Molecular detection and
characterisation of biologically
relevant free radicals during surgical
iIschaemia-reperfusion

Mariusz Gutowski M.Sc. (Hons)

A submission presented in partial fulfiiment of the requirements of the
University of Glamorgan/ Prifysgol Morgannwg for the degree of
Doctor of Philosophy

This research programme was carried out in collaboration with the Welsh
School of Pharmacy, Cardiff University, EPSRC National Service for
Computational Chemistry Software (NSCCS) located at RAL Didcot, UK;

and Imperial College London, UK

April 2011



ABSTRACT

Oxygen is one of the most important molecules in human beings. Our research is
focused on how the human body can respond and adapt to the physiological challenge
posed by a lack of oxygen. Ascorbic acid (Vitamin C) is one of the most important and
considered the most effective water-soluble, chain-breaking antioxidant in human
plasma, with the capacity to prevents damage by free radicals. This thesis presents four
studies investigating the phenomenon of Reactive Oxygen Species (ROS) generation in
the many different surgical conditions in the animal and in the human.

Study one investigated the geometry and thermodynamic properties of vitamin
C. Calculations were carried out at the restricted and unrestricted B3LYP/6-
31+G(d,p), B3LYP/6-311++G(d,p) and B3LYP/EPR-II levels for two conformers (1
and 2) of L-ascorbic acid and their respective oxidation products to
monodehydroascorbates of ab-initio methods by Gaussian O3W package. Conformer
1, free radical properties are compared with previously published calculations in the
gaseous and aqueous solution states and with experimental EPR values. Calculated
molecular structures, EPR (electron paramagnetic resonance spectroscopy), the
vibration spectral and energetic properties and all are reported including some
proposed changes to previous EPR assignments. Conformer 2 of L-ascorbic acid is
predicted to have lower energy than Conformer 1, under the method and basis sets
used, by between 11 and 26 kJ mol and is stabilised by internal hydrogen bonding.
Relaxed potential energy surface (PES) scans were carried out for two proton transfer
processes and relative energies of stable minima and barriers between them
determined. Hydrogen transfer is predicted in two systems with favourable spatial
arrangements of O—H and O groups for which relaxed potential energy surface scans
are reported. Calculated vibrational wavenumber values are provided for selected
C=C, C=0, C-H and O-H modes assigned to particular groups and significant
calculated EPR hyperfine coupling constants (HCC) values for splitting by H(1) and
C(13) for radical species are also reported. These calculations contribute to a better
understanding of the complex role of L-ascorbic acid and its various oxidised, neutral,
ionic and radical forms in biochemistry and medicine.

Study two examined if vitamin C could ameliorate the damaging effects of I-R

on myocardium and we postulated that the mechanism of vitamin C protection against



I-R-induced cell death involved quenching of ROS. In the vitamin C group after 5 min
of reperfusion a significant, sudden increase of diastolic pressure in the heart was
noted and reached a maximum of 77 mmHg after 12 min of reperfusion and then
gradually decreased to 51 mmHg after 60 min of reperfusion period but was quicker
than in Control group reaching 37 mmHg by the end of the reperfusion period. The
level of A™ (ascorbate free radicals) sudden and massive increased at the time of
reperfusion in the Vitamin C group. This increase was associated with poor
mechanical function in hearts as indicated by the significantly depressed recovery
process. After 30 min of global, now-flow ischaemia and 60min of reperfusion infarct
size averaged 33% % 1 in Control group and 30 % + 1 in Vitamin C group,
respectively, (P<0.05). There is strong evidence that oxygen centered radicals
contribute to postischaemic dysfunction after global ischaemia. Our data
unquestionably suggest that the large production of A~ was associated with a greater
depression in myocardial contractile function, therefore could represent a marker of
oxidative stress during I-R and could be related to the functional impairment during
reperfusion. In summary, we have used the animal models of isolated heart perfusion
to provide evidence that vitamin C did not reduce the infarct size, however “tendency”
towards a decrease (|) in infarct size with ascorbate and it protects from oxidative
damage during global I-R as manifested by decreased concentrations of A~ and
enhance recovery of mechanical function such as diastolic pressure and LVDP in post-
ischaemic working rat hearts.

Study three was designed to test the hypothesis that the physiological trauma
associated with venous cannulation may artefactually stimulate systemic free radical
formation in the acute phase that if not accounted for may under-estimate the oxidative
stress response to exercise. The relationship between the time of venepuncture and the
level of free radical generation during normoxic conditions was further investigated.
The venous cannulation in Phase I, increased plasma A™ by 347 + 173 AU/\/G, P <
0.05 after 2min of venepuncture with further increases observed after Smin and 10min
of venous cannulation, respectively (403 + 178 AUANG; 462 + 93 AUNG, P < 0.05)
vs baseline point time. After this time the level of A™ slightly blunted as to achieve a
similar level to baseline point control after 30 minutes. In phase II the exercise-
induced increase in A~ was subsequently shown to be 48% greater (30min as opposed
to the 2min post-cannulation resting baseline)(1754 + 361 vs. 1979 £ 375 AU, P <

0.05). Our findings demonstrate and confirm that venous cannulation per se stimulates
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the systemic formation of free radicals as an acute phase response which peaks at
10min and require approximately 15min to normalise. This has important interpretive
implications for future studies that employ catheterisation.

The final Study examined if the combination of exercise and inspiratory hypoxia
would further compound regional tissue de-oxygenation that is frequently encountered
during the ischaemic phase of surgery and thus, by consequence increase oxidative
stress. The aim of the study was to further understand a potential relationship between
oxidative stress and alterations in muscle oxygenation. Clear significant increases in
the plasma concentration of A~ were detected in the peripheral blood of patients
(normoxia(baseline) vs 6 data points of reperfusion after Smin of global ischaemic
condition, P<0.05),(baseline vs immediate after ischaemia; 2337+525 vs 2633+508,
AU, respectively). During global ischaemia the regional muscle oxygenation
significantly decreased (|AO,Hb-oxyhaemoglobin), TAHHb- deoxyhaemoglobin ),
although increased regional blood volume (fAtHb- total haemoglobin). From the end
of global ischaemia to 10 min after the regional muscle oxygenation progressively
back to the start data point (|AHHb, TAO,Hb). This study demonstrates for the first
time that the I-R has got a big influence on the muscle oxygenation to increased ROS
and the return of values towards baseline period in reperfusion stage appears to
coincide with increased oxidative stress. Moreover, the present study has also
demonstrated increased A~ level as early as the ischaemic phase of experiment
independent of perioperative changes in the partial pressure of oxygen (pO,), elucidate
a potentially important role for oxidative stress in provoking an appropriate
vasodilation (NO-bioavailability) during the I-R period.

This work demonstrates that;

v' Ascorbate is an antioxidant that can scavenge tissue and blood borne free
radical, is essential in controlled amounts and is capable of initiating protective
adaptation in the face of oxidative stress for the maintenance of physiological
homeostasis.

v" Reperfusion is always associated with a sudden and massive release of
ascorbate free radicals, with a maximal liberation within the first minutes of
reperfusion. Vitamin C tended to reduce infarct size and protects from
oxidative damage during global ischaemia and reperfusion.

v' The venous cannulation alone is enough per se stimulates the systemic

formation of free radicals as a acute phase response. If this baseline artefact is
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not taken into account, the true magnitude of the exercise-induced oxidative
stress response will be under-estimated.

v" The I-R has got a major influence on the muscle oxygenation to increased ROS
and the return of values towards baseline period in reperfusion stage appears to
coincide with increased oxidative stress.

Using the state-of-the-art molecular techniques that include Electron Paramagnetic

Spectroscopy (EPR) for the direct detection of free radicals and Near Infrared

Spectroscopy (NIRS) for the direct detection of muscle oxygenation these studies

have attempted to translate the basic mechanisms associated with free radical

formation during I-R and have provided unique insight into the basic mechanisms
responsible for the oxidative stress with the ultimate objective of developing novel

antioxidant interventions that can provide effective prophylaxis.
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GLOSSARY OF NOMENCLATURE

Ab-Initio — description of the electronic behaviour of atoms and molecules as pertaining to

their reactivity.

Antioxidant — chemical substances which has the ability to prevent and scavenge reactive

oxygen species.

Atom — basic unit of matter consisting of a dense, central nucleus surrounded by a cloud of

negatively charged electrons.

Blood plasma — yellow liquid component of blood containing an anti-coagulant.

Blood serum — blood plasma without fibrinogen or the other clotting factors.

Chemical bond - attraction between atoms or molecules and allows the formation of chemical

compounds, which contain two or more atoms.

Complex I - NADH-quinone oxidoreductase.

Complex III — cytochrome bcl complex.

Diastolic — relaxation phase of the cardiac cycle.

Electron Reduction Potential — measure of the capacity of an element or compound, usually

contained in half-cells consisting of electron donor and its conjugate electron acceptor, to

donate electrons in aqueous medium.

Enantiomer — one of two stereoisomers that are mirror images of each other that are "non-
g

superposable” (not identical).

Entropy — function of a system's tendency towards spontaneous change.
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Free Radical — chemical species in which one or more unpaired electron occupy an outer

orbital.

Ground-State Wave Function — lowest-energy state of molecules.

Heart Rate — frequency with which the heart ejects blood from the left or right ventricle.

Ischaemia — restriction in blood supply.

Lipid Peroxidation — process whereby polyunsaturated fatty acid molecules are subjected to

attack and degradation by reactive oxygen species.

Mitochondrial Electron Transport Chain — series of metalloproteins bound to the inner

membrane of the mitochondria.

Molecule — group of atoms can remain bound to each other.

Myocardial stunning — reversible reduction of function of heart contraction.

Oxidative Stress — collective name for detrimental free radical reactions.

Oxygenation — process by which concentrations of oxygen increase within a tissue.

Radical — synonymous with the term “free radical”.

Reaction rate constant (k) — speed of a chemical reaction.

Reactive Nitrogen Species — collective term for nitrogen derived molecular species.

Reactive Oxygen Species — collective term for oxygen derived molecular species.

