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ABSTRACT

Free radicals and oxidative damage have been increasingly implicated in a wide range of 

human diseases, and at the same time have raised the importance of understanding the 

protective mechanism of antioxidant defences. Antioxidant depletion studies can provide 

useful models for studying the importance o f specific antioxidants. Vitamin E, is a major 

lipid-soluble antioxidant, located in the hydrophobic interior o f cellular membranes, where 

it protects membrane lipids against peroxidative damage. In rats, prolonged vitamin E 

deficiency gives rise to a neuromuscular syndrome characterised by a peripheral 

neuropathy and generalised muscle wasting. Oxidative damage and impairment of 

mitochondrial respiratory chain (MRC) function have been implicated in the muscle 

pathology.

In this thesis, the vitamin E deficient rat model was used to study the complex inter

relationship between oxidative stress, mitochondrial dysfunction and cell/tissue damage. 

To assess the evolution of the pathological processes, morphological and biochemical 

analyses were made at progressive stages o f vitamin E deficiency (3, 6, 9 and 12 months). 

Investigations were performed on two different tissues, skeletal muscle and liver, to 

address the question o f tissue specificity.

In muscle, progressive vitamin E deficiency was associated with extensive skeletal muscle 

degeneration, significant increases in lipid peroxidation (14-45%) and oxidised glutathione 

(61%) and reduced GSH:GSSG ratios (21%), relative to controls. Prolonged vitamin E 

deficiency (12 months) induced a compensatory increase (64%) in the reduced glutathione 

pool. Polarographic analysis o f isolated mitochondria revealed significantly reduced (40- 

50%) respiration rates with NADH and FADHz-linked substrates, but normal respiratory 

control ratios (RCR). Enzyme analysis confirmed complex IV (cytochrome c oxidase) as 

the predominant site o f MRC impairment. Mitochondrial membrane fluidity was 

marginally (6-8%) but significantly reduced. Evidence o f increased oxidative DNA base 

damage or o f apoptosis, was not found. Mitochondrial protein synthesis and the 

translation profiles obtained by electrophoresis o f the labelled mtDNA-encoded 

polypeptides were normal, suggesting mtDNA integrity was not impaired.



In liver, progressive vitamin E deficiency was not associated with any obvious 

morphological abnormalities. Lipid peroxidation was significantly elevated but only at the 

later stages o f vitamin E deficiency (9 and 12 months). MRC function was not impaired 

and the levels o f oxidised DNA bases, oxidised glutathione, the GSH:GSSG ratios and 

mitochondrial membrane fluidity were unchanged, relative to controls. As in muscle, a 

compensatory increase (32%) in the reduced glutathione pool was seen in response to 

prolonged vitamin E deficiency.

These findings are discussed with respect to the inter-relating roles o f oxidative stress, free 

radical damage and mitochondrial dysfunction in tissue damage.
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CHAPTER 1.0 INTRODUCTION

1.1 Fr e e  R a d ic a l s

1.1.1 Background

Free radicals have been increasingly recognised as important biochemical intermediates in 

metabolic processes. At the same time the number o f diseases in which free radicals and 

detrimental oxidation processes have been implicated to play a causative or exacerbating 

role have also increased. Such diseases include heart disease, certain types of cancer, 

inflammatory-immune injuries, cataract and some neurodegenerative disorders (Kehrer, 

1993, Kehrer and Smith, 1994). A potential therapeutic role for antioxidants in preventing 

or slowing the progression of these prevalent human diseases has generated intense 

research interest not only in the biochemical mechanisms underlying free radical activity 

and oxidant-stress related processes, but also in antioxidant defence mechanisms. In 

particular, micronutrient antioxidants such as vitamin E, vitamin C and the carotenoids 

have attracted considerable attention, since dietary supplementation with these 

antioxidants may provide a simple and cost-effective measure in improving the general 

health of the population.

1.1.2 Definition

A free radical is defined as any chemical species capable of independent existence and 

possessing one or more unpaired electrons. Free radicals can be formed in three ways;

i. by the homolytic cleavage o f a covalent bond of a normal molecule, with each 

fragment retaining one of the paired electrons (X; Y -> X* + Y*) e.g. CI2 Cl* + Cl*.
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ii. by the loss of a single electron from a normal molecule (A ^  e' + A^*) e.g. the one- 

electron step oxidation o f polycyclic aromatic hydrocarbons (PAH -> e' + PAH^*).

iii. by the addition o f a single electron to a normal molecule (A + e‘ -> A'*) e.g. Oz + e

or.

Radical formation by electron transfer is a far more common process in biological systems 

than homolytic fission, which generally requires high energy input from high temperatures, 

ultraviolet light or ionising radiation. Free radicals can be positively charged e.g. the PAH 

cation radical (PAH^*), negatively charged, such as the superoxide radical anion (O2'*), or 

electrically neutral, such as many of the organic radicals e.g. CH3*, RO*.

1.1.3 Oxygen Free Radicals and Reactive Oxygen Species

In molecular oxygen (O2) the electrons are distributed in such a way that two of them are 

'unpaired'. Although not itself a free radical, the di-radical nature of oxygen enables it to 

react readily with many other free radicals and react slowly with non-radical species. 

Radical derivatives o f oxygen are o f particular significance in biological systems and are 

briefly outlined below (for more comprehensive accounts see Halliwell and Gutteridge, 

1989, Sies, 1991 and Pryor 1994).

Superoxide Anion Radical. Reduction o f oxygen by the transfer to it o f a single electron 

produces the superoxide anion radical;

O2 + e ^  O2 '

The chemistry of the superoxide anion differs depending on its solution environment. In 

aqueous solution superoxide is a weak oxidising agent able to oxidise molecules such as 

ascorbic acid and thiols. However, it is a much stronger reducing agent and its main 

significance is probably as a source of hydrogen peroxide and as a reductant of transition 

metal ions. At low pH values superoxide protonates to form the hydroperoxyl radical
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(HO2*), which is both a more powerful oxidant and reductant than O2’*, but at 

physiological pH, less than 1% exists in the protonated form (Cheeseman and Slater 1993).

Hydrogen Peroxide In biological systems, hydrogen peroxide is often generated via the 

production o f superoxide. Two superoxide molecules can react together to form hydrogen 

peroxide and oxygen in a dismutation reaction;

2 O2 " + 2H" ^  H 2O2 + O2

Hydrogen peroxide is not a free radical but falls into the category o f 'reactive oxygen 

species' (ROS) that includes not only oxygen free radicals but also non-radical oxygen 

derivatives involved in oxygen radical production. The dismutation reaction can take place 

spontaneously (at slow rates) or can be catalysed by the enzyme superoxide dismutase 

(McCord and Fridovich, 1969). Hydrogen peroxide is a weak oxidant and weak reducing 

agent and is relatively stable in the absence of transition metal ions. Unwanted hydrogen 

peroxide is removed from cells by the action of catalase, glutathione and glutathione 

peroxidase (selenium containing) and certain other peroxidases. The main significance of 

hydrogen peroxide is its ability to produce the extremely reactive hydroxyl radical, 

particularly in the presence of transition metal ions.

Hydroxyl Radical The hydroxyl radical is an extremely reactive oxidising radical that can 

react with most biomolecules at diffusion-controlled rates, and is capable o f causing great 

damage within a small radius o f its site o f production. In the presence of transition metal 

ions such as iron (and copper), hydrogen peroxide can decompose to form the hydroxyl 

radical ("OH), by the Fenton reaction;

H2O2 + ^  "OH + 0H- + Fe’*

The above reaction is referred to as the iron-catalysed Haber-Weiss reaction. Superoxide 

anion radical can also react directly with hydrogen peroxide to generate the hydroxyl 

radical (non-catalysed Haber-Weiss reaction);

O2 * + H 2O2 —> "OH + OFT + O2
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The spontaneous reaction is less likely to occur in biological systems due to the low 

steady-state concentrations of the reactants. The iron- (or copper-) catalysed reaction is 

dependent on the superoxide radical as both the source o f hydrogen peroxide (via 

dismutation) and as the reductant o f the transition metal ions, which are more reactive with 

hydrogen peroxide in their reduced (Fe^^ and Cu^) rather than their oxidised (Fe^^ and 

Cu^^) forms;

O2 ' + Fê  ̂^  Fê  ̂+ 0%

O2 " + Cu^" -> Cu" + O2

Furthermore, the autooxidation o f the reduced transition metal ions can also generate 

superoxide anion. Thus, the reactions o f transition metal ions with oxygen can be 

considered as reversible redox reactions and are extremely important in the promotion of 

free radical reactions {see Section 1.1.4.5).

Singlet oxygen Singlet oxygen is another non-radical, reactive oxygen species. It is a 

highly reactive form o f oxygen in which the spin restriction (two unpaired electrons with 

parallel spin) is removed, thereby increasing its oxidising ability. Formation of singlet 

oxygen is extremely important in photochemical reactions.

Oxides o f Nitrogen The free radical nitric oxide (NO*) is a colourless gas and weak 

reducing agent, and is presently believed to be the identity of the Endothelium Derived 

Relaxing Factor (Saran et al, 1989). Nitric oxide is produced in small amounts in vascular 

endothelium cells by a Ca^^-activated NADPH-dependent nitric oxide synthase (NOS) 

enzyme, via the oxidation of L-arginine to citrulline. NO* is also produced in neurones by 

neuronal NOS and in macrophages by immune NOS (Fujisawa et al, 1994). NO* can react 

with superoxide radical at diffusion controlled rates to produce a reactive intermediate, 

peroxynitrite (ONOO );

02 * + NO* -> ONOO
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Peroxynitrite is a powerfiil oxidant, able to react with many biological molecules and cause 

tissue damage. It can oxidise methionine residues in proteins and peptides as well as thiols 

and thioesters (Morena and Pryor, 1992, Koppenol et al, 1992), and can react with 

superoxide dismutase (SOD) to form a nitronium-like intermediate which nitrates tyrosine 

residues (Beckman et al, 1992). Peroxynitrite is stable in alkaline solutions but at acid pH 

can be protonated to form peroxynitrous acid (ONOOH) which can decompose to form 

the hydroxyl radical and nitrogen dioxide, independent o f metal ion catalysis (Beckman et 

al, 1990);

ONOO +H^ ^  ONOOH 

ONOOH ^  'OH + NO 2.

Other Radicals In addition to oxygen free radicals there are a wide range of carbon- 

centred radicals (R*) that arise from the attack of an oxidising radical, such as 'OH, on a 

biological molecule (RH) such as a lipid, nucleic acid, carbohydrate or protein. These 

radicals usually react with oxygen to form the corresponding peroxyl radicals (ROO'), 

which in turn can participate in reactions that generate alkoxyl radicals (RO') Sulphur 

atoms can also form free radicals (thiyl radicals, RS') by the oxidation of glutathione.

1.1.4 Cellular Production of Free Radicals

Under normal circumstances, free radicals are generally produced in cells by electron 

transfer reactions. These reactions can be mediated by the action of enzymes or non- 

enzymatically, often through redox chemistry of transition metal ions. A number o f 

intracellular sources o f radicals and oxidants have been identified, as shown in Figure 1.1

In many cases, the free radical production may be secondary to the primary disease 

process/tissue injury, a consequence rather than the cause o f cell damage.
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Fig 1.1 Cellular sources of free radicals. All aerobic cells produce free radicals through the action of 
various membrane-bound and soluble enzymes. The capacity of specific pathways to produce free radicals 
varies with the cell type. From Kehrer and Smith (1994).

1.1.4.1 Phagocytes

Free radicals may be generated deliberately in a constrained and targeted manner by 

aerobic cells. Activated phagocytic cells such as neutrophils and monocytes produce 

superoxide radicals by the reduction of oxygen, as part of their bactericidal role (Barbior et 

al, 1973). The reaction is catalysed by a plasma membrane-bound NADPH oxidase and 

results in the production of large amounts of reactive oxygen species (ROS) including 

nitric oxide and hypochlorous acid (HOCl), at the interface of the phagocyte plasma 

membrane and the bacterium. However, if not tightly controlled, the damage produced by 

radicals generated from phagocytic cells can extend beyond the target and produce injury 

to surrounding tissues, leading to a continuation of the injury process.

1.1.4.2 Mitochondrial Electron Transport System

Under normal circumstances, the major source of free radicals in cells is electron 'leakage' 

from electron transport chains (ETC). Within cells, the majority (> 90%) of the oxygen in 

aerobic organisms is utilised by mitochondrial cytochrome oxidase, the terminal electron 

acceptor of the mitochondrial electron transport chain. The four-electron reduction of
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molecular oxygen to water during the course o f oxidative phosphorylation, involves the 

formation o f superoxide radical, hydrogen peroxide and hydroxyl radical;

+ e' + e' + e' + e‘
O2 ^  o r  -> H2O2 ^  OH* + OH' -> 2 H2O

+ l i t  + l i t

Cytochrome oxidase-bound oxygen accepts one electron at a time, the partially reduced 

oxygen intermediates remain tightly bound to the active site o f the enzyme until fully 

reduced to water, thereby ensuring the ‘safe’ reduction of oxygen. However, some 

leakage of electrons does occur from the intermediate electron acceptors of the transport 

chain directly to O2, generating superoxide anion radical (O2 *) and following its 

dismutation, hydrogen peroxide (Boveris and Chance, 1973). Up to 2% of the total 

mitochondrial oxygen consumption is estimated to go towards the production o f ROS 

(Boveris et al, 1972), and primarily involves complexes I and III o f the electron transport 

chain (Cadenas et al, 1977, Turrens and Boveris, 1980). The autooxidation of ubiquinol 

also appears to contribute to the generation of ROS (Beyer, 1990). Free radical 

generation by the mitochondrial ETC is discussed in more detail in Section 1.6.2.1.

1.1.4.3 Microsomal Electron Transport System

The family o f mixed-function oxidase enzymes catalyse the metabolism o f lipids, steroids, 

various drugs and numerous other xenobiotics via an electron transport pathway 

associated with the endoplasmic reticulum (ER) membrane. The ER is present in all 

eukaryotic cells and forms small vesicles when tissues are homogenised during preparative 

procedures. These vesicles can be isolated by differential centrifugation and are called 

microsomes. Although the main organ o f drug metabolism is the liver, the gastrointestinal 

tract and lungs also have considerable activity. Microsomal drug oxidation reactions use 

partially reduced oxygen species generated through the donation o f electrons from 

NAD(P)H and require in addition to NADPH, oxygen and two key enzymes; a 

flavoprotein known as NADPH-cytochrome P-450 reductase and a haemoprotein, 

cytochrome P-450 which acts as a terminal oxidase. Each molecule o f substrate acted
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upon requires one molecule o f oxygen, with one atom of oxygen adding to the substrate, 

and the other being reduced to form H2O (White, 1991). Although not a major 

contributor under normal conditions, the disruption o f normal processes through injury or 

the presence of xenobiotics may greatly enhance free radical generation o f the microsomal 

electron transport system, resulting in chemical modification of surrounding structures.

1.1.4.4 Soluble Oxidase Enzymes

Numerous soluble enzymes exist which can oxidise endogenous and exogenous substrates, 

generating ROS. These include xanthine oxidase, a molybdenum- and iron-containing 

flavoprotein, which catalyses the oxidation of hypoxanthine to xanthine and then to uric 

acid, generating superoxide anion, hydrogen peroxide (Fridovich, 1970) and possibly the 

hydroxyl radical (Kuppusamy and Zweier, 1989) as normal products. Monoamine oxidase 

(MAO), a flavoprotein enzyme attached to the outer membrane o f mitochondria, catalyses 

the oxidation of dopamine, generating hydrogen peroxide and ammonia as by-products. D 

and L-amino acid oxidases, which catalyse the oxidative deamination o f D and L-amino 

acids, respectively, and glycolate oxidase, which catalyses the oxidation of glycolate to 

glyoxylate, also generate hydrogen peroxide as a by-product o f their normal activity. 

These enzymes are located in peroxisomes (microbodies) together with catalase, an 

enzyme that decomposes hydrogen peroxide to water. In addition to these enzymes, 

numerous other oxidases exist all of which contribute to the generation of ROS as by

products o f their normal function (White, 1991), although little is known about their 

contribution to free radical-mediated toxicology in vivo (Kehrer and Smith, 1994).

1.1.4.5 Transition Metals

Redox-active transition metal ions, such as iron and copper, usually form essential enzyme 

cofactor constituents. However, in the free form these metal ions can transfer electrons to 

macromolecules and catalyse the decomposition o f already existing organic peroxides, 

causing considerable cell damage. The toxicity of free iron and copper results from their
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ability to promote the production o f toxic hydroxyl radicals through the Fenton reaction 

{see Section 1.1.3). The presence o f chelating proteins e.g. transferrin and ceruloplasmin 

ensure that the concentrations of the free metals are kept to a minimum. In the plasma of 

human adults, free iron levels are kept low by the presence of a 3-fold excess o f transferrin 

binding capacity relative to the amount of iron normally transported (Halliwell, 1989).

Despite the low levels o f free metal ions under normal conditions, certain tissues such as 

the brain have an enhanced susceptibility to ROS-mediated damage. The brain has a high 

content of bound iron, which if released cannot be sufficiently resequestered because o f the 

absence o f significant iron-binding capacity in the cerebrospinal fluid. This may account 

for the ease with which certain neurotoxic drugs are able to damage nerve terminals, the 

suggested role for ROS in the pathogenesis of several neurological diseases (Reiter, 1995, 

Olanow, 1992), and why vitamin E deficiency and other free radical-based insults lead to a 

variety o f neurological symptoms (Davison et al, 1988, Sokol, 1989, Muller, 1994).

Tissue damage due to inflammation or other causes can lead to the breakdown and release 

o f iron from iron-containing proteins, such as haemoglobin and myoglobin. This can be 

particularly damaging in skeletal muscle breakdown where the levels of these iron-bound 

proteins are high and may result in aggravation o f the initial injury (Packer et al, 1994).

1.1.5 Damaging Reactions of Free Radicals

1.1.5.1 Lipids

O f the major classes o f biomolecules, lipids are probably the most susceptible to free 

radical damage. In biological membranes, extensive lipid peroxidation can cause loss of 

fluidity, a fall in membrane potential, increased permeability to and other ions, 

alteration o f the structural integrity o f the membrane and eventual rupture leading to 

release o f cell and organelle contents. Although lipid peroxidation has been implicated in a 

wide variety of tissue injuries and diseases (Comporti, 1993) such as, carbon tetrachloride 

hepatoxicity (Recknagel et al, 1989) and atherosclerosis (Lang and Esterbauer, 1991), it
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may not play a significant pathological role in all o f them and in some cases may only be a 

secondary event, accompanying rather than causing final cell death (Halliwell and 

Gutteridge, 1984).

The mechanism of lipid peroxidation has been studied extensively (see Kanner et al, 1987, 

Halliwell and Gutteridge, 1989, Porter, 1990, Gutteridge, 1995). Cellular membranes are 

a rich source o f polyunsaturated fatty acids (PUFA), which are readily attacked by 

oxidising radicals, such as the hydroxyl radical. This reaction is particularly damaging 

because it proceeds as a self-perpetuating chain-reaction (Mead, 1976, Cheeseman, 1993) 

which can be divided into four phases, as discussed below;

1. Initiation

LH + R’ -> L* + RH

where LH is the target lipid and R* the initiating oxidising radical. Oxidation of the PUFA 

by hydrogen abstraction, generates a carbon-centred fatty acid radical (L*). Although 

oxygen centred radicals can initiate lipid peroxidation it is likely that the presence of 

catalytically active iron (or other transition metals) is also required (Aust et al, 1985). The 

exact mechanism by which the superoxide anion (O2 *), hydrogen peroxide (H2O2) and 

hydroxyl radical (’OH) participate in the initiation process is still uncertain. Hydrogen 

peroxide and superoxide anion are insufficiently reactive on their own to abstract H from 

lipids and thus initiate lipid peroxidation. Although the hydroxyl radical has the capacity 

to abstract H from polyenoic fatty acids, its extreme reactivity makes it unlikely that it 

could migrate from its site of origin to fatty acid molecules in cellular membranes 

(Gutteridge, 1988). At physiological pH (7.4) and in the presence of oxygen, ferrous ions 

(Fe^ ) autooxidise to the ferric state (Fe^ ) via a perferryl intermediate, generating 

superoxide in the process;

+ O2 •0  ̂ (Fe^^-Oz Fe^ -O ;) <-> Fe^^ + O2"

The superoxide can dismutase to form hydrogen peroxide which in turn can generate the 

hydroxyl radical via the Fenton reaction (see Section 1.1.3). A number o f studies, 

reviewed by Aust et al (1985), have led to the hypothesis that an iron-oxygen complex
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rather than "OH is necessary for initiation o f lipid peroxidation. Such a complex could be

ferryl (Fe^ O) (Gutteridge, 1982) or perferryl (Fe^-O 2 ---------- Fe^-O 2) (Aust and

Svingen, 1982) ion. The latter however, is not thought to be sufficiently reactive to 

initiate peroxidation and has led to the more recent proposal that an Fe^-0 2 -Fe^^ complex 

is the initiator of peroxidation (Minotti and Aust, 1989), although its precise nature 

remains unestablished.

2. Propagation

L" + O2 ^  LOO*

LOO* + L H  ^  LOOK + L' *

The fatty acid radical (L*) generated in the initiation step rapidly adds to oxygen to form a 

oxygen-centred fatty acid peroxyl radical (LOO*). The peroxyl radicals are the carriers o f 

the chain-reaction, and can oxidise further PUFA molecules (L'H) by H abstraction, 

initiating new chains and producing lipid hydroperoxides (LOOH).

3. Decomposition

LOOH -> LO*, LOO*, aldehydes

The decomposition o f lipid hydroperoxides often involves transition metal ion catalysis, 

yielding lipid peroxyl (LOO*) and lipid alkoxyl radicals (LO*) and amplifies propagation, 

since such a secondary generation of fî ee radicals can initiate new chains o f lipid 

hydroperoxide formation. In addition, decomposition o f the lipid hydroperoxide involving 

breakdown o f the molecule (C-C bond scission) yields a variety o f end products such as 

aldehydes (malondialdehyde, alkanals, alkenals, 4-hydroxyalkenals) (Benedetti et al, 1980, 

Porter, 1990, Esterbauer, 1990) and small chain hydrocarbons e.g. ethane and pentane.

Many o f the aldehydes are biologically active, particularly the 2-alkenals and the 4- 

hydroxyalkenals such as 4-hydroxynonenal (4-HNE). These cytotoxic unsaturated 

aldehydes react readily, even at neutral pH and at low concentrations, with biomolecules 

particularly those containing sulphydryl groups (-SH) such as glutathione, cysteine, 

coenzyme A and proteins or enzymes (Schauenstein et al, 1977), causing considerable 

damage. Aldehydes such as 4-HNE and malondialdehyde (MDA) can also react with
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amino groups of amino acids, proteins, phospholipids, and nucleic acids to yield Schiff 

bases (Tappel, 1980, Szweda et al, 1993). The detrimental effects of 4-HNE and related 

aldehydes on biological systems have been extensively reviewed (Dianzani, 1982, 

Esterbauer e / ûf/, 1991, Esterbauer, 1993).

4. Termination

LOO' + AH ^  LOOH + A '

The propagation step o f lipid peroxidation continues until substrate is exhausted, or the 

chain is broken by the combination of two radicals to yield a non-radical product. In 

biological membranes lipid-lipid and lipid-protein interactions can occur, the latter of 

which results in lipid-protein cross-linking. In addition, peroxyl radicals generated during 

lipid peroxidation can be reduced to inactive compounds by chain-breaking antioxidants 

(AH) such as vitamin E and ubiquinol {see Section 1.2) resulting in the termination o f lipid 

peroxidation. Oxidised lipids in the membrane are thought to be removed by the activity 

o f phospholipase A2 repair enzyme (van den Berg et al, 1993). The activity o f inner 

mitochondrial phospholipase A2 has been shown to increase in response to conditions 

associated with increased ROS production and in dietary treatments associated with 

increased lipid peroxidation, such as vitamin E deficiency (Pappu et al, 1978).

1.1.5.2 Protein

Free radical attack on protein is not as damaging as that o f membrane lipids in that there is 

less possibility o f rapidly-progressing destructive chain-reactions being initiated. However, 

proteins and DNA may often be more significant targets of cell injury than lipids. Free 

radical attack on proteins can result in oxidation o f the protein backbone resulting in 

protein fragmentation, the loss of critical sulphydryl groups and modification of amino acid 

side chains. The amino acids lysine, proline, histidine, and arginine have been found to be 

the most sensitive to oxidative damage (Stadtman, 1990), Oxidative damage to these 

amino acids yields increased levels of oxidised proteins and protein carbonyl derivatives 

(Simpson et al, 1992, Stadtman, 1990). The latter can been used as biomarkers of
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oxidative damage to proteins (Levine et al, 1990). For a detailed review o f the 

mechanisms o f these reactions see Berlett and Stadtman (1997).

An increase in exercise-induced protein oxidation has been demonstrated in rat skeletal 

muscle, associated with an increase in free radical generation. Furthermore, 

supplementation with vitamin E was shown to inhibit both the resting and exercise-induced 

skeletal muscle protein oxidation (Reznick et al, 1992). Accumulation o f protein carbonyl 

groups appears to increase with age and may reflect age-related losses o f selected 

biochemical and physiological functions such as unrepaired damage to DNA (Stadtman,

1992). The removal o f oxidised proteins is an ongoing process and involves degradation 

of the oxidised protein to individual amino acids by a neutral protease (Rivett, 1985). Cell 

injury only becomes evident when the rate o f protein oxidation exceeds their removal 

and/or replacement with fresh, frilly functional molecules (De Duve and Wattiaux, 1966).

1.1.5.3 DNA

DNA is readily attacked by oxidising radicals if formed in close proximity. As with 

proteins there is little possibility of rapid chain-reactions occurring. For the damage to be 

significant it must be 'site-specific' such that it may lead to strand breaks, or must elude the 

repair systems before replication occurs, leading to mutations.

When cells are subjected to oxidative stress modification o f DNA bases is frequently 

observed (Aruoma et al, 1989, Dizdaroglu et al, 1993). Hydrogen peroxide can react with 

transition metal ions bound to DNA to form the highly toxic hydroxyl radical which reacts 

with DNA bases at diffusion-controlled rates by addition reactions (Aruoma et al, 1991). 

Although 8-hydroxydeoxyguanosine (80HdG) is the most widely measured DNA base 

modification, it is only one out o f 20-30 oxidative base modifications that can be detected 

in model reaction systems, as described below.

With purines "OH can add to C4, C5 and C8 positions, resulting in OH adduct radicals that 

can have different fates (Steenken, 1989). Addition o f "OH to C8 of guanine produces a 

C8-0H adduct radical that can be oxidised to 8-hydroxyguanine (8-OHG), or can undergo
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opening o f the imidazole ring, followed by one-electron reduction and protonation, to give 

2,6-diamino-4-hydroxy-5-formamidopyrimidine (FAPy-guanine). Similarly, "OH can add 

to C8 of adenine to give the C8-0H adduct radical which can be oxidised to give 8- 

hydroxyadenine (8-OHA), or can undergo one-electron reduction of the imidazole ring- 

opened form, to give 4,6-diamino-5-formamidopyrimidine (FAPy-adenine). 

Hydroxyadenine may also be formed by attack of "OH at the C2 position of adenine, 

followed by oxidation of the C2-0H adduct radical to give 2-hydroxyadenine. 8- 

hydroxypurines and formamidopyrimidines are formed in the presence and absence o f 

oxygen, although the formation o f the 8-OHpurines is preferred in the presence of oxygen 

(Gajewski a/, 1990).

Pyrimidines are also attacked by "OH to give multiple products (von Sonntag, 1987). 

With thymine and cytosine, "OH adds to the C5-C6 bond, giving rise to the formation o f 5- 

hydroxy-6-yl and 6-hydroxy-5-yl radicals. The former tend to have reducing properties, 

whereas the latter have oxidising properties. Abstraction by "OH of an H atom from the 

methyl group of thymine also occurs, giving rise to an allyl radical. The oxidation of the 5- 

hydroxy-6-yl radical of thymine followed by addition of OH" (or addition of water 

followed by deprotonation) leads to formation of cis and trans thymine glycols (5,6- 

dihydroxy-6-hydrothymines). Cleavage o f the C5-C6 bond of cytosine and thymine adduct 

radical also occurs, resulting in the formation o f 5-hydroxyhydantoin and 5-hydroxy-5- 

methylhydantoin, respectively. "OH attack on pyrimidines can also result in the formation 

o f 5-hydroxyuracil and 5 -(hydroxymethyl)uracil. The structures of the above products are 

shown in Figure 1.2. For detailed mechanisms o f the reactions see Dizdaroglu (1993).

The detection of oxidised nucleobases such as 8-OHG in human urine suggests that 

oxidative attack on DNA is a continual process (Fraga et al, 1990). Free radical damage 

to DNA can also result in structural modifications, in the form of single and double strand 

breaks and deletions (Richter, 1995). Although DNA repair systems operate at a high 

level of efficiency (Croteau and Bohr, 1997), sufficient damage may accumulate with age 

and lead to mutations and eventually cancer (Kensler et al, 1989, Frenkel, 1992). In 

addition to direct modification of DNA by ROS, interactions can also be mediated through 

changes in transcription factors and enzymes involved in regulating gene expression, 

resulting in detrimental changes to the cell such as tumour promotion (Cerruti et al, 1990).
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Fig 1.2 Structxires of oxidative DNA base products. Modified from Dizdaroglu (1993).
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1.2 ANTioxroANT Defences

1.2.1 Classification of Antioxidants

An antioxidant can be defined as any substance which, when present at low concentrations 

compared with those o f the oxidisable substrate, considerably delays or inhibits oxidation 

o f the substrate. Aerobic organisms have developed numerous antioxidant defences which 

operate at different stages in the oxidative sequence (see Table 1.1) Antioxidants may be 

enzymatic, non-enzymatic, lipophilic or hydrophilic and their location may be intracellular, 

extracellular, cytosolic or confined to the membrane and lipoprotein fractions. They can 

function by (7) preventing free radical generation, (2) scavenging free radicals when 

formed or (3) repairing the damage caused by radicals. Enzymatic antioxidants, unlike 

chain-breaking antioxidants, singlet oxygen quenchers and metal chelators are not 

consumed while performing their protective functions. Many of these 'consumable' 

antioxidants are interlinked in cycles o f regeneration and recycling in which vitamin E 

appears to play a major role (see Section 1.3.4.4).

1.2.2 Non-Enzymatic Antioxidants

In this section, the non-enzymatic antioxidants will be discussed in more detail because of 

their relavance to this thesis. Comprehensive accounts o f all the antioxidants listed in 

Table 1.1 can be found in Ross and Moldeus (1991), Sies (1991), Sies and Stahl (1995), 

Sies (1997), Frei (1994), Fernandez and Videla (1996), Cadenas and Packer (1996).

1.2.2.1 Vitamin E

Vitamin E is the major lipid peroxidation chain-breaking antioxidant in lipid domains, such 

as membranes and low density lipoproteins (Burton et al, 1982, 1983b). The antioxidant 

function of vitamin E, in addition to its chemistry, biochemistry, biokinetics and deficiency 

syndromes are discussed in Section 1.3.
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Table 1.1 Antioxidant Defence System.

A n t io x id a n t F u n c t io n

1. Preventive Antioxidant: suppresses formation of free radicals

(a) Non-radical decomposition of 
hydroperoxides/ hydrogen peroxide

Catalase (peroxisomes) Decomposition of hydrogen peroxide; 
2 H 2O2 —̂ 2 H 2O + O2

Glutathione Peroxidase (cytosol and Decomposition o f hydrogen peroxide and fatty
mitochondria)

Glutathione Peroxidase (plasma)

Phospholipid hydroperoxide 
glutathione peroxidase (membrane)

Glutathione S-Transferase (cytosol)

Glutathione, GSH (cytosol)

(b) Sequestration o f metal by 
chelation
Ferritin (cytosol)
Transferrin, lactoferrin (plasma) 
Haptoglobin (plasma)
Haemopexin (plasma)
Ceruloplasmin (plasma)
Albumin (plasma)

(c) Quenching of actiye oxygens

Superoxide Dismutase (SOD) 
Copper/Zinc-SOD (cytosolic and 
extracellular)
Manganese-SOD (mitochondrial) 

Carotenoids (membrane)

acid hydroperoxides (LOOH);
H2O2 + 2GSH 2 H2O + GSSG 
LOOH + 2GSH ^  LOH + H2O + GSSG

Decomposition o f hydrogen peroxide and
phospholipid hydroperoxides (PLOOH);
PLOOH + 2GSH -> PLOH + H2O + GSSG

Decomposition o f membrane phospholipid
hydroperoxides in brain

Reduction of lipid hydroperoxides

Water-soluble reducing agent. Acts as a co
substrate for glutathione peroxidase and
glutathione ^'-transferase reactions. Inyolyed in 
the regeneration o f ascorbate from 
dehydroascorbate yia the GSH-dependent 
dehydroascorbate reductase.

Binds ferric ions 
Bind ferric ions 
Binds haemoglobin 
Stabilises haem
Binds copper ions (non-specific) 
Binds copper and haem

Dismutation o f superoxide; 
2 O2 " + 2 H " ^  H2O2 + O2

Quenching of singlet oxygen 
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Table 1.1 Continued

A n t io x id a n t F u n c t io n

2. Radical Scavenging Antioxidant: scavenge radicals to inhibit chain initiation and 
break chain propagation

(a) Hydrophilic

Vitamin C (ascorbic acid) Scavenges O2 ', *0H, HO2* radicals, thiyl radical, 
HOCl, inhibits lipid peroxidation by scavenging 
water-soluble prooxidants, regenerates a -  
tocopherol from the a-tocopheroxyl radical

Uric acid (plasma) Scavenges O2 ", "OH, singlet oxygen and haem 
intermediates

Bilirubin (plasma) Scavenges hydroperoxyl radicals

Albumin (plasma) Scavenges HOCl (hypochlorous acid)

Mucus Scavenges "OH radicals

rb) Lipophilic

Vitamin E (membranes and low Scavenges lipid peroxyl radicals. Major lipid-
density lipoprotein, LDL, fraction) peroxidation chain-breaking antioxidant.

Ubiquinol (membranes and LDL) Lipid peroxidation chain-breaking antioxidant. 
May also be involved in the regeneration of 
vitamin E.

Carotenoids (membranes and Lipid peroxyl scavenger, inhibits lipid
lipoproteins) peroxidation.

3. Repair and de novo Enzymes: repair damage and reconstitute membranes

DNA repair enzymes Repairs oxidatively damaged nucleic acids

Lipases Remove oxidised membrane lipids

Proteases Remove oxidised proteins

Modified from Gutteridge (1995) and Niki (1996).
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1.2.2.2 Ascorbate (Vitamin C)

Ascorbic acid is present as ascorbate in most body fluids and is an essential requirement in 

the diets o f humans, monkeys and guinea pigs. In rats and other mammals that do not 

require dietary intake, vitamin C is synthesised from D-glucose (Nishikimi and Yagi, 

1991). In addition to its well known function as a scurvy-preventing nutrient due to its 

vital role in connective tissue protein post-translational hydroxylation (Peterkofsky, 1991), 

vitamin C performs a myriad o f other functions (reviewed by Beyer, 1994).

The biochemical importance o f vitamin C is primarily related to its strong reducing 

potential which makes it an efficient free radical scavenger. The multiple antioxidant 

properties o f ascorbate include the scavenging of singlet oxygen (Bodannes and Chan,

1979) superoxide, perhydroxyl, hydroxyl, and thiyl radicals (Bendich et al, 1986, Rose, 

1990) as well as the reduction o f carcinogenic nitrosamines (Briviba and Sies, 1994). 

Although ascorbate is present in the aqueous phase, it can protect lipids and membranes 

from oxidative damage by effective scavenging of lipid-peroxidation initiating radicals 

generated in the aqueous phase (Frei et al, 1988, 1989). During free radical generation in 

the aqueous phase of whole blood suspensions, vitamin C was shown to be the most 

efficient antioxidant i.e. the one which was consumed prior to utilisation o f other 

antioxidants (Niki, 1991). On the basis of this observation, vitamin C was concluded to be 

the primary and most important defence against radicals in the aqueous phase (Niki, 1991). 

The lack o f solubility o f vitamin C in the membrane hydrophobic phase restricts its ability 

to scavenge free radicals generated within the membrane (Doba et al, 1985), a fiinction 

which is performed by lipophilic antioxidants (vitamin E and ubiquinol). However, in the 

presence o f a-tocopherol, ascorbate acts as an excellent antioxidant against lipid 

peroxidation by regenerating a-tocopherol from the a-tocopheroxyl radical (Sato et al, 

1990, Sharma and Buettner, 1993). The regeneration of vitamin E by ascorbate is 

reviewed in Section 1.3.4.4.

The relevance of vitamin C as a biological antioxidant in vivo has also been addressed. 

Using a vitamin C-deficient guinea pig model, Kunert and Tappel (1983) have shown an 

increase in whole-body lipid peroxidation, while Kato et al{\9%\) have reported inhibition 

o f lipid peroxidation in guinea pig liver by ascorbic acid.
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At physiological pH, the dominant form o f ascorbic acid is the ascorbate anion (AHT) 

which is oxidised to dehydroascorbate (A) during reduction reactions. Dehydroascorbate 

can also be formed via a two-step reversible oxidation process involving the formation of 

the intermediate ascorbyl radical (A**), known as semidehydroascorbate radical (Laroff, 

1972). The interconversion o f these three forms o f vitamin C are shown in Figure 1.3 

The ascorbyl radical is relatively stable due to delocalisation o f its unpaired electron, and 

under normal conditions disproportionates to yield ascorbate anion and dehydroascorbate;

2 A -  + ET -> AH' + A.

The regeneration o f ascorbate from dehydroascorbate occurs via a glutathione-dependent 

dehydroascorbate reductase and the reduction o f the ascorbyl radical to ascorbate involves 

a semidehydroascorbate reductase enzyme which is dependent on NADH for activity 

(Diliberto et al, 1982, Chow, 1988). Ascorbate is also regenerated non-enzymatically by 

dihydrolipoic acid (Constantinescu et al, 1993).

0 - OH OH \  OH "O

L-Ascorbat*(pK«’4.2) A scorbyl Dohydro-L-oscorbic acid
Radical

AH' A ' A

Fig 1.3 Molecular interconversion of vitamin C. From Beyer (1994).

At high concentrations and in the presence o f transition metals ions (iron and copper salts) 

ascorbate has been shown to generate free radicals (hydroperoxyl and superoxide) and 

stimulate lipid peroxidation (Chen and Chang, 1979, Halliwell and Gutteridge, 1989, 

Cheeseman et al, 1984). The ability o f ascorbic acid to maintain transition metals in a 

reduced state, thereby promoting Fenton chemistry is the likely mechanism involved 

(Laudicina and Mamett, 1990). Although the prooxidant properties of ascorbate have 

been demonstrated in vitro there is little evidence supporting significant prooxidant activity 

of ascorbate in vivo (Bendich et al, 1986). Iron and copper complexes capable of 

accelerating free radical reactions are not generally available in the extracellular fluids and
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therefore, the antioxidant properties o f ascorbic acid will normally predominate, except 

under abnormal conditions such as in metal overload disease states (Halliwell, 1990).

1.2.2.3 Ubiquinone (Coenzyme Q)

Ubiquinones (UQn) are lipid-soluble quinone derivatives with an isoprenoid tail. Although 

UQn homologues containing 1-12 isoprene units occur in nature the predominant form of 

ubiquinone in humans and most mammals is ubiquinone-10 (UQio), with the exception of 

rats which have a prevalance o f ubiquinone- (ubiquinol-) 9 (Lang et al, 1986). Ubiquinol 

(UQnH]) is the two-electron reduction product o f ubiquinone (UQn) and is formed by the 

reduction o f ubiquinol via a semiquinone intermediate (UQnHT*). In human plasma about 

80% of ubiquinone is present in the reduced, ubiquinol form (Figure 1.4). The heart, 

kidney and liver contain the highest concentrations o f UQio in humans, of which 

approximately 70-100% is in the reduced state, in contrast to brain and lung which 

predominantly contain the oxidised form (Aberg et al, 1992). The intracellular distribution 

of ubiquinone, based on studies in rat liver is as follows; 40-50% of the total cellular 

ubiquinone is located in the mitochondria, 25-30% in the nucleus, 15-20% in the 

endoplasmic reticulum, and 5-10% in the cytosol (Sustry etal, 1961).

H,CO

OH 

OH

CH3

(CH2-CH= C-CH2)x,H

Fig 1.4 Structure of ubiquinol-10.

In addition to the well-established role o f ubiquinone as a redox carrier in the respiratory 

chain (Section 1.4.3.3), an antioxidant role for ubiquinone has also been proposed. The 

antioxidant activity o f ubiquinone was first reported by Mellors and Tappel (1966). The 

antioxidant activity o f UQn has been intensively studied in vitro and in vivo (Yn et al.
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1985, Frei et al, 1990, Greenberg and Frishman, 1990), and the ubiquinols (UQnHz) have 

been shown to be more efficient antioxidants than their oxidised analogues by two to three 

orders o f magnitude (Mellors and Tappel, 1966, Naumov and Khrapova, 1987).

Although ubiquinol has been shown to protect the many cellular membranes and plasma 

lipoproteins in which it resides from free radical damage {see Beyer et al, 1986, Beyer, 

1990 and Beyer, 1992 for reviews), the precise mechanism by which ubiquinol acts as an 

antioxidant remains speculative. Ubiquinol can react with the superoxide radical (O2'") and 

the perferryl radical (Fe^-O 2 ') and thus interfere with the initiation o f lipid peroxidation;

UQH2 + O 2 " ->  UQ - + H 2O2

UQH2 + Fe^-O 2 '  ^  UQ - +Fe^^ + H2O2

The H2O2 generated in these reactions may be removed by catalase, peroxidase or 

glutathione peroxidase (Beyer, 1992). Ubiquinol may also react with lipid radicals (L*) 

and lipid peroxyl radicals (LOO*) and therefore prevent the propagation reaction of lipid 

peroxidation (Beyer and Emster, 1990, Forsmark et al, 1991);

UQH2 + L (00 )*  UQ " + L (0 0 )H  + îT .

Alternatively, or additionally, the antioxidant action o f ubiquinol may be mediated via the 

regeneration o f a-tocopherol (TCOH) from the a-tocopheroxyl radical (TCO*), based on 

the demonstration o f a sparing effect of ubiquinol on a-tocopherol {see Section 1.3.4.4);

UQH2 +TCO* -> UQ * + TCOH + H"

Besides protecting cellular membranes, ubiquinol-10 may also play a role in protecting 

lipoproteins from peroxidative damage. Ubiquinone is distributed amongst all the 

lipoprotein classes and is present in human blood plasma mainly in the reduced form 

(Elmberger et al, 1989). In low density lipoproteins (LDLs) exposed to oxidants 

generated by activated neutrophils, ubiquinol is consumed before a-tocopherol, and lipid 

peroxidation increases markedly only after the consumption of ubiquinol, even when a -
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tocopherol is still present (Stocker et al, 1991), suggesting that in LDL ubiquinol is a more 

effective chain-breaking antioxidant than a-tocopherol.

Ubiquinol-10, unlike vitamin E, cannot be recycled by ascorbate, nor does there appear to 

be any synergism between glutathione and ubiquinol-10 (Frei et al, 1990). Recycling of 

ubiquinol-10 has been shown to be performed by the respiratory chain in the inner 

mitochondrial membrane (Frei et al, 1986), an NAD(P)H-dependent enzyme in 

microsomal membranes (Packer et al, 1989a, Maguire et al, 1989, 1992), and an electron 

transport chain in plasma membranes (Morre et al, 1987). In the cytosol and 

mitochondrial matrix, superoxide dismutase (SOD) in conjunction with DT-diaphorase, an 

enzyme which catalyses a two-electron transfer from NAD(P)H to quinones to produce 

the respective quinol, may also potentially be involved in the regeneration o f ubiquinol 

from ubiquinone and the semiquinone radical (Cadenas et al, 1988).

1.2.2.4 G lutathione

Glutathione is an important water-soluble antioxidant and reducing agent. It is a 

tripeptide, synthesised from glutamate, cysteine and glycine, and contains a sulphydryl 

(SH) group (Figure 1.5). Glutathione is usually the most prevalent intracellular thiol, 

present in concentrations in the millimolar range (~ 5 mM). Glutathione cycles between a 

reduced thiol form (GSH) and an oxidised disulphide form (GSSG), in which two 

tripeptides are linked by a disulphide bond. In vivo, glutathione is maintained 

predominately in the reduced form through the action o f a NADPH-dependent enzyme, 

glutathione reductase. Under normal conditions, the ratio o f GSH to GSSG in most 

tissues is kept high i.e. > 100:1 (Akerboom and Sies, 1981).

H 0

OOC N COO

Fig 1.5 Structure of glutathione.
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Glutathione is involved both directly and indirectly in many important biological processes. 

Its multifunctional properties, reviewed by Meister and Anderson (1983), include its 

function as a cellular reductant, as a catalyst in a number o f reactions, as a reactant in 

various metabolic pathways, as a transport and storage form of cysteine, and its role in the 

protection o f cells against free radicals, reactive oxygen species and toxins.

Glutathione plays a key role in the detoxification o f hydrogen peroxide (H2O2) and organic 

hydroperoxides (ROOH) by acting as a substrate for the enzyme glutathione peroxidase. 

Glutathione peroxidase activity appears to be composed o f two enzymatic components, at 

least one of which contains selenium as an essential constituent (Lawrence and Burke, 

1976, Carmagnol et al, 1983). The selenium-containing enzyme catalyses the reduction of 

both H2O2 and organic hydroperoxides whilst the selenium-independent peroxidase (a 

GSH ^-transferase) reduces organic hydroperoxides but does not function in the reduction 

of H2O2 . During these reactions GSH is oxidised to GSSG and subsequently reduced back 

to GSH by the NADPH-dependent glutathione reductase;

ROOH + 2GSH GSSG + ROH + H2O

H2O2 + 2GSH GSSG + 2 H 2O.

The reduction of peroxidised fatty acids o f membrane phospholipids by glutathione 

peroxidase (a soluble enzyme), is thought to occur after the peroxidised fatty acids have 

been cleaved from the phospholipids by the action o f phospholipase A2 (van den Berg et 

al, 1993).

Glutathione is also thought to participate in the regeneration o f vitamins C (Section

1.2.2.2) and E. Whether the regeneration of vitamin E is mediated by the direct reduction

of the vitamin E radical by GSH, or via a GSH-dependent enzyme, or indirectly via the 

reduction o f vitamin C, remains uncertain. The functional interdependence o f these 

antioxidants is discussed in Section 1.3.4.4
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1.3 Vit a m in e

1.3.1 Historical Review

Vitamin E was first recognised in the 1920s when it was demonstrated that rats given a 

semi-purified diet containing all the then known vitamins failed to support reproduction 

(Osborne & Mendel, 1919). Two years later Evans & Bishops (1922) reported the 

existence o f an unknown dietary factor (factor X), the deficiency o f which resulted in 

foetal death and resorption in rats. Lettuce and wheat germ oil were identified as good 

sources of factor X, which was soon recognised as a vitamin and named vitamin E (Evans, 

1925). In 1936, Evans et al isolated from wheat germ oil an alcohol exhibiting marked 

biological activity for which they proposed the name a-tocopherol and provided the 

correct chemical formula ( C 2 9 H 5 0 O 2 ) .  The name "tocopherol" was derived from the Greek 

tokos meaning childbirth, and pherein meaning to bring forth, and the ol added to indicate 

the alcohol nature of the vitamin. In 1937, the isolation from vegetable oils o f two other 

tocopherols ((3- and y-) with lesser biological activity was reported (Olcott & Emerson, 

1937). The structural formula of a-tocopherol was published by Femholz in 1938.

The antioxidant properties of vitamin E were noted by many o f the early investigators. 

The findings of peroxides in the adipose tissues o f vitamin E deficient animals (Dam, 1957) 

and the demonstration that vitamin E deficient signs in animals were prevented by a variety 

of synthetic antioxidants and exacerbated by the presence of high levels o f PUFA in the 

diet (Mackenzie et al, 1941, Dam, 1953) provided the basis for the antioxidant theory o f 

vitamin E function, first proposed by Tappel in 1962.

