu, A., Jackson, T., Reyna, R.,
Klevay, L. M., Vita, J. A., & Keaney, J. F., Jr. 1997, "Vascular Superoxide Dismutase
Deficiency Impairs Endothelial Vasodilator Function Through Direct Inactivation of Nitric

Oxide and Increased Lipid Peroxidation", Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 17, no. 11, pp. 2975-2981.

Lyras, L. A., Evans, P. J., Shaw, P. J,, Ince, P. G., & Halliwell, B. 1996, "Oxidative
Damage and Motor Neurone Disease Difficulties in the Measurement of Protein Carbonyls
in Human Brain Tissue", Free Radical Research, vol. 24, no. 5, pp. 397-406.

Macallister, R. J., Parry, H., Kimoto, M., Ogawa, T., Russell, R. J., Hodson, H., Whitley,
G. S., & Vallance, P. 1996a, "Regulation of nitric oxide synthesis by dimethylarginine
dimethylaminohydrolase", British Journal of Pharmacology, vol. 119, no. 8, pp. 1533-
1540.

Macallister, R. J., Rambausek, M. H., Vallance, P., Williams, D., Hoffmann, K. H., & Ritz,
E. 1996b, "Concentration of dimethyl-L-arginine in the plasma of patients with end-stage
renal failure", Nephrology Dialysis Transplantation, vol. 11, no. 12, pp. 2449-2452.

MacRury, S. M., Gordon, D., Wilson, R., Bradley, H., Gemmell, C. G., Paterson, J. R.,
Rumley, A. G., & MacCuish, A. C. 1993, "A comparison of different methods of assessing
free radical activity in type 2 diabetes and peripheral vascular disease", Diabet Med, vol.
10, no. 4, pp. 331-335.

Magera, M. J., Lacey, J. M., Casetta, B., & Rinaldo, P. 1999, "Method for the
Determination of Total Homocysteine in Plasma and Urine by Stable Isotope Dilution and

Electrospray Tandem Mass Spectrometry", Clinical Chemistry, vol. 45, no. 9, pp. 1517-
1522.

Mann, T. & Kleilin, D. 1938, "Homocuprein and heptacuprein, copper-protein compounds
of blood and liver in mammals.", Proc.R.Soc.London B, vol. 126, pp. 303-315.

287



Markowski, P., Baranowska, 1., & Baranowski, J. 2007, "Simultaneous determination of I-
arginine and 12 molecules participating in its metabolic cycle by gradient RP-HPLC
method: Application to human urine samples", Analytica Chimica Acta, vol. 605, no. 2, pp.
205-217.

Martens-Lobenhoffer, J. & Bode-Boger, S. M. 2003, "Simultaneous detection of arginine,
asymmetric dimethylarginine, symmetric dimethylarginine and citrulline in human plasma
and urine applying liquid chromatography-mass spectrometry with very straightforward
sample preparation", Journal of Chromatography B, vol. 798, no. 2, pp. 231-239.

Marx, J. L. 1985, "Oxygen free radicals linked to many diseases", Science, vol. 235, pp.
529-531.

Mayer, B., Schmidt, K., Humbert, P., & B+hme, E. 1989, "Biosynthesis of endothelium-
derived relaxing factor: A cytosolic enzyme in porcine aortic endothelial cells Ca2+-
dependently converts L-arginine into an activator of soluble guanylyl cyclase",
Biochemical and Biophysical Research Communications, vol. 164, no. 2, pp. 678-685.

Mazza, A., Bossone, E., Mazza, F., & Distante, A. 2005, "Reduced serum homocysteine
levels in type 2 diabetes", Nutrition, Metabolism and Cardiovascular Diseases, vol. 15, no.
2, pp. 118-124.

McCord, J. M. 1974, "Free Radicals and Inflammation: Protection of Synovial Fluid by
Superoxide Dismutase", Science, vol. 185, no. 4150, pp. 529-531.

Meech, R. & Mackenzie, P. 1997, "Structure and function of uridine diphosphate
glucuronyltransferases", Clinical and Experimental Pharmacology and Physiology, vol. 24,
pp- 907-915.

Meister, A. 1994, "Glutathione-ascorbic acid antioxidant system in animals", Journal of
Biological Chemistry, vol. 269, no. 13, pp. 9397-9400.

Meister, A. 1989, "Metabolism and function of glutathione," D. Dolphin, R. Poulson, & O.
Avrannovic, eds., Wiley-Intrasciences Publications, New Y ork.

Meyer, J., Richter, N., & Hecker, M. 1997, "High-Performance Liquid Chromatographic
Determination of Nitric Oxide Synthase-Related Arginine Derivativesin vifroandin Vivo",
Analytical Biochemistry, vol. 247, no. 1, pp. 11-16.

