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Abstract 

Free Radical Activity, Lipid Peroxidation and Antioxidant Status in 

Diabetes Mellitus 

by 

lrena Christine Belka 

The role of free radicals and antioxidants in human disease, particularly cardiovascular 

disease is an area of intensive research. Diabetes mellitus is the most common condition 

associated with increased oxidative stress and accelerated atherosclerosis. Increased levels 

of lipid peroxides and diminished antioxidant vitamin status have been reported in diabetic 

patients and are also implicated in the chronic complications of diabetes. 

The autoxidation and glycoxidation reactions of glucose are sources of free radicals in vitro 

and a preliminary investigation that these reactions may be a source of free radicals in vivo 

was undertaken in patients admitted to hospital with severe hyperglycaemia or diabetic keto­

acidosis. Plasma lipid peroxides were elevated 2-7 fold above the reference range, but 

decreased during the recovery period in these patients. Plasma urate and ascorbate levels 

decreased rapidly, whilst interestingly, a-tocopherol levels /lipid ratios were preserved. 

The study indicated the resilient nature of the antioxidant defences in plasma, although 

further studies are required in order to elucidate fully the role of autoxidation and 

glycoxidation reactions in vivo. 

Insulin resistance and hyperinsulinaemia are also tightly linked with atherogenesis in type II 

diabetes and weight loss in obese subjects plays an important part in the reversal of insulin 

resistance. The safety and efficacy of two weight loss interventions - very low calorie diet 

(VLCD) and intensive conventional dietetic (I CD) therapy - on cardiovascular risk factors 

and indices of oxidative stress were investigated in obese diabetic and non-diabetic subjects. 

The ICD therapy produced modest weight loss in patients with established diabetes with 

transient improvements in diastolic blood pressure and plasma ascorbate, but with a 

reduction in vitamin E I serum lipid ratios. The VLCD produced large and rapid weight loss 

in diabetic and non-diabetic patients with improvements in cardiovascular risk factors, lipid 

peroxides and vitamin E I serum lipid ratios, which were maintained after 12 months. 

Plasma ascorbate concentrations were significantly lower in diabetic patients than non­

diabetic patients on the VLCD, indicating that formulated diets may require higher 

concentrations of vitamin C for diabetic patients and this requires further investigation. The 

VLCD successfully reversed type II diabetes and normalized plasma lipid peroxide levels in 

two newly diagnosed patients. 
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Chapter 1. 

Iatn!lduction 



1. Introduction 

1.1 Free Radicals 

1.1.1 Historical overview 

The term 'radical' was introduced by Lavoisier in 1789 to designate groups of elements 

which combined with oxygen in acids (Lavoisier 1789 cited by Ihde 1966). The term 

persisted and was used by chemists in the early nineteenth century to signify a group of 

atoms which remained unaltered through a series of reactions. Many attempts were made to 

isolate such compounds, particularly those containing trivalent carbon. In the 1860s, the 

vapour density method for the determination of molecular weights led to a reassessment of 

chemical structures thought to be radicals. Valency theory and the acceptance of the 

quadravalency of the carbon atom resulted in the abandonment of radical theories and their 

abnormal valency requirements (lhde 1966). Thus, Gomberg's discovery in 1900 of the 

triphenylmethyl free radical, the first authenticated free radical, was treated with disbelief 

(Gomberg 1900). In the decades that followed, it was realized that simpler trivalent carbon 

atoms could have a fleeting existence and the presence of free radicals in the gaseous phase 

or in solution was unequivocally established in the period 1900-1930 (lhde 1966). 

In the 1940s, chemists at The British Rubber Producers' Research Association established 

the nature of the free radical reactions responsible for the rancidification of fats and oils 

(Bateman 1954). By the end of the 1960s, free radical technology was the basis of the 

polymer and plastic industry. In biological terms, an interest in free radicals only really 

began in 1968 with the discovery of superoxide dismutase (SOD), an enzyme in aerobic 

cells, whose specific role was the removal of the superoxide anion free radical (McCord and 

Fridovich 1969). The toxic effects of oxygen were well known and this discovery 

developed into the superoxide theory of oxygen toxicity, which stated that the toxic effects 

of oxygen were mediated by the superoxide free radical and that SODs provided an 

important defence against it (Fridovich 1975; Fridovich 1978). Prior to this discovery, 

Gerschman et at. ( 1954) had hypothesized that the damaging effects of oxygen and X -rays 

were attributed to the formation of oxidizing free radicals and Harman ( 1956) had proposed 

that the ageing process was caused by free radical reactions. 
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Table 1.1 Reactive oxygen species of biological importance (modified from Pryor 1994). 