Redox — balance between oxidants and antioxidants.

Reperfusion — restoration of blood flow to an organ or tissue.
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Systolic — contraction phase of the cardiac cycle.
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ABBREVIATIONS

% — percentage

°C — centigrade

pl — microlitre

pmol — micromol

‘OH - hydroxyl radical

10, - singlet oxygen

a-vdiff- negative arterio-jugular bulb venous concentration difference
A" (AFR) — ascorbate free radical

AAA - abdominal aortic aneurectomy

AAR - area at risk

ADP — adenosine 5 -diphosphate

AH™ (AscH") - ascorbate monoanion

ALA - a-lipoic acid

AMI - acute myocardial infarction

AMPO - 5-carbamoyl-5-methyl-1-pyrroline N-oxide
ANOVA - analysis of variance

ATP - adenosine triphosphate

AU - arbitrary units

B3LYP - Becke-style 3-parameter density functional theory
BCS — British Cardiac Society

BF - blood flow

BP - blood pressure

BS — Borg scale

BV - blood volume

C — carbon

CABG - coronary artery bypass graft

CAT - catalase

CcP - cytochrome ¢ peroxidise

CD - conjugated diene
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CDD - critical difference determination

c¢GMP - cyclic guanosine monophosphate

cm — centimetre

CO; - carbon dioxide

Cu - copper

CuZnSOD - copper-zinc superoxide dismutase
CVa’ — coefficient of analytical variation
CVw” — within subject biological coefficient of variation
DBP - diastolic blood pressure

DFT - density functional theory

DHLA - dihydrolipoic acid

DMPO - 5,5-dimethyl-pirroline-N-oxide

DNA - deoxyribonucleic acid

DOPA - 3,4-dihydroxyphenylalanine

DPF — pathlength correction factor

DY ,,— membrane potential

e - electron

E” - one-electron reduction potentials

EDTA - ethylene-diamine-tetra-acetate

EPR (ESR) - electron paramagnetic (spin) resonance spectroscopy

Eq. — equation

Fe — iron

Fe(II) — ferrous iron

Fe(III) — ferric iron

FXST - functional exercise stress test
G - Gauss

g — grams

GPx — glutathione peroxidase
GSH - glutathione

GSSG - oxidised glutathione
H — Hamiltonian operations
H - hydrogen

H,0 — water

H,0; - hydrogen peroxide
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Hb — haemoglobin

HCC - hyperfine coupling constans

Hct — haematocrit

HF - the Hartree-Fock method

HHD - deoxyhaemoglobin

HMb — deoxymyoglobin

HNE - 4-hydroxy-2-nonenal

HNO; - nitrous acid

HOCI - hypochlorous acid

HPLC - high performance liquid chromatography
HRP - horseradish peroxidase

Hz - hertz

IMAC - inner membrane ion channel

I-R — ischaemia-reperfusion

kg — kilograms

L - litre

LDL - low-density lipoproteins

LOOH - lipid hydroperoxide

LPO - lipid peroxidation

LVDP - left ventricular developed pressure
MANOVA — multiple analysis of variance

MDA - malondialdehyde

min — minute(s)

ml — millilitre

mmHg — millimetres of mercury

Mn — manganese

MPn - Mgller-Plesset perturbation theory

MPG- antioxidant N-(2-mercaptopropionyl)-glycine
MPT - mitochondrial permeability transition pore
N — Avogadro’s number

N, — nitrogen

N,O3 — nitrogen (III) oxide

NADPH - reduced form of nicotinamide adenine dinucleotide phosphate

NHE — Na*-H" exchange inhibitors

Xix



NIRS - near infrared resonance spectroscopy
NMR - nuclear magnetic resonance spectroscopy
NO™ — nitrosonium cation

NO’ - nitric oxide

NO,’ - nitrogen dioxide

NOSs — nitric oxide synthases

O, — oxygen

0," - superoxide anion

O2Mb - oxymyoglobin

O3 - o0zone

ONOO - Peroxynitrite

UQ" - mitochondrial ubisemiquinone

P — level of significance

PBN - a-phenyl-N-tert-butylnitrone

POBN- o-(4-Pyridyl 1-oxide)-N-tert-butylnitrone
pCO2 — partial pressure of carbon dioxide

PCYV - packed cell volume (synonymous with haematocrit)
PES - potential energy surface

pH — potential of hydrogen

pO2 — partial pressure of oxygen

PPP — pentose phosphate pathway

PUFA - polyunsaturated fatty acid

PV — plasma volume

PyO;- the partial pressure of oxygen in venous blood
RNS - reactive nitrogen species

RO’ (LO") - alkoxyl radicals

ROO’ (LOO’; LO’,) — peroxyl radical

ROS - reactive oxygen species

RPM - revolutions per minute

RSNO - nitrosothiols

s — second(s)

Sa0, —arterial haemoglobin oxygen saturation
SBP — systolic blood pressure

SD — standard deviation



SOD - superoxide dismutase

SPSS — statistical package for the social sciences
SQM - supersymmetric quantum mechanics
STO - Slater-type orbital

TBYV - tissue blood volume

tHb — total haemoglobin

TR - thioredoxin reductase

TRAP - telomere repeat amplification assay
TTC — triphenyltetrazolium chloride

VDAC - voltage dependant anion channel

VO,- muscle oxygen uptake

W — watts

A — difference

ABYV - percent change in blood volume
APV - percent change in plasma volume
Ay — mitochondrial membrane potential

y — wave functions
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Chapter 1

Introduction



1.0. General Introduction

A great number of physiological functions are controlled by redox-responsive
signalling pathways (Droge 2002), including: redox regulated production of NO
(Bredt et al, 1991; Xie et al, 1992), Reactive Oxygen Species (ROS) production by
phagocytic and non-phagocytic NADPH oxidases (Tauber et al, 1983; Jones et al,
1996), regulation of vascular tone and other regulatory functions of nitric oxide
(Ignarro et al, 1985; Wolin et al, 1999), ROS production as a sensor of changes of
oxygen concentration (Acker et al, 1995), redox regulation of cell adhesion
(Schaller et al, 1992; Albelda et al, 1994), redox regulation of immune responses
(Linsley et al, 1993), ROS-induced apoptosis and other mechanisms (Hale et al,
1996, Adams 2003 ).

Free radicals have extremely high chemical reactivity and can therefore be
destructive. They are short-lived molecules (t;, = from 107 to 10'95; Buettner et al,
1993) that are physiological by-products of human metabolism and are required
for normal cell function in controlled amounts but can cause damage to cell
membranes when in excess (Lee et al, 1999, Esme et al, 2008). The excessive
generation of free radicals for example during surgical ischaemia-reperfusion (I-R)
may cause structural damage to cells and also be the primary reason for
cardiological, metabological, neurological and many other complications due to
their ability to destabilise cell membranes. There is evidence that the presence of
excessive free radicals in the human body can damage cells and tissue leading to
cancer, cardiovascular disease, neurological disorders, I-R and other diseases
(Weisel et al, 1989; Kehrer, 1993; Droge, 2002; Sinha et al, 2009). It is

recognised that free radicals have an important role in metabolic and chemical
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changes in biological and human processes and also believed they can accelerate
the aging process by inflammation, apoptosis or necrosis (Harman, 1956;
Armstrong, 1984; Ishii et al, 1999; Ishii, 2000; Miller, 2009).

Complex vascular surgery often requires obligatory I-R which has been
associated with an increase in the body circulating concentration of free radicals
(Esme et al, 2008). Only few investigators have examined the effects of
antioxidant treatments aimed at scavenging free radicals with the specific aim of
improving functional recovery following surgical revascularisation (Weisel et al,
1989; Nagel et al, 1997; Guan et al, 1999; Bailey et al, 2006, Arato et al, 2008).
Ascorbate appears to be of crucial importance because it’s depletion during
surgical I-R has consistently been demonstrated in peripheral blood, as evidence
for increased ROS generation (Pietri et al, 1994; Lassnigg et al, 2003). Since
ascorbate is the most effective chain-breaking antioxidant in human plasma
capable of repairing the most aggressive free radicals (Frei et al, 1989), the
parenteral administration of vitamin C may provide evidence of potential clinical
benefit. However, the benefits of vitamin C prophylaxis remain unclear with
human studies demonstrating an improvement, no change or increase in ROS and
subsequent deterioration in vascular function (Galley et al, 1996; Rehman et al,
1998; Lachili et al, 2001; Childs et al, 2001; Wijnen et al, 2002; Watters et al,
2002). Concerns have been raised when pharmacological doses of vitamin C are
administered in the presence of transition metal ions as ascorbate can reduce and
catalyse Fenton reaction generation of hydroxyl and alkoxyl radicals in-vitro
(Samuni et al, 1983). While the thermodynamics of this reaction in-vivo remain
controversial (Retsky et al, 1993; Berger et al, 1997; Chen et al, 2000; Bailey et

al, 2006), I-R has been shown to increase extracellular iron (White et al, 1985) and



thus parenteral administration of vitamin C may potentially compound ROS
generation. Therefore, more accurate insights into the structure of vitamin C,
arguably the most important chain-breaking donor antioxidants, is necessary to
improve understanding of the complex role of these species in human physiology.
In this research we investigated five different isomers of vitamin C by selective
biochemical software (Gaussian Package).

However free radicals are difficult to “trap” and measure thus posing a major
challenge to researchers interested in the mechanisms and consequences of free
radical generation during I-R due to their high reactivities, low concentrations and
extremely short lifetimes. Because of such difficulties, the majority of researchers
have traditionally focused on indirect markers of membrane-damage, so-called
“free radical-footprints”. Thus, the notion that the free radicals are the major
source of vascular damage remains purely speculative and a more direct approach
is clearly justified.