Mezzetti, A., Cipollone, F., & Cuccurullo, F. 2000, "Oxidative stress and cardiovascular
complications in diabetes: isoprostanes as new markers on an old paradigm",
Cardiovascular Research, vol. 47, no. 3, pp. 475-488.

Michelson, A. M. & Maral, J. 1983, "Carbonate anions: effects on the oxidation of luminol,
oxidative hemolysis, ?-irradiation and the reaction of activated oxygen species with
enzymes containing various active centres.", Biochemie, vol. 65, pp. 95-105.

Michiels, C., Raes, M., Toussaint, O., & Remacle, J. 1994, "Importance of SE-glutathione
peroxidase, catalase, and CU/ZN-SOD for cell survival against oxidative stress", Free
Radical Biology and Medicine, vol. 17, no. 3, pp. 235-248.

288



Miller, P. L., Rennke, H. G., & Meyer, T. W. 1991, "Glomerular hypertrophy accelerates
hypertensive glomerular injury in rats", American Journal of Physiology - Renal
Physiology, vol. 261, no. 3, p. F459-F465.

Mills, G. C. 1957, "The mechanism is at the Selenocystein site, which is in a Se(-) form as
resting state. This is oxidized by the peroxide to SeOH which is then trapped by a GSH
molecule to Se-SG and by another GSH molecule to Se(-) again, releasing a GS-SG by-
product.", J Biol Chem, vol. 229, no. 1, pp. 189-197.

Milne, G. L. & Morrow, J. D. 2006, "Isoprostanes and Related Compounds: Update 2006",
Antioxidants & Redox Signaling, vol. 8, no. 7-8, pp. 1379-1384.

Milne, G. L., Musiek, E. S., & Morrow, J. D. 2005, "F2-Isoprostanes as markers of
oxidative stress <i>in vivo</i>: An overview", Biomarkers, vol. 10, no. 6 supp 1, pp. 10-
23.

Milne, G. L., Sanchez, S. C., Musiek, E. S., & Morrow, J. D. 2007, "Quantification of F2-
isoprostanes as a biomarker of oxidative stress", Nat. Protocols, vol. 2, no. 1, pp. 221-226.

Minor, R. L., Myers, P. R., Guerra, R., Bates, J. N., & Harrison, D. G. 1990, "Diet-induced
atherosclerosis increases the release of nitrogen oxides from rabbit aorta", The Journal of
Clinical Investigation, vol. 86, no. 6, pp. 2109-2116.

Miyazaki, H., Matsuoka, H., Cooke, J. P., Usui, M., Ueda, S., Okuda, S., & Imaizumi, T.
1999, "Endogenous Nitric Oxide Synthase Inhibitor : A Novel Marker of Atherosclerosis",
Circulation, vol. 99, no. 9, pp. 1141-1146.

Moller, M. N., Li, Q., Lancaster, J. R., & Denicola, A. 2007, "Acceleration of nitric oxide
autoxidation and nitrosation by membranes", [UBMB Life, vol. 59, pp. 243-248.

Moncada, S. & Higgs, A. 1993, "Mechanisms of disease:L-arginin-nitric oxide pathway",
The New England Journal of Medicine, vol. 329, no. 27, pp. 2002-2012.

Moncada, S. & Higgs, E. A. 2006, "The discovery of nitric oxide and its role in vascular
biology", British Journal of Pharmacology, vol. 147, no. Suppl, p. S193-S201.

Montine, T. J., Beal. M.F., Cudkowicz, M. E., O'Donnell, H., Margolin, R. A., McFarland,
L., Bachrach, A. F., Zackert, W. E., Roberts, L. J., & Morrow, J. D. 1999, "Increased CSF
F2-isoprostane concentration in probable AD.", Neurology, vol. 52, no. 3, pp. 562-565.

Morrow, J. D., Hill, K. E., Burk, R. F., Nammour, T. M., Badr, K. F., & Roberts LJ, I. I.
1990, "A Series of Prostaglandin F2-Like Compounds are Produced in vivo in Humans by
a Non-Cyclooxygenase, Free Radical-Catalyzed Mechanism", Proceedings of the National
Academy of Sciences, vol. 87, no. 23, pp. 9383-9387.

Morrow, J. D., Minton, T. A., Badr, K. F., & Roberts, L. J. 1994, "Evidence that the F2-
isoprostane, 8-epi-prostaglandin F2[alpha], is formed in vivo", Biochimica et Biophysica
Acta (BBA) - Lipids and Lipid Metabolism, vol. 1210, no. 2, pp. 244-248.

