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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
-1

 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=O, 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 
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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 5min and 10min 

of venous cannulation, respectively  (403 ± 178 AU/√G; 462 ± 93 AU/√G, 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 5min 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 (↓∆O2Hb-oxyhaemoglobin), ↑∆HHb- deoxyhaemoglobin ), 

although increased regional blood volume (↑∆tHb- total haemoglobin). From the end 

of global ischaemia to 10 min after the regional muscle oxygenation progressively 

back to the start data point (↓∆HHb, ↑∆O2Hb). 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 (pO2), elucidate 

a potentially important role for oxidative stress in provoking an appropriate 

vasodilation (NO-bioavailability) during the I-R period. 

This work demonstrates that; 

� 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. 

� 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. 

� 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. 

� 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 bc1 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-

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 

µl – microlitre 

µmol – micromol 

•
OH – hydroxyl radical  

1
O2 – 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 – α-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 c peroxidise 

CD – conjugated diene 
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CDD – critical difference determination  

cGMP – cyclic guanosine monophosphate  

cm – centimetre  

CO2 – carbon dioxide 

Cu – copper 

CuZnSOD – copper-zinc superoxide dismutase 

CVa
2
 – coefficient of analytical variation  

CVw
2
 – 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  

DYm– 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 

H2O – water 

H2O2 – hydrogen peroxide 



xix 

 

Hb – haemoglobin 

HCC – hyperfine coupling constans  

Hct – haematocrit 

HF – the Hartree-Fock method 

HHb – deoxyhaemoglobin 

HMb – deoxymyoglobin 

HNE – 4-hydroxy-2-nonenal 

HNO2 – nitrous acid 

HOCl – 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 – Møller-Plesset perturbation theory  

MPG- antioxidant N-(2-mercaptopropionyl)-glycine  

MPT – mitochondrial permeability transition pore  

N – Avogadro’s number 

N2 – nitrogen 

N2O3 – nitrogen (III) oxide 

NADPH – reduced form of  nicotinamide adenine dinucleotide phosphate 

NHE – Na
+
-H

+
 exchange inhibitors 
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NIRS – near infrared resonance spectroscopy 

NMR – nuclear magnetic resonance spectroscopy 

NO
+
 – nitrosonium cation 

NO
•
 – nitric oxide 

 NO2
•
 – nitrogen dioxide 

NOSs – nitric oxide synthases 

O2 – oxygen 

O2
•
 – superoxide anion 

O2Mb – oxymyoglobin 

O3 – ozone  

ONOO

– Peroxynitrite  

UQ
•
- mitochondrial ubisemiquinone  

P – level of significance 

PBN – α-phenyl-N-tert-butylnitrone  

POBN- α-(4-Pyridyl 1-oxide)-N-tert-butylnitrone 

pCO2 – partial pressure of carbon dioxide 

PCV – 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 

PVO2- the partial pressure of oxygen in venous blood 

RNS – reactive nitrogen species 

RO
•
 (LO

•
) – alkoxyl radicals 

ROO
•
 (LOO

•
; LO

•
2 ) – peroxyl radical  

ROS – reactive oxygen species 

RPM – revolutions per minute 

RSNO – nitrosothiols 

s – second(s)  

SaO2 – arterial haemoglobin oxygen saturation  

SBP – systolic blood pressure  

SD – standard deviation 
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SOD – superoxide dismutase 

SPSS – statistical package for the social sciences  

SQM – supersymmetric quantum mechanics  

STO – Slater-type orbital  

TBV – tissue blood volume  

tHb – total haemoglobin 

TR – thioredoxin reductase 

TRAP – telomere repeat amplification assay 

TTC – triphenyltetrazolium chloride  

VDAC – voltage dependant anion channel  

  . 
 VO2- muscle oxygen uptake 

 

W – watts 

∆ – difference 

∆BV – percent change in blood volume  

∆PV – percent change in plasma volume  

∆ψ – mitochondrial membrane potential 

ψ – wave functions  
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1.0. General Introduction 

 

 

 A great number of physiological functions are controlled by redox-responsive 

signalling pathways (Dröge 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 (t1/2 ≈ from 10-3 to 10-9s; 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; Dröge, 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 
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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 
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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 (pO2). 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. 
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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=O, 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-
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31+G(d,p), B3LYP/6-311++G(d,p), UB3LYP/EPR-II, SCRF(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. 
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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 pO2, pCO2, 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 pO2, pCO2, pH, Hb and Hct as a blood gases and 

metablic parameters. 

 

(B) To examine and quantify total haemoglobin (∆tHb), oxyhaemoglobin (∆O2Hb) 

and deoxyhaemoglobin (∆HHb) as a differences in absorption spectra for 

oxygenated and deoxygenated haeme groups using NIRS. 
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(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. 
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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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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 



 
16 

 

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 13C and 1H hyperfine couplings (hfcs) have been 

available from EPR spectroscopy studies for some time (Laroff et al, 1972) no 

data have been reported for 17O hyperfine couplings. This lack of 17O couplings 

plus the absence of sign information for the 13C and 1H 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 (•). 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+/ H2O                                                                                                  +2310 

•OR, H+/ ROH (aliphatic alkoxyl radical)                                                      +1600 

ROO•, H+/ ROOH (alkyl peroxyl radical)                                                      +1000 

HOO•, H+ /H2O2                                                                                              +1060 

O2
•, 2H+ /H2O2                                                                                                 +940 

GS•/GS  (glutathione)                                                                                      +920 

PUFA•/H+/PUFA-H (bis –allylic-H)                                                                +600 

TO•, H+/ TOH (tocopherol)                                                                              +480 

H2O2, H
+/ H2O, •OH                                                                                         +320 

Ascorbate
•
, H

+
/ascorbate monoanion                                                           +282 

Fe+3 EDTA/ Fe+2 EDTA                                                                                   +120 

O2/ O2
•                                                                                                               -330 

Fe+3 DFO/ Fe+2 DFO (desferal)                                                                         -450 

O2, H
+ / HO2

•                                                                                                     -460 

RSSR/ RSSR• (GSH)                                                                                      -1500 

H2O/ e aq                                                                                                       - 2870 

                                                                                                                                                                 

 

Table 1. One-Electron Reduction Potentials (E°´) 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 (Dröge, 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 (O2
•), nitric oxide (NO•), nitrogen dioxide (NO2

•) and peroxyl 
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(ROO•). Peroxynitrite (ONOO), hypochlorous acid (HOCl), hydrogen peroxide 

(H2O2), singlet oxygen (1O2), ozone (O3), nitrous acid (HNO2) and dinitrogen 

trioxide (N2O3) are not free radicals but can easily lead to free radical reactions in 

living organisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 (O2
•), which can be dismutated to form hydrogen peroxide 

(H2O2) and the highly reactive hydroxyl radical (•OH ) in the presence of Fe2+ 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, 2006). 

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
2+

, 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 LOO• 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-O•). 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 (A•−). 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 α-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
2+

  to 

form lipid alkoxyl radicals (LO•), or much slower with Fe
3+

 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. O2
• results from mitochondrial electron 

transport chain leakage, ischaemia-reperfusion (I-R), auto-oxidation reactions, 

respiratory burst involving phagocitic cells and continuous production of O2
• by 

the vascular endothelium to neutralise nitric oxide (NO•)( Young et al, 2001). The 

primary mechanism of O2
• production during exercise appears to be from 

mitochondria. H2O2 is produced by a variety of intracellular reactions, although 

the predominant pathway is by dismutation of O2
• 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 O2
• and 

H2O2. 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 O2
•, which can yield other ROS via numerous 

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

 

2.2.1.  Superoxide anion (O2
•
) 

 

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 O2 molecule, it must enter one of the π antibonding 

orbitals. The product is called superoxide anion (O2
•) and the production of O2

• 

occurs mostly within the mitochondria (electron transport chain) of a cell 

(Halliwell et al, 1989; Cadenas et al, 1998). Physiological concentrations of O2
•
 

approaches 10 mM (Cuzzocrea et al, 2001) and compared with other free radicals, 

O2
•
 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 

O2
• the biologically relevant free radicals derived from oxygen are the 

perhydroxyl radical (protonated superoxide, HO2
•), the hydroxyl radical (•OH) and 

free radical nitric oxide (NO•). With only one unpaired electron, superoxide is less 

of a radical than is O2 itself, despite it’s “super” name. O2
• 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, O2
• can reduce some biological materials (e.g., cytochrome c) and 

oxidise others such as ascorbate. During energy transduction, a small number of 

electrons “leak” to oxygen prematurely, forming the oxygen free radical O2
• 

(Valko et al, 2004; Kovacic et al, 2005). Complex I can produce O2
• as well as 

hydrogen peroxide (H2O2), through at least two different pathways. During 

forward electron transfer, only very small amounts of O2
• 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 O2
• 

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 O2
• instead of contributing to the reduction of oxygen to 

water (Boh et al, 1982). O2
• 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 O2
•  production (Barja, 1999; Muller et al, 

2004).  

Recently it has been demonstrated that Complex I-dependent O2
• 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 O2
• but measurements of hydrogen peroxide (H2O2) 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). O2
• 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 109 M-1s-1)(Nagy et al, 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mitochondrial ROS Production and Defence (adapted from Baty et al, 
2009). Superoxide (O2

.-
) generated by the respiratory chain is mostly released to the 

matrix at complex I and the IMS ( intermembrane space) at complex III (indicated by 

stars). O2
.-
 can naturally dismute to hydrogen peroxide (H2O2) or is enzymatically 

dismuted by matrix MnSOD (1) or Cu/ZnSOD (2) in the IMS or cytosol. H2O2 is detoxified 

in the matrix by catalase (3), the thioredoxin/thioredoxin peroxidase system (4), or the 

glutathione/glutathione peroxidase system (5). Alternately, H2O2 can react with metal ions 

to generate the highly reactive hydroxyl radical (
.
OH) via Fenton chemistry (6). O2

.-
 is not 

membrane permeable but can pass through ion channels (solid lines), whereas H2O2 can 

pass freely through membranes (dashed lines). IMM- inner mitochondrial membrane; 
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OMM- outer mitochondrial membrane; O2
.-
- superoxide; H2O2- hydrogen peroxide; 

MnSOD- manganese superoxide dismutase; Cu/ZnSOD- copper/zinc superoxide 

dismutase; CAT- catalase; THD, NADH transhydrogenase; TR- thioredoxin reductase; 

TPx- thioredoxin peroxidase; TRx
red

- reduced thioredoxin; TRx
ox

- oxidized thioredoxin; 

GSH- glutathione; GSSG- glutathione disulfide; IMAC- inner membrane ion channel; 

VDAC- voltage dependant anion channel; DYm- membrane potential. 

 

The reactivity of O2
• 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 O2 

toxicity has been the Gerschman’s free radical theory of oxygen toxicity named 

the Superoxide Theory of O2 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 O2
•, by components such as enzymes, auto-oxidation, heam 

proteins, mitochondrial electron transport, endoplasmic reticulum or bacteria (E. 

Coli). 

O2
• 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); 

 

          cyt c (Fe (III)) + O2
• → O2 + cyt c (Fe (II))                                              (1) 

 

O2
• can also act as an oxidising agent, e.g. can oxidise ascorbate (Nishikimi,  

1975;  Fesseden et al, 1978); 

 

AH2 + O2
• → A• + H2O2        k = 2.7 x 105 M-1s-1    at 25˚ C pH= 7.4                (2) 
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O2
• 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 + O2
• + H+ → enzyme-NAD• + H2O2                                     (3) 

 

In summary, tissue toxicity from extracellular O2
• 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 H2O2 

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; 

� Fenton chemistry ( the interaction of copper or iron)  

Fe2+ + H2O2           Fe3+ + •OH + OH 

� Haber-Weiss reaction ( free radical formed from O2
• and H2O2)  

Haber–Weiss reaction (O2
•+H2O2 → •OH + O2+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, 1984): 

 

                      •OH + •OH→ H2O2     k = 5 x 109 M-1s-1                                         (4) 

 

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 
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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-OHdG)( 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 O2, 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 (RO2
•
) and Alkoxyl (RO

•
) radicals 

 

RO2
• 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 HO2
•, can be regarded as the 
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simplest RO2
•, which is the protonated form (conjugate acid, pKa ~ 4.8) of O2

• and 

is usually termed either hydroperoxyl radical or perhydroxyl radical. For example, 

RO2
• radicals oxidise ascorbate and NADH (Cohen, 1975), the latter leading to 

O2
• formation in the presence of O2; 

 

              RO2
• + NADH → RO2H + NAD•                                                             (5) 

 

              NAD• + O2 → NAD+ + O2
•                              k ≈ 109 M-1s-1                  (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 RO2
• 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. RO2
• 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). 
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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 O2 is 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 



 
36 

 

significance. When a chain-breaking antioxidant such as vitamin C is added to the 

solution, it scavenges LO• and LO•
2 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;                                                                                                     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
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 (-CH2-) 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 -CH2-, 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-

HO2
•, RO•(E°´≈ +1600 mV)  and RO2

•(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 

O2, especially as O2 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 

RO2
• (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). RO2
• are capable of abstracting H from another lipid 

molecule, i.e. an adjacent fatty-acid side-chain; 

 



 
38 

 

                        ROO• + CH → -ROOH + C•
                                                        (7) 

 

This is the propagation stage of lipid peroxidation (Svingen et al, 1979). The 

carbon radical formed can react with O2 to form another RO2
• and so the chain 

reaction of LPO can continue. The RO2
• 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 RO2
•
 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 (A
·−

) 

 

 

        The body contains many antioxidants, water-soluble compounds such as 

ascorbic acid and glutathione and lipid-soluble antioxidants such as α- 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 µM)(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 is 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 + Men+                  
A

·− + Me(n-1)+          

                                 Ascorbate2- + O2                   A
·−

 + O2
•¯                                 (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 µM 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 π*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). 

 

 

 

 

 

 

 

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 (NO2
)  

(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 O2. 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 106 M-1s-1 

(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 µM). 

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 105 M-1s-1 (Hakim et al, 1996). There are three isoforms of NOS: 

a. Neuronal NOS (nNOS)- Type I 

b. Inducible NOS (iNOS)- Type II 

c. Endothelial NOS (eNOS)- Type III 
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NO• can react with O2
•  to generate potentially deleterious oxidants such as 

peroxynitrite (ONOO) and NO2 (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 (LOO•) 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, 

NO2 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 α-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 (Ered) to form nitroxyl anion 

(NO

). Secondary reactions of NO


will consume further NO

•
  molecules, for example, 

reaction of NO

 with O2 or with further NO

•
  molecules, as shown. (ii) During 

dioxygenase turnover, NO
•
  is consumed through reaction with EredLOO

•
 to form reduced 

inactive enzyme (Ered) and an organic peroxynitrite (LONOO). This hydrolyses to the 

hydroperoxide (LOOH) and nitrite (NO2

). (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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A role for NO• has also been demonstrated in such human diseases as malaria 

where NO• appears to be partly involved in resistance to malarial infection (Riley 

et al, 2006), in cardiovascular disease (Levy et al, 2009; Strijdom et al, 2009; 

Rudolph et al, 2009), acute inflammation (Tilg et al, 2008), cancer (Nanni et al, 

2009; Parkins et al, 1995), neurodegenerative diseases (Knott et al, 2009; Zhu et 

al, 2007), and diabetes (Szabo, 2009; Dawson et al, 2009; Sobrevia et al, 1997).  

During reperfusion, abnormally high amounts of O2
• converts almost all available 

NO• to ONOO- regarded as the agent causing most of the damage to brain 

capillary endothelial cells (Schaller et al, 2004). Damage to the endothelium not 

only increases oedema (tissue swelling due to "leakiness"), but causes endothelial 

protrusions "blebbs" which can block capillaries (Ono et al, 1993). Moreover NO• 

has been implicated in adult respiratory distress syndrome, septic shock, 

hypertension, thrombosis, renal failure, AIDS encephalopathy, bronchospasm, 

stroke and male impotence (Bailey et al, 2009; Canning et al, 2001; Adamson et 

al, 1996; Maree et al, 1994). Nitric oxide readily binds certain transition metal 

ions, and many of its physiological effects are exerted as a result of its initial 

binding to Fe(II) haem groups in the enzyme guanylate cyclase (Archer, 1993). For 

example, NO• synthesised by the vascular endothelial cells that line the interior of 

blood vessels presumably diffuses in all directions, but some of it will reach the 

underlying smooth muscle, bind to guanylate cyclase and active it. As a result 

more cyclic GMP is made, which lowers intracellular free Ca(II) and relaxes the 

muscle, dilating the vessel and lowering blood pressure (Torfgard et al, 1994).      
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2.4.   Transition Metal Ions  

 

All metals in the first row of the d-block in the periodic table, except zinc, 

contain unpaired electrons and can thus qualify as free radicals. The ability of 

transition metal ions to undergo facile one-electron oxidation or reduction makes 

them obvious potential chemical partners for reactions involving biological free 

radicals with advantageous or deleterious biological effects (Halliwell et al, 1985). 

Iron is by far the most abundant transition metal in the human body because of its 

roles in oxygen binding and transport and electron transport as potential mediators 

of •OH generation under normal physiological conditions in the iron/copper-

catalysed Haber-Weiss reaction. Because of the central and essential roles of iron 

in the metabolism of all aerobic organisms, humans have evolved some peculiar 

ways of dealing with it. These peculiarities provide opportunities for the cause of 

diseases related to iron absorption, transport, and metabolism, as well as for the 

exacerbation of general mechanisms of disease involving free radical injury. Iron-

catalysed generation of ROS has been implicated in the pathogenesis of many 

disorders including atherosclerosis (Salonen et al, 1992) cancer (Loeb et al, 1988), 

ischaemia reperfusion injury (White et al, 1985; Katoh et al, 1992) and conditions 

of iron overload (Burkitt et al, 1991), such as haemochromatosis, which is one of 

the most prevalent genetic disorders in Western countries. The excess iron induces 

cellular injury and functional abnormalities in hepatocytes by the process of lipid 

peroxidation in lysosomal, mitochondrial and microsomal membranes (Britton et 

al, 1987). Lipid peroxidation is a likely outcome of oxidative stress in biological 

systems, and its measurement is often used as a method of assessing the degree of 

oxidative damage. 
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2.4.1. The Fenton Chemistry 

 

Fenton chemistry is a prime example of damaging free radical reactions 

catalysed by transition metals. A mixture of H2O2 with a Fe2+ salt oxidises many 

different organic molecules and can provoke a whole series of radical reaction. In 

vivo, •OH are most likely generated from superoxide anions via an iron-catalysed 

Fenton reaction (Halliwell, 1982). 

EPR studies have demonstrated the ability of iron bound to transferrin to catalyse 

•OH formation in the presence of O2
• 

(Bannister et al, 1982). However, these 

results have subsequently been questioned (Baldwin et al, 1984). Another source 

of iron is the intracellular pool, where iron is principally bound to ferritin. It has 

been recently shown in vitro that O2
• are capable of releasing iron from ferritin, 

thereby allowing the formation of •OH (Thomas et al, 1985). Alternatively, the 

presence of low molecular weight iron chelates has been hypothesised (Jacobs, 

1977). Mechanism of Fe (II) – initiated Fenton’s reaction;    

      

                                                                              Rate Constans (M
-1

s
-1)

 at pH=5  
                                                                             (Walling, 1975;Kwan et al, 2002) 

 

a. Fe (II) + H2O2 → Fe (III) + •OH + OH                       k = 5.7 x 102  M-1s-1 

b. Fe (III) + H2O2 → Fe (II) + HO2/O2
 + H+                   k = 2.6 x 10-3M-1s-1 

c. H2O2 + •OH → HO2/O2
 + H2O                                     k = 3.3 x 107M-1s-1 

d. Fe (III) + HO2/O2
 → Fe (II) + O2 + H+                        k = 3.1 x 105M-1s-1 

e. Fe (II) + •OH → Fe (III) + OH                                    k = 3.2 x 108M-1s-1 

f. Fe (II) + HO2/O2
 → Fe (III) + H2O2                            k = 6.6 x 106M-1s-1 

g. HO2/O2
 + HO2/O2

 → H2O2                                         k = 2.3 x 106M-1s-1 

h. •OH + HO2/O2
 → H2O + O2                                         k = 8.9 x 109M-1s-1 

i. •OH + •OH → H2O2                                                       k =5.2 x 109M-1s-1     (12) 
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The generally accepted mechanism for the Fenton process identifies •OH as the 

active oxidising intermediate in the system (Haber et al, 1932, 1934; Barb et al, 

1951; Walling, 1975). According to this mechanism (Equation 12), the 

combination of ferrous iron and hydrogen peroxide induces a series of chain 

reactions initiated by the degradation of peroxide to the •OH and the hydroxide ion 

(reaction 12a). Thehydroxyl radical serves as a chain carrier that may react with 

Fe(II), H2O2, or any organic species present. These reactions may either propagate 

the chain cycle, through the production of additional radicals (superoxide and its 

conjugate acid, reaction 12c) that can reduce Fe(III) back to Fe(II) (reaction 12d), 

or terminate the chain by oxidising Fe(II) (reactions 12e,f). When reaction 12b is 

taken into account, Fe(III) may also be considered a chain carrier, producing Fe(II) 

and superoxide, although this cycling occurs at a much slower rate (k2 « k3, k4). 

Additional chain termination reactions include the more minor radical-radical 

recombination pathways (reactions 12 f,g,h). Depending on the type of organic 

species present, reactions with •OH may either propagate the chain by producing 

HO2
•/ O2

• or organic radicals capable of reducing Fe(III) directly, or terminate the 

cycle by scavenging •OH (Walling, 1975). 

Extrapolated to biological systems, these information suggest that tissues exposed 

to an increased concentration of iron and/or copper (e.g., liberated from internal 

stores) may be prone to oxidative damage related to the metal ion-O2-mediated 

free radical production. This might be indeed so, because transition metals, when 

liberated from intracellular stores, are probably present in reduced forms (Keyer et 

al, 1996; Qian et al, 1999). If it is taken for granted that increased pool of low 

molecular mass iron and copper is present in ischaemic tissues (Nayni et al, 1985; 

Gower et al, 1989; Voogd et al, 1992), it becomes apparent that reperfusion, which 
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induces tissue injury in a mechanism involving •OH (Bolli, 1991), creates 

particularly favourable conditions for the metal ion-O2 reaction to occur. This is 

because:  

(i) this reaction is fast enough to account for the reperfusion-induced production 

of free radicals;  

(ii) O2, catalytic metals, and their reductants (including enzymatically produced 

O2
•) are abundant;  

(iii) intracellular pH rapidly changes in the alkaline direction (Bauza et al, 1995) 

in the reperfused tissue (Harris et al, 1973) to facilitate metal ion-O2 

chemistry. 

 

Oxygen-derived active species, including free radicals, have been implicated in 

tissue injury following ischaemia and reperfusion of the heart (McCord, 1985; 

Garlick et al, 1987; Arroyo et al, 1987; Zweier et al, 1987) and brain (Krause et 

al, 1988; Cao et al, 1988; Watson et al, 1989) as well as in various other 

pathologies (Halliwell et al, 1984). Their production from relatively low-reactive 

species has been proposed to be mediated by redox active metal ions (Aust et al, 

1985; Chevion, 1988). Indeed, circumstantial evidence was presented to support 

the causative role of newly mobilised redox active iron in tissue injury (Nayini et 

al, 1985; Holt et al, 1986). Iron chelation has provided protection against tissue 

injury following ischaemia (Myers et al, 1985, 1986), whereas the addition of 

Fe(III) and Fe(II) to the perfusate increased the rate of injury in hearts subjected to 

ischaemia and reperfusion (Bernier et al, 1986; Karwatowska-Prokopczuk et al, 

1992). 
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The recovery of myocardial high-energy phosphate metabolism and left 

ventricular contractility after a period of global ischaemia suggesting that iron-

catalysed •OH formation plays a key role in the pathogenesis of reperfusion injury. 

Despite these theoretical considerations, relatively little is known about the role of 

iron in this pathogenesis of postischaemic myocardial reperfusion damage. 
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3.0.   Antioxidants 

 

The word "antioxidant" comes from the Greek "anti," meaning "against," 

plus "oxys," referring to oxidation. So, antioxidants are molecules that work 

against oxidative damage to our body, such as that caused by free radicals (Matill, 

1942). Antioxidants terminate these chain reactions by removing free radical 

intermediates, and inhibit other oxidation reactions by being oxidised themselves. 

As a result, antioxidants are often reducing agents such as thiols, ascorbic acid, α-

tocopherol or polyphenols (Sies, 1991). Exposure to free radicals from variety of 

sources has led organisms to develop a series of defence mechanisms. The 

antioxidant defence systems in the human body are extensive and consist of 

multiple layers that protect at different sites and against different types of free 

radicals (Bendich et al, 1986; Frei et al, 1989; Buettner, 1993; Sharma et al, 

1993;  Gutteridge, 1995; Cuzzocrea et al, 2001; Halliwell, 2006). Antioxidants, 

have been found to slow, block or reverse oxidative changes in body substances 

and cells. The system of antioxidant used by aerobes is complex, but it seems 

generally true that organisms have only sufficient defences to cope with their 

normal exposure to O2 (Niki, 1987). Hyperoxia or increased free-radical generation 

by other mechanisms, often include antioxidant enzymes. Indeed, this is part of the 

evidence for their importance in vivo. Enzymatic antioxidant defences include 

superoxide dismutase (SOD), catalase (CAT), glutathione peroxidise (GPx), 

Cytochrome c peroxidise (CcP), Horseradish peroxidase (HRP). Non-enzymatic 

antioxidants are represented by ascorbic acid ( Vitamin C), α-tocopherol (Vitamin 

E), glutathione (GSH), carotenoids, flavenoids and other antioxidants(Buettner, 

1993). Under physiological conditions there is a balance between both the 
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activities and the intracellular levels of these antioxidants. This balance is essential 

for the survival of organisms and their health (Halliwell, 2006). 

 

3.1.    Enzymatic antioxidants 

 

3.1.1. Superoxide dismutase (SOD) 

 

In 1969, SOD was discovered  by Fridovich (Fridovich, 1974) and McCord 

(McCord et al, 1969, 1988). Superoxide dismutases are a class of enzymes that 

catalyse the dismutation of superoxide into oxygen and H2O2. There are three 

major families of superoxide dismutase, depending on the metal cofactor: Cu/Zn, 

Fe and Mn types and finally the Ni type. They are an important antioxidant 

defence in nearly all cells exposed to oxygen. SOD remove O2
• by catalysing its 

dismutation, one O2
• being reduced to H2O2 and another oxidised to O2 (Halliwell, 

2006). 

                              

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Protection of erythrocytes against oxidative damage. MR (methaemoglobin 

reductase),SOD (Cu-Zn superoxide dismutase), CAT (catalase), GP (glutathione 

peroxidase), GR (glutathione reductase), PPP (pentose phosphate pathway). 

Haemoglobin is oxidized by H2O2 to damaging ferryl/amino-acid radicals and degraded 

by excess H2O2 with loss of haem and iron ions so it is important that erythrocytes dispose 

of H2O2 rapidly (Fridovich, 1978).  
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The SOD enzymes, which remove O2
• by accelerating the dismutation reaction, 

are of great importance in allowing organisms to survive in the presence of O2 and 

to tolerate increased O2 concentrations (Figure 8)(Fridovich, 1978; Halliwell et al, 

1984). Since SOD enzymes are specific for O2
• as substrate, it follows that O2

• 

must be a toxic species- Theory of Oxygen Toxicity (Gershman et al, 1954). It is 

now accepted that the biological role of SOD is to scavenge O2
•, which is known 

to be generated in-vivo in amounts increasing with O2 exposure, so SOD is an 

important antioxidant enzyme. Thus SODs react with •OH, peroxyl/alkoxyl 

radicals and singlet oxygen because they contain histidine and other side chains 

that react with these species. SOD is biologically necessary because superoxide 

reacts even faster with certain targets such as NO• (k=3.8- 6.7 x 109 M-1s-1) (Huie 

et al, 1993; Goldstein et al, 1995; Kobayashi et al, 1995), which makes 

peroxynitrite. Similarly, the dismutation rate is second order with respect to initial 

superoxide concentration. Thus, the half-life of superoxide, although very short at 

high concentrations (e.g. 0.05 seconds at 0.1mM) is actually quite long at low 

concentrations (e.g. 14 hours at 0.1 nM). Treatment with SOD decreases ROS 

generation and oxidative stress and therefore inhibits endothelial activation and 

factors that govern adhesion molecule expression and leukocyte-endothelial 

interactions (Segui et al, 2004). 
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3.2.    Non-enzymatic Antioxidants  

 

3.2.1. Ascorbic acid (Vitamin C) - C6H8O6 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Structure of vitamin C 

 

A vitamin is a biochemical compound necessary in small amounts for the 

function of an organism. Vitamins must be obtained externally when the organism 

cannot synthesise enough of the compound on its own and are classified by their 

biological and chemical activity e.g. antioxidant function for vitamin C or D. In 

humans there are 13 vitamins: 4 fat-soluble (A, D, E and K) and 9 water-soluble (8 

B vitamins and vitamin C)(Herbert, 1980; Iqbal et al, 2004). The level of 

ascorbate in human plasma is between 11-80µM/L (0.5-1.5 mg/l)(Kaplan et al, 

1989). Deficiency of ascorbate in the human diet causes scurvy (Carpenter, 1909; 

Pauling, 1976). 

Pure ascorbic acid (Figure 9) is a white crystalline solid, freely soluble in water 

(33g/dl at 20°C)( Roche Report No. B 107899) and occurs in chemical forms of L-

xylo-ascorbic acid and D-xylo-ascorbate. L-xylo-ascorbate is without vitamin 

activity (no antioxidant)(Iqbal et al, 2004). It has at its chemical core a 5-



 
60 

 

membered lactone ring. On this ring is a bi-functional ene-diol group with an 

adjacent carbonyl group. Ascorbic acid is available in reduced form as L-ascorbic 

acid and oxidized form as L-dehydroascorbate (DHA). Both forms are 

physiologically active (active antioxidants) forms of vitamin C. Vitamin C is 

easily oxidised, and the majority of its functions in-vivo rely on this property 

(Figure 10). Aqueous solutions of ascorbate are stable at pH 7.4 unless transition 

metal ions are present, which catalyse rapid ascorbate oxidation. Copper and iron-

induced oxidation of ascorbate produces H2O2 and OH•. Since pKa1 is 4.25 and 

pKa2 is 11.8, a mono-anion which is called ascorbate (Iqbal et al, 2004) is the 

favoured form at physiological pH (7.35-7.45)(Figure 5,10). 
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               1                                           2                                        3 

 

                                                      

                     

             ascorbic acid                                         ascorbate monoanion                          dehydroascorbic                                         

                                                                                                                                                 

                                                4                             

  

 

 

 

                                                           5                                                                               
 

 

                                                                               

                                                          

                                                                     ascorbate free radical                                                       

  
 

 
 
Figure 10. Oxidation mechanism of Vitamin C. The loss of one electron results in the 

A
·−

, a very stable π-radical (2) with the unpaired electron delocalised over the highly 

conjugated tri-carbonyl system. Loss of a second electron yields dehydroascorbic (3). 

Ascorbic acid is a diacid (pK=4.1). This acidity is a result of the resonance stabilisation 

of the monoanion form(AH

). pK=11.8 of it is far removed from it’s pK=4.1. This is easily 

rationalised:the loss of the two stabilising resonance structures,2 i 4 to form 3 results in a 

structure with additional negative charge to stabilise, yet there is a loss of intramolecular 

hydrogen bonding and thus less ability to delocalise the negative charge. Thus, at pH= 

7.4 ≈99,9 % of ascorbate will be present as the monoanion, ≈0.06% as the diacid and 

≈0.01% as ascorbate dianion. A
·−

 is a strong acid having pK=-0.86. Thus it will exist as a 

monoanion over the entire biological range (Niki 1991; Buettner et al, 1996; May et al, 

1998) 

 

 



 
62 

 

The most outstanding chemical characteristics of the ascorbic acid is it redox 

properties (Bielski, 1982). It can undego a reversible oxidation-reduction 

(Michaelis reaction)(Michaelis, 1933) process with a free radical intermediate 

(Figure 5,10). Low concentrations of ascorbate are required for prooxidant 

conditions (the rate of the antioxidants reactions of ascorbate will be slowed, the 

longer chain length of radical reaction (more oxidative damage will occur), while 

high concentrations are needed for antioxidant conditions (the small chain length  

of these radical processes (little damage)), thus is crossover effect(Buettner et al, 

1996). The situation with catalytic ions is the same; very low levels of catalytic 

ions, ascorbate will serve always as an antioxidant and high level of catalytic ions, 

the ascorbate could be dangerous (promotion and acceleration of the PUFA)(Niki, 

1987) and additional supplementation of ascorbate could be detrimental (Girotti et 

al, 1985; Miller et al, 1989). Ascorbate is a reactive reductant, but it’s free radical 

is relatively non-reactive (E°´=+282mV), since has it’s unpaired electron in a 

highly delocalised π-system (Table 2) and decays by disproportionation to 

ascorbate and dehydroascorbic acid (Figure 10). These properties make ascorbate 

a superior biological antioxidant, since it’s at the bottom of the pecking order, 

hierarchy for free radicals reactions using one-electron reduction potentials  (Frei 

et al, 1989; Halliwell 1989; Krinsky, 1992; Niki, 1991; Sharma et al, 1993; 

Buettner, 1993). 
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Redox Couple                                             pH                            Rate Constant 

                                                                                                                  (M
-1

s
-1

) 

A• -  A•                                                        8.7                                     2.8 x 105 

A•- dopamine                                               8.4                                     3.6 x 102 

A•- O2                                                          8.6                                   < 5.0 x 102 

A• - cytochrome c                                       7.4                                       6.6 x 103      

 

Table 2. Interaction of A• with various biochemical compounds (adapted from 
Bielski et al, 1975) 

 

The A·− reacts preferentially with itself thus terminating the propagation of free 

radical reactions. This concept is supported by many laboratories (Barr et al, 

1956; Rao 1962; Ogura et al, 1970; Borg et al, 1978). These experiments not only 

show that ascorbate is a good reducing agent but also that it’s free radical was the 

most stable radical species in each of the systems studied. It reduces oxygen-, 

nitrogen- and sulphur-centred radicals. The stability and non-reactivity suggest 

that A·− is a relatively non-toxic species, a state consistent with the antioxidant role 

ascorbate plays in biological systems (Galleano et al, 2002).  

Reactions that ascorbate and A·− undergo with molecular oxygen are biologically 

important since they may occur in the human body. EPR studies shown that a 

steady state concentration of A·− is formed when ascorbate reacts with either H2O2 

at pH= 4.8 or O2 in the pH range 6.6-9.6 (Yamazaki et al, 1960, 1961; Ljones et al, 

1979).Autoxidation of ascorbate at pH=7.8 is inhibited by addition of SOD, the 

enzyme that catalyses the disproportionation of O2
• (Equation 13)(Fridovich, 

1974; Puget et al, 1974) 

 

                                       O2
• + O2

• + 2H+ → H2O2 + O2                                     (13) 
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Such inhibition suggests that O2
• may be generated as an intermediate during 

autoxidation (Equation 14). 

 

                                          AH+O2 → A•+ O2
•+ H +                                          (14) 

 

 

Absence of O2
• in oxygenated neutral or alkaline solutions suggests that oxidation 

mechanism involves a single two-electron oxidation. However, reaction rates of 

ascorbate/ ascorbic acid with O2 are low and strongly pH dependent (Weissberger 

et al, 1943; Blaug et al, 1972). A·− in such solutions could arise from a secondary 

reaction between ascorbate and dehydroascobic acid (Equation 15). 

 

                                             A + AH  → 2A•+ H +                                            (15) 

 

Ascorbate can act synergistically with α-tocopherol (vitamin E)(Tappel, 1968). 

Vitamin E acts as the primary antioxidant and the resulting α-tocopheroxyl radical 

(E•) then reacts with ascorbate to regenerate vitamin E (Equation 16).  

 

 

Vitamin E• + AH→Vitamin E +A•    k=1.55x106M-1s-1(Packer et al,1979)       (16) 

   

 

A·− can disproportionate to ascorbate and dehydroascorbic acid or be 

enzymatically reduced back to AH by an NADH-dependent system (Packer et al, 

1979; Schneider et al, 1965). Although vitamin E is located in membranes and 

vitamin C in aqueous phases, vitamin C can recycle vitamin E, thereby permitting 
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vitamin E to function again as a free radical chain-breaking antioxidant to protect 

membrane lipids from damage (Elstner, 1990; Buettner,  1992). 

There is no convincing evidence for toxicity of high-dose ascorbate in healthy 

humans.  