For the first time, Bailey and co-workers (Bailey et al, 2006) have examined
“local” radical exchange kinetics across the surgical repair site and therapeutic
implications of intravenous ascorbate prophylaxis. This demanded simultaneous
sampling of arterial and venous blood proximal to the site of surgical repair during
the ischaemic and reperfusive phase combined with the only molecular technique
capable of measuring radicals directly, electron paramagnetic resonance (EPR)
spectroscopy. These authors were the first to provide direct evidence for increased
radical outflow across the surgical repair site catalysed by iron-mediated Fenton
chemistry initiated during the ischaemic phase of surgery. Prophylactic ascorbate
infusion may have promoted iron-induced oxidative lipid damage by Fenton

chemistry. Previous well-controlled studies in humans have also identified a



significant decline in the peripheral and local concentration of ascorbate during I-
R and as a consequence increased ROS (Pietri et al, 1994; Christen et al, 2005).
Post-ischaemic reperfusion injury has been shown by many authors to be
accompanied by a burst of radical production (Bolli et al, 1990; Buettner, 1993;
Pietri et al, 1990; Vergely et al, 2003). This phenomenon has been confirmed
again in the present experiments. Previous studies have also demonstrated
increased ascorbate consumption as early as the ischaemic phase of surgery
(Christen et al, 2005) independent of preoperative changes in blood volume and
differences in the partial pressure of oxygen (pO,). These well-controlled studies
identified that oxidative stress is not simply exclusive to reperfusion with
important redox-reactive events initiated during the ischemic phase of surgery.
They also confirm the critical importance of ascorbate as a major plasma
antioxidant during human surgical I-R.

However, the exact pathogenic significance of this burst of radical production in
relation to the genesis of reperfusion injury remains still controversial. Therefore,
in isolated rat heart, we studied the influence of the severity of myocardial
ischaemia on the intensity of ascorbate free radical (A™) release and on post-
ischaemic recovery during reperfusion. In summary, we have demonstrated in the
present study that EPR detection of A~ provides a useful and non-invasive probe
for the evaluation of the free radical-induced extracellular ascorbate release in the
isolated ischaemic-reperfused animal or human tissues.

Therefore, to improve our understanding of basic mechanisms underlying the
redox-regulation of vascular function, we describe an integrated approach

employing biophysical, biochemical and physiological techniques.



1.1. Current aims and objectives

The current work describes a comprehensive series of experiments aimed at
understanding the mechanisms of tissue injury associated with periods of I-R and
to determine new approaches to preventing reperfusive tissue damage.

The specific aims may be outlined as follows:

Study 1

Theoretical Studies of L-ascorbic acid (Vitamin C) and selected oxidased, anionic

and free radical forms.

(A) Application of an ab-initio approach to modelling and optimising many

isomers structures of L-ascorbic acid and related species.

(B) To simulate oxidising processes of neutral mono-radicals and anionic di-

radicals.

(C) To calculate water interactions in relation to hydrogen bonding.

(D) To investigate the vibrational wavenumber values for selected C=C, C=0, C-

H and O-H modes.

(E) To measure the EPR hyperfine Coupling Constans (HCC) values for splittings

by H(1) and C(13) for radical species using various DFT methods - B3LYP/6-



31+G(d,p), B3LYP/6-311++G(d,p), UB3LYP/EPR-II, SCRE(IPCM) levels in

the gaseous and aqueous state.

(F) To calculate the vibrational spectra, electronic energy and relaxed PES scans

of L-ascorbic acid forms.

Study 2

Detect, characterise and manipulate free radical generation in an animal model

of surgical ischaemia-reperfusion

(A) To design an animal model of I-R injury using the isolated perfused rat heart

(Langendorff Model).

(B) To measure concentration of A~ by EPR and document A~ exchange during

I-R.

(C) To constantly measure biological parameters such as diastolic pressure and left
ventricular developed pressure (LVDP) during baseline, ischaemia and

reperfusion.

(D) To determine and quantify infarct size of rat heart expressed as percentage of

the area at risk (AAR) at the end of each experiment.

(E) To analyse the relationship between the levels of A™ and recovery of

mechanical function.



Study 3

Artefactual formation of free radicals following venepuncture; Interpretive

implications for exercise-induced oxidative stress

(A) To design a human model of I-R injury using the forearm model.

(B) To measure and quantify A~ as a marker of oxidative stress.

(C) To determine pO,, pCO,, pH, Hb and Hct as a blood gases and metablic

parameters.

(D) To establish the link between venous cannulation and systemic formation of

free radicals.

Study 4

The Effects of free radical-mediated Oxidative Stress and alterations in muscle

tissue oxygenation: Implication for ischaemia-reperfusion

(A) To measure and quantify pO,, pCO,, pH, Hb and Hct as a blood gases and

metablic parameters.

(B) To examine and quantify total haemoglobin (AtHb), oxyhaemoglobin (AO,Hb)
and deoxyhaemoglobin (AHHDb) as a differences in absorption spectra for

oxygenated and deoxygenated haeme groups using NIRS.



(C) To detect and quantify venous plasma A~ level using EPR.

(D) To examine the relationship between oxidative stress and alterations in muscle

oxygenation by a pneumatic tourniquet.



1.2. Overview of Thesis

This thesis is presented in five main chapters which are briefly outlined in the

following paragraphs;

Chapter 2- Review of Literature

The review of literature examines existing knowledge relating to free radicals,
reactive oxygen and nitrogen species, systemic oxidative stress response,
ischaemia and reperfusion in animal and human tissues. In this review I examine
as well existing knowledge pertaining to computational chemistry in particular to
ab- initio methods to characterise and predict the reaction pathways at the atomic
level, for example of such properties as structure, absolute and relative energies,
electronic charge distributions, dipoles and higher multipole moments, vibrational

frequencies, reactivity or other spectroscopic quantities using an ab-initio method.

Chapter 3- General Methodology

The general methodology provides a description of the biophysical, biochemical,

physiological and statistical testing procedures employed. Details of all equipment

used and experimental paradigms are discussed.
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Chapter 4- Research Studies

Study 1- Theoretical Studies of L-ascorbic acid (Vitamin C) and selected oxidased,

anionic and free radical forms.

It was designed to investigate the geometry and thermodynamic properties of
specific conformers of vitamin C. Those described in the present work optimise for
both the neutral mono-radical and the anionic di-radical for all three basis sets used;
B3LYP/6-31+G(d,p), B3LYP/6-311++G(d,p) and B3LYP/EPR-II of ab-initio
methods by Gaussian O3W package. The determination of detailed structure of L-
ascorbic acid and related species contributes to the evolving knowledge of the
molecular properties of this important compound and our studies have

complemented experimental investigation.

Study 2- Detect, characterise and manipulate free radical generation in an animal

model of surgical ischaemia-reperfusion.

Examined if ascorbate free radicals released by the coronary effluent of isolated
perfused rat hearts during I-R can be precisely and sensitively observed by EPR.

Whether A~ could be related to myocardial functional impairment during I-R.

Study 3- Artefactual formation of free radicals following venepuncture;

Interpretive implications for exercise-induced oxidative stress.

Was designed to test the hypothesis that the physiological trauma associated with

venous cannulation may artefactually stimulate systemic free radical formation in
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the acute phase that if not accounted for may under-estimate the oxidative stress
response to exercise. The relationship between the time of venepuncture and the

level of free radical generation during normoxic conditions was investigated.

Study 4- The Effects of free radical-mediated Oxidative Stress and alterations in

muscle tissue oxygenation: Implication for ischaemia-reperfusion.

Examined if the combination of exercise and inspiratory hypoxia would further
compound regional tissue de-oxygenation and thus, by consequence increase
oxidative stress. The aim of the study was to further understand a potential

relationship between oxidative stress and alterations in muscle oxygenation.

Chapter 5- Synthesis of Findings

This chapter integrates and summaries the research findings of all studies and

considers the bio-physiological implications and significance of the results. The

synthesis of findings includes the testing of the null hypotheses and the general

discussion.
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Review of Literature
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2.0. Introduction of the Area of Interest

Free radicals are a very interesting research field as a factors in excess
adversely affecting the operation and functioning of the human body. Defense
mechanisms, such as preventive mechanisms of enzymatic antioxidants are in the
last decade of the subject of many research groups. In clinical terms, however,
their role becomes even more important. Such pathological conditions such as
hypoxia, circulatory shock can make the free radicals are the main culprit of many
diseases. Despite the many studies defenses as well as the molecular mechanisms
of action of free radicals are still vague, contradictory and poorly understood
(Carden et al, 2000). Whether the lack of a thorough knowledge of the
mechanisms of action of free radicals does not mean that it is worth examining
them in detail with greater reliability.

Better knowledge of the construction of free radicals, their interactions with other
molecules and their mechanisms of action will allow for more accurate and more
efficient preventing their destructive effects on the human body.

ROS generation can increase in response to I-R. However, the mechanisms
proposed for the corresponding suggested that at least some (Butler et al, 1975;
Bailey et al, 2006, Bell et al, 2005; Archer et al, 1993). The increase in ROS
observed during reperfusion may originate from a different cellular source than
during ischaemia and remains to be identified. It was proposed that ROS,
particularly ROS generated during early reperfusion, would lead to extensive
oxidative damage to the cell resulting in loss of cell viability (Bolli et al, 1989,
1995) but exact sources of oxyradical production in the stunned myocardium

remain unclear.
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Several antioxidants have been used to prevent I-R-induced damage. Many
research groups indicates the protective effect of antioxidants such as vitamin C in
combating harmful effects of free radicals in organs such as heart by inhibiting
necrosis of cardiac muscle cells and improve cardiac function of endurance (Qin
et al, 2006, Knekt et al, 1994). However, other research teams do not seem to
confirm these results (Lonn et al, 2005; Yusuf et al, 2000). In addition, proposed
a number of different molecular mechanisms of action of free radicals. The
validity of these tests that accurately measure the impact of antioxidants on the
radical we prefer is a matter of necessary and priority.