Within 20 years o f its discovery, essentially all the manifestations o f its experimentally 

induced deficiency had become apparent, and the chemical nature and biological activity of 

at least 3 members of the tocopherol family (a-13- and y-) were well established (reviews; 

Evans, 1962, Mason, 1980). The complex nutritional inter-relationship o f vitamin E with 

selenium, sulphur amino acids and PUFA was elucidated in the 1940s and 1950s (Mason,

1980). Much of the current research regarding vitamin E is centred around two questions: 

firstly whether the vitamin has any other function in addition to its well known role as a 

biological antioxidant, and secondly the clarification o f its role in human health.
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1.3.2 Chem istry of Vitamin £

1.3.2.1 S tructure and N atural Occurrence

At least eight compounds have been isolated from vegetable oils that have vitamin E-like 

activity (Figure 1.6). The biological activity o f these compounds was determined by 

assessing their ability to prevent or reverse specific vitamin E deficiency symptoms in 

animals in vivo e.g. rat sterility (foetal resorption in female and testicular atrophy in males), 

rat erythrocyte haemolysis, muscular dystrophy in a number of different species, and 

encephalomalacia in chicks (Diplock, 1985). All have a 6-chromanol ring structure which 

is responsible for the antioxidant properties of the molecule, and a hydrocarbon side chain 

which is necessary for the proper orientation o f the molecule in the membrane. The tocols 

have a phytol side chain and the trienols have a similar structure with double bonds at the 

3', T  and IT  positions o f the side chain. Both tocols and trienols occur as a variety of 

isomers that differ by the number and location o f the methyl groups on the chromanol ring 

(Figure 1.6) The biopotency of the tocopherols follows the order a  > P > y > ô with a -  

tocopherol having the highest biological activity (Century and Horwitt, 1965). The term 

vitamin E  is used as the generic description for all eight of the tocol and tocotrienol 

compounds (lUPAC-IUB CBN, 1973).

The tocopherols and tocotrienols are widely distributed in nature. Vegatable oils are the 

primary source o f vitamin E in Western-type diets (Sheppard et al, 1993), and vary 

considerably in their tocopherol and tocotrienol content. Com and soyabean oil contain 

proportionately large amounts of y-tocopherol, whereas a-tocopherol predominates in 

wheat-germ, olive, safflower and sunflower oil. Palm oil provides a rich source o f 

tocotrienols. Fruits, cereals and nuts are additional natural sources o f vitamin E. In foods 

of animal origin (meat, fish, eggs, butter, milk) a-tocopherol predominates and accounts 

for almost all the vitamin E activity (Bieri and Evarts, 1975). Although the tocotrienols 

occur in many foods, they constitute only a very small fraction of the vitamin E activity.
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Chromanol Nucleus Hydrocarbon Chain 

I---------------------1 I-----------------------

r3

v o '
Rl

Me ^ Me Me

Me

Compound Ri Ri R, Natural Source
a-Tocopherol CH, CH] CH, Wheat germ oil
P-Tocopherol CHj H CH, Wheat germ oil
y-Tocophcrol H CH, CH, Com oil
6-Tocophcrol H H CH, Soya bean oil

Compound Ri R, R, Natural Source
a-Tocotrienol CH, CH, CH, Palm oil
P-Tocotrienol CH, H CH, Wheat bran
y-Tocotrienol H CH, CH, Rice
5-Tocotrienol H H CH, Palm oil

Fig 1.6 Structure and natural sources of tocopherols and tocotrienols. From Diplock (1985).

1.3.2.2 Stereochemistry

The tocopherols have three centres o f asymmetry at C2, C4 ' and Cg ’ o f the phytol side 

chain, making a total o f eight possible optical isomers. Natural a-tocopherol was shown 

to have the 2R, 4'R, 8'R configuration (Mayer et al, 1963). The tocotrienols posses only 

one centre of asymmetry at C2, in addition to sites o f geometrical isomerism at C3' and 

C7'. Natural a -, p- and y-tocotrienols were shown to have the 2R, 3'-trans, T-trans 

configuration (Schudel et al, 1963). The epimeric configuration at the C2 position is 

thought to be dominant in determining biological activity and all natural tocopherols and 

tocotrienols have the R configuration at C2 (Kasparek, 1980).
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1.3.2.3 Chemical Properties and Oxidation

Although tocopherols undergo a number of different reactions, the oxidation reaction is 

probably the most significant as an analogous mechanism by which they function as 

antioxidants. The chemistry of the oxidation of tocopherols is highly complex and has 

been reviewed by Kasparek (1980). Tocopherols are stable to heat and alkali in the 

absence of oxygen and are unaffected by acids up to 100°C. However, they are slowly 

oxidised by atmospheric oxygen. Oxidation is accelerated by exposure to light, heat, alkali 

and the presence of iron and copper salts. Oxidation products include tocopheroxide, 

tocopheryl quinone, tocopheryl hydroquinone (Figure 1.7) as well as dimers and trimers.
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Fig 1.7 Oxidation products of tocopherols. From Machlin (1984).

1.3.3 Biokinetics of Vitamin E

1.3.3.1 Absorption

Mammalian absorption of vitamin E takes place via the lymphatic pathway, principally in 

the upper small intestine ((Tallo-Tores, 1980). Tocopherols are taken up predominately in 

the free unesterified form. Tocopheryl esters are hydrolysed in the gut lumen by lipases 

although a mucosal esterase has also been identified in the endoplasmic reticulum of the 

enterocyte (Mathias et al, 1981). Both bile and pancreatic secretions are necessary for 

adequate absorption of vitamin E. Forsgren (1969) showed that uptake of tocopherol into
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the lymph o f patients with biliary obstruction was severely reduced. Similarly, Gallo-Tores 

(1970, 1973) showed diversion of bile and pancreatic flow from rat intestine resulted in 

negligible absorption o f vitamin E and that restoration of both secretions was necessary to 

achieve full absorption. The bile salts are required for micelle formation, which are 

necessary for the normal absorption o f dietary lipids.

Under optimal conditions, absorption o f vitamin E is relatively low, ranging from 20-40% 

of orally ingested tocopherol. Absorption is enhanced by the simultaneous intake and 

digestion o f medium-chain triglycerides, whereas long-chain polyunsaturated fatty acids 

(PUFA) are inhibitory (Gallo-Tores et al, 1971). The PUF A may reduce the absorption of 

tocopherol as a result o f peroxidative breakdown o f the vitamin (Bjomeboe et al, 1987a). 

About 99% of the tocopherol in lymph is transported in association with chylomicrons 

(Bjomeboe et al, 1986). Chylomicrons are the largest o f the lipoprotein particles 

occurring in blood, and are involved in the transport of triacylglycerols between tissues. 

Chylomicrons containing the newly absorbed dietary vitamin E and dietary fats are 

secreted by the intestine into the lymph (Traber et al, 1988) which then drains into the 

main circulation. Unlike retinol and cholesterol, tocopherol is not re-esterified during the 

absorption process.

1.3.3.2 Transport

Vitamin E is transported in the blood in association with lipoproteins both in humans 

(Behrens et al, 1982) and in rats (Bjomeboe et al, 1986) and no specific plasma transport 

protein has been described. In non-fasting rats, a-tocopherol is evenly distributed between 

very-low density lipoprotein (VLDL) and high-density lipoprotein (HDL), whereas low- 

density lipoprotein (LDL) is the lipoprotein fraction containing the most tocopherol in 

fasting humans. A high correlation exists between the levels o f total lipid and tocopherol 

in the serum. Thus in disorders associated with high serum lipids such as hypothyroidism, 

diabetes mellitus and hypercholesterolemia, plasma vitamin E levels are higher than 

normal. Conversely, in conditions associated with low serum lipids such as abeta- 

lipoproteinemia, cystic fibrosis and other malabsorption disorders, low tocopherol levels 

have been reported (Gallo-Tores, 1980).
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Vitamin E is also transported in erythrocytes (Kayden et al, 1973). The vitamin E 

concentration in the red blood cells is approximately 20% of that in plasma and is located 

predominately in the membrane fraction (Chow, 1975), where chiral discrimination 

between different stereoisomers of a-tocopherol has been described, with preferential 

retention of the naturally occurring RRR-stereoisomer (Cheng et al, 1987). Although a 

relatively rapid exchange takes place between erythrocyte and plasma, dietary vitamin E 

intake is most accurately reflected in blood by the platelet fraction (Lehmann et al, 1988).

1.3.3.3 Tissue Uptake

Uptake of a-tocopherol in peripheral tissues occurs during catabolism o f triacylgylcerol- 

rich lipoproteins by the activity of lipoprotein lipase (Traber et al, 1985), via LDL receptor 

(Traber and Kayden, 1984) and nonreceptor-dependent mechanisms (Cohn et al, 1992). 

Chylomicron remnants formed by the delipidation action o f lipoprotein lipase, are rapidly 

taken up by the liver via receptors on the surface o f hepatocytes (Sherrill et al, 1980), 

suggesting that tocopherol is primarily cleared from the blood in association with 

chylomicron remnants. Some o f the vitamin E associated with the uncatabolised 

chylomicrons is delivered directly to the peripheral tissues (Figure 1.8). Furthermore, a 

redistribution of tocopherol from chylomicrons to HDL takes place (Bjomeboe et al, 

1987b). As HDL readily transfers vitamin E to other lipoproteins (Traber et al, 1992), this 

results in the distribution o f vitamin E to all o f the circulating lipoproteins.

During chylomicron catabolism, discrimination between the different stereoisomers o f a -  

tocopherol is not observed; both the RRR- and SRR-a-tocopherols and y-tocopherol are 

present in all the lipoproteins fractions (Traber et al, 1990a). Once the chylomicron 

remnants reach the liver, the dietary fats are repackaged and secreted into the plasma in 

VLDL (Bjomeboe et al, 1987c and Cohn et al, 1988). Based on experiment using isolated 

nascent VLDL from liver perfiisates of cynomolgus monkeys, the liver was shown to 

preferentially secrete only one form of vitamin E, RRR-a-tocopherol, thus confirming the 

liver and not the intestine as the site of tocopherol discrimination (Traber et al, 1990b). 

The postulated mechanism for this process is the selective insertion of RRR-a-tocopherol
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into nascent VLDL, a role for which the hepatic transfer protein (discussed below), has 

been suggested as a likely candidate (Traber, 1996). As a result of VLDL catabolism, the 

plasma becomes preferentially enriched in RRR-a-tocopherol, and conversion of VLDL to 

LDL results in equilibration of the tocopherol between LDL and HDL. Since most tissues 

primarily contain RRR-a-tocopherol and not other forms of vitamin E it is likely that they 

acquire most of their vitamin E after its preferential selection by the liver (Figure 1.9).
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Fig 1.8 Vitamin E absorption, transport in plasma and delivery to tissues during chylomicron catabolism. 
From Traber (1996).
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1.3.3.4 Tocopherol-Binding Proteins

A hepatic tocopherol-transfer protein (30-35 kDa) has been purified from rat liver (Sato et 

al, 1991, Yoshida et al, 1992) and the complete amino acid sequence provided (Sato et al,

1993). It is present exclusively in the liver hepatocyte cells and has not been identified in 

any other tissue. A similar tocopherol-transfer protein has been isolated from human liver 

(Kuhlenkamp et al, 1993). The purified rat protein was shown to transfer a-tocopherol 

between liposomes and microsomes, and a -  and p- but not y- and 0-tocopherols were 

shown to be effective competitors for the protein (Sato et al, 1991). Although these and 

other data (Traber et al, 1990b) suggest that the hepatic tocopherol-binding protein is 

responsible for the selection o f RRR-a-tocopherol, the transfer o f a-tocopherol by the 

purified protein into nascent VLDL during its assembly in hepatocytes remains to be 

shown.

Isolation o f other a-tocopherol-binding proteins have also been reported; Dutta-Roy et al 

(1993) described the presence o f a 14.2 kDa protein in rat liver in addition to the 30 kDa 

protein. This low molecular weight protein was also present in rat heart and was shown to 

transfer a-tocopherol in preference to y- or 6-tocopherol. A regulatory role in the 

maintenance of cellular tocopherol concentrations in heart and liver has been suggested for 

this protein. Nalecz et al (1992) reported the existence of a-tocopherol-binding proteins 

in cultured smooth muscle cells but did not propose a function for these proteins.

1.3.3.5 Tissue Concentration and Subcellular Distribution

Vitamin E uptake o f tocopherol by tissues varies with the tocopherol intake and unlike 

most other vitamins does not appear to have a distinct tissue deposition threshold (Gallo- 

Tores, 1980). Vitamin E concentrations vary considerably, not only in different tissues but 

also when comparing tissues from different species. In rats, liver, skeletal muscle and 

adipose tissue have the greatest capacity to accumulate a-tocopherol (Machlin and 

Gabriel, 1982, Traber and Kayden, 1987), and collectively have been shown to contribute 

about 90% of the total amount o f a-tocopherol recovered in ten different organs
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(Bj0 rneboe et al, 1986). The adrenal glands had the highest concentration o f a -  

tocopherol per g/tissue, which may be due to the specific binding o f HDL by rat adrenal 

glands, with subsequent uptake of a-tocopherol (Hornsby and Crivello, 1983). The 

spleen, lungs, kidney and heart also had relatively high concentrations o f a-tocopherol, 

whilst the testes, skeletal muscle and cerebrum contained less a-tocopherol per g/tissue 

than most other tissues, which may account for the major signs of vitamin E deficiency 

such as reproductive failure, muscular dystrophy and neurological dysfunction observed in 

the rat {see Section 1.3.5).

In the adipose tissue greater than 90% of the vitamin is located in lipid droplets (Traber 

and Kayden, 1987). In other tissues vitamin E is concentrated in the membrane fractions 

and is particularly rich in the mitochondrial and microsomal fractions, lysosomes and Golgi 

apparatus (Buttriss and Diplock, 1988, Hagen et al, 1989). Although, mitochondria have 

generally been found to contain large amounts of PUFA (Molenaar et al, 1972) and 

vitamin E in their membranes, the distribution o f tocopherol between the inner and outer 

mitochondrial membranes has been disputed. Oliveira et al (1969) reported tocopherol to 

be located predominately in the inner membrane, whereas Bonetti and Novello (1976) 

found the outer membrane to be richer in tocopherol. In an attempt to resolve the 

controversy, Buttriss and Diplock (1988) repeated the experiments using more sensitive 

techniques than those employed earlier. They reported the mitochondrial and microsomal 

fractions to be the major tocopherol-containing fractions, and concluded that both the 

inner and outer mitochondrial membranes contained substantial amounts of tocopherol 

(Table 1.2). However, they did not explain the discrepancy in the a-tocopherol content 

between the total mitochondrial fraction and the sum of the individual inner and outer 

membrane fractions. Therefore their data regarding the distribution o f a-tocopherol 

between the inner and outer membrane remains questionable.

In addition, Buttriss and Diplock (1988) showed that the subcellular distribution o f a -  

tocopherol in liver followed the degree of unsaturation of the membranes (Table 1.2), 

especially when PUFA containing three or more double bonds (which are more susceptible 

to lipid peroxidation) were specifically considered, providing further support for the 

primary role o f vitamin E as a biomembrane antioxidant (Buttriss and Diplock, 1988).
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Table 1.2 Distribution o f a-Tocopherol, Polyunsaturated and Other Fatty Acids in Rat 
Liver Subcellular Membrane Fractions
Fraction pg a-Tocopherol 

/g wet liver
% a -  

Tocopherol 
in fraction

Proportion o f fatty 
acids (%) 

PUFA Other FA
Nuclear 0.05 ±0.02 1.3 12.9 85.6

Inner mitochondrial 0.32 ±0.06 - 19.2 81.5

Outer mitochondrial 0.29 ± .05 - 12.9 85.7

Total washed mitochondrial 1.48 ±0.26 38 22.8 76

Lysosomal 0.44 ± 0.05 11.3 8.5 89.2

Microsomal 1.19±0.12 30.6 32.4 65.8

Supernatant 0.73 ±0.20 18.8 - -

Polyunsaturated fatty acids (PUFA) were taken as those with 3 or more double bonds. Other fatty acids 
were taken as saturated fatty acids and those with 1 or 2 double bonds. From Buttriss and Diplock (1988).

1.3.3.6 Metabolism and Excretion

Vitamin E undergoes very little metabolism. Usually less than 1% of orally ingested 

vitamin E is excreted in the urine as detoxification products, often referred to as Simon's 

metabolites (Gallo-Tores, 1980). The absorbed a-tocopherol is largely deposited 

unmodified in its unesterified form in tissues. Although there is some evidence of trace 

amounts o f tocopheryl quinone, tocopheryl hydroquinone, dimers and trimers, and other 

polar metabolites in tissues, it is not certain whether these represent true metabolites or 

oxidation artefacts. The major route o f excretion is faecal elimination, arising from 

incomplete absorption o f vitamin E (Gallo-Tores, 1980).

1.3.4 Biochemistry of Vitamin E

1.3.4.1 Membrane Antioxidant

The major biological function of vitamin E in vivo is widely accepted to be that of an 

antioxidant, protecting tissue lipids from free radical attack. The antioxidant properties of
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vitamin E were recognised very early on in the history o f the vitamin, and led to the 

proposal of the antioxidant theory of vitamin E action by Tappel in 1962. This theory 

initially received its main support from two sets o f observations; the association o f dietary 

PUFA with the onset and exacerbation of vitamin E deficiency symptoms in animals (Dam, 

1962), and the prevention o f vitamin E deficiency symptoms by some synthetic 

antioxidants chemically unrelated to vitamin E, such as ethoxyquin and diphenyl-/?- 

phenylenediamine (DPPD) [Draper et al, 1964].

Vitamin E is located in the lipophilic compartment o f membranes and lipoproteins, where it 

acts as a lipid peroxidation chain-breaking antioxidant, primarily by scavenging active free 

radicals (Niki, 1996). The process o f lipid peroxidation has been described in Section 

1.1.5.1. Vitamin E represents only one line of defence in many that have been evolved by 

aerobic organisms to protect against damage induced by active oxygen species (refer to 

Table 1.1). The free radical scavenging action of a-tocopherol depends on its ability to 

donate its phenolic hydrogen atom to lipid peroxyl radicals (LOO*), preventing their attack 

on further substrate;

LOO* + a-T-OH LOOM + a-T-0*

where a-T-OH and a-T-0* are a-tocopherol and a-tocopheroxyl radical, respectively. 

The resultant tocopheroxyl radical is relatively stable and in normal circumstances, 

insufficiently reactive to initiate lipid peroxidation itself. The regeneration o f a-tocopherol 

from the radical is discussed in Section 1.3.4.4.

The effectiveness o f a-tocopherol as a chain-breaking antioxidant was investigated in vitro 

by comparing its activity with other tocopherols and with other synthetic phenolic 

antioxidants by Burton and Ingold (1981). They studied the inhibition of styrene 

autooxidation by the antioxidants and measured the rate constant, K\ for the reaction;

ROD* + AH ROOH + A*

where ROO* is the styrene peroxy radical and AH is the phenolic antioxidant. The results 

demonstrated that a-tocopherol was the most efficient antioxidant tested. The antioxidant
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effectiveness of the four tocopherols followed the order a  > P > y > 8 , which is also the 

order o f their biological potencies, defined using different indices of vitamin E deficiency 

(Century and Horwitt, 1965). Furthermore, they showed that a-tocopherol was superior 

to any of the synthetic antioxidants tested, such as butylated hydroxytoluene and 

tetramethyl-4-methoxy phenol (Burton and Ingold, 1981). In later studies. Burton and 

colleagues tested the effectiveness o f a-tocopherol as an antioxidant in biological systems. 

The procedure was based on the peroxyl radical titration method, in which a lipid extract 

derived fi’om human plasma and erythrocyte ghosts was added to styrene, undergoing 

thermally initiated autooxidation under controlled conditions. The chain-breaking 

antioxidants present in the lipid extract inhibited autooxidation for a defined period, known 

as the induction period, the duration of which was used to determine the total molar 

concentration o f all the chain-breaking antioxidants. By determining the concentration of 

the individual tocopherols (a , P, y and 6 ,) in the lipid extract using HPLC, it was shown 

that vitamin E was the major chain-breaking antioxidant in human blood (Burton et al, 

1982, 1983b).

1.3.4.2 Membrane Stabilisation

A structural role for a-tocopherol was suggested by Diplock and Lucy (1973) who 

postulated that a part o f the role o f vitamin E in biological systems may be mediated by 

physicochemical stabilisation of membranes by virtue o f hydrophobic interactions between 

the vitamin and polyunsaturated phospholipids. They proposed a specific interaction 

between the phytyl side-chain of a-tocopherol and the unsaturated fatty acyl chains of 

membrane phospholipids, particularly arachidonic acid. They showed, by means of 

molecular models, that the 4 - and 8 '-methyl groups o f the phytyl side-chain o f a -  

tocopherol could fit into pockets created by the cis double bonds at 5 and 8  and, at 11 and 

14 of an arachidonyl residue in the phospholipid, as shown in Figure 1.10. According to 

their hypothesis, a-tocopherol facilitates the close packing o f PUFA chains in membranes, 

exerting a membrane stabilisation effect not necessarily related to its antioxidant function 

(Diplock and Lucy, 1973).
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Fig 1.10 Diagrammatic representation of the proposed interaction between a-tocopherol and the 
polyunsaturated phospholipid in a biological membrane. The phospholipids are shown as rigid structures 
in the bilayer membrane. From Diplock (1985).

However, the validity of proposed interaction between a-tocopherol and arachidonyl 

residues in biological membranes has been questioned. Ingold (1983) criticised the 

hypothesis of Diplock and Lucy (1973 )̂ on the grounds that the proposed interaction was 

insufficiently dynamic and hence unlikely to occur in biological membranes. Furthermore, 

the very low ratios of vitamin E to arachidonic acid in membranes (1:500 for erythrocyte 

membranes) was recognised as further evidence against such a structural role, although it 

has subsequently been argued that this does not invalidate the original hypothesis, since the 

majority of fatty acyl residues of membrane phospholipids will form associations with 

cholesterol, and that the interaction with a-tocopherol is of a specific kind involving only a 

few phospholipid molecules (Diplock, 1983).

1.3.4.3 M em brane-Bound Free Radical Scavenger

The realisation that tocopherol is located predominantly in the membrane portion of the 

cell, that a number of enzymatic (endogenous) and nonenzymatic (exogenous) free-radical 

generating reactions occur in cells {see Section 1.1.4), and that most membrane-bound 

enzymes require unsaturated phospholipids for optimum activity, led Molenaar et al 

(1980) and McCay and King (1980) to expand the antioxidant theory of vitamin E further. 

They proposed that the vitamin is located in positions adjacent to arachidonyl chains in the 

vicinity of membrane-bound radical generating enzymes, such as the microsomal and
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mitochondrial electron transport chains (ETC), where the risk o f initiating peroxidation of 

the membrane lipids is particularly high (McCay et al, 1972). Furthermore, the 

mitochondrial and endoplasmic reticulum membranes have been shown to contain a high 

content o f PUFA and less sphingomyelin, (in contrast to the plasma, lysosomal and Golgi 

complex membranes, which contain a large proportion of saturated and monounsaturated 

fatty acids, cholesterol and sphingomyelin), and are therefore likely to be more susceptible 

to peroxidation in the absence o f vitamin E (Molenaar et al, 1972). Anchorage of 

tocopherol in the hydrophobic region of the membranes, allows it to function as an 

effective membrane-bound free-radical scavenger. This view combines the basic features 

of the classical antioxidant theory, and those o f the structural hypothesis of biological 

action o f vitamin E. The fact that more arachidonic acyl chains than tocopherol molecules 

are present in most membranes was explained by the fact that not all integral membrane 

proteins contain free-radical producing systems. Hence, the inner mitochondrial 

membrane, which accommodates the ETC, has a tocopherol;arachidonic acyl chain ratio of 

1:50 (Molenaar et al, 1972), whereas the erythrocyte plasma membrane has a 

tocopherol:arachidonic acyl chain ratio o f 1:500 (Diplock and Lucy, 1973).

1.3.4.4 Regeneration of Vitamin £

The free radical scavenging action of a-tocopherol depends on its ability to donate the 

phenolic hydrogen atom to a free radical. In the process, a-tocopherol is converted to the 

tocopheroxyl radical and eventually to a-tocopheryl quinone (Figure 1.7). The formation 

of the quinone, if it occurs in vivo, is irreversible and is subsequently lost from the system 

via excretion into the urine. The low turnover o f a-tocopherol in vivo, and the fact that it 

is very difficult to deplete adults animals o f vitamin E, suggests a mechanism must exist in 

vivo for the regeneration of vitamin E.

In 1968, Tappel suggested that the antioxidant function of vitamin E in vivo may be 

fortified by the existence o f redox couples, and that ascorbic acid (vitamin C) and the 

reducing systems glutathione and NADPH may be involved in the reduction o f the 

tocopheroxyl radical to tocopherol. First experimental proof that ascorbate was able to
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regenerate oxidised vitamin E was provided by Packer et al (1979) and later by Niki et al 

(1982). Subsequently, it was demonstrated that the addition o f ascorbate immediately 

quenched the oxidation of vitamin E in liposomes (Niki et al, 1984, Barclay et al, 1983), 

and Scarpa et al (1984) showed that the tocopheroxyl radical could not be detected during 

iron-induced lipid peroxidation o f phospholipid liposomes when ascorbate was present, but 

was only observed when the ascorbate had been consumed. Further support for the 

reduction o f tocopheroxyl radical by ascorbate was supplied by Lambelet et al, 1985, 

Wefers and Sies, 1988 and Mukai et al, 1991. Similarly, Sato et al (1990) showed that 

vitamin C could synergistically inhibit free radical-mediated chain oxidation of low density 

lipoprotein with vitamin E, suggesting that ascorbic acid may react directly with free 

radicals as well as intermediates of a-tocopherol oxidation, and thus spare vitamin E.

However, whether such an interaction between vitamin E, which is located almost 

exclusively in the membrane component o f the cell, and water-soluble vitamin C, which is 

located in the aqueous compartment, can take place effectively in membrane systems in 

vivo was questioned. Experimentally, it was shown that such interactions could take 

place by generating free radicals initially either in the aqueous phase or within the 

membranes (Doba et al, 1985). Although ascorbic acid did not efficiently scavenge 

lipophilic radicals within the membrane per se, it acted as a potent antioxidant when a - 

tocopherol was present in the membrane and spared a-tocopherol. It was suggested that 

the two vitamins interact at the surface of the membrane, although others have suggested 

that the interaction takes place in the membrane (Scarpa et al, 1984, Leung et al, 1981).

In studies in vivo, dietary supplementation with ascorbic acid was shown to increase the 

plasma vitamin E levels o f infants (Arad et al, 1985), vitamin E deficient guinea pigs (Chen 

and Chang, 1978, Bendich et al, 1984), and rats (Chen et al, 1980). The vitamin C 

sparing effect on vitamin E was also studied in a mutant strain o f male Wistar rats unable 

to synthesise vitamin C, by Igarashi et al, (1991). They observed statistically significant 

increases o f vitamin E in various tissues of rats maintained on 50 mg vitamin E/kg diet and 

fed 600 mg vitamin C/kg diet for six weeks compared to rats maintained on 50 mg vitamin 

E/kg diet and supplemented with 300 mg vitamin C/kg diet for the same period.
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On the contrary. Burton et al (1990) found no effect o f dietary vitamin C intake upon 

vitamin E levels in the guinea pig, and concluded that synergistic action by vitamin E and 

C was not important in vivo. However, in a later study (Burton et al, 1993) in which 

guinea pigs were placed on diets containing normal vitamin E levels but scorbutic (scurvy- 

inducing) levels o f vitamin C, some tissues (adrenal gland, lung, heart) showed statistically 

significant decreases in their vitamin E concentration. Although it is difficult to obtain 

definitive evidence o f the synergistic antioxidant action o f vitamins C and E, cumulative 

direct and indirect experimental evidence suggests that such action may take place in vivo.

In addition to ascorbic acid, ubiquinol may also be involved in the regeneration o f vitamin 

E. The reduction o f a-tocopheroxyl radical and sparing o f a-tocopherol by ubiquinol has 

been confirmed in solution and in liposomal membranes (Kagan et al, 1990, Frei et al, 

1990, Mukai et al, 1990). Furthermore, the reduction o f ubiquinone to ubiquinol by 

electron carriers in mitochondrial and microsomal membranes, has been shown to stimulate 

efficient recycling o f tocopherol from tocopheroxyl radical (Maguire et al, 1989, 1992). 

Evidence for the sparing o f vitamin E by ubiquinol has been obtained in vivo, depletion of 

hepatic a-tocopherol in endotoxin-administered mice and in rats after hepatic ischaemia/ 

reoxygenation, was shown to be prevented by preadministered ubiquinone-1 0 , after its 

reduction to ubiquinol-10 in the liver (Marubayashi et al, 1984, Sugino et al, 1989).

Observations that the protective effect o f glutathione against lipid peroxidation in various 

in vitro systems was dependent on the presence of vitamin E, suggested that glutathione 

may also be involved in the regeneration o f vitamin E (Reddy et al, 1982, Wefers and Sies, 

1988). Glutathione (Niki et al, 1982) and cysteine (Motoyama et al, 1989) have been 

shown to be able to reduce the a-tocopheroxyl radical, and it appears that the regeneration 

may be associated with an enzyme or enzyme system (Graham et al, 1989, McCay et al, 

1989, Chan, j 1993). However, the direct reduction o f tocopheroxyl radical by glutathione 

may not be important, rather it may be involved in the regeneration o f ascorbic acid 

(Wilson, 1983, Reed, 1993). A glutathione-dependent dehydroascorbate reductase and a 

NADH-semidehydroascorbate reductase appear to be involved in the regeneration of 

ascorbic acid (Diliberto et al, 1982). The ascorbic acid regeneration systems, in turn, are 

linked to the generation of reducing equivalents. The levels o f glutathione are maintained 

by the activities o f glutathione synthetase and reductase, as summarised in Figure 1.11.
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Fig 1.11 Alpha-tocopherol regeneration systems. X* represents any free radical; GSH, reduced 
glutathione; GSSG, oxidised glutathione; NADH reduced nicotinamide adenine dinucleotide and NAD 
oxidised nicotinamide adenine dinucleotide. From Chow (1991).

Although the exact nature o f the vitamin E regenerative process in vivo and the agent/s 

involved have not been fully elucidated, the probable involvement o f ascorbic acid, 

glutathione and ubiquinol highlights the importance o f antioxidant interdependence in 

protecting against injury from damaging free radicals.

1.3.4.5 Other Functions of Vitamin E

In addition to the well-documented role o f vitamin E as a biological antioxidant, there is 

now evidence to suggest that it may have other beneficial properties. The observation that 

de novo synthesis o f hepatic xanthine oxidase increases markedly in vitamin E deficient 

rabbits (Catignani et al, 1974), suggests that the vitamin may play a role in protein 

synthesis, and that generation o f superoxide radicals may be enhanced during vitamin E 

deficiency. Vitamin E may also modulate xenobiotic metabolism by altering the activities 

of hepatic mixed-function oxidases (Chow and Gairola, 1984, Chen et al, 1982). 

Furthermore, vitamin E has been shown to influence the immune response (Bendich, 1990, 

Blumberg, 1993, Meydani, 1995). High doses o f vitamin E increase humoral antibody 

production against particulate and soluble antigens and enhance phagocytosis in different 

animal species (Tengerdy, 1980). Cell-mediated immune function is also stimulated by
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high dietary levels of vitamin E in several experimental animals (Bendich et al, 1986). a -  

Tocopherol deficiency in rodents and other mammals compromises immune function, and 

epidemiological studies show a protective effect o f the vitamin against cancer (Knekt, 

1993). Vitamin E may also possess additional anticarcinogenic properties by inhibiting the 

formation o f mutagens and enhancing the immune response to developing cancer cells 

(Knekt, 1994). The immunostimulatory effects o f vitamin E are thought to be mediated 

through its suppression o f the synthesis o f immunosuppressive factors such as 

prostaglandins and H2O2 in immune cells (Meydani et al, 1990). Vitamin E has also been 

shown to inhibit lipoxygenase activity (Reddanna et al, 1989). Furthermore, increasing 

evidence suggests that vitamin E may be a modulator of protein kinase C activity 

(Boscoboinik et al, 1991). Since protein kinase C has an important role in controlling 

cellular signal transduction, growth, differentiation and secretion (Nishizuka, 1988), a -  

tocopherol may modulate cell proliferation by acting on protein kinase C (Azzi et al, 

1995). There is also a growing body of laboratory, clinical and epidemiological evidence 

to suggest that increased vitamin E intake may reduce the risk of cardiovascular disease by 

modulating platelet adherence and aggregation, protecting against the development and/ or 

acceleration o f atherosclerosis by inhibiting LDL oxidation, and reducing tissue damage 

during myocardial ischaemia/reperfusion injury {see Meydani, 1995, Weber et al, 1997).

It is not clear, however, whether the diverse functions of vitamin E are independent o f its 

radical-scavenging antioxidant function or, secondary to changes caused by vitamin E 

deficiency. Other antioxidants having similar function to vitamin E (e g ubiquinol) do not 

produce such diverse effects, suggesting that vitamin E may be more than a mere 

antioxidant in vivo.

1.3.5 Deficiency of Vitamin E

1.3.5.1 Vitamin E Depletion Models

The rate o f depletion o f a-tocopherol from tissues o f animals fed vitamin E deficient diets 

varies considerably with species, and fi'om tissue to tissue within a particular species.
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Generally, the rate of depletion tends to be very rapid in plasma and liver, slower in 

skeletal and heart muscle, whilst loss o f tocopherol from adipose tissue is variable, 

depending on species and age. Bieri (1972) studied the kinetics of tissue a-tocopherol 

depletion in young and mature rat and observed a rapid decline in plasma, liver and heart 

muscle during the first two weeks, followed by a much smaller fall during the subsequent 

four weeks. The decline in testis and skeletal muscle was much slower, and in adipose 

tissue the loss o f tocopherol was very small. He also observed that young (weanling) rats 

lost tocopherol at a faster rate than older rats. Bieri (1972) concluded that all tissues, with 

the exception o f adipose, contain both a labile pool of a-tocopherol which is rapidly 

mobilised, and a fixed pool which is retained for longer periods.

Machlin et al (1979) studied the availability of adipose tissue tocopherol in the guinea pig, 

and found the depletion of a-tocopherol from plasma and liver was rapid, falling to one- 

third and one-tenth of the normal value respectively after two weeks, depletion o f heart 

and skeletal muscle was slow, only falling to one-third the normal value after 6 - 8  weeks of 

depletion, whilst loss o f tocopherol from adipose tissue was negligible, even after eight 

weeks. Interestingly, the adipose tissue despite containing considerable stores, did not 

compensate for the loss of skeletal muscle tocopherol, and thus failed to prevent the 

myopathy which developed in the guinea pigs after 6 - 8  weeks. In a later study by Machlin 

and Gabriel (1982), the kinetics o f tissue a-tocopherol uptake and depletion following the 

administration of high levels of vitamin E were studied, liver accumulated and lost 

tocopherol at a very rapid rate compared to other tissues, suggesting it was the major 

storage organ for tocopherol.

Ingold et al (1987), investigated the rate o f vitamin E turnover in weanling male rats, after 

feeding them physiological amounts of deuterated tocopheryl acetate. They reported a 

ten-fold difference in the tissue tocopherol turnover rate, with lung and liver having the 

fastest rates and brain and spinal cord the slowest. A similar study was conducted under 

identical conditions in guinea pigs (Burton and Ingold, 1989), and again lung and liver 

were observed to have the fastest rates o f tocopherol turnover. However, when 

comparing guinea pigs with rats, the turnover rate in guinea pig brain was approximately 

three times slower than in the rat. In a later study by Burton and Traber (1990), 

erythrocytes and spleen, in addition to liver were shown to have the fastest turnover times.
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Goss-Sampson et al (1988) carried out a detailed longitudinal study, in which loss of a -  

tocopherol from various tissues was examined during the course o f deficiency from 

weaning to one year of age, in rats. The a-tocopherol concentrations declined rapidly in 

the non-neural tissues (liver, serum and adipose tissue), and after 16 weeks o f deficiency 

were undetectable in serum and only just detectable in liver and adipose tissue (< 2 % of 

control values). Concentrations in the neural tissues (brain, cord and nerve) declined more 

slowly, reaching 4-7% of control values at 36 weeks after which they remained relatively 

constant. The decline in tocopherol observed in these tissues occurred in two phases, an 

initial rapid loss during the first 4-8 weeks o f deficiency, followed by a second phase of 

slow prolonged depletion, similar to that described previously by Bieri (1972). This led to 

the suggestion that the second, prolonged phase o f depletion may represent vitamin E 

bound to subcellular or membranous structures, and relates to the loss o f the fijnctional 

and hence, more critical component of tissue vitamin E (Goss-Sampson et al 1988).

The findings o f Goss-Sampson et al (1988) and Ingold et al (1987) led to the suggestion 

that neural tissues preferentially conserve vitamin E, a finding which has also been 

documented in the vitamin E deficient mouse (Vatassery et al, 1984). Further evidence for 

this finding was obtained by Muller et al (1992), who, using deuterated tocopherol, 

showed that neural tissues conserve vitamin E, and that during vitamin E deficiency there 

is a redistribution o f tocopherol from non-neural to neural tissues.

In a more recent study conducted in adult beagle dogs, the peripheral nerves o f the 

nervous system were shown to be the most responsive to changes in dietary vitamin E 

intake compared to other tissues o f the nervous system (Pillai et al, 1993a), and this may 

explain why in humans, the peripheral nerves (sensory neurones) are particularly 

susceptible to vitamin E deficiency (Traber et al, 1987). Furthermore, Pillai et al (1993b) 

observed that adipose tocopherol stores were mobilised in dogs, in contrast to the reports 

in guinea pigs (Machlin and Gabriel, 1982). Recently, the kinetics o f adipose tissue 

tocopherol were investigated in humans by Handelman et al (1994), who estimated that at 

least two years are required for adipose a -  and y-tocopherol levels to respond significantly 

to dietary intake.
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1.3.5.2 Deficiency Syndromes in Animals

Vitamin E deficiency has been reported to have varying effects in different animals (Table 

1.3). The various lesions affect the reproductive, nervous and cardiovascular systems, as 

well as the erythrocytes, skeletal muscle, liver and adipose tissues (reviews; Scott, 1978, 

Nelson, 1980). The precise target organ varies with species, age and the effect o f other 

nutrients in the diet, particularly PUFA, selenium and sulphur amino acids {see Section 

1.3.6). The reason for the widespread variation in the symptoms induced by vitamin E 

deficiency in different tissues and species is not clear. It may reflect differences in the 

deposition, turnover and loss o f vitamin E in different tissues and in different species. The 

former may be influenced by the presence o f tissue-specific cytosolic tocopherol-binding 

proteins involved in the regulation of tocopherol between intracellular compartments 

within different tissues (Murphy and Mavis, 1981). The levels o f selenium and labile PUFA 

may also vary with species, tissue and stage o f growth. Collectively, these variables may 

influence which symptoms o f vitamin E deficiency are manifested in a particular species.

The most common manifestation o f vitamin E deficiency is a necrotizing myopathy which 

occurs in almost all species in the skeletal muscle (nutritional muscular dystrophy), but has 

also been observed in cardiac and some smooth muscles (Mason, 1954). In lambs and 

calves, myopathy results primarily from a selenium deficiency, whereas in other species 

vitamin E status is the main determinant (McMurray et al, 1983). Some species e.g. 

guinea pig and rabbit develop a severe debilitating myopathy when fed diets low in 

vitamin E (Goettsch and Pappenheimer, 1931). In contrast, rats manifest a relatively 

benign myopathy on vitamin E-ffee diets (Olcott, 1938). Chickens develop no myopathy 

unless the diet is simultaneously deficient in sulphur amino acids (Section 1.3.6 .3) and 

vitamin E (Machlin and Gordon, 1962). The histopathological changes may vary, to some 

extent, from species to species, but in all cases the basic process is a necrotizing myopathy. 

Histological changes include increased variation in cross-sectional diameter o f the muscle 

fibres, necrosis and phagocytosis o f individual muscle fibres, increased endomysial 

connective tissue, particularly in areas of necrosis and atrophy, and infiltration o f necrotic 

fibres with inflammatory cells. In the chronic stages o f the myopathy, the muscle fibres are 

extensively replaced by fat and fibrous tissue. The severity o f the muscle lesion usually 

correlates well with the degree o f weakness observed clinically (Nelson, 1980).
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Table 1.3 Effects of Vitamin E Deficiency in Animals

Tissue Observation Experimental Animal
Muscle
Skeletal Necrotizing myopathy Monkey, pig, rat, dog, rabbit, 

guinea pig, horse, calf, lamb®, kid®, 
mink, chicken’’, duck, salmon®.

Heart Necrotizing myopathy Pig, rat, dog, rabbit, guinea pig, 
calf, cow, sheep, goat

Reproductive 
Placental blood 
vessels

Foetal death and resorption Pig, rat, mouse, guinea pig, cow®, 
ewe®, chicken

Uterus Lipofuscin accumulation Rat

Testis Degeneration of epithelium Monkey, pig, rat, rabbit, guinea 
pig, hamster, dog

Gastrointestinal
Intestine Lipofuscin accumulation Dog

Stomach Gastric ulceration Pig

Vascular 
Blood vessels Exudative diathesis^ Chicken, turkey, salmon, catfish

Erythrocytes Anaemia
Haemolysis {in vitro)

Monkey, pig, rat, salmon 
Monkey, rat, chicken

Platelets Increased number 
Increased aggregation

Rat
Rat

Eyes Cataracts Turkey, embryo, rabbit

Retinal degeneration Dog, monkey, rat

Nervous Svstem 
Brain (cerebellum) Encephalomalacia*^ Chicken

Nerves Axonal dystrophy Monkey, rat, dog, duck

Other Tissues 
Liver Necrosis‘S Pig, rat, mouse

Adipose tissue Lipofuscin accumulation Pig, rat, mouse, hamster, cat

^Vitamin E not effective if diets are severely deficient in selenium; both nutrients are required. 
’Th'eventable by sulphur amino acids. Preventable by selenium. ‘̂ Neural changes may be secondary to 
vascular pathology. From Machlin (1984).
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At the ultrastructural level, non-specific degenerative changes in the muscle mitochondria 

are apparent and include proliferation of mitochondria, mitochondrial swelling, 

fragmentation and disorganisation of cristae, formation of dense matrix granules and focal 

membranous thickening of cristae. These ultrastructural alterations are seen prior to the 

manifestation o f overt light microscopical lesions. However, it is not certain whether the 

ultrastructural damage directly causes or simply occurs as a consequence o f the 

widespread necrotizing myopathy. Similarly, it is not known whether the increased 

lysosomal activity observed in the early stages o f the myopathy, represents an initiating 

mechanism, or is a non-specific response to the skeletal muscle injury (Van Vleet et al, 

1968, Lin and Chen, 1982 Thomas et al, 1993).

Lipid peroxidation is thought to be the basic pathogenic mechanism involved, based on the 

observation that induction o f the myopathy can be facilitated by increasing the 

concentration of peroxidisable substrate in the form of dietary PUFA (Witting and 

Horwitt, 1964). This theory is further supported by experimental evidence showing 

increased levels o f hpid peroxidation and lipid peroxidation end-products in vitamin E 

deficient animals, in vivo. Dillard et al (1977) demonstrated the presence of ethane and 

pentane (hydrocarbon gases formed durng lipid peroxide decomposition) in the breath of 

rats on vitamin E deficient diets. Similarly, Draper et al (1984) showed excretion of 

malondialdehdye (a lipid peroxide decomposition product) in the urine of vitamin E 

deficient rats. Elevated levels of in vivo lipid peroxidation products such as 4- 

hydroxynonenal have been detected in the retinas o f vitamin E deficient rats and dogs 

using gas chromatography-mass spectrometry techniques (Dratz et al 1989). In rats 

maintained on a vitamin E deficient diet for 1 year, significantly increased levels o f lipid 

peroxidation (malondialdehyde) were reported in a range o f neural tissues (brain and spinal 

cord) and peripheral tissues such as liver, muscle and heart (MacEvilly et al, 1990). 

Furthermore, they showed enhanced susceptibility o f different neural tissues and neural 

fractions to in vitro oxidative stress (induced using a CUSO4/H2O2 free radical-generating 

system) in the vitamin E deficient tissues compared to controls, evident from the faster 

peroxidation rates in the former (MacEvilly and Muller, 1996). In a more recent study, the 

levels o f lipid hydroperoxides measured using high performance liquid chromatography 

were shown to be significantly elevated in the heart, lung and kidney o f rats fed a 

tocopherol deficient diet for 4 weeks (Tokumaru et al, 1997).
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1.3.5.3 Deficiency Diseases in Humans

Diseases caused by vitamin E deficiency in adult humans due to insufficient dietary intake 

of vitamin E are rare because o f the ubiquitous distribution of the vitamin. However, two 

groups o f individuals are susceptible to severe hypovitaminosis E, namely neonates and 

patients with disorders of fat absorption and transport.

Premature infants not only have a reduced capacity for lipid absorption but also their 

lipoprotein transport system may not be fully developed (Haga and Lunde, 1978). The 

vitamin E status in pre-term infants is very low and may undergo further stress due to iron 

administration and exposure to high oxygen levels, to relieve the respiratory distress that 

fi*equently occurs in premature infants. Diseases in the newborn that have been linked with 

vitamin E deficiency and that respond favourably to vitamin E supplements, include 

retrolental fibroplasia (Kretzer et al, 1982, Finer et al, 1983), bronchopulmonary dysplasia 

(Ehrenkrantz et al, 1982), haemolytic anaemia (Oski and Harness, 1967, Gross and 

Landaw, 1972) and intraventricular haemorrhage (Chiswick et al, 1983). In these 

diseases, an increase in ROS is thought to be involved in the basic pathogenic process, 

which can be averted by the administration o f vitamin E due to its antioxidant properties.

Fat malabsorption occurs in number o f conditions, either as a result o f defective 

chylomicron synthesis and lipoprotein transport (e.g. abetalipoproteinaemia), or in 

conditions in which the biliary and pancreatic functions are defective e.g. chronic liver 

diseases, chronic cholestasis and cystic fibrosis {see, Tanyel and Mancano, 1997, for 

review). In such conditions, circulating tocopherol levels are usually very low and patients 

develop neurological symptoms, sometimes accompanied by muscular weakness. There is 

strong evidence to suggest that vitamin E deficiency is responsible for the neuropathy, and 

massive oral doses or intramuscular administration o f vitamin E has been shown to relieve 

the neural symptoms (Muller et al, 1983, Nelson, 1983). The protective mechanism of 

vitamin E is thought to be mediated through its antioxidant properties, since the 

neuropathy in vitamin E deficient rats can be prevented by the addition o f artificial 

antioxidants such as ethoxyquin, and can be accelerated by the addition o f excess dietary 

PUFA (Nelson, 1987, Southam e/a/, 1991).
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In addition, patients with neurological abnormalities o f vitamin E deficiency in the absence 

o f lipid malabsorption have been reported (Sokol et al, 1988). Ataxia with vitamin E 

deficiency (AVED) is an autosomal recessive neurodegenerative disorder with striking 

clinical resemblence to Friedreich's ataxia (FA). AVED was first reported in large 

consanguineous Tunisian families as a variant o f FA by Ben Hamida et al (1993a), and 

named familial isolated vitamin E deficiency (FIVE). Patients with AVED present with 

remarkably low serum vitamin E concentrations but do not have the characteristic linkage 

of FA to chromosome 9. Instead, homozygosity mapping has located the AVED locus to 

chromosome 8 q (Ben Hamida et al, 1993b). Patients with AVED have normal absorption 

of dietary a-tocopherol and normal incorporation into chylomicrons (Traber et al, 1990c), 

but have an impaired ability to incorporate a-tocopherol into VLDL secreted by the liver 

(Traber et al, 1993), a function which accounts for the efficient recycling o f plasma 

vitamin E. This function was putatively attributed to the a-tocopherol transfer protein (a- 

TTP). Recently, the genetic defect in AVED patients was identified as a mutation in the 

a-TTP (Ouahchi et al, 1995). AVED patients, unlike patients with vitamin E deficiency 

secondary to fat malabsorption, respond well to vitamin E supplementation (Kohlschutter 

et al, 1988), and high daily doses o f the vitamin appear to be able to prevent the 

progression o f the disease (Kayden, 1993).