Ascorbate is required in vivo as a cofactor for at least eight enzymes, of which the 

best known are proline hydroxylase and lysine hydroxylase, involved in the 

biosynthesis of collagen (Mariggi et al, 2009; Brody, 1994), the basis of 

connective tissue, which is found in skin, ligaments, capillary wells and the bones 

and teethes. Vitamin C is required to export the procollagen molecules out of the 

cell. Both these enzymes contain iron at their active sites. Collagen synthesised in 

the absence of ascorbate is insufficiently hydroxylated and doesn’t form fibres 

properly, giving rise of poor wound-healing and fragility of blood vessels. It also 

helps in the metabolism of cholesterol, increasing its elimination and thereby 

assisting lower blood cholesterol (Rath, 1993). Ascorbic acid contributes to the 

synthesis of the amino acid, carnitine and catecholamines that regulate the nervous 

system. It may also play a role in detoxifying by-products of respiration and helps 

the body to absorb iron and break down histamine, the inflammatory component of 

many allergic reactions (Gaby et al, 1991).  
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3.2.2. α-tocopherol (Vitamin E)- ( C29H50O2) 

 

 

 

 

 

 

 

Figure 11. Structure of α-tocopherol 

 

Vitamin E (Figure 11) is a fat-soluble molecule, which tends to concentrate 

in the interior of membranes and in lipoproteins and is essential in the diets of all 

other animals. It has three asymmetric carbon atoms, giving eight optical isomers, 

four tocopherols is derived from tocol, which contains 26 carbon saturated side 

chains and four tocotrienols, which contains a tripolyunsaturated side chain (Chen 

1989). Normally, the plasma α-tocopherol level is 5 to 20 µg/mL (11.6 to 46.4 

µmol/L)(The Merck manual, 2009). The Recommended Dietary Allowance (RDA) 

for vitamin E for adults is 15 mg/day (22.5IU)( Food and Nutrition Board, 

Institute of Medicine, 2000). 

Short-term absence of vitamin E from the human diet doesn’t cause any specific 

deficiency disease, although low vitamin E levels in premature babies can 

predispose to haemolytic anaemia, probably due to increased fragility of the 

erythrocyte membrane (Farrell, 1979). It’s chronic absence causes a wide variety 

of symptoms including sterility, haemolysis, muscular degeneration in male 

animals (Olson, 1973). Patients with abetalipoproteinaemia have negligible plasma 
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α-tocopherol concentrations and eventually develop neuronal damage, retinal 

degeneration and abnormally shaped erythrocytes. Vitamin E in adults show 

virtually no toxicity, although it can effect blood coagulation activity by 

interfering with the action of vitamin K to diminish platelet aggregation, perhaps 

by affecting prostacyclin synthesis to enhance vasodilation (Traber, 2001; Traber 

et al, 2007). There is no evidence that human muscular dystrophy or multiple 

sclerosis respond to vitamin E administration. Results of a large observational 

studies suggest that increased vitamin E consumption is associated with decreased 

risk of myocardial infarction (heart attack) or death from heart disease (Kushi et al, 

1996). To date, most clinical trials have found that vitamin E supplementation has 

no effect on the risk of various cancers, except a possible benefit against 

development of prostate cancer (Lee et al, 2005). 

Tocopherols and tocotrienols inhibit lipid peroxidation largely because they 

scavenge lipid peroxyl radicals much faster than these radicals can react with 

adjacent fatty acid side-chains (10 M-1s-1) or with membrane proteins. Rate 

constants are about 8 x 104 M-1s-1 for the reaction (Buettner et al, 1993); 

 

                      α-TocH + LO2
• → α-Toc• + LO2H                                                (17) 

 

The tocopheroxyl radical (α-Toc•) has a reduction potential of +480mV, thus it too 

will be repaired by ascorbate (reduction potential +282mV) (Buettner et al, 1993). 

Despite lipid-soluble properties of vitamin E the phenol-group of vitamin E in 

located at the water-soluble membrane interface, which is the basis of its 

antioxidant action (Burton et al, 1986; Fukuzawa et al, 1993). 
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This reaction is an avenue for the export of oxidative free radicals from the 

membrane. Thus, TOH protects the membrane by stopping the propagation 

reactions of lipid peroxyl radical. Vitamin C helps to maintain tissue levels of 

vitamin E and may partially prevent the degradative metabolism of vitamin E 

through it’s antioxidant property (Jayanthi et al, 1982; Bendich et al, 1984).  

A possible mechanism for the interaction of vitamin E and ascorbic acid has been 

proposed by Tappel (Tappel, 1968). Vitamin E acts as the primary antioxidant and 

the resulting oxidised vitamin E reacts with vitamin C to regenerate vitamin E 

(Figure 12). (Barclay et al, 1983; Bascetta et al, 1983; Doba et al, 1985; Buettner 

et al, 1996). 

 

PUFA•                   Vitamin E                   Oxidised                   GSH 
                                                                  Vitamin C 
 
 
                               Oxidised                                                      Oxidised                            
PUFA                   Vitamin E                    Vitamin C                   GSH  
 
 
 
 
 
Figure 12. Interaction between vitamin E and  vitamin C through the glutathione 
system (GSH)(adapted from Tappel 1968) 

 
 
 

 

Vitamin C and vit. E are essential antioxidants that perform their roles in different 

cell locations. While the first acts in water-soluble components the second one 

does it in lipid-soluble zones. Thus, when both vitamins are used together, all cell 

components could be protected against the oxidative damage (Levine et al, 1999). 
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4.0. Oxidative stress 

 

The term oxidative stress is widely used in the free radical literature but it is 

rarely defined. Oxidative Stress is a general term used to describe the steady state 

level of oxidative damage in a cell, tissue or organ, caused by the ROS/RNS  and 

determined by the balance between pro- and antioxidant forces (Kopani et al, 

2005). The balance is not perfect, however, so that some ROS/RNS-mediated 

damage occurs continuously and damaged molecules have to be repaired (e.g. 

DNA) or replaced (e.g. most oxidised proteins)(Tuteja et al, 2001). In low 

concentrations, they are thought to act as mediators and modulators of cell 

signaling and contribute to other key functions such as regulating the activity of 

transcription factors and gene expression (Finkler, 2003; Nathan, 2003). In 

contrast, high levels of free radicals have been associated with hypertension, 

atherosclerosis, diabetes, heart failure, sepsis, as well as the aging process 

(Ungvari et al, 2003). Since the initial observation that O2
• and other free radicals 

inactivate NO (Wei et al, 1985), it has become increasingly apparent that this may 

contribute to the origin and progression of vascular dysfunction in many of these 

pathologies (Faraci et al, 2004;  Taddei et al, 2001). Different antioxidants are 

needed to protect against these various events, and there is no universal marker of 

oxidative stress. Oxidative stress is produced in cells by oxygen-derived species 

resulting from cellular metabolism and from interaction with cells of exogenous 

sources such as carcinogenic compounds, redox-cycling drugs and ionising 

radiations (Figure 13)(Currey, 2005). The best known ROS species generated 

from O2 include the O2
•, •OH and ONOO. These can cause cellular dysfunction 

and sometimes cell death. Oxidative stress conditions are created upon reperfusion 
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of the ischaemic myocardium and during ischaemia itself (Bolli, 2007). Ischaemia 

causes alterations in the defense mechanism against oxygen free radicals. In man, 

there is evidence of oxidative stress during surgical reperfusion of the whole heart 

or after thrombolysis and it is related to transient left ventricular dysfunction or 

stunning (Bolli, 1991; Ferrari et al, 1998). 

ROS have the capability to damage both vascular cells and cardiac myocytes 

directly and increased ROS production is associated with the etiopathogenesis of 

atherosclerosis and cardiomyopathy in humans (Madamanchi et al, 2007). Acute 

myocardial infarction (AMI), commonly known as heart attack occurs when the 

blood supply to part of the heart is interrupted. Myocardial I-R injury might occur 

following blood restoration after a critical period of coronary occlusion 

(Goldhaber et al, 1992). It is a clinical problem associated with procedures such as 

thrombolysis, angioplasty, and coronary bypass surgery, which are commonly 

used to re-establish the blood flow and minimise damage of the heart due to severe 

myocardial ischaemia. 

In principle, oxidative stress can result from: 

i) Diminished antioxidants, e.g. mutations affecting antioxidant defence 

enzymes. Depletions of dietary antioxidants and other essential dietary 

constituents can also lead to oxidative stress. 

ii) Increase production of ROS/RNS, e.g. by exposure to elevated O2 or ↓O2, 

the presence of toxins that are metabolised to produce ROS/RNS or are themselves 

reactive species, e.g. NO2
• or excessive activation of natural ROS/RNS-producing 

systems, e.g. inappropriate activation of phagocytic cells in chronic inflammatory 

diseases.  
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A better understanding of oxidative stress mechanisms may lead to novel 

therapeutic strategies. 
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Figure 13. The role of free radicals in cell injury. When cells are injured, large 

amounts of free radicals can accumulate rapidly depleting anti-oxidants and allowing free 

radicals to react with critical biochemical components of the cell. Free radicals can 

attack the double bonds of unsaturated phospholipids in cell membranes which eventually 

degrade the structural integrity of cell membranes. Free radicals also impair the 

functions of enzymes by causing fragmentation of polypeptide chains or the cross-linking 

of sulfhydryl (-SH) groups in proteins. Free radicals also cause strand breaks or 

abnormal cross-linking in DNA (adapted from Currey, 2005).  
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5.0. Ischaemia- Reperfusion (I-R) 

 

Ischaemia causes alterations in the defence mechanisms against oxygen free 

radicals, mainly a reduction in the activity of mitochondrial superoxide dismutase 

and a depauperation of tissue content of reduced glutathione. At the same time, 

production of oxygen free radicals increases in the mitochondria and leukocytes 

and toxic oxygen metabolite production is exacerbated by re-admission of oxygen 

during reperfusion(Ferrari et al, 2004). 

I-R is a serious heart problem due to death of cardiomyocytes. Exposure of 

cardiomyocytes to I-R lead to excessive apoptosis (Neuzil et al, 2007). 

 It is difficult to determine the oxygen levels available to cells in the body. It has 

been shown that the arterial circulation in humans has a partial pressure of oxygen 

(pO2) of 80–100 mmHg (1 mmHg = 133 Pa) which is equivalent to 10–12.5% O2 

(Steurer et al, 1997). pO2 levels in the inner vascular retina are ~ 20mmHg which 

is equal to 3–6% O2. Thus, we estimated that in standard culture conditions 

(ambient 20% oxygen), cells are exposed to 2–5 fold higher concentrations of 

oxygen than they would likely encounter in vivo. Therefore, intermediate hypoxia 

is the oxygen tension defined as greater than 0.1% but less than 2% (Olive et al, 

2002). Oxygen supply is crucial to cell metabolism and viability. It was reported 

that mitochondrion is involved in oxygen sensing besides consuming oxygen as a 

major function (Haddad, 2002). Mitochondria are thought to be both a major 

source of ROS as well as a major target for ROS damage (Dröge, 2002).  

It was proposed that low oxygen tension decreases the rate of mitochondrial ROS 

generation, resulting in a decrease of oxidative stress. A widely accepted model of 

hypoxic cell signaling is that  mitochondrial ROS generation increases in hypoxia 
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(Bailey et al, 2006; Bell et al, 2005; Waypa et al, 2002 ,2005; Duranteau et al, 

1998; Bolli et al, 1988, 1995). This is proposed to occur via O2 limitation at the 

terminal enzyme in the mitochondrial respiratory chain, cytochrome c oxidase 

(complex IV), causing a backup of electrons in the proximal chain and increased 

electron leak to form O2
•. More recently, this model has been refined to propose 

that hypoxia may induce a conformational change in complex III of the 

mitochondrial respiratory chain (ubiquinol cytochrome c oxidoreductase), which 

facilitates interaction between the ubisemiquinone radical and O2, to enhance O2
• 

formation (Guzy et al, 2005; Mansfield et al, 2005). Another possible mechanism 

for increased mitochondrial ROS generation in hypoxia stems from the ability of 

oxidised cytochrome c to scavenge O2
• (Butler et al, 1975).  

However, an overriding paradox exists in the above models because the 

availability of the critical substrate for O2
• generation, O2, is limited in hypoxia. 

This raises an important question: how can O2 be limited enough to inhibit 

complex IV yet still be sufficient to afford O2
• generation? In response to this 

paradox, an alternative hypothesis has been proposed wherein mitochondrial ROS 

generation decreases during hypoxia (Archer et al, 1993; Moudgil et al, 2005; 

Weir et al, 2005), and this decrease acts as a hypoxic signal. An importance of all 

the models described above is that the machinery for both O2 sensing and ROS 

generation is contained within the mitochondrial respiratory chain itself; i.e., the 

mitochondrion comprises an autonomous signaling unit. If this is the case, it 

follows that mitochondria in isolation should behave like those inside cells and 

adjust their ROS generation (up or down) in response to hypoxia.   

The notion of increased mitochondrial ROS under hypoxic conditions is based on 

the hypothesis that O2 limitation at complex IV triggers ROS generation at 
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upstream respiratory complexes. From such a hypothesis, it follows that the 

signaling mechanism for increased mitochondrial ROS in response to hypoxia is 

intrinsic to the mitochondrial respiratory chain. The biochemical or signalling 

mechanism for ROS generation in response to hypoxia is not an intrinsic part of 

the respiratory chain that is present in isolated mitochondria. It is important to 

emphasise that this conclusion does not preclude the possibility that mitochondrial 

ROS generation can increase in response to hypoxia in intact cells; it merely posits 

that the mechanism by which mitochondria may generate ROS in hypoxia is more 

complicated than purely O2 limitation at complex IV and backup of electrons in 

the respiratory chain. There are several possible reasons for the apparent 

divergence. One possibility is that hypoxia may elicit ROS generation from non-

mitochondrial sources, including NADPH oxidases, xanthine oxidase, or cytosolic 

peroxidases (Waypa et al, 2005). Indeed, a recent study (Aley et al, 2005) in 

endothelial cells concluded that ROS from both NADPH oxidases and 

mitochondria are equally important in hypoxia-induced Ca2+ mobilisation. Isolated 

mitochondria are also deprived of small signaling molecules that can impact on 

ROS generation (Brookes et al, 2002). One such molecule is NO, a potent 

inhibitor of mitochondrial complex IV (Brookes et al, 2002, 2003; Cooper et al, 

2003). Complex IV inhibition by NO increases its KM for O2, such that ROS 

generation by upstream complexes would be activated at higher O2 levels (Cooper 

et al, 2003). Of note, hypoxia was found to trigger a paradoxical increase of O2
• 

(Guzy et al, 2005). Despite the low oxygen tension during ischaemia, moderate 

ROS generation is substantiated to occur most probably from a mitochondria 

source, notably complex I and III (Guzy et al, 2005, 2006, Becker, 2004; 

Kasparova et al, 2005; Lombardi et al, 1998). There is a positive correlation 
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between mitochondrial membrane potential (∆ψ) and production of ROS by 

electron transport. It has been suggested that even though only low levels of ROS 

are generated during ischaemia, this ROS can lead to damage to the electron 

transport chain (Lesnefsky et al, 2004; Sack, 2006) generating O2
•; this damage is 

then thought to lead to increased ROS production because of inefficient transfer of 

electrons. The concept that free radical injury may occur during ischaemia is 

supported by studies showing reduction of infarct size with antioxidant agents 

administered in the setting of a permanent coronary occlusion (Akizuki et al, 1985; 

Przyklenk et al, 1987). Whether there is an increase in ROS during ischaemia in an 

intact heart, however, is less clear. All data suggest that generation of ROS in heart 

during ischaemia is likely to be heterogeneous depending on the level of tissue 

oxygenation, which will depend on factors such as collateral flow. Furthermore, 

Bolli and co-workers used EPR and the spin trap agent (α-phenyl-N-tert-

butylnitrone-PBN), demonstrated in canine model of myocardial stunning 

produced by a 15-minute coronary occlusion and subsequent reperfusion in 30 min 

open-chest dogs, that free radicals are generated not only after but also during 

ischaemia (Bolli et al, 1988). Even in a global model of ischaemia, oxygen does 

not immediately fall to zero, so there is initially some oxygen to generate ROS. 

This data were consistent with the trapping by PBN of secondary oxygen-and 

carbon-centered radicals,such as alkoxy and alkyl radicals, which could be formed 

by reactions of primary oxygen radicals with membrane lipids. The inverse 

relation between collateral flow during coronary occlusion and radical production 

after subsequent reperfusion suggests that the mechanisms responsible for the 

abnormal metabolism of oxygen a reactivated by ischaemia and the intensity of 

such activation is determined by the intensity of flow reduction.In a sense, it 
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appears that the amount of free radicals that will be produced by the heart after 

reperfusion (and the consequent cell damage) are already "predetermined", at least 

in part, before flow is restored (Bolli et al, 1988, 1995). However, the levels of 

ROS generated during ischaemia are low, and the pathological significance of 

them remains uncertain (Arroyo et al, 1987; Becker et al, 1999; Cascio et al, 

1992; Kevin et al, 2003). 

The role of ROS in I-R injury has been extensively studied (Arroyo et al, 1987; 

Garlick et al, 1987; Bolli et al, 1988; Zweier, 1988; Pietri et al, 1990; Vergely et 

al, 2003). ROS has been measured by EPR using spin traps (PBN, POBN, AMPO, 

DMPO), added to the perfusate to trap the short-lived radicals that are released 

into the perfusate (Arroyo et al, 1987; Garlick et al, 1987; Bolli et al, 1988; 

Zweier, 1988). All these studies have consistently demonstrated a burst of ROS 

generation during reperfusion (Figure 14)(Arroyo et al, 1987; Garlick et al, 1987; 

Bolli et al, 1988; Kevin et al, 2003; Vanden Hoek et al, 1996; Zweier et al, 1987). 

The increase in ROS observed during reperfusion may originate from a different 

cellular source than during ischaemia and remains to be identified. During 

reperfusion, with the return of oxygen, a large burst of ROS has been consistently 

shown to occur (Arroyo et al, 1987; Bolli et al, 1988; Garlick et al, 1987; Kevin et 

al, 2003; Vanden Hoek et al, 1996; Zweier et al, 1987, 1988).  

McCord provided that the primary source of superoxide in reperfused 

reoxygenated tissues appears to be the enzyme xanthine oxidase, released during 

ischaemia by a calcium-triggered proteolytic attack on xanthine dehydrogenase 

(McCord, 1985).  Oxyradical injury could theoretically occur during ischaemia because 

relatively  low oxygen tensions are sufficient to generate ROS and the collateral 

circulation present in the human heart is sufficient to achieve such tensions. Indeed, it has 
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been calculated that  a collateral flow of 10% of normal (which  is less than that observed 

in the canine ischemic subepicardium) will provide sufficient oxygen  to saturate the 

xanthine oxidase reaction (Akizuki et al, 1985). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 14. Time course of myocardial release of PBN adducts after 15 min of 
ischaemia. Myocardial stunning was produced in open-chest dogs by a 15-min coronary 

occlusion followed by reperfusion. Myocardial production of free radicals was assessed 

using the spin trap PBN, which reacts with free radicals to form PBN adducts. The 

antioxidant MPG (antioxidant, N-(2-mercaptopropionyl)-glycine) was infused directly 

into the occluded-reperfused coronary artery. Infusion of MPG started 1 min before 

reperfusion markedly suppressed production of free radicals in stunned myocardium. 

Infusion of MPG started 1 min after reperfusion did not affect initial production of free 

radicals and produced a delayed suppression that became evident by 10 min of reflow. 

Because only MPG given attenuated postischemic dysfunction, these data suggest that the 

free radicals important in myocardial stunning are those generated immediately after 

reperfusion. (adapted from Bolli et al, 1989) 
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The exact sources of oxyradical production in the stunned myocardium remain 

unclear. In the canine and rat models of myocardial stunning, xanthine oxidase 

appears to be a source of free radicals (Charlat et al, 1987; Xia et al, 1995), 

whereas it is now definitely established that neutrophils are unimportant (Bolli 

1993; O’Neill et al, 1989). The role of xanthine oxidase in humans is uncertain 

because data regarding the myocardial content of this enzyme in the human heart 

are conflicting (Jarasch et al, 1986; Eddy et al, 1987). There are several other 

processes that could generate free radicals during reperfusion, including activation 

of the arachidonate cascade, autoxidation of catecholamines and other compounds, 

activation of various NAD(P)H oxidases, and, perhaps more importantly, damage 

of the mitochondrial electron transport chain and Fenton chemistry. The released 

Fe2+ can participate in the Fenton reaction, generating highly reactive •OH 

(Fe2++H2O2 →Fe3++•OH+OH-). O2
• participates in the Haber-Weiss reaction  (O2•-

+H2O2 →O2+
•OH+OH-), which combines a Fenton reaction and the reduction of 

Fe3+ by superoxide, yielding Fe2+ and oxygen (Fe3++ O2•-→ Fe2++ O2 (Liochev et 

al, 2002). 

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. This hypothesis was extensively tested in the 1980s (Bolli et al, 1989, 

1995). Studies consistently demonstrated that production of ROS during I-R in 

turn lead to tissue injury causing serious complications in organ transplantation, 

cerebrovascular accidents, ruptured arterio-venous malformations, stroke, 

peripheral artery occlusive disease and myocardial infarction and concluded, that  

restoration of blood flow after a period of ischaemia can actually be more 

damaging than the ischaemic event itself (Goode et al, 1994; Gersh, 1998; 
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Bruinsma et al, 2001; Kasparova et al, 2005; Recto et al, 2007; Levonen et al, 

2008; Raman et al, 2008; Wang et al, 2008).  

It was found that production of free radicals continues for at least 3 hours 

following reflow (Bolli et al, 1988). The were consistent with the trapping by PBN 

of secondary oxygen-and carbon-centered radicals, such as alkoxy and alkyl 

radicals,which could be formed by reactions of primary oxygen radicals with 

membrane lipids (Bolli et al, 1989).  

Therefore, it is possible that reperfusion may be associated with prolonged radical-

mediated damage and that antioxidant therapy given after reperfusion may still be 

beneficial. Treatment of in-vivo and in-vitro hearts with antioxidants, eg. MPG 

(antioxidant, N-(2-mercaptopropionyl)-glycine), reduced ROS and stunning (Bolli, 

1989). In contrast to the general agreement regarding ROS and stunning, there is 

considerable controversy and disagreement regarding the role of ROS in reducing 

infarct size. Although a number of studies find that addition of antioxidants or 

scavengers such as superoxide dismutase and catalase reduce infarct size 

(Ambrosio et al, 1986; Chi et al, 1989; Kilgore et al, 1994; Naslund et al, 1986), 

there are a similar number of studies that find no reduction in infarct size (Downey 

et al, 1991; Gallagher et al, 1986; Nejima et al, 1989; Ooiwa et al, 1991; Uraizee 

et al, 1987). Others have suggested that antioxidants can delay but not prevent 

infarction (Miki et al, 1999). Antioxidants such as vitamins C and E have also 

been suggested to scavenge ROS and reduce ischaemic injury (Qin et al, 2006). 

Results of at least five large observational studies suggest that increased vitamin E 

consumption is associated with decreased risk of myocardial infarction (heart 

attack) or death from heart disease in both men and women. Each study was a 

prospective study that measured vitamin E consumption in presumably healthy 
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people and followed them for a number of years to determine how many were 

diagnosed with or died as a result of heart disease. In two of the studies, 

individuals who consumed more than 7 mg/day of alpha-tocopherol in food were 

only approximately 35% as likely to die from heart disease as those who 

consumed less than 3-5 mg/day of alpha-tocopherol (Knekt et al, 1994; Kushi et 

al, 1996). Two other large studies found a significant reduction in risk of heart 

disease only in women and men who consumed at least 100 IU of supplemental 

vitamin E daily (Rimm et al, 1993; Stampfer et al, 1993). More recently, several 

studies have observed plasma or red blood cell levels of vitamin E to be inversely 

associated with the presence or severity of carotid atherosclerosis detected using 

ultrasonography (Cherubini et al, 2001; Gale et al, 2001; McQuillan et al, 2001). 

A randomised, placebo-controlled, intervention trial in 39,876 women 

participating in the Women's Health Study found that supplementation with 600 

IU of vitamin E (400 mg of vitamin E) every other day for ten years had no effect 

on the incidence of various cardiovascular events (myocardial infarction and 

stroke). Two other large trials in individuals with evidence of cardiovascular 

disease (previous heart attack, stroke, or evidence of vascular disease) found that 

daily supplements of 400 IU of natural vitamin E  or 300 IU of synthetic vitamin E 

did not significantly change the risk of a subsequent heart attack or stroke (Lonn et  

al, 2005; Yusuf et  al, 2000; Boaz et al, 2000). A trial in patients with either 

vascular disease or diabetes mellitus found that daily supplementation with 400 IU 

of natural alpha-tocopherol for an average of seven years had no effect on major 

cardiovascular events (myocardial infarction or stroke) or deaths; however, this 

study noted a slightly increased risk of heart failure in subjects taking vitamin E 
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supplements (Lonn et al, 2005). Thus, results of clinical trials using vitamin E for 

the treatment of heart disease have been inconsistent.   

A meta-analysis of 68 randomised trials found that supplemental vitamin E, singly 

or in combination with other antioxidant supplements, did not significantly alter 

risk of all-cause mortality (Bjelakovic et al, 2007). At present, there is no 

convincing evidence that vitamin E supplementation up to 800 IU/day increases 

the risk of death from cardiovascular disease or other causes.           

The concept that ROS is an important contributor to I-R injury is likely correct 

however, the ability to translate this knowledge into clinical therapy is very 

complex. Delivery of the antioxidants (superoxide dismutase) or Na+-H+ exchange 

(NHE) inhibitors to the right compartment at the right time period is very difficult 

to achieve in controlled animal studies and even more difficult in patients. As a 

result of the controversy in the animal studies and the failed clinical trials, it is 

often concluded that inhibition of ROS will not influence infarct size. A more 

realistic assessment is that to have a significant benefit in reducing infarct size 

requires the correct delivery (at the start of reperfusion) of mitochondrial targeted 

antioxidants perhaps in conjunction with other therapies (reduction in Ca2+, or 

inhibitors of the mitochondrial permeability transition pore (MPT))(Pain et  al, 

2000; Forbes et  al, 2001).  

Two critical factors are required to improve the outcome of a patient with an acute 

ischaemic event. First, the patient must survive any arrhythmias, since the majority 

of deaths caused by AMI occur before hospitalisation (Zheng et al, 2001) and 

second, infarct size needs to be limited, because in patients with AMI who do not 

die of out-of-hospital arrhythmias, the prognosis is dependent on the amount of 

myocardium that is lost as a result of I-R injury (Pffefer et al, 1990; Miller et al, 
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1995). Limitation of myocardial I-R injury is also of paramount importance in the 

setting of global myocardial ischaemia associated with surgical procedures such as 

coronary artery bypass graft (CABG). Despite the considerable progress that has 

been made to date, high-risk subsets of patients (i.e., repeat CABG, unstable 

angina, LV dysfunction, diabetes, old age) continue to exhibit postoperative 

complications, including prolonged contractile dysfunction (stunning), low-output 

syndrome, perioperative myocardial infarction, and cardiac failure, requiring 

prolonged intensive care. Thus, in patients experiencing an AMI and in those 

undergoing CABG surgery, there is a compelling, but still unfulfilled, need to 

protect the ischaemic myocardium (Bolli et al, 2004). The increasing emphasis on 

reductionistic approaches, while both understandable and useful, has led to an 

increasing use of models that do not adequately approximate actual clinical 

circumstances (e.g., isolated hearts, isolated myocytes, insufficient duration of 

ischaemia). While these models provide important mechanistic information, they 

do not reflect the complex multifactorial interactions that modulate myocardial 

ischaemia in-vivo and that are likely to have a critical impact on clinical 

effectiveness. 
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     6.0.   Computational Chemistry 

 

Computational chemistry, sometimes called theoretical chemistry, is a 

relatively new discipline of chemistry and has evolved in parallel with the 

continually increasing power of computers to assist in solving chemical problems 

using quantum mechanics, which describes the fundamental behaviour of matter at 

the molecular level and applies new theoretical methodologies (Segal, 1977). It 

uses the results of theoretical chemistry, incorporated into efficient computer 

programs, to characterise and predict the structures, properties of molecules and 

stability of chemical systems, to estimate relative energy differences between 

states, electronic charge distributions, dipoles and higher multipole moments and 

vibrational frequencies to explain reaction pathways at the atomic level (Mora et 

al, 1998; O’Malley, 2001; Dimitrova et al, 2006). These results normally 

complement experimental information and it can in some cases predict unobserved 

classical phenomena. This is important when assessing biologically-relevant free 

radical reactions since the kinetics are so “fast”.  There are two broad areas within 

computational chemistry dedicated to the structure of molecules and the reactivity 

of molecular species. These are molecular mechanics and electronic structure 

theory. Both perform the same basic types of calculation, but from different 

theoretical approaches, described below: 

a. Geometry optimisation 

       When undertaking geometry optimisation the co-ordinates of each of the 

atoms are adjusted to minimise the overall molecular energy of the molecule, 

resulting in the most stable chemical species and reaction transition states, 

respectively, and are therefore of great interest to chemical researchers. Geometry 
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optimisations depend primarily on the gradient of the energy and calculating the 

first derivative of the energy function with respect to atomic positions of the 

molecules determines many properties, e.g. stationary value or state (Hehre et al, 

1986; Hinchliffe, 1987). To categorise the stationary value or state, the second 

derivative is then analysed. The process is repeated until a suitable energy 

minimised state is reached e.g. the program reaches convergence as it finds a 

stationary point, and then the calculation ends producing the optimised geometry 

of the molecule.   

b. Vibrational Spectra 

     This involves computing the vibrational frequencies of molecules from 

interatomic motions within the molecule. Calculation of the second derivative of 

the energy with respect to atomic motions enables the calculation of the frequency 

of the bonds for a particular molecular structure (Pople et al, 1970). This is turn 

allows a spectrum to be generated so that the identifying bonds can be analysed. 

The frequency calculations may predict some other useful properties of a 

molecule, which are zero point energy, thermal energy, and those properties also 

depend on the second derivative of the energy. 

 

6.1.  Ab-initio Methods 

 

    Ab-Initio is translated from Latin and means from the beginning. These 

methods  are based on quantum chemistry, which is a branch of theoretical 

chemistry that applies quantum mechanics and quantum field theory to address 

issues and problems in chemistry (Cramer, 2000, 2004). The description of the 

electronic behaviour of atoms and molecules as pertaining to their reactivity is one 
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of the applications of quantum chemistry which lies on the border between 

chemistry and physics, and significant contributions have been made by scientists 

from both fields. It has a strong and active overlap with the field of atomic physics 

and molecular physics, as well as physical chemistry. The methods are thus based 

on theories which range from highly accurate, but are suitable only for small 

systems, to very approximate, but suitable for very large systems and indicates 

that the calculation is from first principles and that no empirical data is used. This 

method yields good results, very comparable with the semi-empirical, PM3 

calculations (Dolenc et al, 2006). Unlike semi-empirical calculations, ab-initio 

methods calculate every quantity from first principles. This makes ab-initio 

calculations significantly more time consuming than semi-empirical calculations, 

but potentially more accurate. The accuracy of the results can be improved by 

using a higher level of theory, or a larger basis set. 

The Hartree-Fock (HF) method is an approximate method for the determination of 

the lowest-energy state called the Ground-State Wave Function and Ground-State 

Energy of a quantum many-body system (Grigorenko et al, 2001). Because HF 

theory ignores correlation and because in it’s ab-initio formulation, no attempt is 

made to correct for this deficiency, HF theory cannot realistically be used to 

compute heats of formation (Lymar et al, 1977). However, this theory, in spite of 

its fairly significant fundamental assumption is very useful for providing initial, 

first-level predictions for many systems and was adopted as useful in the ab-initio 

philosophy, since it provides a very well-defined stepping stone towards to more 

sophisticated theories (Foresman, 1996). It is also reasonably good at computing 

the structures and vibrational frequencies of stable molecules and some transition 

states. As such, it is good base-level theory. The origin of the Hartree-Fock (HF) 
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method dates back to the end of the 1920’s, soon after the derivation of the 

Schrödinger Equation in 1926, provides a general mathematical method for 

applying to a simple, one-dimensional system (Schrödinger, 1926 ). In 1927 

Hartree-Fock introduced a procedure, which he called the Self Consistent Field 

Method to calculate approximate wave functions and energies for atoms and ions. 

The first ab-initio Hartree-Fock calculations on diatomic molecules were carried 

out in 1956 using a high quality basis set of Slater-type orbital (STO) (Boys et al, 

1956; Shani, 1956) and the first calculation with a larger basis set was published 

by Ransil and Nesbet respectively in 1960 (Ransil, 1960 ; Nesbet, 1960). 

Gaussian 03W software incorporates ab-initio methods. They involve first 

principles implied in the name ab-Initio and on the values of small number of 

physical constants which are the speed of light, masses and charges of electrons 

and nuclei, and the Planck Constant. This method has not used experimental 

parameters in the computations but provides high quality quantitative predictions 

for a broad range of systems. Gaussian offers the entire range of electronic 

structure methods and also this work provides guidance and examples (James et 

al, 1995). Early ab-initio programs were quite limited in the size of system they 

could handle. However, this is not true for modern ab-initio programs. Gaussian 

03W can compute the energies and related properties for systems containing a 

dozen heavy atoms in just a few minutes on a typical workstation or PC. This 

method can handle jobs within as many as one hundred atoms. Corresponding 

larger systems can be handled on supercomputer systems, based upon their 

specific CPU performance characteristics. This method is also capable of handling 

any type of atom, including metals.  
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6.2. The Schrödinger Equation 

 

The HF method is the central starting point for most ab-initio quantum 

chemistry methods and is typically used to solve the time-independent 

Schrödinger Equation (Eisenhart 1948) for a multi-electron atom or molecule but 

that equation is insoluble in a practical sense for all but the most simple of systems 

(Cramer, 2000). This is an equation that describes how the quantum state of a 

physical system varies and is primarily applied to microscopic systems, such as 

electrons and atoms, but is sometimes applied to macroscopic systems. This 

equation relates to the earlier question of the description of systems at the atomic 

or molecular level in classical or quantum terms and allows treatments of systems 

at this level as both waves (a classical concept) and particles (a quantum concept). 

It also permits from first principles (ab-initio) the determination of the many 

molecular functions, such as geometric, spectroscopic and thermodynamic 

properties of biological and other materials by Hamiltonian (Jensen, 2004) 

operations (H) on approximate wave functions (ψ) of estimated molecular models 

which are then refined by successive iteration to stable minimum energy (E) states 

from which many properties can be determined. The inputs to the calculation 

include the coordinates of the model, the masses of the particles and the value of 

the Planck constant (6.6 × 10-34 m2 kg / s)(Planck, 1901; Mohr et  al, 2008).  

The wave functions (ψ) are related to the molecular orbital of the electrons in the 

model which are expressed as a linear combination of a pre-defined set of one-

electron functions known as the basis set which are available at successive levels 

of approximation. For many real-world problems the Hamiltonian does not depend 

on time. The Schrödinger Equation, can to a good approximation be separated into 



 
88 

 

one part, which describes the electronic wave function for a fixed nuclear 

geometry, and another part, which describes the nuclear wave function, where the 

energy from the electronic wave function plays the role of a potential energy 

(Equation 18). 

In its simplest form the time-independent Schrödinger Equation is (Eisenhart 

1948; James et al, 1995); 

                                                       Ĥψ = Eψ                                                       (18) 

 

The fundamental postulate of quantum mechanics is that a so-called wave function 

(ψ) exists for any system and that appropriate operators which act upon ψ return 

the observable properties of the system. The operator, that returns the system 

energy; E, as an eigenvalue is called the Hamiltonian operator (Ĥ). 

A non-usual formalism for SQM and a constructive method to solve Schrödinger 

Equation for 2D potentials is presented. The solution for the potential is explicitly 

determined and the results are the same as obtained from dynamic algebra. In 

principle, all results in SQM for a 1D system can be extended for 2D ones. Up to 

now the formalism presented here is used only to solve the Schrödinger Equation 

and to determine isopectral potentials. However, in principle, all results in SQM 

for 1D systems  can be extended for two dimensions (James et al, 1995; Adhikari 

et al, 1988; Drigo et al, 1995; Gedenshtein et al, 1985; Alves et al, 1988). 

Solving Schrödinger's Equation for a particular atom gives many solutions, each 

one corresponding to a different possible orbital. The equations for these orbitals 

do not really describe how the electron "travels" around the nucleus, but, rather, 

the probability that the electron will be at in a certain position around the nucleus.  
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By examining the probabilities given by a particular orbital, a "shape" of the 

orbital can be seen. This shape represents a pocket of space around the nucleus 

that the electron is most likely to be found. For example, in its ground state the 

hydrogen (H) atom has a single electron in its n = 1, l = 0 / s, orbital. This can be 

conveniently represented in a shorthand as follows:  1s1, where the trailing "1" 

gives the number of electrons in the shell. When n = 1, there's only one l = 0/s 

orbital in the shell, which can accommodate up to two electrons, one with spin U, 

one with spin D. Since the outer shell of hydrogen is half-full, it tends to lose or 

acquire an electron about as easily and is reactive (Figure 15). 