Circulatory shock is associated with trauma including venous cannulation,
ischaemia, and oxidative stress (Mitsuoka et al, 2000). There are no satisfactory
results regarding drugs, treatment methods or interventions available for the
prevention of shock. To date, the oxidative stress response has not been
documented during a venous cannulation. This is even more surprising as the
shock-inflammation have unequivocally been implicated in the regulation ROS in
health (Singal et al, 1988), and disease (Halliwell, 1989; 2001; Bailey et al,
2007). Therefore carried out detailed research in this area turns out to be
extremely important and valuable. We consider that all investigators that require
the invasive collection of blood have likely “under-estimated” the systemic
formation of oxidative-inflammatory stress biomarkers, prior to a given
intervention (e.g., exercise, I-R, hypoxia). This is because they have simply failed
to account for the acute-phase response triggered by venepuncture and because
these studies did not take into account hemodynamic changes. To this authors’
knowledge no prior study has evaluated the venous cannulation state, potential

inflammatory-shock mediated regulation of systemic free radical formation in the

15



acute phase and the clinical and practical relevance and consequent association
with the “true” magnitude of the exercise-induced oxidative stress response.

Ab-initio quantum mechanical calculations are widely used for the determination
of equilibrium geometries of small molecules and undoubtedly are the main
source of additional information which can be introduced in an experimantal
studies. Although structural and electronic information has been available for
some time for the unoxidised form (Davies et al, 1991) this information is not
experimentally amenable for the reactive A~ formed by one electron oxidation.
Although the magnitude of the ">C and 'H hyperfine couplings (hfcs) have been
available from EPR spectroscopy studies for some time (Laroff et al, 1972) no
data have been reported for 0 hyperfine couplings. This lack of 0 couplings
plus the absence of sign information for the '*C and 'H couplings renders it
impossible to deduce the spin density distribution of the radical. A detailed
knowledge of the spin density and electronic structure of this free radical is
therefore of immediate interest especially as it may hold important clues to the

reactivity of the species.

The first section of the review of literature will discuss the reactive oxygen-
nitrogen species (ROS/RNS), antioxidant and regulatory mechanisms present
during ischaemia-reperfusion (I-R) phase. The latter sections are concerned with
an overview of oxidative stress, I-R, haemodynamic characteristics, ab-initio
calculations and potential contributions to the phenomenon in order to draw a

basis for the rationale for studies completed in this thesis.
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2.1. Free radicals

The world of free radicals in biological systems was in 1956 explored by D.
Harman who proposed the concept of free radicals playing a role in the ageing
process (Harman, 1956). In 1977 Mittal and Murad provided evidence that the
hydroxyl radical ("OH) stimulates activation of guanylate cyclase and formation of
the “second messenger” cyclic guanosine monophosphate (cGMP)(Mittal et al,
1977). Since then, a large body of evidence has accumulated that living systems
have not only adopted to a coexistence with free radicals but have developed
various mechanisms for the advantageous use of free radicals in various
physiological functions.

There are several definitions of the term “free radical”, as well as debates about
whether the term “free” is unnecessary. "Radical" and "free radical" are frequently
used interchangeably. Any reactive molecule with an unpaired electron is
traditionally represented by the application of a superscript dot (7). Originally
“free” was used by chemists to distinguish between R’, and R™-X', R" being free
“radical” and R" in R*-X" being a bound “radical”. We accept a simple definition
that a free radical is any atom (e.g. oxygen, nitrogen) or group of atoms or
molecular species capable of independent existence that contains at least one or
more unpaired electrons in the outermost shell configuration (Halliwell et al,
1989). Free radicals are also known as reactive oxygen species (ROS) or reactive
nitrogen species (RNS) (Halliwell et al, 2000). This unpaired electron usually
gives a considerable degree of reactivity to the free radical. Using One-Electron
Reduction Potentials (E~) the predicted “pecking order” for free radical reactions

is in agreement with experimentally observed free radical electron (hydrogen
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atom) transfer reactions (Table 1)(Buettner et al, 1993). Each oxidised species is
capable of stealing an electron or hydrogen atom from any reduced species and
each reduced species is willing to donate an electron or hydrogen atom to any

oxidised species.

Redox Couple E (mV)

‘OH, H'/ H,0

‘OR, H/ ROH (aliphatic alkoxyl radical)
ROO’, H/ ROOH (alkyl peroxyl radical)
HOO', H" /H,0,

0,", 2H" /H,0,

GS'/GS (glutathione)
PUFA'/H+/PUFA-H (bis —allylic-H)
TO’, H'/ TOH (tocopherol)

H,0,, H"/ H,0, "OH

Ascorbate” , H'/ascorbate monoanion

Fe™ EDTA/ Fe*

0,/ 0,

Fe** DFO/ Fe*™? DFO (desferal)

0,, H" /HO,
RSSR/RSSR™ (GSH)

H,O/ e aq

Table 1. One-Electron Reduction Potentials (EO') at pH 7.0 for selected radical
couples (adapted from Beuttner et al, 1993)
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These potentials are also in agreement with experimental data that suggest
that vitamin E, the primary lipid soluble small molecule antioxidant, and vitamin
C, the terminal water soluble small molecule antioxidant, cooperate to protect
lipids and lipid structures against peroxidation (Sharma et al, 1993). The first
organic free radical identified was the triphenylmethyl radical, by Moses Gomberg
in 1900 (Gomberg, 1900),by homolysis of triphenylmethyl chloride, a metal like
silver or zinc in benzene or diethyl ether. A free radical is easily formed when a
covalent bond homolytically is broken and one electron remains with each newly
formed atom. The presence of one or more unpaired electrons, which is negatively
charged, usually causes free radicals to be attracted slightly to a magnetic field and
sometimes makes them extremely reactive, because its unpaired electron seeks to
pair with another electron to be stabilised although the chemical reactivity of
radicals varies over a wide spectrum. These compounds are formed when oxygen
or nitrogen molecules combine with other molecules yielding an odd number of
electrons.

Various biological systems naturally generate oxygen free radicals and they are
also formed in these systems from exposure to exogenous substances. Sources of
free radicals include the mitochondrial electron transport chain, the enzymes like
xanthine oxidase, NADPH oxidase, lipoxygenase/cyclooxygenase and nitric oxide
synthase and auto-oxidation of various substances, particularly catecholamines
(Kevin et al, 2005). ROS and RNS are well recognised for playing a dual role as
both deleterious and beneficial species, since they can be either harmful or
beneficial to living organisms (Figure 1). Beneficial effects of ROS occur at low
and moderate concentrations and involve physiological roles in cellular responses

to anoxia as for example in defence against infectious agents and in the function of
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a number of cellular signalling systems e.g. the expression of peroxyredoxin, heme
oxygenase-1 or cystine transporter (Ishii et al, 1999; Sato et al, 1999).

The harmful effect of free radicals causing potential biological damage is termed
oxidative stress and nitrosative stress (Sies, 1991). This occurs when there is an
overproduction of ROS/RNS on one side and a deficiency of enzymatic and non-
enzymatic antioxidants on the other. In other words oxidative stress results from
the metabolic reactions that use oxygen and represents a disturbance in the
equilibrium status of prooxidant/antioxidant reactions in living cells (Levonen et
al, 2008; Jones et al, 2003; Bailey et al, 2006). The excess ROS can damage
cellular lipids, proteins or DNA inhibiting their normal function (Martin et al,
1995; Kerr et al, 1994; Jezowska-Bonczuk et al, 2002). Because of this, ROS have
been implicated in a number of human diseases as well as in the ageing process.
The delicate balance between beneficial and harmful effects of free radicals is a
very important aspect of living organisms and is achieved by mechanisms called
redox regulation. This process protects cells from various oxidative stresses and
maintains redox homeostasis by controlling the redox status in vivo (Drdoge, 2002).
Many forms of cancer are thought to be the results of reactions of free radicals
with DNA, resulting in mutations that adversely affect the cell cycle and
potentially lead to malignancy (Erol, 2010; Koka et al, 2010; Totter, 1980). Free
radical damage within cells has been linked to a wide range of diseases including
arthritis, malignant diseases, arteriosclerosis, Alzheimer’s diseases and diabetes
(Davison et al, 2008; Hack et al, 1997; Baynes, 1991; Halliwell, 1989; Steinberg
et al, 1989). Consideration of our broad classification shows that there are
numerous types of free radicals in chemistry and biology including hydroxyl

("OH), superoxide (O,"), nitric oxide (NO"), nitrogen dioxide (NO,") and peroxyl
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(ROO"). Peroxynitrite (ONOO ), hypochlorous acid (HOCI), hydrogen peroxide
(H,0,), singlet oxygen (102), ozone (Os3), nitrous acid (HNO,) and dinitrogen
trioxide (N,O3) are not free radicals but can easily lead to free radical reactions in

living organisms.

Respiratory chain / \ Catalase
Complex | and S0D HEO
Complex I {Mn or Mg)
o,—E===—> o~ —  Hp,
PSupamxIde 2+ Hydragen /" GSSG
anion Fe peroxide GSH GNSS'E
NO oo g reductase
" or thioreoxin
GEH.. reductase
Peroxynitrite  QNOO- *0OH Hydroxyl radical
& RNS and ROS -/
(“'f Ty
v
EXCESSIVE PHYSIOLOGICAL
Damages induced Physiological signalling
/ \ \ - T~
-7 ¥
A &
Proteins Lipids Growth Hormone  Inflammation
synthesis

Figure 1. Mitochondrial signalling by ROS (adapted from Nadege et al, 2009). The
mitochondrion is implicated in the generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS). In most cells, the mitochondrial respiratory chain is
recognised as the major site of ROS production in the form of superoxide, hydrogen
peroxide and the hydroxyl free radical. These molecules can be considered as positive
products that contribute to cell signalling. However, excessive amounts of ROS are
deleterious for the cell, contributing to a variety of pathological processes. ROS
generation can result in the set up of a vicious cycle of oxidative damage causing a
progressive alteration of DNA and mitochondrial function that in turn leads to energy
deprivation, redox imbalance and cell dysfunction.
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2.2. Reactive Oxygen Species (ROS)