Radical Name 

·OH Hydroxyl radical 
RO· Lipid alkoxyl radical 
ROO· Lipid peroxyl radical 
R· Lipid carbon centred radical 
H202 Hydrogen peroxide 
02·- Superoxide anion radical 
102 Singlet oxygen 
Q· d Semiquinone radical 
NO Nitric oxide 
ONO(} Peroxynitrite 
HOCI Hypochlorous acid 

Substrate a 

RHb 
RH 
RH 
02 
- c 

- c 

H20 
02 
- e 

-I 
-8 

Half-life at 3TC 
(seconds) 

10-9 
10-6 
7 
10-8 
minutes 
10-5 
10·6 
Days 
1-10 
0.05-15 

a Substrate chosen as a typical representative of a target molecule of the free radical. 

b RH is a polyunsaturated fatty acid. 

c The reactions of H202 and 02·- are limited by their reactions with enzymes. 

d Q- represents a semiquinone radical as found in cigarette tar. 

e Nitric oxide has several biological targets, e.g., haem proteins and 02·- (Bredt and Snyder 1994). 

I Peroxynitrite is a potent oxidant, mediating numerous reactions (Beckman et al. 1994). 

8 Hypochlorous acid is a powerful oxidant produced by phagocytic cells with potent bactericidal activity. 

The damage caused by reactive radicals to cellular components accumulates with age, has 

been postulated as being a major cause of ageing (Harman 1993; Kristal and Yu 1992) and is 

implicated in numerous degenerative diseases, including coronary heart disease (CHD), 

cancer, cataracts, inflammatory diseases, reperfusion injury and diabetes mellitus (Halliwell 

and Gutteridge 1990a; Kehrer 1993 ). 

A group of related terms have been used in the scientific literature referring to free radicals of 

biological interest. These include oxygen radicals, oxygen derived radicals, oxygen free 

radicals, oxyradicals and the collective terms, reactive oxygen species (ROS) and reactive 

nitrogen species (Halliwell 1996). These terms include singlet oxygen ( 102), hydrogen 

peroxide (H202) and hypochlorous acid (HOCI), which are not themselves free radicals, but 

are oxidizing agents and participate in cellular free radical reactions. The main ROS of 

biological interest are shown in Table 1.1. 
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1.1.3 Endogenous sources 

Free radicals in living organisms originate from both endogenous and exogenous sources. 

A number of cellular sources of 0 2·- and other ROS have been identified: 

1. The mitochondrial electron transport chains are a major source for the production of 

02·- and H 20 2 (Loschen et al. 1971; Boveris and Cadenas 1975). Under normal 

circumstances, the stepwise four electron reduction of 02 results in the production of water, 

coupled with the formation of adenosine triphosphate (ATP). However, the occasional 

'leakage' of electrons directly on to 0 2 results in the production of 02·- (reaction 1.3). The 

formation of this radical should therefore be regarded as a normal by-product of aerobic 

respiration (Fridovich 1989). 

(1.3) 

2. The electron transport chains of the endoplasmic reticulum are also capable of 

producing 0 2·-. Cytochrome P450, a terminal component of electron transport chains 

found in liver endoplasmic reticulum (rnicrosomes), is important for the detoxification of 

xenobiotic compounds and hydroxylation reactions involved in synthesis. These reactions 

require the activation of 0 2 by the transfer of electrons from nicotinamide adenine 

dinucleotide phosphate (NADPH); the occasional leakage of electrons results in the 

formation of 0 2·- (Bast 1986; White 1991). Free radical intermediates are also produced 

during the detoxification of xenobiotics, the main sources being plant phenolics of dietary 

origin, drugs and halogenated compounds found in pesticides and environmental pollutants 

(Stohs 1995). A massive load of xenobiotics, e.g., during carbon tetrachloride (CCl4) 

poisoning, results in the production of the CC1 3• radical, which rapidly promotes lipid 

peroxidation in cellular membranes, causing liver damage (Slater 1982; Comporti 1993). 