 The dotted images correspond to the probability distribution for a particular 

solution, called orbitals, to Schrödinger's Equation. Based on the probability of 

where the electron might be, a boundary can be drawn, and a "shape" to the orbital 

can be described (Figure 16). It’s possible to distinguish different type of orbitals; 

s-type-the simplest orbital, and first one to fill with electrons, has got the spherical 

shape, p- , d- and f-type. Most orbital types have several possible orientations too, 

as seen with the vertical and horizontal p-type orbitals. Hydrogen normally only 

has one electron and it resides in an s orbital, shown to the right (Figure 15,16). In 

addition, the probablity distributions for orbitals at higher energy levels show 

"dead" spots, called nodes. This doesn't change the overall shape we imagine the 

orbital has, but is an interesting phenomenon (Figure 16).  
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Figure 15. Orbital shapes representing boundary surfaces enclosing regions of space 

where electrons are most likely to be found in the first three shells (adapted from 
Dawes et al, 1975) 
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Figure 13. Dot-density diagrams of electron clouds for the 2s and 2p orbitals o 

and boundary surface diagrams for electron densities representation for 

Hydrogen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Electron probability density and boundary surfaces representation for 

hydrogen (adapted from Dawes et al, 1975) 
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6.3. Basis Set 

 

    The mathematical function used to construct the HF wave function is a basis 

set. A basis set in chemistry is a set of functions used to create the molecular 

orbital, which are expanded as a linear combinations of Gaussian functions, such 

as functions with the weights or coefficients, to form the orbital. In other words 

this is a description of the orbital within a system used to perform the theoretical 

calculation. Additionally, basis sets composed of sets of plane waves down to a 

cut-off wavelength are often used, especially in calculations involving systems 

with periodic boundary conditions. Thus, a larger basis set can still represent a 

computational improvement over a smaller basis set if evaluation of the greater 

number of integrals for the former can be carried out faster than for the latter. 

Larger basis sets more accurately approximate the orbital by imposing fewer 

restrictions on the locations of the electrons in space. In general, the more 

complicated the electronic structure a system has the higher level of theory that 

will be needed to model it accurately. The hydrogen-like wave-functions modified 

for electron correlation are generally not used per se because they lead to 

mathematical complications and time-consuming calculations (Mamedov, 2004). 

Basis functions are usually centered on the atomic nuclei and so bear some 

resemblance to atomic orbital. However, the actual mathematical treatment is 

more general than this, and any set of appropriately defined functions may be 

used.  Finally, the basis set functions must be chosen to have a form that is useful 

in a chemical sense. That is, the functions should have large amplitude in regions 

of space where the probability density is also large, and small amplitudes where 

the probability density is small. The simultaneous optimisation of these three 
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considerations is at the heart of basis set development. Here is a list of used basis 

sets of the experiments, described in this thesis, namely: 6-31+G(d,p) and 

311+G(d,p).  

 

6.4. Density Functional Theory (DFT) Methods  

 

DFT are often considered to be ab-initio theory and like other such theories 

it’s quality with respect to energetic predictions is usually judged based on its 

performance for atomisation energies for determining the molecular electronic 

structure (Seminario et al, 1998; Leszczynski, 2002), even though many of the 

most common functional parameters derived from empirical data, or from more 

complex calculations. This means that they can also be called semi-empirical 

methods (Cullen, 2004; Liu et al, 2001). DFT is a quantum mechanical theory 

used in physics and chemistry to investigate the ground state of many-body 

systems, in particular atoms, molecules and the condensed phases and is among 

the most popular and versatile methods available in condensed matter physics, 

computational physics, and computational chemistry (Leszczynski, 2002; 

Hinchliffe, 2004) .  

In DFT, the total energy is expressed in terms of the total one-electron density 

rather than the wave function (Seminario, 1998). So, to determine a particular 

molecular property using DFT, we need to know how that property depends on the 

density, while to determine the same property using a wave function, we need to 

know the correct quantum mechanical operator (Seminario, 1998).  

DFT is the method of choice to achieve a particular level of accuracy at lowest 

cost. The drawback is that, unlike ab-initio methods, there is no systematic way to 
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improve the methods by improving the form of the functional. Some methods 

combine the density functional exchange functional with the Hartree-Fock 

exchange term and are known as hybrid functional methods (Becke, 1993). 

Traditional methods in electronic structure theory, in particular Hartree-Fock 

theory and its descendants, are based on the complicated many-electron 

wavefunction. The main objective of density functional theory is to replace the 

many-body electronic wavefunction with the electronic density as the basic 

quantity (Sander et al, 2000). 

 

6.4.1.    Gaussian 03W calculation types 

 

a. Spin restricted Hartree Fock calculation method (RHF) - the spin restricted 

HF calculation. It assumes that the total electronic spin is zero, i.e. all electrons are 

paired up, as per the Pauli Exclusion Principle (i.e. every α electron is paired with 

its β counterpart). This is the most commonly used method (Leszczynski, 2002; 

Cramer, 2004) 

b. Spin unrestricted Hartree Fock calculation method (UHF) – method which 

is used when studying ions, free radicals etc., which contain an unpaired electron, 

or molecules with odd numbers of electrons (Leszczynski, 2002; Cramer, 2004) 

c. Møller-Plesset perturbation theory (MPn) – method which provides a 2-nd, 3-

rd, 4-th order of perturbation correction to the energy calculation. This theory adds 

higher excitations to HF theory and is very intensive and takes a considerable 

amount of time (Leszczynski, 2002; Cramer, 2004) 



 
95 

 

d. Becke-style 3-Parameter Density Functional Theory (B3LYP) – gradient-

corrected method, which provides a correction for electron correlation. This helps 

to correct the overestimation of the vibrational frequencies of the molecular 

structure. This method is processor intensive, but less so than MP methods 

(Leszczynski, 2002; Cramer, 2004) 

 

7.0. Physical Methods 

 

No completely satisfactory physical method has yet been developed for 

observing free radicals at the low concentrations at which they usually occur in 

gas-phase reactions. All the methods either depend on especially high radical 

concentrations or are applicable to only a few select radicals, such as alkyl radical 

or nitric oxide. In solution, where higher radical concentrations are normally 

attained, several methods, in particular electron spin resonance spectroscopy, are 

of very wide applicability. Any material placed in a magnetic field develops an 

induced magnetic moment and shows the property of diamagnetism (Carrington et 

al, 1967). If, in addition, the particle possesses a permanent magnetic moment of 

its own, then it is also paramagnetic. Free radicals have an unpaired electron 

which confers a permanent magnetic moment on the molecule by virtue of its spin. 

Detection of paramagnetism is therefore an excellent diagnostic test for the 

presence of free radicals in an organic sample. Diamagnetic material has negative 

susceptibilities and the force acts to push them out of the magnetic field. 

Paramagnetic material has positive susceptibilities and is drawn into the magnetic 

field (Vulfson et al, 1985). This is the basis of most methods for measuring 

susceptibility. So, for free radicals, the gross magnetic susceptibility determined in 
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this way is the sum of the diamagnetic and paramagnetic contributions. In all 

organic free radicals the spin-orbital coupling is broken down by the fields of the 

surrounding atoms and only the spin contribution is left. The molar 

paramagnetism due to electron spin only is given by: 

 

                                        Xm = Nβ24S (S + 1) / 3kT                                            (19) 

 

Where, N is Avogadro’s number (N=6.022 x 1023 mol-1)(Mohr et al, 2008), β is 

the Bohr magneton having a value of 0.917 x 10-20 Erg Gauss-1 (Griffiths, 1987), 

and S is the total spin quantum number, which for a radical having one unpaired 

electron is ½. 

The only technique that can detect free radicals directly is the spectroscopic 

technique of electron spin resonance (ESR) or electron paramagnetic resonance 

(EPR) (Davies et al, 1988). EPR can provide unique information pertinent to the 

study of free radicals and related processes therefore it has been used to 

investigate kinetics, mechanisms, and structures of paramagnetic species. Direct 

EPR of biological material can only detect longer-lived radicals, such as the 

ascorbate free radical (Bailey et al, 2009). One approach to overcome this 

difficulty incorporates ex-vivo spin trapping, in which the radical is allowed to 

react with a diamagnetic molecule to give one or more resonance-stabilised 

adducts, which are then measured (Pace, 1997).  

The stability of the radical increases with the number and size of the ortho-

substituents and is very high if all rings are substituted in the para-position by 

bulky substituents (Hansch et al, 1995). Mention of trapping usually brings to 

mind the technique of spin trapping, in which the free radical reacts with a spin 
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trap to form a more stable radical, which accumulates to a level that permits 

detection by EPR. Trapping methods have proved very useful in vitro and in 

studies with whole animals but their usefulness has been limited in human studies 

(Bolli et al, 1988; Buettner, 1987; Bailey et al, 2006). Another point to consider is 

that trap molecules perturb the system under investigation. If damage is caused by 

say, •OH, then adding a molecule that traps •OH should decrease the damage, 

provided that enough •OH is trapped. Indeed, spin traps and other trapping 

molecules have often been shown to inhibit oxidative damage (Hearse et al, 1987; 

Almli et al, 2001). An alternative to trapping is fingerprinting (footprinting). The 

principle behind such methods is to measure products of damage by ROS/RNS, 

i.e. to measure not the species themselves but the damage that they cause. Of 

course, the end-products must be specific markers of oxidative damage (Halliwell 

et al, 1989).  

Near infrared resonance spectroscopy (NIRS) is based on the relative tissue 

transparency for light in the near-infrared region and on the O2-dependent 

absorption changes of haemoglobin and myoglobin. By using a continuous-wave 

near-infrared spectrophotometer, that generates light at 905, 850 and 770 nm, it is 

possible to differentiate between oxy- and deoxyhaemoglobin (O2Hb/HHb, 

respectively). The absorption changes at the discrete wavelengths are converted 

into concentration changes by using the algorithm described by Livera and co-

workers (Livera et al, 1991). The sum of O2Hb and HHb concentrations reflects 

the total amount of haemoglobin (tHb) and changes in tHb can be interpreted as 

changes in blood volume in the tissue.  

One method that researchers often use to measure the physiological function of an 

isolated mammalian heart is the Langendorff method. The original Langendorff 



 
98 

 

preparation underwent many modifications during the following decades by 

numerous authors (Gottlieb et al,1904; Heymas et al, 1904), which permitted 

studies under well-controlled conditions such as constant perfusion, perfusion at 

constant perfusion pressure or perfusion via a donor animal. The Langendorff 

technique monitors an isolated heart maintained in an organ bath, while coronary 

arteries are perfused with a nutrient solution, providing valuable information on 

left ventricular systolic and diastolic pressures and their derivatives, the working  

heart gives valuable data on cardiac pump function. 

 

7.1. Summary of Literature Review 

 

          A review of the literature indicates that ascorbate is considered the most 

effective water-soluble antioxidant in human plasma, with the capacity to ‘‘repair” 

damage by superoxide, hydroxyl, alkyl, peroxyl and alkoxyl radical, so is 

physiologically essential in controlled amounts and are capable of initiating 

protective adaptation in the face of oxidative stress for the maintenance of 

homeostasis. In principle many conformations of the side chain of ascorbic acid, 

its radicals and its anionic forms exist and have been the subject of various studies 

(Allen et al, 2006; Dimittrova, 2006; Mora et al, 1998; O’Malley, 2001). An 

understanding of the properties of L-ascorbic acid and its oxidation to a relatively 

stable radical currently rests on the now somewhat long standing measurements 

by Laroff and co-workers (Laroff et al, 1972). Konya and co-workers (Konya et 

al, 2003) have reported a relaxed PES scan for change in the dihedral angles of 

the side chain of L-ascorbic acid at the necessarily low RHF/321G level of theory 



 
99 

 

leading to conformational studies at higher levels of theory for the minimum 

energy forms determined in relation to the mechanism of oxidation.  

With this in mind, study one reproduced these calculations of selected ab-initio 

and density functional theory (DFT) calculations and reported comparisons  using 

similar basis sets (B3LYP/6-31+G(d,p), B3LYP/6-311++G(d,p) and 

B3LYP/EPR-II)  in the gas state for all radical structures studied. Corresponding 

values in aqueous solution were carried out using the isodensity polarisable 

continuum model, SCRF(IPCM) in selected cases. We have extended relaxed PES 

calculations to proton transfer between the O–H group and the C–O group. Beside 

ascorbate we optimised the spin trapped agent using to basis set 6-31G* and 6-31 

+ G* of four different conformers to see geometry and thermodynamic properties. 

Study two utilised a isolated-perfused rat heart protocol and direct EPR 

spectroscopic techniques to measure ROS during I-R injury. An important 

difference between the present experiments and those of other authors is the direct 

EPR spectroscopic of free radicals detection combined with an assessment of 

cardiac mechanical  functional. We estimated irreversible myocardial damage by 

means of direct measurements of infarct size, using TTC staining. 

To the authors’ knowledge, this was the first work to  address the association 

between  the level of ascorbate free radical and other physiological parameters 

like left ventricular developed pressure (LVDP), heart rate and myocardial 

recovery to establish the influence of the severity and duration of ischaemia 

(global 30 min ischaemia) on the myocardial recovery during the reperfusion 

period and treatment with vitamin C would reduce oxidative stress and thus, by 

consequence, decrease vascular tissue damage and inflammation initiated I-R 

injury. 



 
100 

 

As highlighted in the review of literature  it has become increasingly evident that 

ROS play a significant role in re-oxygenation injury. Research has traditionally 

relied on the systemic “accumulation” of indirectly measured, often unreliable 

biological “footprints” of lipid peroxidation confined to the mixed venous 

circulation distal to the target organ of interest thus complicating previous 

interpretation of the source and mechanisms associated with free radical 

generation during I-R. Although generation of ROS during hypoxia and I-R is 

well documented, the source of ROS is not well defined (Zweier, 1998; Chandel 

et al, 2000; Rieger et al, 2002) and the role of vitamin C in endothelial cells 

undergoing I-R has not been well analysed (May et al, 2003). Vitamin C has been 

the subject of intense research as a potential target in the treatment of I-R injury 

and conflicting evidence has been obtained concerning the cardioprotective 

efficacy of vitamin C (Bellows et al, 1995; Tsovolas et al, 2008). All the evidence 

provided by these studies, however, are indirect and therefore, inconclusive and 

the molecular mechanisms of reperfusion injury on vascular endothelium are not 

well understood (Carden et al, 2000; Ferrari et al, 2004). 

Several investigators have administered free radical scavenging agents or 

antioxidants in an attempt to reduce infarct size in the canine model of transient 

coronary occlusion (Chambers et al, 1985; Jolly et al, 1984) . In contrast, other 

studies have failed to document a reduction in infarct size in response to early 

treatment (before or during occlusion) with free radical scavengers or antioxidants 

(Kramer et al, 1977; Arroyo et al, 1987; Przyklenk et al, 1987; Puett et al, 1987). 

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, 
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1988), and disease (Halliwell, 1989; 2001; Bailey et al, 2007). The notion that 

venepuncture can trigger oxidative stress is intriguing in light of the fundamental 

importance of molecular O2 for formation of the peroxyl radical (PUFA + O2 → 

PUFA-OO•, k ≈ 108 M s−1) (Hasegawa et al, 1978) and subsequent progression of 

the lipid peroxidation chain. Always we should remember that 

thermodynamically, free radicals and associated reactive oxygen species (ROS) 

are eminently capable of causing structural damage to cellular membranes when 

in excess (Bailey et al, 2001).  

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 acute phase and the clinical and practical relevance and  

consequent association with the “true” magnitude of the exercise-induced 

oxidative stress response and therefore is very important to properly establish a 

baseline point for oxidative stress markers. 

With this in mind, study three utilised a dynamic exercise to volitional exhaustion 

trial and to test the hypothesis that the physiological trauma associated with 

venous cannulation may artefactually stimulate systemic free radical formation in 

the acute phase response. 

Thermodynamically, free radicals and associated ROS are eminently capable of 

causing structural damage to cellular membranes when in excess (Bailey et al, 

2001). Only one study has combined direct EPR spectroscopic techniques with 

localised blood sampling to more accurately define ROS exchange kinetics across 

the surgical repair site during I-R (Bailey et al, 2007). However, there are no 

studies to the best of our knowledge that have defined the kinetic between 

systemic ROS/RNS metabolism and muscle oxygenation. I-R selectively 
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increased A·−, thus, the EPR detection of A·− provides direct evidence for free 

radical formation. From a purely biochemical perspective, it is important to 

emphasise that there are, nonetheless, interpretative limitations associated with 

this approach since the half-life of different ROS/RNS species is very different, 

which renders any correlation against subjective symptoms extremely challenging. 

Given the current lack of human data the study four  was to determine if there was 

a relationship between systemic free radical release and  muscle oxygenation 

status. 
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Chapter 3 

General Methodology 
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8.0. Research Methodology 

 

This chapter includes a description of the  equipment used, testing 

procedures and statistical analyses employed. 

 

8.1.    Laboratory Temperature, Humidity and Barometric Pressure 

 

For all studies laboratory temperature and humidity was determined using a 

wall-mounted temperature and humidity gauge (Thermo-Hydro) that measured 

temperature and humidity to the nearest 0.1°C and 0.1%, respectively. Barometric 

pressure was obtained from wall-mounted mercury Fortin barometer (Cranleigh, 

UK).  

 

 

8.2. Cycle Ergometer  

 

The same cycle ergometer was used for the FXST and all experiments. A 

complete calibration was performed prior to each experiment following the 

guidelines of Coleman (Coleman, 1996). The underlying principle involves the 

application of kinetic energy to the flywheel. The flywheel is braked by means of 

a brake belt located on the flywheel. A battery controlled electronic output 

monitor displayed pedalling velocity (r.p.m.). The ergometer had an adjustable 

seat and handlebars, which  were set to suit each individual subject. Workload was 

adjusted by manually placing weights on the attached basket. Seat height was 

adjusted so that partial knee flexion of between 170° to 175° (with 180° denoting 

a straight leg position) occurred during the down stroke. Toe-clips and straps 



 
105 

 

attached to the pedals of the ergometer secured the subject’s feet to the pedals. All 

subjects  were instructed to remain seated during the test. 

 

 

8.3. Pre-Eliminary Testing: Functional Exercise Stress Test (FXST) 

 

All subjects were screemed and considered healthy; non-smokers, no 

antioxidant’s; overnight fasted. Prior to beginning the studies 3, phase II, subjects 

underwent a Functional Exercise Stress Test to preclude any adverse effects to 

maximal exercise. Prior to the test all subjects were familiarised with the 

equipment and testing procedure. The subjects’ peak oxygen uptake (VO2 peak) 

was determined using an incremental cycle ergometry test to exhaustion (section 

7.4). Each subject started unloaded cycling exercise at a cadence of 70 r.p.m. 

(revolutions per minute) for the first 3 minutes (70W). Power output increased by 

35 W at the completion of every 3-minute interval for the first 3 stages. 

Thereafter, power output increased by the same increment at the completion of 

every minute until volitional exhaustion. Each subject was instructed to signal 

clearly to the investigators when they considered they could continue at the 

specified power output for no longer than 60 seconds. Systemic arterial BP and 

rating of perceived exertion (Borg, 1973) were attained during the final minute of 

each stage (section 7.5). Post-exercise measurements were recorded immediately 

after exercise (as soon as was practically possible, i.e., within 10-seconds after the 

termination of exercise). 

There were no contraindications to the maximal exercise test as designated by the 

British Cardiac Society (BCS) in 2001, e.g. severe angina/ rest angina;  

uncontrolled raised BP, e.g.: systolic blood pressure (SBP)>180mmHg, diastolic 
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blood pressure (DBP) >100mmHg. The BCS criteria were followed to determine 

immediate cessation of the test and subsequent exclusion from the study, e.g., 

severe chest pain, dyspnoea or patient wanting to stop; SBP falling>20 mmHg; 

SBP rise to >230 mmHg; heart rate falling> 20% of starting rate; severe dizziness 

or unsteadiness of gait; >3mm ST depression; > 2mm ST elevation; exercise 

induced arrhythmias.  

 

 

8.4. Anthropometric Measures 

 

On all occasions upon arrival at the laboratory, subject age, body mass and 

stature was determined. Each subject was instructed to undress to briefs and 

remove footwear prior to the measurement of body mass using a balanced 

weighing scale (Seca, Cardiokonetics, UK) and stature via a stadiometer (Seca, 

Cardiokinetics, UK). The weighing scales were calibrated with a 5 kg free mass 

prior to all weighing procedures. The accuracy of the stadiometer was verified 

with a calibrated steel tape measure (Study 3 and 4).  

 

 

8.5. Rating of Perceived Exertion 

 

During the FXST and the submaximal exercise trials the rating of perceived 

exertion (RPE) was estimated using the Borg Scale (BS)(Borg, 1973). A numeric 

value, which ranges from 6 to 20 may be selected to indicate a perceived rate of 

exertion from “very very light” to “maximum”. 
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8.6. Arterial Haemoglobin Oxygen Saturation (SaO2) 

 

Arterial haemoglobin oxygen saturation was measured using finger pulse 

oximetry- OXYPLETH (Novametrix Medical Systems INC, USA). Care was 

taken to position the sensor on the top and bottom of the end of an index finger. 

The light emitter portion was placed on the fingernail side and the detector on the 

site opposite to the nail. The pulse oximeter shines red and infrared light through 

the tissue and detects the fluctuating signals caused by arterial blood pulses. The 

accuracy of this measurement has been estimated at ± 2%. Correlation between 

arterial O2 saturation and similar pulse oximeter systems to this one is very good 

(r2=0.9)(Haseler et al, 1999). 

 

 

8.7. Systemic Arterial Blood Pressure 

 

         Systemic arterial blood pressure (BP)(mmHg) was measured in the brachial 

artery via auscultation with a mercury sphygmomanometer (Accoson Freestyle, 

UK) and stethoscope (Litmann, 3M, USA), by the same experienced investigator 

according to stringent procedures outlined by Chobanian (Chobanian et al, 2003). 

For all BP readings a value for systolic blood pressure (SBP) was established 30s 

after inflation of the cuff to a suprasystolic pressure and was noted at the first 

appearance of clear repetitive tapping sounds (Korotkoff phase I) (Chobanian et 

al, 2003). Diastolic blood pressure (DBP) was noted at the disappearance of 

repetitive sounds (Korotkoff phase 5) (Chobanian et al, 2003). In some subjects in 

whom sounds continued until the zero point, diastolic pressure was determined 

when clear muffling of repetitive tapping sounds became apparent (Korotkoff 

phase 4)(Chobanian et al, 2003). Therefore the entire procedure was completed in 
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40s and was representative of a maximal value. The arm chosen for BP 

auscultation was the non-dominant arm and both arms were used in preliminary 

testing to check for variations between sites. The centre point of the cuff was 

placed around the upper arm at a point midway between the antecubital fossa and 

the acromion. This point was marked in order for serial applications of the cuff. 

Cuff diameter was determined by upper arm girth (anthropometric tape, Caltech, 

UK) as detailed in Chobanian and co-workers (Chobanian et al, 2003) and 

Pickering and co-workers (Pickering et al, 2005) in order to control for artifactual 

readings due to the incorrect cuff size. It has been shown that a cuff that is too 

small produces overestimations of arterial BP, whereas a cuff that is too large 

produces underestimations of arterial BP (Pickering et al, 2005).  

 

 

8.8. Langendorff  Technique – Isolated, Perfused Rat Heart Method 

 

Oscar Langendorff deserves credit for first devising a method to permit 

investigation of the mechanical activity of the completely isolated mammalian 

heart (Langendorff, 1895). The Langendorff preparation is appropriate for all 

animals with a coronary vascular system (Figure 17). The underlying principle is 

to force blood or any other oxygenated fluid appropriate to maintain cardiac 

activity towards the heart through a cannula inserted in the ascending aorta. It was 

noted that coronary flow was considerably higher in hearts perfused with saline-

like substances, than in hearts perfused with blood at the identical perfusion 

pressure; the reason being the higher viscosity of blood and consequently the 

higher coronary vascular resistance. Retrograde perfusion closes the aortic valves, 
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just as in the in situ heart during diastole and the perfusate is displaced through the 

coronary arteries. After passing through the coronary vascular system the 

perfusate flows off the coronary sinus and the opened right atrium, respectively.  
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Figure 17. The Langendorff heart preparation (adapted from Sutherland et al, 
2003). As shown above, this involves the cannulation of the aorta which is then attached 

to a reservoir containing hyper-oxygenated perfusion fluid. This fluid is then delivered in 

a retrograde direction down the aorta either at a constant flow rate (delivered by an 

infusion or roller pump) or a constant hydrostatic pressure (usually in the range of 60-

100mmHg). In both instances, the aortic valves are forced shut and the perfusion fluid is 

directed into the coronary ostia thereby perfusing the entire ventricular mass of the heart, 

draining into the right atrium via the coronary sinus. 

 

 

 

 



 
111 

 

Usually only the four parameters are recorded from this technique; coronary 

flow or perfusion pressure, cardiac force, heart rate and electrocardiogram. 

Ventricular function is often measured by researchers in an isolated heart, such as 

an isolated rat heart model and is well suited to study the effects of acute 

myocardial ischaemia or hypoxia. Isolation of the heart requires the donor to be 

rendered unconscious prior to excision. The most widely used anaesthetic is 

pentobarbitone, but it is a cardiovascular and respiratory depressant that can lead 

to a reduction of cellular high energy phosphates must be taken into account 

(Bretschneider et al, 1975; Sutherland et al, 2000). Every effort should be made to 

minimise stress by keeping the animal in a quiet environment prior to anaesthesia 

and by minimising handling. A critical point in setting up the model remains the 

time interval between removing the heart from the animal and fixation in the 

perfusion system, as ATP and creatine phosphate start to decline within seconds 

after the heart is removed from the animal (Humphrey et al, 1980; Verdouw et al, 

1998). After coronary perfusion with oxygenated blood or saline has been re-

established, a stabilisation period of at least 15 to 30 minutes must be allowed 

before baseline values can be taken. The stability of the preparation is usually 

assessed from heart rate, left ventricular pressure and coronary blood flow 

(Verdouw et al, 1998). Induction of anaesthesia should be as quick as possible 

with the perception of pain completely suppressed.  

The use of an isolated heart allows a broad spectrum of biochemical, 

physiological, morphological, and pharmacological indices to be measured 

without the presence of confounding effects of other organs, the systemic 

circulation, and peripheral complications. In the Langendorff method, a balloon 

attached to a cannula is inserted into the heart and attached to a reservoir 
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containing oxygenated perfusion fluid. The fluid is delivered down the aorta in a 

retrograde direction at either a constant flow rate or at a constant hydrostatic 

pressure. Although the size of an isolated heart changes under many conditions, 

such as with ischaemia, reperfusion, or drug treatment, in the traditional 

Langendorff method, any changes in the size of the heart are not taken into 

account (Langendorff, 1899). The present development takes the changing size of 

the heart into account in calculating ventricular function, yielding accurate 

measurements. Traditional Langendorff apparatus uses complex, delicate 

glassware, and elevated reservoirs for constant pressure perfusion (Sutherland et  

al, 2003).   

 

8.9. Principles of Langendorff Technique 

 

The technique of  Langendorff relies on the Ohm’s law from which a flow 

resistance (R) can be calculated from two variables; pressure difference (∆p) and 

flow (Ф); 

 

                    R = [ ∆p/Ф] [ mmHg/ml/min] • 2,22 = [ Pa•s/ml ]                         (20) 

                          [mmHg/ml/min] •7,998 • 104 = [dyn • s/ cm5]                                    

 

where,  ∆p- pressure difference; Ф-flow 

Experimentally this means that either both variables, i.e. pressure and flow must 

be measured or that one of the variables must be kept constant. Usually the final 

procedure is sufficient, resulting in two different measurement techniques: 

Constant perfusion pressure or Constant perfusion flow.  
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Flow resistance (R) according to Hagen-Poiseuille is obtained from the following 

equation (Pfitzner, 1976; Sutera et  al, 1993); 

 

                                            R = 1/r4 • l • η • 8/ π                                                 (21) 

 

As both the length of the tube system (l) as well as the fluid’s viscosity (η) remain 

constant under the conditions of artificial organ perfusion only the vessel radius (r) 

has to be considered as a variable. By eliminating all constants Equation 21 may 

be re-written;                                          

                                           R ~ 1/(vessel radius)4                                               (22) 

 

From Equation 22 it now is apparent that flow resistance is a function of the vessel 

radius. When replacing flow resistance (R) according to Equation 20 by the 

quotient ∆p/Ф, the resultant equation then is; 

 

                                   P/Flow ~ 1/(vessel radius)4                                              (23) 

 

During perfusion with constant pressure (P), changes of vessel radius produce 

equivalent changes of flow (raised to the power of 4); 

 

                             (p = const)/Flow ~ 1/(vessel radius)4                                     (24) 



 
114 

 

Now perfusion flow is the variable to be measured and recorded instead of flow 

resistance. At perfusion with constant flow, changes of vessel radius result in 

inversely proportionate changes of perfusion pressure; 

 

                          Flow/ (Ф = const) ~ 1/(vessel radius)4                                      (25) 

 

Although it is assumed in the Langendorff technique that one of the two variables, 

pressure or flow, is kept constant, this is only true for mean pressure and the mean 

flow. 

 

8.9.1. Selection of Perfusion Pressure 

 

The in situ perfusion pressure of warm-blooded animal hearts corresponds to 

a large extent to their diastolic aortic pressure. The minimal value of this diastolic 

blood pressure ranges from 70 to 90 mmHg. However, this value would be too 

high if used as perfusion pressure in the isolated heart, because:  

i) flow resistance with saline perfusion solutions is only 50% of the value with 

plasma. Relative viscosity of plasma amounts to about 2, whereas the value 

for water is 1. Thus, flow is twice as high when using saline solutions as 

compared to when using plasma or whole blood (Meinke et al, 2007);  

ii) tissue oedema which, when using purely saline solutions is caused by the lack 

of colloidal osmotic pressure, would further increase (Salisbury et al, 1961);  

iii) at pressure levels of more than 70 mmHg an unphysiological permanent strain 

of the aortic valves, which normally does not occur in the in situ heart, may 
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invert the aortic valve cusps. Therefore, a perfusion pressure of 60 - 70mmHg 

is considerate sufficient for rat hearts (Yin et al, 1997). 

 

8.9.2. Selection of Coronary Flow 

 

As already mentioned when implementing the standard Langendorff 

technique only the mean coronary flow can be measured. Coronary flow with a 

blood-free perfusate is often in the range of 8-12 [ml • min-1 • g-1] of tissue. 

Switching between constant flow and constant pressure modes of perfusion is not 

straightforward and  with a simple apparatus may not be feasible within a single 

experimentation. Similarly, blood-perfused hearts where circulating volumes are 

small may not easily lend themselves to constant pressure perfusion. In order to 

address this problem developed an electrical feedback system designed to control 

an isolated heart perfused with a peristaltic pump (Shattock et al, 1997). This 

system allows the perfuser to switch instantly between constant pressure and 

constant flow modes of perfusion, enabling perfusion pressures and coronary flow 

if desired. This latter feature is of considerable advantage in studies of vascular 

function. 

 

8.9.3. Cardiac Mechanics 

 

The easiest way to record the mechanical activity of the heart is to connect 

the apex of the heart to an isotonic lever- mechanical or electrical transmission) by 

a thread attached to the heart with a clip or a small hook and directed to the lever 

via a diverting roll. This procedure is called small hook recording, according to 
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Gottlieb and Beckett (Gottlieb et al, 1904; Beckett, 1970). The balloon method 

introduced by Gottlieb and Magnus offers the possibility for considerably more 

exact recording of contractile force. A state of the art set-up consists of a balloon 

catheter with a mechano-electric pressure transducer. A small balloon fixed to the 

catheter tip and filled with water is inserted into the left ventricle via one of the 

pulmonary veins, the left atrium and the mitral valve. The balloon size of course 

has to fit the volume of the left ventricle and therefore depends on the animal 

species, body weight and age (Campbell et al, 2005). Special care should be taken 

to maintain a bubble-free environment when filling the balloon. Finally the 

watertightness and pressure constancy of the system should be checked. To do so 

a test pressure of 70 to 80 mmHg is produced using the spindle syringe. Then the 

stability of this pressure value is observed on the display instrument of the 

electromanometer or on the recorder. The system can be considerate tight if this 

unphysiologically high permanent pressure value does not drop more than 2mmHg 

within 15min.   

 

8.9.4. Concentration of Perfusate Calcium 

 

Calcium is one of the key determinants of contractile function and it is also 

key mediator of ischaemic injury by activation of calcium-dependent regulatory 

proteins and degradative enzymes (Rappaport, 2000). It therefore follows that it is 

crucial to use an appropriate calcium concentration in any perfusate. This is often 

used without consideration of possible differences in patterns of substrate 

utilisation, calcium sensitivity or the presence or absence in the perfusate of 

additions that bind calcium. Indeed, many rat heart perfusers can be criticised for 
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using a supraphysiological concentration of calcium (2.5 mmol/L). Because most 

asanguinous perfusion fluids do not usually contain protein or molecules capable 

of binding calcium, using 2.5mmol/L(Krebbs et al, 1932) calcium will mean that 

hearts are in a state of continuous inotropic challenge. Ideally, the calcium 

concentration should be such that there is sufficient inotropic reserve to allow the 

heart to respond appropriately to exogenous positive or negative inotropic agents.  

In order to measure normal physiological and pharmacological responses, it is 

necessary to utilize much lower concentrations of calcium in perfusing media. The 

perfusion media contains “low” calcium, ranging from 0.25 to 1.0 mM (Forrester 

et al, 1974; Shattock et al, 1989; Bers, 2000). 

 

8.9.5. Limitations of Functional Parameters 

 

Understanding the limitations of the parameters that are  used to describe 

contractile function is essential for proper  assessment of the degree of stunning. 

Because in vitro studies usually employ models of global myocardial  ischaemia, 

global cardiac function parameters such as left ventricular developed pressure 

(LVDP- isovolumically beating hearts) and cardiac output (working hearts) are 

used to assess the degree of stunning. During in-vivo experiments  regional 

stunning is most commonly assessed by measurement of local contractile function, 

such as regional segment shortening or wall thickening. These parameters depend 

on pre- and afterload, which may be different from baseline during the post-

ischaemic period. In addition, the afterload-dependency is stunned compared to 

normal myocardium (Fan et al, 1995), so that when the effect of an intervention 

on stunning is investigated, functional measurements should be made under 
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identical or at least very similar loading conditions. One approach to correct for 

decreased afterload in in-vivo preparations is by partially clamping the aorta or by 

inflation of a balloon positioned in the aorta. Alternatively, changes in left 

ventricular pressure can be included in the assessment of  contractile performance 

by using parameters derived from the left ventricular pressure-volume (time 

varying elastance concept) or left ventricular pressure-segment length (or wall 

thickness) relations such as external work and systolic elastance (Aversano et al, 

1986; Vinten-Johansen et al, 1991). 