Recently, it has been discovered that Friedreich's ataxia (FA) is caused by a mutation 

(large expansion of an intronic GAA repeat) in the frataxin gene, resulting in its decreased 

expression (Koenig and Mandel, 1997). Frataxin, a novel mitochondrial protein, is 

thought to be involved in mitochondrial iron metabolism. Recent evidence suggests that 

fi*ee radical toxicity and mitochondrial dysfunction, as a consequence o f altered 

mitochondrial iron homeostasis, are strongly involved in the pathology o f FA (Rotig et al, 

1997). It is interesting to note that the two inherited diseases, one resulting fi'om reduced 

protection against free radical toxicity due to a deficiency of vitamin E (AVED) and the 

other from increased free radical toxicity (FA), both present with similar 

neurodegenerative symptoms. Hence, increased oxidative stress appears to be involved in 

both diseases, but is mediated via different mechanisms.
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1.3.6 Inter-Relationships with Other Nutrients

1.3.6.1 Polyunsaturated Fatty Acids (PUFA)

The requirement for vitamin E in the diet of man and animals can be influenced by a 

number o f other dietary factors, the most important o f which appears to be PUFA, 

particularly linoleic acid. In animals and humans the dietary requirement for vitamin E 

increases with increasing PUFA intake. The inter-relationship between PUFA and vitamin 

E was demonstrated in young domestic chicks by Machlin and Gordon, 1962, who showed 

that when chicks were fed vitamin E deficient diets rich in PUFA of the linoleate series 

they developed encephalomalacia, a degenerative lesion o f the cerebellum. High levels of 

fish oils have also been shown to exacerbate skeletal and cardiac myopathy in many 

animals (Dam, 1962). In humans, doubling the PUFA intake with a fixed amount of 

dietary vitamin E results in a gradual decrease in plasma a-tocopherol (Horwitt, 1962). 

The significance o f the relationship between dietary a-tocopherol and PUFA in humans is 

not clear. The primary dietary sources o f PUFA, vegetable oils and margarine, are 

generally rich sources o f vitamin E. Determination of the minimum requirement o f vitamin 

E in humans has been subject to much change (Jager, 1975, Horwitt, 1974, Farell, 1980), 

mainly as a result o f increased consumption of a variety o f sources o f PUFA, particularly 

soybean oil and fish oils.

1.3.6.2 Selenium

In animals, symptoms such as liver necrosis in rats and exudative diathesis in chickens can 

be prevented by either selenium or vitamin E. Selenium appears to alleviates such vitamin 

E deficiency syndromes by serving as a precursor of glutathione peroxidase, an enzyme 

which catalyses the reduction o f hydrogen peroxide and lipid hydroperoxides in the 

presence of reduced glutathione (Little and O'Brien, 1968). Glutathione peroxidase is a 

selenoenzyme which requires selenium for catalytic activity (Rotruck et al, 1973). Thus, 

selenium is able to complement the activity o f vitamin E and help prevent the accumulation 

of lipid hydroperoxides.
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1.3.6.3 Amino Acids

Necrotic liver degeneration can be induced in rats by feeding them a diet deficient in 

vitamin E and either selenium or the sulphur amino acid, cysteine. Furthermore, the 

induction o f muscular dystrophy in chickens requires a vitamin E deficient diet containing 

low levels of sulphur amino acids (Scott, 1978). Although the activity o f sulphur amino 

acids in vitamin E deficiency is not completely understood, it is thought to be derived from 

the reducing properties of the sulphydryl groups o f these compounds in proteins and in 

peptides such as glutathione, an important water-soluble antioxidant and reducing agent 

which requires cysteine for its synthesis (see Section 1 .2 .2.4)

1.4 M i t o c h o n d r i a

1.4.1 Structure and Organisation

The mitochondrion is an intracellular organelle found in virtually all eukaryotic cells, where 

it plays a major role in cellular ATP production. Structurally, the mitochondrion consists 

of four distinct compartments; the outer membrane which houses the entire contents o f the 

organelle, the inner membrane which forms a series o f folds or invaginations known as 

cristae, and two soluble fractions, the intermembrane space located between the inner and 

outer membranes, and the matrix which is enclosed by the inner membrane. Although the 

inner membrane always has a larger surface area than the outer membrane due to its highly 

convoluted structure, the ratio o f the two may vary considerably depending on tissue and 

cell type. Muscle mitochondria tend to have a greater number o f densely packed cristae 

than liver mitochondria, reflecting the greater demand for oxidatively produced ATP.

The major structural elements o f the mitochondrion are proteins and lipids, particularly 

phospholipids which are associated exclusively within the membranes and are not found in 

the matrix. In addition to the proteins and lipids, the mitochondrion also contains nucleic 

acids and small molecules such as substrates and cofactors.

73



1.4.2 Mitochondrial Metabolism

The major role of the mitochondrion is the synthesis o f ATP. The tricarboxylic acid 

(TCA) cycle and the p-oxidation o f fatty acids occurs in the matrix o f the mitochondria, 

where dicarboxylic, tricarboxylic and fatty acids are oxidised to generate reduced 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). The 

TCA cycle provides a final common pathway for the oxidation o f amino acids, fatty acids 

and carbohydrates, which enter the cycle predominately in the form of acetyl CoA It also 

provides a source of intermediates for biosynthesis.

The basic mechanism through which ATP synthesis is coupled to the flux o f electrons from 

reducing substrates such as NADH to oxygen is known as chemiosmosis, a theory first 

postulated by Mitchell in 1961 {see Mitchell, 1979). The respiratory chain catalyses the 

oxidation o f NADH and FADH2, generated from fatty acid oxidation and the TCA cycle, 

and the transport o f reducing equivalents via a series o f electron carriers to the terminal 

electron acceptor, oxygen. The resulting decrease in electropotential is conserved in the 

vectorial translocation of protons across the inner membrane fi’om the matrix, into the 

intermembrane space. This generates an electrochemical proton gradient across the inner 

membrane, known as the proton motive force (PMF) which is harnessed to drive the 

phosphorylation of ADP by ATP synthase. This process is known as oxidative 

phosphorylation and is the major source of ATP generation in aerobic organisms, yielding 

36 mol ATP/mol glucose as compared with glycolysis which yields 2 mol ATP/ mol 

glucose. The PMF is also utilised for a variety o f other functions, including the transport 

o f charged molecules such as proteins, carboxylic acids and ions.

1.4.3 Mitochondrial Respiratory Chain

The mitochondrial respiratory chain (MRC) is comprised of an integrated system o f four 

multipolypeptide enzyme complexes; NADH-ubiquinone reductase (complex 1), succinate- 

ubiquinone reductase (complex 11), ubiquinol-cytochrome c reductase (complex 111), 

cytochrome c oxidase (complex IV), and two mobile electron carriers ubiquinone and 

cytochrome c. Together with a fifth complex (ATP synthase) they comprise the oxidative
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phosphorylation system and are situated in the inner membrane of the mitochondrion 

(Figure 1.12). In mammalian mitochondria the stoichiometry of the complexes is 1 copy 

of complex I: 2 copies of complex II; 3 copies of complex IE: 6  copies each of complex 

IV cytochrome c and ATP synthase, and 36 copies of ubiquinone. Electron transfer within 

the respiratory complexes is dependent on prosthetic groups in the enzymes which include 

flavins, haems, iron sulphur clusters, and copper ions. A brief description of each complex 

is given below. Detailed accounts o f the structure, function and composition of the 

complexes can be found in Nobrega and Tzagoloff (1980), Ragan et al (1987), Darley- 

Usmar et al (1994) and Cooper and Clark (1994).

Complex ! II III IV V
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Fig 1.12 The mitochondrial respiratory chain. Q, ubiquinone; C, cytochrome c\ ETF, electron- 
transferring flavoprotein. Reproduced with permission from Dr JM Cooper.

1 .4.3.1 NADH-Ubiquinone Reductase (Complex I)

Mammalian complex I is the largest of the respiratory complexes and is defined 

enzymatically as catalysing proton translocation linked to the rotenone-sensitive oxidation 

of NADH and reduction of ubiquinone. Bovine complex I contains a number of redox
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centres including flavin mononucleotide (FMN) and 22-24 atoms o f iron in the form o f 8-9 

iron sulphur clusters. The precise number and composition of the iron-sulphur clusters has 

not been elucidated with any certainty. Walker (1992) has shown evidence o f one 

binuclear (2Fe-2S) and four tetranuclear (4Fe-4S) clusters from sequencing studies. The 

exact path o f electron transfer from NADH (a two-electron carrier) to ubiquinone (an one- 

electron carrier) or the mechanism of proton translocation by complex I is not known and 

remains speculative (see Ragan 1990).

Estimates of the number o f subunits o f the eukaryotic enzyme based on denaturing or two- 

dimensional gel electrophoresis studies have revealed the presence o f 25-30 distinct 

polypeptides. However, cloning and sequencing methods have led to a more recent 

proposal o f ’at least 41 subunits' (Walker et al, 1992), although this is by no means a 

conclusive estimate. The total molecular weight o f the complex has been estimated at 

greater than 900 kDa. In mammals seven o f the subunits (N D l, ND2, ND3, ND4, ND4L, 

ND5 and ND7) are coded by the mitochondrial genome (Chomyn et al, 1985a,b) whilst 

the remaining are encoded by the nucleus and imported into the mitochondrion.

Complex I activity is sensitive to a variety of inhibitors, including rotenone, which inhibits 

the reduction o f ubiquinone but not ferricyanide. The predominant binding site of 

rotenone was shown to be a 33 kDa subunit (Earley et al, 1987) which was positively 

identified as N D l. The involvement of NDl in the binding sites o f various inhibitors and 

its binding of AW-dicyclohexylcarbodi-imide (DCCD), a proton translocation inhibitor, 

suggest that the N D l subunit is likely to have an important functional/structural role in 

Complex I activity and may be involved in proton translocation (Yagi and Hatefi, 1988).

1.4.3.2 Succinate-Ubquinone Reductase (Complex II)

Complex II catalyses the oxidation of succinate to fumarate in the tricarboxylic acid cycle 

with transfer o f reducing equivalents (FADH2) to the lipid-soluble electron acceptor 

ubiquinone. The free-energy change resulting from the transfer o f electrons from FADH2 

to ubiquinone is not sufficient to allow proton translocation and consequently, less ATP is 

formed from the oxidation of FADH2 (2 ATP) than from NADH (3 ATP).
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Complex II is the smallest o f the respiratory chain complexes and is located on the matrix 

side o f the inner mitochondrial membrane. It consists o f four nuclear encoded protein 

subunits o f 70, 27, 15 and 13 kDa and contains one convalently bound FAD, three Fe-S 

centres and a cytochrome o f the b type. Complex II is the only complex which does not 

contain mitochondrially encoded subunits, and is also the only complex which is not 

involved in proton translocation, which suggests that the mitochondrially encoded 

subunits in the respiratory complexes may be involved in proton pumping.

1.4.3.3 Ubiquinone

Ubiquinone is a substituted (2,3-dimethoxy-5methyl-( 1,4)-) benzoquinone with a 

polyisoprenoid side chain of variable length (6 - 1 0  units). The isoprenoid tail makes the 

quinone highly non-polar, enabling it to diffuse rapidly in the hydrocarbon phase o f the 

inner mitochondrial membrane. In mammalian mitochondria the quinone side chain 

commonly consists o f 1 0  isoprene residues (ubiquinone- 1 0  or CoQio), although 

ubiquinol/ubiquinone-9 predominates in rats. The role of ubiquinone is to shuttle reducing 

equivalents from complex I (NADH) and complex II (FADHz) as well as from the FADH2 

moiety o f glycerol 3-phosphate dehydrogenase, and from acyl CoA dehydrogenases via the 

electron-transferring flavoprotein (ETF), to complex III. Ubiquinone is reduced to 

ubiquinol through a semiquinone intermediate. The antioxidant function of ubiquinone has 

been discussed in Section 1.2.2.3.

1.4.3.4 Ubiquinone-Cytochrome c Reductase (Complex DI)

Complex III catalyses the reduction o f cytochrome c by ubiquinol with concomitant 

translocation o f protons from the mitochondrial matrix to the intercristal space. The 

bovine complex is composed o f 1 1  different subunits which include the following redox 

groups: low potential cytochrome high potential cytochrome 6 5 0 2 , and cytochrome Ci 

and a high-potential binuclear iron-sulphur centre, known as the Rieske Fe-S centre 

(Rieske et al, 1964). Subunit III (cytochrome b) is a hydrophobic, membrane-spanning
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subunit associated with the b haems (^ 566 and ^562), and is the only subunit of complex III 

which is encoded by the mitochondrial genome (Anderson et al, 1981).

Complex III translocates two protons for every electron shuttled through the protein. 

However, the mechanism by which this occurs is not known and has been subject to much 

debate. The 'b-cycle' o f Wikstrom and Krab (1986) proposes that proton translocation is 

performed by cytochrome b (subunit III) via a redox-coupled proton pump mechanism. 

Conversely, the 'Q cycle' (Mitchell, 1976) proposes that ubiquinol itself achieves 

translocation by undergoing oxidation and reduction on opposite sides of the 

mitochondrial membrane. According to the Q cycle, QH2 transfers one o f its electrons to 

the Fe-S centre, which is then shuttled sequentially to cytochrome c\ and cytochrome c, 

and this is accompanied by the vectorial translocation o f two protons from the matrix to 

the cytoplasmic side of the membrane. The resulting ubisemiquinone radical (QH*) 

transfers its electron to cytochrome b̂ ee, through cytochrome 6 5 0 2 , which then reduces 

QH’ to QH2 . Thus the cytochrome b component of complex III functions as a recycling 

device, enabling a two-electron carrier (ubiquinol) to interact with a one-electron carrier 

(Fe-S centre).

Complex III activity is sensitive to a number of inhibitors including antimycin A, 

myxathiozol and stigmatellin. Antimycin A is thought to bind in the vicinity o f the high- 

potential haem b (Das Gupta and Rieske, 1973), whereas myxathiazol binds to or near the 

low-potential haem b (Thierbach and Michaelis, 1982).

1.4.3.5 Cytochrome c

At this stage in the respiratory chain, electron transfer becomes external to the inner 

mitochondrial membrane and is mediated by cytochrome c. The eukaryote c type 

cytochromes are small water-soluble proteins. The mitochondrial forms, are located in the 

intermembranous space, loosely attached to the cytoplasmic face o f the inner membrane, 

and function by transferring electrons from the bc\ complex (complex III) to cytochrome 

oxidase (Pettigrew and Moore, 1987).
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1.4.3.6 Cytochrome-c Oxidase (Complex IV)

Complex IV is the terminal proton-pumping complex o f the respiratory chain and catalyses 

the transfer o f electrons from reduced cytochrome c to molecular oxygen, with 

concomitant proton translocation from the matrix to the cytosolic side o f the inner 

membrane. Four electrons completely reduce 0%, the final electron acceptor, to H2O. 

The free energy o f this highly exergonic reaction contributes to the generation of the 

electrochemical proton gradient across the membrane, providing a large thermodynamic 

driving force for oxidative phosphorylation. The complex contains four prosthetic groups, 

haem a and haem ^ 3, and two copper atoms, Cua and Cub. The haem a-CuA cluster forms 

the low-potential centre o f complex IV and accepts a pair o f electrons from reduced 

cytochrome c. The haem ûtb-Cub cluster constitutes the high-potential centre and is 

involved in binding and reducing 0% The mechanism o f proton translocation by complex 

IV has been extensively reviewed {see Wikstrom et al 1998, Rottenberg, 1998).

The mammalian enzyme complex consists o f 13 subunits (Kadenbach and Merle, 1981), of 

which three (CO I, II and III) are encoded by the mitochondrial genome. The mtDNA 

products contain the catalytic core o f the complex. The prosthetic groups have been 

localised to subunit I (Cub and haem a and haem a^) and subunit II (Cua) of the complex 

(Holm et al, 1987), whilst subunit III has been shown to bind DCCD, in agreement with its 

suggested involvement in proton pumping (Prochaska et al, 1980). In mammals, at least 

three of the nuclear-encoded subunits (Via, Vila and VIII) exist as tissue-specific isoforms 

and may therefore play an important role in forming tissue-specific isozymes of 

cytochrome-c oxidase, in order to meet the metabolic requirements o f different tissues 

(Capaldi, 1990). Electron microscopic analysis o f two-dimensional crystals o f complex IV 

suggest that it is Y-shaped, with one domain protruding from the membrane into the 

intermembrane space and two domains protruding into the matrix (Deatherage et al, 

1982). For a recent review on the structure o f cytochrome oxidase see Michel et al, 1998.

Complex IV is sensitive to inhibition by cyanide, azide and carbon monoxide, all o f which 

react with the enzyme by forming a complex with haem as. Cyanide and azide react with 

the ferric (oxidised) form of the haem whilst carbon monoxide inhibits the ferrous 

(reduced) form (Tzagoloff and Wharton, 1965).
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1.4.3.7 ATP Synthase (Complex V)

Complex V catalyses the synthesis o f ATP from ADP and Pi, driven by the movement of 

through the enzyme and down the proton electrochemical potential gradient {see Elston 

et al, 1988). The mitochondrial ATP synthase is composed of two distinct domains, Fi 

and Fo. The Fi water-soluble domain contains the catalytic centre for ATP synthesis and 

protrudes into the mitochondrial matrix. The Fo hydrophobic domain is embedded in the 

inner membrane and is involved in proton translocation. The two domains are joined by a 

stalk which contains several proteins one o f which confers oligomycin sensitivity to the 

complex. The eukaryotic complex is comprised o f fourteen subunits; five o f the Fi 

fraction and nine of the Fo. Two o f the subunits of the Fq domain, ATPase 6  and A6 L 

(also known as ATPase 8 ) are encoded by the mitochondrial genome, whilst the remaining 

are all nuclear encoded, cytoplasmically synthesised and imported into the mitochondria 

(Hatefi et al, 1985). For details o f the crystal structure of ATP synthase and the functional 

mechanism of the enzyme as a molecular rotary motor see Abrahams et al (1994), Yasuda 

et al (1998) and Wang and Oster (1998).

1.4.4 Mitochondrial DNA

Mammalian mitochondrial DNA (mtDNA) is characteristically small and economical, and 

achieves a high density o f genetic information by its virtual lack o f non-coding regions and 

absence o f introns. The human mitochondrial genome is a circular double-stranded 

molecule 16.5 kb in length and contains the genes for 13 functional polypeptides, a region 

which serves as an origin o f replication, two ribosomal RNAs (rRNAs) and a full set of 

transfer RNAs (tRNAs) sufficient to transcribe and translate the mtDNA (Anderson et al, 

1981). MtDNA is almost exclusively transmitted through the maternal line, particularly in 

the case o f humans and hence diseases genetically related to mtDNA also follow a 

maternal pattern o f inheritance (Giles et al, 1980).
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1.4.4.1 Mitochondrial Gene Products

Experimental analysis led to the finding that all 13 polypeptides encoded by the mtDNA 

are components o f the oxidative phosphorylation system (Table 1.4). O f the 13 reading 

frames, five were soon recognised as corresponding to the three largest subunits o f 

cytochrome c oxidase (CGI, COII and COIII), apocytochrome b o f the bc\ complex and 

subunit 6 of the ATPase, on the basis of their sequence homology to previously identified 

yeast mitochondrial genes (Anderson et al, 1981) and bovine COII (Barrell et al, 1979). 

O f the remaining eight unidentified reading frames (URFs), seven were identified by the 

use o f antibodies directed against chemically synthesised peptides predicted from the DNA 

sequence o f the individual reading frames (Mariottini et al, 1983, 1986, Chomyn et al, 

1983,1986). Functional assignment o f these URF products as Complex I subunits soon 

followed when purified native bovine Complex I antisera, cross-reactive with human 

complex I, was shown to efifectively immunoprecipitate the URF products with absolute 

specificity. This led to the functional assignment of the URF products as ND (NADH 

dehydrogenase) subunits; N D l, ND2, ND3, ND4L, ND5 and ND6 (Heron et al, 1979, 

Chomyn et al, 1985a,b). The eighth URF was recognised as a gene for an ATPase subunit 

on the basis o f its sequence homology to a newly discovered yeast mtDNA gene, encoding 

subunit 8 of the ATPase (Macreadie et al, 1983).

Table 1.4 Mammalian Mitochondrial DNA Gene Products

Gene Function

16S rRNA and 12S rRNA genes Constituents o f mitochondrial ribosomes

22 tRNA genes Decoding system for mitochondrial messages

13 polypeptide genes Subunits ND 1, 2, 3, 4, 4L, 5, 6 o f NADH-

ubiquinone reductase (complex I).

Cytochrome b o f ubiquinone-cytochrome c

reductase (complex III).

Subunits CO I, II, III o f cytochrome c

oxidase (complex IV).

Subunits ATPase 6 and ATPase 8 o f ATP

synthase (complex V).
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1.4.4.2 Mitochondrial Gene Expression

The mitochondrial ribosomal proteins, initiation and elongation factors and the enzymes 

involved in the specific mitochondrial system for gene expression are all nuclear gene 

products which are synthesised on cytoplasmic ribosomes and subsequently transported 

into the mitochondria. Mitochondria, therefore, have limited autonomy, their fijnction and 

biogenesis depending on the concerted action of two genetic systems. Replication, 

transcription and translation of the mammalian mitochondrial genome has been extensively 

documented elsewhere (see Anderson et al, 1981, Clayton, 1982, Attardi, 1987, Attardi et 

al, 1990, O'Brien et al, 1990). In human cells the number of mitochondria vary 

considerably, ranging from none (erythrocytes) to several hundreds (striated muscle), 

depending on the energy requirements of the cell. Each mitochondrion is polyploid, and 

may contain fi-om two to ten copies of mtDNA. The economy of mammalian mtDNA is 

extremely efficient (Attardi 1985); the genes are of minimal length, not or hardly 

interspaced and lack non-translated regions at the 5' or 3' end o f most messages. Many of 

the messenger RNA (mRNA) transcripts lack a stop codon. In these cases, the 

stopcodons arise post-transcriptionally by polyadenylation of the 3' end (Montoya et al, 

1981, Ojala et al, 1981). The mitochondrial mRNAs are translated within the 

mitochondrion on chloramphenicol-sensitive ribosomes. The mammalian mtDNA has a 

unique genetic code which deviates from the universal code in that AUA codes for 

methionine rather than isoleucine; UGA is not a stop codon but codes for tryptophan; and 

AGA and AGG are stop codons rather than coding for arginine. Another remarkable 

feature of the mitochondrial genetic code is that a single transfer RNA (tRNA) can decode 

the different codons for a given amino acid, provided that these codons are degenerate in 

the third letter only. Thus the set o f 22 tRNA species encoded by mtDNA are completely 

sufficient to decode the mitochondrial mRNAs, in contrast to the minimum number o f 32 

required for decoding the nuclear genome (Lagerkvist, 1978, Bareli et al, 1979).

1.4.5 Mitochondrial Protein Import

The nuclear encoded polypeptides o f the oxidative phosphorylation system are synthesised 

in the cytosol by free ribosomes and therefore need to be transported into the mitochondria
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before assembly into their correct respiratory chain complex. This process consists o f four 

essential stages; precursor synthesis, membrane binding and insertion, membrane 

translocation, and intramitochondrial processing and sorting, and is briefly outlined below 

(for reviews see; Segui-Real etal, 1992, Schatz, 1993, Voos etal, 1994).

The majority o f the nuclear-encoded mitochondrial proteins are synthesised with cleavable 

N-terminal presequences, consisting of 20-80 amino acid residues, which act as 

recognition signals for targeting o f the proteins into the correct mitochondrial 

compartment (Rosie and Schatz, 1988). Some mitochondrial proteins such as cytochrome 

c lack cleavable presequences and instead carry all their targeting information in the 

mature protein (Planner and Neupert, 1990). The precursors are recognised by receptors 

on the outer membrane of the mitochondria, and translocated across both membranes at 

sites of close contact between the outer and inner mitochondrial membranes, known as 

'contact or adhesion sites'. The transport is an energy-dependent process and requires a 

proton motive force across the inner membrane for translocation across the membrane 

(Planner et al, 1991, Sollner et al, 1992). Apocytochrome c preprotein, however, is not 

translocated across the inner membrane but is released into the intermembrane space after 

covalent attachment of haem by cytochrome c haem lyase (Planner and Neupert, 1990). 

Once the preproteins enter the mitochondrial matrix, a peptidase proteolytically removes 

the presequence to yield the mature protein. With the help of molecular chaperones and 

other components, the mitochondrial proteins are sorted to their final submitochondrial 

destination, folded and assembled into functional complexes (Cheng etal, 1989).

1.5 S k e l e t a l  M u s c l e

1.5.1 Skeletal Muscle Structure

Muscle Fibres Skeletal muscle is composed of large cells up to 10 cm in length with 

diameters ranging between 10 and 100 pm. These muscle cells, more usually referred to 

as muscle fibres or myofibres, appear as polygons when examined in cross-section under 

the light microscope. The size o f the fibres varies according to age, sex and function.
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Individual muscle fibres are multi-nucleated, and are surrounded by a plasma membrane 

known as the sarcolemma. The nuclei are ovoid or elliptical in shape and distributed 

peripherally i.e. close to the sarcolemma.

Connective Tissue Muscle fibres are bound together by connective tissue, comprised o f 

the épimysium, which forms a connective sheath around the whole muscle, the 

perimysium, which separates muscle into fascicles or bundles o f fibres and consists of 

collagen fibres extending from the épimysium, and the endomysium, which separates the 

individual muscle fibres from one another with a fine network of collagen fibrils, and 

contains the many capillaries and nerve fibres that supply the muscle fibres.

Myofibrils Each muscle fibre is composed of longitudinally oriented myofibrils, which 

occupy between 85% to 95% of the volume o f each muscle fibre, and appear as irregular 

polygons when examined in cross-section. Each myofibril is comprised of a bundle o f 

myofilaments which are regularly aligned and are o f two types; thick myosin filaments and 

thinner actin filaments. The myofilaments are arranged between one another in a precise 

manner, which is repeated throughout the length of the myofibril. Each serially repeated 

segment is known as a sarcomere, and gives rise to the characteristic cross-striations o f 

skeletal muscle. For a general review of the myofibril structure see Squire et al (1987).

Sarcomere The sarcomere represents the contractile unit o f striated muscle, and consists 

of two major bands; a dark central A {anisotropic) band and a light I  (isotropic) band 

(Figure 1.14). The A band contains regular parallel thick myofilaments, principally 

composed o f the protein myosin, which overlap with thin filaments. The thin filaments 

consist o f actin in combination with the proteins tropomyosin and the troponin complex 

(TnC, Tnl and TnT). The centre o f the A band, termed the H zone, is paler than the rest 

of the band and contains thick filaments only. The H zone is bisected by a dark narrow 

transverse line, known as the M  band, which consists o f cross-bridges linking adjacent 

myosin filaments together. The I band is situated on either side o f the A band and consists 

of thin filaments only. Transversing the middle o f each I band is a narrow dense line called 

the Z line or disc, which marks the longitudinal boundary o f each sarcomere (Milligan and 

Flicker, 1987).
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Each thick filament is surrounded by six thin filaments giving rise to a hexagonal lattice in 

cross-section, whilst each thin filament has three neighbouring thick filaments. At the 

overlap regions the thin filaments are forced into the hexagonal array of the thick filaments 

(Figure 1.13).
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Fig 1.13 The arrangement of thick and thin filaments to form a sarcomere. The lower diagram shows the 
cross-sectional appearance of the sarcomere at different axial levels. From Jones & Round (1990).

Structural Proteins A variety of cytoskeletal proteins are present in the muscle fibres 

which function to maintain the architecture of the sarcomere (for review see Wang, 1986). 

Proteins in the M line {M-protein) keep the myosin filaments in the correct spatial 

arrangement for the actin filaments to slide between them. Titin, an extremely long 

protein, links the Z lines. Nebulin, another very large protein is found associated with 

actin near the Z line, although its precise function is not known, a-actinin forms part of 

the Z line structure, binding the actin filaments together whilst desmin (skeletin) links the Z 

lines of adjacent myofibrils, keeping the Z lines in register and is responsible for joining 

the whole Z line assembly to the plasma membrane. Spectrin and dystrophin are located at 

the periphery of the muscle fibres in association with the plasma membrane and are 

thought to play a structural role in the surface membrane of the muscle fibre.

Sarcoplasm The sarcoplasm is the cytoplasm of the myofibre and forms a thin layer 

between the outermost myofibrils and the sarcolemma (plasma membrane) as well as 

between individual myofibrils. The sarcoplasm contains a number of ultrastructural 

features, visible with the electron microscope {see Eisenberg, 1983, for review);
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Sarcoplasmic Reticulum The sarcoplasm contains a network of internal membranes 

known as the sarcoplasmic reticulum (SR) and is equivalent to the rough endoplasmic 

reticulum in other cells. The SR consists of a series of flattened sacs which envelope each 

myofibril and act as a store for the uptake and release of Ca^ .̂ These sacs are divided into 

central, perforated zones with unperforated components {terminal cistemae) at either end, 

at the level of the junction of the A/I bands (Figure 1.14). In fast muscle fibres the SR is 

highly developed, allowing rapid Ca^  ̂ release and uptake for rapid contraction, whilst in 

slow fibres the membrane system is less well developed.

Mvotibril

Terminal cistemae 
of sarcoplasmic reticulum

Wéf/îM

Sarcolemma

Longitudinal tubules 
of sarcoplasmic reticulum

\  Transverse (T ) 
'  I tubule

T r ia d

Fig 1.14 Arrangement of T tubules, sarcoplasmic reticulum and the myofibrils in the muscle fibre. Insert 
shows the structure of a triad. From Jones and Roimd (1990).

Transverse Tubular System (T system) The plasma membrane of the muscle fibre 

invaginates to form a complex tubular system. The tubules cross the fibres, branching and 

interconnecting with one another, and allow the rapid passage of depolarisation into the 

interior of the fibre. At the A/I junction of mammalian sarcomeres, the T tubules meet the 

SR and the two membranes are closely applied. In longitudinal electron micrograph 

sections, the T tubules are often cut in cross-section with a portion of the cistemae of the 

SR on either side, forming a triad structure (Figure 1.14).

Mitochondria are a prominent feature of muscle fibres when viewed with the electron 

microscope (EM). They are located in clusters beneath the sarcolemma (subsarcolemmal), 

and between the myofibrils where they tend to be situated on either side of the Z lines 

between the T tubules of adjacent sarcomeres (intersarcomeric). Greater numbers of 

mitochondria are found in slow oxidative fibres compared to fast fibres.
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Lipid droplets are seen between myofibrils adjacent to mitochondria and occur more 

frequently in slow oxidative fibres. Glycogen granules are seen as small black dots in EM 

photographs and are located between the myofibrils. The number o f granules varies not 

only with fibre type, with fast fibres containing greater numbers, but also with nutritional 

status and activity o f the muscle. Lipofuscin deposits are sometimes seen in EM 

photographs of normal muscle, and are common in the muscles o f elderly subjects. They 

are thought to be breakdown products o f intracellular membrane lipids. In addition, 

microtubules, ribosomes, intermediate filaments, and Golgi membranes are found in the 

sarcoplasm of muscle cells.

Other Structures

Satellite cells, derived from embryonic myoblasts lie between the plasma membrane and 

the basement membrane (located between the plasma membrane and the surrounding 

endomysium) o f muscle fibres. Each satellite cell consists of a large nucleus with a thin 

layer o f cytoplasm and can be distinguished from the nuclei o f the muscle fibres by its 

location outside the plasma membrane but beneath the basement membrane, when viewed 

by EM. Satellite cells are activated when muscle fibres are damaged, and initiate 

regeneration o f the damaged fibre.

Blood vessels are abundant in muscle tissue in order that sufficient oxygen is available 

when required. Large arteries penetrate the épimysium and divide into smaller branches, 

which run in the perimysial support tissues forming medium-sized arterioles and veins. 

These branches terminate in a vast capillary network, which runs in the endomysium, 

supplying each muscle fibre with several capillary vessels.

Neuromuscular Junction A single nerve fibre arising from an anterior horn cell o f the 

spinal cord will branch to supply a group of muscle fibres. The anterior horn cell, its axon 

together with the muscle fibres supplied by it, function as one unit, the motor unit. The 

muscle fibres o f this single unit are always excited simultaneously and contract in unison. 

The size o f the motor unit varies from 10-2000 fibres between muscles, depending on the 

degree o f neural control required for the muscle's function. Where a motor nerve fibre 

makes contact with a muscle fibre, a neuromuscular junction or motor-end plate, is 

formed. The appearance of the neuromuscular junction in EM preparations is o f a highly
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convoluted plasma membrane, forming numerous postsynaptic clefts. Accumulations of 

mitochondria and glycogen are seen just beneath the junction and nuclei may also be seen.

1.5.2 Skeletal Muscle Function

Excitation o f Skeletal Muscle An electrical stimulus is conveyed via a nerve fibre to the 

muscle fibres, arriving at the synapse of the neuromuscular junction. The nerve impulse 

causes a sharp increase in the release o f acetylcholine which is stored in vesicles at the 

nerve endings. Acetylcholine crosses the synaptic gap and acts on the acetylcholine 

receptors in the muscle fibre membrane causing an action potential, which is transmitted 

along the muscle fibre membrane into the sarcomere via the T tubules, causing Ca^^ release 

and contraction.

Muscular Contraction The 'sliding filament' theory o f muscle contraction was postulated 

by Huxley and Hansen (1954), and Huxley and Niedergerke (1954). The theory states that 

the thin (actin) filaments slide between the thick (myosin) filaments, drawing the Z lines 

closer together and resulting in shortening of the sarcomere. The sequence o f events 

leading to contraction has been suggested to be as follows; an electrical stimulus reaches 

the SR via the T system (described above), causing release o f Ca^^ from the terminal 

cistemae of the SR. The released calcium combines with troponin on the thin filament. 

The troponin complex is positioned at regular intervals along the thin filament, acting as a 

latch by holding tropomyosin in a position that blocks the myosin-binding site on actin. 

Ca^^ binding to troponin releases this latch shifting tropomyosin, and results in exposure of 

the myosin-binding site on actin. Consequently, the myosin heads of the myosin molecule, 

which are charged with ATP, combine with actin to form an actomyosin cross-bridge. 

ATP is cleaved by myosin ATPase to produce ADP, phosphate and an 'energised' complex 

of myosin. At the same time, a conformational change shifts the angle o f the cross-bridge 

such that the myosin head pulls the actin filament over itself towards the centre o f the 

sarcomere, resulting in shortening of the sarcomere length. The cycle described above is 

repeated i.e. ATP binds to the actomyosin complex in the presence o f Mg^^ ions, and the 

myosin head becomes detached from actin and reattached at a new position on actin, 

resulting in continuous sliding of the thin filament. However, details o f this mechanism are
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still unclear. When excitation of the sarcomere ceases, Ca^^ is pumped back to the SR, 

and contraction o f the sarcomere ends (for review see Hibberd and Trentham, 1986).

Energy Source fo r Muscle Contraction ATP is the direct source o f energy for muscle 

contraction. During moderate exercise, the energy requirement is met initially by stored 

ATP, which is rapidly depleted. Mammalian muscles contain a buffer o f high-potential 

phosphoryl groups in the form of phosphocreatine. Myofibrillar creatine kinase catalyses 

the transfer o f a phosphoryl group from phosphocreatine to ADP to resynthesized ATP, 

which ensures that there is always a constant supply o f ATP in the muscle for immediate 

contraction. After a few seconds of exercise, fatty acids and glucose taken up from the 

blood stream are oxidised to provide additional ATP, which is used to resynthesize 

phosphocreatine from creatine in the mitochondrial intermembrane space. During 

strenuous exercise the oxygen supply is insufficient to maintain adequate oxidative 

phosphorylation o f its respiratory substrates. Under these conditions, the energy is 

supplied by glycolysis i.e. the anaerobic breakdown o f glucose or muscle-stored glycogen. 

During glycolysis, lactic acid is released from the muscle into the bloodstream and is 

subsequently taken up by the liver, where it is converted to glucose, some o f which is 

transported back to the muscle whilst the remainder is stored in the liver as glycogen 

(Loughlin, 1993).

1.5.3 Muscle Fibre Types

Mammalian skeletal muscle fibres can be classified into three major types on the basis o f 

their physiological, metabolic, biochemical and histochemical properties (Brooke and 

Kaiser, 1970), summarised in Table 1.5.

The muscle fibre type is determined by the nerve supplying the muscle fibre. Thus, the 

muscle fibres within a single motor unit function together and have similar metabolic and 

contractile properties i.e. are o f the same fibre type. Most human skeletal muscles, 

incorporate all three types of fibres. However, the relative proportions o f the fibres in a 

given muscle depend on the function of the muscle. In general, muscles that are required 

to sustain contractile activity for long periods of time, such as those involved in
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maintaining posture (e.g. soleus), have a high proportion of type I fibres, whilst muscles 

used for short bursts o f activity (e.g. quadriceps) have a predominance o f type II fibres 

(Johnson et al, 1973).

Table 1.5 Classification o f Muscle Fibre Types

Fibre Type I n a H b

Colour Red Intermediate White

Myoglobin content High Intermediate Low

Speed o f contraction Slow Intermediate to fast Fast

Resistance to fatigue High Intermediate Low

Energy metabolism Oxidative Oxidative/glycolytic Glycolytic

SR Poorly developed Well-developed Well-developed

Mitochondria Many Many Few

Glycogen Low High Intermediate

Lipid High Intermediate Low

Function Posture maintenance Locomotion Locomotion

SR; sarcoplasmic reticulum.

1.5.4 Pathological Features of Skeletal Muscle

The primary cause of pathological changes in skeletal muscle cells may be due to a defect 

in the nervous system innervating the muscle {neurogenic), due to a defect in the muscle 

itself {myopathic), or due to disturbances in muscle cell metabolism {metabolic), which 

may be primary or secondary in nature. Various structural alterations are observed in 

pathological skeletal muscle, some o f which occur in relation to specific muscle disorders, 

whilst others are seen as non-specific findings in many different types of disorders. A brief 

description of these pathological features, summarised from Loughlin (1993) and 

Gumming et al (1994), is given below. Detailed accounts of these features and the muscle 

diseases in which they occur can be found in Mastaglia and Walton (1982), Dubowitz 

(1985), and Swash and Schwartz (1988).
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Muscle Fibre Atrophy Muscle atrophy results in a reduction in the cross-sectional area of 

individual muscle fibres, and is distinct from muscle hypotrophy in which normal growth of 

the fibres is slowed or arrested. Atrophied muscle fibres can appear heavily nucleated due 

to concentration o f the nuclei in a smaller volume of sarcoplasm. The pattern o f atrophy 

varies; a uniform reduction in the size o f all fibres is seen in muscles that are totally 

denervated, whilst in partially denervated muscles, atrophied fibres are distributed between 

fibres o f normal size either singly or in groups o f the same fibre type. Such atrophied 

fibres tend to be small and angular in outline. In a number of myopathic situations the 

atrophy process may be fibre type specific. Selective type I atrophy is relatively 

uncommon. However, selective type II atrophy is one of the most common abnormalities 

found in muscle biopsies, and is a non-specific feature associated with a wide variety of 

conditions, including certain metabolic disorders and a few muscle diseases, and may be 

associated with muscle disuse.

Muscle Fibre Hypertrophy In normal muscle, an increase in the size o f the muscle fibres 

(hypertrophy) may occur in response to an increased workload. In certain muscle 

disorders it may occur in response to atrophy o f other fibres as a way o f compensation. 

Muscle fibre hypertrophy may be selective for one fibre type or affect both fibre types.

Fibre Splitting This feature is seen in large (hypertrophic) fibres. Splitting o f the fibre 

may show only a partial division, or may produce an apparent group o f small fibres. 

Sarcolemmal nuclei are frequently seen alongside these fibre splits.

Necrosis and Degeneration In response to injury, the muscle cell may undergo acute or 

subacute destructive changes which result in the death of the fibre (necrosis). Necrosis 

can occur along the entire length o f the fibre but is more usually confined to a segment of 

the muscle fibre (segmental necrosis). One o f the earliest degenerative change which 

occurs is the formation o f hypercontracted hyaline fibres. These fibres have distinctive 

staining properties and result when damage to the muscle cell membrane permits an excess 

influx of Ca^^ into the muscle fibre, which produces a state o f hypercontraction o f the 

myofibrils from which they are unable to relax, resulting in the formation of 

hypercontraction bands. In transverse section hyaline fibres are very rounded in 

appearance and stain densely and smoothly with eosin. As degeneration progresses, fibre
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splitting and fragmentation, internalisation o f the muscle nuclei and proliferation of the 

endomysial and perimysial connective tissue is frequently seen. At the ultrastructural level, 

a number o f changes occur in the contractile apparatus. In particular, loss o f I bands and Z 

band streaming are observed as early signs o f fibre breakdown. As the necrotic process 

progresses the formation o f 'delta' lesions, which appear as focal areas o f degeneration of 

the myofilaments to granular debris and disruption of the plasma membrane, are observed. 

This cellular debris is subsequently removed by phagocytosis, and numerous macrophages 

can be seen invading cells undergoing necrosis. At the end-stages o f degeneration, fat and 

fibrous connective tissue almost completely replace the muscle fibres.

Regeneration As a sequel to necrosis, injured muscle has the ability to regenerate, during 

which functional and structural reconstitution o f the muscle take place. Regeneration is 

initiated by the differentiation o f the satellite cells, which are normally located between the 

plasma membrane and the basement membrane o f the muscle fibres. Regenerating muscle 

fibres can be identified by their high RNA content (basophilia) and large vesicular nuclei. 

In fibres that have undergone regeneration, the nucleus is centrally located, smooth in 

outline and contains a prominent nucleolus.

Vacuolar Changes Disturbances in muscle metabolism may result in the appearance o f 

vacuoles within the muscle fibre. These vacuoles may appear to contain nothing or may be 

filled with lipid or polysaccharide. In some types of abnormal glycogen metabolism 

disorders, large accumulations of glycogen are seen, especially in subsarcolemmal regions. 

Disorders o f lipid metabolism, usually occur secondary to defects in mitochondrial 

function, and can be characterised histologically by the presence o f large lipid droplets 

between the myofibrils. These droplets are usually found in close proximity to the 

mitochondria, and tend to be more obvious in fibres with oxidative metabolism.

Mitochondrial Changes A prominent feature o f muscle from patients with mitochondrial 

myopathies, is the appearance o f characteristic 'ragged red' fibres, when stained with the 

modified Gomori trichrome stain (Engel and Cunningham, 1963). This abnormal staining 

is due to the subsarcolemmal aggregations o f defective mitochondria, and can also be 

demonstrated histochemically by staining for succinate dehydrogenase (complex II) or 

cytochrome oxidase (complex IV) activity. Some fibres may stain negative for
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cytochrome oxidase activity. At the ultrastructural level, large subsarcolemmal 

accumulations of mitochondria can be seen in some fibres. These mitochondria may vary 

considerably in size and shape, have abnormal cristae, contain bizarre inclusions, and may 

be found in association with lipid droplets. 'Ragged red fibre' abnormality particularly 

affects type I (oxidative) fibres, probably due to their high content o f mitochondria.

Tubular Aggregates These structures are identified with the EM as clusters o f tightly 

packed tubules. In longitudinal section they appear as aggregates o f long, thin-walled 

tubes and have a granular core. Tubular aggregates are particularly evident in type Ilb 

(fast) fibres, and are thought to be derived from the SR. They appear in small numbers as 

a non-specific feature in a number o f muscle disorders, but are particularly common in 

periodic paralyses.

Miscellaneous Ultrastructural Disorders A number o f morphological changes are seen at 

the electron microscopic level which do not appear to be specific to any one pathological 

process. These include duplication and folding o f the basement membrane, dilation o f the 

terminal cistemae o f the SR and T tubules and dissolution o f the A bands. Dilation o f the 

T tubules can lead to the formation of vacuoles which may contain unidentified granular 

material. Proliferation o f the T tubules gives rise to honeycomb-like inclusions. These 

structures may be associated with the tubular portion o f the triads, and can vary in size and 

distribution, ranging from a small cluster o f spheres to extensive interfibrillar masses. 

Intramyofibrillar vacuoles lacking identifiable contents or containing only a few 

membranous remnants may also be observed. In addition, cytoplasmic bodies which are 

round or ovoid inclusions with thick and thin filaments radiating from a dense central core 

have been described in several unrelated disorders and are thought to be derived from 

thickenings of the Z disc. Concentric laminated tubular inclusions, and cylindrical 

spirals composed o f concentric lamellae surrounding a granular core, have also been 

reported as non-specific findings but the pathogenetic significance of these features is 

unclear. Myelin figures and lipofuscin deposits are seen as late-stage changes in virtually 

any form of myopathic degeneration. The former appear as electron-dense, laminated 

structures and vary considerably in size, shape and numbers within a fibre, whilst the 

lipofuscin granules are commonly seen in aged muscle. These features are thought to be 

end-products o f the breakdown o f intracellular membrane phospholipids.
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1.6 Oxidative Stress

1.6.1 Definition

Under normal conditions, there is an equilibrium between factors that promote free radical 

formation (prooxidants) and the antioxidant defence mechanisms. An imbalance in this 

equilibrium favouring the former is defined as a state o f oxidative stress, and may lead to 

excessive molecular damage and tissue injury (Sies, 1991).

1.6.2 Oxidative Stress and the Mitochondrial Respiratory Chain (MRC)

1.6.2.1 Free Radical Formation by the MRC

The mitochondrial electron transport chain (ETC) produces damaging free radicals as by

products of its normal function (Section 1.1.4.2). The rate o f superoxide radical formation 

has been shown to be directly related to the rate o f mitochondrial oxygen utilisation 

(Boveris and Chance, 1973). The generation of hydrogen peroxide by the dismutation of 

superoxide radicals can, in the presence of transition metals such as iron, promote and 

propagate lipid peroxidation reactions, thus posing a constant threat to cellular 

homeostasis (Cadenas, 1989). Many of the MRC redox centres are one-electron carriers 

(Fe-S centres, ubisemiquinone and cytochromes) and can potentially act as univalent 

reductants o f oxygen to generate the superoxide radical. However, the predominant site 

o f radical formation by the ETC remains controversial.

The effect o f specific mitochondrial inhibitors on hydrogen peroxide production by the 

ETC was used to determine the site o f free radical formation. The enhancement of 

hydrogen peroxide production by antimycin with both succinate and NAD-linked 

substrates, and the inhibition o f hydrogen peroxide production by rotenone with NAD- 

linked substrates (Loschen et al, 1971, Boveris and Chance, 1973) narrowed the site of 

superoxide formation to reduced members o f the respiratory chain located between the 

rotenone and antimcyin sensitive sites i.e. non-haem iron, flavoprotein, ubiquinone and
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cytochrome b. Thereafter, it was shown that superoxide could be considered a 

stoichiometric precursor o f mitochondrial hydrogen peroxide after determining the ratios 

o f superoxide radical;hydrogen peroxide close to 2 (Boveris and Cadenas, 1975, Dionisi et 

al, 1975). Subsequently, ubisemiquinone was proposed as the main univalent reductant of 

oxygen in mitochondrial membranes (Boveris et al, 1976, Cadenas et al, 1977). This was 

confirmed by Trumpower and Simmons (1979) who localised the site o f superoxide radical 

generation in the span succinate dehydrogenase to cytochrome b by demonstrating its 

production by purified complexes II-III (succinate cytochrome c reductase), and 

postulated a mechanism in which the semiquinone form o f ubiquinone gave rise to the 

superoxide radical.