Mulder, G. J. 1992, "Glucuronidation and its role in regulation of biological activity of
drugs", Ann Rev Pharmacol Toxicol, vol. 32, pp. 25-49.

289



Munshi, M. N., Stone, A., Fink, L., & Fonseca, V. 1996, "Hyperhomocysteinemia
following a methionine load in patients with non-insulin-dependent diabetes mellitus and
macrovascular disease", Metabolism, vol. 45, no. 1, pp. 133-135.

Murray-Rust, J., Leiper, J., McAlister, M., Phelan, J., Tilley, S., Maria, J. S., Vallance, P.,
& McDonald, N. 2001, "Structural insights into the hydrolysis of cellular nitric oxide
synthase inhibitors by dimethylarginine dimethylaminohydrolase", Nature Structural
Biology, vol. 8, no. 8, pp. 679-683.

Nakamura, S. 1997, "Progression of nephropathy in spontaneous diabetic rats is prevented
by OPB-9195, a novel inhibitor of advanced glycation", Diabetes, vol. 46, pp. 895-899.

Nathens, N. M., Singer, D. E., Hurxthal, K., & Goodson, J. D. 1984, "The clinical
information value of the glycosylated hemoglobin assay.", The New England Journal of
Medicine, vol. 310, pp. 341-346.

Niki, E. & Noguchi, N. 2004, "Dynamics of Antioxidant Action of Vitamin E", Accounts of
Chemical Research, vol. 37, no. 1, pp. 45-51.

Nugteren 1976, "The potential intermediate role of Prostaglandin like substance in oxygen
free radical pathology", APMIS, vol. 96, no. 1, pp. 3-13.

Obrosova, 1., Van Huysen, C., Fathallah, L., Cao, K., Green, D. A., & Stevens, M. A. 2002,
"An aldose reductase inhibitor reverses early diabetes-induced changes in peripheral nerve
function, metabolism, and antioxidative defense", The FASEB Journal, vol. 16, no. 1, pp.
123-125.

Packer, J. E., Slater, T. F., & Wilson, R. L. 1979, "Direct observation of a free radical
interaction between vita- min E and vitamin C", Nature, vol. 278, pp. 737-738.

Packer, L., Kraemer, K., & Rimbach, G. 2001, "Molecular aspects of lipoic acid in the
prevention of diabetes complications", Nutrition, vol. 17, no. 10, pp. 888-895.

Palmer, R. M. J., Ferrige, A. G., & Moncada, S. 1987, "Nitric oxide release accounts for the
biological activity of endothelium-derived relaxing factor", Nature, vol. 327, pp. 524-526.

Palmer, R. M. J., Ashton, D. S., & Moncada, S. 1988, "Vascular endothelial cells
synthesize nitric oxide from L-arginine", Nature, vol. 333, no. 6174, pp. 664-666.

Palmer, R. M. J. & Moncada, S. 1989, "A novel citrulline-forming enzyme implicated in
the formation of nitric oxide by vascular endothelial cells", Biochemical and Biophysical
Research Communications, vol. 158, no. 1, pp. 348-352.

Pereira, E. C., Ferderbar, S., Bertolami, M. C., Faludi, A. A., Monte, O., Xavier, H. T.,
Pereira, T. V., & Abdalla, D. S. P. 2008, "Biomarkers of oxidative stress and endothelial

dysfunction in glucose intolerance and diabetes mellitus", Clinical Biochemistry, vol. 41,
no. 18, pp. 1454-1460.

Perna, A. F., Ingrosso, D., & De Santo, N. G. 2003, "Homocysteine and oxidative stress",
Amino Acids, vol. 25, no. 3, pp. 409-417.

290



Pope, S. A. S. 2001, The analysis and identification of urinary metabolites of vitamin E in
man using mass spectrometry and chemical synthesis, University College London.

Pope, S. A. S., Burtin, G. E., Clayton, P. T., Madge, D. J., & Muller, D. P. R. 2001, "New
Synthesis of a—~CMBHC and Its Confirmation as a Metabolite of a-tocopherol (vitamin
E)", Bioorg Med Chem, vol. 9, pp. 1337-1343.

Pope, S. A. S., Clayton, P. T., & Muller, D. P. R. 2000, "A New Method for the Analysis of
Urinary Vitamin E Metabolites and the Tentative Identification of a Novel Group of
Compounds", Archives of Biochemistry and Biophysics, vol. 381, no. 1, pp. 8-15.

Porter, N. A., Caldwell, S. E., & Mills, K. A. 1995, "Mechanisms of free radical oxidation
of unsaturated lipids", Lipids, vol. 30, pp. 277-290.