3. Phagocytic cells are specialized in the production of 0 2·- and other ROS. Activation of 

these cells produces a sudden rise in 02 consumption (the respiratory burst) and 02·- is 

produced by the one electron reduction of 02. catalysed by a plasma-membrane-bound, 

NADPH-dependent oxidase (Babior et al. 1973; Babior 1987). The 0 2'- produced dismutes 
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to H 20 2, which is utilized by myeloperoxidase to oxidize chloride to HOCl (Weiss 1989). 

Thus, phagocytes produce a battery of oxidants, including 0 2·-, H202, HOCl and also the 

hydroxyl radical (·OH) and nitric oxide (NO) (Marletta et al. 1988; Hurst and Barrette 1989; 

Ramos et al. 1992). The importance of these ROS is accentuated by the genetic disorder 

chronic granulomatous disease, where the inability of the NADPH-oxidase to produce 02·­

results in impaired bactericidal action and persistent infections (Babior 1987). Conversely, 

tissue damage results if such reactive species are not tightly controlled. Consequently, 

chronic infections which result in inflammation and several disease processes, including 

atherosclerosis and type I diabetes are associated with excessive phagocytic activity (Weiss 

1989; Krtincke et al. 1991; Kehrer and Smith 1994; Bottazzo et al. 1985; Foulis et al. 1986). 

4. Certain enzymes are also capable of producing free radical intermediates. For example: 

the synthesis of prostaglandins, leukotrienes and other eicosanoids from arachidonic acid, 

catalysed by cyclo-oxygenase and lipoxygenase enzymes, is a controlled form of lipid 

peroxidation during which peroxyl radical intermediates are formed (Gurr and Harwood 

1991; White 1991); peroxisomes contain the enzymes urate oxidase and D-arnino acid 

oxidase which produce H202 as a by-product (van den Bosch et al. 1992); the enzyme 

xanthine oxidase, present in many tissues, oxidizes hypoxanthine to xanthine then urate with 

the formation of 0 2.- and H202, a reaction widely used for the generation of 0 2·- in vitro 

(Rice-Evans et al. 1991). Levels of xanthine oxidase are normally low in human tissues 

(since the enzyme exists as the dehydrogenase which uses NAD+, not 0 2, as the electron 

acceptor), but can increase during periods of tissue ischaemia, with the potential of 

mediating free radical tissue injury, upon the introduction of 0 2 during reperfusion (McCord 

1985; Granger 1988; Omar et al. 1991; Bulkley 1994). 

S. Oxygen is also activated by the absorption of energy, forming I 0 2 (Khan 1976). 

Excitation can be achieved when pigments absorb light and transfer energy to 0 2 

(photoexcitation), or by chemiexcitation during enzymatic reactions and radical interactions 

(Murphy and Sies 1990). For example, 102 can be formed during the disproportionation of 

lipid peroxyl radicals (section 1.3.3) or during the metabolism of hydroperoxides (Naqui et 
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al. 1986). Although 102 is not a free radical, its reactivity with other biological molecules is 

increased so that it is capable of damaging proteins, lipids and DNA (Foote et al. 1984). 

Singlet oxygen has been implicated in skin photosensitivity,lung oxidant injury and damage 

to the retina by over exposure to bright light (Halliwell and Gutteridge 1989). 