Additional evidence regarding mitochondrial free radical generation implicated complex I 

(NADH ubiquinone reductase) as the first site o f superoxide radical formation. Takeshige 

and Minakami (1975) showed that bovine heart submitochondrial particles (SMP) 

catalysed an NAD(P)H-dependent lipid peroxidation in the presence o f ferric ions and 

ADP, and that the site o f NAD(P)H-dependent superoxide anion production by the 

respiratory chain was located within the NADH dehydrogenase between a mercurial- 

sensitive and a rotenone-sensitive site. They suggested that a non-haem Fe-S centre, 

essential for NADH ubiquinone reductase activity but not involved in the reduction of 

FMN, was most likely involved (Takeshige and Minakami, 1979). However, the question 

of which of the Fe-S is responsible for superoxide generation by complex I remains 

unresolved. Turrens and Boveris (1980), who studied the generation o f superoxide anion 

by NADH dehydrogenase o f bovine heart SMP, confirmed the effect o f rotenone on 

superoxide production by the NADH dehydrogenase. They also distinguished two sites of 

superoxide radical formation by the MRC: the NADH dehydrogenase (complex I) and the 

ubiquinone cytochrome b (complex III) area, and reported the latter to be the 

quantitatively more active site at physiological pH. In a later study, Ramsay and Singer 

(1992) suggested that superoxide formation may not be the primary source o f oxygen 

radicals for inducing lipid peroxidation, since rotenone inhibition could induce lipid 

peroxidation in the absence o f superoxide generation, and further concluded that 

oxyradical formation may be the result o f the binding o f inhibitors at sites in the membrane 

other than those related to the inhibition o f electron transport.
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Increased concentrations o f free radicals can themselves induce respiratory chain 

dysfunction. Incubation o f mitochondria with the neurotoxin 1-methyl-4 phenyl 

pyridinium (MPP ) results in its specific binding to complex I and causes an increase in 

free radical production which in turn leads to the free radical-mediated inhibition of 

complex I (Hasegawa et al, 1990, Cleeter et al, 1992). Hence, it appears that oxidative 

stress can exacerbate an already existing respiratory chain defect, creating a self-amplifying 

cycle o f free radical generation and respiratory chain dysfunction.

1.6.2.2 Mitochondrial Lipid Damage and MRC Function

Mitochondrial membranes have a high content o f PUFA, a property which renders them 

particularly susceptible to oxidative attack and peroxidation (Buttriss and Diplock, 1988). 

Furthermore, cardiolipin, a diphosphatidyl glycerol derivative found principally in the inner 

mitochondrial membrane, is essential for the normal structure and functioning of the 

mitochondrion. Cardiolipin interacts with various proteins o f the inner mitochondrial 

membrane and plays a pivotal role in maintaining their activities. The multiple interactions 

o f cardiolipin with these various mitochondrial proteins have been extensively documented 

(Daum, 1985, Hoch, 1992) and include effects on protein function, orientation and 

stabilisation. In addition, cardiolipin appears to play an important role in controlling ion 

transport and permeability of the inner mitochondrial membrane as well as in maintaining 

the mitochondrial proton gradient. Deficiencies o f this phospholipid are associated with 

decreases in state III respiration and possible increases in state IV respiration, the latter of 

which appears to be associated with ROS production (Shigenaga and Ames, 1994).

Inactivation of cytochrome oxidase, NADH-ubiquinone reductase and ubiquinone 

cytochrome c reductase have been reported to occur on depletion o f phospholipids from 

bovine heart complex IV (Fry and Green, 1980) and complexes I and HI (Fry and Green,

1981). These complexes have been shown to have an absolute catalytic requirement for 

cardiolipin for enzymatic activity as the presence o f cardiolipin is required for regenerating 

enzymatic activity from phospholipid-depleted preparations o f complexes I, III and IV. In 

the case o f cytochrome oxidase cardiolipin alone can sufficiently restore enzymatic activity 

(Fry and Green, 1980), whilst complexes I and III require cardiolipin in addition with other
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phospholipids for effective restoration o f activity (Fry and Green, 1981). Based on these 

findings two roles for phospholipid involvement in electron transfer processes have been 

proposed; a general solubilising role which can be fulfilled by various phospholipids and a 

catalytic role which is met specifically by cardiolipin (Fry and Green, 1981).

Because cardiolipin contains a higher ratio o f unsaturated to saturated fatty acid residues 

compared with other phospholipids of the inner membrane (Daum, 1985) this makes it 

highly susceptible to conditions o f oxidative stress which decrease the levels cardiolipin by 

inducing oxidation of its unsaturated fatty acyl chains. Cardiolipin has been shown to be 

selectively destroyed by ROS generated during conditions o f oxidative stress, such as in 

ischaemia reperfusion (Smith et al, 1980, Nakahara et al, 1992), and in in vitro free 

radical-generating systems capable of inducing lipid peroxidation (Narabayashi et al,

1982). The destruction of cardiolipin during postischaemic reperfusion has been shown to 

result in decreased activities o f cytochrome c oxidase and FJFi-ATPase in rat brain 

mitochondria (Nakahara et al, 1992), whilst loss of cardiolipin due to ischaemia injury in 

liver mitochondria resulted in increased permeability o f the inner mitochondrial membrane 

(Okayasu et al, 1985). In addition, cardiolipin is involved in precursor protein import into 

the mitochondria, and hence changes in the level o f this critical phospholipid can adversely 

affect targeted insertion o f nuclear-encoded mitochondrial proteins (Filers et al, 1989).

1.6.3 Oxidative Stress and Mitochondrial DNA

Mitochondrial DNA (mtDNA) is not covered with histones and is transiently attached to 

the inner mitochondrial membrane, where large amounts o f ROS are produced (Section 

1.1.4.2). Unlike the nuclear genome, mtDNA is replicated rapidly by DNA polymerase y 

without sufficient proof-reading or an efficient DNA repair system (Clayton et al, 1974). 

Mitochondria do not have significant recombinational repair, but may be able to excise 

damaged bases since they contain uracil DNA glycosylases, AP endonucleases and UV 

endonucleases (Tomkinson et al, 1990). Collectively these factors expose mtDNA to an 

enhanced risk o f ROS-mediated damage. Furthermore mtDNA, which encodes 13 

subunits o f the oxidative phosphorylation system, has little redundancy and a high 

information density with few non-coding regions (Anderson et al, 1981), and hence
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damage to mtDNA is likely to have fimctional significance. This may create a vicious 

cycle, resulting in the synthesis o f altered proteins o f the MRC, which in turn may lead to 

increased ROS formation and consequently more damage to mtDNA.

8-Hydroxydeoxyguanosine (80HdG) is the most common oxidatively-modified base 

product used to assess oxidative damage to DNA {see Section 1.1.5.3). Richter et al,

(1988) have reported a steady-state level of 80HdG, 16 fold greater in mtDNA than in 

nuclear DNA (nDNA) in rat liver. The greater sensitivity o f mtDNA to oxidative damage 

compared to nDNA has also been reported by Ames et al (1993) in liver DNA from both 

young (4 months) and old (24 months) rats, and by Chung et al (1992) who reported a 14- 

fold higher level o f oxidative damage in mtDNA over nDNA in rat liver. Similarly, Yakes 

and Van Houten (1997), found that hydrogen peroxide-induced DNA damage in human 

cells, was more extensive (3-fold greater) and persisted longer in mtDNA compared to 

nDNA. Damage to the nuclear fragment was completely repaired within 1.5 h, whereas no 

repair o f the mitochondrial genome was observed. However, these results appear to be in 

conflict with those of an earher study, in which mitochondria fi’om a rat insulinoma cell line 

(RINr 38) were shown to be able to efficiently repair damage to their DNA caused by 

ROS (Driggers et al, 1993).

The presence o f 80HdG in DNA templates has been shown to have an overwhelming 

effect on template-directed DNA synthesis, causing misreading not only at the position o f 

the 80H dG  residue itself, but also at neighbouring bases (Kuchino et al, 1987). Although 

the molecular mechanism by which 80HdG affects the fidelity o f DNA replication is not 

known, it provides a plausible mechanism by which oxidative damage to DNA may result 

in the formation o f point mutations and cause carcinogenesis.

Membrane lipid peroxidation has been shown to mediate damage to DNA. The induction 

o f lipid peroxidation in mitochondria using an in vitro free radical-generating system was 

shown to result in structural damage to mtDNA by causing cross-linking o f the DNA to 

proteins (Hruszkewycz, 1988), and increase the 80HdG content o f DNA (Hruszkewycz 

and Bergtold, 1990). Furthermore, vitamin E was able to prevent both the hpid 

peroxidation and the mtDNA damage (Hruszkewycz, 1992). The covalent binding o f 

protein to DNA may in turn affect the expression o f the mitochondrial genome (Richter,
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1995). Similarly, the amount o f SOHdG formed in calf thymus DNA was shown to be 

proportional to the amount o f lipid peroxidation, dependent on the presence o f transition 

metal ions, and inhibited by scavengers such as SOD and catalase (Park and Floyd, 1992).

Hayakawa et al (1992) observed that mtDNA deletions in human heart tissue were highly 

correlated with the SOHdG content o f mtDNA. In a later study, Giulivi et al (1995) 

reported that when hydroxyl radical generation by the MRC was enhanced by using 

respiratory chain inhibitors, an increased accumulation of SOHdG was seen and suggested 

that mitochondial ROS production underlies the accumulation o f mtDNA mutations and/or 

deletions with age. Evidence for a causal relationship between ROS production in 

mitochondria and structural modification o f mtDNA in vivo, was demonstrated by Adachi 

et al (1993). Treatment of mice with doxorubicin (a mitochondrial ROS stimulator) was 

shown to lead to a dose- and time-dependent formation o f mtDNA deletions in cardiac 

tissue. In an earlier study, the extent o f doxorubicin-mediated damage to mtDNA was 

shown to be drastically reduced by the antioxidant, ubiquinol-10 (Asano et al, 1991).

1.6.4 Oxidative Stress and Apoptosis

Apoptosis is a morphologically distinct form o f cell death characterised by cell shrinkage, 

membrane blebbing and chromatin condensation, culminating in the formation of 

membrane-bound, ultrastructurally conserved cell fragments known as 'apoptotic bodies' 

(Kerr et al, 1972). A major biochemical hallmark o f apoptosis is intemucleosomal DNA 

cleavage, producing fragments o f multiples o f 180-200 base pairs (Wyllie, 1980), which 

can be visualised as a laddering pattern after DNA electrophoresis. Unlike necrosis, in 

which cell membrane damage, lysis o f internal organelles such as lysosomes and leakage o f 

cell contents results in an inflammatory response, apoptosis is a form o f programmed cell 

death and plays an essential role in embryogenesis and in the control o f normal cell number 

by providing a safe and efficient way of continuous cell turnover. The apoptotic bodies 

can be phagocytosed and their contents recycled (Savill et al, 1993).

Apoptosis can be induced by a variety of diverse stimuli many o f which are also capable o f 

evoking oxidative stress, such as ionising and ultraviolet radiation {see Buttke and
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Sandstrom, 1994, Slater and Orrenius, 1995, Glutton, 1997, for reviews). Exposure to 

low doses o f hydrogen peroxide induces apoptosis in a variety o f cell types, whilst high 

doses induces necrosis (Lennon et al, 1991), and this has led to the suggestion that the 

severity o f the insult determines the form of cell death (Duvall and Wyllie, 1986). Stangel 

et al (1996) showed that both hydrogen peroxide and nitric oxide could induce apoptosis 

in rat skeletal muscle myoblasts in a dose-dependent manner. Alternatively, apoptosis may 

be induced by decreasing the ability o f a cell to scavenge ROS. Depletion o f intracellular 

glutathione (GSH) with the drug, buthionine sulfoxamine, was shown to render cells more 

susceptible to oxidative stress-induced apoptosis (Zhong et al, 1993). Similarly, a 

relationship between extracellular catalase levels and sensitivity to hydrogen peroxide- 

induced apoptosis has been demonstrated in the human T-cell line (Sandstrom and Buttke, 

1993). More recently, dietary vitamin E supplementation has been shown to inhibit renal 

apoptosis, DNA damage and cancer incidence induced by iron-mediated peroxidation in 

rats (Zhang et al, 1997).

Many inhibitors o f apoptosis have antioxidant activities or enhance cellular antioxidant 

defences. In humans the proto-oncogene bcl-2 encodes a 25 kDa protein which has been 

localised to the mitochondrial (Hockenbery et al, 1990, Nguyen et al, 1993), endoplasmic 

reticulum and nuclear membranes (Chen-Levy et al, 1989, Jacobson et al, 1993). Over

expression o f Bcl-2 prevents the induction of apoptosis by a variety of oxidative stresses, 

including ionising radiation and inhibition of GSH synthesis. It has been suggested that 

Bcl-2 protects against oxidant-induced apoptotic cell death by regulating an antioxidant 

pathway at selective sites o f ROS generation (Hockenbery et al, 1993, Kane et al, 1993). 

Conversely, the ability o f Bcl-2 to prevent apoptosis under hypoxia indicates that ROS are 

not essential for apoptosis, and that Bcl-2 protection is mediated in ways independent of 

the inhibition o f ROS production (Jacobson and Raff, 1995, Shimzu et al, 1995).

1.6.4.1 Apoptosis and Mitochondria

The mechanism o f apoptosis has remained somewhat controversial, until recent evidence 

(reviewed by Ozawa, 1997) disclosed the role o f mitochondria in cellular apoptosis. 

Mitochondrial control o f nuclear apoptosis was demonstrated from the fact that a
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reduction in the mitochondrial membrane potential constitutes a critical early event o f the 

apoptotic process (Zamzami et al, 1996). A reduction in the mitochondrial membrane 

potential results in opening and disruption o f the permeability transition pore 

(mitochondrial megachannel) located in the inner membrane, causing the release of 

protease activation-factors from the mitochondria. These factors have been identified as 

deoxyATP and the electron carrier cytochrome c, both of which are required for activation 

of the CPP32 protein (Liu et al, 1996). CPP32, the mammalian homologue o f the ced-3 

protein, is a cytosolic cysteine protease which in the activated form cleaves several 

substrates including nuclear lamin (Lazebnik et al, 1993), exposing nuclear DNA to Ca^^- 

endonuclease-mediated digestion and 'ladder' formation (Gaido and Cidlowski, 1991).

Overexpression o f Bcl-2 has been shown to prevent apoptosis by blocking the release of 

cytochrome c from mitochondria prior to mitochondrial membrane depolarisation, possibly 

by preventing opening o f the mitochondrial permeability transition (PT) pore (Yang et al, 

1997). Furthermore, reductants have been shown to prevent opening o f the PT pore 

(Meister, 1995) whilst oxidants promote it (Zamzami et al, 1996). In a recent study, 

Seaton et al (1997) showed that complex I inhibitors of the MRC (rotenone and MPP ) 

induced apoptosis in rat dopaminergic cells, which were protected by pre-treatment with 

antioxidants, and suggested that ROS generation in response to inhibition o f the MRC was 

involved in the pathway leading to apoptosis, probably by causing opening o f the PT pore.

1.6.5 Oxidative Stress and Membrane Fluidity

The fluidity o f biological membranes is influenced by a number o f factors. A decrease in 

fatty acid unsaturation (Stubbs and Smith, 1984) and an increase in cholesterol content 

(Yeagle, 1985) can lower membrane fluidity (increased rigidity). In addition, lipid 

peroxidation can also reduce the fluidity o f membranes (Curtis et al, 1984). Age-related 

increases in lipid hydroperoxides and associated reactive products, namely 4- 

hydroxynonenal (4-HNE) and malondialdehyde (MDA), have been shown to modulate 

decreases in the fluidity o f hepatic mitochondrial membranes (Chen and Yu, 1994). 

Evidence suggests that lipid peroxidation plays a dominant role in causing the rigidity o f 

senescent membranes (Yu et al, 1992, Choi and Yu, 1995). Experiments in whic)[%
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membrane fluidity was manipulated by incorporation o f peroxidised or cholesterol-loaded 

liposomes into rat liver microsomal membranes demonstrated that membranes exhibited a 

greater sensitivity to peroxidised than cholesterol-loaded liposomes, suggesting that 

alterations in lipid structure as a result o f peroxidation are more potent than compositional 

changes in cholesterol, in inducing increases in membrane rigidity associated with ageing 

(Choe et al, 1995). In a recent study, Meccoci et al (1997) observed significant 

reductions in the fluidity o f mitochondrial membranes isolated from Alzheimer's disease 

and aged human brain. Furthermore, when control mitochondria were exposed to 

peroxidising conditions in vitro, a dramatic decrease in the fluidity o f the mitochondrial 

membranes was observed, suggesting that lipid peroxidation is involved in mediating 

decreases in membrane fluidity (Meccoci et al, 1997).

The precise molecular alterations which cause the lipid peroxidation-induced decrease in 

membrane fluidity are not completely understood. Lipid radicals and highly reactive 

aldehydic products derived from peroxidised lipids e.g. 4-HNE and MDA are thought to 

be involved. HNE is o f particular significance because o f its greater reactivity, and has 

been shown to induce more pronounced decreases in mitochondrial membrane fluidity than 

MDA (Chen and Yu, 1994). HNE is thought to react directly with membrane 

phospholipids and oxidise SH groups o f membrane proteins, promoting cross-linking 

interactions between the lipid and protein moieties, thereby causing restriction in the 

fi’eedom and mobility o f the membrane bilayer (Yu, 1993, Chen and Yu, 1994). Because 

the physiochemical state of the lipid environment o f membranes can influence and/or 

regulate the activities o f the enzymes residing within it, and because the structural integrity 

of membranes is essential for the proper maintenance o f cellular homeostasis (Nohl et al, 

1978), changes in the fluidity o f membranes during ageing or as a result o f ROS-mediated 

damage may contribute to the alterations in cellular function (Hegner, 1980).

1.6.6 Models of Oxidative Stress

There are numerous reports in the literature o f various free-radical generating systems and 

antioxidant depletion models used to study the effects o f oxidative stress on mitochondrial 

fimction, in vitro and in vivo. Some of these models have been summarised in Table 1.6
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Table 1,6 Models of Oxidative Stress

Oxidative Stress Tissue/Animal Defect(s) Observed

In vitro
Lipoxygenase (Schewe et 
al, 1981).

NADPH-dependent lipid 
peroxidation in the presence 
o f ADP-Fe^^(Narabayashi et 
al, 1982).

Bovine heart SMP. Cxi and CxII inhibition.

Bovine heart SMP. Cxi most sensitive to inhibition, 
followed by CxQ and CxIII. CxIV 
mildy inactivated. Extensive 
modification o f membrane PLPs 
(e.g. cardiolipin) and oxidation of 
PUPA

Oxygen radicals generated 
by hypoxanthine and 
xanthine oxidase in the 
presence of an iron chelate 
(Hillered & Emster, 1983).

Lipid peroxidation induced 
by an adriamycin-Fe^^ 
complex (Solaini et al, 
1987).

Iron/ascorbate-induced 
peroxidation (Wiswedel et 
al, 1988).

Rat brain 
mitochondria.

Exposure to *0H and 0% 
(generated by gamma 
radiolysis) and to H2O2 

{Zhang et al, 1990).

Exposure to "OH and O2 " 
generated by gamma 
radiolysis (Haycock et al,
1996).

Beef heart 
mitochondria.

Rat liver 
mitochondria.

Bovine heart SMP.

Human skeletal 
muscle tissue 
sections.

Lipid peroxidation not detectable. 
Severe inhibition o f Cxi and mild 
inhibition o f CxII and CxIII. 
Inhibition preventable by catalase 
and mannitol.

Lipid peroxidation and inactivation 
o f NADH and succinate oxidase 
activities observed. UQ-depleted 
mitochondria more sensitive to 
peroxidation and enzyme inhibition.

Inhibition o f respiration with 
succinate (CxII/III) and glutamate/ 
malate (Cxi) as substrates, 
reduction in mitochondrial 
membrane potential and GSH 
content, observed prior to the onset 
o f intensive lipid peroxidation.

Cxi sensitive to "OH and O2 " 
exposure. CxII sensitive to "OH 
and mildly sensitive to O2 " Specific 
cytochrome c oxidase activity 
(CxIV) sensitive to "OH. MRC 
generally insensitive to H2O2

Mitochondrial proteins (CxII and 
CxIV) particularly susceptible to 
"OH and O2 '" exposure, compared 
to other muscle proteins (e.g. 
dystrophin, myosin). Mitochondrial 
abnormalities (swelling, formation 
o f intramitochondrial vacuoles and 
disorganisation o f cristae) evident 
ultrastructurally.
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Table 1.6 Continued
Oxidative Stress Tissue/Animal Defect(s) Observed

In vivo
GSH depletion by treatment 
with 2-cyclohexene-1 -one 
(Benzi et al, 1991).

Rat brain Inactivation o f CxIV proceeded 
that o f Cxi and CxII.

GSH depletion by treatment 
with buthione sulfoxamine 
(Martensson & Meister, 
1989).

Mouse skeletal 
muscle.

Skeletal muscle degeneration 
(myofibre necrosis with 
macrophage infiltration) associated 
with mitochondrial damage 
(swelling, vacuolisation, rupture o f 
cristae, membrane disintegration).

Vitamin E deficiency 
(Thomases a/, 1993).

Rat skeletal 
muscle.

Myopathy (widespread muscle 
fibre necrosis with macrophage 
infiltration). Degenerate changes 
in mitochondria. Disturbances in 
mitochondrial function (reduced 
specific activities o f Cxi and IV, 
reduced RCR with pyruvate and 
glutamate), and increased 
mitochondrial membrane fluidity.

Vitamin C deficiency 
(Kunert and Tappel, 1983).

Guinea pig. Increase in whole-body lipid 
peroxidation.

Chronic dietary iron 
overload in vitamin E 
deficient, normal and 
supplemented rats (Bacon 
etal, 1989).

Rat liver. Reduced mitochondrial respiration 
rates seen with glutamate (Cxi) 
and succinate (Cx II/III) in all 3 
groups o f iron-loaded rats, 
regardless o f their vitamin E status. 
Hepatic mitochondrial lipid 
peroxidation was present in all 3 
groups of iron-loaded rats and was 
unaffected by the vitamin E status.

Iron-mediated peroxidation 
by treatment with ferric 
nitrilotriacetate (Zhang et 
al, 1997).

Rat kidney. Increased renal tissue lipid 
peroxidation, apoptosis, 80H dG  
formation, and cancer incidence. 
Preventable by dietary vitamin E.

Cell Culture
Iron overload by treatment 
with ferric ammonium 
citrate (Hartley et al, 1993).

Rat dopaminergic 
(PC 12) cells.

Increased lipid peroxidation, 
decreased cellular GSH content, 
and reduced specific activities o f 
Cx I and IV.

SMP; submitochondrial particles, Cx; complex, PLP; phospholipid, PUF A; polyunsaturated fatty acid, UQ; 
ubiquinone, GSH; glutathione, "OH; hydroxyl radical, Oa"*; superoxide radical, H2O2 ; hydrogen peroxide, 
RCR; respiratory control ratio, SOHdG; 8-hydroxydeoxguanosine. See text for details.
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In vitro Models

Schewe et al{\9%\) treated beef heart submitochondrial particles (SMP) with reticulocyte 

lipoxygenase and reported complexes I (NADH oxidase activity) and II (succinate oxidase 

activity) to be the most sensitive to inhibition, whilst the activity o f cytochrome c oxidase 

(complex IV) was only partly inhibited. Narabayashi et al (1982) studied the effects of 

NADPH-dependent lipid peroxidation on the electron transfer activity and membrane 

phospholipid profile o f bovine heart SMP, and found complex I (NADH ubiquinone-5 

reductase activity) to be the most sensitive to lipid peroxidation followed by complex II 

(succinate oxidase) and III (succinate-cytochrome c reductase), whilst complex IV 

(cytochrome c oxidase) was only mildly inactivated. Furthermore, most o f the PUFA of 

the membrane phospholipids were extensively degraded (90% of arachidonic acid and 80% 

linoleic acid) whilst the saturated fatty acids were essentially unchanged. The 

phospholipid, cardiolipin, was also extensively degraded. Because changes in electron 

carriers such as cytochromes and flavins were not evident, the loss o f respiratory activities 

was attributed to modifications o f the membrane phospholipids and proteins.

Exposure o f isolated rat brain mitochondria to oxygen radicals (O2 **, "OH) and H2O2, 

generated by hypoxanthine and xanthine oxidase in the presence o f an iron chelate, were 

reported to cause large reductions in the respiration rates with malate/glutamate (complex 

I dependent substrates) but only small reductions in the rates with succinate (complex 

II/III dependent substrate). The respiratory inhibition was preventable by catalase, which 

removes H2O2, and by mannitol ("OH radical quencher) but not by superoxide dismutase 

(SOD), indicating that the "OH was responsible for the damage. The fact that 

malondialdehyde (MDA) could not be detected in the mitochondria suggested that lipid 

peroxidation was not involved in the inhibition mechanism (Hillered and Emster, 1983).

Solaini et al (1987) used an adriamycin-iron complex to induce lipid peroxidation in 

ubiquinone depleted and reconstituted beef heart mitochondria. The rate o f lipid 

peroxidation and the inhibition o f both NADH oxidase and succinate oxidase activities 

(measured polarographically) were found to be greater in the ubiquinone-depleted 

mitochondria compared to the reconstituted mitochondria. However, enzyme inactivation 

was found to proceed at a faster rate than lipid peroxidation, which led to the suggestion 

that lipid peroxidation was only partly involved in the inactivation mechanism and that
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direct interaction o f the adriamycin-iron complex with the enzymes was also involved. 

Wiswedel et al (1988) studied the effects o f iron/ascorbate-induced peroxidation in rat 

liver mitochondria, and observed that prior to the onset of intensive lipid peroxidation, the 

respiration rates with succinate and glutamate/malate were reduced and were accompanied 

by a fall in the mitochondrial membrane potential and in the levels o f glutathione. These 

changes were suggested to represent early stages in the causal chain o f events which 

precede the onset o f intensive lipid peroxidation.

A more comprehensive study was conducted by Zhang et al (1990) in which beef heart 

SMP were exposed to either hydroxyl radical ('OH), superoxide anion radical (O2 "'), to 

mixtures o f both radicals, or to hydrogen peroxide (H2O2). The respiratory chain proteins 

were reported to be sensitive to inhibition by both O2 '* and 'OH radicals but relatively 

resistant to inhibition by H2O2 The activities o f complexes I and II (measured 

polarographically) were highly sensitive to 'O H , whilst O2 "' effectively inhibited complex I 

and mildly inhibited complex II. Cytochrome oxidase activity (measured as the oxygen 

consumption rate in the presence o f ascorbate + TMPD) was reported to be highly 

resistant to inhibition, regardless o f the active oxygen species used. However, the specific 

cytochrome c oxidase activity (measured spectrophotometrically as the oxidation of 

ferrocytochrome c at 550 nm) was found to be sensitive to inhibition by 'OH radical, 

suggesting that the interaction of cytochrome c with cytochrome oxidase is the site 

sensitive to oxidative damage. In addition, the 'OH-dependent and O2 "-dependent 

inactivations were found to be inhibitable by mannitol and SOD, respectively. Membrane 

lipid peroxidation, although evident with 'OH exposure, did not appear to be responsible 

for enzyme inactivation since lipid-soluble antioxidants (e.g. vitamin E, BHT) inhibited 

MDA formation without protecting enzymatic activities. Instead, a specific peroxidation 

of cardiolipin (which is necessary for the respiratory enzyme activities) by 'OH was 

proposed as a possible mechanism for enzyme inactivation {see Section 1.6.2.2).

In a more recent study, the differential susceptibility o f human skeletal muscle proteins to 

free radical damage was investigated using histochemical, immunocytochemical and 

electron microscopial techniques (Haycock et al, 1996). Tissue sections were exposed, in 

vitro, to 'OH and O2 generated by gamma radiolysis. The mitochondrial proteins, 

succinate dehydrogenase and cytochrome oxidase were found to be highly susceptible to
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oxidative damage compared to other muscle proteins (dystrophin, P-spectrin, myosin). At 

the ultrastructural level, mitochondria were particularly susceptible to ROS-induced 

damage, and abnormalities included swelling, disorganised cristae and intramitochondrial 

vacuoles. These findings led to the conclusion that oxidative damage to mitochondria may 

represent the principal initial route o f free radical-induced damage in skeletal muscle.

In vivo Models

In vivo studies investigating the effects of oxidative stress on MRC function have 

implicated complexes I and IV as the predominant sites of impairment in antioxidant 

depletion studies. In the glutathione (GSH) depletion model used by Benzi e/ a / (1991) in 

which the prooxidant 2-cyclohexene-1-one was used to deplete GSH, the activity of 

complex IV was lost first followed by that o f complexes I and II, in rat brain mitochondria. 

Depletion o f GSH in mice by treatment with buthionine sulfoximine (an irreversible 

inhibitor o f y-glutamylcysteine synthetase) was shown to induce skeletal muscle 

degeneration (muscle fibre necrosis with macrophage infiltration) associated with 

mitochondrial damage (swelling, vacuolisation with rupture o f cristae and membrane 

degeneration). The activity o f the mitochondrial matrix enzyme, citrate synthase was also 

severely reduced (80%) in the skeletal muscle o f GSH depleted mice, reflecting the 

mitochondrial damage observed microscopically (Martensson and Meister, 1989).

Similarly, a study o f long-term (12 months) vitamin E deficiency in rats was shown to 

induce a severe myopathy associated with disturbances in mitochondrial function (Thomas 

et al, 1993). Histological examination revealed widespread muscle fibre necrosis 

accompanied by macrophage infiltration, and ultrastructurally, non-specific degenerate 

changes were apparent in the mitochondria with disorganisation of cristae. Biochemical 

analysis revealed significant reductions in the specific activities o f complex I (58%) and 

complex IV (50%), reduced respiratory control ratios (RCR) with pyruvate and glutamate, 

suggestive o f mitochondrial membrane damage, and increased mitochondrial membrane 

fluidity, indicating reduced membrane stability of the skeletal muscle mitochondria.

Kunert and Tappel (1983) used a vitamin C (ascorbate) deficient guinea pig model to 

investigate the antioxidant properties of ascorbate in vivo, and observed a significant 

increase in whole-body lipid peroxidation (measured as pentane and ethane production).
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In addition to antioxidant depletion models, iron overload has been used in a number of 

studies to investigate the effects of free radicals and oxidative stress in vivo. Bacon et al

(1989) studied the effects o f three different a-tocopherol concentrations on hepatic 

mitochondrial oxidative metabolism in rats with chronic dietary iron overload, and 

reported significant reductions in the mitochondrial oxygen consumption rates using 

glutamate (complex I) and succinate (complex II/III) as substrates, in all three groups of 

iron-loaded rats regardless o f their a-tocopherol status (deficient, normal or excess). 

Hepatic mitochondrial lipid peroxidation (conjugated diene formation) was present in all 

three groups o f iron-loaded rats and was unaffected by the a-tocopherol status, suggesting 

that the mitochondrial dysfunction observed in dietary iron overload was not due to a 

deficiency in a-tocopherol, but due to the adverse affects o f excess iron. In a more recent 

study o f iron overload toxicity, achieved by feeding rats with ferric nitrilotriacetate (Fe- 

NTA), an increase in renal tissue lipid peroxidation, apoptosis, oxidative DNA 

modification (SOHdG formation), and cancer incidence was observed (Zhang et al, 1997). 

Furthermore, dietary vitamin E supplementation was shown to be effective in inhibiting 

lipid peroxidation, apoptosis, SOHdG formation, and the development o f renal cancer 

induced by Fe-NTA. Finally, in a cell culture study of iron overload induced in rat 

dopaminergic pheochromocytoma (PC 12) cells, increased lipid peroxidation (MDA 

formation), decreased (55%) cellular GSH content, and reduced specific activities of 

complexes I and IV, by 15% and 21% respectively, were reported whilst the combined 

activities o f complexes II/III (succinate cytochrome c reductase) were unchanged (Hartley 

etal, 1993).

In summary, the sensitivity o f the MRC enzymes varies with the nature o f the oxidant 

stress imposed, the tissue source used and also appears to differ in vivo and in vitro. 

Although complexes I and IV appear to be the most sensitive to free radical-mediated 

damage, in vitro, complex I exhibits greater sensitivity whilst in vivo complex IV is more 

severely affected. Thej differential sensitivity o f the respiratory enzymes to free radicals 

may reflect differences in their positioning in the membrane and hence their exposure to 

ROS. The fact that complexes I and IV have a greater number o f mtDNA-encoded 

subunits compared to the other complexes {see Table 1.4), may suggest that mtDNA 

damage contributes to the MRC inactivation.
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1.7 A g e in g

1.7.1 Background

Ageing appears to be the result o f cumulative damage along with a gradually decreasing 

repair capacity. As a result, degenerative changes increase exponentially with age. These 

changes include an increased incidence o f diseases such as cancer and neurodegenerative 

disorders, as well as detrimental changes to the immune system. Numerous theories have 

been advanced to account for the ageing process (reviewed by Medvedev, 1990), and 

include molecular cross-linking (Bjorksten, 1968), impaired immune function (Walford, 

1974), genetically programmed cell death (Ha>dlick, 1987), and the 'glycation theory of 

ageing' (Wolff et al, 1991, Lee and Cerami, 1992). However, the most popular and widely 

tested theory to date is the 'free radical theory o f ageing'. This theory was first proposed 

by Harman in 1956, and has the advantage o f including aspects o f many o f the other 

theories.

1.7.2 Free Radical Theory of Ageing

Continuous exposure of aerobic organisms to oxidant stresses is an inevitable consequence 

o f their greatly enhanced energy production. Although numerous antioxidant defences 

have been evolved by aerobic organisms to counteract this constant exposure to oxidant 

stress, the defences are not perfect and free radical damage to DNA, protein, lipid and 

other biomolecules accumulates with time. The free radical theory o f ageing is based on 

the premise that a small amount o f this type o f injury occurs daily, culminating in the 

changes characteristic o f ageing. More recently this theory has concentrated on the role o f 

mitochondrial ROS production and mtDNA modification as important contributors to the 

ageing process i.e. the 'mitochondrial theory o f ageing' (for reviews see\ Harman, 1992, 

Miquel, 1992, Richter, 1995, Wei, 1998).
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1.7.3 Ageing and MRC Function

Evidence o f MRC decline with age has been demonstrated in a variety o f tissues. 

Trounce et al (1989) and Yen et al (1989) reported a decline in MRC function with age in 

human skeletal muscle and liver, respectively, where both mitochondrial respiratory 

control and oxidative phosphorylation were seen to decrease in an age-dependent manner. 

Age-related declines in the respiration rates and in the specific activities of the respiratory 

enzymes have also been reported by others (Cooper et al, 1992, DiMonte et al, 1993, 

Hsieh et al, 1994, Papa, 1996). In most cases, complex I and to a lesser extent complex 

IV appear to be the most affected by age, whilst complex II and III show little change. 

Because more subunits o f complex I and IV are encoded by mtDNA whereas complex II is 

exclusively encoded by nDNA, these findings support the proposal that mtDNA 

abnormalities are a contributory factor in the age-dependent decline o f MRC function 

(Linnane et al, 1989). A decrease in the mRNA for subunit II (mtDNA-encoded) of 

cytochrome oxidase has been noted in the brain and heart o f senescent rats (Gadaleta et al, 

1990), whilst histochemical analysis has shown that the number of cells lacking 

cytochrome oxidase activity increase with age, in human heart, diaphragm and limb muscle 

(Müller-Hôcker 1989,1990). Furthermore, an age-related decline in mitochondrial 

translation activity has been reported in mouse brain and skeletal muscle, and this may 

contribute to the decline in MRC function with age (Takai et al, 1995). An increase in 

mitochondrial ROS production with age has been reported in insects and mammals (Sohal 

et al, 1990). Furthermore, an age-related increase in mitochondrial ROS generation was 

shown to be associated with increased lipid peroxides, reduced membrane fluidity and 

impaired MRC function, in rat heart (Nohl et al, 1978).

1.7.4 Ageing and mtDNA Damage

1.7.4.1 MtDNA Mutations in Ageing

Mitochondrial gene alterations may contribute to the ageing process {see Richter, 1995 

and Wei, 1998, for recent reviews). At least three types of age-related large-scale mtDNA
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deletions (4.9 kb, 6 kb and 7.4 kb) have been reported in tissues o f aged humans (Yen et 

al, 1991, 1992, Lee et al, 1994a). The most common o f these is the 4.9 kb deletion which 

accumulates with age in postmitotic tissues with high energy demand such as human 

skeletal muscle, brain and heart (Corral-Debrinski et al, 1991, 1992, Cooper et al, 1992, 

Cortopassi et al, 1992). An age-dependent increase in mtDNA deletions, concomitant 

with increases in lipid peroxidation and manganese-SOD activity have been seen in the 

mitochondria o f human tissues (liver, muscle and testis) from aged subjects (Yen et al, 

1994, Wei et al, 1996), leading to the proposal that enhanced mitochondrial ROS 

generation and lipid peroxidation occur simultaneously with large-scale deletions and other 

mtDNA mutations, and represent early causative molecular events in the ageing process 

(Wei et al, 1996).

In addition to deletions, point mutations have also been found in the tissues o f aged 

humans. The A->G transition at nucleotide position 3243 (A3243G), characteristic for 

MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like 

episodes) disease (Zhang et al, 1993), and the A8344G transition, characteristic for 

MERRF (myoclonic epilepsy with ragged red fibres) disease (Münscher et al, 1993) have 

been detected in the muscle of senescent humans, and support the view that age-dependent 

mtDNA mutations may contribute to the decline in MRC fimction in the elderly. Similarly, 

Kadenbach et al (1995) have shown that both the A3243G and A8344G mutations 

increase exponentially with age in the extraocular muscle o f elderly subjects, and Liu et al 

(1997) have reported a 5-10 fold higher frequency o f the A3243G mtDNA mutation in 

various tissues o f adults compared to infants.

Nucleotide insertions and small tandem duplications in the D-loop region o f mtDNA have 

been reported in the muscle of aged humans (Lee et al, 1994b), whilst a variety o f mtDNA 

rearrangements have been seen in the skeletal muscle o f aged individuals (Melov et al, 

1995). Multiple mtDNA deletions have been detected in the skeletal muscle of the elderly 

(Reynier and Malthiery, 1995), in aged rats (Van Tuyle et al, 1996) and mice (Tanhauser 

and Laipis, 1995). Furthermore, evidence suggests that the mtDNA copy number may 

also decline with age. Senescent rat brain has been shown to have a decreased content o f 

D-loop mtDNA. Because the D-loop is important for mtDNA replication, this could have 

important consequences for mitochondrial proliferation (Petruzzella et al, 1992).
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1.7.4.2 Oxidative Damage to mtDNA in Ageing

Evidence o f increased oxidative damage to mtDNA with age has been reported by Ames et 

al (1993) who found the SOHdG levels o f mtDNA were three fold higher in old rats 

compared to younger animals. An age-associated accumulation o f SOHdG has been 

observed in the mtDNA of human diaphragm (Hayakawa et al 1991) and heart muscle 

(Hayakawa et al, 1992). In the latter tissue, the proportion o f the 7.4 kb mtDNA deletion 

correlated highly with the SOHdG content o f the mtDNA, indicating a direct link between 

oxidative nucleotide modification and large-scale deletions in mtDNA during the ageing 

process. Human brain mtDNA has been shown to be particularly sensitive to oxidative 

damage with age. The levels o f SOHdG in the cerebral cortex and cerebellum of normal 

human subjects were found to increase progressively with age in both nuclear and mtDNA, 

with the rate o f increase being 10-fold higher in the mtDNA (Meccoci et al, 1993). 

Interestingly, calorie restricted animals have been shown to have significantly lower 

SOHdG levels in both nuclear and mtDNA compared to ad libitum-ÏQé animals (Chung et 

al, 1992), reinforcing the free radical hypothesis o f ageing, since decreased caloric intake 

has been shown to increase the maximal lifespan o f animals, as a result o f reduced oxygen 

consumption and ROS production (Harman, 1993). More recently, an age-associated 

increase in oxidative mtDNA damage (SOHdG formation) was reported to correlate highly 

with an increase in oxidised: reduced glutathione ratio, in various rat and mice tissues (de la 

Asuncion et al, 1996). Furthermore, administration o f oral antioxidants (e.g. vitamins C 

and E) protected against both glutathione oxidation and mtDNA damage in both species, 

highlighting the role of ROS-mediated damage in the ageing process.

1.7.5 Ageing and Antioxidant Status

Reports on the effects o f ageing on antioxidant levels have been somewhat conflicting, and 

appear to vary with species and tissue studied. Ji et al (1990) reported significant 

elevations in the activities o f the major antioxidant enzymes (cytosolic and mitochondrial 

SOD, catalase, glutathione peroxidase, and glutathione ^'-transferase) with age in rat 

skeletal muscle, whilst the hepatic antioxidant enzymes were largely unaffected, with the 

exception o f cytosolic SOD and glutathione ^'-transferase which both decreased with age.
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Overall increases in the antioxidant enzyme activities have also been reported in different 

regions o f mouse brain (Hussain et al, 1995). An age-related increase in glutathione 

peroxidase, catalase and ceruloplasmin has been reported in cultured lymphocytes from 

healthy human subjects, whilst the levels of uric acid and SOD were unaffected (King et al,

1997). A positive correlation has also been reported between tissue concentrations o f a 

range o f antioxidants, including a-tocopherol, carotenoids, SOD and uric acid, and 

lifespan in mammals (Cutler, 1991). In addition, epidemiological studies have shown that 

individuals with a low dietary intake o f antioxidants such as vitamins C and E, have higher 

incidences o f degenerative diseases o f ageing compared to those with a high intake o f food 

antioxidants (Block et al, 1992, Gaziano and Hennekens, 1992, Enstrom et al, 1992).

Some age-related changes in tissues are mimicked in vitamin E deficient animals such as 

lipofuscin accumulation and loss o f muscle function (Machlin, 1984). Lipofuscin is a 

fluorescent pigment which accumulates in many cell types of ageing organisms, and is 

thought to be formed as a result o f cross-linkage between peroxidised lipids and proteins, 

giving rise to undegradable lipofuscin masses (Brunk et al, 1992). Long-term vitamin E 

supplementation has been shown to decrease the rate o f lipofuscin accumulation in mice 

brain (Freund, 1979). Furthermore, the lifespan of nematodes and Drosophila have been 

shown to be prolonged when vitamin E is added to the diet early in life (Walton and 

Packer, 1980). These findings have led to the suggestion that vitamin E may play a role in 

prolonging lifespan by delaying the ageing process through its antioxidant function 

(Machlin, 1984). In addition, vitamin E supplementation has been shown to reduce the 

number o f spontaneously occurring tumours in later life (Blackett and Hall, 1981) and 

enhance cell-mediated immunity by attenuating the age-dependent loss o f mitogen 

responsiveness of T lymphocytes in elderly subjects (Meydani et al, 1990). Thus it 

appears that vitamin E may be important in counteracting the effects o f ageing through its 

antioxidant/immunostimulatory actions (Meydani, 1995).
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1.8 General Aims

Antioxidant depletion studies can provide useful models for studying the importance of 

specific antioxidants in maintaining normal health. Vitamin E is the major lipophilic chain- 

breaking antioxidant in biological membranes. In rats, prolonged deficiency o f vitamin E 

gives rise to a neuromuscular syndrome characterised by a central-peripheral neuropathy 

and generalised muscle wasting and weakness.

The aims o f this thesis were to investigate the cause of the muscle degeneration in vitamin 

E deficiency, with particular emphasis on the involvement of oxidative damage and 

mitochondrial dysfunction. To assess the evolution o f the myopathy, various biochemical 

and morphological analyses were performed at 3, 6, 9 and 12 months o f vitamin E 

deficiency, as outlined below. The liver was studied in addition to skeletal muscle to 

address the question of tissue specificity.

Oxidative stress status was assessed by measuring the tissue levels o f vitamin E, 

malondialdehyde (lipid peroxidation marker), glutathione (intracellular antioxidant) and 

a range of markers o f oxidative DNA base damage.

Mitochondrial respiratory chain function was determined by polarography and by 

spectrophotometric enzyme analysis o f the respiratory chain complexes. The 

biophysical effects o f vitamin E deficiency on mitochondrial membrane fluidity were 

evaluated by steady-state fluorescence polarisation.

Mitochondrial DNA function was investigated by measuring the rates o f translation, in 

vitro, followed by separation o f the radiolabelled mtDNA-encoded polypeptides by 

urea-sodium-dodecyl-sulphate polyacrylamide gel electrophoresis and visualisation of 

the bands by fluorography.

Morphological observations were performed by light and electron microscopy to 

correlate the biochemical changes with the extent o f tissue damage.
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CHAPTER 2.0 GENERAL METHODS AND MATERIALS

2.1 Chemicals

All chemicals were purchased from Sigma Chemical Co., Poole Dorset, UK or Merck 

(BDH) Ltd, Dagenham, Essex, UK unless otherwise stated.

2.2 Animals and Diets

Weaning, specific pathogen free, male Wistar rats were placed on a vitamin E deficient diet 

(Hoffman-LaRoche 814 Tocopherol Deficient Diet, supplied by Dyets Inc, Pennsylvania, 

USA), at 21 days of age. A second control group received the same diet to which 40 

mg/kg of all-rac-a-tocopheryl acetate had been added. Exact compositions o f diets are 

listed in Appendix 1. The rats were maintained on these diets for a period o f up to one 

year.

To assess the evolution o f the vitamin E deficiency myopathy, biochemical and 

morphological analyses were performed at 3, 6, 9 and 12 months. A total o f 74 rats were 

set up in 3 batches as shown in Table 2.1 Duplicate batches were required at 3 and 12 

months since the mass o f muscle available at these time points was not sufficient for 

complete analysis.

Table 2.1 Animal groups
Duration on Diet Batch 1 Batch 2 Batch 3

(months) control deficient control deficient control deficient

3 5 5 5 5 -

6 5 5 - -

9 6 6 - *

12 7 8 5 5 3 4

114



Rats were housed in plastic cages at the Royal Free Hospital School o f Medicine 

Comparative Biology Unit. Diets were stored at 4®C and the animals fed ad libitum with 

unrestricted access to drinking water. The weights o f the animals were assessed regularly 

to monitor their growth.

2.3 Tissue Extraction and Storage

All animals were killed by cervical dislocation at the appropriate time point. 

Gastrocnemius muscle was removed from both hindlimbs and a representative fraction cut 

from the dorsal region adjacent to the lower tendon o f the muscle, and frozen immediately 

in liquid nitrogen. The remaining gastrocnemius muscle was placed in ice-cold isolation 

buffer for mitochondrial isolation (Section 2.5.1). Soleus and plantaris muscles from both 

hindlimbs were removed and fractions were cut and fixed for morphological analysis 

(Chapter 4.0, Section 4.3.3) whilst the remaining muscle was frozen immediately in liquid 

nitrogen.

The entire liver was extracted and a small portion was quickly frozen in liquid nitrogen. 

The remaining liver was placed in isolation medium ready for mitochondrial isolation 

(Section 2.5.2). Pieces o f liver were also fixed from the 9 and 12 month vitamin E 

deficient and control rats for electron microscopy as described in Chapter 4, Section 4.3.3.

All frozen tissue was stored in small pieces at -70°C until required for analysis.

2.4 Centrifugation

The following centrifuges and rotors were used for all preparative procedures;

Centrikon T-124 high-speed, refngerated centrifuge with a fixed angle A8.24 (8 x 50 ml) 

rotor (Kontron Instruments, Watford, Herts, UK).

Beckman OPR, refrigerated, bench-top centrifuge with GH-3.7 horizontal rotor (Beckman 

Instruments Ltd, High Wycombe, Bucks, UK).
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MSE Centaur 200 centrifuge with horizontal rotor (MSE Scientific Instruments Ltd, 

Crawley, Sussex, UK).

Heraeus Sepatech Biofuge 13 microcentrifuge with 24 x 1.5 ml fixed angle rotor (Heraeus 

Instruments Ltd, Brentwood, Essex, UK).