        

8.10.    The Standard Perfusion Medium (modified by Kreb-Henseleit 

Bicarbonate Buffer)- Langendorff Preparation 

 

The standard perfusion medium was a modified Krebs-Henseleit 

bicarbonate buffer containing 118 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl, 1.2 

mM KH2 PO4, 1.2 mM MgSO47H2O, 11.0 mM glucose and 100µl/l insulin, and 

equilibrated with a 95% O2/ 5% CO2 gas mixture (pH= 7.4 at 37.0 ± 0.5 ºC). The 

continuous provision of oxygen in quantities sufficient to support normal 

metabolism, the maintenance of transmembrane ion gradients and, in the case of 

the heart, the large amounts of energy needed to support contraction is the central 

of survival of perfused heart. Perfusion fluids should always be filtered before use 

to remove the remarkable number of particulate impurities that can be present in 

even the purest commercial chemical. In order to remove any particulate 

impurities the buffer was passed through a 0.22µm filter prior to use. Calcium is 

one of the key determinants of contractile function and it is also key mediator of 

ischaemic injury by activation of calcium-dependent regulatory proteins and 

degradative enzymes which may irreversibly alter functions of the affected bio-
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macromolecules (Parekh et al, 1997). An increase in cytosolic Ca2+ occurs during 

a period of ischaemia and can increase further upon reperfusion. The cause of this 

calcium overload with reperfusion is via Na+/Ca2+ exchange resulting from 

increased Na+. There is evidence that oxygen free radicals and calcium are 

involved in the cellular alterations leading to reperfusion injury such as 

arrhythmias (Shattock et al, 1991; Abadie et al, 1993). It therefore follows that it 

is crucial to use an appropriate calcium concentration in any perfusate. Trace 

amounts of adventitious catalytic metals in buffer solutions can also serve as 

catalysts for many oxidative processes (Buettner et al, 1996). These adventitious 

metals have caused many problems for researchers as they explore the 

mechanistic aspects of free radical reactions. Thus, for experiments in which low 

concentrations of catalytic metals are an important determinant of experimental 

results, these metals must be sequestered in an inactive form or removed from the 

reaction mixture. Adventitious metals in Krebs-Henseleit solution were removed 

by treatment with chelating resin (Chelex 100, sodium form, dry mesh 50–100, 

from Sigma, St. Louis, MO, USA). In the vitamin C group the procedure was 

exactly the same. Vitamin C (≥99.0%, crystalline, Sigma Aldrich, USA)(50 

mg/kg) was infused to the Kreb-Henseleit Bicarbonate Buffer  at the beginning of 

experiment (10 min before ischaemia period) to achieve equivalent concentrations 

(concentration 1-2 mM) in blood and extracellular fluid. The intensity of the 

doublet was stable for at least 60 min at room temperature. 
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8.11.     Langendorff  Perfusion 

 

Once the animal was anaesthetised the heart was excised. Generally, the 

diaphragm was accessed by a transabdominal incision and cut carefully to expose 

the thoracic cavity. The thorax was opened by a bilateral incision along the lower  

margin of the last to first ribs. The thoracic cage was then reflected over the 

animals head, exposing the heart. Then incising the aorta, vena cava and 

pulmonary vessels. Hearts were rapidly excised and placed in ice-cold (4ºC) 

perfusion medium (Krebs-Henseleit solution) to limit any ischaemic injury during 

the period between excision and the restoration of vascular perfusion, until 

contraction ceased (~30 s) and each heart was then immediately cannulated with a 

20-gauge blunt-ended needle via the aorta and retrogradely perfused according to 

the Langendorff  system (Figure 18) at a coronary flow of 14 ml/min, kept 

constant by a peristaltic pump, corresponding to an aortic pressure of  10kPa 

(75mmHg). With practice, the entire process was accomplished within 120 s, 

insufficient time to induce any significant ischaemic injury, stunning (Bolli et al, 

1999) or preconditioning (Murry et al, 1986). Once the heart was securely 

attached to the cannula any surplus tissue such as bits of thymus, fat or lungs, can 

be trimmed away. Drainage of coronary perfusate from the right side of the heart 

via the pulmonary artery should be unimpeded, however, in the course of 

cannulation it was possible to accidentally ligate the pulmonary artery. Therefore, 

to facilitate adequate drainage it was advisable to make a small incision in the 

base of the pulmonary artery using small pointed scissors.    
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Figure 18. Langendorff system modified to conduct our experiment   

 

8.12.   Measurement of  Physiological Function 

 

The “balloon method” introduced by Gottlieb end co-workers (Gottlieb et 

al, 1904) offers the possibility for a more exact recording of contractile function. 

Balloons were constructed as described by Curtis and co-workers (Curtis et al, 

1986). An elastic fluid-filled latex balloon was checked for leaks and using an 

attached syringe, stretched to double its volume, thereby thinning the film and 

making it nonelastic but compliant and better able to conform to the contours of 

the left ventricle and then was inserted into the left ventricle through the mitral 

valve and connected to a pressure transducer. Because the presence of air in any 

part of the recording system can cause dampening of the pressure signal, extreme 
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care was taken to remove any air by repeatedly filling the balloon with degassed, 

deionised water and by flushing the polythene tubing and pressure transducer 

repeatedly with deionised water. Adventitious metals in Krebs-Henseleit solution 

were removed by treatment with chelating resin-Chelex 100 (Pietri et al, 1990; 

Buettner at el, 1996). The balloon could be used for the continuous monitoring of 

left ventricular systolic and diastolic pressure and left ventricular-developed 

pressure (LVDP). The filling pressure was individually adjusted to 5-15 mmHg to 

achieve maximal contractile performance, according to Starling’s Law (Adams et 

al, 1985). Since the balloons and their associated tubing were considerably 

smaller than those used in studies of larger mammalian hearts, it was essential to 

characterise the frequency-response relationship of the various components of the 

recording system to ensure that reliable recordings could be obtained. All pressure 

transducers were connected to a PowerLab (ADInstruments, Sydney, Australia) 

and all parameters were continuously recorded using PowerLab and stored using 

Microsoft PC. Experiments were performed using constant coronary flow to offer 

the advantage of greater reproducibility (Sutherland et al, 2003), where the pump 

controller was used to set the pump at the required speed and the PowerLab and 

PC recording coronary flow and perfusion pressure. All perfusion reservoirs were 

surrounded by a thermostatically controlled water jacket system that was set to 

maintain myocardial temperature 37.0 ± 0.5 ºC, in order that the heart rate remains 

at a physiologically relevant value and minimal variation occurs between 

preparations. The temperature always should be as near as the normal body 

temperature of the species of the study. 

Before any studies were initiated, and for reasons of quality control, we monitored 

the stability and reproducibility of each preparation by measuring the baseline 
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contractile function during the first 15 min of initial aerobic perfusion (i.e. pre-

ischaemic). Hearts that didn’t achieve a steady or regular level of function, e.g. 

cardiac arrest, aortic laceration, decline in LVDP of greater than 15 % per hour or 

heart rate greater than 300 b.p.m. (Sutherland et al, 2000) were excluded from this 

study (two hearts). After a 15 min of stabilisation phase, global normothermic 

ischaemia was then induced by clamping aortic inflow for 30 min. After 

ischaemia aortic inflow was resumed for a 60 min reperfusion period. Left 

ventricular-developed pressure (LVDP) was measured by means of a pressurised 

(15-20mmHg) balloon inserted into the left ventricle and connected to a pressure 

transducer, model P23db (Gold- Statham Instruments Inc., Hato. Rey, Puerto 

Rico). 

 

8.13.     Infarct Size  

 

          At the end of reperfusion, hearts were placed into a refrigerator 

maintained at -20°C and subsequently cut into 3-4mm slices (~25 mg each slice). 

The slices were immersed in a 1% solution of 2,3,5-triphenyltetrazolium chloride 

(TTC), (Sigma Chemical Co.,UK) in Krebs-Henseleit solution for 10-20min at 

room temperature. TTC demarcates the non-infarcted myocardium (area at risk) 

with a brick-red colour indicating the presence of a formazan precipitate resulting 

from the reduction of TTC by dehydrogenase enzymes present in the viable 

myocardial tissue. Irreversibly injured tissue is unable to form the formazan 

precipitate and therefore appears as pale yellow in colour. Stained hearts were 

stored overnight in 10% formalin solution (VWR, Loughborough, Leicestershire, 

UK) before the infarct size was determined. The slices of tissues were compressed 

between two plates with a spacing of 2.5mm. The total area with an absence of 
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brick-red stain (infarct area) were traced onto acetate sheets and scanned into a 

personal computer. The total area for each heart and the area of infarction was 

calculated using SigmaScan Pro 5 software (Systa Software UK, Hounslow, 

Middlesex, UK). The infarct size for each heart was expressed as percentage of 

the area at risk. 

 

 

8.14.      NIRS – Near infrared spectroscopy 

 

8.14.1.   Introduction 

Near infrared light has one very important property that makes it of great 

interest, it is not absorbed by skin or bone to any great degree and so has the 

ability to pass through a biological field with any absorption being related to tissue 

oxygenation status rather than the media itself. Exploitation of this physical 

property has involved a great deal of research (Owen-Reece et al, 1999; Madsen et 

al, 1999; Ide et al, 2000). The first portable instrument measuring haemoglobin 

saturation in tissue accurately and automatically was built by Millikan in 1942. He 

named the instrument an oximeter (Millikan, 1942). The oximeter of Millikan was 

improved by Wood in 1949 (Wood, 1950). In the seventies two important findings 

contributed to the development and clinical applicability of oximetry. It was found 

that the variations in arterial blood volume could be used to obtain a signal 

dependent only on arterial blood changes (Aoyagi et al, 1974; Nakajima et al, 

1975). This technique was called pulse oximetry and has been developed into a 

reliable and widely used method. The second finding was by Jöbsis in 1977  and 

represented the beginning of near infrared spectroscopy-NIRS (Jöbsis, 1977). In 
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this article Jöbsis reported that biological tissue has a relatively good transparency 

for light in the near infrared region (700-1300nm). Hence it is possible to transmit 

sufficient photons through organs for in-situ monitoring. In this region 

haemoglobin, oxy- and deoxy-, shows oxygen dependent absorption (Figure 19). 

Combined with the information from the haemoglobin signal it is now possible to 

monitor both circulatory oxygen supply and intracellular oxygen consumption of 

the tissue. In the years following the first publication of Jöbsis many studies were 

carried out focusing on the assessment of cytochrome aa3 within the brains of 

animals or humans, especially neonates(Jöbsis, 1979; Giannini et al, 1982; Cairns 

et al, 1985; Brazy et al, 1986; McCormick et al, 1993; Liem et al, 1995; Liem et 

al, 1995).  
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Figure 19. An example of a NIRS tracing (adapted from Colier et al, 1995) 

 

8.14.2. Principles of NIRS 

 

Both cytochromes and haemoglobin have the ability to absorb light (Jöbsis, 

1977; Giannini et al, 1982; Piantadosi, 1989). The quantity of light at any given 

wavelength absorbed is dependent on the oxidation status of the molecule at that 
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time and so absorption spectra can be produced. By the reverse process, analysis 

of the absorption of light of different wavelengths passed through tissues can 

determine the amount of cytochrome and haemoglobin contained and their 

oxidative status (Piantadosi, 1989). The basis for near infrared technology is that 

there is a relationship between the quantity of light absorbed by a tissue and the 

tissue chromophore content. This relies on the Lambert-Beer law, given by; 

 

                                       ODλ = Log (Io / I) = ελ • c • L                                        (26) 

 

where  ODλ is a dimensionless factor known as the optical density of the medium, 

Io is the incident radiation, I the transmitted radiation, ελ (mM-1
•cm-1) the 

extinction coefficient of the chromophore, c (mM-1) of the chromophore, L (cm) 

the distance between light entry and light exit point and λ (nm) the wavelength 

used. In this case the Lambert-Beer law is given for a system with a single 

component. This law was intended for use in a  clear, non-scattering medium. 

When this law is applied to a scattering medium, e.g. biological tissue a 

dimensionless pathlength correction factor (B) must be incorporated. This factor 

sometimes called a differential pathlength factor (DPF) and accounts for the 

increase in optical pathlength due to scattering in the tissue.  

The modified Lambert-Beer law is given by; 

 

                                     ODλ = ελ • c • L • B +  ODRλ                                            (27) 
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where, ODRλ represents the oxygen independent light losses due to scattering in 

the tissue. Assuming  ODRλ is constant during a measurement we can convert an 

optical density change into a concentration change; 

                                           ∆c = ∆ODλ / ελ • L • B                                               (28) 

This equation is valid for a medium with one chromophore. In the case of more 

chromophores we need to measure at least as many wavelengths as there are 

chromophores present (Figure 20). This results in a set of linear equations. 

 
 

                                                            Scattering Medium 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20. A scattering medium with an incident and transmitted light ray. Light ray 

is scattered and absorbed completely after being scattered. Therefore movements a 

distance is equals the pathlength correction factor (c) times the physical pathlength (l) 

(Owen-Reece et al, 1999). 
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In biological tissue there are at least three oxygenation dependent chromophores 

present: O2Hb, HHb and Cyt. aa3. The sum of O2Hb and HHb is a measure of the 

total blood volume (tHb) in the tissue. If muscle tissue is investigated there are 

two more chromophores present: oxy- and deoxymyoglobin (O2Mb and HMb). In 

order to distinguish between haemoglobin and myoglobin in muscle tissue the 

spectra need to be sufficiently different. Unfortunately this is not the case in the 

visible part of the spectrum (Yamazaki et al, 1964; Breslow et al, 1965). Only a 

few publications are known, showing a different spectrum of O2Mb compared to 

O2Hb. This finding however has to be still confirmed (Thorniley et al, 1990). 

 

8.14.3. The Pathlength Correction Factor (DPF) 

 

For the quantitation of the absorption changes not only the physical 

pathlength (L) or inter optode distance, is needed, but also the DPF (Table 3). The 

DPF can be accessed via different ways. The most common way is by so called, 

time-of-flight measurements. An ultrashort laser pulse is fired into the tissues. The 

pulse is detected by an ultrafast camera. The time of flight (t) can then be 

converted into a travelled distance (d) using the formula (Wyatt et al, 1990; van 

der Zee et al, 1992); 

 

                               d = c • t / n    →   DPF= d/L                                                (29)                                                   

where, c is the velocity of light and n the refractive index of the tissue. Division of 

d by L gives the DPF. Although the technique of time-of-flight measurement gives 

good results, the equipment needed for it is expensive and bulky and therefore 

only available to a few dedicated research centres. Another way to assessing the 
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DPF is by making use of frequency resolved systems. In this technique the 

incident light is intensity modulated at a frequency of 200-300 MHz. A phase 

sensitive detector measures the phase shift between the incident and transmitted 

light. From the phase shift the mean pathlength can be obtained. This technique is 

still cumbersome, relatively expensive and insensitive compared to continuous 

wave techniques (Benaron et al, 1990; Duncan et al, 1995). 

AUTHOR METHOD             ORGAN WAVELENGTH 

(nm) 

DPF 

Wyatt 1990 TRS Baby’s Head 783 4.39 ± 0.28 

Benaron  

1990 

FRS Infant Head 816 3.71 ± 0.30  

van der 

Zee 1991 

TRS Adult Head 761 5.93 ± 0.42 

van der 

Zee 1991 

TRS Adult Forearm 761 3.59 ± 0.32 

Ferrari 

1992 

TRS Adult Forearm 800 4.30 ± 0.20 

Duncan 

1995 

FRS Adult Calf 807 4.94 ± 0.67 

Duncan 

1995 

FRS Adult Forearm 807 3.74 ± 0.57 

 

 
Table 3. Values of the Differential Pathlength Factor (DPF) for various types of 
tissue. TRS-time-of-flight method, FRS- frequency-resolved method. All DPF values are 

given as mean ± SD. 
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8.14.4.     Occlusion Methods in NIRS 

 

8.14.4.1.      Arterial Occlusion Methods  

 

The blood flow into a limb can be completely stopped by inflating a blood 

pressure cuff to a pressure of more than 250 mmHg (McEwen et al, 2004). Arterial 

occlusion is applied by rapid inflation of a pneumatic cuff to a pressure of at least 

60 to 80 mmHg above systolic pressure. This way, both venous outflow and 

arterial inflow are blocked. No inflow and no outflow means that blood volume 

remains constant, seen with NIRS as a flat line in the total haemoglobin signal. 

The consumption of O2 by the muscles, which of course continues during 

occlusion, can be seen as a steady decrease in oxygenated haemoglobin and 

concurrent increase in the deoxygenated haemoglobin. After the pressure the cuff 

is released the tissue will show a hyperaemic reaction.  Blood volume increases 

rapidly, resulting in a fresh pool of O2Hb and a quick washout of HHb. The 

recovery time of the re-saturation observed with NIRS can be used as measure for, 

e.g. the vascularisation of the leg in patients with peripheral vascular disease 

(McCully et al, 1994). 

 

8.14.5.      Quantitation of Absolute Tissue Blood Volume 

 

By combining the NIRS data with arterial haemoglobin oxygen saturation 

(SaO2), measured for example by pulse oximetry, it is possible to quantitate the 

absolute value of blood volume of the examined tissue. This method was first 

described for the quantitation of cerebral blood volume (Wyatt et al, 1990). The 

effect of a small, gradual and transient change in SaO2 on the O2Hb concentration 
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is monitored. A decrease in local SaO2 of approximately 10% induced by lowering 

the inspired oxygen concentration is sufficient to calculate the blood volume 

(Kurth et al, 2002). Provided blood flow, volume and oxygen consumption remain 

constant during the procedure, the tissue blood volume (TBV) in ml/100g is given 

by; 

 

                 TBV = [∆(O2Hb- HHb) / 2 • R • ∆SaO2] • cHb • ρT • k                      (30) 

 

where,  cHb (mM) is the Haemoglobin concentration of whole blood,  ρT (g/cm3) 

the specific density of the tissue, k a constant reflecting metric conversions and R 

is, in case of cerebral tissue, the large to small vessel hematocrit ratio (~0.69). The 

difference between the O2Hb and HHb concentration is taken to obtain a better 

signal to noise ratio. This difference is also called the haemoglobin difference 

signal (HbDiff). Using this method an absolute change in arterial saturation is 

compared to a relative change in concentration of  O2Hb, which can than by 

quantified (Lammertsma et al, 1984).  

 

8.14.6.     Quantitation of Absolute Blood Flow 

 

The principle of measuring organ blood flow with NIRS is based on the Fick 

principle which states that oxygen uptake in an organ equals the difference 

between the inflow (arterial concentration x flow) and outflow (venous 

concentration) x flow. In NIRS the tracer used is a bolus of  O2Hb, which can be 

induced by suddenly increasing the inspired oxygen concentration. The 

concentration of the bolus can be measured by attaching a pulse oximetry probe 
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onto the organ. The increase of O2Hb as measured by NIRS represents the 

accumulation of the bolus into the organ. The blood flow (BF) through the organ 

is then given by the change of O2Hb divided by the product of the arterial 

haemoglobin concentration (ctHb) times the integral of change in arterial 

saturation (SaO2[%]); 

                                                                                                       t 

         BF[ml • 100g-1 • min-1] = K • ∆O2Hb/ [ctHb •10-2 • ∫ ∆(SaO2)dt]          (31) 
                                                                                                      0 
 

where, K is constant representing the molecular weight of haemoglobin, the tissue 

density and a metric conversion factor. This methodology has first been described 

for the determination of cerebral blood flow in newborns and has been used to 

determine the cerebral blood flow in adults (Skov et al, 1991; Elwell et al, 1992, 

1993, 1994).                                                                                                     

Muscle oxygenation was measured continuously and non-invasively (Study 4) by 

NIRS, which was performed using an OXYMON Mk III BV instrument (Artinis 

Medical Systems, The Netherlands). During the entire protocol supine subjects 

were instrumented with two pairs of optodes. The muscle optodes position was 

standardised to a point over a belly of the right side of vastus lateralis muscle and 

were held in place by a plastic spacer and secured to the skin using double-sided 

tape. Hair on the leg was removed for maximal optode signal. Optodes distance 

equalled 6 cm. All measurements were performed by the same operator. Subjects 

were allowed 30-min of quiet, supine rest in a temperature controlled laboratory 

maintained at 21 °C before determination of baseline point. All NIRS  pre- data  

recordings were with subjects in the overnight fasted state and at the same time on 

the morning of each study. 
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The Beer-Lambert Law was used to calculate micromolar changes across time 

(Crooks, 1978). Total haemoglobin (∆THb) was calculated as the sum of 

oxyhaemoglobin (∆O2Hb) and deoxyhaemoglobin (∆HHb). Data sampled 

continuously were logged on to a Toshiba laptop computer. Differential 

pathlength factor (DPF) of 4.0 was employed to correct for muscle calculations. 

[O2Hb] and [HHb] exist in equilibrium, such that an increase in one results in a 

proportional decrease in the other. Data were recorded at 25 Hz and all 

measurements were normalised to reveal changes from the beginning of protocol 

defined as zero to the magnitude of the end of whole experiment. 

 

8.15.      Electron paramagnetic resonance spectroscopy (EPR) 

 

The names EPR - electron paramagnetic resonance spectroscopy and ESR- 

electron spin resonance spectroscopy are used interchangeably and this method is 

by far the most useful method of radical detection and can be applied for the direct 

detection and molecular characterisation of  free radical concentrations (Symons et 

al, 1998). EPR is a powerful tool for investigating paramagnetic species, including 

organic radicals, inorganic radicals, and triplet states. The basic principles behind 

EPR are very similar to the more ubiquitous nuclear magnetic resonance 

spectroscopy (NMR), except that EPR focuses on the interaction of an external 

magnetic field with the unpaired electron(s) in a molecule, rather than the nuclei 

of individual atoms (Drago, 1992; Weil et al, 1994). It is a technique that is 

specific for free radicals, since it detects the presence of unpaired electrons. 

Practically, the sample is placed in a powerful magnetic field (up to 25 T) and the 

absorption of microwave radiation by the sample is monitored as the magnetic 

field is varied. These absorptions arise from the induction of changes in the spin 
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state of the electron as it is promoted from one spin state to another. The majority 

of EPR spectrometers are in the range of 8-10 GHz (X-band)(Weil et al, 1994, 

Halliwell et al, 1999). If it is exposed to an external magnetic field, it can align 

itself either parallel (– ½) or antiparallel (+ ½) to that field, and thus it creates two 

possible energy levels referred to as the Zeeman Effect (Figure 21), which vary 

with the magnetic field strength (Bauer et al, 2005). In other words if there are 

magnetic fields present, the atomic energy levels are split into a larger number of 

levels and the spectral lines are also split. Therefore the accuracy is more 

dependent on the linearity of the magnetic field scan than on the precise 

magnitude of the field strength (Bales et al, 1997). The EPR signal area is linearly 

dependent on the amplitude of the magnetic field modulation even when the 

sample is over-modulated and the EPR signal intensity depends strongly on 

temperature because of the Boltzmann population of spin states (Eaton et al, 

1980). The lower the temperature the higher the signal intensity for a normal 

doublet state molecule.  EPR spectrometers work by generating microwaves from 

a source (typically a klystron), sending them through an attenuator, and passing 

them on to the sample, which is located in a microwave cavity. Microwaves 

reflected back from the cavity are routed to the detector diode, and the signal 

comes out as a decrease in current at the detector analogous to absorption of 

microwaves by the sample. Magnetic field strength, also known as "magnetic flux 

density”, is generally reported in units of Gauss or miliTesla (Symons, 1978).  

Samples for EPR can be gases, single crystals, solutions, powders, and frozen 

solutions. The sensitivity of EPR can be as high as 10-10 mol-1 (Petryakov et al, 

2001). The higher the spectrometer frequency the lower the detection limit, 

meaning greater sensitivity. In many research problems EPR can provide desired 
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information such as; g-value, electron-electron and electron-nuclear spin-spin 

coupling, line shape, intensity and relaxation time.  

 

 

 

 

 

 

 

 

 

 

Figure 21. The Zeeman Effect (adapted from Liboff, 2002) 

 

If electro-magnetic radiation of the correct energy is applied, it will be absorbed 

and used to move the electron from the lower energy level to the upper one. Thus 

an absorption spectrum is obtained, usually in the microwave region of the 

electro-magnetic spectrum (Figure 22).  
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Figure 22. The splitting of the energy levels to the magnetic field.  
Every electron has a magnetic moment and spin quantum number s = 1/2, with magnetic 

components ms = +1/2 and ms = -1/2. In the presence of an external magnetic field the 

electron's magnetic moment aligns itself  either parallel (ms = -1/2) or antiparallel (ms = 

+1/2) to the magnetic field, each alignment having a specific energy (see the Zeeman 

effect). This energy is directly proportional to the magnetic field's strength. An unpaired 

electron can move between the two energy levels by either absorbing or emitting 

electromagnetic radiation of energy ε = hν, the fundamental equation of EPR 

spectroscopy called Planck–Einstein equation:, where; ε- electromagnetic energy; 

h- Planck constant (6.6 × 10
-34

 m
2
 kg / s)(Planck, 1901); ν-electromagnetic wave.  

 
 

EPR spectrometers are set up to display the first derivative of the absorption 

spectra for ease of interpretation, which show not the absorbance but the rate of 

change of absorbance, so that a point on the derivative curve corresponds to the 

gradient or slope at the equivalent point on the absorption plot. The condition to 

obtain an absorbance is (Namiesnik et  al, 2009): 

 

                                                                       ∆E= gβH                                                     (32) 
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where ∆E is the energy gap between the two energy levels of the electron, H is the 

strength of the applied magnetic field in gauss, β is a constant known as the Böhr 

magneton and g is the Lande factor (for free electron is 2.00232)(Odom et al, 

2006). The frequency associated with the change from one energy level to the 

other is thus given by the equation; 

 

                                                     υ = g βH / h                                                     (33) 

 

For a single electron this can be represented in a stylised way as; 

 

 

but, if presented as its first derivative, as EPR machines do, it will appear as; 

 

         

 

A number of atomic nuclei, such as those of hydrogen and nitrogen, also behave 

like small magnets and will align either parallel or antiparallel to the applied 

magnetic field. Thus in a hydrogen atom the single unpaired electron will be 

exposed to two different magnetic fields: the one applied plus that from the 

nucleus, or the one applied minus that from nucleus. Thus there will be two energy 

absorptions and the single line becomes a doublet, i.e. 

 

   

or, as more usually presented; 
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The number of lines in the EPR spectrum of a radical is called the hyperfine 

structure and is often complex in radicals containing many nuclei (Gubanov et al, 

1973).  

The concentration of A·− (Study 2, 3 and 4) was analysed directly using a 

high-sensitivity multiple-bore sample cell AquaX, 1 ml “injection” volume at 21 

°C, (Brucker Daltonics Inc., Billerica, MA, USA) housed within a EPR 

spectrometer. Spectra were recorded at 300 K using an EMX ER041XG X-band 

spectrometer fitted with a TM110 cavity (Brüker, Karlsruhe, Germany). Operating 

conditions during measurement of A·− were as follows; magnetic center field of 

3490 G, power of 20.07 mW, frequency of 9.79 GHz, sweep width of ± 30.00 G 

and sweep time 41.94 sec for 3 incremental scans (enough to achieve good 

spectrum signal-to-noise ratio), receiver gain of 2.00 x 105, modulation amplitude 

of 2.00 G and time constant 40.96 msec. After identical baseline correction and 

filtering, each of the spectral peak-to-trough line heights was normalized relative 

to the square root of line width in G and the mean considered a measure of the 

relative concentration of A·− following conformation of peak-to-trough line-width 

conformity and double integration on a random selection of samples. Absolute 

changes of ascorbate free radical concentration were expressed in arbitrary units 

(AU)/√line width in Gauss (G). 
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8.15.1. Characteristics of EPR spectra 

 

EPR spectra are characterised by three parameters from which information 

can be obtained about the identity of the radicals present; g-factors, hyperfine 

splitting (coupling) constants and line widths. A close study of these parameters 

enables much detailed structural information about the particular radical species. 

 

8.15.1.1.        G- Factor 

 

G- factor is analogous to chemical shifts in NMR spectroscopy and can be 

useful in assigning spectra to a particular type of radical as this parameter is 

dependent on the atom on which the radical is centred and to extent of 

delocalisation of the unpaired electron to neighbouring groups. In a magnetic field 

of an unpaired electron is a free radical, in addition to its spin angular momentum, 

a small amount of extra orbital angular momentum with consequent spin-orbit 

coupling. This results in a slightly different effective magnetic moment from that 

which a free electron would possess. As a consequence of this the condition for 

resonance is somewhat changed. The g factor of many paramagnetic species is 

anisotropic, meaning that it depends on its orientation in the magnetic field. 

Hence, for a given frequency, radicals with different g-factors resonate at different 

field strengths.  The g-factor value is roughly equal to 2.002319 (Odom et al, 

2006)(Table 4) for most organic radicals. The differences are small but they are 

nevertheless significant and can give valuable information about the structure of a 

radical (Brodsky et al, 2004). 
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RADICAL g-FACTOR 

ĊH3 

ĊH2OH 

CH3ĊHOH 

ĊH2COCH3 

ĊH2COCH2OH 

2.0025 

2.0033 

2.0033 

2.0042 

2.0042 

 

Table 4. g-factors of some organic radicals (adapted from Brodsky et al, 2004) 

 

 

8.15.1.2.      Hyperfine Coupling Constants (HCC) 

 

This is by far the most useful characteristic of EPR spectra both for 

elucidating the structure and also the shape of the radical under study. It arises 

from the interaction between the unpaired electron and neighbouring magnetic 

nuclei (1H, 13C, 18O). Interaction of the unpaired electron with a neighbouring 

proton causes hyperfine splitting because the electron experiences not only the 

applied magnetic field but also the proton magnetic field. Thus, the spectrum of 

hydrogen atom is a 1:1 doublet since the proton with a spin 1/2 may be aligned 

either parallel or antiparallel with the applied magnetic field. The separation of the 

components of the doublet is known as the hyperfine splitting constant (Figure 

23). The hyperfine splitting constant can be determined by measuring the distance 

between each of the hyperfine lines. In the specific case of Cu(II), the nuclear spin 

of Cu is I = 3/2, so the hyperfine splitting would result in four lines of intensity 

1:1:1:1. Similarly, super-hyperfine splitting of Cu(II) ligated to four symmetric I = 
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1 nuclei, such as 14N, would yield nine lines with intensities would be 

1:8:28:56:70:56:28:8:1 (Rieger, 2007). EPR spectra are in general much more 

complex than NMR spectra since coupling with β- protons is frequently as great as 

if not greater than with α-protons.  

                    A                                                   B 

 

 

 

 

 

 

 

                                                                                    g= 2.0033 

                                                                                  

Figure 23. Typical EPR spectra of A·−(g= 2.006)( in blood (A) and tissue (B), 
respectively (adapted from Bailey et al, 2009 and Zweier et al, 1987, respectively) 

 

8.15.1.3.  Line - Widths 

 

The line-width of an EPR absorption is related to the lifetime of a particular 

spin state and characterises the width of a spectral line, such as in the 

electromagnetic emission spectrum of an atom, or the frequency spectrum of an 

electronic system (Weil et al, 1994). This lifetime is reduced if there is rapid 

interchange of interacting magnetic nuclei. Also, reflects pO2 of sample (EPR 

oximetry)(Diepart et al, 2009). 
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8.16.    Haematological Measurements and Biochemistry 

 

8.16.1. Blood Sampling 

 

   It has been shown that diet may adversely affect on level of free radical 

and other blood borne metabolites, thus all blood sampling was completed after a 

12-hour overnight fast (Siemkowicz et al, 1978). Blood was obtained from a 

forearm ante-cubital vein (venous blood)(Study 3 and 4). The coronary effluents 

(Krebs, not blood) was measured in Study 2. The baseline venous blood samples 

and coronary effluent samples were taken after the subject was allowed 30-

minutes of supine rest (human) and 20-minutes after stabilisation of the rat heart, 

respectively. This procedure in conjunction with the equations of Dill and Costill 

(Dill 1974; Costill, 1974) was used in an attempt to correct and control for plasma 

volume shifts. 

 

 

8.16.2. Collection of Venous Blood 

 

For study 3 and 4 a 1.2 x 45 mm, 18 gauge in-dwelling cannula (Becton 

Dickenson, Oxford , UK) was inserted into an ante-cubital vein for the collection 

of blood samples. Each subject assumed a supine position and a tourniquet was 

fixed above the distal region of the subjects’ m. biceps brachii (Bachorik, 1982). 

The arm chosen for cannulation was the contra-lateral to that being used for NIRS 

measurement. Venous blood was drawn after cleaning a prominent ante-cubital 

forearm vein with a sterilised swab saturated with 70% v/v isopropyl alcohol 

(Medi Swab, Smith and Nephew, UK), into glass collection EDTA vials using the 

vacutainerTM method (Becton Dickinson, Oxford, UK). The cannula was 
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connected to a 3-way sterile stopcock (Connecta plus 3, Ohmeda, Sweden) 

allowing connection of a vacutainer via a vacutainer holder with luer adapter 

(Becton Dickinson, vacutainer system, NJ, USA). Following blood withdrawal the 

cannula was kept patent by flushing the line with physiological saline (0.9% 

NaCl, Maco Pharma, London, UK). The first vial (5ml) of subsequent blood 

withdrawals was discarded. 

For study 2 coronary effluent was drawn into 1.5 ml plastic collection vials 

(Eppendorf, Germany). Coronary effluent fractions were collected after 15 min of 

aerobic perfusion and at 2-3, 3-4, 4-5, 5-6, 6-7, 15min and at the end of 

reperfusion. The samples were frozen in liquid nitrogen (-196°C) for further 

determination of A·− level via X-band EPR spectroscopy. All analyses were 

performed within the same day of the study completion. 

Immediately following blood collection 5ml syringes for pH, pO2, pCO2, Hb, cHt 

and ethylene-diamine-tetra-acetate (EDTA) vacutainers (5ml) for A·− were placed 

on the vacutainer holder and immediately analysed using an Blood Gas Analyser 

RapidLabTM 248, Bayer Corporation, USA (85 µl volume; pO2, pCO2, pH). pO2 

was measured by amperometric method based upon the electrode described by 

Clark (Clark et al, 1953). pCO2 and pH was measured by the potentiometric 

method using the electrode described by Severinghaus (Severinghaus et al, 1958). 

 

 

8.16.3. Packed Cell Volume (PCV) 

 

 Heparinised microcapillary tube (Hawksley and Sons Ltd, Sussex, UK) was 

used to collect the venous blood from the subjects’ prominent ante-cubital forearm 

vein. An air bubble free sample was sealed at the distal end with Cristaseal 
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(Hawksley and Sons Ltd, Sussex, UK) and carefully inserted into a Micro-

Haematocrit Centrifuge (Hawksley and Sons Ltd, Sussex, UK) with the sealed 

end facing outwards. The samples were immediately centrifuged at 11,800 RPM 

for four minutes and the subsequent packed erythrocytes were measured using the 

standard microcapillary reader technique- Micro-Haematocrit Reader, corrected 

for PCV (1%)(Hawksley and Sons Ltd, Sussex, UK). The value was expressed in 

% of the whole blood. Hb was measured by HemoCue Limited Hb 201 +, USA. 

The rest EDTA-blood samples were centrifuged at 4000 RPM at 4°C for 10 min 

(Centra CL3R, IEC, USA). The serum was extracted using 1ml pipette (Gilson 

Medical Electronics, France) and transferred to 1.5ml plastic vials (Eppendorf, 

Germany) and then immediately snap-frozen in liquid nitrogen and stored at -

80°C until assayed. Duplicate samples were analysed and the mean of the two was 

taken as the definitive value. 

 

8.16.4. Haemoglobin (Hb) 

 

The concentration of Hb in whole blood was measured photometrically 

(Hemocue  photometer, Hemocue Ltd, Angleholm, Sweden) following the method 

outlined by Vanzetti (Vanzetti et al, 1965). The reaction in the cuvette is a 

modified azidemethaemoglobin reaction. The erythrocyte membranes are 

disintegrated by sodium deoxycholate, releasing the haemoglobin. Sodium nitrite 

converts the haemoglobin iron from the ferrous to the ferric state to form 

methaemoglobin, which then combines with azide to form azidmethaemoglobin. 

The photometer uses a double wavelength measuring method, 570 nm and 880 

nm, for compensation for a certain degree of turbidity. The volume of every each 

sample was 20 µl. The microcuvette was inserted into hemocue photometer and in 
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approximately 20 seconds the result was presented. Duplicate samples were 

measured and the mean of the two was taken as the definitive value. 

 

8.16.5. Percent Change in Plasma (∆PV) Volume and Blood Volume (∆BV) 

 

 

Percent change in plasma volume (∆PV) and blood volume (∆BV) were 

calculated from changes in PCV and Hb, (Dill and Costill, 1974). PCV and Hb 

samples were collected at the same time of each venous blood withdrawal. Blood 

metabolites were corrected for ∆PV following recovery, exercise and after ischaemic 

period (Study 3, Study 4).  

 

8.17. Statistical procedures 

 

All statistical analysis was performed using the Statistical Package for the 

Social Sciences (SPSS) social statistics package (version 17), Surrey, UK.  

 

8.17.1. Power of the Test 

 

A preliminary attempt was made to assess how large a sample is required to 

detect an intervention effect at  P< 0.05. However it must be emphasised that 

power calculations from complex MANOVA laboratory analyses are naturally 

difficult. The method of Altman (1982) was employed incorporating the critical 

difference for the main biochemical and cardiovascular parameters (Fraser et al, 

1989), where appropriate retrospective power calculations are included. This 

information can be crucial to the design of a study that is cost-effective and 

scientifically useful (Myles, 2007).  
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8.17.2.      Critical Difference Determination (CDD) 

 

CDD was assessed using the equation of Fraser and co-workers (Fraser et 

al, 1989); 

 

                                    CD = K√CVa2 + CVw2                                                     (34) 

 

where,  

K- dependent factor on the probability level selected (2.77 at P<0.05); CVa
2-

coefficient of analytical variation; CVw
2-within subject biological coefficient of 

variation. 