The causes of the poisonous properties of oxygen were obscure prior to the
publication of Gershman’s free radical theory of oxygen toxicity in 1954, which
states that the toxicity of oxygen is due to partially reduced forms of oxygen
(Gershman et al, 1954). Oxygen-centred free radicals are those in which an
unpaired electron is on an oxygen atom and contain two unpaired electrons in the
outer shell. When free radicals ‘““steal” an electron from a surrounding compound
or molecule a new free radical is formed in its place. In turn the newly formed
radical then looks to return to its ground state by stealing electrons with
antiparallel spins from cellular structures or molecules. Thus the chain reaction
continues and can be "thousands of events long" (Figure 2)(Valko et al, 2006).
Radicals derived from oxygen represent the most important class of radical species
generated by organisms (Miller et al, 1989). Any free radical involving oxygen
can be referred to as Reactive Oxygen Species (ROS). A major consequence of
oxidative stress is damage to nucleic acid bases, lipids, and proteins, which can
severely compromise cell health and viability or induce a variety of cellular
responses through generation of secondary reactive species, ultimately leading to
cell death by necrosis or apoptosis (Halliwell, 2001; Klaunig et al, 2004, Stocker
et al, 2004). However, definitive evidence for this association has often been
lacking because of recognised shortcomings with biomarkers and/or methods
available to assess oxidative stress status in humans. Emphasis is now being
placed on biomarkers of oxidative stress, which are objectively measured and
evaluated as indicators of normal biological processes, pathogenic processes or

pharmacologic responses to therapeutic intervention. “Redox” or oxidation-
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reduction reactions are those reactions that involve exchange electrons between
molecular species. One of the most common and important oxygen free radicals is
the superoxide anion (O,"), which can be dismutated to form hydrogen peroxide
(H,0,) and the highly reactive hydroxyl radical (OH ) in the presence of Fe** and
other trace metals (Valko et al, 2005). At high concentrations ROS can be
important mediators of damage to cell structures, nucleic acids, lipids and proteins
(Valko et al, 2000).

Excessive generation of ROS may lead to: the stimulation of the inflammatory
process, secretion of chemotactic factors, growth factors, proteolytic enzymes,
lipoxygenases, and cycloxygenases, inactivation of antiproteolytic enzymes and
activation of oncogenes and transcription factors (Kehrer, 1993; Jamieson, 1989).
It is well established that oxygen free radicals and their metabolites can induce
direct cell injury, which may activate a cascade of radical reactions promoting the
disease process. Permanent modification of genetic material resulting from these
oxidative damage incidents represents the first step involved in mutagenesis,
carcinogenesis and ageing (Dalle-Donne et al, 2006, Jenner 2003; Sayre et al,
2001; Santos et al, 2005; Wang et al, 1996). In the study of age-related increases
in concentrations of oxidised bio-molecules, disparities have been observed
between intracellular and extracellular proteins. The concentrations of oxidative
markers were found to increase more with age in extracellular proteins than in
intracellular proteins (Linton et al, 2001). This disparity might be explained by a
difference in turnover between extracellular (hours to days) and intracellular
proteins (minutes to hours). The difference in homeostatic control between extra-

and intracellular proteins might also play a role.
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Figure 2. Pathways of ROS formation, the lipid peroxidation process and the role of
glutathione (GSH) and other antioxidants (Vitamin E, Vitamin C, lipoic acid) in the
management of oxidative stress (adapted from Valko et al, 2006). Reaction 1: The
superoxide anion radical is formed by the process of reduction of molecular oxygen
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mediated by NAD(P)H oxidases and xanthine oxidase or non-enzymatically by redox-
reactive compounds such as the semi-ubiquinone compound of the mitochondrial electron
transport chain. Reaction 2: Superoxide radical is dismutated by the superoxide
dismutase (SOD) to hydrogen peroxide. Reaction 3: Hydrogen peroxide is most efficiently
scavenged by the enzyme glutathione peroxidase (GPx) which requires GSH as the
electron donor. Reaction 4: The oxidised glutathione (GSSG) is reduced back to GSH by
the enzyme glutathione reductase (Gred) which uses NADPH as the electron donor.
Reaction 5: Some transition metals (e.g. Fe’*, Cu* and others) can breakdown hydrogen
peroxide to the reactive hydroxyl radical (Fenton reaction). Reaction 6: The hydroxyl
radical can abstract an electron from polyunsaturated fatty acid (LH) to give rise to a
carbon-centred lipid radical (L*). Reaction 7: The lipid radical (L*) can further interact
with molecular oxygen to give a lipid peroxyl radical (LOO®). If the resulting lipid
peroxyl radical LOOe is not reduced by antioxidants, the lipid peroxidation process
occurs (reactions 18-23 and 15-17). Reaction 8: The lipid peroxyl radical (LOO?) is
reduced within the membrane by the reduced form of Vitamin E (T-OH) resulting in the
formation of a lipid hydroperoxide and a radical of Vitamin E (T-Oe). Reaction 9: The
regeneration of Vitamin E by Vitamin C: the Vitamin E radical (T-O¢) is reduced back to
Vitamin E (T-OH) by ascorbic acid (the physiological form of ascorbate is ascorbate
monoanion, AscH-) leaving behind the ascorbyl radical (As—). Reaction 10: The
regeneration of Vitamin E by GSH: the oxidised Vitamin E radical (T-O¢) is reduced by
GSH. Reaction 11: The oxidised glutathione (GSSG) and the ascorbyl radical (A*—) are
reduced back to GSH and ascorbate monoanion, AscH-, respectively, by the
dihydrolipoic acid (DHLA) which is itself converted to a-lipoic acid (ALA). Reaction 12:
The regeneration of DHLA from ALA using NADPH. Reaction 13: Lipid hydroperoxides
are reduced to alcohols and dioxygen by GPx using GSH as the electron donor. Lipid
peroxidation process: Reaction 14: Lipid hydroperoxides can react fast with Fe** to
form lipid alkoxyl radicals (LO®), or much slower with Fe’* to form lipid peroxyl radicals
(LOO»). Reaction 15: Lipid alkoxyl radical (LO*) derived for example from arachidonic
acid undergoes cyclisation reaction to form a six-membered ring hydroperoxide.

ROS derived from radicals operate at low but measurable concentrations in the
cells. Their “‘steady-state” concentrations are determined by the balance between
their rates of production and their rates of removal by various antioxidants. The
various roles of enzymatic antioxidants (SOD, catalase, glutathione peroxidise)
and non-enzymatic antioxidants (vitamin C, E, carotenoids, lipoic acid and others)
in the protection against oxidative stress can be found in a numerous papers
(Catani et al, 2001; Hirota et al, 1999; Miller et al, 2005; Sharoni et al, 2004).

Oxidative stress-induced peroxidation of membrane lipids can be very damaging
because it leads to alterations in the biological properties of the membrane, such as

the degree of fluidity, and can lead to inactivation of membrane-bound receptors
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or enzymes, which in turn may impair normal cellular function and increase tissue
permeability (Bailey et al, 2003). Products of lipid peroxidation such as
malondialdehyde (MDA), 4-hydroxy-2-nonenal (HNE), 2-propenal (acrolein) and
isoprostanes are commonly used as biomarkers of oxidative damage (Cracowski et
al, 2002; Montuschi et al, 2004).

Proteins are major targets for ROS because of their high overall abundance in
biological systems and because they are primarily responsible for most functional
processes within cells. It has been estimated that proteins can scavenge the
majority (50%—75%) of reactive species generated (Davies et al, 1999). Exposure
of proteins to ROS may alter every level of protein structure from primary to
quaternary (if multimeric proteins), causing major physical changes in protein
structure. Oxidative damage to proteins is induced either directly by ROS or
indirectly by reaction of secondary by-products of oxidative stress and can occur
via different mechanisms leading to peptide backbone cleavage, cross-linking
and/or modification of the side chain of virtually every amino acid (Dean et al,
1997; Stadtman et al, 1997).

Several mechanism in-vivo produce ROS. O," results from mitochondrial electron
transport chain leakage, ischaemia-reperfusion (I-R), auto-oxidation reactions,
respiratory burst involving phagocitic cells and continuous production of O," by
the vascular endothelium to neutralise nitric oxide (NO")( Young et al, 2001). The
primary mechanism of O,  production during exercise appears to be from
mitochondria. H,O, is produced by a variety of intracellular reactions, although
the predominant pathway is by dismutation of O, by the enzyme superoxide

dismutase (SOD)( McCord et al, 1988; Halliwell et al, 1999). By far the most

widely known mechanism of formation in-vivo, of the extremely pernicious ‘OH,
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is the transition metal catalysed (Fenton Chemistry) decomposition of O," and
H,0,. Within vascular endothelial cells the primary site of ROS generation
emanates from the electron transport chain located within mitochondria. Although
the majority of molecular oxygen is reduced at complex IV to water, 1-4% of the
oxygen is incompletely reduced to O,", which can yield other ROS via numerous

enzymatic or non-enzymatic reactions (Zhang et al, 2007).

2.2.1. Superoxide anion (O;")

Molecular oxygen has a unique electronic configuration and is itself a di-
radical with two such unpaired electrons (Miller et al, 1990). If a single electron is
added to the ground-state O, molecule, it must enter one of the m antibonding
orbitals. The product is called superoxide anion (O,") and the production of O,”
occurs mostly within the mitochondria (electron transport chain) of a cell
(Halliwell et al, 1989; Cadenas et al, 1998). Physiological concentrations of 0,
approaches 10 mM (Cuzzocrea et al, 2001) and compared with other free radicals,
0," has a relatively long half-life (Benton et al, 1976), that enables diffusion
within the cell and, hence, increasing the number of the potential targets. Beside
0O, the biologically relevant free radicals derived from oxygen are the
perhydroxyl radical (protonated superoxide, HO, ), the hydroxyl radical (OH) and
free radical nitric oxide (NO"). With only one unpaired electron, superoxide is less
of a radical than is O, itself, despite it’s “super” name. O," arising either through
metabolic processes or following oxygen activation by physical irradiation, is
considered the primary ROS and can further interact with other molecules to

generate secondary ROS such as lipid radicals, either directly or prevalently
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through enzyme or metal-catalysed processes (Valko et al, 2005). As a redox
active species, O,” can reduce some biological materials (e.g., cytochrome ¢) and
oxidise others such as ascorbate. During energy transduction, a small number of
electrons “leak” to oxygen prematurely, forming the oxygen free radical O,"
(Valko et al, 2004; Kovacic et al, 2005). Complex I can produce O," as well as
hydrogen peroxide (H,0O;), through at least two different pathways. During
forward electron transfer, only very small amounts of 0, are produced, less than
0.1% of the overall electron flow (Murphy, 2009; Hansford et al, 1997) and during
reverse electron transfer. Complex I might be the most important site of O,
production within mitochondria, with up to 5% of electrons being diverted to
superoxide formation (Muller et al, 2008). Measurement on submitochondrial
particles suggest an upper limit of 1-3% of all electrons in the transport chain
“leaking” to generate O, instead of contributing to the reduction of oxygen to
water (Boh et al, 1982). O, is produced from both Complexes I and III of the
electron transport chain and once in its anionic form it is too strongly charged to
readily cross the inner mitochondrial membrane (Figure 3). These two complexes
are the main sites of mitochondrial O, production (Barja, 1999; Muller et al,
2004).