2.5 Mitochondrial Isolation

2.5.1 Isolation of Rat Muscle Mitochondria

Rats were killed by cervical dislocation and the gastrocnemius muscle removed from the 

hindlimbs and placed in ice-cold high EOT A isolation medium (210  mM mannitol, 70 mM 

sucrose, 50 mM Tris, 10 mM K ^D T A , adjusted to pH 7.4 with HCl). Approximately 2-4 

g of gastrocnemius muscle was obtained from each rat. The muscle was copiously 

washed with isolation medium and finely chopped with sharp scissors, ensuring excess 

blood and fat was removed. The minced muscle was incubated for 30 min with trypsin 

(Type III, from Sigma) at a concentration o f 0.5 mg/g muscle. The digestion was 

terminated by the addition of a 3:1 excess o f soyabean trypsin inhibitor (Type II): trypsin. 

The digested muscle was diluted to 50-60 ml with isolation medium and homogenised by 2 

X 5 sec bursts, at full speed, with an Ultra-Turrax T25 fitted with a S25N-18G dispersing 

tool (Janke and Kunkel, Staufen, Germany) .

The homogenised muscle was diluted to a 1:20 homogenate, centrifuged at 1500 g  for 5 

min at 4°C and the nuclear pellet retained and stored at -70°C. The supernatant was 

decanted through muslin and centrifuged for 10 min at 7000 g  at 4°C. The fluffy layer was 

removed by gentle shaking and discarded along with the supernatant. The pellet was 

resuspended in low EDTA isolation medium (225 mM mannitol, 75 mM sucrose, 10 mM 

Tris, 100 pM K ^D T A , adjusted to pH 7.2 with HCl) and hand-homogenised in a loose, 

pre-cooled Uni-form 5 ml glass-Teflon homogeniser (Jencons Scientific Ltd, Leighton, 

Buzzard, Beds, UK). This crude mitochondrial fraction was made up to 50 ml and 

centrifuged at 1500 g  for 5 min to remove any nuclear contamination.
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The supernatant was finally centrifuged at 7000 g  for 10 min and the supernatant 

discarded. The purified mitochondrial pellet was resuspended as above in low EDTA 

isolation medium to a final protein concentration o f between 10-25 mg/ml. All procedures 

were carried out at 4”C and were completed within 75 min. Typical yields o f mitochondria 

were 1-3 mg mitochondrial protein/g wet weight o f muscle. Mitochondria were aliquoted 

into 20-100 pi aliquots and stored at -70°C unless required fi'esh for immediate analysis. 

Protease inhibitors were added to some aliquots prior to freezing (Section 2.6).

2.5.2 Isolation of Rat Liver Mitochondria

Male Wistar rats were killed by cervical dislocation and the liver removed and placed in 

ice-cold isolation medium (225 mM mannitol, 75 mM sucrose, 10 mM Tris, 100 pM 

EDTA, adjusted to pH 7.2 with HCl).

The liver was finely chopped with small scissors and continuously washed in ice-cold 

medium, ensuring that the final wash was free o f blood. The chopped liver was transferred 

to a pre-cooled Uni-form 30 ml glass-Teflon motorised homogeniser, adding 

approximately 4-6 ml o f cold isolation medium per g o f chopped liver, and homogenised 

using 6 up and down strokes o f the pestle rotating at 700 rpm. The homogenate was 

transferred to centrifuge tubes and spun at 1500 g  for 5 min at 4°C. The nuclear pellet was 

retained and stored at -70°C. The supernatant was centrifiiged at 7000 g  for 10 min at 4°C 

and the resulting supernatant discarded. The pellet was resuspended in isolation medium 

and spun at 1500 g  for 5 min at 4°C to remove any nuclear contamination. The 

supernatant was finally centrifuged at 7000 g  for 10 min at 4°C. The resulting soft brown 

purified mitochondrial pellet was resuspended in 3-5 ml o f isolation medium to a final 

protein concentration o f 20-50 mg/ml, aliquoted (40-1000 pi aliquots) and stored at -70°C 

unless required fresh for immediate analysis. Protease inhibitors were added to some 

aliquots prior to freezing (Section 2.6). Typical yields o f mitochondria were 30-50 mg 

mitochondrial protein/g wet weight of liver.
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2.6 Protease Inhibitors

Since prolonged preparative procedures can result in activation o f membrane-bound 

proteolytic enzymes, a cocktail o f protease inhibitors were added to the mitochondrial 

samples prior to storage at -70°C. The cocktail consisted o f 0.25 mg pepstatin, 0.25 mg 

I  chymostatin, 0.5 mg leupeptin and 0.5 mg antipain suspended in 1 ml o f ddH2 0  and was 

used at a 1:20 dilution (1 pi o f protease inhibitor cocktail per 20 pi o f mitochondrial 

sample). The general protease inhibitor phenylmethylsulphonyl fluoride (PMSF), 4.3 

mg/ml in ethanol, was added to the liver and muscle nuclear pellet samples and to some 

aliquots o f the mitochondrial samples, at 200 pi PMSF per 100 ml of sample, to prevent 

proteolytic degradation. Some aliquots o f the mitochondrial samples were stored in the 

absence o f any inhibitors since the complex I (NADH CoQi reductase) assay was found to 

affected by the protease inhibitors used.

2.7 Protein Determination

2.7.1 Lowry Assay

Protein concentrations were determined by the method of Lowry et al {\95\). A 1 mg/ml 

stock solution o f fatty acid-ffee bovine serum albumin (BSA) was used to construct a 

series o f standards ranging in concentration from 0-80 pg.

Reagents:

A - 2% (w/v) NaiCOs in 0.1 M NaOH.

B - 2% (w/v) Na/K tartrate.

C - 1% (w/v) CUSO4 .5 H2O.

D - 100:1:1 ratio o f reagents A:B:C.

E - Folin-Ciocalteau reagent diluted 50:50 in ddH20.

Protein samples and standards were made up to a final volume o f 1 ml in ddH20, in 

triplicate and duplicate respectively. 5 ml o f reagent D was added to the samples and
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standards, which were then vortex mixed and allowed to stand for 20 min at room 

temperature, followed by the addition of 0.5 ml o f reagent E with immediate mixing. The 

blue/purple colour was allowed to develop over a period o f 45 min at room temperature 

after which time the absorbance of the samples and standards was read in a Kontron 

Uvikon 940 spectrophotometer (Kontron Instruments, Watford, Herts, UK) at 750 nm. 

Protein concentrations o f the samples were calculated from the standard curve by linear 

regression.

2.7.2 Ultraviolet Absorption

Ultraviolet absorption of protein at 280 nm was used to quantitate the protein content of 

samples when a rapid, relative estimate o f protein concentration was required prior to 

performing further analysis. 1 pi of the protein sample was added to 999 pi o f ddH20 in a 

silica cuvette and the absorbance read at 280 nm against a water blank. A further 2 x 1 pi 

aliquots were added to the test cuvette and the absorbance read after each addition, from 

which a mean o f the three values was taken. The relationship between the mitochondrial 

protein concentration (determined by the Lowry assay described above) and the 

absorbance of the mitochondrial protein samples at 280 nm was determined in a 

preliminary experiment to check the validity of the method and was found to be linear {see 

Appendix 2).

2.8 Data Analysis

Statistical analysis was performed using Instat^^ (version 2.04a) GraphPad software. 

Significance tests were performed with the non-parametric Mann-Whitney U test. A 

parametric test was not used as the number of samples was not sufficient to determine if 

the data followed a Guassian (Normal) distribution. Linear regression and Spearman non- 

parametric correlation coefficient were used to assess the relationship between x and y 

variables. Graphical presentation of data was performed with Sigma Plot Scientific Graph 

System (version 1.00) Jandel software.
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CHAPTER 3.0 OXH)ATIVE STRESS AND VITAMIN E DEFICIENCY

3.1 A im

To provide a comprehensive assessment of oxidative stress/damage during progressive 

vitamin E deficiency in skeletal muscle and liver.

3 .2  In t r o d u c t io n

Under normal conditions, the low-level production of free radicals during normal 

metabolic activity, particularly as leakage from the respiratory chain is dealt with by the 

enzymatic and non-enzymatic defence systems of the cell (see Section 1.2). Vitamin E 

functions as a lipophilic chain-breaking antioxidant by scavenging active free radicals, 

protecting cellular membranes from oxidative damage (see Section 1.3). In vitamin E 

deficiency, particularly prolonged deficiency, the risk o f free radical attack on cellular 

membranes may be enhanced, initiating peroxidation of membrane lipids. Toxic by

products of lipid peroxidation may in turn damage other cellular components such as 

proteins and DNA, increasing the overall levels o f free radical production and resulting 

ultimately in cell death and tissue damage, as the antioxidant defences become 

overwhelmed (see Section 1.1.5).

Since free radicals are extremely short-lived due to their highly reactive nature, they are 

not readily amenable to direct assay and consequently their activity is usually assessed by 

indirect methods, such as measurement of various end-products resulting from the 

interaction o f free radicals with lipids, proteins and DNA (Holley and Cheeseman, 1993).

To assess the extent of oxidative damage with increasing severity o f vitamin E deficiency, 

the following assays were performed in liver and muscle samples taken from vitamin E 

deficient and control rats at progressive time intervals (3, 6, 9 and 12 months) on the diet;
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i. Vitamin E - antioxidant status of membrane component o f cell.

ii. Malondialdehyde (MDA) - lipid peroxidation marker.

iii. Reduced glutathione (GSH)/oxidised glutathione (GSSG) ratios - antioxidant status of 

aqueous compartment o f cell.

iv. DNA damage - a range o f specific markers of oxidative DNA base damage were 

measured.

V. Mitochondrial membrane fluidity - changes in the fluidity o f membranes are known to 

occur in conditions o f oxidative stress, particularly during lipid peroxidation.

vi. Apoptosis - DNA laddering, a typical feature of apoptotic cell death, was analysed 

since oxidative stress is know to be able to induce this form o f cell death.

3 .3  M e t h o d s

3.3.1 Vitamin E (of-Tocopherol) Assay

3.3.1.1 Tissue Extraction of Vitamin E

Tissues were extracted for vitamin E determination essentially according to the method of 

Buttriss and Diplock (1984). 50-100 mg o f tissue was homogenised, on ice, in 2 ml of ice- 

cold ethanol vdth a Polytron tissue disintegrator (Kinematica, GmBH) until a consistent 

homogenate had been formed, usually 30 seconds for liver and 120 seconds for muscle. 

The homogenisation procedure was interspersed with 15-30 sec cooling intervals on ice, to 

ensure samples did not become heated. The tocopherols were extracted by the addition o f 

1 ml o f ddHzO and 4 ml o f HPLC grade hexane followed by vigorous vortex mixing for 2 

min. Samples were centrifuged at 3000 rpm until the phases had separated. The upper 

hexane was removed and 1 ml was combined with 0.75 ml o f the ethanolic phase and 

stored in the dark at -20°C under nitrogen until required for total lipid determination 

(Section 3.3.2). A known amount (2.6-2.9 ml) o f the remaining hexane phase was 

evaporated at 50°C under nitrogen. The residue was redissolved in 150-250 pi o f HPLC 

grade hexane and stored in the dark at 4°C until required for EIPLC analysis which was 

performed on the same day as vitamin E extraction o f samples. Throughout the entire
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procedure sample vials were wrapped in foil to prevent photodegradation of the 

tocopherols.

3.3.1.2 HPLC Determination of Vitamin E

A normal phase procedure was adopted for HPLC separation o f a-tocopherol, using an 

Apex I, 3-|im silica, analytical column (250 mm length x 4.6 mm i d) with a 3 cm, 5-pm 

silica pre-column (Jones Chromatography Ltd, Mid.Glamorgan, UK). The mobile phase 

consisted o f 12% (v/v) HPLC grade methyl-/-butyl ether in HPLC grade hexane and was 

eluted at a flow rate o f 1 ml/min using an Altex 1 lOA pulse damped pump. Samples were 

loaded and injected onto the column via a Rheodyne 7125 manual injection valve fitted 

with a 50 pi sample loop. Each sample was applied onto the column in duplicate. 

Tocopherols were detected in the eluate from the HPLC column with a Perkin Elmer 

LS50B luminescence spectrometer, fitted with a 25 pi flow cell accessory (Perkin Elmer, 

Beaconsfield, Bucks, UK). The spectrometer was run in fluorescence mode using an 

excitation wavelength o f 290 nm and an emission wavelength of 325 nm.

3.3.1.3 Quantitation of Vitamin E («^Tocopherol) Levels

Sample vitamin E concentrations were determined by comparing the peak areas obtained 

with the peak areas o f a range o f concentrations (2.5-50 pM) o f external standard, all-rac- 

a-tocopherol prepared in HPLC grade hexane, from which a standard curve was 

constructed. Peak areas were recorded and integrated with Perkin Elmer Fluorescence 

Data Manager (FLDM) software. To correct for day-to-day variations in sensitivity, 

freshly prepared standards were included with each run. The concentration o f a -  

tocopherol in the tissue samples was expressed as nmol a-tocopherol/pmol o f total lipid 

(see Section 3.3.2 for lipid assay).
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3.3.1.4 Recovery and Validation of Extraction Procedure

To determine the optimum procedure for extraction o f vitamin E, the recovery o f vitamin 

E was checked by the addition o f a known amount (5 nmoles) o f the working standard, 

{dl}-a-tocopherol, to samples at the extraction stage. To check the susceptibility of 

vitamin E to degradation during the homogenisation procedure, the tissue samples were 

homogenised in the presence of various antioxidants as listed in Table 3.1 and the 

percentage recovery o f vitamin E determined.

Table 3.1 Antioxidants used during vitamin E extraction

Antioxidant Concentration

Ascorbic Acid 1% in ethanol

Butylated hydroxytoluene (BHT) 50 pi o f 10 mg/ml in ethanol

Pyrogallol 1% in ethanol

The percentage recovery of vitamin E was calculated as follows;

%  Recovery = total vit E in spiked sample - total vit E in unspiked sample x 100

vit E added to sample (5 nmoles)

The most consistent and highest recoveries were obtained without the addition o f any 

antioxidant to the samples (for results and discussion see Section 3.4.2.1) and hence the 

addition o f a protective antioxidant during the extraction procedure was omitted.

3.3.2 Total Lipid Assay

3.3.2.1 Lipid Extraction

The total lipid assay was performed on the combined ethanolic and hexane phases from the 

vitamin E assay (Section 3.3 .1.1). The lipid was extracted using the method o f Folch et al
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(1957). The combined ethanolic and hexane phases were evaporated under nitrogen at 

50°C and the residue resuspended in 3 ml of chloroform/methanol (2:1 v/v) by vortex 

mixing for 2 min. 0.75 ml of 0.1 M NaCl was then added to the extract followed by 

vortex mixing for 1 min, resulting in the production o f a biphasic system. The mixture 

was spun in a centrifuge at 3000 rpm for 5 min to separate the two phases. The upper 

phase was carefully removed with a Pasteur pipette and discarded. The lower phase, 

containing the lipids, was evaporated under nitrogen and taken up into 1 ml o f hexane. To 

ensure complete removal o f chloroform from the sample, the lipid extract in hexane was 

evaporated under nitrogen and the residue washed in 0.5 ml o f acetone by vortex mixing 

for 1 min. The acetone was removed by evaporation under nitrogen and the residue 

resuspended in 0.5-1 ml o f hexane by vortex mixing for 1 min. The extract was then spun 

in a centrifuge for 5 min to clarify the extract for total lipid assay.

3.3.2.1 Assay Method

The total lipid assay was performed by the method o f Snyder and Stephens (1959). The 

assay measures the fatty acid ester bond content in triglycerides and phospholipids but 

does not detect unesterihed fatty acids that may be present in the tissue extracts. The 

assay is based on the hydrolysis of the ester with alkaline hydroxylamine, resulting in the 

formation o f a hydroxamic acid, which reacts in the presence of acid ferric perchlorate to 

form a purple iron-chelate complex.

50 - 200 pi o f lipid samples in hexane (as prepared in Section 3.3.2.1) were pipetted into 

10 ml glass tubes and blown to dryness under nitrogen, with each sample being prepared in 

triplicate. 0.3 ml o f alkaline hydroxylamine {see Appendix 3) was added to each o f the dry 

lipid samples and the tubes capped and heated to 65°C for 2 min in a heating block. After 

cooling the tubes under cold running water, 0.75 ml o f reagent ferric perchlorate 

(Appendix 3) was added to each tube and mixed by gentle agitation. The purple colour 

was allowed to develop for 30 min before reading the absorbance against a reagent blank 

at 530 nm in a Uvikon 940 spectrophotometer (Kontron Instruments Ltd).
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A standard curve was prepared in exactly the same way using a 2 mM solution o f glyceryl 

trioleate in hexane to construct a series o f standards ranging from 0-0.2 pmols, in 

duplicate. The amount of lipid in the samples was calculated from the standard curve by 

linear regression and expressed as pmol total lipid/ g wet weight tissue.

3.3.3 Thiobarbituric Acid-Malondialdehyde Assay

The lipid peroxidation marker malondialdehyde (MDA), a decomposition product o f lipid 

hydroperoxides, was measured according to the method o f Halliwell and Chirico (1993), 

using a high performance liquid chromatography (HPLC)-based thiobarbituric acid (TEA) 

assay. Since the TEA test is non-specific e.g. bile pigments and glycoproteins are known 

to give false positive readings (Halliwell and Gutteridge, 1989), HPLC is used to separate 

the authentic (TEA)2-MDA adduct from other chromogens absorbing at the same 

wavelength. The addition o f the chain-breaking antioxidant, butylated hydroxytoluene 

(EHT) to samples before homogenisation and addition of TEA reagents, prevents 

amplification o f peroxidation during the assay procedure and minimises artefacts due to 

variations in sample lipid content and/or antioxidant concentrations, and in iron 

contamination o f reagents (Halliwell and Chirico, 1993).

3.3.3.1 Sample Preparation

50-100 mg o f tissue was homogenised on ice, in 950 pi o f phosphate buffered saline (10 

mM potassium phosphate, 140 mM sodium chloride, pH 7.4) to which was added 50 pi o f 

0.2% (w/v) EHT in ethanol (0.01 % f.c). Homogenisation was performed with a Polytron 

tissue disintegrator (Kinematica, GmEH) until a consistent homogenate was formed, 

usually 30 seconds for liver and 120 seconds for muscle, with 15-30 sec cooling intervals 

on ice. For the TEA test, 100 pi of the sample homogenate was aliquoted into an 

eppendorf tube to which was added 25 pi o f 0.2% (w/v) EHT (0.005 % f.c), 600 pi of 

0.44 M orthophosphoiic acid (0.285 M f.c) and 200 pi o f 0.6% (w/v) thiobarbituric acid 

(0.13 % f.c), heated to 60°C. The reaction mixture was incubated at 90°C for 30 min in a
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heating block. The cooled sample was then centrifuged for 10 min at 13 000 rpm and the 

supernatant used for HPLC analysis. Each sample was prepared in duplicate for the TEA 

test and the remaining homogenate was retained for protein determination which was 

performed by the method of Lowry as described in Section 2.7.1.

As MDA is unstable, standard MDA was prepared immediately before use by hydrolysing 

its derivative, 1,1,3,3-tetraethoxypropane (TEP), in water. A 1 mM solution o f TEP was 

prepared in ddHiO and used to construct a calibration curve ranging in concentration from 

0-10 pM. 100 pi aliquots o f the standards were prepared for the TEA test in the same 

way as samples, except the EHT was replaced with water in the reaction mixture.

3.3.3.1 HPLC Determination of TBA-MDA

A reverse phase system was adopted for HPLC separation of the (TEA)2-MDA adduct 

using a Techsphere 5-pm octadecyl silane (0DS)-2 column (250 mm length x 4.6 mm i d) 

with a 5-pm ODS-2 guard column, purchased from HPLC Technology Ltd, Macclesfield, 

Cheshire, UK. The mobile phase consisted of 65% (v/v) 50 mM potassium phosphate 

buffer, pH 7.0, which was passed through a 0.2 pm membrane filter before use, and 35% 

(v/v) HPLC grade methanol. The mobile phase was eluted at a flow rate of 1 ml/min with 

a Kontron 422 HPLC pump (Kontron Instruments Ltd, Watford, Herts, UK). Samples 

were loaded and injected onto column via a Rheodyne 7125 manual injection valve fitted 

with a 50 pi sample loop. The pink-coloured (TEA)2-MDA adduct was detected at 532 

nm with a Kontron 432 ultraviolet absorption detector.

3.3.3.3 Quantitation of MDA Levels

Peak areas o f samples and standards were recorded and integrated using Softron PC 

Integration Software, version 1.0 (Kontron Instruments Ltd). Sample concentrations of 

MDA were determined from the MDA calibration curve. MDA levels were expressed as 

nmol MDA/mg of protein.
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3.3.4 Membrane Fluidity

Mitochondrial membrane fluidity was measured by steady-state fluorescence polarisation 

using the lipophilic fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH), which orients 

with high affinity to the inner-core of the membrane bilayer. DPH was purchased from 

Molecular Probes and was supplied by Cambridge Bioscience, Cambs., UK.

3.3.4.1 Sample Preparation

Mitochondria from liver and muscle were isolated as described previously in Section 2.5 

and prepared for fluidity determinations according to the method o f Goss-Sampson 

{personal communication). For each mitochondrial sample 120 pg o f mitochondrial 

protein was resuspended in 1.2 ml o f HEPES buffer (10 mM HEPES, 120 mM NaCl, 2.5 

mM KCl, 1.2 mM NaH2P0 4 , 0.1 mM MgCb, 5.0 mM NaHCOg, 6.0 mM glucose, 1.0 mM 

CaCb, pH 7.4) to give a final protein concentration o f 0.1 mg/ml. A 2 mM stock solution 

o f DPH in tetrahydrofuran was diluted 2000-fold in HEPES buffer to a 1 pM solution. 50 

pi o f the 1 pM DPH solution (0.05 nmoles o f DPH) was added to 0.3 ml of the diluted 

mitochondrial sample and the final volume made up to 0.6 ml with HEPES buffer to give a 

final molar ratio o f probe to phospholipid o f approximately 1:100-200 (the phospholipid 

concentrations o f the liver and muscle mitochondrial membranes were assumed to be 120- 

175 and 310 nmol/mg protein, respectively, as quoted by Daum, 1985). Each sample was 

prepared in triplicate. A control was also set up for each sample consisting o f 0.3 ml o f 

mitochondrial sample incubated with 0.3 ml o f HEPES buffer in the absence o f DPH, to 

correct for background fluorescence.

The reaction mixture was incubated at 37 °C for 1 h in the dark to prevent 

photodegradation o f the probe. The incubation time had been previously determined by 

incubating mitochondrial sample with DPH at the above concentrations and monitoring the 

fluorescence over time. A progressive increase in the fluorescence intensity, which 

corresponded to solubilisation o f probe into membrane, was observed over a period of 50 

min at which point it reached a plateau {see Appendix 4). Hence, an incubation period of 

1 h was used to allow full incorporation o f probe into membrane.
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3.3.4.2 Measurement of Fluorescence Polarisation

Incubated samples were transferred to a 0.6 ml quartz micro-cell and the fluorescence 

intensity measured at 37 °C in a Perkin Elmer LS50B luminescence spectrometer (Perkin 

Elmer, Beaconsfield, Bucks, UK), equipped with a thermostated cell-holder and a 

polarisation accessory. Fluorescence excitation was performed at 360 nm (2.5 nm slit- 

width) and emission was detected at 430 nm (10 nm slit-width). Fluorescence polarisation 

(P) was obtained by consecutive measurements o f Iw  and I v h ,  where Iw  and I v h  are the 

fluorescence intensities detected through a polariser oriented parallel and perpendicular, 

respectively, to the direction o f polarisation of the excitation beam.

The degree o f fluorescence polarisation (P) was calculated according to Shinitzky and 

Barenholz (1978) from the equation;

P = Iw -  Ivh  G 
Iw  + Ivh  G

where G is the correction factor for instrument polarisation given by the ratio o f vertical 

( I h v )  to the horizontal ( I h h )  components when the excitation light is polarised in the 

horizontal direction;

G = Ih v
Ihh

Steady-state fluorescence data can be expressed in terms o f polarisation or anisotropy (r) 

where

r  = Iw -  I v h G  
Iw  + I I V H  G

and total fluorescence intensity (P) = I w + 2 I v h .

A high degree of fluorescence polarisation, or anisotropy, indicates a high degree of 

structural order (rigidity) and is inversely proportional to membrane fluidity (Shinitzky and 

Barenholz, 1978).
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3.3.5 Glutathione Assay

Reduced glutathione (GSH) and the oxidised form o f glutathione, glutathione disulphide 

(GSSG), were assayed by the method o f Griffith (1980). The assay measures total 

glutathione (tGSH) by an enzymatic recycling procedure in which the glutathione is 

sequentially oxidised by 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) and reduced by 

NADPH in the presence of glutathione reductase. The rate o f formation of the 2-nitro-5- 

thiobenzoic acid chromophore is monitored at 412 nm and the glutathione present 

evaluated by comparison o f the rate, which is proportional to [GSSG] and [GSH], with 

those o f standard glutathione solutions. The assay is made specific for GSSG by trapping 

any GSH present with 2-vinylpyridine.

3.3.5.1 Sample Preparation

Approximately 100 mg of tissue was ground to a coarse powder, under liquid nitrogen, 

using a pestle and mortar. Between 75-90 mg o f the frozen powdered sample was 

homogenised, on ice, in 20 vol. o f 0.84% (w/v) metaphosphoric acid, with a Polytron 

tissue disintegrator (Kinematica, GmBH) set at a low speed, for 2 x 30 sec bursts with a 

cooling period in between. Care was taken not to excessively aerate samples during 

homogenisation to prevent oxidation o f GSH. The homogenate was weighed and 

transferred into an eppendorf and the sample spun in a cooled microfuge at 13 000 rpm for 

5 min. The pellet was retained for later protein analysis. The pellet was solubilised in 0.1 

M NaOH/ 5% SDS solution and diluted 1:5 prior to performing Lowry (Section 2.7.1). 

The protein-free supernatant was weighed and transferred to a clean eppendorf and used 

for the glutathione assay. Immediately before analysis, the supernatant was neutralised by 

adding 1/4 volume o f 0.5 M disodium phosphate (800 pi o f sample + 200 pi o f disodium 

phosphate) and mixed several times by inversion. 3 x 20 pi aliquots o f the neutralised 

sample were removed for tGSH analysis. For GSSG analysis the remaining supernatant 

was reacted with 2-vinylpyridine (2 pi per 100 pi o f neutralised supernatant) to trap the 

reduced glutathione, and incubated at room temperature for 1 h (Griffith, 1980).
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3.3.S.2 Assay Method

All reagents for the assay were made up fresh in 125 mM disodium phosphate/6.3 mM 

disodium-EDTA buffer, pH 7.5. To assay for total glutathione, 0.21 mM NADPH (f.c) 

and 0.6 mM DTNB (f.c) were added to 20-60 pi of neutralised sample and the volume 

made up to 1 ml with 125 mM disodium phosphate/6.3 mM disodium-EDTA buffer (pH 

7.5) and equilibrated to 30°C in a 1 ml cuvette. To assay for GSSG, 0.21 mM NADPH 

(f.c) and 0.6 mM DTNB (f.c) were added to 50-200 pi o f neutralised 2-vinylpyridine- 

treated sample in a final volume o f 1 ml and equilibrated to 30°C in a 1 ml cuvette.

A reference cuvette was set up for each assay identical to the test cuvette except the 

sample was omitted and replaced with the disodium phosphate/disodium-EDTA buffer. 

Both GSH and GSSG assays were initiated by the addition o f 0.5 U/ml glutathione 

reductase (f.c) to the test cuvettes and the reaction monitored for 5 min at 412 nm in a 

Uvikon 940 spectrophotometer (Kontron Instruments Ltd). The rate was determined from 

the linear portion o f the reaction.

To evaluate the total glutathione (tGSH) and oxidised glutathione (GSSG) content o f the 

samples, standard tGSH and GSSG calibration curves were set up as above, ranging from 

0-60 pM and 0-10 pM, respectively. Reduced glutathione (GSH) levels were obtained by 

subtracting the GSSG levels from the tGSH levels. The levels o f GSH and GSSG were 

either expressed as nmol/mg o f protein or as GSH:GSSG ratios.

3.3.6 DNA Analysis

3.3.6.1 Total DNA Extraction

Approximately 2 ml o f the nuclear pellets samples, retained from liver and muscle 

mitochondrial isolation procedure (Section 2.5), were diluted by the addition o f 1 ml of 

extraction buffer (10 mM Tris, 100 mM NaCl, 25 mM K ^D T A , pH 7.9) and incubated in 

the presence o f 2 mg/ml Proteinase K and 0.5% sterile-filtered SDS, in order to lyse the
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samples and digest cellular protein. Liver samples were incubated at 50°C for 3 h and 

muscle samples at 37°C overnight, in an Infors HT orbital shaker (Infors Ltd, Crewe, 

Cheshire, UK) set at 150 rpm.

Digested samples were purified by phenol/chloroform extraction. An equal volume of 

Tris-saturated phenol, pH > 7.6 (Fisher Scientific, Loughborough, Leics., UK) was added 

to the samples and the phases mixed on a whirly-wheel for 20 min, followed by 

centrifugation at 4000 rpm for 20 min to separate phases. The top aqueous phase was 

carefully transferred to a fresh tube and the phenol extraction repeated a fiirther two times 

with fresh Tris-saturated phenol. To remove any traces o f phenol, an equal volume o f 

Tris-saturated chloroform: isoamyl alcohol (24:1) was added to the final aqueous phase and 

the samples mixed for 5 min on a whirly-wheel, followed by centrifugation at 4000 rpm for 

20 min to separate the phases. The top aqueous phase was removed to a fresh tube and 

the DNA ethanol precipitated by the addition o f 2 vol. o f ice-cold absolute ethanol in the 

presence o f 0.3 M sodium acetate and the samples stored at -20°C overnight.

The precipitated DNA was collected by centrifugation at 12 000 rpm for 30 min at 4°C. 

The pellet was washed with 2 ml of ice-cold 70% ethanol to remove excess salt and left to 

air-dry. The dry pellets were resuspended in 0.5 ml o f TE buffer (10 mM Tris, 1 mM 

K ^D T A , pH 8.0) and subsequently digested for 30 min at 37°C with DNAse-free 

Ribonuclease A (from bovine pancreas), added to a final concentration of 50 |ig/ml of 

sample. The RNA-digested samples were phenol extracted twice followed by one 

chloroform:isoamyl alcohol (24:1) extraction and the DNA reprecipitated with ethanol, 

washed and air-dried as before. The DNA pellets were resuspended in 200-250 |il o f TE 

buffer by mixing overnight on whirly-wheel and stored at 4°C. Sterile precautions were 

taken throughout the entire extraction procedure to prevent bacterial contamination.

3.3.6.2 Calculation of DNA Concentration and Purity

The concentration o f DNA was calculated spectrophotometrically assuming a 50 pg/ml 

solution o f nucleic acid gives an absorbance of 1.0 at 260 nm (Maniatis et al, 1982). 5 (il
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of the DNA sample was added to 995 pi o f sterile ddHiO in a silica cuvette and the 

absorbance read at 280 nm and 260 nm against a water blank (nucleic acid absorbs at 260 

nm and protein at 280 nm). Samples with an Aieonm/Aisonm ratio of >1.7 were considered 

to be o f sufficient purity.

S.3.6.3 Agarose Gel Electrophoresis of DNA

Qualitative assessment o f isolated DNA was performed by electrophoresis on agarose gels. 

0.8% (w/v) agarose slab gels were prepared in TAE buffer (40 mM Tris-acetate, 10 mM 

K ^D T A , pH 8.0) containing a final concentration of 0.5 pg/ml ethidium bromide. Gels 

were poured in horizontal gel casters and run in a horizontal, submerged gel 

electrophoresis system (BRL, Life Technologies Inc, Paisely, Scotland, UK) with a Bio- 

Rad 200/2.0 constant voltage power pack (Bio-Rad Laboratories Ltd, Hemel Hempstead, 

Herts, UK).

Gel loading dye (purchased from Promega Ltd, Southampton, Hants, UK) was added to 

DNA samples (2 pi per 10 pg o f DNA) prior to loading samples on gel. ///«<ffll-digested 

phage Lambda DNA molecular size markers (Promega Ltd), ranging from 0.12-23.1 Kbp 

were routinely run on each gel (0.5 pg per lane). Gels were electrophoresed in TAE 

buffer containing a final concentration of 0.5 pg/ml ethidium bromide, at 90 V for 

approximately 2-3 h and the DNA bands visualised under UV light with a UVP 

transilluminator (Genetic Research Instrumentation Ltd, Dunmow, Essex, UK). Gels were 

photographed through an orange filter with a Polaroid DS34 Instant Camera using 

Polaroid black and white print film (Polaroid Ltd, St Albans, Herts, UK).

3.3.Ô.4 Analysis of DNA Base Modification by Gas Chromatography-Mass 
Spectrometry

Gas chromatography-mass spectrometry analysis o f DNA was performed in collaboration 

with Dr A Jenner at the Neurodegenerative Disease Research Centre, Pharmacology 

Group, University o f London King's College, London, using an established protocol.
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3.3.6.4.1 Sample Preparation

Isolated DNA samples (Section 3.3.6.1) were dialysed for approximately 24 hours against 

ultra pure water (Elga purification system) in dialysis tubing with a relative molecular mass 

cut off o f 3500. The amount o f DNA recovered in each sample was calculated 

spectrophotometrically as described in Section 3.3.6.2. Each sample containing an 

equivalent o f 100 pg DNA or if less, then the total DNA available, was transferred to a 

glass vial and 0.5 nmol o f 6-azathymine and 0.5 nmol o f diaminopurine internal standards 

added to each. The vials were covered with perforated parafilm and the samples 

lyophilised overnight with liquid nitrogen using standard freeze-drying apparatus (Edwards 

High Vacuum International, Crawley, W. Sussex, UK).

0.5 ml o f 60% (v/v) formic acid was added to the samples which were then transferred to 

glass fraction collecting tubes. The tubes were evacuated and sealed under vacuum and 

heated for 45 min at 150°C to hydrolyse the DNA and release all the bases. Hydrolysed 

samples were transferred to 1 ml poly(tetrafluoroethylene) hypovials (Pierce, Chester, UK) 

covered with perforated parafilm and lyophilised overnight. The lyophilised samples were 

capped under nitrogen and derivatised by the addition of 10 pi o f silylation grade 

acetonitrile and 40 pi o f bis(trimethylsilyl)trifiuoroacetamide (BSTFA) (containing 1% 

trimethylchlorosilane, TMS) using a syringe to inject reagents into vials. After heating at 

90°C for 40 min to achieve trimethylsilylation of samples, they were transferred to auto

injector vials and sealed by capping.

3.3.6.4.1 Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

The derivatised samples were analysed on a GC-MS (Hewlett-Packard 5890II gas 

chromatograph interfaced with a Hewlett-Packard 5917A mass selective detector). The 

injection port and the GC-MS interface were kept at 250°C and 290°C, respectively. 

Separations were carried out on a fiised silica capillary column (12 m x 0.2 mm i d.) 

coated with cross-linked 5% phenylmethylsiloxane (film thickness 0.33 pm) (Hewlett- 

Packard). Helium was the carrier gas with a flow rate of 0.93 ml/min. Each derivatised 

sample (1.0 pi) was injected onto the column using a split ratio o f 8:1, resulting in the
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actual loading o f 0.125 |il o f sample, equivalent to 0.25 |ig o f hydrolysed and derivatised 

DNA, onto the column. Column temperature was increased from 125°C to 175°C at 

8.0°C/min after being held at 125°C for 2 min, then from 175°C to 220°C at 30°C/min and 

held at 220°C for 1 min, and finally increased from 220°C to 290°C at 40°C/min and held 

at 290°C for 2 min. Selected-ion monitoring (SIM) was performed using the electron* 

ionisation mode at 70 eV with the ion source maintained at 185°C. In SIM mode the mass 

spectrometer only measures a few * selected ions derived by fragmentation o f a specific 

silylated base derivative during the time at which it is expected to elute from the GC 

column, allowing the sensitivity and selectivity o f detection to be considerably enhanced.

S.3.6.4.3 Quantitation of Modified DNA Bases

Quantitation o f modified bases was achieved by relating the peak area o f the compound 

with the internal standard peak area and applying the following formula:

Concentration = A x  [1ST] x I 
(nmol/mg DNA) Akt K

A = Peak area of product 

Aist = Peak area of internal standard

[1ST] = Concentration o f the internal standard (5 nmol/mg DNA)

K  = Relative molar response factor for each damaged base

K  constants were calculated from the slopes of the calibration curves constructed using 

known concentrations o f internal standards and authentic compounds.

3.3.6.S Apoptosis

To assess for intemucleosomal DNA cleavage, an accepted hallmark o f apoptotic cell 

death, (Wyllie, 1980) agarose gel electrophoresis was performed as described in Section

3.3.6.3, on muscle DNA isolated from 3 and 12 month vitamin E deficient rats and liver 

DNA isolated from 12 month vitamin E deficient rats.
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3.4 Results

3.4.1 Clinical Observations and Growth of Animals

Rats were maintained on vitamin E deficient and control diets fi’om 21 days o f age for a 

period o f up to one year, as described previously in Section 2.2. To monitor their growth 

the animals were weighed at regular intervals and their growth curves are shown in 

Figure 3.1

There were no obvious differences in the growth, appearance or behaviour o f the control 

and vitamin E deficient rats during the first 15 weeks o f treatment and little difference in 

the mean body weights o f the animals (381 ± 38 g and 363 ± 22 g, respectively). After 15 

weeks the mean body weights of the two groups o f rats began to diverge. From 20 weeks 

onwards, the controls were significantly (Mann-Whitney U test) heavier than the vitamin E 

deficient rats and continued to maintain a steady growth rate, whilst the growth of the 

deficient rats reached a plateau .

The period of curtailed growth in the vitamin E deficient rats was accompanied by varying 

degrees o f hindlimb weakness, muscle wasting, poor coat condition and increased tremor. 

Hindlimb weakness was evident from the inability of the rats to support their total body 

weight on their back limbs for long durations. The behaviour of the deficient rats was also 

affected, as observed by an increased irritability upon handling. These features appeared 

from 20-24 weeks and became more prominent with increasing time on the vitamin E 

deficient diet. By 48 weeks o f vitamin E deficiency the deficient rats exhibited severe 

generalised muscle wasting and were considerably lighter than the controls (370 ± 14 g 

compared to 561 ± 88 g). Consistent with their decrease in weight, the gastrocnemius and 

in particular soleus muscles o f the deficient rats were noticeably reduced in size and were 

abnormally pale in appearance, when compared to control muscle. The severely reduced 

mass o f the gastrocnemius muscle at 12 months o f vitamin E depletion necessitated the 

pooling of muscle from two deficient rats for sufficient mitochondrial isolation and 

subsequent biochemical analysis.

135



700

Control
Vitamin E Deficient

600

500

5  400

o  300

200

100

0 50 100 150 200 250 300 350

Duration on Diet (days)

Fig 3.1 Growth curves of rats on control and vitamin E deficient diets. The data is expressed as mean ± 
standard deviation (n = 23 controls, n = 24 vitamin E deficient rats). Significant difference compared to 
controls using Mann-Whitney U test is indicated b>' ***p < 0.001.
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3.4.2 Vitamin £  Data

3.4.2.1 Recovery and Validation of Extraction Procedure

To validate the extraction procedure, recovery of vitamin E was determined by adding an 

internal standard to the samples at the extraction stage, as described in Section 3.3.1.4. 

The susceptibility o f vitamin E to oxidative degradation during homogenisation o f the 

samples was also investigated by the addition o f either ascorbic acid or the synthetic 

antioxidant butylated hydroxytoluene (BHT) to the samples before homogenisation. The 

highest recoveries and yields o f vitamin E were obtained in the absence o f any added 

antioxidant (Table 3.2), suggesting that vitamin E does not undergo significant 

degradation during homogenisation and hence this method was adopted for extraction.

Table 3.2 Recovery o f vitamin E in the presence o f different antioxidants during

Antioxidant Vitamin E 
(nmol/g tissue) 

(n = 6)

% Recovery o f Added 
Vitamin E 

(n = 3)

None 22.1 ±3.37 93.4 ±2.42

Butylated hydroxytoluene 21.0 ±2.98 72.7 ±3.20

Ascorbic Acid 19.7 ±3.67 82.1 ±1.52

Values are expressed as mean ± standard deviation. Percentage recoveries were calculated as described in 
Section 3.3.1.4.

Addition o f BHT gave the lowest recoveries which were approximately 20% lower than 

those attained with no antioxidant. The reason for this finding is not known, but was not 

in agreement with the report by Lang et al (1986) where the addition o f 0.5 mg BHT to 

the tissue samples prior to homogenisation was found to be effective in preventing auto

oxidation o f the lipid-soluble components. The actual yields o f vitamin E, expressed as 

nmol/g tissue, showed little variation with the extraction procedure used, although they 

were slightly lower in the presence of ascorbic acid (Table 3.2). This finding is in 

agreement with Buttriss and Diplock (1984) who reported reduced yields o f vitamin E in 

the presence o f ascorbic acid, and with the findings o f Lang et al (1986) who found that 

ascorbic acid significantly reduced the recovery o f vitamin E fi*om plasma. Although the 

details o f its action are not known, it is possible that ascorbate acts as a pro-oxidant during
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homogenisation, causing oxidative destruction o f vitamin E and consequently, reduced 

yields. Although Buttriss and Diplock (1984) recommended the use o f 1% pyrogallol 

during the extraction o f vitamin E, it was found to interfere with the total lipid assay and 

hence its use was not feasible in this study.

The extraction procedure was also validated in liver samples. The recovery o f vitamin E 

from liver in the absence o f any added antioxidant showed frill recovery, confirming that 

tocopherol can be quantitatively extracted into hexane using this method. The results are 

shown in Table 3.3.

Table 3.3 Recovery o f vitamin E from liver.
Vitamin E (nmol/g tissue) % Recovery o f Added Vitamin E

(n = 6) (n = 3)

30.8 ±2.21 102.0 ±4.3

Values are expressed as mean ± standard deviation. Percentage recoveries were calculated as described in 
Section 3.3.1.4.

3.4.2.2 Vitamin E Levels

Vitamin E (a-tocopherol) levels were determined as described under Section 3.3.1, in the 

muscle and liver o f rats fed vitamin E deficient and control diets, at progressive time 

intervals. The data is listed in Tables 3.4 and 3.5 for muscle and liver, respectively. The 

results were expressed as nmol vitamin E per g o f tissue and as vitamin E: total lipid ratios. 

The latter is thought to be a more meaningful representation of the vitamin E status since 

vitamin E concentrations are influenced by total lipid concentrations. Total lipid was 

determined as described under Section 3.3.2.

Gastrocnemius Muscle

The mean vitamin E levels in control animals showed an overall increase from 3 to 12 

months, increasing from 21.9 to 41.9 when expressed as nmol/g tissue and from 1.08 to 

2.68 when expressed as nmol/pmol o f total lipid (Table 3.4). The increase in the vitamin 

E:total lipid ratio was approximately 2.5 fold from 3 to 12 months, suggesting that vitamin 

E levels increase with age. The control muscle vitamin E concentrations were in
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Table 3.4 Vitamin E levels in gastrocnemius muscle from control and vitamin E deficient
rat

Duration 
on Diet

Vitamin E 
(nmol/g tissue)

Vitamin E 
(nmol/^mol total lipid)

(Months)_______Control Vit E deficient Control Vit E deficient

3 21.9 ±2 .4 n.d 1.08 ±0.14 n.d

6 33.9 ±2.39 n.d 2.22 ± 0.27 n.d

9 30.6 ±6 .7 n.d 2.19±0.18  n.d

12 41 .9± 5 .9 n.d 2.68 ±0.71 n.d

Vitamin E levels were determined as described under Section 3.3.1. Values are expressed as mean ± 
standard deviation (n = 3). n.d; not detected. Detection limits are discussed in Section 3.4.2.3.

Table 3.5 Vitamin E levels in liver from control and vitamin E deficient rat
Duration 
on Diet

Vitamin E 
(nmol/g tissue)

Vitamin E 
(nmol/fimol total lipid)

(Months) Control Vit E deficient Control Vit E deficient

3 45.4 ± 10.5 n.d 2.43 ±0.56 n.d

6 46.3 ±11.6 n.d 1.51 ±0.21 n.d

9 56.0 ±21.9 n.d 2.14 ±0.87 n.d

12 73.4 ±3 .2 n.d 2.43 ± 0.50 n.d

Vitamin E levels were determined as described under Section 3.3.1. Values are expressed as mean ± 
standard deviation (n = 3). n.d; not detected. Detection limits are discussed in Section 3.4.2.3.
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agreement with those stated for rat muscle by Lang et al (1986), who quoted values in the 

range o f 14.9-42.9 nmol/g tissue.

Liver

The mean control vitamin E concentrations showed a 38% increase from 3 to 12 months, 

rising from 45.4 to 73.4 nmol/g tissue (Table 3.5). However, when vitamin E levels were 

expressed as ratios of total lipid there was no overall change from 3 to 12 months, with 

values remaining constant at 2.43 nmol/|imol o f total lipid. The initial 38% decline in the 

vitamin E:total lipid ratio observed at 6 months did not continue at 9 months, by which 

stage the vitamin E:total lipid ratio began to recover. From this data there does not appear 

to be any obvious relationship between age and vitamin E levels in liver. The levels quoted 

were consistent with those o f Lang et al (1986), who reported values ranging from 50.3-

81.8 nmol/g tissue for liver.

The vitamin E concentrations o f muscle and liver from the animals fed vitamin E deficient 

diets were found to be below the sensitivity o f the detection system at all durations on 

vitamin E depleted diet. Consequently the degree o f deficiency, defined as a percentage of 

the control value, could not be evaluated {see Section 3.4.2.3).

S.4.2.3 Detection Limits and Sensitivity

The sensitivity o f the fluorescence system used to detect a-tocopherol was calculated to 

be in the range o f 0.0625-0.125 nmoles. In terms o f sensitivity in detecting tissue levels of 

a-tocopherol, these values correspond to detection limits o f 2.5-5.0 nmol/g tissue, which 

corresponds to 10-20% of the values detected in controls. Because this sensitivity was 

lower than that reported previously (Buttriss and Diplock, 1984), the amount o f tissue 

used for vitamin E deficient samples was doubled and the final volume o f hexane used to 

redissolve the dried residue was reduced in order to concentrate the vitamin (Section 

3.3.1.1). Despite these changes no a-tocopherol could be detected in the vitamin E 

deficient samples, even at the earlier stages o f deficiency, suggesting that the tissues 

contained very little vitamin E i.e. less than 5-10% of the control levels, by 3 months on
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the depleted diet. In addition, the a-tocopherol levels obtained in control samples were 

comparable to those cited in the literature (Lang et al, 1986) suggesting that the relatively 

low sensitivity o f the detection system did not compromise the validity o f the results.

3.4.3 Total Lipid Levels

Total lipid levels were determined as described (Section 3.3.2), in muscle and liver o f rats 

fed vitamin E deficient and control diets at progressive time intervals. The results are 

summarised in Tables 3.6 and 3.7 for muscle and liver, respectively. The data was 

expressed as pmol total lipid per g of tissue.

Gastrocnemius Muscle

The total lipid levels in the controls, with the exception o f 6 months, were lower than 

those in the vitamin E deficient animals at all time points. The control concentrations did 

not follow any obvious trend with time, and overall tended to decline with age. In the 

vitamin E deficient animals, the lipid levels also fluctuated with time but overall showed a 

general decline with age which did not appear to be related to an increase in the severity of 

vitamin E deficiency (Table 3.6)

Liver

The total lipid concentrations in the vitamin E deficient liver were generally higher than 

those in controls, except at 12 months. Overall, the control concentrations increased with 

age from 3 to 12 months. In vitamin E deficient animals, the total lipid levels showed 

little overall change with increasing duration on diet, apart from an initial increase from 3 

to 6 months (Table 3.7).
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Table 3.6 Total lipid levels in gastrocnemius muscle from control and vitamin E deficient
rat

Duration 
on Diet

Total Lipid (^mol/g tissue)

(Months) Control Vit E deficient

3 20.7 + 4.6 25.8 + 6.6

6 15.6 + 3.1 12.9 + 3.7

9 13.9+1.9 21.0 + 3.7

12 16.3+3.9 17.8 + 7.8

Total lipid levels were determined as described under Section 3.3.2. Values are expressed as mean ± 
standard deviation (n = 3).