Portilla, D. 2000, "Etomoxir -induced PPARalpha-modulated enzymes protect during acute
renal failure", Am.J. Physiol. Renal Physiol., vol. 278, p. F667-F675.

Pratico, D., Barry, O. P., Lawson, J. A., Adiyaman, M., Hwang, S. W., Khanapure, S. P.,
Luliana, L., & Rokach, J. F. G. A. 1998, "IPF2alpha-I: an index of lipid peroxidation in
humans", Proc Natl Acad Sci U S A, vol. 95, no. 7, pp. 3449-3454.

Pratico, D., Iuliano, L., Mauriello, A., Spagnoli, L., Lawson, J. A., Rokach, J., Maclouf, J.,
Violi, J., & FitzGerald, G. A. 1997, "Localization of distinct F2-isoprostanes in human
atherosclerotic lesions.", J Clin Invest, vol. 100, no. 8, pp. 2028-2034.

Price, D. T., Vita, J. A., & Keaney, J. F. 2008, "Redox Control of Vascular Nitric Oxide
Bioavailability", Antioxidants & Redox Signaling, vol. 2, no. 4, pp. 919-935.

Prohaska, J. R. & Ganther, H. E. 1977, "Glutathione peroxidase activity of glutathione-S-
transferases purified from rat liver", Biochemical and Biophysical Research
Communications, vol. 76, no. 2, pp. 437-445.

Proudfoot, J., Barden, A., Mori, T. A., Burke, V., Croft, K. D., Beilin, L. J., & Puddey, I.
1999, "Measurement of Urinary F2-Isoprostanes as Markers of in Vivo Lipid Peroxidation-
-A Comparison of Enzyme Immunoassay with Gas Chromatography/Mass Spectrometry",
Analytical Biochemistry, vol. 272, no. 2, pp. 209-215.

Puddu, G. M., Cravero, E., Arnone, G., Muscarri, A., & Puddu, P. 2005, "Molecular
aspects of atherogenesis: new insights and unsolved questions.", J biomed sci, vol. 15,
pp. 1-15.

Radi, R., Beckman, J. S., Bush, K. M., & Freeman, B. A. 1991, "Peroxynitrite oxidation of
sulthydryls. The cytotoxic potential of superoxide and nitric oxide", Journal of Biological
Chemistry, vol. 266, no. 7, pp. 4244-4250.

Radi, R. 1996, "Reactions of Nitric Oxide with Metalloproteins", Chemical Research in
Toxicology, vol. 9, no. 5, pp. 828-835.

Radi, R., Peluffo, G., Alvarez, M. c. a. a., Naviliat, M., & Cayota, A. 2001, "Unraveling
peroxynitrite formation in biological systems", Free Radical Biology and Medicine, vol.
30, no. 5, pp. 463-488.

291



Rafii, M., Elango, R., Courtney-Martin, G., House, J. D., Fisher, L., & Pencharz, P. B.
2007, "High-throughput and simultaneous measurement of homocysteine and cysteine in
human plasma and urine by liquid chromatography-electrospray tandem mass
spectrometry", Analytical Biochemistry, vol. 371, no. 1, pp. 71-81.

Reilly, M., Delanty, N., Lawson, J. A., & FitzGerald, G. A. 1996, "Modulation of Oxidant
Stress In Vivo in Chronic Cigarette Smokers", Circulation, vol. 94, no. 1, pp. 19-25.

Reiser, S. & Christiansen, P. A. 1969, "Intestinal transport of amino acids as affected by
sugars", American Journal of Physiology -- Legacy Content, vol. 216, no. 4, pp. 915-924.

Reznick, A. Z. & Packer, L. 1994, "Oxidative damage to proteins: spectrophotometric
method for carbonyl assay.", Anal Biochem, vol. 265, pp. 176-182.

Richard, L. A. & Raymond, B. F. 1976, "Glutathione peroxidase activity in selenium-
deficient rat liver", Biochemical and Biophysical Research Communications, vol. 71, no. 4,
pp. 952-958.

Robert, G. A. 1997, "8isoPGF2a as an indicative marker of Oxidative stress",
Proc.Natl.Acad.Sci.USA, vol. 234, pp. 6656-6659.

Roberts, L. J. & Morrow, J. D. 2000, "Measurement of F2-isoprostanes as an index of
oxidative stress in vivo", Free Radical Biology and Medicine, vol. 28, no. 4, pp. 505-513.

Robillon, J. F., Canivet, B., Candito, M., Sadoul, J. L., Jullien, D., Morand, P., Chambon,
P., & Freychet, P. 1994, "Type-1 diabetes-mellitus and homocyst(e)ine", Diabetes Metab
Rev, vol. 20, pp. 494-496.