Recently it has been demonstrated that Complex I-dependent O,” is exclusively
released into the matrix and that no detectable levels escape from intact
mitochondria (Muller et al, 2004). This finding fits well with the proposed site of
electron leak at Complex I, namely the iron-sulphur clusters of the hydrophilic
arm. In addition, experiments on Complex III show direct extramitochondrial
release of O,” but measurements of hydrogen peroxide (H,0,) production revealed

that this could only account for less than 50 % of the total electron leak even in
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mitochondria lacking CuZn-SOD. It has been proposed that the remaining 50 % of
the electron leak must be due to superoxide released to the matrix (Valko et al,
2007). O, by comparison with “OH is far less reactive with non-radical species in
aqueous solution. It doesn’t react quickly, however, with some other radicals, such
as NO’ or phenoxyl radicals that formed by abstracting hydrogen from the -OH

group of the amino acid tyrosine (k = 1.5 x 10° M"'s™)(Nagy et al, 2009).

(4) thioredoxin detoxification (5) Glutathione detoxification
NAD* NADPH TRxred HoO NADPH Nm'f
N
NADH NADP* TRxOX GSSG NADP* NM:IH
H20+Dz“"'{3}cm % <. o
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Figure 3. Mitochondrial ROS Production and Defence (adapted from Baty et al,
2009). Superoxide (O;) generated by the respiratory chain is mostly released to the
matrix at complex I and the IMS ( intermembrane space) at complex Il (indicated by
stars). Oy can naturally dismute to hydrogen peroxide (H,0,) or is enzymatically
dismuted by matrix MnSOD (1) or Cu/ZnSOD (2) in the IMS or cytosol. H,O, is detoxified
in the matrix by catalase (3), the thioredoxin/thioredoxin peroxidase system (4), or the
glutathione/glutathione peroxidase system (5). Alternately, H,0O, can react with metal ions
to generate the highly reactive hydroxyl radical ( OH) via Fenton chemistry (6). O, is not
membrane permeable but can pass through ion channels (solid lines), whereas H,O, can
pass freely through membranes (dashed lines). IMM- inner mitochondrial membrane;
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OMM- outer mitochondrial membrane; O, - superoxide; H,0,- hydrogen peroxide;
MnSOD- manganese superoxide dismutase;, Cu/ZnSOD- copper/zinc superoxide
dismutase; CAT- catalase; THD, NADH transhydrogenase; TR- thioredoxin reductase;
TPx- thioredoxin peroxidase; TRx- reduced thioredoxin; TRx"*- oxidized thioredoxin;
GSH- glutathione; GSSG- glutathione disulfide; IMAC- inner membrane ion channel;
VDAC- voltage dependant anion channel; DY,- membrane potential.

The reactivity of O,” with non-radicals varies depending on whether studies are
carried out in organic solvents or in aqueous solution and pH is also an important
determinant (Buettner et al, 1993). One of the most popular theories to explain O,
toxicity has been the Gerschman’s free radical theory of oxygen toxicity named
the Superoxide Theory of O, Toxicity (Gershman et al, 1954), which states that
the toxicity of oxygen is due to partially reduced forms of oxygen and due to
over-production of O,”, by components such as enzymes, auto-oxidation, heam
proteins, mitochondrial electron transport, endoplasmic reticulum or bacteria (E.
Coli).

0," in aqueous solution can act as a reducing agent, i.e. a donor of electrons, for

example, it reduces the haem protein cytochrome c (Harel et al, 1988);

cytc (Fe (III)) + O;" — O, +cyt ¢ (Fe (1)) (1)

O," can also act as an oxidising agent, e.g. can oxidise ascorbate (Nishikimi,

1975; Fesseden et al, 1978);

AH; + 0, - A" +H,0, k=27x10M's’ at25°CpH=7.4 )
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0," doesn’t oxidise NAPH and NADH at measurable rates. However, it can
interact with NADH bound to the active site of the enzyme lactate dehydrogenase

to form an NAD' radical (Petrat et al, 2005);

enzyme-NADH + O, + H' — enzyme-NAD® + H,0, (3)

In summary, tissue toxicity from extracellular O,” generation seems to be
based on its direct reactivity with numerous types of biological molecules (lipid,
DNA, RNA, catecholamines, steroids, etc.) and from its dismutation to form H,O,
and the concomitant reduction of ferric ion (Fe3+) to ferrous ion (Fe2+) ; reaction of
these two products yields the highly toxic hydroxyl radical that may cleave
covalent bonds in proteins and carbohydrates, cause lipid peroxidation, and
destroy cell membranes. There are three strategies available to ‘“detoxify” or
prevent formation of locally produced oxygen radicals:

1) deliver SOD (superoxide dismutase) or an SODm (superoxide dismutase

mimetic) to the area;

2) deliver catalase or a related peroxide scavenger, or

3) chelate the trace iron that catalyses the reaction

2.2.2. Hydroxyl radical (OH)

‘OH is the neutral form of the hydroxide ion. It is short-lived (~10'9s) (Pryor,
1966; Pastor et al, 2000) but reacts very rapidly with almost every type of

molecule found in living cells: sugars, amino acids, phospholipids, DNA and
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organic acids. Indeed, "OH is the most reactive oxygen radical known, with a
highly positive reduction potential of +2310 mV(Koppenol et al, 1985; Buettner et
al, 1993; Frelon et al, 2003; Jezowska-Bojczuk et al, 2002; Vergely et al, 2003).
‘OH can be generated in biologically relevant systems by multiple reactions
including;
v" Fenton chemistry ( the interaction of copper or iron)
Fe*"+ H,0, —»Fe’ + 'OH + OH
v' Haber-Weiss reaction ( free radical formed from O," and H,0,)
Haber-Weiss reaction (O, +H,0, — ‘OH + O,+HO (hydroxyl ion))(Haber et
al, 1932) might provide a means to generate more toxic radicals. Although the
basic reaction has a second order rate constant of zero in aqueous solution and
thus it could not take place under physiological conditions, the ability of iron
salts to serve as catalysts was discussed by these authors. Because transition
metal ions, particularly iron, are present at low levels in biological systems, this
pathway (commonly referred to as The Iron-Catalysed Haber—Weiss Reaction)
has been widely postulated to account for the in vivo generation of the highly
reactive "OH.
If "OH radicals meet each other, they can form dimers, thus yielding hydrogen

peroxide (Bielski et al, 19584):

‘OH +‘OH— H,0, k=5x10° M's! )

Although this reaction has a high rate constant very near the diffusion limit
(diffusion-controlled), it’s unlikely to occur in vivo because the steady-state

concentration of ‘OH is effectively zero (Hynes et al, 1988). Thus when produced

32



in vivo ‘OH reacts close to its site of formation within two molecular diameters
(Pryor, 1966). The redox state of the cell is largely linked to an iron (and copper)
redox couple and is maintained within strict physiological limits. Preventing metal
ions from redox cycling is an alternative mechanism to inhibit 'OH formation.
Reactions of "OH as with most reactive species can be classified into three main
types:

a.  hydrogen abstraction

b.  addition

C. electron transfer

The reaction of ‘OH with aromatic compounds often proceeds by addition. For
example, ‘'OH adds to the purine base guanine in DNA to form an 8-
hydroxyguanine radical (8-OHAG)( Tokiwa et al, 1999). Similarly, ‘OH can join
across a double bond in the pyrimidine base thymine. The thymine radical then
undergoes a series of further reactions, e.g. with Oy, to give a thymine peroxyl
radical (Cadet et al, 2002). Thus if ‘OH is generated adjacent to DNA it damages

the bases and induces strand breakage.

2.2.3. Peroxyl (RO’) and Alkoxyl (RO") radicals

RO," and RO are good oxidising agents, since they have a tendency to
accept electrons and thereby undergoing reduction themselves having highly
positive E values (~ 1000-1600 mV)(Buettner, 1993; Buettner et al, 1996),
although RO’ formed in biological systems often undergo rapid molecular

rearrangement to other radical species. Indeed HO,', can be regarded as the
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simplest RO,", which is the protonated form (conjugate acid, pK, ~ 4.8) of 0," and
is usually termed either hydroperoxyl radical or perhydroxyl radical. For example,
RO;’ radicals oxidise ascorbate and NADH (Cohen, 1975), the latter leading to

O, formation in the presence of Oy;

RO," + NADH — RO;H + NAD' (5)

NAD' + 0, — NAD"* + 0, k=10° M5! (6)

Aromatic alkoxyl and peroxyl radicals tend to be less reactive (Casimir, 2006),
since electrons can be delocalized into the benzene ring. It has been demonstrated
that RO," initiates fatty acid peroxidation by two parallel pathways: fatty acid
hydroperoxide (LOOH)-independent and LOOH-dependent (Aikens et al, 1991).
These reactions account for much of the stimulation of lipid peroxidation by
transition-metal ions in biological systems. The carbon-centred radicals are
capable of reacting directly with certain biological molecules including DNA and
albumin —SH-group. RO," derived from azo-initiators can induce peroxidation of
lipids (Bailey et al, 2004) and can damage proteins, e.g. they inactivate the enzyme
lysozyme. The ability of various antioxidants to protect azo-initiator-induced lipid
peroxidation or protein damage is frequently used to assess antioxidant activity,
e.g. in the TRAP (Telomere Repeat Amplification Protocol) assay (Falchetti et al,

1998).