Table 3 .7  Total lipid levels in liver from control and vitamin E deficient rat
Duration 
on Diet

Total Lipid (fimol/g tissue)

(Months) Control Vit E deficient

3 18.9 + 3.0 23.0 + 3.6

6 30.8 + 8.3 32.9 + 5.0

9 26.3 + 1.7 26.0 + 2.6

12 30.9 + 4.9 23.3+2.3

Total lipid levels were determined as described under Section 3.3.2. Values are expressed as mean ± 
standard deviation (n = 3).
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3.4.4 Malondialdehyde Levels

The lipid peroxidation marker, malondialdehyde (MDA), was measured as described under 

Section 3.3.3. The results are presented in Figure 3.2 for muscle and Figure 3.3 for liver. 

The values were expressed as nmol o f MDA per mg o f total protein to allow for variations 

in protein content of the individual tissue homogenates.

Gastrocnemius Muscle

In controls the level o f MDA was relatively constant with age o f animals. The mean MDA 

concentrations were consistently higher in vitamin E deficient animals relative to controls 

at all stages o f vitamin E depletion (Figure 3.2). As the severity o f the deficiency 

increased, the differences in MDA content between control and deficient animals were 

accentuated. The MDA levels increased by 14% at 3 months, 33% at 6 months, 37% at 9 

months and 45% at 12 months in deficient animals when compared to their age-matched 

controls. These differences were statistically significant at 6, 9 and 12 months when 

assessed by Mann-Whitney U test, with p values o f 0.015, 0.026 and 0.004, respectively 

(Figure 3.2). The data suggests that residual amounts of MDA are present in skeletal 

muscle, even under normal conditions, and that vitamin E deficiency exacerbates the basal 

rate o f lipid peroxidation.

The relationship between age and MDA levels in muscle is shown in Figure 3.4 Control 

animals showed an overall decline in MDA levels with age, whereas the vitamin E deficient 

animals show a general increase in MDA with age. These findings disagree with those 

reported in a study of the effects of ageing on antioxidant enzymes in rat (Ji et al, 1990), 

where a significant age-related increase in lipid peroxidation (MDA content) was observed 

in skeletal muscle. The lack o f a significant positive correlation between age and MDA in 

control and vitamin E deficient rats in this study, probably reflected the general fall in 

MDA levels observed from 9 to 12 months (Figure 3.2). The reason for this decline in 

MDA content in the aged animals is discussed in Section 3.5.4.

Liver

The mean MDA content (nmol/mg protein) was higher in deficient animals compared to 

controls at 3, 6, 9 and 12 months by 26%, 23%, 22% and 29% respectively (Figure 3.3).
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Figs 3.2-3.3 Malondialdehyde (MDA) content of gastrocnemius muscle and liver from control (open bars) 
and vitamin E deficient (solid bars) rats with increasing duration on diet. Values are expressed as mean ± 
standard deviation (n = 6). Significant difference compared with controls using Mann-Wliitney U test is 
indicated b\ *p < 0.05, **p < 0.01.
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control and vitamin E deficient rats, n = 24 controls and n = 24 vitamin E deficient, r = correlation 
coefficient.

145



The differences at the later two time-points were statistically significant with p values o f 

0.026 in both cases. Unlike in muscle, the differences did not become more pronounced 

with increasing severity of deficiency, but remained relatively constant. The basal MDA 

levels and those in deficient animals were approximately 1.5 fold higher in liver than those 

observed in skeletal muscle.

The correlation between age and liver MDA levels is examined in Figure 3.5. Both 

control and vitamin E deficient MDA levels failed to show a significant correlation with 

age. However, after an initial decline in MDA content from 3 to 6 months, the trend was 

towards a general increase in MDA with age (from 6 to 12 months) in both groups of rats.

3.4.5 Membrane Fluidity

Mitochondrial membrane fluidity was assessed by steady-state fluorescence polarisation 

using the lipophilic fluorescent probe, diphenylhexatriene (DPH), as described under 

Section 3.3.4. The data was expressed as anisotropy (r) which is proportional to 

membrane rigidity and inversely proportional to membrane fluidity. The results are 

presented graphically in Figure 3.6 (muscle mitochondria) and Figure 3.7 (liver 

mitochondria).

Gastrocnemius Muscle Mitochondrial Membranes

Observations on mitochondrial membrane anisotropy (r) were performed in order to 

determine the biophysical effects of vitamin E deficiency on membrane fluidity. At the 

earliest stage o f vitamin E depletion (3 months) the mean anisotropy o f mitochondrial 

membranes was approximately 5% lower in vitamin E deficient animals when compared to 

controls, suggesting that membranes were more fluid at this stage (Figure 3.6) After 6 

months, however, the reverse was true with deficient animals exhibiting higher anisotropy 

values relative to controls at 6, 9 and 12 months by 4%, 6% and 8% respectively, 

suggesting an decrease in mitochondrial membrane fluidity associated with vitamin E 

deficiency (Figure 3.6) Although the increases in anisotropy were relatively small they 

were statistically significant at 9 and 12 months with respective p values o f 0.09 and 0.012 

(Mann-Whitney U test).
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Figs 3.6-3.7 Membrane fluidity of mitochondrial membranes isolated from gastrocnemius muscle and 
liver of control (open bars) and vitamin E deficient (solid bars) rats, as assessed by anisotropy (r) values 
for diphenylhexatriene. Values are expressed as mean ± standard deviation (n = 5 at 3 and 6 months, n = 
6 at 9 months and n = 8 at 12 months). Significant difference compared with controls using Mann- 
Whitney U test is indicated by *p < 0.05, **p < 0.01.
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The relationship between age and mitochondrial membrane fluidity in control and vitamin 

E deficient muscle was examined as shown in Figure 3.8. The previously reported age- 

related decline in mitochondrial membrane fluidity (Yu et al, 1992) was not observed. In 

controls, an overall decrease in membrane anisotropy was observed, indicating that 

membranes had become more fluid with age. The vitamin E deficient animals did not 

reveal a significant change in mitochondrial membrane anisotropy with age. However, an 

overall, general decrease in membrane fluidity was observed with age.

Liver Mitochondrial Membranes

Liver mitochondrial membrane anisotropy was higher in vitamin E deficient animals 

relative to controls at all durations on diet, with the exception o f the terminal time-point 

(Figure 3.7). As in muscle, the differences were relatively small; 1.6% at 3 months, 11% 

at 6 months and 3.8% at 9 months. The difference at 6 months reached statistical 

significance with a p value o f 0.032 (Mann-Whitney U test) but not at any other time- 

point. At 12 months, a slight (4.3%) decrease in membrane anisotropy was observed in 

deficient animals when compared to controls.

Hepatic mitochondrial membrane anisotropy did not exhibit any significant correlation with 

age (Figure 3.9), although there appeared to be a general increase in anisotropy (rigidity) 

with age in control, and to a lesser extent, in vitamin E deficient animals.

3.4.6 Glutathione Levels

Total glutathione (tOSH), reduced glutathione (GSH) and the oxidised form (OS SO), 

were determined in order to assess the effects o f vitamin E deficiency on the redox status 

o f this intracellular antioxidant. Glutathione was measured as described under Section 

3.3.5, at 3 and 12 months o f vitamin E depletion. The results are shown in Figure 3.10 

(muscle) and Figure 3.11 (liver). The data was expressed as nmol/mg o f protein for 

tGSH, GSH and GSSG and as a ratio of GSH GSSG The latter is thought to be a more 

accurate index o f oxidative stress than GSSG alone.
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Fig 3.10 Glutathione content of gastrocnemius muscle from 3 month and 12 month control (open bars) 
and vitamin E deficient (solid bars) rats. Total glutathione, reduced glutathione (GSH) and oxidised 
glutathione (GSSG) were determined as described under Section 3.3.5. Values are expressed as mean ± 
standard deviation (n = 5 at 3 months and n = 7 at 12 months). Significant difference between control and 
vitamin E deficient rats using Mann-Wlütney U test is indicated by **p < 0.01, ***p < 0.001. Significant 
difference between the respective 3 and 12 month rats using Mann-Whitney U test is indicated by mp < 
0.05, ■■p< 0.01.
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Fig 3.11 Glutathione content of liver from 3 month and 12 month control (open bars) and vitamin E 
deficient (solid bars) rats. Total glutathione, reduced glutathione (GSH) and oxidised glutatliione (GSSG) 
were determined as described under Section 3.3.5. Values are expressed as mean ± standard deviation (n 
= 5 at 3 months and n = 7 vitamin E deficient and 6 controls at 12 months). Significant difference between 
the respective 3 and 12 month rats using Mann-Whitney U test is indicated by ««p <0.01.
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Gastrocnemius Muscle

At 3 months, the mean tGSH, GSH and GSSG levels were lower in vitamin E deficient 

animals by 22%, 20% and 46% respectively, when compared to controls (Figure 3.10). 

The GSH;GSSG ratio was 53% higher in deficient animals relative to controls. At this 

stage none of the differences between control and deficient animals were statistically 

significant when assessed by Mann-Whitney U test. By 12 months marked and significant 

increases were observed in the tGSH (50%), GSH (50%) and GSSG (61%) levels in 

deficient rats relative to controls, with respective p values o f 0.0006, 0.0006 and 0.0041. 

The GSH:GSSG ratio fell by 21% in deficient animals compared to controls, but not 

significantly (Figure 3.10). The elevated GSSG content in vitamin E deficient muscle at 

this stage, was counterbalanced by a comparable increase in the GSH content, resulting in 

a relatively small change in the actual GSH GSSG ratio.

When the data was compared longitudinally, the control animals showed a 7% increase in 

tGSH, a 9% increase in GSH and a 51% significant increase in the GSH:GSSG ratio (p = 

0.010) fi’om 3 to 12 months, whilst the GSSG levels fell significantly by 40% (p = 0.048). 

It appears that in controls the GSSG levels at 3 months were unusually high which 

accounted for the lower GSH:GSSG ratios observed. Vitamin E deficient animals 

exhibited marked and significant increases in the levels o f tGSH, GSH and GSSG of 64% 

(p = 0.0025), 64% (p = 0.0025) and 65% (p = 0.048) respectively, from 3 to 12 months. 

The GSH:GSSG ratio showed a 27% non-significant decline at 12 months when compared 

to the ratio at 3 months (Figure 3.10).

Liver

Liver glutathione levels were approximately 10 fold higher than those observed in skeletal 

muscle (Figures 3.10 and 3.11) At 3 months there were no significant differences in the 

mean tGSH and GSH concentrations between control vitamin E depleted animals in liver 

(Figure 3.11) The GSSG content was reduced by 23% in deficient animals relative to 

controls and resulted in a comparable increase in the GSH:GSSG ratio. By 12 months the 

tGSH, GSH and GSSG were all elevated in deficient rats relative to controls by 18%, 19% 

and 21% respectively (Figure 3.11) These changes were not statistically significant. The 

GSH:GSSG ratio was effectively unaltered as the increase in GSSG content was 

compensated for by a comparable increase in the GSH content.
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When the 12 month glutathione levels were compared with those at the earlier time-point 

(3 months)|the control tGSH and GSH were raised by 15% and 16%, and GSSG lowered 

I by 19%, whilst the GSH;GSSG ratio exhibited a 33% increase. However, these 

increases were not statistically significant. In the vitamin E deficient rats the increases 

were more prominent with a highly significant 31% (p = 0.005) increase in tGSH, a highly 

significant 32% (p = 0.005) increase in GSH and a 25% increase in the GSSG content. 

The GSH GSSG ratio was raised by 12% (Figure 3.11).

3.4.7 DNA Damage

Initially, attempts were made to isolate nuclear and mitochondrial DNA (mtDNA) using 

caesium chloride-ethidium bromide density gradient centrifugation (Maniatis et al, 1982), 

to determine the relative sensitivities o f the two genomes to vitamin E deficiency. 

Unfortunately, isolation of mtDNA was not always successful and when achieved, the 

yield o f mtDNA obtained was poor (data not shown). Furthermore, the amount of 

mitochondrial sample available from the vitamin E deficient rats was not enough for 

sufficient mtDNA to be isolated. Consequently, the following analyses were performed on 

total DNA which was extracted as described in Section 3.3.6.1.

3.4.7.1 DNA Base Modification

To assess whether vitamin E deficiency was associated with an increase in the levels of 

oxidised DNA bases, gas chromatography-mass spectrometry (GC-MS) was performed on 

isolated DNA in conjunction with Dr A Jenner (Neurodegenerative Disease Research 

Centre, Pharmacology Group, University of London King's College, London), as described 

under Section 3.3.6.4. Oxidative damage to DNA produces a broad spectrum of modified 

base products o f which 14 were assayed. These modified base products are formed in 

model systems when the highly reactive hydroxyl radical ("OH) attacks purine and 

pyrimidine bases {see Section 1.1.5.3 and Figure 1.2 for details). These base products can 

be classified into four main groups as follows;
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PYRIMIDINE OXIDATION PRODUCTS

Cytosine 

5-OH Cytosine 

5-OH Hydantoin 

5-OH Uracil

Thymine 

5-OH, Me Uracil

5-OH, Me Hydantoin 

Thymine Glycol (cis/trans)

PURINE OXIDATION PRODUCTS 

Guanine Adenine

8-OH Guanine 

FAPy Guanine

8-OH Adenine 

2-OH Adenine 

FAPy Adenine

In addition to the above oxidatively-modified bases xanthine and hypoxanthine, which are 

putative intermediary products o f purine deamination, were also assayed. The results for 

skeletal muscle and liver DNA are presented graphically in Figure 3.12 and Figure 3.13, 

respectively. The data is expressed as nmol modified base per mg o f DNA.

Gastrocnemius Muscle DNA

Muscle DNA was analysed at 3 and 12 months o f vitamin E deficiency. The use o f GC- 

MS showed that oxidative damage to all four bases occurred in DNA isolated from 

control and vitamin E deficient muscle. Hypoxanthine and xanthine, which arise as 

deamination products of adenine and guanine respectively, were also present in control and 

deficient DNA, usually at higher concentrations than the modified bases. At 3 and 12 

months (Figures 3.12a,b) the overall levels of modified base products were generally 

much higher in control DNA relative to deficient DNA, particularly the pyrimidine 

oxidation products. The purine oxidation products 2-OH adenine and 8-OH guanine were 

increased in vitamin E deficient muscle when compared to controls, with the 8-OH guanine 

levels increased by 47% and 14% in 3 and 12 month vitamin E deficient muscle, 

respectively. Xanthine levels were noticeably reduced in DNA fi"om 3 month deficient 

muscle relative to control DNA levels. Whether these results represent a real effect of 

vitamin E deficiency or are artifactual, because of the small numbers and large inter-sample 

variability, is not known. The small sample size did not allow non-parametric statistical 

tests (Mann-Whitney U test) to be performed and hence the differences between control 

and deficient modified base product levels could not be assessed for statistical significance. 

An age-related increase in modified base products was not observed. In fact, the levels o f 

modified bases at 12 months (Figure 3.12b) were generally lower than those observed at 3 

months, and may suggest that ageing is associated with an increase in DNA repair activity.
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Fig 3.12 Levels of DNA base modification products in DNA isolated from gastrocnemius muscle of 3 
(3.12a) and 12 month (3.12b) control (open bars) and vitamin E deficient (solid bars) rats. Values are 
expressed as mean ± standard deviation (n = 3 controls at 3 and 12 months and n = 3 and 4 vitamin E 
deficient rats at 3 and 12 months, respectively). Abbreviations; 5-OH. Me Hydantoin: 5-
(hydrox\methyl)hydantoin, 5-OH Hydantoin: 5-hydrox}hydantoin. 5-OH Uracil: 5-hydrox>iiracil, 5-OH. 
Me Uracil: 5-(hydrox}methyl)uracil, 5-OH Cjlosine: 5-hydrox>c>losine, FAP>-Adenine: 4,6-diamino-5- 
fomiamidopyrimidine, 8-OH Adenine: 8-hydroxyadenine, 2-OH Adenine: 2-hydrox)adenine, FAPy- 
Guanine: 2,6-diamino-4-hydroxy-5-fbrmamidop\ rimidine, 8-OH Guanine: 8-hydroxyguanine.
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Fig 3,13 Levels of DNA base modification products in DNA isolated from liver of 12 month control (open 
bars) and vitamin E deficient (solid bars) rats. Values are expressed as mean ± standard deviation (n = 4 
controls and n = 3 vitamin E deficient rats). Abbreviations; 5-OH, Me Hydantoin: 5- 
(hydro-\\methyl)hydantoin. 5-OH Hydantoin: 5-hydroxyhydantoin, 5-OH Uracil: 5-hydroxyuracil. 5-OH, 
Me Uracil: 5-(hydrox)methyl)uracil, 5-OH Cytosine: 5-hydroxyc\losine, FAPy-Adenine: 4,6-diamino-5- 
formamidopyrimidine, 8-OH Adenine: 8-hydroxyadenine, 2-OH Adenine: 2-hydroxyadenine, FAP\- 
Guanine: 2,6-diamino-4-hydroxy-5-formamidop\Timidine, 8-OH Guanine: 8-hydroxyguanine.
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Liver DNA

Liver DNA isolated from 12 month vitamin E deficient and control rats was analysed 

(Figure 3.13). As in muscle, GC-MS revealed that all o f the modified bases analysed were 

present in control and deficient liver DNA, generally at higher concentrations in the 

former. The differences between control and deficient levels tended to be more prominent 

for the purine oxidation products than the pyrimidine oxidation products. All the purine 

oxidation products were lower in vitamin E deficient liver, particularly FAPy guanine 

which was reduced by 83% and 2-OH adenine which was reduced by 61%. Xanthine and 

hypoxanthine levels were also dramatically reduced (75% and 83%, respectively) in DNA 

from deficient liver when compared to control levels.

3.4.7.2 Apoptosis

To determine if vitamin E deficiency was able to induce apoptotic cell death, total DNA 

isolated from 3 and 12 month vitamin E deficient rat muscle and 12 month deficient rat 

liver was run on agarose gels with age-matched controls, as described under Section

3.3.6.3. No evidence was found o f intemucleosomal DNA cleavage, a characteristic 

feature o f apoptosis, in control or vitamin E depleted tissues (data not shown). In 

addition, morphological analysis of liver and muscle by electron microscopy did not show 

any evidence o f apoptotic cell death (see Chapter 4.0, Section 4.4.3).

3.5 Discussion

3.5.1 Growth and Clinical Observations

The effects o f long-term vitamin E deficiency on the growth o f the rats in this study were 

similar to those reported previously (Goss-Sampson et al, 1988, Thomas et al, 1993, 

Southam et al, 1991). In this study, the mean body weights o f the control and vitamin E 

deficient animals began to diverge after 15 weeks o f treatment, and by 20 weeks the 

control animals were significantly heavier than the vitamin E deficient animals. Goss-
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Sampson et al (1988) found the weights o f the two groups o f animals began to differ by 16 

weeks, and by 20 weeks the controls were significantly heavier than the vitamin E depleted 

rats. Similarly, Southam et al (1991) and Thomas et al (1993) found the weights of 

control and vitamin E deficient rats began to diverge after 12-16 weeks o f treatment, and 

became significantly different by 20-24 weeks. The physical effects o f chronic vitamin E 

deficiency in this study were also similar to those reported in the previous studies. These 

changes included hind-limb muscle weakness and wasting, impaired gait, and poor coat 

condition. By about 48 weeks, these abnormalities became more severe, and the muscle 

wasting which was initially confined to the hind-limbs, became more generalised over the 

whole body.

3.5.2 Vitam in E Levels

Vitamin E (a-tocopherol) concentrations were determined in rat muscle and liver in order 

to, firstly, ensure that the animals fed the vitamin E depleted diet were genuinely deficient 

o f vitamin E, and secondly, to determine the extent of the deficiency in relation to control 

animals, with increasing duration on diet. In control muscle an age-related increase 

(approximately 2.0 fold) was observed in the vitamin E levels, from 3 to 12 months. The 

concentrations ranged from 21.9 ± 2.4 to 41.9 ± 5 .9 nmol g tissue and were in agreement 

with those reported previously by Lang et al (1986) who reported values in the range of

14.8 to 42.9 nmol/ g tissue. When the vitamin E concentrations were corrected for total 

lipid and expressed as nmol/pmol total lipid the increase from 3 to 12 months was greater 

(approximately 2.5 fold). In control liver, the vitamin E concentrations (expressed as 

nmol/ g tissue) remained fairly constant from 3 to 9 months after which they showed an 

increase o f 24%. The concentrations ranged from 45.4 ± 10.5 to 73.4 ± 3.2 nmol/g tissue 

and were in agreement with the range o f concentrations reported by Lang et al (1986) of

50.3 to 81.8 nmol/g tissue. When the liver data was expressed over total lipid, the vitamin 

E concentrations showed no overall change from 3 to 12 months, apart from an initial 

decline (38%) at 6 months. This decline in the vitamin E:total lipid ratio corresponded 

with a comparable increase (39%) in the total lipid concentration from 3 to 6 months. As 

increased free radical acitivity is thought to be a major contributor to the ageing process

158



(Harman, 1956, 1992), the increased vitamin E concentrations (nmol g tissue) observed 

with age in the liver and muscle of control animals may reflect the mobilisation o f vitamin 

E from storage depots, such as adipose tissue, to the liver and muscle as a protective 

response, induced to counteract increased lipid peroxidation associated with ageing. A 

similar finding has been documented by Banks et al (1996), where age-related increases in 

the heart plasma membrane vitamin E concentrations in miniature swine, were shown to 

ameliorate peroxidation o f the membrane lipids during ageing.

The vitamin E concentrations o f muscle and liver from the animals fed vitamin E deficient 

diets were found to be below the sensitivity o f the detection system at all durations on 

vitamin E depleted diet. Consequently the degree o f deficiency over time, defined as a 

percentage of the control value, could not be evaluated as was discussed in Section

3.4.2.3. However, by the earliest time-point (3 months) the vitamin E levels in the rats on 

the depleted diet were estimated to be < 5-10% o f the control values, calculated using the 

detection limits of the system {see Section 3.4.2.3), and it is reasonable to assume that 

with increasing duration on the diet the severity o f the deficiency also increased. This is 

supported by the vitamin E depletion study conducted by Bieri (1972) in rats, in which the 

liver lost 87 nmole/g tissue (75%) o f its initial vitamin E concentration (116 nmole/g 

tissue) within the first 8 days, followed by a slower rate o f decrease, with the levels falling 

to approximately 5.8 nmole/g tissue (5% of the initial values), at the end of 6 weeks. In 

comparison, the muscle lost approximately 13.9 nmole/g tissue (40%) o f its initial vitamin 

E concentration (23.3 nmole/g tissue) over the first 16 days, followed by a gradual decline 

over the remaining 4 weeks. Similarly, in a vitamin E depletion study carried out in 

guinea pig, the liver lost 90% of its vitamin E content after 2 weeks o f depletion whilst 

skeletal muscle lost 67% of its vitamin E content after 6-8 weeks. Interestingly, myopathy 

began to develop in the guinea pigs at about 6-8 weeks after commencing the depletion 

diet, thus suggesting that the muscle does not need to be fully depleted of vitamin E for 

muscle damage to occur (Machlin et al, 1979). Further support comes from the data of 

Goss-Sampson et al (1988) who conducted a longitudinal study o f vitamin E deficiency in 

the rat, and investigated various neurological and non-neurological tissues, including liver. 

The liver vitamin E concentrations, expressed as a percentage of the control values, were 

found to decline rapidly. By 16 weeks levels were < 2% of control values and after 24 

weeks were undetectable. Furthermore, it was found that in all the tissues studied (brain.
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cord, nerve, serum and liver) depletion o f vitamin E occurred in two phases; an initial 

phase o f rapid loss during the first 4-8 weeks of deficiency, followed by a second phase of 

prolonged depletion (Goss-Sampson et al, 1988). This finding has also been documented 

by other workers (Bieri, 1972, Machlin and Gabriel, 1982) as discussed in Section 1.3.5.1, 

and has led to the conclusion that there are two different pools o f vitamin E in most 

tissues, one which is rapidly mobilised when tissue levels are high and one which decreases 

very slowly when tissue levels are low (Machlin, 1984). The second more stable pool of 

vitamin E represents vitamin E bound to membranous or subcellular structures (Bieri,

1972) and represents the functional and more critical component o f tissue vitamin E. The 

gradual loss of this functional vitamin E during long-term depletion studies is, most likely, 

responsible for the manifestation of vitamin E deficiency symptoms.

The failure to detect any vitamin E, even at the earliest stages of depletion (3 month), in 

the liver and muscle suggests that by this stage the tissues had lost most o f their vitamin E 

content, in agreement with the depletion studies discussed above. In this study, the rates 

o f depletion in the two tissues could not be compared, but earlier studies (Bieri, 1972, 

Machlin and Gabriel, 1982, Ingold et al, 1987) have found the rate o f vitamin E depletion 

to be very rapid in the liver and slower in skeletal muscle as discussed above. This has led 

to the suggestion that the liver is the major storage organ for vitamin E (Machlin and 

Gabriel, 1982). Hence, depletion o f vitamin E in the liver may represent the loss of stored 

vitamin E whereas the slower depletion in muscle may represent the loss o f functional 

vitamin E, incorporated in the cellular and subcellular membranes. This may explain why 

the two tissues are differentially affected by vitamin E deficiency and why muscle 

undergoes extensive degeneration whilst the liver is relatively unaffected {see Chapter 4.0 

for morophology).

3.5.3 Total Lipid Levels

In addition to its role as a membrane antioxidant, vitamin E (a-tocopherol) is capable o f 

exerting a controlling influence on the polyenoic (unsaturated) fatty acid residues in 

membrane phospholipids through specific physiochemical interactions {see Introduction, 

Section 1.3.4.2), and thereby influences the lipid architecture of the membrane. It has been
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suggested that the distribution of vitamin E reflects the degree of saturation o f the 

membrane phospholipids (Buttriss and Diplock, 1988) and therefore the vitamin E 

concentrations might be expected to influence the lipid concentration and composition of 

the membranes.

The concentration o f total lipid was measured in muscle and liver from control and vitamin 

E deficient rat in order to determine the vitamin E:total lipid ratio. In muscle, the total 

lipid concentrations showed an overall decline with age in both control and vitamin E 

deficient animals. In liver, the total lipid content showed a general increase with age in 

controls but remained relatively constant in the vitamin E deficient animals. There was no 

obvious relationship between the total lipid concentrations and the vitamin E 

concentrations in either tissue. This may be due to the fact the total tissue lipid 

concentrations are not as sensitive to changes in the vitamin E concentration as the 

individual membrane phospholipid component, and therefore may not reflect the effects o f 

vitamin E deficiency on the membrane lipids. Similarly, losses in the membrane 

phospholipid concentrations as a result o f increased peroxidation during vitamin E 

deficiency, may not be accurately reflected by changes in the total lipid levels.

3.5.4 Malondialdehyde Levels

The extent o f lipid peroxidation (malondialdehyde, MDA formation) was determined in 

order to assess the extent of cellular oxidative damage in the tissues. The levels o f MDA 

ranged from 9.0 ± 4.0 - 12.8 ± 2.3 nmol/g tissue in control muscle and from 17.6 ±6.11 -

25.9 ± 5.22 nmol/g tissue in control liver. These values were approximately 2-4 fold lower 

than those reported previously by Ji et al (1990) for age-matched control rat skeletal 

muscle (23.9 ± 0.7- 37.0 ± 3 .9  nmol/g tissue) and liver (51.4 ± 10.8 - 81.2 ± 4.3 nmol/g 

tissue). The discrepancy in the values is probably due to the lack of specificity o f the 

thiobarbituric (TEA) test employed by Ji et al (1990) for MDA determination. The TEA 

test is a simple, non-specific assay which measures TEA-reactive material. It has a 

tendency to overestimate the true MDA content as most o f the TEA-reactive aldehydes 

are generated during the test procedure. The HPLC-TEA assay o f Halliwell and Chirico 

(1993) used in this thesis allows separation o f the authentic (TEA)2-MDA adduct from

161



other chromogens absorbing at the same wavelength. Furthermore, the addition o f the 

chain-breaking antioxidant, butylated hydroxytoluene to samples before homogenisation 

and addition o f TEA reagent, prevents amplification of peroxidation during the assay 

procedure (see Section 3.3.3), and hence gives a more accurate estimate o f the true MDA 

content.

In muscle the MDA content was significantly elevated in the vitamin E deficient rats 

relative to controls, at 6, 9 and 12 months, by 33%, 37% and 45%, respectively. Although 

the levels o f MDA were also elevated (14%) in the deficient rats at 3 months the difference 

did not reach statistical significance. The control MDA levels remained fairly constant 

throughout, whilst the levels in the vitamin E deficient rats increased progressively from 3 

to 6 to 9 months, after which a decline o f 16 % was observed from 9 to 12 months. A 

similar fall (27 %) was observed in the control MDA levels from 9 to 12 months. These 

results were in conflict with those o f Ji et al (1990) who reported a progressive increase in 

skeletal muscle lipid peroxidation (MDA formation) in normal rats with age (4-31 

months). The reason for the decline in lipid peroxidation reported in this thesis may be due 

to a number of factors. It may be related to a decline in the amount of peroxidisable 

substrate (lipid) or to changes in the vitamin E levels. Although the total lipid content 

declined by 15% in the vitamin E deficient muscle from 9 to 12 months and may explain 

the reciprocal fall in MDA content, in control muscle a 15% increase in the total lipid 

levels was observed from 9 to 12 months. However, it is interesting to note that the 

vitamin E concentration increased by 26% from 9 to 12 months in the control muscle and 

this may account for the parallel fall (27%) in lipid peroxidation. Another, more likely 

explanation for the fall in muscle lipid peroxidation at the end-stages o f vitamin E 

deficiency (12 months) may be due to the compensatory increase observed in the 

glutathione-dependent antioxidant protective system (discussed in Section 3.5.6).

In liver the MDA levels were raised in the vitamin E deficient rats relative to controls at all 

durations on the diet. The levels were significantly higher in the deficient rats at 9 and 12 

months by 22% and 29%, respectively. Both control and vitamin E deficient rats showed 

an initial decline in hepatic MDA levels from 3 to 6 months which could not be accounted 

for by a decrease in the lipid content or by an increase in the control vitamin E 

concentration. Thereafter, the control MDA levels showed little change whereas the levels
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in the vitamin E deficient animals continued to increase with time. These results appear to 

be in conflict with those of Ji et al (1990) who reported a decrease in hepatic lipid 

peroxidation in normal aged rat.

The higher levels of MDA in skeletal muscle and liver fi-om vitamin E deficient rats relative 

to control tissue, suggests that lipid peroxidation occurs at a basal rate under normal 

conditions and that vitamin E deficiency exacerbates this background rate o f lipid 

peroxidation. Given that vitamin E is the major lipid-peroxidation chain-breaking 

antioxidant in vivo (Burton et al, 1982, 1983), these results are not unexpected. Similar 

findings have been reported in other vitamin E deficiency studies. A significant increase in 

lipid peroxidation (MDA and aliphatic aldehydes) in a range o f tissues, including liver, 

muscle, heart and neural tissues (brain and spinal cord) has been observed in rats kept on a 

vitamin E deficient diet for 1 year (MacEvilly et al, 1990), whilst significant increases in 

the levels o f lipid hydroperoxides detected by HPLC, have been reported to occur in heart, 

lung and kidney as earlier as 4 weeks after feeding rats a tocopherol deficient diet 

(Tokumaru etal, 1997).

Although the actual concentrations o f MDA were 1.5-2 fold higher in the liver compared 

to skeletal muscle, probably reflecting the greater availabilty o f peroxidisable substrate, the 

muscle appeared to be more sensitive than liver to peroxidative damage during vitamin E 

deficiency, as indicated by the more pronounced elevations in MDA levels with increasing 

severity o f vitamin E deficiency. The greater susceptibility o f muscle to lipid peroxidation 

compared to liver, may be due to the fact that liver has considerably higher levels o f the 

protective antioxidant enzymes, superoxide dismutase, catalase, glutathione peroxidase, 

glutathione ^-transferase and glutathione reductase compared to muscle (Ji et al, 1990), 

see Table 3.8 in Section 3.5.8. Furthermore, skeletal muscle undertakes very rapid and 

co-ordinated changes in energy supply and oxygen flux for repeated contractions. As a 

result, large variations occur in the flow o f electrons through the mitochondrial respiratory 

chain which may enhance the risk o f free radical generation (Boveris and Chance, 1973) 

and predispose the skeletal muscle to oxidative damage, particularly in the absence of 

adequate vitamin E.
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3.5.5 Membrane Fluidity

Biological membranes undergo various alterations during oxidative stress and ageing, as a 

result o f free radical-mediated damage. Such alterations can occur at both the cellular and 

subcellular membrane level and may involve changes in the membrane's physical 

characteristics, especially its fluidity (Yang and Yu, 1993). Recently, lipid peroxidation 

has been shown to be an important factor in causing increased membrane rigidity during 

ageing (Choi and Yu, 1995) and oxidative stress (Meccoci et al, 1997). To determine 

whether the increase in lipid peroxidation observed in the muscle and liver from vitamin E 

deficient animals {see Section 3.5.4) affected the biophysical properties o f the membranes, 

the fluidity o f the mitochondrial membranes was analysed in these tissue. Mitochondrial 

membranes were selected for analysis since the mitochondrial electron transport chain is 

one of the major sites o f free radical production (Boveris et al, 1972, Boveris and Chance, 

1973), and hence the lipids of the mitochondrial membranes are particularly susceptible to 

peroxidative damage.

At the earliest time-point (3 months), the muscle mitochondrial membranes from the 

vitamin E deficient rats were more fluid (5%), compared to controls. After 3 months, the 

mitochondria from the vitamin E deficient rat began to exhibit a higher degree of 

membrane anisotropy (rigidity), relative to controls. Although the increases in rigidity 

were small; 4%, 6% and 8% at 6, 9, and 12 months, respectively, they were statistically 

significant at the later two time-points. These results were in conflict with the findings of 

an earlier vitamin E deficiency study, in which a significant increase in the membrane 

fluidity was reported to occur in muscle mitochondria from 12 month vitamin E depleted 

rats, compared to controls (Thomas et al 1993).

The effect o f vitamin E in modulating cellular membrane fluidity is somewhat complex, and 

may involve several factors. Zimmer et al, (1993) have shown that vitamin E modulates 

membrane fluidity in a variable manner as a function o f concentration. At physiological 

membrane tocopherol concentrations, vitamin E fluidizes the membrane, but at higher 

concentrations vitamin E decreases fluidity. The latter stabilising effect o f vitamin E may 

be explained by the proposed structural role o f vitamin E in the membrane, whereby it

164



facilitates the close packing o f the polyunsaturated fatty acid chains o f the membrane 

phospholipids (Diplock and Lucy, 1973).

In vitamin E deficiency, an increase in membrane fluidity would be expected to occur as 

the stabilising effect of vitamin E is lost. However, the situation is further complicated by 

the loss of antioxidant function of vitamin E. The latter will result in an increase in 

membrane lipid peroxidation, which is known to cause a decrease in membrane fluidity 

(Choe et al, 1995). Hence, there may be two opposing effects occurring in vitamin E 

deficiency; a decrease in membrane fluidity due to an increase in lipid peroxidation, and an 

increase in membrane fluidity as a result o f loss o f the stabilising effect exerted by the 

presence of vitamin E in the membrane. These opposing effects may counterbalance each 

other, resulting in only small net changes in the fluidity status o f the membranes, as was 

observed in this study.

At 3 months, the severity o f the vitamin E deficiency was relatively mild and only caused a 

slight increase in muscle lipid peroxidation (MDA formation), relative to controls. The 

increased rigidity associated with this increase in lipid peroxidation was probably 

counterbalanced by the loss of the stabilisation effect o f vitamin E. As the vitamin E 

deficiency progressed from 6 to 12 months, a net decrease in the mitochondrial membrane 

fluidity was observed, which correlated well with significant increases in tissue lipid 

peroxidation. The membrane fluidity of the control muscle mitochondria showed an 

overall increase with age, suggesting that the membranes had become less stable with age. 

This finding was in disagreement with the previously reported age-related decrease in 

mitochondrial membrane fluidity (Yu et at, 1992). However, it is interesting to note that 

in muscle from control rats, lipid peroxidation (MDA formation) remained fairly constant 

and did not show an increase with age, probably as a result o f an increase in the vitamin E 

concentrations with age, and this may explain why a decrease in the fluidity o f the 

mitochondrial membranes was not observed.

In liver, changes in the control mitochondrial membrane fluidity appeared to correlate 

fairly well with changes in lipid peroxidation. In controls, the mitochondrial membrane 

fluidity showed an initial increase at 6 months after which the fluidity progressively 

decreased. Hepatic lipid peroxidation showed a similar decline at 6 months, followed by a
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progressive increase from 6 to 12 months. In the vitamin E deficient rats, the fluidity of 

the liver mitochondrial membranes was lower than that of controls at 3, 6 and 9 months, 

reflecting the higher levels o f lipid peroxidation in the vitamin E deficient tissue. However, 

by 12 months the mitochondrial membranes from the deficient rats became more fluid with 

respect to controls, even though lipid peroxidation was elevated in the former, which may 

suggest that other factors were involved in regulating the fluidity o f the liver membranes.

In summary, progressive vitamin E deficiency appeared to differentially modulate the 

fluidity o f skeletal muscle and liver mitochondrial membranes. In muscle, the fluidity of 

the mitochondrial membranes decreased with progressive deficiency o f vitamin E, whilst 

the reverse was observed in the liver, in which the fluidity o f the mitochondrial membranes 

increased with prolonged vitamin E deficiency. This may suggest that lipid peroxidation 

has a more dominant influence in modulating the fluidity o f the mitochondrial membranes 

in muscle compared to liver, during vitamin E deficiency. Other factors, such as 

compositional changes in the lipids o f the membranes (i.e. the degree o f saturation and 

cholesterol content) may play a more significant role in modulating the fluidity o f the 

hepatic mitochondrial membranes.

3.5.6 G lutathione Levels

The intracellular thiol, glutathione, is known to be involved both directly and indirectly in a 

multitude o f biological functions, one of which includes it key role in combating oxidative 

stress by the reduction o f reactive oxygen intermediates. Reduced glutathione is thought 

to be involved in the regeneration o f vitamin E and may even have a sparing effect on the 

vitamin {see Introduction, Section 1.3.4.4). Total glutathione (tGSH), reduced glutathione 

(GSH) and the oxidised form, glutathione disulphide (GSSG), were determined in order to 

assess the effects o f vitamin E deficiency on the redox status o f this intracellular 

antioxidant, at 3 and 12 months of vitamin E depletion. The results were expressed as 

nmol/mg o f protein for tGSH, GSH and GSSG and as a ratio o f GSH:GSSG. Low 

GSH:GSSG ratios indicate high levels o f oxidative stress and give a more accurate index 

o f oxidative stress than GSSG levels alone.
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At 3 months the tGSH, GSH and GSSG levels were lowered and the GSH:GSSG ratio 

elevated in the muscle o f the vitamin E deficient rats relative to controls, suggesting that 

oxidative stress was not increased at this stage of vitamin E deficiency. By 12 months 

there was a significant increase{(61%) in the GSSG levels and an overall decline (21%) in 

the GSH:GSSG ratio o f the vitamin E deficient rats relative to controls, implying an 

increase in oxidative stress. When the glutathione levels at 3 months were compared with 

those at 12 months, in the controls the tGSH and GSH levels were relatively unchanged, 

whilst the GSSG levels declined significantly and were accompanied by a significant 

increase in the GSH:GSSG ratio. In the vitamin E deficient rats, marked and significant 

increases in the tGSH, GSH and GSSG levels were observed from 3 to 12 months, whilst 

the actual GSH:GSSG ratio declined, but not significantly. Thus in muscle, prolonged 

vitamin E deficiency (12 months) induced an increase in the total intracellular glutathione 

pool, partly counteracting the increase in oxidised glutathione (GSSG). This may occur as 

a compensatory mechanism, in response to increasing oxidative stress as a result o f loss o f 

vitamin E antioxidant protection.

Changes in hepatic glutathione levels were similar to those in muscle but were not as 

pronounced. In liver, no significant differences were observed in the tGSH, GSH and 

GSSG concentrations or in the GSH:GSSG ratios between control and vitamin E deficient 

rats at 3 months, suggesting that levels o f oxidative stress were not increased at the early 

stages o f vitamin E deficiency. Although prolonged vitamin E deficiency (12 months) 

raised the hepatic tGSH, GSH and GSSG concentrations relative to controls, the 

GSH:GSSG ratio remained unaltered, implying oxidative stress was not increased. When 

comparing the hepatic glutathione levels fi'om 3 to 12 months in the controls, no 

significant changes were observed. In the vitamin E deficient rats, the hepatic GSH levels 

were significantly raised fi*om 3 to 12 months, again implying a protective mechanism had 

been initiated to compensate for the loss o f vitamin E.

The actual mechanism by which vitamin E deficiency causes an increase in the glutathione 

levels is not known and can only be speculated. Vitamin E is a lipophilic antioxidant 

located predominately in the hydrophobic interior of membranes whereas glutathione is a 

water-soluble intracellular antioxidant. Hence, it is unlikely that the two antioxidants 

interact directly with each other. However, increases in the glutathione pool may occur as
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a compensatory mechanism in response to the loss o f lipophilic antioxidant protection of 

vitamin E, whereby deficiency of vitamin E induces an increase in the synthesis of 

glutathione by altering the synthesis of enzymes involved in glutathione synthesis and 

regeneration. Vitamin E deficiency has been shown to influence a number o f enzyme 

activities. In many cases, an increase in the specific activity o f these enzymes is observed 

during vitamin E deficiency, and this has led to the proposal that the vitamin may serve as 

a corepressor for the synthesis o f certain enzymes (Catignani, 1980).

Glutathione is involved in several enzyme-dependent mechanisms, such as glutathione 

peroxidase, phospholipid hydroperoxide glutathione peroxidase and glutathione S- 

transferase activity. The former catalyses the reduction of hydrogen peroxide and organic 

hydroperoxides and the latter is involved in the decomposition o f phospholipid 

hydroperoxides, whilst glutathione ^'-transferase is involved in the reduction o f lipid 

hydroperoxides (Wefers and Sies, 1988). Although the activities o f these enzymes were 

not measured in this study, it is feasible that these enzyme activities also increased in 

vitamin E deficiency to compensate for the loss o f lipid peroxyl scavenging activity o f 

vitamin E, and as their activities are dependent on glutathione acting as an electron donor, 

this may account for the increased levels o f glutathione observed in vitamin E deficiency.

It is interesting to note that a similar phenomenon has been reported to occur in an earlier 

study o f vitamin E deficiency (Chow et al, 1973). In this study, significant increases in the 

activities of glutathione peroxidase, glutathione reductase and glucose-6-phosphate 

dehydrogenase were reported in the muscle and adipose tissues after feeding rats a 

tocopherol-stripped com oil diet for 2 months, but not in the liver, kidney or lungs. 

Glutathione reductase catalyses the NADPH-dependent reduction o f oxidised glutathione, 

and the oxidised NADP^ is subsequently reduced to NADPH by the oxidation o f glucose-

6-phosphate in a reaction catalysed by glucose-6-phosphate dehydrogenase. Hence both 

enzymes are involved in the regeneration o f glutathione. The increases in the activities o f 

these enzymes were found to occur as a protective mechanism in response to increased 

lipid peroxidation in these tissues, as a result o f the vitamin E deficiency (Chow et at,

1973).
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In this study, the protective mechansim induced by vitamin E deficiency was found to be 

more pronounced in the muscle, in which a 64% increase in the GSH levels compared to a 

32% increase in liver, was observed from 3 to 12 months, and may account for the 

reduction in lipid peroxidation (MDA formation) observed in the muscle at the end-stage 

(12 months) o f vitamin E deficiency {see Section 3.4.4). However, the fact that the 

compensatory increase in glutathione levels in vitamin E deficiency did not prevent tissue 

damage in the skeletal muscle, may suggest that vitamin E is a critical antioxidant in 

skeletal muscle.

3.5.7 DNA Damage

3.5.7.1 DNA Base Modification

When cells are subjected to oxidative stress modification o f DNA bases has frequently 

been observed (Aruoma et al, 1989, Dizdaroglu et al, 1993). To determine whether 

vitamin E deficiency was associated with an increase in oxidatively-modified DNA bases, 

GC-MS was performed on skeletal muscle DNA from 3 and 12 month vitamin E deficient 

rat and on liver DNA from 12 month vitamin E deficient rat.

In muscle and liver, oxidised products o f all four DNA bases (thymine, cytosine, guanine 

and adenine, see Figure 1.2) were detectable in control and vitamin E deficient tissues, 

suggesting that oxidative attack on DNA is a continual process. Vitamin E deficiency did 

not exacerbate the levels of modified bases which were generally higher in controls, in both 

tissues. In muscle, the purine oxidation product, 8-OH guanine, was slightly elevated in 

the 3 and 12 month vitamin E deficient rats, whilst 2-OH adenine was increased at 3 

months in the deficient tissue. These results may be significant given that the formation of 

hydroxypurines is favoured over the formation o f formamidopyrimidines in the presence of 

oxygen (Gajewski et al, 1990).

As few published studies have been conducted on isolated DNA from rat tissue using the 

GC-MS method it was not possible to compare the values obtained with those in the
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literature. If the control levels of DNA modified base products can be taken as reliable 

indices o f basal or background levels of oxidatively damaged DNA products, then the data 

does not show a vitamin E deficiency-associated increase in oxidative damage to DNA, 

especially when all base products are taken into consideration. If, however, 8-OH guanine 

is considered individually then there does appear to be an increase in oxidative damage to 

DNA isolated from 3 month and 12 month vitamin E deficient muscle. 8-OH guanine is 

commonly used as a sole criterion for assessing oxidative damage to DNA since it is 

usually one o f the major modified bases produced when DNA is exposed to physiologically 

relevant systems producing *0H (Halliwell 1993). In this thesis, the small sample size 

available for DNA analysis did not allow statistical tests to be performed. However, it is 

possible that analysis o f an increased number o f samples would result in statistically 

significant increases in the levels o f 8-hydroxyguanine from vitamin E deficient muscle.

The fact that no significant increases were observed in the levels o f oxidative base 

products in vitamin E deficiency may not be supiising, given that changes in other indices 

o f oxidative stress such as MDA levels and GSSG (discussed earlier) were relatively mild. 

On the other hand, the fact that the levels o f the oxidised bases were generally much lower 

in the vitamin E deficient animals compared to controls, may suggest that deficiency of 

vitamin E induces an increase in DNA repair activity. Furthermore, Spencer et al (1996) 

have shown in a study of oxidative DNA damage in human respiratory tract epithelial cells, 

that some base modification products, such as 8-OH-guanine were removed very quickly 

whereas others persisted for longer (e.g. thymine glycol), probably due to the differential 

activity o f different repair enzymes. Hence, when dra^ving conclusions about the 

biological significance o f oxidative DNA damage, the clearance rates o f the different 

lesions must also be considered.

Hypoxanthine and xanthine, the putative deamination products o f adenine and guanine, 

were also detectable in control and deficient DNA, usually at lower concentrations in the 

latter, especially in liver. The levels o f all the purine oxidation products, particularly FAPy 

guanine and 2-OH adenine were also lower in the vitamin E deficient liver. The reduced 

levels o f these bases in deficient liver may be explained by the effects o f vitamin E 

deficiency on xanthine oxidase. Xanthine oxidase is a molybdenum- and iron-containing 

flavoprotein, which oxidises hypoxanthine to xanthine and then to urate and hence plays an
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important role in purine degradation. Vitamin E deficiency has been known to markedly 

increase the de novo synthesis o f hepatic xanthine oxidase in rabbits (Catignani et al, 1974) 

and rats (Olson and Dinning, 1954), and hence the removal of xanthine and hypoxanthine 

may be greatly enhanced in vitamin E deficient liver, resulting in the low levels observed. 