Rosen, P., Xueliang, Du., & Diethelm, T. 1998, "Role of oxygen derived radicals for
vascular dysfunction in diabetic heart: Prevention by a-tocopherol", Molecular and
Cellular Biochemistry, vol. 188, pp. 103-111.

Rother, K. I. 2007, "Diabetes Treatment -- Bridging the Divide", The New England Journal
of Medicine, vol. 356, no. 15, pp. 1499-1501.

Rousset, S., ves-Guerra, M. C., Mozo, J., Miroux, B., Cassard-Doulcier, A. M., Bouillaud,
F., & Ricquier, D. 2004, "The Biology of Mitochondrial Uncoupling Proteins", Diabetes,
vol. 53, no. SUPPL. 1, p. S130-S135.

Saenger, A. K., Laha, T. J., Edenfield, M. J., & Sadrzadeh, S. M. H. 2007, "Quantification
of urinary 8-iso-PGF2[alpha] using liquid chromatography-tandem mass spectrometry and
association with elevated troponin levels", Clinical Biochemistry, vol. 40, no. 16-17, pp.
1297-1304.

Sandie Lindsay 1992, High Performance Liquid Chromatography, 2" edn, John Wiley and
Sons, London.

Sato, Y., Hagiwara, K., Arai, H., & Inoue, K. 1991, "Purification and characterization of
the [alpha]-tocopherol transfer protein from rat liver", FEBS Letters, vol. 288, no. 1-2, pp.
41-45.

292



Scandalias, J. G. 1993, " Oxygen stress and superoxide dismutase.", Plant Physiol., vol.
101, pp. 7-12.

Schonfeld, A., Schultz, M., Petrizka, M., & Gassmann, B. 2006, "A novel metabolite of
RRR--tocopherol in human urine", Nahrung / Food, vol. 37, no. 5, pp. 498-500.

Schonfeld, A., Schultz, M., Petrizka, M., & Gassman, B. 1993, "A novel metabolite of
RRR-alpha-tocopherol in human urine.", Nahrung, vol. 37, pp. 498-500.

Schultz, K. W., Cato, D. H., Corkeron, P. J., & Bryden, M. M. 1995, "Low-frequency
narrow-band sounds produced by bottle-nosed dolphins", Marine Mammal Science, vol. 11,
pp- 503-509.

Seghrouchni, I., Drai, J., Bannier, E., Riviore, J., Calmard, P., Garcia, 1., Orgiazzi, J., &
Revol, A. 2002, "Oxidative stress parameters in type I, type Il and insulin-treated type 2
diabetes mellitus; insulin treatment efficiency", Clinica Chimica Acta, vol. 321, no. 1-2, pp.
89-96.

Sevanian, A. & Hochstein, P. 1985, "Mechanisms and consequences of lipid peroxidation
in biological systems.", Ann Rev Nutr, vol. 5, pp. 365-390.

Sharpe, M. E. & Cooper, C. E. 1998, "Rections of NO with mitochondrial cytochrome c; a
novel mechanism for the formation of NO™ and ONOO™, Biochem J, vol. 332, p. 9.

Sheppard AJ, P. J. W. JL. 1993, Analysis and distribution of vitamin
E in vegetable oils and foods. In Vitamin E in Health and Disease Marcel Dekker,
NewYork.

Shimoi, K., Kasai, H., Yokota, N., Toyokuni, S., & Kinae, N. 2002, "Comparison between
high-performance liquid chromatography and enzyme-linked immunosorbent assay for the
determination of 8-hydroxy-2I'C|-deoxyguanosine in human urine", Cancer Epidemiology
Biomarkers and Prevention, vol. 11, no. 8, pp. 767-770.

Sies H 1991, Oxidative Stress 1I, Oxidants and Antioxidants Academic press, New Y ork.

Sies, H. 1986, "Biochemistry of Oxidative Stress", Angewandte Chemie International
Edition in English, vol. 25, no. 12, pp. 1058-1071.

Simon, E., Eisengart, A., Sundheim, I., & Milhorat, A. B. 1956, "Purification and
charecterization of urinary metabolites of a tocopherol", J Biol Chem, vol. 221, pp. 807-
817.

Sircar, D. & Subbaiah, P. V. 2007, "Isoprostane Measurement in Plasma and Urine by
Liquid Chromatography-Mass Spectrometry with One-Step Sample Preparation", Clinical
Chemistry, vol. 53, no. 2, pp. 251-258.

Skeie, S., Thue, G., & Sandberg, S. 2001, "Interpretation of Hemoglobin Alc (HbAlc)
Values among Diabetic Patients: Implications for Quality Specifications for HbAlc",
Clinical Chemistry, vol. 47, no. 7, pp. 1212-1217.