 

 

8.17.3.      Coefficient of Variation (CV) 

 

CV was calculated using the following equation: 

 

 

                                        CV = [SD÷ Mean] x 100                                              (35) 

 

 

The coefficient of analytical variation (Cva) for biochemistry was determined 

during analysis. For analysis of other variables CVa was determined by 10 

consecutive measurements of that specific variable on one subject. Assay data 

collected from each subject, at three distinct time points was used in the 

calculation of within subject biological coefficient of variation (CVw) utilising the 

following equation: 

 

                                   CVw (%)= total variation- Cva                                         (36) 
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All data was tested for the presence of outliers among mean values according to 

Reeds criterion, which considers the difference between the extreme value and the 

next highest or lowest value rejectring the extreme if this difference exceeds one-

third the range of all values (Reed et al, 1971). 

 

8.18. Descriptive Statistics 

 

Data were analysed using parametric or non-parametric statistics following 

mathematical confirmation or rejection of a normal distribution by repeated 

Shapiro-Wilk W tests (Shapiro et al, 1965). The Shapiro-Wilk's W test is the 

preferred test of normality because of its good power properties as compared to a 

wide range of alternative tests and also due to n<50 (Conover, 1999; Royston, 

1995).  

 

8.19. Comparative Statistics 

 

The sample size for each group (Study 2, n=18, Study 3, n = 18 and Study 4, 

n = 10) was initially found to be sufficient via preliminary power analyses and 

confirmed by post hoc power analyses of the major comparisons, ie. power >0.8 at 

p< 0.05 level. Data were analysed using parametric or non-parametric statistics 

following mathematical confirmation or rejection of a normal distribution by 

repeated Shapiro-Wilk W tests.   

Study 1: All quantum mechanical calculations are based on probability theory, this 

is intrinsic within the optimisation approach by Gaussian 03 Package on a PC or 

with the EPSRC National Service for Computational Chemistry Software 

(NSCCS) located at RAL Didcot, UK. 
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Study 2:  Following confirmation of distribution normality (Shapiro-Wilk-W test), 

data were analysed using a one factor repeated measures ANOVA and 2-way 

repeated measures analysis of variance (ANOVA) with one between (time vs. 

group) and one within (time of measurements pre-ischaemia vs. post-ischaemia) 

were employed, followed by a posteriori Bonferroni-corrected paired samples t-

tests. Significance for all 2-tailed tests was set at P<0.05. Measures of myocardial 

function and ascorbate free radical were expressed as mean +/- standard deviation 

(SD).  

Study 3 & 4: Study 3: Pre- and post-exercise data (or the corresponding time-

points for the non-exercise trail) were assessed with two-way repeated measures 

analysis of variance (ANOVA) with one between (study 3, state; exercise vs. non-

exercise) and one within (time of measurements pre- vs. post-exercise time points) 

subjects factor as the repeated measures. All NIRS data (Study 4) were expressed 

as micromolar concentration changes. Mean values (∆[O2Hb], ∆[HHb], and 

∆[tHb]) were plotted against the time point to qualitatively describe muscle 

oxygenation patterns during each stage. 

Following a significant interaction, grouped means for time and state were 

analysed using a one-factor repeated measures ANOVA with a posteriori 

Bonferonni-Corrected Paired Samples T-tests or Wilcoxon Signed Ranks Tests. 

Pre- and post-exercise as well as normoxia and hypoxia blood metabolites (study 3 

and 4) were assessed with one-factor repeated measures ANOVA with a 

posteriori Bonferonni-Corrected Paired Samples T-tests or Wilcoxon Signed 

Ranks Tests. The alpha level was established at P<0.05 for all two-tailed tests. 

The linear relationship between two dependent variables was established using 
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Pearsons Product Moment Correlation Coefficient or the Spearman Rank Order 

Correlation.  
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Study 1  

THEORETICAL STUDIES OF L-ASCORBIC ACID   

(VITAMIN C) AND SELECTED OXIDISED, ANIONIC AND 

FREE-RADICAL FORMS 

 

 

9.0.    Abstract 

 

             Calculations were carried out at the restricted and unrestricted 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 to di- and monodehydroascorbates. 

For the didehydroascorbates, corresponding to 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 and vibrational spectral and energetic properties 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-1 and is stabilised by 

internal hydrogen bonding. For particular monodehydroascorbates, formed by loss 

of H from the chain CH(OH) group, calculated properties of conformers of five 

neutral mono-radicals and the corresponding five anionic di-radicals are reported. 

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. These studies have taken advantage of quantum mechanical 
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methods and provide unique mechanistic insight into the chain-breaking 

antioxidant properties of  L-ascorboc acid. 

 

9.1.   Introduction and Methodology 

 

In this chapter the basic chemistry involved in the formation of free radicals 

will be reviewed along with an account of the major reaction types they induce 

with a specific focus on the A·−. In addition, it will be shown how the technique of 

computational chemistry can provide unique information regarding specific 

reactions of importance in oxidative stress. Free radicals, initially described as 

reactive molecular species with an odd number of electrons and containing 

carbon, were discovered by Gomberg at the beginning of the 20th century  

(Gomberg, 1900) but their chemical significance became apparent in the 1930’s 

by workers, particularly Hey (Hey, 1934) leading to recognition of the importance 

of damage by free radicals containing active carbon, oxygen (particularly as 

hydroxyl) or other hetero-atom radicals leading to disease states or aging 

processes in humans (Bailey et al, 2003, 2004, 2006, 2007). The medicinal and 

physiological properties of vitamin C were described by Szent-Gyorgyi (Szent-

Györgyi, 1928) providing Nobel Laureates to all three workers in 1937 (A. Szent-

Gyorgyi; Karrer P; Haworth WN). The name L-ascorbic acid given to vitamin C 

was a variant of α-scorbuticus (meaning against scurvy). This substance is derived 

from glucose in the liver or kidneys of many animals, reptiles and birds whilst 

others, including humans, require it as essential dietary intake (Spark, 2007). We 

suffer from lack of the L-gulonolactone oxidase (GULO) enzyme, which is 

required in the last step of vitamin C synthesis, because they have a defective 

form of the gene for the enzyme (Pseudogene ΨGULO). 
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Vitamin C is a white to light yellow water soluble solid, which can participate in 

keto-enol tautomerism associated with proton loss and formation of the ascorbate 

ion  leading to the description “sugar acid”. Ascorbate is an antioxidant that can 

scavenge tissue and blood borne free radicals (Davies et al, 1991; Frei et al, 

1988).  

Previous studies of proton donors and acceptors in our laboratories (Davies et al, 

2006; George et al, 2001; Davies et al, 2003; Evans et al, 2005)  have looked at a 

range of molecular interactions in the free state and in polar and non-polar 

solvents using the polarised continuum model (PCM), the isodensity version 

(IPCM) and the self consistent isodensity model (SCFICM) (Tomasi et al, 2005; 

Allen et al, 2006; Casadesus et al, 2006). This work is now extended to unstable 

free radicals as short-lived paramagnetic species with half-lives in the order of 10-

3 to 10-9 s for the more reactive forms which have diffusion controlled bimolecular 

reaction rates of 106 to 109 M-1 s-1. These species can be measured by EPR 

spectroscopy, the only molecular technique sine qua non for the direct detection 

and subsequent characterisation of free radical species (Bailey et al, 2006) but the 

short lifetime of many free radicals leads to large EPR band-width and may 

require spin-trapping techniques as described by Villamena and co-workers 

(Villamena et al, 2004).  

An oxidised form of ascorbate, didehydroascorbic acid, is itself a long-lived free 

radical and its EPR spectrum has been described by Laroff and co-workers (Laroff 

et al, 1972). We have reproduced these calculations and reported comparisons 

(Table 9,10,11; Appendix I) using similar basis sets and solvent models. 

Ascorbates are physiologically essential in controlled amounts and are capable of 

initiating protective adaptation in the face of oxidative stress for the maintenance 
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of homeostasis. Buettner and co-workers (Buettner, 1993; Buettner et al, 1993) 

have shown that the low reduction potential associated with the A·−/ascorbate 

monanion (AH-) couple, EO΄= +282mV, leads to facile  oxidation by bio-

molecular oxidising radicals. Any oxidising radical (R•), present in blood will 

react with AH- to form A·−(R• + AH- → A·− + R-H). Thus, ascorbate is considered 

the most effective water-soluble antioxidant in human plasma, with the capacity to 

‘‘repair” damage by superoxide, hydroxyl, alkyl, peroxyl and alkoxyl radical 

(Bailey et al, 2009). The most significant of these is believed to be the •OH for 

which Abe (Abe et al, 1992) have predicted by molecular orbital calculations that 

the neutral OH addition site is the alkene carbon adjacent to the carbonyl group. 

Additional EPR studies (Sharma et al, 1993) suggest that ascorbate and 

tocopheroxyl free radicals have a complementary role in combating oxidative 

stress by virtue, in part, of respective water and lipid solubility. Hence ascorbate 

(Figure 24) is thermodynamically capable of re-cycling the tocopheroxyl radical 

back to the fully functional α-tocopherol isomer (∆E°´≈+200mV) to “chain-

break” lipid peroxidation.  

 

 

 

 

 

 

 

Figure 24. Structure of the ascorbate radical (didehydroascorbate acid) 
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Determination of the detailed chemical structure of L-ascorbic acid and related 

species contributes to the evolving knowledge of the molecular properties of this 

important compound. Theoretical studies have complemented experimental 

investigations, such as  Laroff and co-workers (Laroff et al, 1972); Fessenden and 

co-workers (Fessenden et al, 1978) or Bailey and co-workers (Bailey et al, 2006). 

EPR detection of free radicals from the muscle of exercising humans, hypoxia and 

surgical ischaemia-reperfusion has been reported by Bailey and co-workers 

(Bailey et al, 2003, 2009) using spin traps and also during vascular surgery by 

Bailey and co-workers (Bailey et al, 2006), and have established paradigms that 

catalyse oxidative stress. More recently Bailey and co-workers (Bailey et al, 2007) 

have reported measurements of change in the arterio-jugular venous free radical 

concentration.  

In principle, damage by free radicals to biological materials may be reduced by 

the presence of suitable antioxidants such as the L-enantiomer of ascorbic acid 

(Vitamin C) and its anionic forms, aimed at scavenging free radicals. It readily 

undergoes a series of reactions involving a number of keto- and enol- forms. 

These have been the subject of selected ab-initio and density functional theory 

(DFT) calculations. The structure of L-ascorbic acid, anions and radicals has been 

described by Allen and co-workers (Allen et al, 2006) who optimised structures at 

the unrestricted B3LYP/6-311++G(d,p) level with single point calculations at the 

corresponding MP2 level. The side chain of the molecular non-radical form has 

many conformers and have been the subject of various studies (Allen et al, 2006; 

Dimittrova 2006; Mora et al, 1998; O’Malley, 2001). The present research seeks 

to offer further clarification of structure and properties of L-ascorbic acid, and 

those of ascorbate radicals, associated with antioxidant processes and 



 
157 

 

physiological protection. Theoretical evidence, using methods and basis sets 

consistent with earlier work, is offered for the existence of two stable conformers 

of L-ascorbic acid and of its fully oxidised form. These are also shown as possible 

anionic radicals.  

The lower energy neutral conformer and its fully oxidised, didehydroascorbate, 

form is reduced in energy by internal hydrogen bonding. Partially oxidised 

monodehydroascorbates may occur by removal of H from the furan ring or side 

chain. The present work considers those formed by removal of H from the 

CH(OH) group in the side chain. These are considered to exist as a range of 

conformers of which five neutral mono-radicals and corresponding anionic di-

radicals are selected as distinctive and for which properties are calculated. 

Hydrogen transfer is predicted in two systems with favourable spatial 

arrangements of O–H and O groups for which relaxed potential energy surface 

(PES) scans are reported. Calculated vibrational wavenumber values are provided 

for selected C=C, C=O, 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 may serve as a basis for interpretation of further spectroscopic 

measurements. 

We have attempted the calculation of optimised structures of many of these 

conformers which optimise in some cases. 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 

by Gaussian O3W package. 
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9.2.   Computational Methods 

 

Calculations were carried out on a PC using the Gaussian 03 package 

(Frisch et al, 2003). Additionally the EPSRC National Service for Computational 

Chemistry Software (NSCCS) located at RAL Didcot, UK was used for large 

calculations. All structures were initially optimised at the B3LYP/6-31+G(d,p) 

level and further optimised at the (U)B3LYP/6-311++G(d,p) level. Hyperfine 

Coupling Constants (HCC) have been reported for a range of organic and 

inorganic radicals using various DFT methods by Hermosilla and co-workers 

(Hermosilla et al, 2005). In the present work calculations of HCC values at the 

UB3LYP/EPR-II/levels are reported in the gas state for all radical structures 

studied. Corresponding values in aqueous solution were carried out using the 

isodensity polarisable continuum model, SCRF(IPCM) in selected cases. Here 

deviations from experimental values are fairly large in the present work as was 

also for the work reported by Allen and co-workers (Allen et al, 2006) both using 

similar solvation methods as described by Tomasi and co-workers (Tomasi et al, 

2005) and Foresman and co-workers (Foresman, 1996; Foresman et al, 1995). All 

molecules, ions and radicals were modelled using the Gauss-View package 

(Frisch et al, 2003) which enables calculated vibrational modes to be readily 

assigned and atomic motions identified. Relaxed PES scan calculations were 

carried out by methods we have described for proton transfer studies in 

acetylcholine and phosphorus analogues (Davies et al, 2006; George et al, 2001; 

Davies et al, 2003; Evans et al, 2005) at the B3LYP/6-31+G(d,p) level. 
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9.3. Statistical Analyses 

 

 

All quantum mechanical calculations are based on probability theory, this is 

intrinsic within the optimisation approach by Gaussian 03 Package on a PC or 

with the EPSRC National Service for Computational Chemistry Software 

(NSCCS) located at RAL Didcot, UK. 

 

 

9.4. Properties of L-ascorbic acid and didehydroascorbate  

 

 

An understanding of the properties of L-ascorbic acid and its oxidation to a 

relatively stable radical currently rests on the long standing measurements by 

Laroff and co-workers (Laroff et al, 1972). Their EPR data for the radical is 

reproduced in Figure 25. In the present work, we predict the existence of two 

stable conformers of L-ascorbic acid and the corresponding oxidation products to 

didehydroascorbates of both forms. These are described as Conformers 1 and 2.  
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Figure 25. EPR spectrum of didehydrolascorbate acid (adapted from Laroff et al, 

1972). The splitting values assigned as aH5 = 0.07 G would be expected to be larger than 

that assigned for aH6 = 0.19 G by virtue of closer proximity of C5 than C6 to the 

delocalised site of the free electron. Support for these reported assignments was provided 

in terms of the pattern of bands in the EPR spectrum apparently corresponding to a pair 

of triplets (Figure 27). However it was noted by these authors that the intensities of the 

central lines is approximately 35% greater than that of the outer lines rather than twice 

the value as expected for a triplet structure. 

 

Theoretical information is provided for the existence of these in neutral and 

anionic radical forms for which two spin-related parameters (charge, multiplicity) 

are (0,1) and (-1,2), respectively. Their structures are shown in Figure 26 and 

selected properties are listed in Table 8; Appendix I.  
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                       Conformer 1                                                                  Conformer 2 

 

 

 

                                                                            

 

 

 

 

 

 

 

                Oxidised form of L-ascorbic acid (didehydroascorbic acid) 

    

                Conformer 1                                                        Conformer 2 

                                                               

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Computed optimised structures of L-ascorbic acid and didehydroascorbic 

acid at B3LYP/6-311++G(d,p). Two stable conformers of L-ascorbic acid and the 

corresponding oxidation products to didehydroascorbates of both forms. Large 

red, O, medium grey, C and small grey, H. 
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9.5. EPR Spectra 
 

Typical electron paramagnetic resonance (EPR) spectra of the ascorbate free 

radical is shown in Figure 27. The HCC values shown in Table 8; Appendix I are 

selected from more detailed information in Table 9 (for the gas phase) and Table 

10 (for the aqueous phase); Appendix I in which the atomic numbering is 

correlated with the numbering of Laroff and co-workers (Laroff et al, 1972). Their 

assignment assumes a large doublet splitting of the free electron by H(1) on C4 

and a very small doublet splitting for H(1) on C5 with a triplet splitting of 

intermediate magnitude by the two H(1) nuclei, assumed to be equivalent, on C6. 

This assignment appears to be anomalous.  

The splitting values assigned as aH5 = 0.07 G would be expected to be larger than 

that assigned for aH6 = 0.19 G by virtue of closer proximity of C5 than C6 to the 

delocalised site of the free electron. Support for these reported assignments was 

provided in terms of the pattern of bands in the EPR spectrum apparently 

corresponding to a pair of triplets (Figure 25). However it was noted by these 

authors that the intensities of the central lines is approximately 35% greater than 

that of the outer lines rather than twice the value as expected for a triplet structure. 

It was also recognised that the two protons responsible for the apparent triplet 

structure were not exactly equivalent on the time scale of the EPR measurement. 

It is possible that the apparent triplet structure previously assumed arose from a 

different assignment possibly involving non-first order interactions of EPR energy 

levels. 

An alternative assignment (Table 8; Appendix I) would be consistent with the 

values of the splitting constants decreasing in value in the sequence of increasing 

distance from the conjugated carbonyl groups for the H(1) nuclei. The calculated 
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sequence is the same for both the present work and that of Allen and co-workers 

(Allen et al, 2006) although, as discussed, the quantitative values are slightly 

different in some cases. 

Here the first order calculated spectrum would consist of a doublet of separation 

1.54 G with each component split firstly into further doublets of separation 0.19 G 

each further split by the CH2 group. It is possible that second order and accidental 

coincidences could produce a spectrum consistent with that observed. Large 

differences between calculated and experimental HCC values are included in 

Table 10; Appendix I to show an average difference in the present work of 39% 

compared with 54.5% for that of Allen and co-workers (Allen et al, 2006). The 

largest discrepancy in both cases is for the 2C(13) spin atom (150–193%). The 

average discrepancy between calculated and observed HCC values of the H(1) 

nuclei shown in Table 8; Appendix I is 17% providing reasonable support for the 

assignments shown.  

Table 11; Appendix I shows only small differences between HCC values 

calculated at the 6-311++G(d,p) and B3LYP/EPR-II levels for C(13) and H(1) 

spin atoms. These calculations are limited to the gas state in view of uncertainties 

described earlier for solvent corrections. For the neutral mono-radical (0,2), the 

9H(1) values in Figure 29 (A), (B), (C) and (D) are respectively (EPR-II) 90.6, 

76.1, 41.3 and 22.5 G. This is the proton on the CHO- group on which the 

unpaired electron would be expected to be largely located. In the case of Figure 30 

the HCC value is particularly large (101.1 G) which is a CHO- group to which a 

proton is transferred from the side chain. In the case of the anionic di-radicals (-

1,3) the two unpaired electron lead to large HCC value on 6C, 8C, 6C, 8C, 6C 

with evidence of greater delocalisation with smaller splittings from the H(1) 
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nuclei. The splittings by C(13) nuclei are generally greater for the anionic di-

radical(-1,3). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 27. Typical electron paramagnetic resonance (EPR) spectra of the ascorbate 

free radical (g = 2.00518; aH4 = 1.76 Gauss) detected in the cubital venous circulation 
of a healthy volunteer and age/physical activity-matched patient with vascular 
arterial occlusive disease scheduled for an elective infra-renal abdominal aortic 
aneurectomy (AAA). All spectra were filtered and scaled identically. Simulation 

spectrum also illustrated. Note the marked increase in the signal amplitude of A
•
 

confirming that AAA is associated with elevated systemic oxidative stress. A
•
 was 

associated with a lower venous concentration of ascorbate (6µmol/L vs. 58µmol/L) 

suggesting that the one-electron oxidation (thus systemic consumption) of ascorbate by a 

primary potentially lipid-derived oxidising species
32

. For this comparison, exactly 1mL of 

K-EDTA plasma was injected into a high-sensitivity multiple-bore sample cell (AquaX, 

Bruker Instruments Inc, Billerica, USA) housed within a TM110 cavity of an EPR 

spectrometer operating at X-band (9.87 GHz). Samples were analysed using a 

modulation frequency of 100kHz, modulation amplitude of 0.65 Gauss (G), microwave 

power of 10mW, receiver gain of 2 x 10
5
, time constant of 41ms, magnetic field centre of 

3477G and scan width of ± 50G for 3 incremental scans.  
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9.5.1. Vibrational  Spectra and Electronic Energy 

 

The structure of Conformer 1 of L-ascorbic acid, Figure 26, corresponds to 

that determined by Allen and co-workers (Allen et al, 2006). We predict an 

additional form, Conformer 2, to be of lower energy than Conformer 1 at the 

B3LYP/6-311++G(d,p) level by 11.7 kJ mol-1 as described in Table 8; Appendix I 

which summarises the assignment of the C–H and O–H modes and electronic 

energy values for these structures and their oxidised form to didehydroascorbic 

acid. The vibrational spectra of the latter has been reported by Liu and co-workers 

(Liu et al, 2009) by HF, MP2 and DFT methods with high level (6-311++G(d,p)) 

basis sets followed by normal co-ordinate analysis and assignment of all 

fundamental frequencies. Reasons for greater stability of Conformer 2 of L-

ascorbic acid are associated with internal hydrogen bonding between the 

penultimate O–H group at 3801 cm-1, (which is 16 cm-1 to lower wavenumber 

than the corresponding mode in Conformer 1) and the O atom in the terminal O–H 

group. This mode is assigned at 3858 cm-1 in Conformer 2 which corresponds to 

the mode at 3857 cm-1 in Conformer 1. The wavenumber values of all C–H and 

O–H modes are readily assigned in Table 9; Appendix I with differences in 

coupling of C–H modes between the L-ascorbic acid and the didehydroascorbate 

conformers; the C(8)–H(9) group being coupled to the terminal CH2 group in the 

former case but existing as an isolated single group vibration in the latter. 

It is interesting to compare the three O–H stretching modes comprising the two 

ring O–H modes (15,16) and (17,18) and the terminal O–H modes (13,19) for 

Structure B in which hydrogen bonding is favoured. The differences (A–B) are 

included in Table 11; Appendix I. Here the neutral radical (0,2) shows a reduction 

of 43.9 cm-1 (6-311++G(d,p) for the terminal O–H mode because of internal 
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hydrogen bonding in Figure 28 (B) with less than a wavenumber change (Figure 

28 A–B) in the two ring attached O–H modes. By contrast the an ion di-radical (-

1,3) form shows a much larger reduction (A–B) of 220.8 cm-1 and shifts in the 

ring modes of 17.0 and 3.8 cm-1. The (-1,3) form shows no such correlation. The 

three O–H stretching modes in C–E are less affected by internal hydrogen 

bonding, however, in Figure 28(D) modes 49 and 50 are within 3–5 cm-1 and 

undergo vibrational mixing. Other assignments listed are the group modes 

associated with C=C, C=O and C–H stretching vibrations. 

 

 

9.6. Properties of L-ascorbate Neutral Radicals and Anionic Di-radicals 

 

In principle many conformations of the side chain of ascorbic acid, its 

radicals and its anionic forms exist and have been the subject of various studies 

(Allen et al, 2006; Dimittrova, 2006; Mora et al, 1998; O’Malley, 2001). We have 

attempted the calculation of properties of many of these structures. Those 

described in the present work are optimised for both the neutral mono-radical and 

the anionic di-radical for all three basis sets used. These are the B3LYP/6-

31+G(d,p), B3LYP/6-311++G(d,p) together with B3LYP/EPR-II. The 

deprotonation of the O–H group and associated energy change has been studied 

by Juhasz and co-workers (Juhasz et al, 2003). In the present studies the terminal 

CH2OH group is retained and the adjacent O–H group loses a proton to form a 

neutral radical or an ionised di-radical. This rationale for the five structures 

selected suggests a logical framework to an otherwise confused picture of 

ascorbate structures and properties.  
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Following proton removal, Conformer 1 has no possibility for hydrogen bonding 

and corresponds to (Figure 28A). Conformer 2 favours hydrogen bonding to the 

adjacent O and corresponds to (Figure 28B), Here the shift in the cm-1 value of the 

terminal O–H group arises from hydrogen bonding and is similar for all three 

basis sets and is small for the neutral radicals (average 45.5 cm-1) but significantly 

larger for the anionic di-radicals (average 230 cm-1). In the case of (Figure 28C) 

hydrogen bonding is also to the adjacent O but here the C–C group is cis to the 

ring and hydrogen bonding is weaker than in (Figure 28B) in which the C–C 

group is trans to the ring. In (Figure 28D) the terminal O–H group is hydrogen 

bonded to a ring O–H which is expected to be weaker than bonding to the O group 

in the side chain. A fifth form (Figure 29) shows important differences from forms 

(Figure 28A–D) in the anionic di-radicals for all three basis sets used. Here the 

terminal O–H is internally hydrogen bonded to the O atom of the furan ring. 

However, the O adjacent to the terminal CH2OH group is orientated by 

conformation to the nearer of the two ring O–H groups. This results in proton 

transfer from this group. This is shown in (Figure 29) in terms of movement of 

H(12) in the initial structure from O(11) attached to the ring to O(19) adjacent to 

the terminal CH2OH group in the final structure. It is noted that the ring O(11)–

H(12) which transfers a proton is orientated out of the plane of the ring in all 

anionic di-radicals (Figure 28A–D, 29) whereas O(9)–H(10) and the O–H groups 

in all other neutral radical structures are within the plane of the ring.  
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Figure 28. Conformers of neutral radicals of L-ascorbate at B3LYP/6-31+G(d,p). 
Following proton removal, Conformer 1 has no possibility for hydrogen bonding and 

corresponds to Figure 29A. Conformer 2 favours hydrogen bonding to the adjacent O and 

corresponds to Figure 29B. In the case of (Figure 29C) hydrogen bonding is also to the 

adjacent O but here the C–C group is cis to the ring and hydrogen bonding is weaker than 

in (Figure 29B) in which the C–C group is trans to the ring. In (Figure 29D) the terminal 

O–H group is hydrogen bonded to a ring O–H which is expected to be weaker than 

bonding to the O group in the side chain. 

 

(A) Terminal O-C trans to ring, terminal O- 

 

 

 

 

 

 

 

 

 

 

 

 

(B) Terminal C-C trans to ring, terminal O-H hydrogen bonded to adjacent O
- 
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(C) Terminal C-C cis to ring, terminal O-H hydrogen bonded to adjacent O
- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(D) Terminal C-C cis to ring, terminal O-H hydrogen bonded to ring O-H 
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Figure 29. Proton transfer in anionic di-radicals of L-ascorbate at B3LYP/6-

31+G(d,p), /6-311++G(d,p) and /EPR-II. A fifth form shows important differences 

from forms (Figure 29A–D) in the anionic di-radicals for all three basis sets used. 

Here the terminal O–H is internally hydrogen bonded to the O atom of the furan 

ring. 

 

Terminal C-C cis to ring, terminal O-H hydrogen bonded to ring O , input 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Proton transfer from ring to chain following optimisations of input above  
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Figure 30 and 31 show the relaxed PES scans. In the case of the neutral radical, 

the proton transfer in (B) is shown in Figure 30 in which the potential energy is 

scanned for the reaction co-ordinate corresponding to transfer of H(19) from the 

terminal O(13) to the adjacent O(14) to show a potential energy barrier the 

crossing of which leads to a small reduction of energy. By contrast the anionic di-

radical shown in Figure 30 has a lower barrier but leads to a larger increase in 

energy on crossing the barrier. Table 11; Appendix I reports selected electronic 

energetic, EPR and vibrational spectroscopic information for the five structures 

shown in Figure 28 for the neutral radical (0,2) and the anionic di-radical (-1,3). 

These are selected from a larger number of possible species by virtue of 

consistency of optimisation. As discussed, the loss by oxidation of two hydrogen 

atoms in the furan ring of ascorbic acid can lead to fully reduced forms, including 

a mono-radical to which the measured EPR spectrum is assigned above. The loss 

of one hydrogen by partial oxidation of the furan ring has also been the subject of 

investigation (Allen et al, 2006). In the present work, we investigate theoretically 

the loss by oxidation of one hydrogen from the side chain which can result in 

various conformations influenced by internal hydrogen bonding. 
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Figure 30. Structure (B)- neutral radical-proton transfer from terminal O-H to 

adjacent O 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Structure (B)- ion di-radical- proton transfer from terminal O-H to 

terminal  O 
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9.6.1. Energy scans 

 

Konya and co-workers (Konya et al, 2003) have reported a relaxed PES scan 

for a change in the dihedral angles of the side chain of L-ascorbic acid at the 

necessarily low RHF/321G level of theory leading to conformational studies at 

higher levels of theory for the minimum energy forms determined in relation to 

the mechanism of oxidation. It was noted in Table 8;  Appendix I that the 

didehydroascorbate acid and the radical anion were optimised as stable structures 

corresponding to the two conformers identified by optimisation in L-ascorbic acid 

in which Conformer 2 was at a lower energy state (greater stability) than 

Conformer 1 because of internal hydrogen bonding. Partially oxidised 

monodehydroascorbates may occur by removal of H from the furan ring or side 

chain. The present work considers those formed by removal of H from the 

CH(OH) group in the side chain. 

We have extended relaxed PES calculations to proton transfer between the O–

H group and the C–O group. This is favoured in Structure of Figure 28(B) 

compared with the other structures listed because of steric orientations of these 

groups in both the neutral radical (0,2) and anion di-radical (-1,3) forms of 

(B).The shifts in the terminal O–H stretching modes relate to the change in energy 

on proton transfer between the (13,19) O–H group and the (8,16) C–O group of 

the side chain. Within the assumptions and conditions used for the relaxed PES 

results shown in Figures 30 and 31 the structure resulting from this transfer is less 

stable (by 4 kJ mol-1) for the neutral radical but separated by a larger barrier (70.3 

kJ mol-1) as shown in Figure 30. In the case of the ion di-radical the corresponding 

proton transfer leads to a structure of lower stability (22 kJ mol-1) but with a 

barrier of 54.2 kJ mol-1 as shown in Figure 31. These results suggest the effects of 
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the anion di-radical relative to the neutral radical is to increase the energy 

differential between Figure 28(A) and (B) for the two radical systems as measured 

both by shifts in the O–H stretching modes and differences in minima of the PES 

diagram. This is likely to be associated with greater contribution to bonding 

strength in the intra-molecularly hydrogen bonded form from the electronic 

charge of the ionic form. A particularly interesting case occurs in Figure 30 in 

which proton transfer to the O- group adjacent to the terminal O–H group occurs 

not from the side-chain but from the favourably situated O–H ring. These results 

suggest that an O- group adjacent to the terminal O– H group can achieve greater 

stability by scavenging a proton from a ring O–H according to steric 

considerations which are sensitive to conformation. Since the side chain of the 

furan ring possesses bonds for which dihedral angles are in rapid motion, many 

radical species may exist in a constant flux in which separate EPR signals may be 

difficult to measure. 

 

 

9.7. Conclusions 

 

The present work predicts an additional lower energy form (Conformer 2) for 

L-ascorbic acid to that previously characterised (Conformer 1) together with 

corresponding conformers of didehydroascorbic acid. These conformers can have 

a neutral non-radical or an anionic radical structure for which, in the latter case, an 

alternative assignment to that previously reported (Laroff et al, 1972) is offered 

for the EPR spectrum of the didehydroascorbate radical. The properties of 

monodehydroascorbate neutral radicals and ionic di-radicals formed by loss of a 

side chain hydroxyl hydrogen atom, –CH(OH), are calculated for five distinct 



 
175 

 

structures differing by hydrogen bonding features within which proton transfer is 

predicted in two sterically favoured cases. 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. Protection by L-

ascorbic acid from oxidative stress by free radicals, particularly the hydroxyl 

radical, is facilitated by preferential oxidation to either the di- or 

monodehydroascorbates, the radical forms of which are considered to be less 

physiologically reactive than the shorter life-time and E°´> 2500mV, of the more 

reactive •OH. 

Our research has discovered and confirmed the existence of more stable forms 

of vitamin C compared to tests carried out by other authors (Laroff et al, 1972). 

With this knowledge we can proceed to carry out a series of studies of animal 

models and human, to see what effects and consequences entails the 

administration of antioxidants, such as for example vitamin C and their direct 

effect on free radicals. Therefore, the study number two will address the direct 

effect of vitamin C on the level of free radicals and consequently attenuating 

myocardial dysfunction. 
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Study 2   

DETECT, CHARACTERISE AND MANIPULATE FREE 

RADICAL GENERATION IN AN ANIMAL MODEL OF 

MYOCARDIAL ISCHAEMIA-REPERFUSION 

 

 

10.0. Abstract 

 

          Ischaemia-Reperfusion (I-R) would independently increase the local 

release of ROS (↑A·−) (Bailey et al, 2009; Zweier, 1998, Bolli et al, 1987) and as a 

consequence impaired the vital functions such as left ventricular developed 

pressure (LVDP) and increased depression of contractile function (Kloner et al, 

1983) or stunning (Braunwald et al, 1982). Vitamin C is a strong antioxidant that 

quenches ROS therefore, we postulated that it could ameliorate the damaging 

effects of I-R on myocardial cells by improved LVDP and decreased infarction 

and thereby attenuating myocardial dysfunction and we postulated that the 

mechanism of vitamin C protection against I-R-induced cell death involved 

quenching of ROS. 

During initial reperfusion period following 30 min of global ischaemia the 

recovery of diastolic pressure in Control Group was significantly depressed vs. 

Vitamin C Group. After 10min of reperfusion reached a maximum of 57 mmHg 

and then decreased to 48 mmHg (26% lower than in Vitamin C Group). In the 

Vitamin C Group after 5 min of reperfusion a significant, sudden increased in  

diastolic pressure 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 
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period. During initial reperfusion period following 30 min of global ischaemia the 

recovery of LVDP in untreated hearts was significantly depressed and by the end 

of the 60 min of reperfusion LVDP had recovered to only 20 ± 1% of pre-

ischaemic values. Reperfusion period following 30 min of global ischaemia 

showed a distinctive slow recovery in LVDP in Control Group to 20 mmHg at the 

end of reperfusion. In Vitamin C Group the recovery was quicker reaching 37 

mmHg by the end of the reperfusion period. A sudden and massive increase in 

ascorbate free radicals was observed at the time of reperfusion in Vitamin C 

Group. Vitamin C did not reduce infarct size associated with I-R, however 

“tendency” towards a ↓ in infarct size with ascorbate (nearly P<0.05). 

 

10.1. Introduction 

 
It has become increasingly evident that ROS play a significant role in re-

oxygenation injury (McCord, 2000). Reactive oxygen species (ROS) are 

continuously formed in biological systems. The imbalance between ROS 

formation and ROS detoxification is believed to be involved in a variety of 

pathogenic processes, including I-R injury (Loertzer et al, 2006).  

I-R injury is a common cause of mortality encountered during myocardial 

ischaemia, circulatory shock, stroke, and transplantation of organs (Ratych et al, 

1986; Lefer et al, 1993; Becker et al, 2000). Research has traditionally relied on 

the systemic “accumulation” of indirectly measured, often unreliable biological 

“footprints” of lipid peroxidation confined to the mixed venous circulation distal 

to the target organ of interest thus complicating previous interpretation of the 
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source and mechanisms associated with free radical generation during I-R (Bailey 

et al, 2006). 

During I-R the vascular endothelium is a primary site of ROS generation and 

target of injury (Hashimoto et al, 1994). Myocardium reperfused after brief, 

reversible ischaemia exhibits prolonged depression of contractile function 

measured as LVDP and diastolic pressure (Kloner et al, 1983) or stunning 

(Braunwald et al, 1982), which is associated with functional abnormalities 

(Braunwald et al, 1982; Kloner et al, 1983; Bolli et al, 1988). The manifestations 

of the insult vary according to radical species and the experimental protocol, e.g. 

reoxygenation of isolated rat hearts after brief ischaemia can produce irregular 

contractions (arrhythmias). Reoxygenation after 25-30 min ischaemia can result in 

delayed return of contractile function (myocardial stunning). Thus, it has been 

shown that the recovery of the stunned myocardium is enhanced by agents that 

either scavenge oxygen metabolites, such as superoxide dismutase and catalase 

(such reactive oxygen species as O2
• and/or •OH)(Myers et al, 1985; Przyklenk et 

al, 1986), or prevent their generation, such as allopurinol (Charlat et al, 1987), 

oxypurinol (Puet et al, 1987), and desferrioxamine (Bolli et al, 1987). All the 

evidence provided by these studies, however, are indirect and therefore, 

inconclusive. Clearly, in order to definitively establish a role of oxygen 

metabolites in postischaemic dysfunction, it will be necessary to develop 

techniques that can directly demonstrate free radical production in the stunned 

myocardium in the presence and absence of antioxidant interventions. In the 

current study we applied direct EPR spectroscopic techniques to measure A·− 

(Figure 32). Ascorbates, in controlled amounts are physiologically essential and 

are capable of initiating protective adaptation in the face of oxidative stress. The 
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low reduction potential associated with the A·−/ AH¯ (E˚' = +282 mV), leads to 

facile oxidation by bio-molecular oxidising radicals. Any oxidising radical (R•) 

present in blood will react with AH¯ to form A·− (R• + AH¯ → A·− + R–H). Thus, 

ascorbate is considered the most effective water-soluble antioxidant in human 

plasma, with the capacity to ‘‘repair” damage by superoxide, hydroxyl, alkyl, 

peroxyl and alkoxyl radical (Buettner et al, 1993; Sharma et al, 1993; Pietri et al, 

1990; Vergely et al, 1998). This moiety (A·−
) provides a measure of oxidative 

stress in various chemical and biological systems. Analogues or any other 

oxidising radical, for instance, the most aggressive ROS, the •OH, can also be 

detoxified by ascorbate (•OH+ A·−/AH¯→OH¯+ A·−)(formation of A·− and 

neutralization of •OH). In any case, A·− appear to be detectable by EPR 

spectroscopy as long as A·−  has not been completely dismutated to ascorbate and 

dehydroascorbate (2A·−→ A·−/ AH¯+ DHA(dehydroascorbate)(dismutation of 

A·−). Since the EPR intensity of the A·− spectrum increased  with increasing ROS 

formation, A·− may be used as a general measure of radical formation independent 

of the type of radicals responsible for the oxidative stress (Buettner et al, 1993).  