As xanthine is an intermediate in the formation o f urate from guanine, and hypoxanthine an 

intermediate in the formation of urate from adenine, a vitamin E deficiency-induced 

increase in hepatic xanthine oxidase will enhance the removal of the purine bases, 

accounting for their reduced concentrations.

3.S.7.2 Apoptosis

Apoptosis can be induced by a variety o f diverse stimuli some o f which are also capable of 

evoking oxidative stress {see Introduction, Section 1.6.4). Furthermore, the severity of 

oxidative stress is thought to determine the form of cell death which occurs (Duvall and 

Wyllie, 1986). This is supported by the findings o f Lennon e/ a / (1991) who have shown 

that low doses o f hydrogen peroxide induce apoptosis in a variety of cell types whilst high 

doses induce necrosis.

The ability o f vitamin E deficiency to induce apoptosis was assessed by intemucleosomal 

DNA cleavage, in skeletal muscle and liver. There was no evidence o f apoptotic cell death 

at either the early (3 month) or late-stages (12 month) o f vitamin E deficiency. It is 

possible that using more sensitive techniques such as the quantitative assay for fragmented 

DNA developed by Huang and Plunkett (1992) which involves labelling at the 5' end with 

and is 1000-2000 fold more sensitive than visualisation o f DNA bands by ethidium 

staining, or the in situ hybridisation technique employing 5' end labelling o f DNA 

fragments (TUNEL method) developed by Ansari et al (1993), that evidence o f apoptosis 

would be obtained.

However, the validity o f intemucleosomal cleavage o f extracted DNA as a sole index of 

apoptosis has been questioned by Enright et al (1994), who have shown that in some cases 

it may occur artifactually, and have recommended that histological examination should also 

be performed to confirm the findings. In view o f this, evidence o f apoptosis was also
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sought morphologically, by electron microscopy. Degenerative changes in the skeletal 

muscle were typical o f necrotic cell death and morphological evidence o f apoptosis such as 

cell shrinkage, membrane blebbing and chromatin condensation were not apparent by 

electron microscopy {see Chapter 4.0, Section 4.4.3), confirming the biochemical findings.

3.5.8 Summary of Oxidative Stress in Vitamin E Deficiency

Muscle

At the earliest stage (3 months) o f vitamin E deficiency, there was little indication of 

increased oxidative stress in the muscle; lipid peroxidation (MDA formation), 

mitochondrial membrane fluidity, the levels of GSH, GSSG and oxidatively-modified DNA 

base products showed no significant change relative to controls. As the vitamin E 

deficiency progressed from 6 to 12 months, changes in the above indices o f oxidative 

stress became evident. Lipid peroxidation increased significantly as did the levels of 

oxidised glutathione (GSSG), whilst the GSH;GSSG ratio declined, compared to controls. 

Mitochondrial membrane fluidity was marginally but significantly reduced relative to 

controls, and appeared to correlate fairly well with increases in tissue lipid peroxidation. 

Vitamin E deficiency appeared to have little deleterious effect on DNA; evidence of 

increased base damage or o f apoptosis was not seen, even after prolonged deficiency (12 

months). Hence, the overall levels o f oxidative stress in vitamin E deficiency appeared to 

by fairly mild. This may be explained by the fact that a marked compensatory increase was 

observed in the levels o f reduced glutathione (GSH) in response to prolonged vitamin E 

deficiency, and may also account for why the decline in the GSH:GSSG ratio was 

relatively small, despite the increase in GSSG. Although the activities o f the antioxidant 

enzymes were not measured in this study, the increase in GSH observed may also be 

associated with an increase in the activities o f enzymes dependent on glutathione, such as 

glutathione peroxidase, which complements the activity o f vitamin E by catalysing the 

reduction o f hydrogen peroxide and lipid hydroperoxides. However, the fact that the 

increase in GSH induced by vitamin E deficiency was unable to prevent muscle damage, 

suggests that vitamin E is an indispensable antioxidant in muscle.
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Liver

Liver showed very little evidence of oxidative stress in response to vitamin E deficiency. 

Lipid peroxidation was elevated but only at the later stages o f deficiency (9 and 12 

months) whilst other parameters o f oxidative stress i.e. mitochondrial membrane fluidity, 

oxidative DNA base damage, and the GSH:GSSG ratios were unchanged relative to 

controls, even after 12 months o f vitamin E deficiency. Evidence o f apoptosis was not 

observed. As in muscle, a compensatory increase in the total glutathione pool was 

observed in response to prolonged vitamin E deficiency, but was o f a smaller magnitude 

than that observed in the muscle.

The relative resistance o f liver to oxidative stress in vitamin E deficiency may be 

attributable to the relatively higher levels o f protective antioxidant enzyme activities in the 

liver compared to skeletal muscle, under normal conditions, as shown in Table 3.8. In 

particular, the activity o f cytosolic glutathione peroxidase in the liver is approximately 33 

fold higher than in muscle. Because glutathione peroxidase complements the activity of 

vitamin E by preventing the accumulation o f lipid hydroperoxides, the loss o f lipid peroxyl 

scavenging activity during vitamin E deficiency in the liver is probably adequately 

compensated for by the high glutathione peroxidase activity.

Table 3.8 Comparison o f antioxidant enzyme activities in rat skeletal muscle and liver

Antioxidant Enzyme Activity Muscle Liver

Superoxide Dismutase (Unit/mg protein)
Cytosolic
Mitochondrial

20.7 ± 1.8 
8.0 ±0.8

503 ± 59 
50.0 ± 4 .7

Glutathione Peroxidase (nmol/min/mg protein)
Cytosolic
Mitochondrial

16.6 ±3.8  
19.4 ±1.2

547 ± 48 
429 ± 42

Catalase (rate constant K x 10’̂ ) 1 .14±0.17 665 ± 50

Glutathione -S-Transferase (nmol/min/mg protein) 8.0 ±0.60 1370 ±161

Glutathione Reductase (nmol/min/mg protein) 1.76 ±0.30 39.6 ± 1.7

Glucose-6-PDH (nmol/min/mg protein) 0.62 ±0.10 8.06 ± 0.47

Activities are from 4 month male Wistar rats. Values are means ± SE (n =10). Glucose-6-PDH; glucose- 
6-phosphate dehydrogenase. From Ji et al (1990).
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CHAPTER 4.0 MITOCHONDRIAL RESPIRATORY CHAIN FUNCTION AND

TISSUE DAMAGE IN VITAMIN E DEFICIENCY

4.1 A im

To determine the effects o f progressive vitamin E deficiency on mitochondrial respiratory 

chain function in skeletal muscle and liver, and to correlate the findings with morphological 

changes in these tissues.

4.2 I n t r o d u c t i o n

The components o f the mitochondrial respiratory chain (MRC), located in the inner 

mitochondrial membrane, are susceptible to free radical damage under normal 

physiological conditions, since they generate free radicals as by-products o f their normal 

function (Boveris and Chance, 1973). This low-level production o f free radicals during 

normal metabolic activity is dealt with by the enzymatic and non-enzymatic antioxidant 

defences o f the cell. The superoxide radical is dismutated by superoxide dismutase to 

hydrogen peroxide, which is then cleared by either catalase or glutathione peroxidase, 

whilst chain-breaking antioxidants such as vitamin E and ascorbate (vitamin C) react 

directly with free radicals to spare more critical molecules {see Introduction, Table 1.1). 

Deficiency o f vitamin E may expose the MRC to an even greater risk o f oxidative damage, 

particularly since the mitochondrial membranes have a high content o f polyunsaturated 

fatty acids (PUFA) which readily undergo peroxidation (Buttriss and Diplock, 1988). 

Peroxidative damage of the mitochondrial membranes may result in direct modification of 

the membrane proteins or indirectly affect MRC function as a result o f an altered lipid 

environment. Furthermore, oxidative impairment of mitochondrial DNA, which encodes 

some o f the polypeptides o f the respiratory chain enzymes, may result in altered 

mitochondrial translation products as discussed in Chapter 5.0.
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The effects o f vitamin E deficiency on MRC fiinction in skeletal muscle and liver were 

assessed by measuring the enzyme activities and oxygen utilisation rates (polarography) o f 

the mitochondrial respiratory chain components at progressive stages o f vitamin E 

deficiency. The polarographic analysis was also used to determine the effects o f vitamin E 

deficiency on the integrity of the mitochondrial membranes.

The relationship between tissue damage and MRC dysfunction was investigated by 

performing morphological observations on the skeletal muscle and liver by light and 

electron microscopy at progressive stages of vitamin E deficiency and correlating the 

findings with the biochemical changes.

4 .3  M e t h o d s

4.3.1 Respiration Studies (Polarography)

4.3.1.1 Equipment for Respiration Studies

The Instech, Clarke-type, polarographic oxygen micro-electrode (125/05Y) was supplied 

by Presearch Ltd, Letchworth, Herts, UK, and the thermostated micro-incubation chamber 

(600 pi capacity) was made at the Royal Free Hospital School o f Medicine workshop. 

Measurement o f oxygen uptake rates and polarisation o f electrodes were performed with a 

Yellow Springs Instrument (YSI) Two-Channel Biological Oxygen Monitor (Model 

5300), supplied by Clandon Scientific Ltd, Famborough, Hants, UK. The oxygen 

consumption rates were recorded on a Goerz, Servogor 124 fiat-bed chart recorder 

supplied by RecorderLab, Sutton, Surrey, UK and the electromagnetic stirrer (Model 200) 

was purchased from Rank Brothers Ltd, Camb, UK.
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4.3.1.2 Measurement of Respiration Rates

The oxygen consumption assays were performed at 25°C with constant stirring o f the 

respiration medium which consisted of; 100 mM KCl, 75 mM mannitol, 25 mM sucrose, 

50 pM K EDTA, 10 mM phosphate Tris, 10 mM Tris, pH 7.4, to which was added 0.1- 

0.5 mg mitochondrial protein in a total volume o f 200 pi. Bovine serum albumin (BSA) 

was added to the respiration medium at a final concentration o f 0.5 mg/ml when muscle 

mitochondria were assayed. The oxygen micro-electrode was allowed to equilibrate in the 

respiration medium for 1-2 min and the background rate recorded before the addition of 

substrates which were used at the following final concentrations; 10.0 mM glutamate + 2.5 

mM malate, 5 mM pyruvate + 2.5 mM malate, 10 mM succinate + 1 0  pM rotenone and 2 

mM ascorbate + 50 pM TMPD (N,N,N,N'-tetramethyl-/?-phenylenediamine). State III 

respiration was induced by the addition o f 0.0625 pmoles o f ADP (purchased from 

Boehringer Mannheim Ltd, Lewes, Sussex, UK). The state III and state IV rates were 

expressed as nmol O consumed/min/mg o f mitochondrial protein and calculated assuming 

the concentration o f dissolved oxygen in the respiration medium was 480 nmoles per ml of 

media at 25°C (Chance and Williams, 1956). The respiratory control ratio (RCR) was 

calculated from the ratio o f state III (with ADP): state IV (without ADP) respiration rates.

4.3.2 Enzyme Assays

All enzyme assays were performed at 25°C in a final volume o f 1 ml, in semi-micro 

polystyrene cuvettes (10 x 4 x 45 mm), Sarstedt Ltd, Leicester, Leicestershire, UK. 

Measurements were carried out on Hitachi U-3210 (Hitachi Scientific Instruments, 

Wokingham, Berks, UK) or Kontron Uvikon 940 (Kontron Instruments Ltd, Watford, 

Herts, UK) split-beam, recording spectrophotometers, fitted with water-circulated cell 

holders. Where necessary, mitochondrial samples were subjected to 3 successive ffeeze- 

thaw cycles in liquid nitrogen, prior to assaying, to render membrane components 

accessible to substrates and maximise enzyme activities.
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4.3.2.1 Preparation of Acetyl-Co A for Citrate Synthase Assay

Acetyl-Coenzyme A (-CoA) was prepared from free CoA and acetic anhydride by the 

method o f Ochoa (1955). 10 mg of CoA (lithium salt) were dissolved in 1 ml o f ddH2Ü to 

which was added 100 pi o f 1 M KHCO3 (potassium hydrogen carbonate). After cooling 

on ice, 1 pi o f 98% (w/v) acetic anhydride was added, the solution vortex mixed and 

placed on ice. This procedure was repeated until 4 pi o f acetic anhydride had been added. 

The solution was left on ice for 1 hour after which time the reaction was essentially 

complete and the pH adjusted to pH 4.2-4.5 with HCl. The concentration o f acetyl-CoA 

was approximately 10 mM as determined by the citrate synthase assay.

4.3.2.2 C itrate  Synthase Assay 

Principle

Citrate synthase, an intramitochondrial enzyme, was measured according to the method of 

Coore et al (1971). Citrate synthase catalyses the condensation o f acetyl-CoA and 

oxaloacetate to form citrate. The liberated thiol group o f CoA reacts with DTNB (5-5- 

dithiobis(2-nitrobenzoic acid) resulting in an increase in absorbance at 412 nm.

Assav

Identical cuvettes were set up containing a final concentration of 100 mM Tris pH 8.0, 200 

pM acetyl-CoA, 200pM DTNB, 0.1% Triton-X (added to solubilise membranes and 

release citrate synthase) and 5-10 pg of mitochondrial protein. The reaction was initiated 

in the test cuvette by the addition o f lOOpM oxaloacetate and the change in absorbance 

monitored at 412 nm over a period of 6 min. Enzyme activity was expressed as nmol 

DTNB reduced/min/mg o f mitochondrial protein and was calculated using a molar 

extinction coefficient o f 13.6 x 10  ̂ dm^ mol'^ cm'^ for the DTNB-CoA complex (Ellman, 

1959).
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4.3.2.3 NADH CoQi Oxidoreductase Assay 

Principle

The rotenone-sensitive oxidation of NADH and the reduction of the ubiquinone analogue 

CoQi, catalysed by NADH CoQi oxidoreductase, was used to characterise the complex I 

activity o f the mitochondrial respiratory chain. The assay follows the oxidation o f NADH 

at 340 nm in the absence and presence o f rotenone and was performed essentially 

according to the method o f Ragan et al (1987), with slight modification by the addition of 

BSA and MgCli to the assay, based on findings o f Lowerson et al (1992).

Calculation o f ubiquinone-1 concentration

Ubiquinone-1 (CoQi) was a kind gift from Eisai Company Ltd, Tokyo, Japan. A 1:50 

dilution o f the stock CoQi solution was made in ethanol. Two silica cuvettes were set up, 

each containing 990 pi of ethanol and 10 pi o f the diluted CoQi and the 

spectrophotometer set at 275 nm (deuterium lamp). An excess o f sodium borohydride was 

added to the reference cuvette to completely reduce the ubiquinone to ubiquinol and the 

absorbance change recorded. The concentration o f the CoQi solution was calculated using 

a molar extinction coefficient of 12.25 x 10  ̂dm^ mof^ cm'^ (Redfeam, 1967).

Assav

Identical cuvettes were set up containing a final concentration o f 20 mM potassium 

phosphate buffer, pH 8.0, 8 mM MgCb, 1 mM KCN, 2.5 mg/ml o f essentially fatty-acid 

free BSA, 150 pM NADH (purchased from Boehringer Mannheim Ltd, Lewes, Sussex, 

UK) and approximately 40-80 pg o f mitochondrial protein. The reaction was initiated in 

the test cuvette by the addition o f 50 pM CoQi and the rate o f NADH oxidation measured 

at 340 nm for 5-8 min. Rotenone was then added to a final concentration o f 10 pM and 

the rate followed for a further 5 min. The rotenone-sensitive rate was calculated by 

subtracting the rotenone-insensitive rate (rate in presence o f rotenone) from the total rate 

(rate in absence o f rotenone). Enzyme activity was expressed as nmol o f NADH 

oxidised/min/mg o f mitochondrial protein and was calculated using a molar extinction 

coefficient o f 6.81 x 10  ̂ dm^ mof* cm'^ for NADH, instead o f 6.22 x 10  ̂ dm^ mol'^ cm '\ 

to allow for the contribution of reduced CoQi to the absorbance at 340 nm.
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4.3 2.4 Succinate Cytochrome c Oxidoreductase Assay 

Principle

This assay simultaneously measures the activities of complexes II and III o f the 

mitochondrial respiratory chain and was performed according to the method of King 

(1967). The assay follows the succinate-dependent reduction of cytochrome c at 550 nm.

Assay

Identical cuvettes were set up containing a final concentration of 0.1 M potassium 

phosphate buffer, pH 7.4, 0.3 mM KlEDTA, 0.1 mM cytochrome c (from horse heart; 

Boehringer Mannheim Ltd, Lewes, Sussex, UK). To the reference cuvette was added 

sample (40-80 pg o f mitochondrial protein), 10 pi o f 100 mM KCN and the volume made 

up to 1 ml with ddHzO. The reaction in the test cuvette was initiated by the addition of 

sample, pre-incubated for 2-5 min at 27°C with 10 pi o f 100 mM KCN and 40 pi o f 500 

mM sodium succinate (20 mM final concentration). The pre-incubation period was 

necessary to activate the enzyme complex and optimise activity. The linear increase in 

absorbance was measured at 550 nm for 5-8 min, after which antimycin A was added to 

the test cuvette at a final concentration of 0.02 mM to determine the antimycin A- 

insensitive rate. Enzyme activity was calculated using a molar extinction coefficient of

19.2 X 10  ̂ dm^ mol’  ̂ cm'^ for reduced cytochrome c and expressed as nmol cytochrome c 

reduced/ min/mg o f mitochondrial protein.

4.3.2.S Preparation of Reduced Cytochrome c for Cytochrome Oxidase Assay

A 1% (w/v) solution o f cytochrome c was reduced by the addition o f an excess of 

ascorbate, mixed and dialysed in pre-boiled, size I dialysis tubing (Medicell International 

Ltd, London, UK) against 10 mM potassium phosphate buffer, pH 7.0 for 18-24 hours, at 

4°C, with 3 changes o f buffer to remove excess ascorbate. To check that no excess 

ascorbate remained, oxidised cytochrome c was added to the dialysed sample ensuring it 

was not reduced. To ensure that the cytochrome c was fully reduced, addition o f more
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ascorbate failed to reduce the cytochrome c further. The reduced cytochrome c was 

stored in aliquots at -70°C for up to 3 months.

4.3.2.Ô Cytochrome c Oxidase Assay 

Principle

This assay measures the activity o f complex IV o f the mitochondrial respiratory chain and 

was performed according to the method of Wharton and Tzagoloff (1967). The enzyme 

catalyses the oxidation o f reduced cytochrome c by oxygen and is measured by following 

the decrease in absorbance at 550 nm.

Assay

Identical cuvettes were set up containing a final concentration o f 10 mM potassium 

phosphate buffer, pH 7.0, 50 pM reduced cytochrome c and ddH20 to a final volume of 1 

ml, allowing for the addition o f sample to the test cuvette. The concentration of the 

reduced cytochrome c solution was calculated using a molar extinction coefficient o f 19.2 

X 10  ̂dm^ mol'^ cm'^ at 550 nm. 1 mM potassium ferricyanide was added to the reference 

cuvette to completely oxidise the reduced cytochrome c and the reaction initiated in the 

test cuvette by the addition o f mitochondrial sample (20-40 pg o f mitochondrial protein). 

The decrease in absorbance was followed at 550 nm for 5-8 min. As the reaction is 

rigorously first order with respect to cytochrome c, the activity was defined as the pseudo 

first order rate constant k, and expressed as k per minute per mg o f mitochondrial protein. 

k  was calculated by plotting;

lnAt=o - lnAt=o+n vs time (n)

where At=o = absorbance at time zero and k is the gradient o f the plot.
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4.3.3 Morphology

Morphological observations were performed on fixed tissue sections by light microscopy 

and electron microscopy. This work was kindly performed in collaboration with Mr P 

Rowley and Dr RHM King (Department o f Clinical Neurosciences, Royal Free Hospital 

School o f Medicine, London, UK). The muscle was extensively investigated at all time 

points o f vitamin E deficiency (3, 6, 9 and 12 months) whilst observations on the liver 

were limited to the later periods of vitamin E deficiency. As the gastrocnemius muscle 

was required for biochemical analyses, morphological studies o f skeletal muscle were 

performed on the soleus and plantaris muscles. The soleus is a slow-twitch muscle 

consisting almost entirely of type I (oxidative) fibres whereas the plantaris has a 

predominance of fast-twitch type Ilb (glycolytic) fibres, and the gastrocnemius has a mixed 

fibre type (Armstrong and Phelps, 1984).

4.3.3.1 Tissue Fixation and Processing

Tissues were rapidly removed from animals following death, cut into small portions (0.5 

cm) and immersed in primary fixative [1% (v/v) glutaraldehyde, 1% (v/v) formaldehyde, 

2% (w/v) sucrose in 0.1 M PIPES (piperazine-N,N-bis(2-ethanesulphonic acid) buffer, pH 

7.6 (Kamovsky, 1965, Baur and Stacey, 1977)] for 60 min at 4°C. After 60 min tissues 

were cut into smaller pieces (1 mm) and primary fixation continued for a further 2 h at 

4°C. After washing for 30 min in washing buffer (2% (w/v) sucrose in 0.1 M PIPES, pH 

7.6) at 4°C, tissues were post-fixed in freshly prepared secondary fixative [1% (w/v) 

osmium tetroxide, 1.5% (w/v) potassium ferricyanide, 2% (w/v) sucrose, 3% potassium 

iodate in 0.05 M PIPES buffer, pH 7.6, (Langford and Coggeshall, 1980, Dailey and 

Selinger, 1980)] overnight in dark. Fixed tissues were dehydrated gradually by sequential 

washing in increasing concentrations of ethanol (15% - 100%) over a period o f 5 h. 

Dehydrated tissue was immersed in propylene oxide (2 x 15 min incubations) and 

embedded by impregnating with Durcupan resin/propylene oxide mixture (1:1) for 60 min 

followed by overnight impregnation with Durcupan resin/propylene oxide (3:1) and finally 

by impregnation with fi^esh Durcupan resin for 24 h in silicon rubber moulds and cured at 

60° C. Embedded tissue was either cut with a Reichert Ultracut E microtome or a LKB III
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ultramicrotome into 60 - 70 nm ultrathin sections for electron microscopy or into 0.5 - 1.0 

pm semithin sections for light microscopy.

4.3.3.2 Light Microscopy

Semithin sections, prepared as described in Section 4.3.3.1, were heat dried onto 

microscope slides and stained with 0.5% Toluidine Blue dissolved in 1% borax followed 

by counter-staining with 0.1% Basic Fuchsin dissolved in 20% ethanol (Aoki and 

Gutierrez, 1967). Alternatively, sections were stained with 0.2% Thionin dissolved in 0.01 

M NaOH/45% ethanol and counterstained with 2% Acridine Orange dissolved in 0.05 M 

NaOH (Sievers, 1971) or with 0.1% Basic Fuchsin. When desired staining was achieved, 

sections were mounted onto microscope slides using epoxy resin, covered with a cover- 

slip and placed in an oven set at 37°C overnight, to polymerise the mountant. Stained and 

mounted sections were viewed under a Zeiss Axiophot light microscope.

4.3.3.3 Electron Microscopy

Ultrathin sections, prepared as described in Section 4.3.3.1, were collected on 200 mesh 

copper-rhodium grids and stained for 20 min with 2% uranyl acetate in 50% methanol 

(Epstein and Holt, 1963) followed by washing in three changes o f 50% methanol and two 

changes o f ddH20. Sections were then stained for 10 min with alkaline lead citrate 

(Venable and Coggeshall, 1965) and washed in three changes o f ddH20. Stained sections 

were placed on filter paper and left to dry thoroughly, before viewing and photographing 

under a Zeiss EM902A transmission electron microscope, operated at 80 000 V.
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4.4 Results

4.4.1 Mitochondrial Respiration Studies

Respiration studies were conducted as described under Section 4.3.1. The oxygen 

consumption rates o f rat mitochondria were determined with both NAD-linked substrates 

(glutamate and pyruvate), FAD-linked substrate (succinate) and with the artificial substrate 

ascorbate, in the presence o f the electron mediator N,N,N,N'-tetramethyl-/?- 

phenylenediamine (TMPD).

Gastrocnemius Muscle

The state III oxygen utilisation rates, expressed as nmol O consumed per minute per mg of 

mitochondrial protein, were generally the highest with ascorbate plus TMPD as substrate 

and lowest with the NAD-linked substrates in gastrocnemius muscle mitochondria (Figure 

4.1). At the earliest time-point o f vitamin E deficiency (3 months) the mean state III 

oxygen utilisation rates o f muscle mitochondria were slightly higher in deficient rats 

compared to the mean rates in control animals, with all substrates (Figure 4.1a) 

However, by 6 months o f vitamin E depletion the state III respiration rates with all 

substrates began to decline by 13-29%, when compared to controls at the same time-point, 

although none o f the differences were statistically significant at this stage (Figure 4.1b). 

After 9 months o f vitamin E deficiency, the state III respiration rates were significantly 

decreased with glutamate (Mann-Whitney U test, p = 0.026), pyruvate (p = 0.015) and 

succinate (p = 0.002) by 26%, 27% and 33% respectively, when compared to control 

values (Figure 4.1c). The rate with ascorbate plus TMPD was reduced by 13% but not 

significantly at this stage. By end-stage depletion o f vitamin E (12 months), the state III 

rates were severely and very significantly reduced with all substrates when compared to 

controls at the same time-point; glutamate by 40% (p = 0.006), pyruvate by 50 % (p = 

0.006), succinate by 45 % (p = 0.006) and ascorbate plus TMPD by 40 % (p = 0.006) 

(Figure 4.Id). This data indicates a defect in the terminal complex (complex IV) o f the 

respiratory chain or multiple defects affecting all or several complexes, including complex 

IV since the respiration rates were reduced with NAD- and FAD-linked substrates as well 

as with ascorbate plus TMPD by 12 months o f depletion.
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The effect o f ageing on the state III respiration rates was examined, as shown in Figure

4.2. In control animals, an increase in the respiration rates was observed with all 

substrates, with age. Significant positive correlation coefficients (r) were obtained with 

glutamate (r = 0.47, p = 0.029), succinate (r = 0.62, p = 0.002) and ascorbate + TMPD (r 

= 0.57, p = 0.005), whilst the positive correlation between the pyruvate rate and age (r = 

0.42), just failed to reach statistical significance (p = 0.053). However, these postitive 

correlations appeared to be related to the large increase in the respiration rates at 12 

months. Infact, the respiration rates showed a negative correlation with age from 3 to 9 

months. The cause for the marked elevation in control respiration rates at 12 months is 

not clear. While it could relate to variations in the experimental conditions, it is unlikely as 

these were tightly controlled throughout the investigation. Furthermore, the experiments 

in muscle were performed in parallel with the liver which did not exhibit a similar end- 

stage increase in control respiration rates, and therefore the increase cannot be attributed 

to changes in the experimental conditions.

In the vitamin E deficient rats the trend was reversed. A decrease in the state III 

respiration rates was observed with all substrates, with age (Figure 4.2). However, a 

significant negative correlation was only exhibited with the pyruvate rate (r = -0.61, p = 

0.006), whilst the correlations with glutamate and succinate just failed to reach significance 

levels. The decline in mitochondrial respiration observed in the vitamin E deficient rats 

may be related to an increase in the severity o f vitamin E depletion with age.

The respiratory control ratios (RCR) give an indication o f how tightly coupled electron 

transport is to oxidative phosphorylation and hence reflect the integrity of the 

mitochondrial membranes. The RCR values were calculated from respiration rates as 

described in Section 4.3.1.2, using various substrates (Table 4.1). No significant 

differences between control and vitamin E deficient ratios were observed with any o f the 

substrates used, at any stage of vitamin E depletion. The NAD-linked substrates 

(glutamate and pyruvate) gave higher RCR (3.4 ± 0.9 - 5.5 ± 1.0) than those obtained with 

FAD-linked substrate and ascorbate + TMPD (1.3 ± 0.17 - 3.2 ± 0.6), in both control and 

deficient mitochondria. The RCR values were generally greater than 4.0 with glutamate 

and pyruvate as substrates, suggesting that both the control and vitamin E deficient
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mitochondria were tightly coupled and maintained their integrity throughout the isolation 

procedure.

Liver

The mean state III oxygen utilisation rates o f liver mitochondria were several fold lower 

than those observed with the muscle mitochondria. Generally, succinate gave the highest 

rates of oxygen consumption compared to the other substrates whilst the lowest rates were 

observed with pyruvate (Figure 4.3). At 3 months o f vitamin E depletion, there were no 

differences in the state III respiration rates with glutamate, pyruvate or ascorbate plus 

TMPD when compared to controls (Figure 4.3a). A 27% significant reduction (p = 

0.032) was detected in the succinate rate, when compared to controls. The significantly 

reduced rate observed with succinate persisted at 6 months o f deficiency although the 

defect was less severe (23% reduction) than that at 3 months (Figure 4.3b). The 

respiration rates with the remaining substrates at 6 months were slightly lower in the 

deficient animals when compared to controls, but not significantly so. After 9 months of 

vitamin E depletion, the reduced rate with succinate was no longer detectable (Figure 

4.3c) The respiration rates with glutamate, pyruvate and ascorbate + TMPD were similar 

to those at 6 months, with little difference between the control and deficient rates. By 12 

months o f vitamin E deficiency significant increases were observed in the respiration rates 

with all substrates; glutamate by 25% (p = 0.02), pyruvate by 17% (p = 0.013), succinate 

by 31% (p = 0.008) and ascorbate plus TMPD by 36% (p = 0.0007) in the vitamin E 

deficient animals when compared to controls at the same time-point (Figure 4.3d).

The data suggests that early-stage vitamin E deficiency (3 to 6 months) in liver induces a 

mild, reversible defect in complex II o f the mitochondrial respiratory chain, as indicated by 

the significantly lowered respiration rates with succinate. This defect appears to be 

reversible as it is only observed during the first 6 months o f vitamin E deficiency but not 

during late-stage vitamin E deficiency (9 to 12 months), when infact, an increase in the 

succinate respiration rate is seen. Prolonged vitamin E deficiency (12 months) in liver 

appears to have a converse effect to that seen in muscle, whereby it results in elevated 

respiration rates with all substrates. The basis for this biochemical alteration in liver 

mitochondrial function is unknown. Although uncoupling o f oxidative phosphorylation is 

usually accompanied by increased oxygen consumption rates, there was no evidence to
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suggest that this was occurring in the vitamin E deficient liver mitochondria fi'om the RCR 

data (Table 4.2). The ratios o f the vitamin E deficient mitochondria were generally lower 

than control ratios, especially with glutamate, pyruvate and succinate but at no stage were 

the differences statistically significant. The ratios obtained with glutamate were generally 

greater than 4.0 in control and vitamin E deficient mitochondria, suggesting that they were 

tightly coupled.

The effect o f ageing on the state III respiration rates is shown in Figure 4.4. In controls, 

highly significant negative correlations were observed between age and the mitochondrial 

respiration rates with all substrates; glutamate (r =-0.66, p = 0.001), pyruvate ( r = -0.56, p 

= 0.008), succinate ( r = -0.70, p = 0.0004), ascorbate + TMPD (r = -0.56, p = 0.005).

In the vitamin E deficient rats, no significant change was observed in the mitochondrial 

respiration rates with age, with any o f the substrates (Figure 4.4) However, this appears 

to be due to a large increase in the respiration rates at 12 months. From 3 to 9 months, the 

rates exhibit a significant negative correlation with age. The reason for this increase in the 

respiration rates at 12 months is not known, although increased oxygen consumption rates 

have been reported previously in homogenates of muscle and liver from vitamin E depleted 

rabbit and hamster (Corwin, 1980). In the vitamin E deficient rats, changes in the 

respiration rates with age will also be influenced by an increase in the severity o f vitamin E 

deficiency with age. The fact that prolonged vitamin E deficiency induced an increase in 

the respiration rates may suggest that a response o f the liver to vitamin E deficiency, 

attenuates the effects o f ageing on mitochondrial respiratory chain function.
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Fig 4.1 State III oxygen utilisation rates of isolated rat gastrocnemius muscle mitochondria with various 
substrates, in progressive vitamin E deficiencv'. Control; open bars, vitamin E deficient; solid bars. Glu; 
glutamate. p>r; pyruvate, succ; succinate, asc; ascorbate. Rates are expressed as nmol O/min/mg 
mitochondrial protein. Values are mean ± standard deviation. At 3 and 6 months n = 5 control and n = 
5 vitamin E deficient samples. At 9 months n = 6 control and n = 6 vitamin E deficient samples. At 12 
months n = 7 controls and n = 4 vitamin E deficient samples (where n is the result of mitochondria 
isolated from muscle pooled from 2 vitamin E deficient rats). Significant difference compared with 
controls using Mann-Whitney U test is indicated by *p < 0.05, **p < 0.01. Actual p values are quoted in 
text.
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Fig 4.2 Relationship between state 111 ox> gen utilisation rates with various substrates and age in isolated 
gastrocnemius muscle mitochondria from control and vitamin E deficient rats. Rates are expressed as 
nmol O/min/mg mitochondrial protein, n = 23 control and n = 20 vitamin E deficient samples, r = 
correlation coefficient. Significant correlation is indicated by *p < 0.05, **p < 0.01.
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Table 4.1 Respiratory control ratios (RCR) of isolated gastrocnemius muscle mitochondria from control and vitamin E deficient rat
with various substrates.

Respiratory Control Ratios (State in  rate/ State IV rate)

Month n

Glutamate

Control -Vit E

Pyruvate

Control -Vit E

Succinate

Control -Vit E

Ascorbate + TMPD®

Control -Vit E

3 5 4.3 ± 1 .0  4.8 ±0 .8 5.1 ±0 .4  5.5 ±1.2 3.2 ±0 .6  2.6 ±0 .8 1.3 ±0.17 1.5±0.1

6 5 5.4 ± 1 .4  4.1 ±1 .0 3 .8±  1.1 3.4 ±0 .9 2.8 ± 0 .4  2.6 ±0 .7 1.6±0.1 1.5±0.1

9 6 5.3 ± 1 .6  5.4 ±2 .2 4.8 ±1 .2  4.6 ±1.3 2.9 ±0 .7  2.7 ±0.5 1.6±0.1 1.5±0.3

12 ?b 5.4 ±0 .9  5.5 ±1 .0 5.4 ±1 .2  4 .6±  1.1 3.1 ±0 .2  2.8 ±0.1 1.7±0.1 1.6±0.1

“TMPD = N,N,N,N’-tetramethyl-/?-phenylenediamine. Values are expressed as mean ± standard deviation, ""n = 4 for 12 month vitamin E deficient samples, 
where n is the result from isolated mitochondria of gastrocnemius muscle pooled from 2 rats.

189



a) 3 Months b) 6 Months

o

Glu P\r Succ Asc/TMPD Glu Pvr Succ Asc/TMPD

c) 9 Months d) 12 Months

Glu Pvr Succ Asc/TMPD

A**

Glu P v t Succ Asc/TMPD

Fig 4.3 State III oxvgen utilisation rates of isolated rat liver mitochondria with various substrates, in 
progressive vitamin E deficiencv . Control; open bars, vitamin E deficient; solid bars Glu; glutamate, 
pvr; pyruvate, succ; succinate, asc; ascorbate. Rates are expressed as nmol O/min/mg mitochondrial 
protein. Values are mean ± standard dev iation. At 3 and 6 months n = 5 control and n = 5 vitamin E 
deficient samples. At 9 months n = 6 control and n = 6 vitamin E deficient samples. At 12 months n = 7 
controls and n = 8 vitamin E deficient samples. Significant difference compared with controls using 
Mann-Whitney U test is indicated by *p < 0.05, **p < 0.01, ***p < 0.001. Actual p values are quoted in 
text.
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Fig 4.4 Relationship between state III oxygen utilisation rates with various substrates and age in isolated 
liver mitochondria from control and vitamin E deficient rats. Rates are expressed as nmol O/min/mg 
mitochondrial protein, n = 21 control and n = 23 vitamin E deficient samples, r = correlation coefficient. 
Significant correlation is indicated bv **p < 0.01, ***p < 0.001.
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Table 4.2 Respiratory control ratios (RCR) of isolated liver mitochondria from control and vitamin E deficient rat with various 
substrates.

Respiratory Control Ratios (State IQ rate/ State IV rate)

Month n

Glutamate

Control -Vit E

Pyruvate

Control -Vit E

Succinate

Control -Vit E

Ascorbate + TMPD*

Control -Vit E

3 5 7.9 ±4 .8  5.5 ±2 .2 3.3 ±1.5 2.8 ±0.2 4.2 ± 1 .6  3.6 ±0.3 1.6 ±0 .4 1.6 ±0 .4

6 5 4.6 ± 1 .9  4.9 ± 0.6 2.5 ±0 .6  2.2 ±0.4 4.3 ±1.5  3.3 ±0.5 1.6 ±0 .2 1.4 ±0.3

9 6 5.2 ± 1.7 3.8 ±1.8 2.6 ± 0.6 1.7 ± 0.6 4.5 ± 2 .0  3.9 ±1 .6 1.5 ±0 .2 1.4 ±0 .2

12 7.1 ±1.3 5.8 ±1.3 3.1 ±0 .6  2.9 ±0.7 4.2 ± 0 .9  4.3 ±0.5 1.6±0.1 1.5±0.1

“TMPD = N,N,N,N'-tetramethyl-/?-phenylenediamine. Values are ejqjressed as mean ± standard deviation. *’n = 8 for 12 month vitamin E deficient samples
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4.4.2 Mitochondrial Enzyme Activities

Mitochondrial enzyme activities o f selected components (complexes I, II/III and IV) of the 

respiratory chain and of the matrix enzyme citrate synthase, were determined in isolated 

muscle and liver mitochondria as described under Section 4.3.2. Enzyme activities were 

expressed over mitochondrial protein to give specific activities.

Gastrocnemius Muscle

At 3 months, no significant difference was observed in the mitochondrial enzyme activities 

between control and vitamin E deficient rats (Figure 4.5a). At 6 months, the mean 

specific activity o f NADH CoQl reductase (complex I) was significantly reduced by 19% 

in deficient rats when compared to controls (Mann-Whitney U test, p = 0.032). Although 

the activities of succinate cytochrome c reductase (complexes II/III), cytochrome oxidase 

(complex IV) and citrate synthase were also reduced relative to controls at 6 months, the 

differences were not statistically significant (Figure 4.5b). No further change was seen in 

the enzyme activities at 9 months (Figure 4.5c). However, by 12 months, a highly 

significant (p = 0.006) reduction (33%) was observed in the specific activity of 

cytochrome oxidase in the vitamin E deficient animals relative to controls (Figure 4.5d). 

The specific activities o f complexes I, II/III and citrate synthase at 12 months were 

reduced in the vitamin E deficient rats relative to controls, but not significantly.

Collectively, this data and the data from the respiration studies (Section 4.4.1) suggests 

that the predominant defect in muscle mitochondria involves complex IV i.e. the terminal 

complex of the electron transport chain, since only complex IV activity was significantly 

reduced when assayed by both methods, in severe vitamin E deficiency (12 months). A 

severe defect in the terminal complex of the electron transport chain with a contribution 

from more mild defects in complexes I and II/III may account for the significantly reduced 

respiration rates vrith all substrates at the end-stages o f vitamin E deficiency. However, 

the fact that significant reductions in the respiration rates were seen before the defect in 

complex IV activity became significant, suggests that the complex IV defect is not the sole 

cause o f the reduced respiration rates. Other factors, such as changes in the properties o f 

the mitochondrial membranes mediated by the loss o f vitamin E may also be involved. As 

the respiration rates were measured in intact mitochondria they may be more sensitive to
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membrane alterations than the enzyme activities which were measured in disrupted 

mitochondria.

The effect o f ageing on muscle mitochondrial respiratory chain function was examined in 

vitamin E deficient and control animals, as shown in Figure 4.6. Complex I specific 

activity showed a significant (p = 0.011) decline in activity with age, Avith a negative 

correlation coefficient (r) o f -0.52 in control animals. The decline in complex I activity 

with age was more pronounced in vitamin E deficient animals, which exhibited an 

extremely significant (p < 0.0001) correlation coefficient o f -0.82 (Figure 4.6a) The 

increasing severity o f vitamin E deficiency with age probably contributes to the greater 

decline o f complex I activity observed in the deficient mitochondria. The specific activities 

o f complexes II/III did not show an age-related decline in control or vitamin E deficient 

animals (Figure 4.6b). Complex IV specific activity showed a fall with age in both control 

(r = -0.36) and vitamin E deficient (r = -0.47) rats (Figure 4.6c) The decline o f complex 

IV activity with age in controls just failed to reach statistical significance. In deficient 

mitochondria the age-related decline was statistically significant ( p = 0.042) but may also 

be related to an increase in the severity o f vitamin E depletion with age.

Liver

At the earliest time-point (3 months), the mitochondrial enzyme activities were lower in 

the vitamin E deficient rats compared to controls, but the differences were not statistically 

significant (Figure 4.7a). At 6 months, the differences between the control and vitamin E 

deficient enzyme activities were less pronounced than those at 3 months (Figure 4.7b). 

By 9 months, the specific activities o f complex I and complex IV in the deficient rats were 

slightly elevated relative to controls, whilst the complex II/III and citrate synthase 

activities were unchanged (Figure 4.7c). At the end-stage (12 months), the specific 

activity o f complex I (NADH CoQi reductase) was significantly ( p = 0.014) raised by 

31%, and the citrate synthase specific activity was significantly (p = 0.0003) raised by 

20%, in the vitamin E deficient rats when compared to controls (Figure 4.7d). A 25% 

non-significant increase in the hepatic complex IV specific activity was seen in deficient 

rats relative to controls at 12 months, whilst no change was observed in the specific 

complex II/III activity.
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The enzyme data was consistent with the data from the respiration studies (Section 4.4.1) 

which also revealed significantly elevated oxygen utilisation rates o f complexes I-IV in 

deficient animals relative to controls, at 12 months o f vitamin E depletion.

The relationship between age and mitochondrial respiratory function in liver is examined in 

Figure 4.8. In controls there was a significant negative correlation (r = -0.84) in the 

activity o f complex I with age (p < 0.0001). The decline in complex I activity with age in 

deficient animals was less pronounced, with a correlation coefficient o f -0.43 which just 

failed to reach significance levels (p = 0.063), Figure 4.8a. The complex II/III specific 

activity showed no significant change with age in control or vitamin E deficient rats 

(Figure 4.8b). Cytochrome oxidase activity showed a significant negative correlation (r = 

-0.6) with age in controls (p = 0.003) but not in deficient rats (Figure 4.8c). In the 

vitamin E deficient rats the changes in enzyme activities with age will also be influenced by 

increases in the severity o f vitamin E depletion with age. The results suggest that in liver, 

vitamin E deficiency attenuates the effects o f ageing on mitochondrial respiratory chain 

function.
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Fig 4.5 Specific enzyme activities of isolated rat gastrocnemius muscle mitochondria in progressive 
vitamin E deficiency . Control; open bars, vitamin E deficient; solid bars. Activities are expressed as 
nmol/min/mg mitochondrial protein for NADH CoQ, reductase (Cxi), succinate cytochrome c reductase 
(Cxil/lll) and citrate synthase (CS) and as the 1st order rate constant /r/min mg mitochondrial protein for 
cytochrome oxidase (CxlV). Values are mean ± standard deviation. At 3 and 6 months n = 5 control and 
n = 5 vitamin E deficient samples. At 9 months n = 6 control and n = 6 vitamin E deficient samples. At 
12 months n = 7 controls and n = 4 vitamin E deficient samples (where n is the result of mitochondria 
isolated from muscle pooled from 2 vitamin E deficient rats at 12 months). Significant difference 
compared with controls using Mann-Whitney U test is indicated by *p < 0.05, **p < 0.01. Actual p values 
are quoted in text
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Fig 4.6 Relationship between mitochondrial respirator) chain enz\Tne activities and age in isolated 
gastrocnemius muscle mitochondria from control and vitamin E deficient rats. Activities are expressed as 
nmol/min/mg mitochondrial protein for NADH CoQi reductase and succinate cvtochrome c reductase and 
as the 1st order rate constant Xr/min mg mitochondrial protein for cvtochrome oxidase, n = 23 control and 
n = 20 vitamin E deficient samples, r = correlation coefficient. Significant correlation is indicated by *p 
<0.05, ***p< 0.001.
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Fig 4.7 Specific enzyme activities of isolated rat liver mitochondria in progressive vitamin E deficiency. 
Control; open bars, vitamin E deficient; solid bars. Acthities are expressed as nmol/min/mg 
mitochondrial protein for NADH CoQi reductase (Cxi), succinate cytochrome c reductase (CxII/III) and 
citrate sxnthase (CS) and as the 1st order rate constant /r/min mg mitochondrial protein for cxtochrome 
oxidase (CxIV). Values are mean ± standard deviation. At 3 and 6 months n = 5 control and n = 5 
vitamin E deficient samples. At 9 months n = 6 control and n = 6 vitamin E deficient samples. At 12 
months n = 7 controls and n = 8 vitamin E deficient samples. Significant difference compared with 
controls using Mann-Whitney U test is indicated by *p < 0.05, ***p < 0.001. Actual p values are quoted 
in text.
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Fig 4.8 Relationship between mitochondrial respiratory chain enzyme activities and age in isolated liver 
mitochondria from control and vitamin E deficient rats. Activities are expressed as nmol/min/mg 
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4.4.3 Morphological Observations

Morphological observations were performed on tissues during progressive vitamin E 

deficiency in order to establish the time-course o f the tissue damage, to delineate the 

possible mechanisms involved in the pathological process and to correlate the 

morphological findings with the biochemical changes, with particular emphasis on the 

involvement of impaired mitochondrial function. Morphological observations were 

performed by light and electron microscopy in collaboration with Mr P Rowley and Dr 

RHM King (Department o f Clinical Neurosciences, Royal Free Hospital School o f 

Medicine, London, UK), as described under Section 4.3.3.

Skeletal Muscle

Observations on skeletal muscle were performed at 3, 6, 9 and 12 months o f vitamin E 

deficiency, on two hindlimb muscles; soleus which consisted predominately o f type I 

(oxidative) fibres and plantaris which had a type II (glycolytic) fibre predominance, to 

establish if the muscle necrosis observed was fibre type specific. The fibre type 

composition o f these muscles and of the gastrocnemius, is shown in Table 4.3. 

Morphological analyses was not performed on the gastrocnemius as it was required for 

biochemical analyses.

Table 4.3 Fibre type composition o f rat hindlimb muscles

Type I (SO)

Population (%) 

Type Ha (FOG) Type Ilb (FG)

Gastrocnemius 30 62 8

Plantaris 9 50 41

Soleus 87 13 0

SO; slow-twitch oxidative, FOG; fast-twitch oxidative, glycolytic, FG; fast-twitch glycolytic. From 
Armstrong and Phelps (1984).

The pathological alterations in skeletal muscle during vitamin E deficiency were generally 

similar for both soleus and plantaris. However, the severity o f the alterations and the 

number o f fibres affected varied between the two muscles, as described below. The 

figures selected represent typical changes seen in muscle during progressive vitamin E 

deficiency.
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3 Months

At this relatively early stage o f vitamin E deficiency, degradative changes in the soleus and 

plantaris were confined to scattered fibres, although the number o f fibres affected were 

greater in the soleus. Occasional pale-staining fibres were visible when viewed under the 

light microscope, and were frequently seen to be infiltrated and surrounded with 

inflammatory cells (Figure 4.9a,b). Fibre splitting and increased thickening o f the 

connective tissue surrounding the degenerating muscle fibres (endomysial connective 

tissue) was often seen.