6. Nitric oxide is another endogenously produced free radical, formed during the 

oxidation ofL-arginine to L-citrulline by nitric-oxide synthase enzymes, which serves as an 

important physiological messenger molecule (Noack and Murphy 1991; Prince and Gunson 

1993; Masters 1994; Bredt and Snyder 1994). In the 1980s, several areas of research came 

together revealing the involvement of NO in biological systems. It was first recognized that 

the vascular endothelium synthesized NO, a factor previously known as the endothelium­

derived relaxing factor (EDRF), which mediated the relaxation of smooth muscle cells and 

prevented the aggregation and adhesion of platelets to the endothelium (Furchgott and 

Zawadzki 1980; Palmer et al. 1987; lgnarro et al. 1987; Palmer et al. 1988). It is now 

accepted that NO is produced by a variety of cells, including neuronal, macrophages, 

smooth muscle, platelets and fibroblasts and mediates diverse biological functions, such as 

the regulation of vascular tone and blood pressure, neurotransmission and the bactericidal 

and tumoricidal actions of macrophages (Marletta et al. 1988; Marletta 1989; McCall et al. 

1989; Snyder and Bredt 1992; Moncada and Higgs 1993). 

Besides mediating normal functions, fluctuations in the production of NO have been 

implicated in the pathogenesis of hypertension, septic shock, inflammation and 

atherosclerosis (Moncada and Higgs 1993; Anggard 1994; White et al. 1994 ). The high 

reactivity of NO with 02·- and other radicals (Huie and Padmaja 1993; Darley-Usmar et al. 

1995) are reactions which may have important implications in atherosclerosis, since NO 

appears to possess both antioxidant and pro-oxidant properties (Rubbo et al. 1994). The 

rapid reaction of NO with lipid peroxyl radicals resulted in the formation of stable products 

and demonstrated an inhibitory effect of NO upon lipid peroxidation (Rubbo et al. 1994). 

Similarly, NO was found to exert a protective role towards low-density lipoproteins (LDL) 

against oxidative modification (Jessup et al. 1992; Yates et al. 1992; Hogg et al. l993a). 

However, where both NO and 02·- are formed, e.g., by endothelial cells and macrophages, 
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NO can exert a pro-oxidant effect. The combination of NO and 02·-. produces peroxynitrite 

(ONoo-) (Slough and Zafiriou 1985) and its conjugate acid, peroxynitrous acid (reactions 

1.4 and 1.5), potent oxidants which mediate many reactions (Beckman et al. 1990; Beckman 

et al. 1994). 

NO 

ONoo- + H+ 

ONOOH 

H ONOOH 

( 1.4) 

(1.5) 

(1.6) 

The cytotoxic potential of ONoo- was highlighted by Beckman et al. (1990) who 

demonstrated that the decomposition of ONoo- could produce oxidants with reactivity 

comparable to that of ·OH (reaction 1.6). In fact, ONoo- has been shown to initiate lipid 

peroxidation in liposomes (Radi et al. 199la; Rubbo et al. 1994) and in LDL (Darley-Usmar 

et al. 1992; Hogg et al. 1993b ). Thus, it has been suggested that the formation of ONoo­

may exacerbate atherosclerosis (White et al. 1994). Apart from potentially initiating lipid 

peroxidation and the oxidative modification of LDL, ONoo- can deplete plasma anti­

oxidants, including vitamins E and C (de Groot et al. 1993; Hogg et al. 1993b; Van der Vliet 

et al. 1994 ), oxidize proteins (Radi et al. 1991 b) and bring about the release of copper ions 

from caeruloplasmin, which may then initiate the oxidation of LDL (Swain et al. 1994). 

7. Several transition metal ions qualify as free radicals and are of importance in vivo 

because of their ability to catalyse reactions (Halliwell and Gutteridge 1984). The 

dismutation of 02·-. catalysed by SOD, results in the formation of H202 (reaction 1.7). 

( 1.7) 

Hydrogen peroxide is not a free radical, but is capable of giving rise to the highly reactive 

·OH, especially under the influence of transition metal ions. Hydroxyl radicals can be 

generated through a 02·- driven Fenton reaction, where 02·- reduces ferric ions (Fe3+) to 

ferrous ions (Fe2+) via an intermediate perferryl complex, fe3+ - 02·-H fe2+- 0 2, 

(reaction 1.8) (Halliwell and Gutteridge 1990a). The ferrous ions then act as electron 

donors, rapidly reducing H202 by the Fenton reaction to the hydroxyl ion (OW) and ·OH, 

reaction 1.9 (Koppenol 1993; Goldstein et al. 1993). 
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1.2 Antioxidant Defences 

1.2.1 Cellular antioxidants 

At the cellular level, the antioxidant defences operate by: (1) preventing the initial formation 

of radicals, (2) removing the intermediates of oxygen reduction, (3) intercepting radicals 

once they have been formed and (4) repairing or eliminating molecules damaged by free 

radical activity (Fridovich 1989). 