34



2.2.4. Lipid Peroxidation (LPO)

Lipid peroxidation (LPO) has been broadly defined by A.L. Tappel as
"oxidative deterioration of polyunsaturated fatty acids (PUFAs) ", i.e. fatty acids
that contain more than two carbon-carbon double bonds which are the target of
ROS (Tappel et al, 1981). Polyunsaturated fatty acids are abundant in cellular
membranes and in low-density lipoproteins (LDL). The PUFAs allow for fluidity
of cellular membranes. The membranes that surround cells and cell organelles
contain large amounts of PUFA side-chains (Dietschy, 1998; Chu et al, 2004).
Membrane lipids are generally amphipathic molecules, i.e. they contain
hydrocarbon regions that tend to cluster together away from water, together with
polar parts that like to associate with water. In animal cell membranes the
dominant lipids are phospholipids, esters based on the alcohol glycerol (Bartz et
al, 2007). Some membranes, particularly plasma membranes, contain significant
proportions of sphingolipids and of the hydrophobic molecule, cholesterol. The
commonest  phospholipid in animal cell membranes is lecithin
(phosphatidylcholine)(Cherry et al, 2007 ).

Free-radical processes are particularly prone to proceed via efficient chain
reactions in which the initiating active radical is generated only in very low
concentrations (Gutteridge, 1995; Hwang et al, 2007; Niki et al, 2005).

A typical example is the well-known autoxidation reaction which can occur, for
example in lipids when O 1s relatively high. The important point is that, when this
type of process can occur, many product molecules can be formed for each
initiating molecule (Sengpiel et al, 1998; Im et al, 2006; Triggaiani et al, 2006).

Thus what might have been a small generation of radicals becomes an event of real
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significance. When a chain-breaking antioxidant such as vitamin C is added to the
solution, it scavenges LO" and LO", radicals and suppresses oxidation. The higher
the ascorbic acid concentration, the longer the induction period and the smaller the
rate of oxidation during the induction period. The length of induction period is
directly proportional to the concentration of vitamin C (Niki, 1991).

Scheme of lipid peroxidation;

H,O
/ & "OH ‘L, /" Lipid radical

H [ ]
Initiation

Unsaturated lipid O,
Propagation
R R R
74 < / 4 4
OOH H Co "

Lipid peroxide Lipid peroxyl radical

Figure 4. Radical chain reaction mechanism of lipid peroxidation (adapted from
Young et al, 2001). The lipid peroxidation mechanism shows a single radical initiating a
chain reaction which converts unsaturated lipids to lipid peroxides.
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Initiation of LPO is caused by attack upon a lipid of any species that has sufficient
reactivity to abstract a hydrogen atom from a methylene (-CH,-) group (Aruoma et
al, 1989). Fatty acids with one or no double bonds are more resistant to such attack
than are the PUFAs. An adjacent double bond weakens the energy of attachment
of the hydrogen atoms present on the next carbon atom, especially if there is a
double bond on either side of the -CH,-, yielding bis-allylic hydrogens. The
reduction potential of a PUFA/PUFA couple at pH 7 has been estimated at about
E = +600mV (Buettner, 1993; Koppenol, 1990). Hence “OH, perhydroxyl radical-
HO,, RO'(E'= +1600 mV) and RO,(E'= +1000 mV) radicals are
thermodynamically capable of oxidising PUFAs and initiating peroxidation
(Buettner, 1993).

The most likely fate of carbon radicals under aerobic conditions is to combine with
O,, especially as O, is a hydrophobic molecule that concentrates within the interior
membranes. The double bond on the carbon atom weakens the carbon-hydrogen
bond allowing for easy dissociation of the hydrogen by a free radical (Figure 4).

A free radical will steal the single electron from the hydrogen associated with the
carbon at the double bond. In turn this leaves the carbon with an unpaired electron
and hence becomes a free radical. In an effort to stabilise the carbon-centred free
radical molecular rearrangement occurs. The newly-arranged molecule is called a
conjugated diene (CD). The CD then very easily reacts with oxygen to form a
RO, (Poirier et al, 2001). Formation of peroxyl radicals has been demonstrated
during peroxidation of many membrane systems, using spin-trapping methods
(Chamulitrat et al, 1989). RO,  are capable of abstracting H from another lipid

molecule, i.e. an adjacent fatty-acid side-chain;
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ROO’ + CH — -ROOH + C* (7)

This is the propagation stage of lipid peroxidation (Svingen et al, 1979). The
carbon radical formed can react with O, to form another RO, and so the chain
reaction of LPO can continue. The RO, combines with the hydrogen atom that it
abstracts to give a lipid hydroperoxide (LOOH)(Girotti, 1998). This is sometimes
shortened to lipid peroxide, although the latter term includes cyclic peroxides as
well as LOOH species. A single initiation event can lead to formation of multiple
molecules of peroxide as a result of the chain reaction. Another complexity is that
the initial H abstraction from PUFA can occur at different points on the carbon
chain. Thus peroxidation of linoleic acid gives two hydroperoxides, while that of
linolenic acid gives four. Peroxidation of arachidonic acid gives six lipid
hydroperoxides, while that of docosahexaenoic acid gives ten (Tallman et al,
2001).

Decomposition of lipid peroxides by heating at high temperatures or by exposure
to iron or copper ions generates a hugely complex mixture of products, including
epoxides, saturated and unsaturated aldehydes, ketones and hydrocarbons.
Thermal homolysis of the O-O bond yields radicals, which can attack other

hydroperoxides and PUFAs (Halliwell, 2006);

ROOH — RO’ + 'OH (8)

Generation within membranes and lipoproteins of RO," and RO’, aldehydes and
other products of LPO can cause severe damage to the proteins present, e.g.

peroxidation of liver or erythrocyte membranes causes formation of high-
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molecular-mass protein aggregates within the membrane (Goebel et al, 1981). The
surface receptor molecules that allow cells to respond to hormones and cytokines
can be inactivated during LPO, as are enzymes such as glucose 6-phosphatase-,
glycerol-3-phophate acyl transferase (Thomas et al, 1990) involved in
maintenance of correct ion balance within cells. Potassium channels can also be
damaged during lipid peroxidation (Han et al, 2002).

In general, the overall effects of LPO are to decrease membrane fluidity, make it
easier for phospholipids to exchange between the two monolayers, increase the
leakiness of the membrane bilayer to substances that do not normally cross it other
than through specific channels and inactivate membrane-bound enzymes. Cross-
linking of membrane proteins decreases their lateral and rotational mobility.
Continued oxidation of fatty-acid side-chains and their fragmentation to produce
aldehydes and hydrocarbons such as pentane will eventually lead to loss of
membrane integrity.

Oral administration of large doses of peroxidised fatty acids or lipids to animals
leads to deleterious consequences in aging and disease processes (Armstrong et al,
1984), e.g. heart damage, fatty liver or damage to lymphoid tissues. In summary,
LPO is a free radical-related process that in biologic systems may occur under
enzymatic control, e.g., for the generation of lipid-derived inflammatory
mediators, or non-enzymatically. This latter form is associated mostly with
cellular damage as a result of oxidative stress, which also involves cellular
antioxidants in this process. It is an important process in oxygen toxicity. This
process of LPO consists of three components: initiation in which free radicals are
formed, propagation of the radical chain reactions, and termination (Miller et al,

1989; Porter, 1984; Buettner, 1993). Iron or other catalytic metals usually are
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required to initiate LPO and the free radicals generated, such as a lipid-derived
carbon-centered radical, lipid peroxyl radical (LOO"), and lipid alkoxyl radical
(LO"), propagate the chain reactions. Termination of LPO results when the free
radicals in the chain propagation step react with other free radicals or antioxidants
to form nonradical short-chain hydrocarbon compounds.

Polyunsaturated fatty acids (PUFA) are believed to be one of the keys for
understanding the damage that can be done to cells by free radicals. Free radical
attack on PUFA may result in

(i)  the loss of PUFA which play important roles in cell membrane structure and

as precursors for eicosanoid (prostaglandin and leukotriene) formation

(ii) the formation of lipid peroxides and related compounds which can

themselves cause damage to other cellular constituents.

2.2.5. Ascorbate free radical (A7)

The body contains many antioxidants, water-soluble compounds such as
ascorbic acid and glutathione and lipid-soluble antioxidants such as a- tocopherol
and ubiquinones. Ascorbic acid or vitamin C is especially significant. Oxidative
damage to biomolecules is inhibited by antioxidants. Frei and co-workers (Frei et
al, 1988, 1989, 1993) have shown that vitamin C is a powerful antioxidant
preventing LPO in plasma exposed to various types of oxidative stress. It is known
that ascorbate can switch from anti- to pro-oxidant activity in vitro, depending on
it’s concentration and the presence of redox-active metal ions and contribute to the

formation of ‘OH, which in turn may cause lipid, DNA, or protein oxidation
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(Samuni et al, 1983; Bendich et al, 1986). No pro-oxidant effect of ascorbate was
observed up to a concentration of 5 mM (Halliwell et al, 1985). This confirms that
in plasma transition metal ions are bound tightly and are not available for free
radical reactions. However, in human plasma it is the main water-soluble
antioxidant (Frei et al, 1989). Compared to average concentrations of ascorbate in
human blood plasma (27-51 uM)(Lentner, 1984) ascorbate levels in human tissues
are generally far higher. It’s concentration is particularly high in the cornea, lens,
and aqueous humor of the eye (up to 1.5 mM) and in adrenal and pituitary glands
(up to 2.5 mM). Brain, heart, liver, spleen, kidneys and pancreas also contain high
concentrations of ascorbate (up to 0.8 mM) (Lentner, 1984).