Using this direct approach, we hypothesised that I-R would independently 

increase the local release of ROS (↑A·−) and preoperative treatment with 

intravenous vitamin C would replenish the ascorbate pool, reduce oxidative stress, 

and thus, by consequence, decrease vascular tissue damage and inflammation 

initiated I-R injury. A·− produced, evaluated by EPR can be used as a measure of 

oxidative stress in various biochemical or biological systems, as was 

demonstrated previously for open-heart surgery (Zweier, 1988), myocardial 

ischaemic and post-ischaemic injury (Arroyo et al, 1987; Nagy et al, 1996; Hotta 

et al, 1999), traumatic brain injury (Gilgun-Sherki et al, 2002), hypoxic ischaemic 
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brain damage (Wang et al, 2008), and pulmonary I-R(Sander et al, 2000). Animal 

models of I-R have provided useful tools for the study of ROS-mediated 

mechanisms of cellular dysfunction. The molecular mechanisms of reperfusion 

injury on the vascular endothelium are not well understood (Carden et al, 2000). 

Since ROS play an important role in I-R, antioxidants have been used to 

ameliorate consequent cellular injury (Mehta et al, 1989; Deshpande et al, 2002; 

Tsao et al, 1999). Several antioxidants have been used to prevent I-R-induced 

damage. The significant role and numerous actions of ascorbate in organisms has 

been described in the literature (Rice, 2000; Lee et al, 2000). Vitamin C, a strong 

antioxidant that quenches ROS, has also been used to reduce endothelial 

dysfunction in conditions such as diabetes, coronary artery disease, myocardial 

stunning, renovascular hypertension (Chambers et al, 1999; Huang et al, 2001). 

Prophylaxis of vitamin C would protect the myocardium and therefore, we 

hypothesised that it ameliorate the damaging effects of I-R and restore functional 

capacity. Although generation of ROS during hypoxia and I-R is well 

documented, the source of ROS is not well defined (Zweier, 1998; Chandel et al, 

2000; Rieger et al, 2002) and the role of vitamin C in endothelial cells undergoing 

I-R has not been well analysed (May et al, 2003). Understanding the role of ROS 

in cellular processes paves the way for pharmacological intervention using 

antioxidants such as vitamin C. Our studies represent the animal-model of I-R, 

where, we have examined the role of vitamin C in reducing I-R-induced 

myocardial injury in animal model; a relationship between the level of ascorbate 

free radical and other physiological parameters like left ventricular developed 

pressure (LVDP), heart rate and myocardial recovery to establish the influence of 

the  severity and duration of ischaemia (global 30 min ischaemia) on the 
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myocardial recovery during the reperfusion period and treatment with vitamin C 

would reduce oxidative stress and thus, by consequence, decrease vascular tissue 

damage and inflammation initiated I-R injury, thereby attenuating myocardial 

dysfunction.  

 

10.2. Methodology 

 

Experimental Protocol 

 

10.3.  Subjects 

 

Eighteen male Wistar rats (300 ± 20 g) were housed and treated in 

accordance with Guidance on the Operation of Animals (Scientific Procedures) 

Act, 1986 (Her Majesty’s Stationary Office, UK). The animals were euthanised 

with sodium pentobarbital (60 mg kg-1 i.p, Sagatal; Rhone Merieux, Harlow, 

Essex, UK) and heparinised (100 U kg-1 i.p, CP Pharmaceuticals, Wrexham, 

Clwyd, UK). All rats were divided into two groups, in a blinded, randomised 

fashion and assigned to  Control Group (no vitamin C intervention) and Vitamin 

C Group (with vitamin C intervention)(Figure 32). 

 

10.4.  Langendorff Preparation and Associated Measurements 

 

As outlined in the General Methodology, Section 8.8. and 8.12. 

 

10.5.   Langendorff  Perfusion 

 

    The Langendorff heart perfusions was outlined in the General Methodology, 

Section 8.10. and 8.11. 
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10.6.  Measurement of Physiological Function and Infarct Size 

 

  The measurement of physiological function was outlined in the General 

Methodology, Section 8.12. and 8.13., respectively. 

 

 

10.7.  Measurement of A
·− and EPR Spectroscopy 

 

  The measurement of A·− and EPR spectroscopy analysis were outlined in the 

General Methodology, Section 8.15 and 8.16.2, respectively.  

 

 

10.8.  Statistical Analyses 

 

 

Statistics were performed with the use of commercially available software 

(SPSS 17). A prospective power calculation was performed to detect a 

“physiologically significant” change in the main parameters of interest, 

specifically, A·−. Following confirmation of distribution normality (Shapiro-Wilk-

W test), data were analysed using a one factor repeated measures ANOVA and 2-

way repeated measures analysis of variance (ANOVA) with one between (time vs. 

group) and one within (time of measurements pre-ischaemia vs. post-ischaemia) 

were employed, followed by a posteriori Bonferroni-corrected paired samples t-

tests. Significance for all 2-tailed tests was set at P<0.05. Measures of myocardial 

function and ascorbate free radical were expressed as mean +/- standard deviation 

(SD).  

 

 



 
183 

 

Schema of Experimental Protocol 

 

 

                                     Aerobic flow, no Vit.C infusion  

                                                

                                                15min                      30 min                                              60min 
                                               baseline                   ischaemia                                        reperfusion   

 Control Group  

  

               Sample  Time                      9:00                                   40,41,42,43,44,45,46       55,56                      1:40 

                                                    A                      B                                        C 

 

 

                         Aerobic flow, Vit.C infusion (50 mg/kg) 

                                                

                                                15min                      30 min                                              60min 
                                               baseline                   ischaemia                                        reperfusion   

Vitamin C Group  

  

               Sample  Time                      9:00                                   40,41,42,43,44,45,46       55,56                      1:40 

                                                    A                      B                                        C 

 

 

 

              

                                                                                  

 

SAMPLE:                                                                        1  (1 ml  each, average)  

 

    

       Figure 32. Experimental schema 
 

A- the time needed for stability and reproducibility of contractile function  
B- total, global ischaemia- pump off, no flow 
C- reoxygenation- pump on  
 

 

A•  
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10.9. Results 

 

 

10.9.1. Ventricular Function 

 

In control hearts, parameters of mechanical function such as diastolic 

pressure, heart rate and left ventricular developed pressure (LVDP) did not 

significantly vary among any of the experimental groups during 15 min of 

baseline perfusion (Table 5). The global, now-flow ischaemia led to the arrest of 

myocardial contractions in almost 3 min in 60% of rat hearts in Control Group. In 

Vitamin C Group this phenomenon was abolished. All hearts lost their 

spontaneous beating within 5 min of ischaemia and gradually recovered after 

reperfusion. At 60 min of reperfusion, heart rates slowly recovered to 232±11 

bpm in the Control, No-Vitamin C-treatmed Group (P>0.05). Treatment with 

ascorbic acid failed to improve heart rate recovery (220±7 bpm, P>0.05)(Table 

5). 

 

  

Heart rate  [b.p.m.] 
 

Diastolic Pressure 
[mmHg] 

Left Ventricular 
Developed Pressure 

[mmHg] 

Control 

Group 

Vitamin 

C 

Group 

Control 

Group 

Vitamin 

C 

Group 

Control 

Group 

Vitamin 

C 

Group 

Baseline 256 ±13 221±9 16±2 20±2 104±5 110±6 

Reperfusion 232±11  220±7  48±3*  51±2*  20±1*  37±2* 

 

 
Table 5. Heart rate, diastolic pressure and left ventricular developed pressure 
(LVDP) at baseline point time in Control Group and Vitamin C group. Values 

expressed as  mean ± SD. Data did not significantly vary among any of the experimental 

groups.  Data were normally distributed. *Different vs Control Group (P<0.05). 
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During the initial reperfusion period following 30 min of global ischaemia 

the recovery of diastolic pressure in Control Group was significantly depressed vs. 

Vitamin C Group (Figure 33). After 10 min of reperfusion reached a maximum of 

57 mmHg and then decreased to 48 mmHg (26% lower than in Vitamin C Group). 

In the Vitamin C Group after 10 min of reperfusion a significant, sudden increase 

in diastolic pressure 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.  
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                 BASELINE          ISCHAEMIA                                    REPERFUSION 

 

                                                               *# 

                                                                        *#      *#    
                                                                                            *#                       
                                                                                                     *#       *#           Main effect for Group 

                                                                                                                                 Group x Time Interaction 

 

 

 

 

 

 

 

 

Figure 33. Effects of ascorbate prophylaxis on myocardial haemodynamic function. 

Relationship between left ventricular diastolic pressure and time [min] during 

periods of  perfusion at 37.0 ± 0.5 ºC. Values expressed as mean ± SD. *Difference 

(P<0.05) between ischaemia versus reperfusion; 
# 

different within and between groups 

(P<0.05). The recovery of diastolic pressure in Control Group reached a maximum of 48 

mmHg(26% lower than in Vitamin C Group) after 60 min of reperfusion. In the vitamin C 

the recovery of  diastolic pressure was 51 mmHg after 60 min of reperfusion period.  
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The LVDP in Control Group and Vitamin C Group during the initial perfusion 

period was between 100-110 mmHg. During initial reperfusion period following 

30 min of global ischaemia the recovery of LVDP in untreated hearts was 

significantly depressed and by the end of the 60 min of reperfusion LVDP had 

recovered to only 20 ± 1% of pre-ischaemic values (Figure 34). Reperfusion 

period following 30 min of global ischaemia showed a distinctive slow recovery 

in LVDP in Control Group to 20 mmHg at the end of reperfusion. In Vitamin C 

Group the recovery was quicker reaching 37 mmHg by the end of the reperfusion 

period. During the first 5 min of reperfusion in the Control Group, when ascorbate 

free radical generation was at its greatest, the functional stability of the hearts was 

extremely poor. The recovery of contractile function was irregular and 

reperfusion-induced arrhytmias were frequent. In the Vitamin C Group this 

phenomenon was abolished.  
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          BASELINE            ISCHAEMIA                                             REPERFUSION 

 

                                                                                                                                                         Main effect for Group 
                                                                                                                                       Group x Time Interaction 

 

                                                                                          *# 
                                                                               *#                   *#        *#        *# 
                                                                   *#                                                                

                                                                                                                 

 

 

 

 

 

 

 

Figure 34. Effect of antioxidant treatment on  left ventricular developed pressure 

(LVDP) during periods of  perfusion at 37.0 ± 0.5 ºC. Vitamin C improves recovery of 

diastolic function after global ischaemia. Values expressed as mean ± SD. *Difference 

(P<0.05) between ischaemia versus reperfusion; 
#
different within and between groups 

(P<0.05). The recovery of LVDP in untreated hearts was significantly depressed during 

initial reperfusion period following 30 min of global ischaemia reached at the end of 

reperfusion 20 mmHg. In vitamin C group the recovery was quicker reaching 37 mmHg 

by the end of the reperfusion. 
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10.9.2. A
·− 

Concentration  

 

Ascorbate must have oxidised by “up-stream” radicals since A·− is detected. 

The level of A·− in Vitamin C Group during baseline point time was very stable 

albeit quite low ( 312,5 ± 108 [AU√G], since we chelated Fe2+. A sudden and an 

increase in A·− was observed at the time of reperfusion in Vitamin C Group 

(Figure 35). This increase was associated with poor mechanical function in hearts 

as indicated by the significantly depressed recovery process (Figure 34). This in 

not because of A·− (is too unreactive), it likely reflects an increase in “upstream” 

oxidising species, eg. •OH. It is clear that, whether expressed in terms of 

concentration or rate of formation, the amount of radical generated during the first 

1-5 min of reperfusion greatly exceeds that observed prior to ischaemia. The 

myocardial formation of A·− peaked during the first 5 min of reperfusion and 

thereafter steadily declined. The large liberation of radicals was associated with a 

greater depression in myocardial contractile function and a lower recovery (Figure 

36). Examination of radical profiles for individual hearts reveals that much of the 

variability in the mean results can be attributed to two factors. Firstly, the time of 

peak in radical formation, which vary considerably between hearts. Secondly, 

there is a biphasic release profile with one peak of radical production occurring 

during the first 2 min of reperfusion and a second peak occurring after 

approximately 6-7 min of reperfusion (Figure 35). In Control Group the level of 

A·− was very weak or completly not detected in coronary effluents during baseline 

periods by EPR measurement although rats can synthesised vitamin C. An 

increase in ascorbate free radicals was observed at the time of reperfusion. The 

amount of radical generated during the first 1-5 min of reperfusion greatly 

exceeds that observed prior to ischaemia in Control Group and thereafter declined 
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(Figure 35). We predicted the correlation between level of ∆A• vs ∆Infarct size 

(Control Group, r2 = 0.51, P<0.05; Vitamin C Group, r2 =  0.87, P>0.05, 

respectively), however “tendency” towards a ↓ in infarct size with ascorbate 

(Figure 36). 

 

 

 

                           

                                  
                              

                                                                                                                 
                              *# 

 
                                                                                                                                           Main effect for Group 

                                                                                                                       Group x Time Interaction 

                                         *# 

 

 

 

 

 

 

 

 

Figure 35. A
·− 

concentration and time [min] during reperfusion in vitamin  C 

group[min] at constant flow (14 ml/min) at 37.0 ± 0.5 ºC. Values expressed as mean ± 

SD. AU, arbitrary units. Values expressed as mean ± SD. *Difference (P<0.05) between 

ischaemia versus reperfusion;
#
 different within and between groups (P<0.05). Data were 

normally distributed. 
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Figure 36. Relationship between the cumulative amount of A
·−

 and the Infarct 

size [%] at constant flow (14 ml/min) at 37.0 ± 0.5 ºC. Values expressed as mean ± 

SD. AU, arbitrary units. *Different vs.Control (P<0.05). Data were normally distributed. 

Vitamin did not reduce infarct size however “tendency” towards a ↓ in infarct size with 

ascorbate. 
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10.9.3. Structural Damage 

 

We estimated irreversible myocardial damage by means of direct 

measurements of infarct size, using TTC staining (Figure 37). The area at risk in 

infarct size between groups (Control Group vs Vitamin C Group), which was 

expressed as the percentage of the left ventricular mass and is the most reliable 

index of protection (Figure 38) did not significantly vary and was comparable. 

After 30 min of global, now-flow ischaemia and 60 min of reperfusion infart size 

averaged 33% ± 1 in Control Group and 30 % ± 1 in Vitamin C Group, 

respectively, P>0.05). 
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Figure 37. Rat heart tissue treated tetrazolium staining method (TTC). TTC demarcates 

the non-infarcted myocardium (area
 
at risk) with a brick-red colour indicating the presence 

of a formazan
 
precipitate resulting from the reduction of TTC by dehydrogenase

 
enzymes 

present in the viable myocardial tissue. Irreversibly
 
injured tissue is unable to form the 

formazan precipitate and
 
therefore appears as pale yellow in colour. Stained hearts were 

stored overnight in 10% formalin solution before the infarct size was determined. The slices 

of tissues were compressed between two plates with a spacing of 2.5mm. The total area with 

an absence of brick-red stain (infarct area) were traced onto acetate sheets and scanned into 

a personal computer. The total area for each heart and the area of infarction was calculated 

using SigmaScan Pro 5 software. The infarct size for each heart is expressed as percentage 

of the area at
 
risk. 
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Figure 38. Infarct size as determined by 1% triphenyltetrazolium chloride staining 
after 60min reperfusion in Langendorff perfused rat hearts in control group and 

vitamin C group at constant flow (14 ml/min) at 37.0 ± 0.5 ºC. Infarct size is 

expressed as a percentage of  the risk  zone. Infarct size did not significantly vary among 

any of the experimental groups (33%±1; 30%±1, respectively). Values expressed as 

mean ± SD. Vitamin C did not reduce infarct size associated with I-R, however 

“tendency” towards a ↓ in infarct size with ascorbate. 
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10.10. Discussion 

 

            Ischaemia is an absolute or relative shortage of the blood supply to an 

organ. Relative shortage means the mismatch of blood supply (oxygen delivery) 

and blood request for adequate oxygenation of tissue. In fact, the terms hypoxia 

and ischaemia tend to be used interchangeably in the literature. Insufficient blood 

supply causes tissue to become hypoxic, or, if no oxygen is supplied at all, anoxic. 

This can cause necrosis. Ischaemia is a feature of heart diseases, transient 

ischaemic attacks, cerebrovascular accidents, ruptured arteriovenous 

malformations, and peripheral artery occlusive disease (Recto et al, 2007; 

Levonen et al, 2008; Raman et al, 2008). Restoration of blood flow after a period 

of ischaemia can actually be even more damaging than the ischaemia (Wang et al, 

2008; Bruinsma et al, 2001). The generation of reactive oxygen/nitrogen 

(ROS/RNS) species after reperfusion has been realised as one of the critical 

insults that trigger many of the observed mechanisms of cell injury (Kuppusamy et 

al, 1994; Zweier et al, 1988, 1989). Among these ROS/RNS, NO, superoxide, and 

peroxynitrite are the most prominent oxidants (Xu et al, 2008). During the burst, 

NO may react with superoxide to generate peroxynitrite and cause a non-selective 

and irreversible inhibition of many mitochondrial components (Brown et al, 

2002).  Increased ROS generation also leads to the activation of several pro-

inflammatory molecules in endothelium such as VCAM, ICAM, and MCP-1 

(Lefer et al, 1993; Sellak et al, 1994; Zahler et al, 2000; Massaro et al, 2002).  

Genetic manipulation of the animals has led to many models  of altered 

cardiovascular states. Physiologic techniques to study cardiovascular function in 

these animals are in increasing demand. There are many ways to evaluate cardiac 

function, including isolated atrial studies, intact isolated heart models, in-vivo 
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instrumented models, chronically instrumented animals, and non-invasive in-vivo 

cardiac imaging via echocardiography. Choice of an appropriate experimental 

model depends largely upon the question at hand; if the primary focus of a study 

is to assess intrinsic ventricular mechanics and coronary vascular responses 

independent of whole body compensatory mechanisms, then the isolated perfused 

heart model offers distinct advantages. There are principle isolated perfused heart 

models: (i) the Langendorff perfused heart, in which hearts  are supplied coronary 

flow by retrograde aortic perfusion, and (ii) the “working” (fluid-ejecting) heart, 

in which hearts are perfused via the left atrium and eject perfusion fluid from the 

left ventricle via the aorta (Gauthier et al, 1998). At a practical level, the 

Langendorff Method of the isolated heart, especially from small mammals, 

provides a highly reproducible preparation which can be studied quickly and in 

large numbers at relatively cost. It allows for the acquisition of a very broad 

spectrum of biochemical, physiological, morphological and pharmacological 

indices to be measured. These measurements can be made in absence of the 

confounding effects of other organs, the systemic circulation and a host of 

peripheral complications.  

Several investigators have administered free radical scavenging agents or 

antioxidants in an attempt to reduce infarct size in the canine model of transient 

coronary occlusion. Allopurinol (Chambers et al, 1985; Werns et al, 1986), 

oxypurinol (Werns et al, 1987), SOD+catalase (Jolly et al, 1984) and SOD alone 

(Jolly et al, 1984; Chambers et al, 1985; Werns et al, 1986), given before or 

during coronary occlusion, have all been shown to reduce the extent of necrosis 

produced by 60-90 min of ischaemia and 4-24 hours of reflow. In contrast, other 

studies have failed to document a reduction in infarct size in response to early 
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treatment (before or during occlusion) with free radical scavengers or 

antioxidants. Allopurinol (Kramer et al, 1977; Jolly et al, 1984; Werns et al, 

1986, 1987; Arroyo et al, 1987; Przyklenk et al, 1987), oxypurinol (Puett et al, 

1987) and SOD (Gallagher et al, 1986; Uraizee et al, 1987) did not reduce the 

extent of myocyte necrosis produced by 40 min to 3 hours of occlusion and 6 

hours to 4 days of reperfusion. Only two other studies (Ambrosio et al, 1986; 

Nejima et al, 1987) have addressed the topic of reperfusion injury by 

administering a free radical scavenger at the time of reperfusion. Ambrosio and 

co-workers (Ambrosio et al, 1986) found that recombinant human SOD given 

"only at the moment" of reflow significantly reduced infarct size produced by 90 

min of ischaemia and 48 hours of reperfusion. These data provide evidence in 

support of reperfusion injury mediated by oxygen-derived free radicals. In 

contrast, Nejima and co-workers (Nejima et al, 1987) who also studied the extent 

of necrosis produced by 90 min of coronary occlusion, found no difference in 

infarct size, measured 1 week post-reperfusion, in dogs treated with SOD+catalase 

compared with controls.  

Several studies have examined the effects of free radical scavenging agents on 

infarct size, few have assessed the concomitant effect of the scavengers on 

contractile function of the viable sub-epicardial tissue salvaged by reperfusion. 

Considerable evidence indicates that recovery of regional contractile function of 

myocardium stunned by a brief (15-min) period of transient occlusion is enhanced 

significantly by pretreatment with SOD+catalase (Myers et al, 1985; Gross et al, 

1986) and antioxidants (Myers et al, 1986; Bolli et al, 1987). The effect of these 

agents on function of viable myocardium stunned by prolonged periods of 

ischaemia, however, has received little attention to date. Although SOD+catalase 
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and oxypurinol did not have an acute beneficial effect on contractile function, 

results obtained by Puett and co-workers (Puett et al, 1987) suggest that 

antioxidants and scavengers may accelerate recovery of regional contractile 

function when assessed at or beyond 24 hours post-reperfusion. The long-term 

effect of free radical scavenging agents and antioxidants on recovery of regional 

contractile function following prolonged periods of transient ischaemia remains 

uncertain.  

The myocardium contains many antioxidants, such as ascorbic acid (Vitamin C) 

and α-tocopherol (Vitamin E). Vitamin C is an especially significant component 

and plays vital roles in neutralising free radicals, preventing cancer and scurvy, 

and other physiological functions. Rats synthesise vitamin C in the liver from 

glucose, using an enzyme called L-gulonooxidase (Chatterjee et al, 1961). 

Humans do not synthesise vitamin C at all, due to the absence of this enzyme and 

perhaps also a second enzyme called D-glucurono reductase. Vitamin C has been 

the subject of intense research as a potential target in the treatment of I-R injury 

and conflicting evidence has been obtained concerning the cardioprotective 

efficacy of vitamin C (Bellows et al, 1995; Tsovolas et al, 2008). Ascorbic acid 

has been shown to react directly with O2
• (Nishikimi, 1975; Hemila et al, 1985) , 

•OH (Bielski, 1982) and singlet oxygen (Bodannes et al, 1979).  

An important difference between the present experiments and those of other 

authors is the direct EPR spectroscopic of free radicals detection combined with 

an assessment of cardiac mechanical  function. We estimated irreversible 

myocardial damage by means of direct measurements of infarct size, using TTC 

staining. With TTC staining, vitamin C did not reduce infarct size associated with 

I-R, however “tendency” towards a ↓ in infarct size with ascorbate. 
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Infarct sizes were estimated after 60 min reperfusion in our study. Although this is 

a relatively short period of reperfusion, Ford and co-workers  found that 

percentage of infarct in control hearts, reperfused for up to 2 h following 25 min 

global, no-flow ischaemia were not significantly larger than those reperfused for 

30 min (Ford WR et al, 1998; Ford WR et al, 2001).  

With in-vivo models, there are many different cellular and humoral factors; thus it 

is often difficult to determine the importance of specific factors in the 

pathogenesis of myocardial injury. Therefore, using isolated rat heart models it is 

possible to measure myocardial functions and free radical generation 

independently of some of these factors. It must be recognised that, as an ex-vivo 

preparation, the isolated heart remains a constantly deteriorating preparation but 

nonetheless it viable for study over several hours.  

In ischaemic-reperfused heart, oxygen radicals can be generated by several 

mechanisms including the xanthine/xanthine oxidase reaction (McCord, 1985), 

activation of the arachidonate cascade, autoxidation of catecholamines, activation 

of various NAD(P)H oxidases and mitochondrial electron transport chain (Chance 

et al, 1979). Oxygen metabolites have been shown to depress myocardial function 

both in-vitro and in-vivo (Bolli, 1990). The exact mechanism whereby oxygen 

metabolites depress contractile function remains speculative and represents one of 

the major unresolved issues pertaining to the pathogenesis of myocardial 

stunning. Theoretically, every abnormality described thus far in the stunned 

myocardium could be caused by oxyradicals. At least two key cellular 

components, proteins and lipids, could be the targets of free radical-initiated 

reactions, leading to protein denaturation and enzyme inactivation as well as 

peroxidation of the polyunsaturated fatty acids contained in cellular membranes 
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(Bolli, 1990; Hearse, 1991). The latter effect would impair selective membrane 

permeability and interfere with the function of various cellular organelles (Bolli, 

1990). The sarcolemma may be a critical target of free radical-mediated damage, 

since oxyradicals interfere with its calcium transport and calcium-stimulated ATP-

ase activity (Kaneko et al, 1989). These observations imply that excessive 

production of oxyradicals could result in increased transarcolemmal calcium 

influx and cellular calcium overload. It is also plausible that oxyradicals cause 

decreased responsiveness of myofilaments to calcium by producing selective 

damage of contractile proteins, for example, by oxidation of critical thiol groups 

(Suzuki et al, 1991).  

It is estimated that 1–4% of oxygen reacting with the respiratory chain leads to the 

formation of superoxide radicals (Turrens, 1997) that are normally inactivated by 

endogenous scavengers mechanism present within the cell such as antioxidant 

enzymes and lipid-soluble antioxidants including vitamin E and reduced CoQ 

(Lenaz, 1998). This production of oxygen radicals can be greatly enhanced when 

mitochondrial respiration is stimulated under conditions of altered redox state and 

of decreased availability of ADP (Cadenas et al, 1977; Turrens et al, 1980), a 

condition that may occur in ischaemic-reperfused heart. It has therefore been 

proposed that mitochondrial respiration might be an important source of oxygen 

radicals and hence a potential contributor to reperfusion injury (Hess et al, 1984). 

A burst of free radical production was demonstrated immediately after 

reperfusion. Furthermore, a linear, positive relation was noted between the 

magnitude of free radical production and the magnitude of ischaemic flow 

reduction, indicating that the intensity of free radical generation after reflow is 

proportional to the severity of the antecedent ischaemia (Bolli et al, 1988); hence, 
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the greater the degree of hypo-perfusion, the greater the subsequent production of 

free radicals, and, by inference, the severity of reperfusion injury. These findings 

imply that interventions that alleviate the severity of ischaemia will indirectly 

attenuate free radical reactions after reflow. 

I-R injury is a clinically relevant problem occurring as damage to the myocardium 

following blood restoration after a critical period of coronary occlusion. Heart 

muscle can survive up to 60-90 min of ischaemia, depending on species. After 

relatively short periods of ischaemia, reoxygenation of hearts has been shown to 

produce an additional insult to the tissue (Bogaty et al, 2006) that can be 

diminished by MnSOD or CuZnSOD, catalase, the spin-trap PBN, scavengers of 

•OH radical. Efforts in this direction have been made; Zweier and co-workers 

(Zweier et al, 1987) have used EPR spectroscopy in isolated buffer-perfused 

rabbit hearts subjected to global ischaemia and have shown that the myocardial 

concentration of oxygen-centered free radicals increases markedly immediately 

after reperfusion. Using EPR and spin traps, other investigators (Garlick et al, 

1987; Kramer et al, 1987; Arroyo et al, 1987) have also noted production of free 

radicals in isolated rat hearts undergoing global I-R. These studies have provided 

direct evidence for free radical production in the post-ischaemic myocardium. 

However, because of the numerous fundamental differences between the buffer-

perfused, non-working heart subjected to global ischaemia in-vitro and the blood-

perfused, working heart subjected to regional ischaemia in the intact animal, 

results obtained in the former cannot necessarily be extrapolated to the latter. 

Thus, direct evidence for free radical generation in the stunned myocardium is still 

lacking. 

 



 
202 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 39. Proposed mechanism of preferential formation of A
·−

 in extracellular 

fluid compared with blood.  After oral and parenteral administration (0.25–0.5 mg per 

gram of body weight), ascorbic acid is proposed to achieve equivalent concentrations in 

blood (left side) and extracellular fluid (right side). After i.v. injection, ascorbate baseline 

concentrations of 50–100 M in blood and extracellular fluid increased to peaks of >8 

mM. In extracellular fluid, pharmacologic concentrations of ascorbic acid lose one 

electron and form A
·−

. The electron reduces a protein-centered metal: An example 

reaction is shown as reduction of Fe
3+

 to Fe
2+

. Fe
2+

 donates an electron to oxygen, 

forming active oxygen including superoxide (O2
·−

) with subsequent dismutation to H2O2. 

In blood (left side), it is proposed that these reactions are damped or inhibited (dashed 

lines). A
·−

 appearance will be inhibited by red blood cell membrane-reducing proteins  

and/or by large plasma proteins that do not distribute to the extracellular space. Any 

formed H2O2 will be immediately removed by plasma catalase and red blood cell GSH 

peroxidase, so that no H2O2 will be detectable. The identities of the metal-centered 

proteins are unknown (adapted from Chen et al, 2007). 

 

 

A·− liberation, proposed as a marker of oxidative stress either in-vitro or in-vivo 

and  functional recovery, was studied during the I-R of rat hearts. Postischaemic 

reperfusion injury has been shown by many authors, to be accompanied by a burst 

of radical production. Reperfusion was always associated with a sudden and 

massive release of A·−, with a maximal liberation within the first minutes of 

reperfusion. This phenomenon has been confirmed again in the present 



 
203 

 

experiment. However, the exact pathogenic significance of this burst of radical 

production in relation to the genesis of reperfusion injury remains still 

controversial.  

We suggest that the A·− burst during the first minutes of reperfusion may be 

related to oxygen species free radical generation. Therefore, in isolated rat heart, 

we studied the influence of the severity of myocardial ischaemia on the intensity 

of A·− and on post-ischaemic recovery during reperfusion. Although the 

circulating concentrations of antioxidants were not measured in this study since 

we chose specifically to focus on free radicals as our primary outcome variable, 

they have clear implications for I-R-induced oxidative stress. As predicted in 

Figure 36; Placebo Group: It appears that there is a linear relationship between A·− 

and infarct size. Thus, although A·−  is a relatively unreactive species, it is simply 

a probe that demonstrates the interaction of more malignant species, with higher 

reactivity (e.g.,•OH) with ascorbate in the reaction system. These species are 

thermodynamically capable of causing myocardial membrane destabilisation and 

damage as shown. Vitamin C Group: This relationship becomes "weaker" simply 

because the initiating species (e.g., •OH) have been quenched by ascorbate at least 

to some extent. A sudden and massive A·− generation was observed at the first 2-3 

min of reperfusion and after approximately 6-7 min of reperfusion which 

corresponding to Blasig and co-workers (Blasig et al, 1994), who established a 

correlation between vascular radical concentration and parameters such as 

coronary flow reduction and contractile failure. Substantial evidence now supports 

the active involvement of free radicals in the functional alterations observed after 

I-R. However, the mechanism by which free radicals may cause functional 

impairment of cardiac functions remains to be determined. A biphasic free radical 
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profile is related to direct response to free radical attack and a second peak 

synchronised with a delayed propagation of lipoperoxidation after the arrest of the 

initial free radical production. After second peak A·− a slow decreased in the 

release of A·−. A·− could be formed intracellularly during oxidative stress and then 

directly released from cardiac tissue. However, it is now well established that iron 

and copper are released during reperfusion. These metals are known to promote 

ascorbate oxidation (Miller et al, 1989) and to increase the A·− signal. 

Consequently, the release of  redox active metals may enhance the oxidation of 

ascorbate and increase the amount of A·− signals. Moreover, a very active cellular 

pro-oxidant molecule can be reduced by ascorbate, giving rise to a stable A·−. In 

addition to these phenomena, other factors such as pH may influence the intensity 

of A·− in an oxygenated Krebs-Henselheit buffer. Buettner and co-workers 

(Buettner et al, 1993) showed that A·− concentration for a given concentration of 

ascorbate was strongly dependent upon pH, and increased when the pH is 

increased.  Moreover, the Krebs-Henselheit buffer is an aqueous solution buffered 

at 7.4, and therefore, the influence of a possible acidification of coronary effluents 

is unlikely to occur, and would not influence our A·− signal. It should be noted  

that the changes in A·− coronary concentrations during reperfusion might not only 

be related to myocardial free radical formation but also to modifications of 

coronary flow but this hypothesis is satisfactory if we assume that the 

endothelium is still functional after 30 min of ischaemia. Therefore, A·− release 

could be considered a sign of the ischaemic episode and could be related to 

myocardial functional impairment during reperfusion. 

Our data unquestionably suggest that the large production of A·− was associated 

with a greater depression in myocardial contractile function, therefore could 
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represent a marker of oxidative stress during ischaemia and reperfusion and could 

be related to the functional impairment during reperfusion. We have demonstrated 

in the present study a no-correlation between the amount of A·− released by the 

heart during postischaemic reperfusion and the functional of myocardial injury. 

Our results are in agreement with the findings of many other authors including 

Vergely, Pietri and Garlick (Garlick  et al, 1987; Pietri  et al, 1990; Vergely  et al, 

1998). A relationship was seen between the total A·− formed by the rat heart and 

the increase in left ventricular diastolic pressure or the decrease in left ventricular 

developed pressure. These studies have a clinical relevance in view of the wide 

use of vitamin C in every day clinical practice.  

In summary, we have used two different groups of isolated heart perfusion models 

(Control Group and Vitamin C Group) to provide evidence that; 

i. Reperfusion was always associated with a sudden and massive release of 

oxygen free radicals, with a maximal liberation within the first minutes of 

reperfusion (↑A·−).  

ii. A• may be used as a general measure of radical formation independent of 

the type of radicals responsible for the oxidative stress 

iii. 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 

(↑A·−= ↓ myocardial function).  

iv. vitamin C did not reduce the infarct size, however “tendency” towards a ↓ in 

infarct size with ascorbate. Ascorbate play a important role in the  

protection from oxidative damage during global ischaemia and reperfusion 

as manifested by ↑AH−=↓oxidative damage and ↓infarct size. 
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After  conducted this study, we know for sure that the I-R has a direct impact 

on the level of free radicals in the body that are directly responsible for the 

functional status of many organs including the heart. However, in order to be able 

to say firmly how big this growth level was we require the development of 

standards procedure of research, including the collection of material as well as 

comprehensive analysis. Therefore, the study number 3 was designed to test the 

hypothesis that the physiological trauma associated with venous cannulation may 

artefactually stimulate systemic free radical formation. 
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Study 3 

 

ARTEFACTUAL FORMATION OF FREE RADICALS 

FOLLOWING VENEPUNCTURE; INTERPRETIVE 

IMPLICATIONS FOR EXERCISE- INDUCED OXIDATIVE 

STRESS 

 

 

 

11.0.  Abstract  

 

     Recognition of free radicals as redox signalling molecules, implicit in the 

regulation of cellular oxygen homeostasis during physical exercise justifies 

continued interest into their mechanisms of generation in-vivo. The present study 

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.  