1 . The initial formation of 0 2·- is prevented by cytochrome oxidase, the terminal oxidase 

of the mitochondrial electron transport chain, which carries out the tetravalent reduction of 

0 2, without releasing reactive oxygen intermediates from its active site (Chance et al. 1979). 

Cytochrome oxidase has also been attributed with possessing SOD and peroxidase activity 

(Naqui et al. 1986). 

The transition metal ions, especially iron and copper, are accepted as being involved in the 

formation of free radicals in vivo, by catalysing the decomposition of H202 and organic 

hydroperoxides (Halliwell and Gutteridge 1984). For this reason, metal ions are tightly 

sequestered by proteins, making them unavailable to participate in the generation of free 

radicals. Such proteins are also considered as preventative antioxidants (Frei et al. 1988). 

In extracellular fluids, these proteins form major antioxidant defences (Table 1.3, page 13). 

Intracellularly, iron is bound to ferritin or haemosiderin, or is chelated to various 

constituents (citrate or phosphate esters), to minimize the occurrence of free metal ions 

(Halliwell and Gutteridge 1984). 

2. The removal of key reactive species, 02·-, H202, is achieved by SOD and peroxidase 

enzymes (Table 1.2). The SODs are ubiquitous in aerobic organisms, an indication of how 

widespread the formation of 02·- may be, but differ in structure and metal ions present at 

their active sites. Eukaryotic cells possess a copper and zinc SOD (Cu,Zn SOD), located in 

the cytoplasm and a manganese containing SOD (Mn SOD), within the mitochondrial matrix 

(Fridovich 1995). The SODs provide an important defence against the toxicity of 0 2, by 

catalysing the dismutation of 02·- to H20 2 and 02, (McCord and Fridovich 1969). 
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The H 20 2 generated by the dismutation of 0 2·- and as a by-product of enzymatic reactions 

is removed by catalase and various perox.idases (Chance et al. 1979). Catalase is specific for 

H20 2 and is predominantly located within single-membrane organelles, the peroxisomes, 

which contain H20 2 generating enzymes, such as urate oxidase, glucose oxidase and the 

flavoprotein dehydrogenases involved in the B-oxidation of fatty acids (van den Bosch et al. 

1992; Reddy and Mannaerts 1994). Catalase reduces H202 to H20 and 02, and shares this 

property with other peroxidases (Table 1.2). 

The most important perox.idases are the glutathione peroxidases (GSH-Px), which require 

selenium (Se) as a cofactor and are dependent upon glutathione (y-L-glutamyl-L-cysteinyl­

glycine; GSH) for the supply of reducing equivalents (Stadtman 1991 ). Thus, GSH-Px 

catalyses the reduction of H202 at the expense of GSH, Table 1.2. In addition to H20 2, 

GSH-Px is also capable of reducing organic hydroperoxides, including fatty acid, nucleotide 

and steroid hydroperoxides to the corresponding alcohols (Chance et al. 1979). However, 

fatty acid hydroperoxides must be released from membranes by the action of phospholipase 

A2 before GSH-Px can act; although, a second Se-containing enzyme, phospholipid 

hydroperoxide glutathione peroxidase (PHGSH-Px), has been discovered in mammals 

which has the unique ability of directly reducing lipid hydroperoxides within membranes 

(Ursini et al. 1982; Ursini et al. 1985; Ursini et al. 1991). 