Soinio, M., Marniemi, J., Laakso, M., Lehto, S., & R+nnemaa, T. 2004, "Elevated Plasma
Homocysteine Level Is an Independent Predictor of Coronary Heart Disease Events in

293



Patients with Type 2 Diabetes Mellitus", Annals of Internal Medicine, vol. 140, no. 2, pp.
94-100.

Soulis-Liparota, T., Cooper, M., Papazoglou, D., Clarke, B., & Jerums, G. 1991,
"Retardation by aminoguanidine of development of albuminuria, mesangial expansion, and
tissue fluorescence in streptozocin-induced diabetic rat", Diabetes, vol. 40, pp. 1328-1334.

Stadtman, E. R. 1986, " Oxidation of proteins by mixed-function oxidation systems:
implication in protein turnover, aging and neutrophil function.", Trends Biochem.Sci., vol.
11, pp. 11-12.

Stitt, A. W. 1997, "Advanced glycation end products (AGEs) co-localize with AGE
receptors in the retinal vasculature of diabetic and of AGE-infused rats", Am.J.Pathol., vol.
150, pp. 523-528.

Stratmann, B. & Tschoepe, D. 2009, "Atherogenesis and atherothrombosis - focus on
diabetes mellitus", Best Practice & Research Clinical Endocrinology & Metabolism, vol.
23, no. 3, pp. 291-303.

Stryer, L. 1981, Biochemistry, Second edn, W.H.Freeman and Company, San Fransisco.

Studer, R. K., Craven, P. A., & DeRubertis, F. R. 1993, "Role for protein kinase C in the
mediation of increased fibronectin accumulation by mesangial cells grown in high-glucose
medium", Diabetes, vol. 42, pp. 118-126.

Stuehr, D. J. 1997, "Structure-function in aspects in nitric oxide synthases", Annual Review
of Pharmacology and Toxicology, vol. S2, p. S162-S165.

Stuhlinger, M. C., Abbasi, F., Chu, J. W., Lamendola, C., McLaughlin, T. L., Cooke, J. P.,
Reaven, G. M., & Tsao, P. S. 2002, "Relationship Between Insulin Resistance and an
Endogenous Nitric Oxide Synthase Inhibitor", JAMA: The Journal of the American
Medical Association, vol. 287, no. 11, pp. 1420-1426.

Suarna, C., Dean, R. T., May, J., & Stocker, R. 1995, "Human atherosclerotic plaque
contains both oxidized lipids and relatively large amounts of alpha-tocopherol and
ascorbate", Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 15, no. 10, pp. 1616-
1624.

Swanson J.E., Ben, R., Burton, G. W., & Parker, R. S. 1999, "Urinary excretion of 2,7,8-
trimethyl-2-(beta-carboxyethyl)-6-hydroxychroman is a major route of elimination of
gamma-tocopherol in humans", Journal of Lipid Research, vol. 40, pp. 665-671.

Takakura, K., Beckman, J. S., Millan-Crow, L. A., & Crow, J. P. 1999, "Rapid and
Irreversible Inactivation of Protein Tyrosine Phosphatases PTP1B, CD45, and LAR by
Peroxynitrite", Archives of Biochemistry and Biophysics, vol. 369, no. 2, pp. 197-207.

Tan, 1. K. & Gajra, B. 2006, "Plasma and urine amnio acid profiles in a healthy adult
population of Singapore", Annals Accademy of Medicine, vol. 35, pp. 468-475.

Tarnow, L., Hovind, P., Teerlink, T., Stehouwer, C. D. A., & Parving, H. H. 2004,
"Elevated Plasma Asymmetric Dimethylarginine as a Marker of Cardiovascular Morbidity

294



in Early Diabetic Nephropathy in Type 1 Diabetes", Diabetes Care, vol. 27, no. 3, pp. 765-
769.

Teerlink, T. 2007, "HPLC analysis of ADMA and other methylated l-arginine analogs in
biological fluids", Journal of Chromatography B, vol. 851, no. 1-2, pp. 21-29.

Thier, S., Fox, M., Rosenberg, L., & Segal, S. 1964, "Hexose inhibition of amino acid
uptake in the rat-kidney-cortex slice", Biochimica et Biophysica Acta (BBA) - General
Subjects, vol. 93, no. 1, pp. 106-115.

Thomas, D. D., Ridnour, L. A., , E. M. G., Donzelli, S., & Ambs, S. 2006, "Superoxide
?uxes limit nitric oxide—induced signaling.", Journal of Biological Chemistry, vol. 281, no.
25984, p. 25993.