Compared to the baseline point control, the venepuncture during passive normoxia 

significantly increased plasma A•- by 347 ± 173 AU/√G, P < 0.05 after 2 min of 

venepuncture with further increases observed during next two stages (403 ± 178 

AU/√G, P < 0.05; 462 ± 93 AU/√G, P < 0.05) after 5 min and 10 min, 

respectively. After this time the level of ascorbate free radicals slightly decreased 

as to achieve a similar level to baseline point control after 30 minutes. Venous 

cannulation increased A·− which remained elevated until 15 min into recovery 

(Figure 42). The exercise-induced increase in A·− was subsequently shown to be 

48% greater when the 30 min as opposed to the 2 min post-cannulation resting 
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baseline (1754 ± 361 vs. 1979 ± 375 AU, P < 0.05) was incorporated into the 

calculation (Figure 43).   

These findings demonstrate that venous cannulation per se stimulates the systemic 

formation of free radicals which peak at 10 min and require approximately 15 min 

to normalise. If this baseline artefact is not taken into account, the true magnitude 

of the exercise-induced oxidative stress response will be under-estimated. 

 

 

11.1.     Introduction 

 

   Hypoxia, re-oxygenation and physical exercise, independently effect free 

radical generation in humans (Zweier et al, 1987; Bailey et al, 2007). Therefore 

the  ascorbate free radical can be used as a non-invasive indicator of oxidative 

stress (Buettner et al, 1993).  

Circulatory shock is a life-threatening complication in situations associated with 

trauma including burns, surgery, venous cannulation, ischaemia, oxidative stress, 

sepsis, and other critical care applications (Mitsuoka et al, 2000). Shock is a broad 

term that describes a group of circulatory syndromes leads to a depletion of 

adenosine triphosphate (ATP), the failure of the sodium-potassium pump, 

mitochondrial dysfunction and ultimately the release of a variety of toxic 

substances, including free radicals (Lucas, 2002). Although such processes are 

mediated by humoral activators in the plasma of systemic circulation, an 

inflammation in organs throughout the body (Figure 40) may eventually lead to 

multi-organ failure (Bailey et al, 2006).  
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A number of studies have demonstrated considerable plasma volume changes 

(∆pv) during and after exposure to different environmental and physiological 

conditions (Selby et al, 1994; Boulay et al, 1995; Ploutz-Snyder et al, 1995). 

These changes are thought to result from transient fluid shifts into 

(haemodilution) and out of (haemoconcentration) the intravascular space. Plasma 

volume changes during and after exercise have been reviewed extensively in the 

literature (Nadel, 1984; Senay et al, 1985; Selby et al, 1994). 

During most modes of dynamic exercise plasma volume typically decreases 

causing haemoconcentration (Wilkerson et al, 1977). The magnitude of change 

depends on the posture at rest used as reference, the relative exercise intensity, 

exercise duration, posture during exercise, environmental temperature, state of 

hydration and other factors (Harrison, 1985). Changes in plasma volume during 

exercise reflect an imbalance between the Starling forces acting across capillary 

walls caused by blood redistribution, changes in capillary pressure and 

development of a transcapillary osmotic gradient (Harrison, 1985). As a 

consequence of exercise, an acute loss of plasma volume (PV) occurs (Costill and 

Fink, 1974; Dill and Costill, 1974). A reduction in PV challenges the maintenance 

of homeostasis, as it results in destabilisation of the cardiovascular system (Hanel 

et al, 1997; Krip et al, 1997; Neuhaus et al, 1994). A conspicuous physiological 

response that begins almost immediately upon exercise termination is auto-

restoration of lost PV (Convertino, 1991; Fellmann, 1992; Green et al, 1984; 

Mack et al, 1998). 
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Figure 40. Theoretical relationship by which inflammation induces muscle 
dysfunction. Inflammation is associated with cytokine release, and cytokines, in turn, 

activate free radical generation by skeletal muscle NADPH oxidase, mitochondria, and 

nitric oxide synthase (NOS). Potential downstream targets of free radicals include the 

sarcolemmal membrane, sarcoplasmic reticulum (SR), contractile proteins, mitochondria, 

protein synthesis, and proteolytic pathways (adapted from Supinski et al, 2007). 

 

 

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). For this purpose 

we were created two separate concepts as indicated below; 
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CONCEPT 1- Phase I  

 

Venous cannulation             ↑A·− at baseline (shock + haemoconcentration (↓∆PV) 

 

                                             “under-estimation” of treatment effect  

                                                                (eg. exercise, I-R) 
    

CONCEPT 2- Phase II  

 

Exercise             ↓∆PV 

 

            artefactual elevation of  A
·−

 

 

We performed exercise to volitional exhaustion trial to stimulate ROS formation 

and compare this to the baseline time point. 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), etc. 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 during 

exercise, specifically reflow-hemodilution, it is possible that the magnitude of free 

radical release was underestimated (Figure 43)(Bailey et al, 2007). 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 acute phase and the clinical and practical relevance and  

consequent association with the “true” magnitude of the exercise-induced 
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oxidative stress response and therefore is very important to properly establish a 

baseline point for oxidative stress markers. 

 

 

11.2.   Methodology 

 

Experimental Protocol 

 

11.3.  Subjects 

 

Phase I (Control Group): Following ethics committee approval and gave 

their written, informed consent, Six healthy, non-smoking males volunteered to 

participate in the studies. Their mean (SD) age, stature and mass were: 34 ± 2 

years, 179 ± 5 cm and 86 ± 11kg, respectively. Seven subjects were initially 

recruited into the experimental cohort but one subject, due to medication that have 

a direct impact on the results, had to withdraw prior to commencement of the 

study. All subjects were free of pharmacological control of blood pressure (BP). 

Subjects were asked to lie back on the supine position on the bench during which 

time baseline normoxic condition measurements (approximately 21%O2) were 

performed. The E20 Rapid Cuff Inflator (The Hokanson System, Bellevue, WA, 

USA) was used as pneumatic tourniquet. A bilateral thigh-cuff was placed above 

the distal region of the subjects’ m. biceps brachii and was inflated for 60s to 20 

mmHg below the measured systolic pressure to avoid I-R (General Methodology 

Section, 8.7. and 8.16.2.). After venepuncture the cuff was subsequently deflated 

(<0.2s), removed immediately and a blood sample was taken. The line was kept 

patent with saline and stasis blood removed before sample collection. Venous 

blood was obtained from an indwelling catheter located in a forearm antecubital 
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vein. Samples were collected immediately following venous cannulation (0min) 

and at 2, 5, 10, 15, 20 and 30 min into recovery to EDTA tubes (Figure 41) to 

determine the magnitude of “artefacts” (venepuncture alone). 

 

Phase II- Twelve healthy, non-smoking males volunteered to participate in the 

studies. Their mean (SD) age, stature and mass were: 23 ± 5 years, 173 ± 4 cm 

and 79 ± 7kg, respectively.  

Following ethics committee approval and informed consent, all subjects attended 

the laboratory for a familiarisation session (protocol and methodology) 1-week 

prior to the commencement of the experimental protocol. Subjects were instructed 

to refrain from exercise and alcohol (exercise-induced increase ROS production 

and alcohol-induced deterioration in primary antioxidant and glutathione 

family)(Belardinelli, 2007) for 48-hours prior to the experimental day. Volunteers 

were asked to attend the laboratory for one 1-hr period. On all occasions after a 

12-hour overnight fast, the subjects presented to the laboratory at 9:00 a.m. and 

underwent baseline assessment of physiological parameters. Subjects were 

randomly assigned double blind to either the phase I (Control Group) or phase II 

condition. The laboratory was regulated for temperature (21 ± 1°C) and humidity 

(65 ± 3%), as described in General Methodology, section 8.1. Arterial 

haemoglobin oxygen saturation was measured using finger pulse oximetry 

(General Methodology, Section 8.6.).  

Samples were obtained from an indwelling catheter located in a forearm 

antecubital vein at rest, after 2 and 30 min following venous cannulation and 

immediately after a cycling test to volitional exhaustion to EDTA tubes (Figure 

41) to determine the magnitude of “artefacts” (physical exercise alone). 
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Phase I 

 

    Bloods for A
•-
 

   venepuncture                                                            21 % O2 

 

                              

 

 

 

 

 

Phase II 

 

    Bloods for A
•- 

    21 % O2 

 

 

 

 

 

 

 

 

Figure 41. Schematic overview of  experimental design employed for the assessment 
of venous cannulation and exercise- induced oxidative stress. Subjects were randomly 

assigned double blind to either the phase I or phase II condition. Arrows indicate timing 
of venous blood samples. 
Phase I; Samples were collected immediately following venous cannulation (0min) and at 

2, 5, 10, 15, 20 and 30 mins into recovery on the supine position.  

Phase II; Samples were obtained from ante-cubital vein at rest, after 2 and 30min 

following venous cannulation and immediately after a cycling test to volitional 

exhaustion. 
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11.3.1. Metabolic Measurements 

 

Venous blood was obtained from an indwelling catheter located in a forearm 

antecubital vein to 5 ml syringes (Hb and Hct) and to EDTA tubes. In Phase I - 

samples were collected immediately following venous cannulation (0min) and at 

2, 5, 10, 15, 20 and 30 min into recovery; in Phase II - venous blood was obtained 

at rest, after 2 and 30 min following venous cannulation and immediately after a 

cycling test to volitional exhaustion. Blood was centrifuged at 600 g (4°C) for 10 

min and were immediately snap-frozen in liquid nitrogen and stored at -80°C. 

Samples were left to defrost at 21°C in the dark for 5 min prior to subsequent 

analyses. ∆PV (i.e. percent change in PV) following exercise were calculated as 

described in General Methodology Section,8.16.5). At every blood collection 

time-point all blood metabolites were corrected for haemodilution or 

haemoconcentration (Dill and Costill, 1974). 

 

11.3.2. A
·−

 Measurement 

 

A·− was measured as a direct biomarker of oxidative stress (Bailey, 2004; 

Bailey et al, 2006). Exactly 1 ml of K-EDTA plasma was injected into a high-

sensitivity multiple-bore sample cell (AquaX, Bruker Daltonics Inc., Billerica, 

MA, USA) housed within a TM110 cavity of an EPR spectrometer operating at X-

band (9.87 GHz). Samples were analysed using a modulation frequency of 100 

kHz, modulation amplitude of 0.65 gauss (G), microwave power of 10 mW, 

receiver gain of 2 ×105,time constant of 41 ms, magnetic field centre of 3477 G 

and scan width of ±50 G for three incremental scans. After identical baseline 

correction and filtering, each of the spectral peak-to-trough line heights was 
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normalised relative to the square root of line width in G and the mean considered 

a measure of the relative concentration of A·− following conformation of peak-to-

trough line-width conformity and double integration on a random selection of 

samples.  

 

 

11.3.3. Blood Analyses  

 

    The heparinised microcapillary tube were immediately centrifuged at 11,800 

RPM for four minutes and the subsequent packed erythrocytes were measured 

using the standard microcapillary reader technique- Micro-Haematocrit Reader, 

corrected for PCV (1%). The value was expressed in % of the whole blood.  

Hb was measured by HemoCue. The blood samples were centrifuged at 4000 

RPM at 4°C for 10 min, extracted using 1ml pipette and transferred to 1.5ml 

plastic vials and then immediately snap-frozen in liquid nitrogen and stored at -

80°C until assayed. The detailed description measurement of Hb, Hct were 

outlined in the General Methodology, Section 8.16.3 and 8.16.4., respectively. 

 

11.3.4.     Percent Change in Plasma (∆PV) Volume and Blood Volume (∆BV) 

 

Blood metabolites were corrected for ∆PV following recovery, exercise and 

after ischaemic period (Study 3, Study 4). The detailed description measurement of 

Hb, Hct were outlined in the General Methodology, Section 8.16.5. 
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11.3.5. Statistical Analyses 

 

Statistics were performed with the use of commercially available software 

(Version 17.0, Surrey, UK). A prospective power calculation was performed to 

detect a “physiologically significant” change in the main parameters of interest, 

specifically, A·−. All data were analysed using parametric or non-parametric 

statistics following mathematical confirmation or rejection of a normal 

distribution by repeated Shapiro-Wilk W tests. Data were analysed using a one-

factor repeated measures ANOVA with a posteriori Bonferonni-Corrected Paired 

Samples t-tests or Wilcoxon Signed Ranks Tests. The linear relationship between 

two dependent variables was established using a Pearsons Product Moment 

Correlation Coefficient or the Spearman Rank Order Correlation.  

 
 

11.4. Results 

 

11.4.1. Systemic Arterial Blood Pressure 

 

 

Auscultatory BP readings averaged 128± 5/ 86± 4 mmHg for systolic blood 

pressure (SBP) and diastolic blood pressure (DBP), respectively at baseline. 

 

 

11.4.2. Blood Analyses 

 

All data are presented in Table 6. 
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Phase I 

 

venepuncture 2 min 5 min 10 min  15 min 20 min 30 min 

Hb [g/dl] 15.98±0.63 16.13±0.72 16.20±0.68 16.22±0.58 16.18±0.93 16.12±0.79 16.03±0.68 

Hct 0.480±2.81 0.485±2.60 0.490±3.31 0.490±3.13 0.495±3.32 0.485±2.76 0.485±2.69 

∆PV [%] 0.0 1.9 3.3 3.4 4.1 1.8 1.3 

 

 

Phase II 

 

venepuncture 2 min 30 min Peak exercise 

Hb [g/dl] 15.50±0.71 16.00±0.59 15.55±0.61 17.71±0.93* 

Hct 0.480±2.17 0.480±2.29 0.474±2.57 0.560±3.31* 

∆PV [%] 0.0 3.9 0.3 6.0 

 

 

 

Table 6. Effects of acute physiological responses to venous cannulation in normoxic 

conditions. A: Phase I, B: Phase II. Values expressed as means ± SD. Hb- haemoglobin; 

Hct- haematocrit. Comarisons based on 6 (Phase I) and 12 (Phase II). *Different (P<0.05) 

compared to venepuncture point time. Data are normally distributed. Our results clearly 

demonstrate that the change in plasma volume is determined both by the blood collection as 

well as physical exercise. Given the above it is necessary to include this in the final results. 

 

 

 

11.4.3. Biomarker of Oxidative Stress - A
·−

 

 

 

The absolute signal intensities of A·− in Phase I, was predicted in Figure 42. 

Values were expressed as a mean ± SD, AU/√line width in Gauss (G),*Different 

(P<0.05). All ∆ changes of A·− data were compared to the baseline point control. 

In control group (Phase I) the venous cannulation during passive normoxia 

significantly increased A·− which remained elevated until 15min into recovery. 

The PV shift was not observed in Phase I. The venous cannulation increased 

plasma A·− by 347 ± 173 AU/√G, P < 0.05 after 2min of venepuncture with 
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further increases observed after 5min and 10min of venous cannulation, 

respectively  (403 ± 178 AU/√G, P < 0.05; 462 ± 93 AU/√G, P < 0.05). 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  hemodynamic changes 

during exercise, specifically reflow-hemodilution and increase in A·− was 

subsequently shown to be 48% greater when the 30min as opposed to the 2min 

post-cannulation resting baseline (1754 ± 361 vs. 1979 ± 375 AU, P < 0.05) was 

incorporated into the calculation (Figure 43).  
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Figure  42. Peripheral venous concentration of A
·−

 expressed in absolute terms (the 

absolute signal intensities)(AU)/√line width in Gauss (G) as a biomarker of systemic 
oxidative stress in Phase I response to venepuncture. Values expressed as mean ± SD. 

AU, arbitrary units. *Different vs PV(plasma volume shift)(P < 0.05, paired 

samples t-test). Values expressed as mean ± SD. AU/√line width in Gauss (G), 

arbitrary units and all parameters have been corrected for plasma volume shifts. Data 

were normally distributed. 
Compared to the baseline point control, the venepuncture during passive normoxia 

significantly increased plasma A
•-
 by 347 ± 173 AU/√G, P < 0.05 after 2min of 

venepuncture with further increases observed during next two stages (403 ± 178 AU/√G, 

P < 0.05; 462 ± 93 AU/√G, P < 0.05) after 5min and 10min, respectively. After this time 

the level of ascorbate free radicals slightly decreased as to achieve a similar level to 

baseline point control after 30 minutes. As indicated above the systemic formation of free 

radicals  peaked at 10 min from venepuncture and the time of 15min from venepuncture is 

absolutely necessary to normalise.   
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Figure 43. Peripheral venous concentration of  A

·−
 expressed exercise-induced 

oxidative stress response- Phase II (exercise minus resting baseline obtained 
at 2 and 30min following cannulation). *different vs PV(plasma volume shift) (P 

< 0.05, paired samples t-test). Values expressed as mean ± SD. AU/√line width in 

Gauss (G), arbitrary units and all parameters have been corrected for plasma volume 

shifts. Data were normally distributed. Calculated increase in the relative 

concentration of free radicals. 
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11.5. Discussion 

 

Electron paramagnetic resonance (EPR) spectroscopy is the only direct 

molecular technique sine qua non that can detect and identify free radicals and has 

provided unique insight into the source, species and mechanisms of generation by 

contracting skeletal muscle (Bailey et al, 2006). In light of the low reduction 

potential associated with the A·−/ascorbate monanion (AH−) couple, any oxidising 

radical present in blood will react with AH− to form A·− (R+AH·−→ A·− +R-H, 

E
°´=+282 mV)(Buettner, 1993). Thus, the EPR detection of A·− provides direct 

evidence for increased free radical formation through venous cannulation though 

it does not permit ‘upstream’ identification of the primary oxidising species.  

These findings suggest that peripheral intravenous cannulation is a key 

intervention in the pre-experiment settings and inappropriate understanding this 

procedure may be the consequence of not only unnecessary pain, distress or other 

potential complications such as thrombophlebitis, extravasation, risk of infection 

(Siriwardena et al, 2008) but also may have a huge pathophysiological 

significance on the many mechanisms induced ROS. However, because of the 

additional effort and expense, this procedure is generally avoided. This seems to 

be the case in many studies of free radical level modulation. Controversy still 

exists over the relevance of plasma volume interactions with plasma constituent 

levels, and while some investigators have taken plasma volume shifts into 

account, others have chosen to ignore these changes. For some time, the influence 

of exercise-induced plasma volume changes has been suggested to confound the 

interpretation of biological data obtained during the recovery period from exercise 

(Irving et al, 1990; Fry et al, 1992). The fields of exercise physiology and training 
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assessment require accurate and valid interpretation of biochemical and hormonal 

data obtained from the considerable blood sampling performed. However, if 

plasma volume shifts due to exercise and the corresponding prevailing 

environmental conditions are significant, a solute within the plasma which appears 

to have changed may only reflect these fluid shifts. Opposingly, it may be argued 

that the level of the parameter at the time, irrespective of plasma volume shifts, is 

the important factor as it is this that determines the body’s response, therefore 

making the recommendation of correcting for plasma volume changes redundant. 

Depending on specific conditions as posture, heat stress or hydration, there is 

potential for either haemoconcentration or haemodilution. Haemoconcentration 

was observed to occur during short duration, high intensity exercise, with a linear 

relationship existing between the amount of plasma lost from the vasculature and 

exercise intensity (Gillen et al,1991; Nagashima et al, 1995). 

Clinical assessment of plasma volume may be of particular value during treatment 

in patients with decompensated heart failure, in whom the plasma volume is 

contracted despite an increase in total extracellular fluid volume (Kalra et al, 

2002). Under these circumstances, treatment with inotropes or renal vasodilators 

may be more appropriate than intravenous diuretics alone. Moreover, elevated 

levels of haematocrit and haemoglobin have been identified as an independent risk 

factor for the development of a number of diseases, including hypertension, 

coronary heart disease, and stroke (Allen et al, 1995).  

Further studies evaluating plasma volume in heart failure may help to improve our 

understanding of the pathophysiologic mechanisms occurring in the development 

and progression of this complex condition. It was also appears that the amount of 

plasma lost from the intravascular space during exercise may be independent of 
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the muscle mass involved, but related to a combination of the ratio of active to 

total mass for each individual and body position. 

It seem important to consider the influence of plasma volume changes on plasma 

solutes routinely measured for research, and as markers of training adaptation, 

prior to arriving at conclusions and recommendations based purely on their 

measured plasma level. To further confound this issue, plasma volume changes 

are known to be associated with heat acclimatisation, hydration state, physical 

training and postural changes, all of which may differ from one experiment or 

exercise bout to the next, and should thus be taken into account. 

In our Study we provided convincing evidence what was happened if venous 

cannulation or exercise hemodynamics was not taken into account. The neglect 

this important point of experiment maybe a key to get underestimated results and 

in consequence not seen any significant changes in all experiment.  

We determined whether venous blood samples used to calculate percentage 

change in calculated plasma volume shift following venepuncture (Phase I) and 

physical exercise (Phase II) were in agreement with values uncorrected. These 

means were significantly different (approximately a 12,3% greater in Phase I and 

48% in Phase II)  that the uncorrected values, which is more than one standard 

error of estimate from the regression line. It was concluded that values without 

∆PV calculation was under-estimated. 

Compared with baseline control measurements (2 min and 30 min after venous 

cannulation, Figure 43), exercise-induced increase in A·− was subsequently shown 

to be 48% greater when the 30 min as opposed to the 2min post-cannulation 

resting baseline (1754 ± 361 vs. 1979 ± 375 AU, P < 0.05). This 

haemoconcentration artifact needs to be taken into account when measuring the 
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concentration of plasma or serum-borne solutes. The exercise as was expected 

also decreased plasma volume consistent with others (Sejersted et al, 1986;  

Collins et al, 1989). A reduction in plasma increase the concentration of 

haemoglobin and haematocrit in both cases (Table 6). Therefore, these changes 

should always be included in the final results by correction factor. Otherwise the 

final result will always be underestimated and observed significant changes and 

processes will not possible. 

Our findings demonstrate and confirm that venous cannulation alone and exercise 

is enough per se stimulates the systemic formation of free radicals as a acute 

phase response which peaks at 10 min and requires approximately 15 min to 

normalise (Figure 42).  

Consistent with other surgical models of hypoxia, the cycling test to volitional 

exhaustion would be expected to decrease plasma volume resulting in a 

haemoconcentration. This would artifactually increase the blood-borne 

concentration of free radicals, particularly those confined to the local venous 

circulation, which has not traditionally been considered. This may be 

misinterpreted as evidence for either increased free radical release or, 

alternatively, decreased antioxidant defence across the local circulation. Thus, in 

light of these observations, we suspect that after adequate correction for 

haemoconcentration the release of free radicals reported in the literature has 

probably been underestimated. Our experiment represents a useful “proof-of-

concept” example because to our knowledge, there are no existing data available 

that permit direct calculation of inflammation-induced free radical expansion after 

venous cannulation. 
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Study 4  

  

FREE RADICAL-MEDIATED SYSTEMIC OXIDATIVE 

STRESS RESPONSE TO REGIONAL ALTERATIONS IN 

MUSCLE TISSUE  OXYGENATION: IMPLICATION FOR 

ISCHAEMIA-REPERFUSION CONDITIONS 

 

 

 

12.0. Abstract  

 

 

Exercise and hypoxia independently stimulate free radical generation by 

human skeletal muscle (Bailey et al., 2007) subsequent to a decrease in 

intracellular oxygenation rather than an increase in oxygen (O2) flux (Bailey et al., 

2004). In the current study, we examined if the I-R would further compound 

regional muscle tissue de-oxygenation and thus by consequence, increase 

oxidative stress. We also determined if reoxygenation, by normalising tissue 

oxygenation, would subsequently attenuate oxidative stress. 

Ten healthy male volunteers aged 33 ± 4 (mean ± SD) were examined at rest in 

normoxia (21%O2), global, no-flow ischaemia and reoxygenation during which 

time a resting venous blood sample was obtained from a forearm ante-cubital vein 

after 30 min of cannulation to evoid an acute phase responce of venous 

cannulation in supine position.  

Compared to the normoxic control, the O2Hb significantly decreased observed 

during global ischaemia (-18.3 ± 2.8 µmol/L, P < 0.05), although increased 

regional blood volume (from 3.2 ± 1.1 µmol/L to 12.5 ± 4.8 µmol/L, P < 0.05). 

Compared to the normoxic control, regional reperfusion significantly increased 
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plasma A•-)(baseline vs immediate after ischaemia; 2337 ± 525 vs 2633 ± 508, P 

< 0.05, respectively). 

The present findings confirm the oxidative synergy that exists between ischaemia 

and hypoxia and exercise that may be related to the magnitude of muscle de-

oxygenation.  

 

 

12.1. Introduction 

 

Ischaemia-reperfusion (I-R) has been shown to increase ROS (McCord, 

1985, White et al, 1985; Bailey et al, 2004). The overproduction of O2
• and 

derived reactive O2 species has been recognised as the initial molecular 

phenomenon in experimental and clinical myocardial I-R (Zhu et al, 1995). 

Thermodynamically, free radicals and associated ROS are eminently capable of 

causing structural damage to cellular membranes when in excess (Bailey et al, 

2001). I-R selectively increased A·−, thus, the EPR detection of A·− provides direct 

evidence for free radical formation. I-R has been associated with a reduction in 

vascular NO bioavailability, which provides a molecular basis for the enhanced  

vascular endothelial dysfunction and venous hypoxaemia observed in I-R. Bailey 

and co-workers have observed a general decline in plasma total NO during 

ischaemia (Bailey et al, 2009). In terms of the link between oxidative stress and 

vascular function, it is well accepted that free radicals likely limit vasodilation and 

blood flow by reducing NO bioavailability (Eskurza et al, 2004).  

Only two study has combined direct EPR spectroscopic techniques with localised 

blood sampling to more accurately define ROS exchange kinetics across the 

surgical repair site during I-R (Pietri et al, 1997; Bailey et al, 2007).  
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NIRS is an optical method for the measurement of tissue O2 consumption 

and delivery. It has become a more accepted technique for the non-invasive 

determination of local oxygen consumption and blood flow as the changes in 

[tHb] in human skeletal muscle or brain (De Blasi et al, 1997).  However, there 

are no studies to the best of our knowledge that have defined whether  the I-R 

would further compound regional muscle tissue de-oxygenation and thus by 

consequence, increase oxidative stress. No one determined if reoxygenation, by 

normalising tissue oxygenation, would subsequently attenuate oxidative stress 

including acute phase of venous cannulation as indicated below; 

  

                              Ischaemia -  Reperfusion             

                                 ↓pO2                  ↑pO2             ↑A
·−                ↓NO        

                                                                                                 ↓ mHbO2 

12.2. Methodology 

 

Experimental Protocol 

 

 

12.3. Subjects 

 

Following ethics committee approval and gave their written, informed 

consent, ten healthy, non-smoking male volunteered to participate in the studies. 

Their mean (SD) age, stature and mass were: 33 ± 4 years, 178 ± 5 cm and 83 ± 

5kg, respectively. All subjects were free of pharmacological control of blood 

pressure (BP). Subjects were recruited from local community over 4-weeks prior 

to study commencement.  
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All subjects attended the laboratory for a familiarisation session (protocol and 

methodology) 1-week prior to the commencement of the experimental protocol 

after written informed consent was obtained according to the ethical requirements 

of the human Research Protections Program. Subjects were instructed to refrain 

from exercise and alcohol for 48-hours prior experiment’s day. Volunteers were 

asked to attend the laboratory for one 1-hr period. On all occasions after a 12-hour 

overnight fast, the subjects presented to the laboratory at 9:00 a.m. and underwent 

baseline assessment of physiological parameters. The laboratory was regulated for 

temperature (20 ± 1°C) and humidity (64 ± 3%), as described in General 

Methodology, Section 8.13. Prior to testing, subjects were instrumented with 

necessary probes, sensors and blood holders and then were kept under ambient 

conditions during entire experiment. Subjects were examined at rest in normoxia, 

global ischaemia and reperfusion during which time a resting venous blood 

sample was obtained from a forearm ante-cubital vein after 15 min of cannulation 

to evoid an acute phase response of venepuncture in supine position. Subjects 

were asked to avoid moving throughout. E20 Rapid Cuff Inflator (The Hokanson 

System, Bellevue, WA, USA) was used as pneumatic tourniquet, because our 

study required obligatory cross-clamp application/release and thus are eminently 

suited as models for I-R. Seven point data sets were collected: a baseline in 

normoxic conditions, immediate ischaemic time and 1.5min, 3.0min, 4.5min, 

6.0min and 10.0min into reperfusion (Figure 44). 
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Figure 44. The methods employed for the assessment of global ischaemia induced 
oxidative stress. Arrows indicate timing of venous blood samples. Samples were 

collected 30 mins following venous cannulation (Baseline, Immediate ischaemic time and  

at 1,5; 3,0; 4,5; 6,0 and 10,0 mins. after occlusion  on the supine position. Near infrared 

spectroscopy were measured during entire protocol. 

 

 

12.3.1. Metabolic Measurements 

 

Venous blood was obtained from an indwelling catheter located in a forearm 

antecubital vein to 5 ml syringes (Hb and Hct) and to EDTA tubes. Seven  

samples were collected following venous cannulation (0min) and at baseline (30 

min after venous cannulation, immediate ischaemic time, +1.5, +3.0, +4.5, +6.0 

and 10 min into recovery. Blood was centrifuged at 600 g (4°C) for 10 min and 

were immediately snap-frozen in liquid nitrogen and stored at -80°C. Samples 

were left to defrost at 21°C in the dark for 5 min prior to subsequent analyses. 

∆PV (i.e. percent change in PV) was calculated as described in General 

Methodology Section,8.16.5). At every blood collection time-point all blood 
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metabolites were corrected for haemodilution or haemoconcentration (Dill and 

Costill, 1974). 

 

12.3.2. A
·−

 Measurement 

 

A·− was measured as a direct biomarker of oxidative stress (Bailey, 2004; 

Bailey et al, 2006). Exactly 1 ml of K-EDTA plasma was injected into a high-

sensitivity multiple-bore sample cell (AquaX, Bruker Daltonics Inc., Billerica, 

MA, USA) housed within a TM110 cavity of an EPR spectrometer operating at X-

band (9.87 GHz). Samples were analysed using a modulation frequency of 100 

kHz, modulation amplitude of 0.65 gauss (G), microwave power of 10 mW, 

receiver gain of 2 ×105,time constant of 41 ms, magnetic field centre of 3477 G 

and scan width of ±50 G for three incremental scans. After identical baseline 

correction and filtering, each of the spectral peak-to-trough line heights was 

normalised relative to the square root of line width in G and the mean considered 

a measure of the relative concentration of A·− following conformation of peak-to-

trough line-width conformity and double integration on a random selection of 

samples.  

 

12.3.3.  NIRS Measurement 

 

The subjects have a bilateral high cuff placed around your arm which is 

tightened for 5 min so that 80 mmHg was above systolic pressure to blocked 

arterial and venous flow (global ischaemia). The cuff was subsequently deflated 

(<0.2 s), removed and a blood sample was taken. The same measurements was 

then repeated six times after ischaemic conditions. The continuous non-invasive 
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near-infrared spectroscopy (OXYMON Mk III) was used to monitor concentration 

changes (µmol) in skeletal tissue of oxyhaemoglobin (∆O2Hb), 

deoxyhaemoglobin (∆HHb) and changes in total haemoglobin (∆THb) were 

calculated as (∆THb = ∆[O2Hb] + ∆[HHb]). The path length factors )(DPF) of 4.0 

was employed to correct muscle calculations (Colier et al, 1995). 

 

12.3.4. Percent Change in Plasma (∆PV) Volume and Blood Volume (∆BV) 

 

Blood metabolites were corrected for ∆PV following recovery, exercise and 

after ischaemic period (Study 3, Study 4). The detailed description measurement of 

Hb, Hct were outlined in the General Methodology, Section 8.16.5. 

 

12.4.  Statistical Analyses 

 

Statistics were performed with the use of commercially available software 

(Version 17.0, Surrey, UK). A prospective power calculation was performed to 

detect a “physiologically significant” change in the main parameters of interest, 

specifically, A·− and O2Hb. All data were analysed using parametric or non-

parametric statistics following mathematical confirmation or rejection of a normal 

distribution by repeated Shapiro-Wilk W tests. Data were analysed using a one-

factor repeated measures ANOVA with a posteriori Bonferonni-Corrected Paired 

Samples t-tests or Wilcoxon Signed Ranks Tests.  

All NIRS data were expressed as micromolar concentration changes. Mean values 

(∆[O2Hb], ∆[HHb], and ∆[tHb]) were plotted against the time point to 

qualitatively describe muscle oxygenation patterns during each stage. The linear 
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relationship between two dependent variables was established using a Pearsons 

Product Moment Correlation Coefficient or the Spearman Rank Order Correlation.  

 

12.5. Results 

 

12.5.1. Systemic Arterial Blood Pressure 

 

Auscultatory BP readings averaged 122± 4/81± 4 mmHg for systolic blood 

pressure (SBP) and diastolic blood pressure (DBP), respectively at baseline. 

 

12.5.2. Metabolic Parameters 

 

 

No significant changes was observed between baseline versus global 

ischaemia and baseline versus different time of reoxygenation in relation to Hb 

and Hct. A significant changes we have observed in pH, pCO2 and pO2 

immediately after ischaemic period (Table 7). 
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Table 7. Comparison between normoxia (baseline) versus 6 data points of 
reperfusion after 5 min forearm ischaemia. Values expressed as means ± SD. Hb-

haemoglobin; Hct-haemotocrit. Comparisons based on 10 subjects. Different (P<0.05) 

compared to baseline. Data are normally distributed. 

 

12.5.3. A
·−

 

 

Clear significant increases in the plasma concentration of ascorbate free 

radical were detected in the peripheral blood of patients  (normoxia(baseline) vs 6 

data points of reperfusion after 5min of global ischaemic condition, 

P<0.05)(Figure 45)(baseline vs immediate after ischaemia; 2337 ± 525 vs 2633 ± 

508, respectively). A·−
 results were corrected for plasma volume shifts. Data were 

normally distributed. 

 

 

 

 

 Baseline 0 min. 1,5 min. 3,0 min. 4,5 min. 6,0 min. 10,0 min. 

 

pH 
 

 
7,38±0,03 

 
7,37±0,03* 

 
7,39±0,03 

 
7,39±0,03* 

 
7,39±0,03 

 
7,39±0,03 

 
7,40±0,03* 

 

pCO2[mmHg] 

 

 
50,0±4,21 

 
52,6±5,55* 

 
48,4±4,76 

 
48,0±4,32* 

 
48,1±4,69* 

 
48,9±5,54 

 
47,8±4,97* 

 

pO2[mmHg] 

 

 
36,6±7,8 

 
47,0±16,3* 

 

53,9±8,7* 

 
43,8±8,2* 

 
43,4±9,5* 

 
40,1±9,1 

 
39,5±13,9 

 
Hb[g/dl] 

 

 
15,2±0,83 

 
15,4±1,13 

 
15,2±0,93 

 
15,0±0,99 

 
15,1±0,83 

 
15,2±0,97 

 
15,2±0,93 

 

Hct[%] 

 
45,0±3,07 

 
45,6±3,99 

 
45,1±2,60 

 
45,0±2,84 

 
45,2±2,73 

 
45,8±3,32 

 
45,2±2,77 

 

∆PV [%] 

 

- 

 

2.4 

 

0.2 
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Figure  45.  Peripheral venous concentration of ascorbate free radical (A•-) expressed in 

arbitrary units during normoxia and 6 data points of reperfusion after 5 min of global 

ischaemic condition. Values expressed as mean ± SD. AU, arbitrary units. *Different from 

Baseline (P<0.05) compared to baseline. A
·−

 results were corrected for plasma volume 

shifts. Data are normally distributed. These findings “co-incide” with greatest”increases” 

in venous pO2, suggesting a positive link between venous (systemic) and muscle (regional) 

oxygenation and ROS.  

 

 

12.5.4. NIRS  Measurements 

 

 

During global ischaemia the regional muscle oxygenation significantly 

decreased (↓∆O2Hb, ↑∆HHb), although increased regional blood volume (↑∆tHb) 

(Figure 46). From end of global ischaemia to 10 min after the regional muscle 

oxygenation progressively back to the start data point (↓∆HHb, ↑∆O2Hb). It is 

clear that during global ischaemia and after that recovery from deoxygenated 
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muscle needs greater blood flow than resting flow, regardless of prior muscle 

conditions, because resting blood flow is only sufficient to maintain steady state 

of the same level of oxygenation and is it clearly evidence that we have reciprocal 

relationship between blood flow and re-oxygenation. Our study was predicted the 

link between ∆A·− vs ∆HHb after global ischaemic period (Figure 47). When ↑A·− 

↑∆HHb, ↓∆O2Hb. 
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Figure 46. The values with range for concentration changes of total volume 

haemoglobin (∆tHb), oxyhaemoglobin (∆O2Hb) and deoxyhaemoglobin (∆HHb) of 

the muscle at normoxia, during global ischaemia and reperfusion.* Different from 

Baseline (P<0.05). 
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Figure 47. The correlation between ∆A•- vs ∆HHb after global ischaemic period. 