Glutathione peroxidase appears to be more important than catalase for removing H20 2, 

because it is found within the same subcellular locations as SOD. Comparative studies have 

also shown GSH-Px to be more efficient than catalase and SOD under experimental 

conditions of oxidative stress. Any reduction in the activity of GSH-Px rendered cells more 

susceptible to oxidative damage (Toussaint et al. 1993). Glutathione peroxidases are, 

therefore, key enzymes, protecting cells against damage caused by the decomposition of 

H202 and lipid hydroperoxides. 
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formation of other ROS, non-enzymatic, small molecular-weight antioxidants become 

important for the direct scavenging of these initiating I propagating radicals. The major 

water and lipid-soluble antioxidants are listed in Table 1.4 (page 14) and their interactions 

are shown in Figure 1.3 (page 18). 

4 . If ROS, such as ·OH are formed, damage to surrounding molecules is probably 

unavoidable. Thus, the fmal form of defence against free radicals comes from enzymes, 

which repair or eliminate damaged molecules. In healthy cells, damaged DNA bases are 

constantly removed and replaced by repair enzymes, the hydroxylated bases being excreted 

in the urine (Breimer 1991; Demple and Harrison 1994). Damaged proteins are degraded by 

proteases (Davies 1987; Marcillat et al. 1988) and oxidized lipids by the activity of 

phospholipases (Malis et al. 1990; van den Berg et al. 1993). 

1.2.2 Plasma antioxidants 

Plasma functions as a transporter of a wide variety of compounds, especially those of dietary 

origin and cellular metabolism. It is exposed to 02 and oxidants derived from endogenous 

and exogenous sources. By scavenging reactive molecules, plasma serves to protect the 

endothelial lining of the vasculature and its own contents, especially the lipid transporting 

lipoprotein particles (Stocker and Frei 1991). Imbalances resulting in damage to the 

vasculature, or oxidation of the lipoprotein particles, are events of prime importance in the 

aetiology of atherosclerosis (Steinberg et al. 1989). 

The antioxidant defences in plasma differ from the defences found within cells in that they 

lack the antioxidant enzymes SOD, GSH-Px and catalase (Halliwell and Gutteridge 1990b). 

However, a distinct tetrameric Cu,Zn SOD, a glycoprotein with heparin binding affinity, has 

been described which appears to be bound to the endothelial cell surfaces (Marklund 1982; 

Karlsson and Marklund 1987). A Se-dependent GSH-Px, different from the enzyme 

present within erythrocytes, has also been described in human plasma (Maddipati and 

Marnett 1987; Takahashi et al. 1987). 
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Table 1.3 Antioxidant proteins present in plasma (modified from Stocker and Frei 1991 ). 

Protein Function 
(plasma concentration) 

Albumin 
(30-60 gn) 

Transferrin 
(1.2-3.3 g/1) 

Ferritin 

Caeruloplasmin 
(0.18-0.4 g/1) 

Lactoferrin 
(0.2 mg/1) 

Haptoglobin 
(0.5-3.6 g/1) 

Haemopexin 
(0.6-1.0 g/1) 

Albumin transports a wide range of substances, such as fatty acids and 
bilirubin and also has specific binding sites for Cu2+ ions. Albumin 
bound Cu2+ is still redox active and may participate in the generation of 
·OH, which reacts with the protein itself, in a 'site-specific' manner 
(Halliwell 1988). The protein functions as a 'sacrificial antioxidant', 
thereby protecting other important targets and is rapidly replaced. 
Albumin also possesses sulphydryl groups which can react with free 
radicals (Wayner et al. 1987). 

Transferrin binds Fe3+ ions, for transport and delivery to cells, making 
iron unavailable to participate in redox reactions. The protein is only 
20-30% saturated with iron, the excess binding capacity means that no 
free iron is found in plasma (Gutteridge et al. 1981 a). 

The iron-storage protein ferritin is found intracellularly and oxidizes 
Fe2+to Fe3+ (Halliwell and Gutteridge 1984), and mediates transfer to 
transferrin. However, iron can be released from ferritin to promote 
redox reactions (Halliwell and Gutteridge 1986; Thomas et al. 1985). 

This copper-transporting protein, inhibits copper I iron stimulated lipid 
peroxidation and possesses ferroxidase activity, converting Fe2+ to Fe3+ 
(Gutteridge et al. 1980; Gutteridge 1983), which may be incorporated 
back to ferritin or transferrin (Halliwell & Gutteridge 1984). It also 
scavenges 0 2·- (Goldstein et al. 1979a; Samokyszyn et al. 1989). 