Thomson, B. A. & Iribarne J.V. 1979, "Field induced ion evaporation from liquid surfaces
at atmospheric pressure", J Chem Phys, vol. 71, no. 11, pp. 4451-4463.

Toda, K., ,H. Y.,,0O.S. 1, &, N. T. 2007, " Micro-gas analysis system for measurement of
nitric oxide and nitrogen dioxide: respiratory treatment and environmental mobile
monitoring", Analytica Chimica Acta, vol. 603, pp. 60-66.

Traber, M. G., Elsner, A., & Brigelius-Flohe, R. 1998, "Synthetic as compared with natural
vitamin E is preferentially excreted as [alpha]-CEHC in human urine: studies using
deuterated [alpha]-tocopheryl acetates", FEBS Letters, vol. 437, no. 1-2, pp. 145-148.

Tsikas, D., Sandmann, J., Boger, R. H., Gutzki, F. M., Mayer, B., & Frolich, J. C. 2000,
"Assessment of nitric oxide synthase activity by gas chromatography-mass spectrometer", J
Chromatogr B Biomed Sci Appl, vol. 742, pp. 143-153.

Tsikas, D., Schubert, B., Gutzki, F. M., Sandmann, J., & Frujlich, J. C. 2003a, "Quantitative
determination of circulating and urinary asymmetric dimethylarginine (ADMA) in humans
by gas chromatography-tandem mass spectrometry as methyl ester tri(N-
pentafluoropropionyl) derivative", Journal of Chromatography B: Analytical Technologies
in the Biomedical and Life Sciences, vol. 798, no. 1, pp. 87-99.

Tsikas, D., Schwedhelm, E., Suchy, M. T., Niemann, J., Gutzki, F. M., Erpenbeck, V. J.,
Hohlfeld, J. M., Surdacki, A., & Fr+lich, J. C. 2003b, "Divergence in urinary 8-iso-
PGF2[alpha] (iPF2[alpha]-III, 15-F2t-IsoP) levels from gas chromatography-tandem mass
spectrometry quantification after thin-layer chromatography and immunoaffinity column
chromatography reveals heterogeneity of 8-iso-PGF2[alpha]: Possible methodological,
mechanistic and clinical implications", Journal of Chromatography B, vol. 794, no. 2, pp.
237-255.

Tsuboi, Kouda, Takeuchi, Takigawa, Masamoto, Takeuchi, & Ochi 1998, "8-
Hydroxydeoxyguanosine in urine as an index of oxidative damage to DNA in the
evaluation of atopic dermatitis", British Journal of Dermatology, vol. 138, no. 6, pp. 1033-
1035.

Upchurch, G. R., Welch, G., Fabian, A., Freedman, J., Johnson, J., Keaney, J., &
Loscalzo.J 1997, "Homocysteine decreases bioavailable nitric oxide by a mechanism

295



involving glutathione peroxidase", Journal of Neurochemistry, vol. 272, pp. 171012-
171017.

Vallance, P., Leone, A., Calver, A., Collier, J., & Moncada, S. 1992, "Endogenous
Dimethylarginine As An Inhibitor of Nitric-Oxide Synthesis", Journal of Cardiovascular
Pharmacology, vol. 20, p. S60-S62.

Vishwanathan, K., Tackett, R. L., Stewart, J. T., & Bartlett, M. G. 2000, "Determination of
arginine and methylated arginines in human plasma by liquid chromatography-tandem
mass spectrometry", Journal of Chromatography B: Biomedical Sciences and Applications,
vol. 748, no. 1, pp. 157-166.

Von Sontang 1987, The Chemical Basis of Radiation Biology Taylor and Francis, London.

Weaving, G., Rocks, B. F., Bailey, M. P., & Titheradge, M. A. 2008, "Arginine and
methylated arginines in human plasma and urine measured by tandem mass spectrometry
without the need for chromatography or sample derivatisation", Journal of
Chromatography B, vol. 874, no. 1-2, pp. 27-32.

Weaving, G., Rocks, B. F., Bailey, M. P., & Titheradge, M. A. "Liquid chromatography: Is
it essential for the determination of arginine and methylated arginines by tandem mass
spectrometry?", Journal of Chromatography B, vol. In Press, Corrected Proof.

Webber, W. A., Brown, J. L., & PITTS, R. F. 1961, "Interactions of amino acids in renal
tubular transport", The American journal of physiology, vol. 200, pp. 380-386.

Wechter, W. H., Kantoci, D., Murray, E. D., & Wang, W. H. 1996, "A new endogenous
natriuretic factor.LLU- alpha", Proc.Natl.Acad.Sci.USA, vol. 93, pp. 6002-6007.