Values expressed as mean ± SD. AU, arbitrary units. Significance values are as follows: 

r
2
= 0,86; P<0.05. 
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12.6. Discussion 

 

 

Thermodynamically, free radicals and associated reactive oxygen species 

(ROS) are eminently capable of causing structural damage to cellular membranes 

when in excess (Bailey et al, 2001). Alternatively, these biomolecules also serve 

as integral components of the signal transduction cascade that are physiologically 

essential in controlled amounts capable of initiating protective adaptation in the 

face of hypoxic stress for the maintenance of homeostasis (Bailey et al, 2001; 

Guzy et al, 2006; Pryor et al, 2006; Burgoyne et al, 2007). The ability to maintain 

a steady state in the face of hypoxic stress is a fundamental property of life. In low 

concentrations, free radicals are thought to act as mediators and modulators of cell 

signaling and contribute to other key functions such as regulating the activity of 

transcription factors and gene expression. In contrast, high levels of free radicals 

in the vasculature have been associated with hypertension, atherosclerosis, 

diabetes, heart failure, sepsis, as well as the aging process (Bailey et al, 2006). 

We hypothesised that I-R would independently increase the local release of 

ROS. Our data undoubtedly confirmed the oxidative synergy that exists between 

ischaemia and hypoxia and exercise that may be related to the magnitude of 

muscle de-oxygenation. We found a positive relationship beteen systemic 

(venous) and regional (muscle) oxygenation and ROS. 

Given the current lack of human data the primary objective was to determine if 

there was a relationship between systemic free radical release and ↓ in muscle 

oxygenation status. Consistent with this hypothesis, the study had two specific 

objectives. The first was to test the hypothesis that I-R contribute to the 

pathophysiology of the muscle oxygenation response during reperfusion. To this 
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end, we initially evaluated the effects of I-R on the recovery of muscle 

oxygenation function after occlusions. To obtain direct evidence for this 

hypothesis, we subsequently measured muscle oxygenation by near infrared 

spectroscopy. Our second objective was to determine whether the A·− would 

influence alterations in muscle oxygenation. 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 (Lassnigg et al, 2003) as early as the repefusic 

phase of experiment independent changes in the partial pressure of oxygen (pO2), 

elucidate a potentially important role for oxidative stress in provoking an 

appropriate vasodilation (NO-bioavailability) during I-R period (↑A·− = ↓NO = ↓ 

Blood Flow).  

Within all mammalian tissue oxidative phophorylation and the formation of 

ATP is accompanied by the univalent reduction of O2 to produce O2
•- (↑A·− = 

↓SaO2 = ↓ PvO2). Vascular NO-bioavailability is in part regulated by free radicals 

(Gryglewski et al, 1986), which preliminary indications suggest may be 

responsible for the enhanced lipid peroxidation previously documented in AMS, 

there subjects “de-oxygenate” more rapidly for unknown reasons (Bailey et al, 

2001). Skeletal muscle contains a number of NOS isoforms and reports have 

consistently indicated that upregulation of the inducible NOS isoform occurs in 

skeletal muscle in response to inflammatory and/or I-R (Sambe et al, 1998; 

Lanone et al, 2000; Boveris et al, 2002). NOS, in turn, is capable of generating 

both nitric oxide or superoxide or a combination of these free radical species, 

depending upon the state of NOS coupling or uncoupling. While it seems fairly 
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clear that it is possible that increased free radicals can be generated from all three 

of these enzyme systems in inflammatory and/or infectious conditions, the relative 

pathophysiological importance of these three sources is not clear, and it is also not 

known which source is responsible for which physiological derangements. At the 

beginning of reperfusion following ischaemia, there is a burst formation of NO 

from shear stress on endothelial cells and superoxide, mainly from mitochondria 

after re-establishment of the blood flow. The burst of  O2
• reacts with the burst 

NO at a diffusion-controlled rate to form the very potent oxidant peroxynitrite, 

thereby degrading the bioavailability of NO (Xu et al, 2008; Nauser et al, 2002); 

 

          O2
• + NO•             ONOO

            k = 10
-9

M
-1

s
-1

 

 

 

However, the downstream consequences of free radicals such as H2O2 and 

ONOO-, perhaps released in response to increased shear stress, may act as potent 

vasodilators (Benkusky et al, 1998), and as such possess the capacity to alter 

vascular responsiveness (Liu et al, 2003). 

In addition, no study has determined whether or not NOS produces exclusively 

nitric oxide in skeletal muscle or, under some conditions such as inflammation, 

can become uncoupled and produce a mixture of nitric oxide and superoxide.  

In terms of the link between vascular function and free radicals, there are two 

equally plausible, but basically contrasting, theories: as already noted free radicals 

have been proposed to limit vasodilation and blood flow by reducing NO 

bioavailability (Eskurza et al, 2004), but it is also possible that they promote 

vasodilation via their direct vasoactive properties (Liu et al, 2003). This reveals a 

reliance on free radical-mediated vasodilation, most likely induced by the 
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increased oxidative stress of I-R per se or the shear-induced release of free 

radicals by the vascular endothelium. Certainly, a powerful NO-mediated 

vasodilatory force is shear stress, which if changed by either blood viscosity, 

blood velocity, or vessel diameter, could impact vasodilation. As already 

indicated, oxidative stress is typically regarded as an unwanted byproduct of 

cellular oxidation and is seen as a negative risk factor for cellular and vascular 

health (Beckman et al, 1996). 

We speculate that this attenuated I-R-induced vasodilation is likely the direct 

result of disturbing the natural balance between pro- and antioxidant forces. As 

already indicated, oxidative stress is typically regarded as an unwanted by-product 

of cellular oxidation and is seen as a negative risk factor for cellular and vascular 

health (Beckman et al, 1996). Since the initial observation that superoxide and 

other free radicals inactivate nitric oxide (Wei et al, 1985), it has become 

increasingly apparent that this may contribute to the origin and progression of 

vascular dysfunction in many of these pathologies (Taddei et al, 2001; Faraci et 

al, 2004). 

A number of mechanisms have been proposed to generate superoxide radical 

during I-R. During ischaemia, high concentrations of hypoxanthine accumulate 

due to the degradation of ATP (Finkelstein et al, 1979). Metabolism of this 

nucleotide is normally mediated by xanthine dehydrogenase; during ischaemia, 

however, this enzyme is converted to the oxidase form which reduces 02 forming 

superoxide radical (Jennings et al, 1981). Other possible sources of superoxide 

radical include mitochondrial oxication (McCord, 1985), oxidation of 

catecholamines released locally during ischaemia (Boveris et al, 1975), and 

generation by polymorphonuclear leukocytes which migrate to the ischaemic 
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tissue (Singal et al, 1982). This would initiate systemic oxidative stress as 

indicated by an increase in the peripheral venous concentration of A·−, which 

would be associated with increased membrane permeability and inflammation.  

As a consequence of the rapid restoration of normal perfusion pressure, the 

jugular bulb venous effluent and to a lesser extent, arterial inflow is subject to a 

transient shift of fluids into the intravascular space causing a net hemodilution. 

Consistent with surgical models of I-R, the restoration of blood flow during the 

course of I-R would be expected to increase plasma volume resulting in a reflow-

hemodilution. This would artifactually dilute the blood-borne concentration of 

free radicals, particularly those confined to the local venous circulation, which has 

not traditionally been considered. The subsequent shift to more positive values 

may be misinterpreted as evidence for either reduced free radical release or, 

alternatively, increased antioxidant consumption across the muscle circulation. 

Thus, in light of these observations, we suspect that after adequate correction for 

reflow-hemodilution and simultaneous measurement of muscle blood flow, the 

trans-muscle release of free radicals reported in the literature has probably been 

underestimated. On reflection, it was unfortunate that we did not perform a more 

comprehensive comparative analysis of PBN adducts in patients from the placebo 

group to support our more indirect findings.   
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Chapter 5 

Synthesis of Findings 
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12.7.  General Discussion and Realisation of Aims 

 

The main objectives of this section are to:  

i) Integrate and summarise the research findings of all studies and consider the 

biochemical and physiological implications of free radical formation; 

ii) Provide direction for future research relating to the investigation of free 

radical formation in humans 

 

 

12.8. Integration and Summary of Research Findings  

 

In the first study the basic chemistry involved in the formation of free 

radicals has been reviewed along with an account of the major reaction types they 

induce. In addition, it has been shown how the technique of computational 

chemistry may provide detailed information on specific reaction channels of 

importance in oxidative stress. Previous studies of proton donors and acceptors in 

our laboratories (George et al, 2001; Davies et al, 2003; Evans et al, 2005; 

Davies et al, 2006)  have looked at a range of molecular interactions in the free 

state and in polar and non-polar solvents using the polarised continuum model 

(PCM), the isodensity version (IPCM) and the self consistent isodensity model 

(SCFICM). This work is now extended to unstable free radicals as short-lived 

paramagnetic species with half-lives of the order of 10-3 to 10-9 s for the more 

reactive forms which have diffusion controlled bimolecular reaction rates of 106 to 

109 M-1 s-1. These species can be measured by EPR spectroscopy. For the 

didehydroascorbates, corresponding to Conformer 1, free radical properties are 

compared with previously published calculations in the gaseous and aqueous 

solution states and with experimental EPR values. In the present work, we predict 
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the existence of two stable conformers of L-ascorbic acid and the corresponding 

oxidation products to didehydroascorbates of both forms. These are described as 

Conformers 1 and 2. Theoretical information is provided for the existence of these 

in neutral and anionic radical forms for which two spin-related parameters 

(charge, multiplicity) are (0,1) and (-1,2), respectively. Conformer 2 of L-ascorbic 

acid is predicted to have lower energy (greater stability) than Conformer 1, under 

the method and basis sets used, by between 11 and 26 kJ mol-1 and is stabilised by 

internal hydrogen bonding between the penultimate O–H group at 3801 cm-1, 

(which is 16 cm-1 to lower wavenumber than the corresponding mode in 

Conformer 1) and the O atom in the terminal O–H group. This mode is assigned at 

3858 cm-1 in Conformer 2 which corresponds to the mode at 3857 cm-1 in 

Conformer 1. Calculated vibrational wavenumber values are provided for selected 

C=C, C=O, 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. We have attempted the calculation 

of optimised structures of many of these conformers which optimise in some 

cases. Those described in the present work optimise for both the neutral mono-

radical and the anionic di-radical. These results suggest that an O- group adjacent 

to the terminal O– H group can achieve greater stability by scavenging a proton 

from a ring O–H according to steric considerations which are sensitive to 

conformation. Since the side chain of the furan ring possesses bonds for which 

dihedral angles are in rapid motion, many radical species may exist in a constant 

flux in which separate EPR signals may be difficult to measure. These 

calculations may serve as a basis for interpretation of further spectroscopic 

measurements. 
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 Our second studies represent the animal-model of I-R, where, we have 

examined the role of vitamin C in reducing I-R-induced myocardial injury in 

animal model; a relationship between the level of ascorbate free radical and other 

physiological parameters such as left ventricular developed pressure (LVDP), 

heart rate and myocardial recovery to establish the influence of the  severity and 

duration of ischaemia (global 30 min ischaemia) on the myocardial recovery 

during the reperfusion period and treatment with vitamin C would reduce 

oxidative stress and thus, by consequence, decrease vascular tissue damage and 

inflammation initiated I-R injury. Experiments were performed using constant 

coronary flow at 14 ml/min. The global, now-flow ischaemia led to the arrest of 

myocardial contractions in almost 4 min in 60% of rat hearts in control group. 

During initial reperfusion period following 30 min of global ischaemia the 

recovery of end-diastolic pressure in Control Group was significantly depressed 

vs. Vitamin C Group. After 10 min of reperfusion reached a maximum of 57 

mmHg and then decreased to 48 mmHg (26% lower than in Vitamin C Group). In 

the vitamin C group after 5 min of reperfusion a significant, sudden increase in  

end-diastolic pressure 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.  

The LVDP in control group and vitamin C group during the initial perfusion 

period was between 100-110 mmHg. During initial reperfusion period following 

30 min of global ischaemia the recovery of LVDP in untreated hearts was 

significantly depressed and by the end of the 60 min of reperfusion LVDP had 

recovered to only 20 ± 1% of pre-ischaemic values. Reperfusion period following 

30 min of global ischaemia showed a distinctive slow recovery in LVDP in 
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control group to 20 mmHg at the end of reperfusion. In vitamin C group the 

recovery was quicker reaching 37 mmHg by the end of the reperfusion period. 

During the first 5 min of reperfusion in the control group, when A·− generation 

was at its greatest, the functional stability of the hearts was extremely poor. The 

recovery of contractile function was irregular and reperfusion-induced 

arrhythmias were frequent. A sudden and massive increase in A·− was observed at 

the time of reperfusion in vitamin C group. This increase was associated with poor 

mechanical function in hearts as indicated by the significantly depressed recovery 

process. The large liberation of radicals was associated with a greater depression 

in myocardial contractile function and a lower recovery. We estimated irreversible 

myocardial damage by means of direct measurements of infarct size, using TTC 

staining. With TTC staining, vitamin C did not reduce infarct size associated with 

I-R. A relationship was observed between the total A·− formed by the rat heart and 

the increase in left ventricular end-diastolic pressure or the decrease in left 

ventricular developed pressure. A·− level in biological fluids for 

pathophysiological conditions such as I-R is associated with oxidative stress. 

The third study was designed to test the hypothesis that the physiological 

trauma associated with venous cannulation may artefactually stimulate systemic 

free radical formation an acute phase response that if not accounted for may 

under-estimate the oxidative stress response to exercise. To test this hypothesis 

subjects performed exercise to exhaustion to stimulate ROS and compare this data 

to uncorrected and corrected values. In phase I the venous cannulation during 

passive normoxia significantly increased A·− which remained elevated until 15min 

into recovery. The venous cannulation increased plasma A·− by 347 ± 173 AU/√G, 

P < 0.05 after 2min of venepuncture with further increases observed after 5min 
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and 10min of venous cannulation, respectively  (403 ± 178 AU/√G, P < 0.05; 462 

± 93 AU/√G, P < 0.05). 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 when 

the 30min as opposed to the 2min post-cannulation resting baseline (1754 ± 361 

vs. 1979 ± 375 AU, P < 0.05, respectively). The neglect this important point of 

experiment maybe a key to get under-estimated results and in consequence not not 

simply reflect the free radical generation (interpreted as oxidative stress). These 

findings demonstrate and confirm that venous cannulation alone is enough per se 

to stimulate systemic formation of free radicals as a acute phase response. These 

results may have important implications and this study may lead to a series of 

trials that shed light on the mechanisms of I-R injury, including potential venous 

cannulation points. Our experiment represents a useful “proof-of-concept” 

example because to our knowledge, there are no existing data available that permit 

direct calculation of  free radical expansion after venous cannulation. 

The final study examined if there was a relationship between systemic free 

radical release and ↓ in muscle oxygenation status. Differences in Hb and Hct 

difference were unremarkable. A significant changes was observed in pH, pCO2 

and pO2 immediately after ischaemic period. Clear significant increases in the 

plasma concentration of A·− were detected in the peripheral blood of (baseline vs 

immediate after ischaemia; 2337±525 vs 2633±508, respectively). During global 

ischaemia the regional muscle oxygenation significantly decreased (↓∆O2Hb, 

↑∆HHb), although increased regional blood volume. From end of global 

ischaemia to 10 min after the regional muscle oxygenation progressively back to 

the start data point (↓∆HHb, ↑∆O2Hb). It is clear that during global ischaemia and 
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after that recovery from deoxygenated muscle needs greater blood flow than 

resting flow, regardless of prior muscle conditions, because resting blood flow is 

only sufficient to maintain steady state of the same level of oxygenation and is it 

clearly evidence that we have reciprocal relationship between blood flow and re-

oxygenation. This study demonstrated 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 (Lassnigg et al, 2003) as early as the ischaemic phase of experiment 

independent of changes in the partial pressure of oxygen (pO2). 

It is important to note that studies presented in this thesis utilised distinct 

cohort (animals, male, on-smokers, not on any form of supplements and free from 

any other overt cardiovascular disease) that precluded the use of a large subject 

group. Prospective power of the test calculations were made in all studies and 

repeated measures tests have inherently higher degrees of power (0.8- 

0.9)(Altman, 1991). Retrospective calculations revealed generally acceptable 

power in all studies. Thus conclusions drawn in this thesis may be treated with a 

minor degree of caution, whilst it is hoped that future work may add to the 

findings included in this thesis. As evident in the preceeding and following 

sections numerous questions still remain in the area of free radical, ischaemia-

reperfusion and cardiovascular disease. It is therefore hoped that this work 

contained in this thesis provides a  foundation for future research. 
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12.9.    Suggested Directions for Further Research 

 

1. This computational work was conducted on the many different conformers of 

vitamin C which can scavenge tissue and blood borne free radicals. It is 

important to remember that other studies suggested that also vitamin E have a 

complementary role in combating oxidative stress by virtue, in part, of 

respective water and lipid solubility (Buettner, 1993). Therefore there is a 

general need to extend this research in terms of vitamin E and to compare 

these findings to those in this thesis to better understand the knowledge of the 

molecular properties of this important and synergistic with AH¯  chain 

breaking donor antioxidant compound. 

 

2. There is a general need to provide further quantification of the free radical 

response during I-R injury. This is recommended to be achieved through 

implementation of concomitant ex-vivo spin trapping and EPR detection of 

free radical species together with lipid peroxidation, protein and other 

oxidation markers. EPR is regarded as the most sensitive, specific and direct 

method of measuring free radical species (Bailey et al, 2003). This work will 

provide additional information on the free radical response during I-R injury 

and selectively “targeting” specific ROS to improve clinical recovery. 

 

3. There is a need to extend the protocol utilised in the present study to control 

the quality of free radical formation level as a effect of the venous 

cannulation. The neglect this important point of experiment maybe a key to 
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get under-estimated results and in consequence not seen any significant 

changes in all experiment. 

 

4. It is suggested that the natural progression from this body of work is to 

conduct an α-tocopherol (vitamin E), SOD and other antioxidants infusion 

trial during I-R period and document the consequent effects on myocardial 

function. This would provide powerful data on the modulatory influence of 

ROS on myocardial haemodynamics.  

 

5. This thesis only used venous markers of biochemistry that are distal to the 

sites of the active vasculature/musculature. Therefore future studies should 

attempt to replicate the findings but with arterial and venous samples taken 

together with a distal venous source. This would provide a complete picture of 

the circulatory response. Combined with concomitant “flow” measurements in 

order to document “exchange kinetics”. 
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Appendix I- Tables 



and oxidised forms. 
Ascorbic acid       

Charge, multip. Assignment 0,1     -1,2  

Vib.modes/cm-1 Atomic motions conformer 1 conformer 2  2 - 1 conformer 1 conformer 2      2 - 1 

47 C-H st 8,9 (sym.11,12) 3001.6 2983.6 -18.0 2881.2 2837.0 -44.3 

48 C-H st Sym.10,11,12 3013.1 3005.6 -7.5 2990.1 2976.5 -13.6 

49 C-H st 6,7 3050.3 3039.4 -10.9 3011.9 2981.7 -30.1 

50 C-H st Asym.10,11,12 3062.1 3073.9 11.8 3059.5 3053.1 -6.4 

51 O-H st 17,18 3760.0 3760.7 0.6 3462.0 3585.1 123.1 

52 O-H st 10,20 3790.2 3797.2 7.0 3738.7 3617.2 -121.6 

53 O-H st 15,16 3817.1 3800.7 -16.4 3776.1 3712.4 -63.7 

54 O-H st 13,14 3857.0 3858.1 1.0 3845.2 3762.9 -82.3 

Electronic Energy        

Ee/KJ mol-1  -1798433.5  -1798445.2 -11.7 -1798451.0  -1798436.2 14.9 

Didehydroascor

bic acid 

      

Vib.modes/cm-1 Atomic motions conformer 1 

 

conformer 2  2 - 1 conformer 1 conformer 2 

43 C-H st 8,9 2968.2 3000.2 32.0 2947.5 2981.9 34.4 

44 C-H st Sym.10,11,12 3040.8 3007.8 -33.0 3016.1 2990.3 -25.8 

45 C-H st 6,7 3064.0 3072.8 8.8 3040.7 3006.7 -33.9 

46 C-H st Asym.10,11,12 3096.7 3093.4 -3.3 3097.6 3075.0 -22.6 

47 O-H st 15,16 3814.7 3798.1 -16.6 3768.5 3812.4 43.9 

48 O-H st 13,14 3837.7 3855.9 18.2 3830.3 3862.2 31.9 

EPR HCC/GAUSS    Calc/assigned  

Aqueous soln 7H(1)    1.54/1.76  

SCRF(IPCM) 9H(1)    0.19/0.19  

 11H(1)    0.10/0.07  

 12H(1)    0.08/0.07  

Electronic Energy        

Ee/KJ mol-1  -1795171.0 -1795196.2 -25.2 -1795459.2 -1795436.5  22.8  

Vibrational modes and energies are calculated at B3LYP/6-311++G(d,p) level for free states. 

HCC values are calculated at the UB3LYP/EPR-II level with revised assignment (Allen et al, 2006) for aqueous 

states. 

 

Table 8. Comparison of C-H, O-H st.modes, HCC values and energies of ascorbic acid 



the gas phase. 

 

 

Didehydroascorbates (Conformer 1) 

 

Ionic 

mono-

radical 

Ionic 

mono-

radical  

Description This work Allen et al, 2006   

charge multiplicity.  -1 2  -1 2  

spin atoms/gauss    

1  C(13)  -3.43 -3.44  

2  C(13)    -4.80 -5.10  

3  C(13)  -4.34 -4.27  

4  O(17)  -0.49 -0.36  

5  O(17)   -1.20 -1.26  

6  C(13)  -2.86 -2.68  

7  H(1)      1.39 1.36  

8  C(13)   0.31 1.99  

9  H(1)   -0.16 -0.06  

10  C(13)  -0.09 -0.06  

11  H(1) 0.08 0.02  

12  H(1) 0.05 0.02  

13  O(17)    -0.22 0.00  

 14  H(1)    0.03 -0.01  

15  O(17) -0.45 -0.09  

16  H(1)     0.04 -0.08  

17  O(17)     -7.67 -7.66  

19  O(17)     -4.22 -4.26  

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

Table 9 . Comparisons of calculated and measured hyperfine splitting constants in 



aqueous phase. 

Didehydroascorbate (Conformer 1) 

 

Calc.Assignments                                                                            Exper.Assignments 

Description Description 

 

SCRF 

(IPCM) 

  

 

                

This work Laroff  et 

al 

    This        

work 

 Allen et 

al, 2006 

 Laroff et 

al, 1972 

This 

work 

charge 

multiplicit

y 

 -1 2 % 

differen

ce 

 -1 2 % difference  -1 2  -1 2 

spin atoms/gauss   100(calc-

expt)/exp 

 100(calc-

expt)/exp 

  

1  C(13)  aC3 -2.82 -22.03 -3.76 3.87 3.62 3.62 

2  C(13)    aC2 -2.40 150.26 -2.81 192.71 0.96 0.96 

3  C(13)  aC1 -4.87 -15.11 -4.76 -17.07 5.74 5.74 

4  O(17)   -0.52  -4.10    

5  O(17)    -1.11  -1.24    

6  C(13)  aC4 -2.59 -6.69 -2.38 -14.39 2.78 2.78 

7  H(1)      aH4 1.54 -12.48 1.08 -38.64 1.76 1.76 

8  C(13)   aC5 0.28 -87.69 1.27 -44.78 2.30 2.30 

9  H(1)   aH5 -0.19 -2.12 -0.07 0.00 0.07 0.19 

10  C(13)   -0.07  -0.05    

11  H(1) aH6 0.10 44.14 0.03 -84.21 0.19 0.07 

12  H(1) aH6 0.08 10.40 0.01 -94.74 0.19 0.07 

13  O(17)     -0.12  -0.01   

 14  H(1)     0.01  0.00   

15  O(17)  -0.40  -0.01   

16  H(1)      0.01  -0.05   

17  O(17)      -7.00  -7.46   

19  O(17)      -3.89  -4.10   

Average % 

difference  
  

39.0 
 

54.5   

 

 

Table 10. Comparisons of calculated and measured hyperfine splitting constants  in the 



 

  

Ref Description                                                     Description  

 charge multiplicity0 2 0 2     -1 3   -1 3  

 basis set 6-311++G(d,p)  EPR-II   6-311++G(d,p)  EPR-II  

A 

HCC/spin 

atoms/gauss        

 6  C(13) 4.2 3.8  1  C(13)  26.4 25.2  

 7  H(1)    -0.3 -0.3  2  C(13)    2.8 1.0  

 8  C(13)   -13.4 -13.7  6  C(13)  9.8 13.2  

 9  H(1)  86.2 90.6  7  H(1)    12.8 20.3  

 10  C(13) 8.7 9.4  9  H(1) 22.3 7.0  

  11  H(1)  -1.1 -1.2  10  C(13) -1.2 2.5  

 12  H(1)   -0.1 0.0  18  H(1)  -0.7 3.0  

         

 

vibration 

modes/cm-1        

 1(torsion) 45.7 45.1  1(torsion) 37.5 35.9  

 43(1,2) 1770.7 1779.7  43(1,2,3,5) 1494.0 1516.1  

 44(3,5) 1830.9 1837.4  441,2,3,5) 1677.1 1711.8  

 45(8,9) 2865.7 2881.6  45(8,9) 2821.1 2835.8  

 46(10,11,12) 3022.1 3022.1  46(6,11,12) 2838.8 2897.2  

 47(6,7,10,11,12) 3070.5 3074.5  47(6,7) 3019.4 3027.5  

 48(6,7,10,11,12) 3074.2 3077.8  48(6,11,12) 3092.5 3084.3  

 49(15,16) 3757.6 3724.9  49(15,16) 3724.1 3705.0  

 50(17,18) 3799.3 3773.8  50(13,19) 3817.3 3720.3  

 51(13,19) 3852.2 3821.0  51(17,18) 3849.8 3815.4  

 

Electronic 

energies        

 Ee/kJ mol-1 -1796671.0 -1796538.7   -1796685.2 -1796540.8  

 

 

HCC/spin 

atoms/gauss        

B  8 C(13)  -13.2 -13.4  1  C(13)  30.9 37.2  

  9  H(1)   69.7 76.1  2  C(13)   3.2 5.8  

 10  C(13) 13.4 13.2  6  C(13) 4.5 4.4  

 11  H(1)    1.3 1.9  7  H(1)  10.1 10.8  

 12  H(1)  2.9 2.2  9  H(1)   23.4 22.5  

         

 

vibration 

modes/cm-1        

 1(torsion) 50.9 53.5  1 45.5 39.8  

 43(1,2) 1774.1 1782.9  43(1,2,3,5) 1506.0 1512.0  

 44(3,5) 1836.1 1842.2  44(1,2,3,5) 1671.5 1691.6  

 45(8,9) 2907.9 2916.8  45(8,9) 2808.0 2807.2  

 46(10,11,12) 3035.1 3031.7  46(10,11,12) 2906.7 2921.9  

 47(6,7) 3039.4 3041.4  47(10,11,12) 2986.5 2983.6  

 48(10,11,12) 3103.7 3104.0  48(6,7) 3039.0 3035.2  

 49(15,16) 3758.1 3724.9  49(13,19) 3596.5 3491.0  

 50(17,18) 3798.7 3772.5*  50(15,16) 3707.1 3664.5  

 51(13,19) 3808.3 3772.9*  51(17,18) 3833.6 3804.9  

 

 

Electronic        

Table 11. Ascorbate neutral radicals and ionic di-radicals 



energies 

 Ee/kJ mol-1 -1796673.9 -1796546.2   -1796704.1 -1796562.4  

        

                 Hydrogen bonding shifts (cm-1) from free state (A) to internally bonded  (B) in O-H groups.    

AB (15,16) -0.5 0.0  (15,16) 127.5 214.0  

 (17,18) 0.6 1.3  (17,18) 110.3 55.8  

 (13,19) 43.9 48.1  (13,19) 16.2 10.5  

         

C 

HCC/spin 

atoms/gauss 

        

 8  C(13)  -13.0 -13.2  1  C(13) 38.7 40.4  

 9  H(1) 39.8 41.3  2  C(13)    2.7 8.3  

 10  C(13) 22.7 23.9  7  H(1)   1.2 7.3  

 11  H(1) -1.9 -2.0  9  H(1)    16.4 18.3  

 12  H(1)   9.4 9.8  10  C(13)   4.5 -0.3  

 14  H(1)      0.8 1.0  17  H(1)   -1.5 -1.4  

 

vibration 

modes/cm-1        

 1(torsion) 44.9 44.0  1(torsion) 37.4 40.3  

         

 43(3,5,17) 1771.6 1780.2  43(10,11,12) 1500.7 1507.9  

 44(3,5,17) 1831.0 1837.6  44(2,3,5) 1671.2 1687.6  

 45(8,9) 2948.1 2959.6  45(8,9) 2715.7 2871.8  

 46(10,11,12) 3026.4 3026.8  46(10,11,12) 2955.6 2982.2  

 47(6,7) 3051.6 3053.3  47(6,7) 3045.7 3026.2  

 48(10,11,12) 3138.5 3141.0  48(10,11,12) 3069.9 3058.2  

 49(16,17) 3752.3 3719.8  49(13,14) 3614.8 3512.5  

 50(18.19) 3792.8 3766.6  50(16,17) 3703.0 3678.2  

 51(13,14) 3813.5 3783.1  51(18,19) 3807.2 3818.4  

 

Electronic 

energies        

 Ee/kJ mol-1 -1796665.9 -1796539.0   -1796704.6 -1796564.0  

 

 

HCC/spin 

atoms/gauss 

        

D 6  C(13)  3.4 3.7  1  C(13)  31.6 37.6  

 7  H(1)  -0.8 -0.9  2  C(13)       2.7 5.1  

 8  C(13)   -13.5 -13.8  6  C(13)  10.7 11.2  

 9  H(1) 21.4 22.5  7  H(1)  5.3 5.9  

 10  C(13) 33.0 34.2  8  C(13) -1.1 -1.3  

 11  H(1) 3.4 3.5  10  C(13)  9.3 8.8  

 12  H(1)   -11.0 -14.5  16  H(1) -1.2 -1.1  

 

 

vibration 

modes/cm-1        

 1(torsion) 48.1 50.0  1(torsion) 51.0 58.0  

 43(1,2,3,5) 1778.6 1787.7  43(11,14,17,19) 1497.2 1504.7  

 44(1,2,3,5) 1833.0 1839.4  44(2,3,4,5) 1679.6 1702.9  

 45(8,9) 2960.9 2969.3  45(7,8,9) 2920.8 2918.9  

 46(10,11,17) 3032.3 3032.8  46(6,7,9,11) 2945.3 2949.6  

 47(6,7) 3053.0 3054.9  47(7,10,11,17) 2993.4 2989.4  

 48(10,11,17) 3138.8 3138.9  48(10,11,17) 3087.2 3083.6  

 

 

 

 

 

 

*Accidental degeneracy leading to Fermi Resonance and mixing of modes of vibration    



 49(13,14,18,19) 3748.0 3709.7  49(13,14,18,19) 3652.0 3592.0  

 50(13,14,18,19) 3751.0 3715.0  50(13,14,18,19) 3732.1 3694.1  

 Mean 3749.5 3712.4   3692.1 3643.1  

 51(15,16) 3787.0 3760.3  51(15,16) 3813.6 3802.2  

 

 

Electronic 

energies        

 Ee/kJ mol-1 -1796665.6 -1796539.5   -1796707.1 -1796565.0  

 

 

HCC/spin 

atoms/gauss 

        

    E 6  C(13) -4.8 -3.9  1  C(13) -5.3 0.1  

 7  H(1)  0.9 0.8  2  C(13)    -6.2 -12.5  

 8  C(13)   13.9 14.2  3  C(13) -1.7 -27.8  

 13  C(13)  -5.7 -7.0  6  C(13)  1.0 2.9  

 14  H(1) 1.0 1.2  7  H(1)   -8.5 -6.9  

 15  H(1)  -2.3 -2.9  8  C(13)  -4.6 -4.0  

 18  H(1) -96.2 -101.1  9  H(1)    3.6 3.7  

         

 

vibration 

modes/cm-1        

 1(torsion) 46.7 45.2  1(torsion) 56.9 63.1  

 43(1,2,3,5) 1759.8 1769.9  43(2,3,5) 1535.9 1524.8  

 44(1,2,3,5) 1833.3 1839.0  44(1,2,11) 1631.5 1636.8  

 45(8,18) 2846.3 2862.6  45(6,7) 2798.3 2868.6  

 46(13,14,15) 3000.2 3004.4  46(13,14,15) 2990.3 2985.0  

 47(6,7) 3065.7 3066.8  47(8,18) 3008.8 3021.8  

 48(13,14,15) 3112.8 3115.5  46(13,14,15) 3075.4 3071.8  

 49(9,10) 3764.6 3732.5  49(12,11) 3505.5 3456.2  

 50(11,12) 3788.1 3762.2  50(9,10) 3622.7 3486.5  

 51(16,17) 3812.5 3785.7  51(16,17) 3720.6 3639.1  

 

Electronic 

energies        

 Ee/kJ mol-1 -1796274.6 -1796531.9   -1796825.8 -1796684.4  
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Subject Information Sheet 

 

Artefactual formation of  free radicals following venepuncture; Interpretive  implications 

for exercise-induced oxidative stress 

 

Thank you for expressing an interest in this study. The following information explains why 

the investigations are doing the study, the benefits and possible discomforts of your participation and 

what would be required from you during this study. If you are willing to take part you will be asked to 

sign a consent form.  

 

Why is this study being done? 

 

Recognition of free radicals as redox signaling molecules, implicit in the regulation of cellular oxygen 

homeostasis during physical exercise justifies continued interest into their mechanisms of generation 

in-vivo. 

The present study 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.  

We hope the results will contribute towards gaining more information about the  effect of 

venepuncture and the level of free radical generation during normoxic conditions and elucidate 

potential mechanisms in the response to the additional variation of physiological trauma. 

 

What will you be required to do? 

 

You will be asked to attend the laboratory for two 1hr periods. Subjects should arrive at the lab fully 

hydrated after an overnight fast. 

You will undergo a series of measurements including height and weight and also undergo an 

incremental test to exhaustion to determine their individual maximum oxygen uptake. 

You are being asked to lie back on the bench during which time baseline normoxic condition 

measurements will be taken out side the chamber. You will then have a cuff placed around 

your arm which is tightened below your diastolic pressure. After venepuncture the cuff will be 

removed immediate and a blood sample taken. 



We aim to collect 7 point data sets in normoxic conditions: a baseline immediate after 

venepuncture and then 2min, 5min, 10min, 15min, 20min and 30min after venepuncture. 

During the entire protocol of every each stage the subject lay down without any movements.   

 

Do I need to take part? 

 

No. If you decide to volunteer but then subsequently change your mind you can withdraw at any stage. 

If you do decide to then you do not have to give a reason. 

 

What might happen to me? 

 

As the initial exercise test involves exercising to maximum then subjects will probably feel very 

fatigued at the end of exercise. Possible implications may be high blood pressures during the initial 

and subsequent exercise tests. Constant supervison from our experienced investigators will ensure the 

subject’s well-being via continual monitoring of the subject and specific physiological function 

throughout the test. 

 

Who will see all the information about me? 

 

In accordance with the Data Protection Act (1973) data will be confidential and subjects will only in 

general be identified by a subject number. Personal details, which may identify an individual, will be 

held separately from the rest of the research data and will only be to enable any questions, which arise 

during the research, to be answered. This data will only be seen by the main researchers and used for 

statistical analyses. 

 

What information will I receive? 

 

Upon completion of the study each subject will receive a complete breakdown of the results and a 

consultation with the investigator regarding the findings. 

 

 

 



Contacts 

 

Further information ont he study can be obtained from any one of the investigators present or 

alternatively contact; 

 

PhD Student Mariusz Gutowski                Prof. Damian Miles Bailey 

University of Glamorgan               University of Glamorgan  

HESAS                                       HESAS 

Pontypridd  CF37 1DL                                               Pontypridd  CF37 1DL 

Phone: (01443) 482710                                                    Phone: (01443) 482296                                           

E-Mail: mgutowsk@glam.ac.uk               E-Mail: dbailey1@glam.ac.uk 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Consent Form 

 

I ……………………………………………. (print name) declare that I have read the Subject 

Information Sheet carefully and I fully understand the test procedures that  I will perform and the risks 

and discomforts that I may experience. Knowing these and having had the opportunity to ask questions 

that have been answered to my satisfaction, I consent to participate in these tests. 

 

Signature of subject ……………………....               Date …………… 

 

Witnessed by: 

Signature of Prof. DM Bailey …………………       Date …………… 

Signature of PhD Student M. Gutowski  ………….  Date …………. 
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