Lactoferrin is released from activated neutrophils and has a similar 
function to transferrin by binding Fe3+ ions and making them 
unavailable to participate in redox reactions (Gutteridge et al. 1981 b; 
Bald win et al. 1984; Winterboum 1983; Lonnerdal and Iyer 1995). 

Haptoglobins bind haemoglobin (Hb) and met-Hb, preventing these 
proteins from releasing iron and initiating lipid peroxidation. Similarly, 
haemopexins bind free haem and prevent the release of haem iron. 
However, protein damage by peroxyl radicals may release bound iron 
(Gutteridge 1987; Gutteridge and Smith 1988). 

A major contribution to the extracellular antioxidant defences in plasma comes from the 

proteins that bind metal ions, preventing them from participating in redox reactions and 

generating free radicals (Table 1.3) (Dormandy 1980; Wayner et al. 1985; Wayner et al. 

1987; Halliwell and Gutteridge 1990b). In addition to the proteins, the small molecular­

weight antioxidant molecules listed in, Table 1.4, serve to protect the lipid and water-soluble 

components of plasma, by directly intercepting free radicals. The most important of these 

antioxidants, vitamins A, C and E are the main interest in this thesis. 
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Table 1.4 Non-enzymatic, small molecular-weight antioxidants (from Sies and Stahl 1995). 

Antioxidant 

Lipid-soluble 

RRR -a-Tocopherol 
&-Tocopherol 
all-trans-retinol 
a-Carotene 
B-Carotene 
Lycopene 
Lutein 
Zeaxanthin 
Ubiquinol-10 

Water-soluble 

Ascorbic acid 
Glutathione 
Uric acid 
Bilirubin 

(i) Lipid-soluble antioxidants 

Vitamin£ 

Plasma concentration 

Jlmol/1 

15-40 
3-5 

1.5 - 2.8 
0.05- O.l 
0.3-0.6 
0.5- 1.0 
0.1 - 0.3 
0.1 - 0.2 
0.4- 1.0 

30 - 150 
l- 2 

160-450 
5-20 

The term 'vitamin E' refers to a group of fat-soluble compounds (tocopherols and 

tocotrienols, Figure 1.1), with the biological activity of a-tocopherol (Diplock 1985). The 

most important biologically active form, RRR-a-tocopherol (see Appendix 1 for 

nomenclature and International Units (IU)), is an essential nutrient for all mammalian 

species, required to support reproduction in rodents and prevent deficiency symptoms in 

man, such as reduced erythrocyte lifespan (haemolysis), neuromuscular defects and 

abnormal platelet activity (Diplock 1985; Machlin 1991; Basu and Dickerson 1996). 

The principal function of a-tocopherol is to maintain the integrity of cell membranes by 

preventing the peroxidation of the polyunsaturated fatty acids (PUFAs) (Diplock 1985). The 

tocopherol molecule performs this function as an antioxidant, by donating its phenolic H­

atom to a lipid peroxyl radical (ROO·), thereby terminating the chain reaction of lipid 

peroxidation (reaction 1.11). The resulting tocopheroxyl radical is sufficiently stable to 

prevent the continuation of the free radical chain reaction and can be reduced back to 

14 



tocopherol by reducing agents. The tocopheroxyl radical can also undergo a second 

oxidation and react with a second ROO· (reaction 1.12), resulting in the formation of a 

tocopheryl quinone (Figure 1.1). Thus, one molecule of a-tocopherol is capable of 

scavenging two lipid peroxyl radicals (Burton and lngold 1981; Liebler and Burr 1995). 

The tocopheryl quinone reacts reversibly to form a hydroquinone, which can be conjugated 

to yield glucuronic acid and the product excreted into bile (Basu and Dickerson 1996). 

a-TOH + ROO· -+ a-TO· + ROOH 

a-TO· + ROO· -+ Inactive products 

( 1.11) 

(1.12) 

Burton and Ingold (1981) established that a-tocopherol was the most efficient biologically 

active form and the most important lipid-soluble antioxidant in plasma, erythrocytes and 

tissues (reviewed by Burton and Traber 1990; van Acker et al. 1993; Traber and Sies 1996). 