Weiss, N., Heydric, S., Zhang, Y. Y., Bierl, C., Cap, A., & Loscalzo, J. 2009, "Cellular
redox state and endothelial dysfunction in mildly hyperhomocysteinemic cystathione beta-
synthase-deficient mice.", Arterioscler Thromb Vasc Biol, vol. 22, pp. 34-41.

Welch, G. N. & Loscalzo, J. 1998, "Homocysteine and Atherothrombosis", The New
England Journal of Medicine, vol. 338, no. 15, pp. 1042-1050.

Whitehouse, C.M., Dreyer, R. N., Yamashita, M., & Fenn, J. B. 1985, "Electrospray
interface for liquid chromatographs and mass spectrometers", Analytical Chemistry, vol.
57, pp. 675-679.

Wild, S. H., Roglic, G., Green, A., Sicree, R., & King, H. 2004, "Global Prevalence of
Diabetes: Estimates for the Year 2000 and Projections for 2030", Diabetes Care, vol. 27,
no. 10, p. 2569.

Williams, R. J. P. 1996, "Nitric oxide in biology: its role as a ligand.", Chemical Society
Review, vol. 25, pp. 77-83.

Wilson, D. K., Bohren, K. M., Gabbay, K. H., & Quiocho, F. A. 1992, "An unlikely sugar
substrate site in the 1.65 A structure of the human aldose reductase holoenzyme implicated
in diabetic complications", Science, vol. 257, pp. 81-84.

296



Wink, D. A. & Mitchell, J. B. 1998, "Chemical biology of nitric oxide: insights into
regulatory, cytotoxic,and cytoprotective mechanisms of nitric oxide", Free Rad.Biol.Med,
vol. 25, pp. 434-456.

World Health Organisation & International Diabetic Federation 2006, Definition and

diagnosis of diabetes mellitus and intermediate hyperglycemia, WHO press, Geneva, WK
810.

Wotherspoon, F., Laight, D. W., Shaw, K. M., & Cummings, M. H. 2003, "Review:
Homocysteine, endothelial dysfunction and oxidative stress in type 1 diabetes mellitus",
British Journal of Diabetes and Vascular Disease, vol. 3, pp. 334-340.

Wu, L. L., Chiou, C. C., Chang, P. Y., & Wu, J. T. 2004, "Urinary 8-OHdG: a marker of
oxidative stress to DNA and a risk factor for cancer, atherosclerosis and diabetics", Clinica
Chimica Acta, vol. 339, no. 1-2, pp. 1-9.

Xiong, Y., Fu, Y. f., Fu, S. h.,, & Zhou, H. h. 2003, "Elevated Levels of the Serum
Endogenous Inhibitor of Nitric Oxide Synthase and Metabolic Control in Rats With

Streptozotocin-Induced Diabetes", Journal of Cardiovascular Pharmacology, vol. 42, no.
2.

Yetik-Anacak, G. & Catravas, J. D. 2006, "Nitric oxide and the endothelium: History and
impact on cardiovascular disease", Vascular Pharmacology, vol. 45, no. 5, pp. 268-276.

Yokoyama, Y., Sato, H., Tsuchiya, M., & Kakinuma, H. 1991, "Simultaneous
determination of urinary creatinine and aromatic amino acids by cation-exchange
chromatography with ultraviolet detection", Journal of Chromatography B: Biomedical
Sciences and Applications, vol. 566, no. 1, pp. 19-28.

Young, J. A. & Freedman, B. S. 1971, "Renal Tubular Transport of Amino Acids", Clinical
Chemistry, vol. 17, no. 4, pp. 245-266.

Zhang, B. & Saku, K. 2007, "Control of matrix effects in the analysis of urinary F2-
isoprostanes using novel multidimensional solid-phase extraction and LC-MS/MS",
Journal of Lipid Research, vol. 48, no. 3, pp. 733-744.

Zhang, X., Li, H., Ebin, Z., Brodsky, S., & Goligorsky, M. S. 2000, "Effects of
homocysteine on endothelial nitric oxide production", AJP - Renal Physiology, vol. 279, p.
F671-F678.

Zhang, Y., Samson, F. E., Nelson, S. R., & Pazdernik, T. L. 1996, "Nitric oxide detection
with intracerebral microdialysis: important considerations in the application of the
hemoglobin-trapping technique", Journal of Neuroscience Methods, vol. 68, pp. 165-168.

Zhou, X. & Arnold, M. A. 1996, "Response characteristics and mathematical modeling for
a nitric oxide ?beroptic chemical sensor.", Anal Chem, vol. 68, pp. 1748-1754.

297