It effectively scavenges superoxide and other ROS (Bendich et al, 1986) and plays
an important role in the regulation of intracellular redox state through its
interaction with glutathione (Meister, 1994; Winkler et al, 1994). Ascorbate is an
antioxidant because of the shared ability of the hydroxyl groups on carbons-2 and -
3 to donate a hydrogen atom (both an electron and a proton) to a variety of
oxidants, including oxygen- and nitrogen-based free radicals, peroxides and
superoxide (Buettner, 1993). Ascorbate oxidation is reversible, which allows for
recycling from its oxidised forms (Figure 5). Ascorbate can be one-electron
oxidised by radicals and oxidants in two successive steps. The first yields A™,
which by electron delocalisation over a conjugated tri-carbonyl system is
surprisingly stable and can be detected at 10 nM concentrations in biological fluids
by electron paramagnetic resonance spectroscopy (EPR) (Buettner et al, 1993;
Coassin et al, 1991; Mehlhorn, 1991) even in room-temperature aqueous solution,
avoiding the detection of artefactual signals arising from freeze/thaw processes

(Pietri et al, 1990) and can subsequently be oxidised to dehydroascorbic acid
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(DHA), unstable and degraded to potentially toxic compounds (Figure 5). In order
to prevent the accumulation of toxic ascorbate metabolites, cells are equipped with
efficient regenerating systems. One way to achieve this is by transporting
extracellular DHA to the cell interior after which it can be reduced to ascorbate.
Due to its low reduction potential of the A"/AH™ (E*' = +282 mV), AH is able to
give up one single electron to any free radical that can arise in biological system or
to regenerate oxidised biological radical scavengers such as vitamin E (Sharma et
al, 1993; Pietri et al, 1990; Vergely et al, 1998). Instead of undergoing further
oxidation, two molecules of the A~ are thought to react and dismutate to form
ascorbate and dehydroascorbate (DHA) (Figure 5) (Bielski et al, 1975). DHA is
unstable at physiologic pH, with a half-life of about 6 min (Drake et al, 1942;
Winkler, 1987). With hydrolysis of the lactone ring it is irreversibly converted to
2,3-diketo-1-gulonic acid (Bode et al, 1990; Chatterjee, 1970). Ascorbate loss due
to ring-opening of DHA 1is wasteful of the vitamin, and cells have developed

redundant mechanisms to recycle DHA back to ascorbate.
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Figure 5. Ascorbate Oxidation and Recycling
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A" can be generated by an equilibrium reaction of ascorbate with dehydroascorbic
acid, by transition metal-dependent (Me) oxidation of ascorbate or by autoxidation

of the ascorbate di-anion (Equation 9).

ascorbate + dehydroascorbate «— 2 A™ + H'

Ascorbate + Me"—» A~ + Me™V*

Ascorbate” + O——> A~ + 0, 9)

The ascorbate anion (AH") can be considered to be the major endogenous water-
soluble antioxidant that is present in biological systems. Hence measurement of
A" has been used as a non-invasive biomarker of oxidative stress in human beings,
e.g. in body fluids and reperfused organs. A~ that is generated by donation of a
single electron to a radical species is reduced back to ascorbate by NADH-
dependent reductases present in microsomal membranes (Lumper et al, 1967;
Schulze et al, 1970), as well as by cytosolic thioredoxin reductase (May et al,
1998). A~ reduction occurs with high affinity, with apparent Km values for the A™
of 2 uM or less. Since ascorbate is primarily a one-electron donor, these processes
likely account for the bulk of ascorbate recycling in the cell. If there is A~
generated in excess of what the enzyme systems can handle, A~ dismutation both
regenerates ascorbate and forms DHA (Figure 5). The latter is reduced by
redundant high capacity but low affinity systems in all mammalian cells. For
example, endothelial cells and macrophages possess both GSH and NADPH-
dependent mechanisms for recycling ascorbate (May et al, 2001, 2003), although
GSH-dependent ascorbate recycling was not observed in HL-60 leukemic cells

(Guaiquil et al, 1997), or human skin keratinocytes (Savini et al, 2000). GSH and
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other cellular thiols can also directly reduce DHA to ascorbate (Winkler et al,
1994), although this process is not as efficient as enzyme-mediated reduction.
Since no vascular cells can synthesise ascorbate directly, their intracellular
ascorbate concentrations are determined by the combined actions of ascorbate

transport into the cell and recycling within the cell.

2.3. Reactive Nitrogen Species (RNS)

2.3.1.Nitric oxide (NO")

A small molecule, officially called nitrogen monoxide (NO’) is a colourless
gas. Nitric oxide contains an unpaired electron in a ©*2p antibonding orbital, thus
it is a paramagnetic molecule and a free radical. NO" is generated by specific nitric
oxide synthases (NOSs) which metabolise arginine to citrulline with the formation

of NO' (Figure 6) via a five electron oxidative reaction (Ghafourifar et al, 2005).

FIH2 NH,
C=NH: NADPH NADP+ l::D
((|3H2}3 + 02 M (|CH2}3 +
HOOC — CH NO Synthase = HOOC —CH
“NH; ‘LH;
L-Arginine L-Citrulline

Figure 6. Oxidation of L-arginine to L-citrulline plus NO® (adapted from
Ghafourifar et al, 2005).
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It is moderately soluble in water (7.4 at 0°C; ml/dl) and more soluble in organic
solvents, therefore NO°, such a small molecule can readily diffuse through the
cytoplasm and plasma membranes (Chiueth, 1999). NO™ has a half-life of only a
few seconds (~3-5s)(Czapski et al, 1995; Ignarro et al, 1993) in an aqueous
environment, because it binds avidly with haemoglobin (Hb) but has greater
stability in an environment with a lower oxygen concentration (half-life ~ 15s). In
aqueous aerobic solution NO™ reacts with molecular oxygen to nitrite (NO,)
(Ignarro et al, 1993; Czapski et al, 1995). The kinetics of this reaction was studied
by several research groups (Lewis et al, 1994; Kharitonov et al, 1994) and was
found to follow second order kinetics with respect to NO™ and first order with
respect to O,. Inactivation of NO” in aerobic solutions is therefore governed by a
third-order law with an overall rate constant the range of 6.3 to 11.5 x 10° M's™!
(Kharitonov et al, 1994; Czapski et al, 1995). Consequently, NO' is relatively
stable at concentrations in the nanomolar range (half-life of ~80 min. at 100 nM)
but is rapidly inactivated at higher concentrations (half-life of ~50 s. at 10 uM).
Therefore, when NO' is generated by a donor compound the autoxidation reaction
will be negligible in the initial phase but will become progressively effective as
long as NO’ concentrations rise.

The maximum rate constant of NO" disappearance due to binding with Hb was k =
2 x 10° M's™ (Hakim et al, 1996). There are three isoforms of NOS:

a. Neuronal NOS (nNOS)- Type 1

b. Inducible NOS (iNOS)- Type 11

c. Endothelial NOS (eNOS)- Type 111
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NO® can react with O,” to generate potentially deleterious oxidants such as
peroxynitrite (ONOO ) and NO, (Hsiai et al, 2007; Patcher et al, 2007). Indeed, it
has been hypothesised that much of the toxicity associated with high levels of NO’
is a result of formation of these oxidants. However, the ability of NO' to react with
radicals also predicts that it can have antioxidant properties. That is, NO can
combine with another radical leading to termination of radical chain reactions.
Probably the best example of the antioxidant properties of NO' is the effect it can
have on lipid peroxidation (Wink et al, 1993; Hogg et al, 1993; Rubbo et al, 1994,
1995; Struck et al, 1995). Free radical chain processes occur in membranes
because the membrane PUFA are susceptible to radical initiation processes and
undergo the well-known PUFA radical chain autoxidaton (Pryor, 1966, 1976).
Lipid alkoxyl (LO") and peroxyl (LOQ") radicals are important intermediates in
these lipid autoxidation processes. Nitric oxide can behave as an antioxidant or as
a pro-oxidant in lipid autoxidations, depending on the experimental conditions
(O’Donnell et al, 1997,1999, 2001; Hiramoto et al, 2003). The antioxidant action
of NO" occurs by chain-breaking termination reactions of NO” with LO" and LOO’

radicals, as in Equations 10,11.

LO" + NO'—LONO (10)
LOO" + NO'—-LOONO (11)

Thus, depending on conditions, NO" can act as an oxidant or antioxidant. The
reaction of nitric oxide with LOO" results in the formation of an alkyl
peroxynitrite (LOONO), which can homolyse to generate a geminate radical pair,

NO; and an alkoxyl radical (LO").
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NO' is an abundant reactive radical that acts as an important oxidative biological
signalling molecule in a large variety of diverse physiological processes including
neurotransmission, blood pressure regulation, defence mechanisms, smooth
muscle relaxation or immune regulation (Bergendi et al, 1999). Interest in NO’
arose because of the discovery of its multiple important physiological roles (Gow
et al, 2000; Stratford et al, 1997). NO" concentrates in lipophilic cellular regions
with a partition coefficient of 8:1, and can inhibit LPO a thousand times more
potently than a-tocopherol e.g. by 15-lipoxygenase (15-LOX)(Figure 7)(O’Donnell
et al, 1999). NO" has effects on neuronal transmission as well as on synaptic

plasticity in the central nervous system.
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Figure 7. Potential sites of nitric oxide reaction during 15-LOX oxidation of lipid
(adapted from O’Donnell et al, 1999). Three sites of potential NO" reaction are shown.
(i) During peroxide (LOOH) activation of LOX, 2 mol of NO" are consumed, via reaction
with an electron (e ) released from the ferrous enzyme (E,.) to form nitroxyl anion
(NO ). Secondary reactions of NOwill consume further NO* molecules, for example,
reaction of NO with O, or with further NO' molecules, as shown. (ii) During
dioxygenase turnover, NO is consumed through reaction with E,.,LOO’ to form reduced
inactive enzyme (E,.) and an organic peroxynitrite (LONOO). This hydrolyses to the
hydroperoxide (LOOH) and nitrite (NO, ). (iii) at higher NO® concentrations a ferrous
nitrosyl complex, which slowly decomposes, yielding active enzyme. NO is consumed by
enzymatic turnover of LOX.
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