In addition to its role as the main lipid-soluble 'chain-breaking' antioxidant, a-tocopherol is 

also capable of scavenging 102 (Kaiser et al. 1990; Fahrenholtz et al. 1974 and Foote et al. 

1974, cited by Traber and Sies 1996) and NO (de Groot et al. 1993). 

In plasma, almost all of the a-tocopherol is located within the lipoprotein particles and is 

strongly correlated with lipid content (Horwitt et al. 1972; Thurnham et al. 1986), with 

approximately one a-tocopherol molecule protecting 200 fatty acids in LDL (Esterbauer et al. 

1991). The regeneration of a-tocopherol is, therefore, an important process and several 

mechanisms may operate to reduce the tocopheroxyl radical, although the precise 

mechanisms have not been established in vivo. The tocopherol molecule is anchored within 

membranes by the phytyl group, with the chroman group positioned towards the membrane 

surface and the aqueous environment. This positioning may enable the molecule to interact 

with aqueous antioxidants. Indeed, ascorbate and GSH were reported to interact with and 

regenerate the tocopheroxyl radical, thereby increasing its efficiency as an antioxidant 

(Packer et al. 1979; McCay 1985; Sa to et al. 1990; Nik.i et al. 1991; In gold et al . 1993; 

Buettner 1993). Similarly, lipid-soluble antioxidants, such as ubiquinol, may reduce the 

tocopheroxyl radical (Maguire et al. 1992), or interact in other ways which synergistically 

inhibit lipid peroxidation, as demonstrated by B-carotene (Palozza and Krinsky 1992a). 
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Ubiquinol 

Although a-tocopherol is the most important lipid-soluble antioxidant, membranes also 

contain other antioxidants. The ubiquinols are lipid-soluble compounds which possess 

antioxidant activity (Mellors and Tappell 1966). The predominant form in man is ubiquinol-

10, the reduced form of ubiquinone-10 or coenzyme Q 10, an electron carrier between 

flavoproteins and cytochromes in the respiratory chain, Figure 1.2 (Frei et al. 1990). 

Ubiquinol-10 possesses antioxidant activity and has been reported to scavenge ROO· and 

102 (Frei et al. 1990; Stocker et al. 1991) and possibly regenerates the tocopheroxyl radical 

(Maguire et al. 1992; Frei et al. 1990; Kagan et al. 1990; Kagan et al. 1994). In fact, it 

appears that ubiquinol-10 is more effective than a-tocopherol in protecting LDL against 

oxidation (Stocker et al. 1991 ). However, LDL contains on average only one molecule of 

ubiquinol, therefore, a-tocopherol and ascorbate are the main antioxidants which suppress 

the oxidation of LDL in plasma (lngold et al. 1993). 

Carotenoids 

The carotenoids are a group of approximately 600 photosynthetic plant pigments which also 

possess lipid-soluble antioxidant properties, on account of their characteristic chains of 

conjugated double bonds (Goodwin 1986; Krinsky 1993). Epidemiological evidence 

linking B-carotene (provitamin A) intake with a reduced incidence of cancer (Peto et al. 

1981), led to an explosion in the interest of carotenoids in cardiovascular disease and cancer 

(Gerster 1991; Block et al. 1992). Carotenoids provide protection against ROS, by 

quenching 102 and triplet state sensitizers, such as flavins and porphyrins, and also by 

trapping peroxyl radicals (Palozza and Krinsky 1992b; Krinsky 1993). 

The most prominent carotenoids in the body, B-carotene, a-carotene, lutein and lycopene 

(Figure 1.2) are transported in plasma primarily within the LDL particles. B-Carotene is 

known to be one of the most potent quenchers of I 02 (Foote and Denny 1968; Sundquist et 

al. 1994), especially at low partial pressures of 02, such as those that prevail under 

physiological conditions (Burton and In gold 1984 ). Several other carotenoids are also 
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