In both the soleus and plantaris, ultrastructural changes varied from one area to another, 

from areas with normal appearance to areas with complete dissolution o f the myofibrillar 

structure. In some areas the muscle fibres showed a normal architecture, with normal 

sarcomeres, A and I bands, Z lines, H zones, M lines and normal tubular systems (T 

system) and sarcoplasmic reticulum (Figure 4.10a). Moderate changes were found at 

specific sites within most fibres, commonly in the region o f the Z-band. Honeycomb 

bodies, which appeared to arise from dilations o f the T tubules, developed at the site o f the 

triad structure (Figure 4.11b). Mitochondrial abnormalities were occasionally observed, 

particularly in the soleus, and included swelling, focal cristal disorganisation, and mild fatty 

infiltration. Lipid droplets were also found accumulating adjacent to the intersarcomeric 

mitochondria (Figure 4.10c). At the periphery o f the muscle fibres, the accumulation of 

subsarcolemmal mitochondria, some o f which were unusually enlarged or hypertrophic, 

and o f myelin figures were seen (Figure 4.10b,c). In both muscles, but particularly in the 

soleus, occasional fibres showed focal regions of advanced degeneration, with total loss of 

myofibrillar architecture, resulting in a light granular cytoplasm (myolysis), as illustrated in 

Figure 4.12a. Within the cytosol o f these muscle cells, numerous scattered vesicles 

derived from fragmentation o f the sarcoplasmic reticulum, vacuoles, dense inclusion 

bodies, honeycomb bodies and abnormal mitochondria, were seen. Macrophages were 

seen invading the sarcolemmal tube and the endomysial connective tissue surrounding the 

necrotic muscle fibres. These active macrophages had peripheral villus-like extensions and 

contained numerous mitochondria, lysosomes, prominent Golgi apparatus and dense 

deposits o f digested material (Figure 4.10a).
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6 Months

The level o f degeneration at 6 months of vitamin E deficiency was elevated relative to that 

at 3 months, in both the soleus and plantaris. At light level, a relative increase in the 

number o f degenerating fibres and in the severity o f the degenerative changes were seen in 

both muscles. As at 3 months, the soleus possessed the greater number of affected fibres 

compared to the plantaris, as can be seen by comparing Figure 4.9c and 4,9d. Although 

degeneration was more widespread in the soleus than in plantaris, areas of normal fibres 

were present in both muscles. In the soleus, increased variation in muscle fibre diameter, 

muscle fibre atrophy and fibre splitting were frequently observed. The reduced fibre 

density in the soleus was accompanied by increased thickening o f the endomysial and 

perimysial connective tissue, which was frequently infiltrated with fatty deposits (Figure 

4.9c) In the plantaris, the level and severity of degeneration was comparable to that o f the 

soleus at 3 months (Figure 4.9a and 4.9d).

Ultrastructural changes in the soleus and plantaris at 6 months o f vitamin E deficiency 

were similar to those at 3 months, but tended to be more pronounced and affected a 

greater number o f fibres. As at 3 months, the soleus had a greater proportion of affected 

fibres compared to plantaris. Particularly prominent were the inclusion of large ellipsoid 

and irregularly shaped dense bodies and increased levels of cellular debris (Figures 4.12b, 

4.13b). Most o f the dense cytoplasmic inclusion bodies were homogenous in appearance 

but some were found containing breakdown material and myelin figures (Figure 4.12b) 

These cytoplasmic bodies were found both near the periphery and in the centre of the 

muscle fibres, and were generally larger and more abundant in the soleus compared to the 

plantaris. Other inclusions such as large myelin membranous figures, located 

predominately near the periphery o f the muscle cells, and honeycomb structures, which 

tended to develop linearly between the myofibrils (Figure 4.13b,c) were frequently seen, 

in both muscles. As at 3 months, peripheral and intersarcomeric mitochondria showed 

non-specific degenerative changes, including disorganised cristae, focal membranous 

thickening o f cristae and mild fatty infiltration, in the soleus and plantaris. Changes in 

myofibrillar structure in both muscles were characterised by focal regions of Z-band 

misalignment, fragmentation o f the Z-disc and A-band dissolution. In severe cases, 

complete dissolution o f the myofibrillar structure was seen in focal regions within the fibre 

(Figure 4.12a) Splitting between sarcomeres resulting in fibre bifurcation was also
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commonly observed in both muscles, as shown in Figure 4.13a. The number of 

macrophages were increased, many o f which contained degradation bodies and were found 

in abundance in areas of fibre degeneration (Figure 4.12a). The number o f regenerating 

fibres in the soleus and plantaris, characterised by large centrally placed nuclei with 

prominent nucleoli and abundant granular (ribosomes) sarcoplasm surrounding the nuclei, 

were increased relative to those at 3 months (Figures 4.12b), suggesting increased repair 

activity.

9 Months

At this stage o f vitamin E deficiency, the number o f obviously degenerating and atrophic 

fibres observed by light microscopy were greatly increased in the soleus (Figure 4.14b) 

and to a lesser extent in the plantaris (Figure 4.14d). In the soleus, the majority o f the 

muscle fibres showed signs o f degeneration, although regions o f normal muscle structure 

were also present. In the plantaris, degenerating fibres were scattered throughout the 

muscle but were present in larger numbers than those observed at 3 and 6 months of 

vitamin E deficiency. The degenerative changes visible at light level in both tissues were 

similar to those described at 6 months. In the soleus, muscle fibre necrosis was 

widespread, with many of the fibres containing irregular amorphous inclusion bodies and 

darkly-staining basophilic deposits. Fibre splitting and internally located sarcolemmal 

nuclei were increased, and necrotic fibres were surrounded by and infiltrated with 

macrophages (Figure 4.14b). Variation in muscle fibre size and shape was increased and 

overgrowth o f the endomysium and perimysium was prominent (Figure 4.14b) In the 

plantaris, degenerating and atrophic fibres containing darkly-staining granular deposits 

were present. Fibre splitting was common and resulted in the formation o f groups of small 

fibres (Figure 4.14d).

Ultrastructural changes at 9 months in the soleus and plantaris were generally similar to 

those at 6 months but were more pronounced. In both muscles, the dense cytoplasmic 

inclusion bodies were larger than those observed at the earlier stages of vitamin E 

deficiency and tended to be elongated in shape with irregular outlines. They were often 

found running peripherally along the muscle cell and tended to be more homogeneous in 

appearance, although remnants of peripherally located myelin figures and mitochondria 

were discernible in some of them (Figure 4.15a), suggesting that they may represent
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secondary lysosomes. The myelin figures were also increased in size and number, 

particularly in the soleus. The number o f nuclear abnormalities were elevated in both 

muscles, evident fi^om the appearance o f increased numbers o f centrally placed bizarre 

nuclei with marginal invaginations and densely-clumped chromatin (Figure 4.15b). In 

addition, the number of autophagic vacuoles, many o f which appeared to contain myelin

like figures, abnormal mitochondria, mitochondrial remnants and amorphous material, 

were increased in both soleus and plantaris (Figure 4.15c). As autophagic vacuoles are 

involved in part o f the normal turnover o f cytoplasmic organelles whereby unwanted 

structures are replaced with new ones (autophagy), the presence o f these vacuoles in the 

muscle fibres may be suggestive o f regenerative processes.

By 9 months, an increasing number of fibres from the control soleus and plantaris muscles 

began to manifest age-related changes, which included the presence of myelin figures near 

the periphery o f the muscle cells, dilations o f the terminal cistemae o f the sarcoplasmic 

reticulum (Figure 4.16a) and partially degenerated mitochondria with ill-defined and 

poorly organised cristae (Figure 4.16b). These changes were fairly moderate in both 

muscles, but were generally more obvious in the soleus.

12 Months

At this prolonged stage o f vitamin E deficiency the extent o f degeneration observed at 

light level was exacerbated in both soleus and plantaris, relative to the earlier stages of 

vitamin E deficiency. In the soleus, muscle fibre necrosis was extensive and severe 

affecting virtually all the fibres within the muscle (Figure 4.17b) Although the 

degeneration was widespread in the plantaris, affecting the majority o f the fibres within the 

muscle, the degradative changes were not as severe as those seen in the soleus (Figure 

4.17d). In both soleus and plantaris, the degenerative changes visible at light level were 

similar to those described at 9 months.

Ultrastructural changes in the soleus and plantaris at 12 months were similar to those at 6 

and 9 months, but were found in a greater portion of the fibres in both muscles. As at the 

earlier stages o f vitamin E deficiency, the degradative changes were more severe in the 

soleus. In both muscles, the number of lipid droplets and glycogen granules associated 

with the intersarcomeric and peripheral mitochondria were increased (Figure 4.18a,c),
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suggesting mitochondrial metabolism was impaired, consistent with the biochemical defect 

in mitochondrial respiratory chain function observed in the muscle (see Section 4.4.1 and 

4.4.2). Accumulations o f both large elongated and smaller dense inclusion bodies 

(probably secondary lysosomes), myelin figures and cellular debris between sarcomeres 

and particularly near the periphery o f degenerating fibres were abundant, particularly in the 

soleus (Figure 4.18a). Nuclei abnormalities in both muscles were similar to those 

described at 9 months, and were suggestive o f regenerative activity. Changes in the 

myofibrillar structure in both muscle were similar to those described at 6 and 9 months. 

Non-specific degenerative changes in the mitochondria were increased in both muscles, but 

were more obvious in the soleus. Subsarcolemmal aggregations o f mitochondria were 

prominent, some o f which were hypertrophic and contained glycogen-like granular 

material and increased fatty deposits, whilst others had abnormal cristae (Figure 4.18c). 

Fibre bifiircation and cleft formation between sarcomeres as a result o f rupturing of the 

sarcoplasmic reticulum was also increased in soleus and plantaris. Scattered vesicles and 

leaked cell organelles were found to be present within the lumen o f such clefts (Figure 

4.19a). Non-specific degenerative changes in the membranous-structures were increased 

in both muscles. Dilations of the terminal cistemae of the sarcoplasmic reticulum were 

frequently observed in the soleus (Figure 4.18c) Tubular aggregates comprised o f sheets 

of folded membrane were a common feature, observed exclusively in the plantaris (Figure 

4.18b) These stmctures have been reported to occur as a non-specific finding in other 

muscle disorders e g periodic paralyses and have been found to be particularly prominent 

in type lib fibres. Although their pathogenic origin is uncertain, they are thought to be 

derived from proliferation o f the sarcoplasmic reticulum (Loughlin, 1993). Macrophage 

infiltration in association with necrotic fibres, was widespread in both muscles.

Age-related changes in the control muscle were more widespread at this stage, particularly 

in the soleus, and included focal loss of sarcomeric structure and accumulations o f large 

myelin figures and abnormal degenerating mitochondria (Figure 4.19b).

Liver

Observations on liver were limited to severe vitamin E depletion (12 months) as no 

significant biochemical changes were apparent at the earlier stages o f vitamin E deficiency
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in this tissue. At light level no obvious changes were discernible in the liver o f vitamin E 

deficient animals when compared to controls. There was no evidence o f increased 

fibrocollagenous tissue (fibrous scarring) which usually accompanies hepatocyte cell death 

and is symptomatic of cirrhosis of liver (data not shown). Ultrastructural examination 

failed to reveal any striking abnormalities. The cytoplasm of the hepatocyte cells 

contained the usual abundance of various organelles including, numerous mitochondria, 

rough endoplasmic reticulum, free ribosomes, glycogen granules, lipid droplets and 

lysosomes. Evidence of degenerative changes to mitochondria or o f mitochondrial 

hypertrophy were not apparent. Hepatocyte nuclei were large, round and centrally placed, 

typical o f normal nuclei (Figure 4.20).
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Fig 4.9 Transverse semithin sections of 3 month soleus (a) and plantaris (b) and 6 month soleus (c) and 
plantaris (d) from vitamin E deficient rat. Staining; (a) and (b) Thionin/Basic Fuchsin, (c) and (d) 
Thionin/Acridine Orange, (a) and (b) show normal muscle fibres adjacent to degenerating (pale-staining) 
fibres (arrowed) infiltrated with inflammatory cells, (c) shows widespread muscle fibre degeneration and 
necrosis, with all muscle fibres affected to varying degrees. Changes include; thickening of the 
endomysial connective tissue (★), increased fatt) infiltration (*), increased variation in fibre size and 
shape, fibre splitting (►) and darkly-staining deposits within the fibres, (d) shows degeneration of 
scattered fibres (arrowed) invaded b\ inflammatory cells, in the plantaris. x 400.
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(a)

Fig 4.10 Electron micrographs of longitudinal sections of plantaris (a) and soleus (b,c) from 3 month 
vitamin E deficient rat. (a) shows area of normal muscle structure (arrowed) adjacent to an area 
undergoing degradation and phagocytosis. The reactive macrophages (mp) contain deposits of dense 
digested material and many small mitochondria, (b) fibre undergoing extensive degeneration, with 
dissolution of myofibrillar architecture (myolysis), resulting in light granular cytoplasm and peripheral 
accumulations of large myelin figures (mf). (c) shows accumulation of lipid droplets (1) adjacent to 
intersarcomeric mitochondria and proliferation of hypertrophic peripheral mitochondria (H). Nucleus (N). 
(a) X 5850. (b)x 24223. (c) x  7800.
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Fig 4.11 Electron micrographs of longitudinal sections of plantaris from 3 month control rat (a) and 
soleus from 3 month vitamin E deficient rat (b). (a) shows normal sarcomere structure. Transverse (T) 
tubules and sarcoplasmic reticulum (sr) can be seen surrounding the myofibrils. The T tubules lie at the 
junctions of the A bands (A) and I bands (1). Terminal cistemae (tc) of the sarcoplasmic reticulum lie 
alongside the T tubules to form a triad Abundant glycogen (g) particles are deposited between the 
tubules of the sarcoplasmic reticulum, (b) shows the early development of honeycomb (he) bodv in the 
region of the Z-line (Z). The honeycomb bodies appear to arise from dilations of the T tubules, (a) x 
24223. (b) X 60029.
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Fig 4.12 Electron micrographs of longitudinal section of plantaris (a) and soleus (b) from 6 month 
vitamin E deficient rat. (a) shows a region of focal degeneration in muscle fibre (myolysis), accompanied 
b>' macrophage (mp) invasion, (b) shows a regenerating fibre with internally placed nucleus (N) 
surrounded b> granular sarcoplasm containing dense mitochondria (M), increased levels of nondescript 
cellular debris (arrowed) between myofibrils, presence of large ellipsoid bodies (ep) containing dense 
inclusions and remnants of myelin figures. Focal areas of Z-band distortion/misalignment can also be 
seen, (a) x 5813. (b) x 5850.
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Fig 4.13 Electron micrographs of longitudinal sections of plantaris (a, b) and soleus (c) from 6 month 
vitamin E deficient rat. Fibre bifurcation (>-) caused by splitting between the sarcomeres was a common 
feature, as illustrated in (a), (a) Fibre containing large centralised nuclei (N) of pyknotic appearance and 
increased cellular debris (arrowed), (b) Accumulations of homogenous dense bodies (db), honeycomb 
(he) structures and cellular debris, (c) large developing honeycomb (he) Ixx^ derived from proliferation 
of the T system, adjacent to a dense inclusion body (db). (a) and (b) x 5813, (c) x 39000.
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Fig 4.14 Transverse semithin sections of 9 month control soleus (a) and plantaris (c) and vitamin E 
deficient (b) soleus and plantaris (d). Staining; Toluidine Blue/Basic Fuchsin. (b) shows widespread 
muscle fibre degeneration and necrosis, accompanied by fibre splitting (►), numerous darkly-staining 
inclusion bodies, internal nuclei and overgrowth of endomysial and perimysial connective tissue (★). (d) 
shows fibre splitting (►), atrophy and degeneration of scattered fibres (arrowed) some of which are 
invaded by inflammatory cells, adjacent to normal fibres, (a) and (c) show sections from age-matched 
control for comparison, (a), (c) and (d) x 400. (b) x 200.
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Fig 4.15 Electron micrographs of longitudinal sections of soleus (a, b) and plantaris (c) from 9 month 
vitamin E deficient rat. (a) Large elongated dense bodies (db) were commonly found running 
peripherally along the muscle cell, (b) Internal nucleus (N) adjacent to an irregularly-shaped dense body. 
The nucleus contains inv aginations of the nuclear membrane (arrowed), some of which contain myelin 
figures and dense deposits, (c) Muscle fibre undergoing long-term degeneration, characterised by the 
presence of non-descript cellular debris (arrowed) between sarcomeres and autophagic vacuoles (V) 
containing remnants of mitochondria and other residual degradation products, (a) and (c) x 5850. (b) x 
8580.
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Fig 4.16 Electron micrographs of longitudinal sections from 9 month control plantaris (a) and soleus (b), 
showing age-related changes, (a) shows the presence of myelin figures (mf) near the periphery of the 
muscle fibre and dilations of the terminal cistemae (tc) of the sarcoplasmic reticulum, (b) mitochondria 
exhibited non-specific degradative changes including ill-defined cristae and the presence of clear patches 
(arrowed), (a) x 23400. (b) x 39000.
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Fig 4.17 Transverse semithin sections of 12 month control soleus (a) and plantaris (c) and vitamin E 
deficient (b) soleus and plantaris (d). Staining; Toluidine Blue/Basic Fuchsin. (b) shows widespread and 
severe muscle fibre atrophy, necrosis and phagocytosis, accompanied by extensive replacement of muscle 
fibres with cormective tissue (★). Lipid droplets (*) and densely-staining inclusions were seen in the 
remaining fibres, (d) shows widespread muscle fibre atrophy, resulting in increased variation in fibre 
diameter. Darkly-staining deposits were observed in the degenerating fibres (arrowed). Degenerative 
changes in the plantaris, although widespread, were not as severe as those in the soleus. (a) and (c) 
represent sections from age-matched controls for comparison, x 400.
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Fig 4.18 Electron micrographs of longitudinal sections of soleus (a,c) and plantaris (b) from 12 month 
vitamin E deficient rat. (a) shows extensive arrangement of linearly aligned dense bodies (db), presence of 
nondescript cellular debris between sarcomeres (arrowed), and numerous lipid droplets (1) associated with 
the intersarcomeric mitochondria in a degenerating fibre, (b) tubular aggregates (ta) were frequently 
observed in the plantaris, and are thought to originate from proliferation of the sarcoplasmic reticulum, 
(c) shows peripherally located mitochondria, some of which are hypertrophic (H) and contain lipid 
deposits and glycogen-like granular (g) material. Dilations of the terminal cistemae (tc) of the 
sarcoplasmic reticulum can be seen in an adjacent area, (a) x 8531. (b) and (c) x 23400.
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Fig 4.19 Electron micrographs of longitudinal sections of soleus from 12 month vitamin E deficient (a) 
and control (b) rat. (a) Fibre bifurcation (►) and cleft formation (C) between myofibrils was frequently 
observed in deficient muscle, (b) Age-related changes in control muscle were more obvious at this stage, 
as characterised by the presence of areas containing aggregations of myelin figures (mf) associated with 
abnormal mitochondria (M) some of which have ill-defined cristae and contain vacuoles, (a) x 8580. (b) 
X 12090.
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Fig 4.20 Electron micrographs of sections of liver from 12 month control (a) and vitamin E deficient (b) 
rat. At ultrastructural level no obvious abnormalities were discernible in the deficient liver when 
compared to age-matched control. The micrographs show the perisinusoidal space of Disse (D) between 
the hepatocytes (H) and the sinusoids (S). The sinusoid in (a) contains a Kupffer cell (K) and a red blood 
cell (RBC). The c>toplasm of the hepatocytes contains the usual abundance of organelles including 
mitochondria (M), lysosomes (lys), glycogen granules (g), rough endoplasmic reticulum (RER) and lipid 
droplets (L) as well as a prominent centrally placed nucleus (N). (a) x 5940. (b) x 5850.
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4.5 D iscussion

4.5.1 Mitochondrial Respiratory Chain Function in Vitamin £  Deficiency

Mitochondrial respiratory chain (MRC) fonction was assessed in skeletal muscle and liver 

mitochondria during progressive vitamin E deficiency (3, 6, 9, and 12 months) in order to 

determine firstly, whether vitamin E deficiency induced impairment o f the respiratory 

chain, secondly, to establish the time of onset o f the impairment and thirdly, to  reveal the 

extent o f the dysfimction i.e. whether all complexes were affected or were some more 

susceptible to damage than others and finally, to address the question o f tissue specificity 

o f MRC dysfonction in vitamin E deficiency. MRC fonction was determined by 

polarography (oxygen consumption rates) and by spectrophotometric enzyme analysis. 

The former was performed tp give a general indication o f whether MRC fonction was 

defective whilst the latter was performed to determine which particular components o f the 

respiratory chain were specifically involved.

Skeletal Muscle

Skeletal muscle mitochondria showed significant decreases in the oxygen consumption 

rates with both NAD- and FAD-linked substrates after 9 months of vitamin E deficiency 

and by 12 months, significantly reduced rates were observed with all substrates including 

ascorbate + TMPD. These findings implied a defect in the terminal complex o f the 

respiratory chain i.e. cytochrome oxidase (complex IV), or with multiple defects affecting 

all or several complexes, including complex IV. The fact that the percentage reductions in 

the respiration rates at 12 months were o f a similar magnitude (40-50%) for all the 

substrates tested, suggested that a terminal defect in the respiratory chain was more likely, 

rather than multiple defects affecting all the complexes.

Spectrophotometric enzyme analysis revealed reduced activities of complexes I (NADH 

CoQi reductase), complexes II/III (succinate cytochrome c reductase) and complex IV 

(cytochrome oxidase) from 6 months of vitamin E deficiency. By 12 months the complex 

IV activity was significantly reduced, confirming complex IV as the predominant site o f 

impairment. However, the fact that the defects in the respiration rates preceeded the
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defect in complex IV activity suggests that the complex IV defect was not wholly 

responsible for the reduced respiration rates and that other factors such as membrane 

changes may also be involved. The activity o f the citrate synthase, was lower in the 

vitamin E deficient muscle mitochondria at all stages o f deficiency, but not significantly. 

Preservation of the citrate synthase activity in vitamin E deficiency may be related to the 

location of the enzyme in the mitochondrion. Citrate synthase is a soluble matrix enzyme, 

whilst the respiratory chain enzymes are located in the inner membrane. As vitamin E 

functions as a lipophilic membrane-bound antioxidant, protecting membrane lipids from 

peroxidation, this may explain why deficiency o f the vitamin affected the activities o f the 

respiratory enzymes but had little effect on the citrate synthase activity, in muscle.

The respiratory control ratio (RCR), calculated as the ratio of the respiration rates in the 

presence (state III) and absence (state IV) o f ADP, gives an indication o f the extent o f 

coupling o f respiration and oxidative phosphorylation and hence reflects the integrity o f 

the mitochondrial membranes. The higher the RCR the more intact the membranes. No 

significant alterations were found in the RCRs o f deficient rats at any stage o f vitamin E 

depletion, suggesting that membrane integrity and coupling o f electron transport to ATP 

synthesis were both maintained in vitamin E deficiency.

The results described above were generally in agreement with those published previously 

(Thomas et al, 1993) in a study of the effects of long-term (12 month) vitamin E 

deficiency on rat muscle. Thomas et al (1993) reported significant reductions in the 

respiration rates o f skeletal muscle mitochondria with all substrates, as was observed in 

this study. In addition to complex IV, they also reported a significant reduction in the 

specific enzyme activity of complex I. In this thesis, the complex I specific activity was 

reduced but not significantly. In addition, the significantly reduced RCRs with pyruvate 

and glutamate reported by Thomas et al (1993) were not confirmed by the work in this 

thesis, where no significant changes were observed in the RCRs with any of the substrates 

at any stage o f vitamin E deficiency. The reason for this discrepancy in the effects of 

vitamin E deficiency on muscle mitochondrial function between the two studies is not 

known, but may reflect differences in the severity o f vitamin E deficiency. In this thesis, 

vitamin E was not detectable in the muscle at the earliest time-point (3 months) o f 

investigation {see Chapter 3.0, Section 3.4.2.2). In the study by Thomas et al (1993), the
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vitamin E levels were not determined and hence the severity of the deficiency can not be 

compared.

A number of factors may be involved in MRC defect associated with vitamin E deficiency. 

Vitamin E plays a crucial role in protecting membranes from the damaging effects o f 

reactive free radicals as it is the major lipid-soluble, chain-breaking antioxidant in vivo 

(Burton et al, 1983a,b). Furthermore, mitochondrial membranes are particularly liable to 

peroxidative attack as they have a high content o f PUFA and vitamin E (Buttriss and 

Diplock, 1988) and the mitochondrial electron transport chain produces free radicals as a 

byproduct o f its normal function {see Section 1.6.2.1). The MRC defect may be caused by 

direct oxidative modification of the MRC proteins or by changes in the membrane 

environment as a result o f the increased lipid peroxidation (see Chapter 3.0, Section 3.4.4) 

in the absence of vitamin E. In addition, lipid peroxidation can mediate decreases in the 

fluidity o f biological membranes (Yu et al, 1992). In this study, small but significant 

reductions were observed in the fluidity o f the mitochondrial membranes (Section 3.4.5) 

which may have contributed to the decline in respiratory function. This is supported by the 

findings o f Nohl et al (1978) who found an age-related increase in lipid peroxidation in rat 

heart mitochondria was associated with a decrease in mitochondrial membrane fluidity and 

impaired MRC function.

In addition, the specific peroxidation of polyunsaturated fatty acids associated with the 

electron transport chain may impair its fianction (McCay et al, 1972). In particular the 

anionic phospholipid, cardiolipin which is found almost exclusively in the mitochondria, 

has been shown to play an essential role in mitochondrial function (see Section 1.6.2.2). 

Complexes I, III and IV all have an absolute catalytic requirement o f cardiolipin for 

optimal enzymatic activity (Fry and Green, 1980, 1981). Furthermore, cardiolipin plays an 

important role in controlling the permeability o f the inner mitochondrial membrane to small 

molecules as well as in maintaining the mitochondrial proton gradient (Hoch, 1992), and 

deficiencies in cardiolipin have been associated with decreases in state III respiration 

(Shigenaga and Ames, 1994). Furthermore, cardiolipin is known to be highly susceptible 

to oxidative damage as a result o f its higher ratio o f unsaturated to saturated fatty acid 

residues, compared with other phospholipids o f the inner membrane (Daum, 1985). Hence 

the oxidative modification/destruction o f cardiolipin during vitamin E deficiency may
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account for the decreased state III respiration rates observed with all substrates, and for 

the inhibition of cytochrome c oxidase activity. The fact that significant declines in the 

specific activities o f complexes I and III, which also require cardiolipin for enzymatic 

activity, were not observed during vitamin E deficiency may also suggest that the specific 

activity of cytochrome c oxidase is particularly sensitive to inhibition. In an in vitro study 

of the effects o f oxidative stress on the mitochondrial electron transport components, the 

specific interaction o f cytochrome c with cytochrome oxidase was shown to be sensitive to 

inhibition by hydroxyl radical exposure, suggesting that this site is particularly susceptible 

to oxidative stress (Zhang et al, 1990). Hence the specific reduction in cytochrome c 

oxidase activity observed in prolonged vitamin E deficiency may be due to inhibition at this 

site.

Complex IV has been implicated as the predominant site o f MRC impairment in other 

models o f oxidative stress, such as glutathione depletion in rats (Benzi et al, 1991), iron 

overload in cultured rat cells (Hartley et al, 1993) and exposure o f human skeletal muscle 

sections to hydroxyl and superoxide radical generated by gamma radiolysis (Haycock et al, 

1996). Details o f these models o f oxidative stress can be found in Section 1.6.6 of 

Chapter 1.0.

Liver

As in muscle, vitamin E was not detectable in the liver at the earliest time-point of 

observation (3 months). However, the effect of vitamin E deficiency on liver MRC 

function was the reverse o f that observed in the muscle. At the earlier stages o f vitamin E 

depletion (3 to 9 months) there was little difference in the respiration rates o f control and 

deficient mitochondria with all substrates except succinate, with which the rate was 

significantly reduced in the deficient mitochondria. However by 12 months, the hepatic 

respiration rates were significantly elevated with all substrates in the vitamin E deficient 

mitochondria. The reason for this elevation in respiration rates in prolonged vitamin E 

deficiency is not known. Although uncoupling o f oxidative phosphorylation is usually 

accompanied by an increase in the oxygen consumption rates, there was no evidence to 

suggest that this was occurring in the vitamin E deficient mitochondria from the liver RCR 

data, where no significant differences were observed in the RCR between control and
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deficient mitochondria. The normal RCR data suggests that the integrity o f the liver 

mitochondrial membranes and coupling of electron transport to ATP synthesis were not 

impaired during vitamin E deficiency.

The effects of vitamin E deficiency on mitochondrial metabolism in the literature have been 

largely conflicting and no clear relationship has been defined (see Corwin, 1980, for 

review). Although, elevated oxidation rates have been reported previously in the liver and 

muscle o f vitamin E deficient animals, the cause for the increased oxidation rates was not 

clear, particularly since the RCR and the rate o f glycolysis were found to be normal in 

these tissues (Corwin, 1980). Increased ATPase activity was suggested as a possible 

cause for the increased oxygen consumption rates in these tissues, but evidence o f this was 

not found (Corwin, 1980). In this thesis, the ATP synthase (complex V) activity was not 

measured and hence increased ATP synthase activity can not be ruled out as a possible 

cause for the increased respiration rates observed in the liver during prolonged vitamin E 

deficiency.

Spectrophotometric enzyme analysis did not reveal any significant changes in the enzyme 

activities from 3 to 9 months. At 12 months, significant increases were observed in the 

activity o f the matrix enzyme, citrate synthase and in the complex I activity in vitamin E 

deficient mitochondria. The increase observed in the specific citrate synthase activity may 

reflect an increase in the purity of the vitamin E deficient mitochondrial preparations, and 

may explain the increase observed in complex I activity. Although possible, there is no 

obvious explanation as to why the purity o f the mitochondrial preparations should increase 

specifically in severe vitamin E deficiency, particularly since the isolation procedure was 

unaltered throughout the investigation and control and deficient animals were processed in 

parallel.

Alternatively, the increased activities of citrate synthase and complex I may be mediated by 

a regulatory effect o f vitamin E in liver metabolism. Vitamin E deficiency has been 

previously shown to increase the specific activities of a number o f enzymes, such as 

hepatic xanthine oxidase activity (Olson and Dinning, 1954) and this has led to the 

proposal that the vitamin may serve as a corepressor for the synthesis o f certain enzymes 

(Catignani, 1980). Although there are no reports of the effects o f vitamin E deficiency on
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the activities o f hepatic mitochondrial citrate synthase and complex I in the literature, the 

increased activity observed in this thesis may be due to a vitamin E deficiency-mediated 

increase in the synthesis o f these enzymes.

Effect o f Age

In control skeletal muscle mitochondria, a significant decline was observed in the NADH 

CoQi reductase specific activity with age and a trend for cytochrome oxidase specific 

activity to decline with age, whilst the succinate cytochrome c reductase specific activity 

showed no change with age. This data, however, appeared to be in conflict with the 

respiration data in which significant increases were observed in the control state III oxygen 

consumption rates with all substrates. The reason for this discrepancy in the data is not 

known, but may be due to the fact that the respiration studies showed an initial decline in 

the oxygen consumption rates from 3 to 9 months, in agreement with the specific enzyme 

activities, followed by a marked increase in the rates at 12 months, which was not reflected 

in the specific enzyme activities. This end-stage increase in the respiration rates appears to 

be responsible for the overall positive correlations observed between age and 

mitochondrial respiration in muscle. The cause for the marked elevation in control 

respiration rates at 12 months is not clear. Because the experiments in muscle were 

performed in parallel with the liver, which did not exhibit a similar end-stage increase in 

control respiration rates, it is unlikely that the increases are due to changes in the 

experimental conditions.

In the vitamin E deficient animals, changes in respiratory chain activity with age may also 

be influenced by the increasing severity o f vitamin E deficiency with age. In the vitamin E 

deficient muscle, NADH CoQi reductase and cytochrome oxidase specific activities 

exhibited significant negative correlations with age, which were more pronounced than 

those observed in the control mitochondria, whilst the succinate cytochrome c reductase 

specific activity was unchanged. This data was consistent with the significant negative 

correlation observed in the pyruvate respiration rate, in the deficient mitochondria.

In control liver mitochondria, both NADH CoQi reductase and cytochrome oxidase 

specific activities showed a significant decline with age, whilst the succinate cytochrome c 

reductase specific activity showed a non-significant fall with age. This data was strongly
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supported by the respiration data, in which significant negative correlations were observed 

between age and the oxygen consumption rates with all substrates.

In the vitamin E deficient liver, no significant correlation was observed between the 

specific activities or the respiration rates o f the mitochondrial respiratory chain enzymes 

and age. However, this lack of correlation appears to be due to the large end-stage 

increase in the enzyme activities and respiration rates at 12 months, since these initially 

showed a significant decline from 3 to 9 months.

These results were in generally in agreement with the previously reported respiratory chain 

decline with age in skeletal muscle (Trounce et al, 1989, Cooper et al, 1992, Hsieh et al, 

1994) and liver (Yen et al, 1989). Generally, most reports indicate complex 1 and to a 

lesser extent complex IV to be the main components affected by age, and this was also 

found to be the case in this study, particularly from the specific enzyme activity data. The 

greater sensitivity o f complexes 1 and IV to ageing, lends further support to the fi’ee radical 

theory o f ageing in which mitochondrial oxygen radical production and oxidative 

modification o f mtDNA are proposed to be major contributors to the ageing process 

(Harman, 1992, Miquel, 1992). A greater number o f subunits o f complex 1 and IV are 

encoded by mtDNA compared to complex 111, whilst complex 11 is exclusively encoded by 

the nuclear genome. Hence, the greater sensitivity o f complexes 1 and IV to ageing, are 

consistent with the contributory role o f mtDNA abnormalities in the age-related decline o f 

MRC function.

In muscle, the greater negative correlation o f complex 1 and IV activity with age in the 

vitamin E deficient rats compared to controls, may suggest that vitamin E deficiency 

accelerates a process in common with normal ageing by increasing mitochondrial free 

radical production and oxidative modification o f mtDNA and the MRC proteins. Hence, 

vitamin E may be important in attenuating the process o f ageing through its antioxidant 

fimction in muscle. Conversely, prolonged vitamin E deficiency in liver appears to induce 

a response which attenuates the age-related decline in MRC function. The mechanism by 

which vitamin E deficiency induces such a response in the liver is not known but may be 

related to a regulatory increase in the synthesis o f the respiratory enzymes.

225



Differential Tissue Sensitivity to Vitamin E Deficiency

In this thesis, differential tissue susceptibility to vitamin E deficiency was observed. In 

muscle, vitamin E deficiency was associated with a decline in MRC function, whilst in liver 

prolonged deficiency appeared to induce an increase in MRC function. The greater 

sensitivity o f the muscle mitochondria and the relative resistance o f the liver mitochondria 

to vitamin E deficiency may be due to a number o f reasons. As discussed in Chapter 3.0 

(Section 3.5.8), the levels o f protective antioxidant enzymes in the cytosol and 

mitochondria o f liver are considerably higher than those in skeletal muscle (Ji et al, 1990), 

and this may be a major reason for the relative resistance of liver to oxidative stress in 

vitamin E deficiency. Superoxide dismutase activity is 6 fold higher and glutathione 

peroxidase activity is 22 fold higher in liver mitochondria compared to muscle 

mitochondria (refer to Table 3.8, Section 3.5.8). Furthermore, the levels o f mitochondrial 

lipid peroxidation (MDA formation) have been reported to be approximately 2 fold higher 

in the skeletal muscle compared to those in liver o f normal rested rats (Ji et al, 1990), 

which may reflect the greater susceptibility o f muscle mitochondria to oxidative damage 

under normal conditions. Muscle mitochondria have a larger number o f more densely 

packed cristae than liver mitochondria, reflecting their greater demand for oxidatively 

derived ATP (Tzagoloff, 1982). The higher concentration of cristae (inner membrane) in 

muscle mitochondria provides more substrate (lipid) for peroxidative attack and 

consequently may increase free radical production, especially in the absence o f adequate 

protection from vitamin E. This in turn may expose the mitochondrial respiratory chain 

components to an increased risk o f oxidative attack.

In addition, the metabolic rate and energy demands o f the tissues may also influence the 

endogenous rate o f oxygen radical production in the tissues (Boveris et al, 1972). 

Although muscle has a lower resting metabolic rate than liver, muscle undertakes very 

rapid and co-ordinated changes in energy supply and oxygen flux for repeated 

contractions. As a result, large variations occur in the flow o f electrons through the 

mitochondrial respiratory chain, which may enhance the risk o f oxygen-centred free radical 

generation (Boveris and Chance, 1973), and may predispose the muscle mitochondria to 

oxidative damage, particularly in the absence o f vitamin E. The fact that liver has a rapid 

turnover o f protein and enzymes [average half time (tVi) for hepatic protein is 5-6 days], 

whereas skeletal muscle has a much slower protein turnover (average tVi is over 50 days)
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may also mean that skeletal muscle is more likely to accumulate oxidatively damaged and 

dysfimctional proteins, thereby lowering its metabolic efficiency (Ji et al, 1990).

Also, tissue-specific isoforms of certain components of the respiratory chain, namely 

complex IV (Capaldi, 1990) and complex I (Clay and Ragan, 1988), are known to exist. 

These tissue-specific isoenzymes, which have thought to evolve in order to meet the 

metabolic requirements of different tissues, may differ in their sensitivity to free radicals 

and reactive oxygen species generated during vitamin E deficiency and may as a result 

contribute to the differential tissue-sensitivity observed.

The greater sensitivity o f skeletal muscle mitochondria than liver mitochondria to vitamin 

E deficiency reported in this thesis is consistent with the findings o f an earlier study in 

which the effects o f vitamin E deficiency on mitochondrial membranes was investigated 

(Quintanilha et al, 1982). In this study, muscle mitochondria fi*om vitamin E deficient rats 

were found to be more sensitive to photo-oxidative damage and had higher lipid 

peroxidation and lower rates o f electron transport and respiratory coupling, compared to 

liver mitochondria from the vitamin E deficient rats. (Quintanilha et al, 1982, Quintanilha 

and Packer, 1983).

4.5.2 M orphological Changes in Vitamin E Deficiency

Sk e l e t a l  M u s c l e

Morphological observations on skeletal muscle were performed at 3, 6, 9, and 12 months 

o f vitamin E deficiency. To address the question o f fibre type specificity, observations 

were made on two hindlimb muscles; the soleus (type I fibre predominance) and the 

plantaris (type II fibre predominance).

Pathological Features

Skeletal muscle showed varying degrees of pathological change during progressive vitamin 

E deficiency. Degenerate changes were present at the earliest time-point o f observation (3 

months) in both the soleus and the plantaris. It is likely, however, that the onset of 

degeneration occurs even earlier than this. Initially, the degeneration was confined to
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scattered fibres and with time became more widespread and cumulative, in both muscles. 

The pathological process was suggestive o f necrotic cell death and was generally similar 

for both the soleus and the plantaris, but was more pronounced and widespread in the 

former. The fibre type specificity o f vitamin E deficiency will be discussed later.

An interesting feature o f the pathological process, was that different levels o f degeneration 

were found to be occurring simultaneously in different fibres o f the same muscle. Hence, 

normal well preserved muscle fibres were found adjacent to degenerating fibres, which 

may reflect the distribution o f vitamin E within the muscle. Early changes included, non

specific degenerative changes in the mitochondria and abnormalities in the myofibrillar 

architecture (Z-band misalignment and disruption of the A and I bands). As the 

degenerative process progressed, the number o f honeycomb bodies, secondary lysosomes, 

autophagic vacuoles, dense cytoplasmic residual bodies and myelin figures increased 

significantly, whilst fibre splitting, internalisation o f the nuclei and muscle fibres atrophy 

became increasingly common. Eventually, extensive destruction o f the contractile material 

occurred resulting in complete dissolution o f the myofibrillar structure to granular debris 

(myolysis). At the end-stages of degeneration, the cellular debris was phagocytosed by 

macrophages which were seen infiltrating the necrotic fibres, and the degree o f fat and 

fibrous replacement increased. Fatty infiltration and thickening o f the endomysial and 

perimysial connective tissues was prominent.

Many of the ultrastructural changes in the vitamin E deficiency myopathy were non

specific i.e. are not associated with a specific pathological process or muscle disease. The 

numerous inclusion bodies and dense degradative residues observed in degenerating fibres 

appeared to be of membranous origin and may represent ongoing depositions o f 

oxidatively damaged intracellular membrane lipids, particularly as accumulation and 

growth o f these inclusions was observed with progressive vitamin E deficiency. 

Honeycomb bodies, considered to be derived fi^om proliferation o f the T-tubules at the site 

o f the triad (Gumming et al, 1994), were amongst one of the earliest o f these inclusions to 

be observed, ultrastructurally. Honeycomb bodies are not specific to any one pathological 

process and have frequently been observed in chronically injured muscle fibres in a number 

o f conditions, including denervation, inflammatory myopathies and myotonic dystrophy 

(Mastaglia and Walton, 1992), and hence their significance in vitamin E deficiency
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myopathy is not known. The larger, dense elongated inclusions of homogenous 

appearance, located near periphery of fibres were a striking feature of late-stage vitamin E 

deficiency. However, the identity and exact nature o f these inclusions is uncertain, 

although they have been reported previously, both in human (Neville et al, 1983) and 

experimental (Lin and Chen, 1982, Thomas et al, 1993) vitamin E deficiency, where they 

were considered to represent secondary lysosomes because o f their high acid phosphatase 

and esterase reactivity. This is supported by the fact that some were found containing 

material resembling myelin figures and cristae.

The role o f lysosomes in the degeneration o f skeletal muscle fibres in vitamin E deficiency 

has been speculative. It is not known whether the lysosomes play a secondary role in lysis 

and removal o f sarcoplasmic debris following muscle cell breakdown, or a primary 

initiatory role in the degenerative process. Chronic vitamin E deficiency may cause 

destabilisation o f the lysosomal membranes, resulting in leakage of lysosomal enzymes 

from the lysosomes and destruction o f the muscle fibres. Increased lysosomal hydrolytic 

enzymatic activity has been reported to precede or coincide with the development o f 

histopathological changes in long-term vitamin E deficient animals (Desai et al, 1964, 

Weinstock et al, 1955, Zalkin et al, 1962, Lin and Chen, 1982). In this study, lysosome- 

like structures were not observed in the muscle fibres until late in the degenerative process 

when contractile material destruction had occurred. Thus, the lysosomes seemed to serve 

a secondary role in lysis and removal o f cellular debris rather than a primary initiatory role 

in muscle cell degeneration.

Mitochondrial alterations were observed early in the degeneration process and became 

more prominent with increasing severity o f vitamin E deficiency. Non-specific degenerate 

changes in the mitochondria ranged from mild to moderate fatty infiltration, disorganised 

and ill-defined cristae, fragmentation of cristae and intramitochondrial vacuoles. These 

changes are suggestive o f oxidative damage to the mitochondrial membranes. As 

mitochondria normally have a high content o f polyunsaturated fatty acids and vitamin E in 

their membranes (Buttriss and Diplock, 1988), peroxidative damage of the membrane 

lipids in the absence of adequate antioxidant protection from vitamin E is likely to be 

enhanced. The increased accumulation of lipid droplets and glycogen in the muscle fibres 

may be suggestive o f impaired mitochondrial respiratory chain function in the degenerating
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mitochondria and is supported by the biochemical defect observed in the muscle at the 

later stages o f vitamin E deficiency (discussed in Section 4.5.1). Although histochemical 

analysis of the skeletal muscle was not undertaken in this study, staining o f the oxidative 

enzymes (NADH-tetrazolium reductase, succinate dehydrogenase and cytochrome 

oxidase) in the plantaris from vitamin E deficient rats was reported to be more diffuse and 

reduced compared to control plantaris, in which the staining was concentrated around the 

periphery o f the muscle fibres (Thomas et al 1993), suggesting that vitamin E deficiency 

was associated with abnormal mitochondrial distribution and function in the muscle.

Subsarcolemmal accumulations o f mitochondria were fi’equently observed and 

mitochondrial hypertrophy, although not extensive, was occasionally evident, particularly 

in the peripheral mitochondria. The subsarcolemmal aggregation o f defective 

mitochondria, gives the characteristic appearance o f ragged red fibres when stained by the 

modified Gomori trichrome method, and is prominent feature o f the mitochondrial 

myopathies (Morgan-Hughes, 1982). However, evidence o f ragged red fibres in vitamin E 

deficiency has not been found in rats (Thomas et al, 1993) or humans (Neville et al, 1983). 

Hypertrophy and proliferation o f the mitochondria may represent compensatory 

mechanisms, whereby non-viable mitochondria are removed from cells by autophagy, and 

the remaining mitochondria increase in size and number to compensate for the loss.

Accumulation and growth o f myelin figures, thought to be degradation products o f 

intracellular phospholipids, were common especially in longer-term vitamin E deficiency. 

These electron-dense laminated structures varied considerably in size and number and were 

often found in association with the subsarcolemmal mitochondria but were sometimes seen 

enclosed within autophagic vacuoles and residual bodies. Myelin figures may also result 

fi’om the redeposition o f lipids during tissue processing for electron microscopy, so 

although they may indicate an abnormality, the lipids may have been diffusely distributed in 

life. Because myelin figures occur as a non-specific late-stage change in nearly all forms o f 

myopathic degenerative diseases (Gumming et al, 1994), they can be considered as non

specific markers o f abnormal intracellular oxidative processes.

A prominent feature of the plantaris in severe vitamin E deficiency, was the presence of 

tubular aggregates comprised of sheets o f folded membranes. Tubular aggregates are
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thought to be derived from the sarcoplasmic reticulum and are particularly prominent in 

type Ilb fibres. They are abundant in periodic paralyses but appear in small numbers as a 

non-specific feature in a number o f muscle disorders (Loughlin, 1993). In this study, 

tubular aggregates were not found in the soleus, but appeared to be exclusive to the 

plantaris. This may be accounted for by the fact that plantaris consists predominately of 

type II fibres, which have much more extensive, well developed sarcoplasmic reticulum 

surrounding the myofibrils than type I fibres (see Section 1.5.3), and hence may be more 

liable to accumulate these abnormal membrane-derived profiles.

The pathological changes in vitamin E deficiency myopathy described above were 

generally similar to those reported by other workers, in rats (Machlin et al, 1977, Lin and 

Chen, 1982, Thomas et al, 1993), rabbits (Van Vleet, 1968), and to a lesser extent in 

humans (Neville et al, 1983). In the human study, the changes observed in patients with 

chronic vitamin E deficiency secondary to fat malabsorption disease, were much less 

severe than those observed in the animal studies. This may be due to the fact that total 

deficiency of vitamin E in humans can not be achieved as readily as that in animals.

Regeneration and Repair

Evidence o f regenerative processes in the damaged muscle fibres was indicated by the 

presence of large centrally placed nuclei, and the abundance o f peripheral rough 

endoplasmic reticulum and ribosome-like granules in perinuclear regions. These features 

were suggestive o f up-regulated protein production required for repair and regeneration. 

Morphological evidence of apoptosis such as cell shrinkage, fragmentation and 

condensation o f the nuclear chromatin and formation o f apoptotic bodies, was not evident 

at any stage o f vitamin E deficiency.

Fibre Tvpe Specificitv

To determine whether the myopathy in vitamin E deficiency was fibre type specific, two 

hindlimb muscles with different fibre type compositions were studied. The soleus is a 

slow-twitch muscle consisting almost entirely o f type I (oxidative) fibres, and is used in 

maintenance of posture, whereas the plantaris has a predominance of fast-twitch type II 

(glycolytic) fibres, and is recruited during locomotion (Armstrong and Phelps, 1984). The 

fibre type composition o f these muscles is shown in Table 4.3 (Section 4.4.3).
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At the earlier stages of vitamin E deficiency, (3-9 months) degeneration and necrosis in the 

soleus was more widespread i.e. a greater proportion of the fibres were affected in the 

soleus relative to the plantaris. By 12 months, the degeneration was widespread in both 

muscles, affecting virtually all o f the fibres in both the soleus and the plantaris, to some 

extent. However, at all stages of vitamin E deficiency the alterations in the degenerating 

fibres were more severe and prominent in the soleus and comparatively milder in the 

plantaris. Hence, the soleus did appear to be more sensitive to vitamin E deficiency than 

the plantaris and this is in agreement with the notably reduced muscle mass and pale 

appearance of the soleus from vitamin E deficient rats.

These results suggest that type I (oxidative) fibres may be more sensitive to oxidative 

damage in vitamin E deficiency than type II fibres. This may be explained by the fact that 

type I fibres have a higher mitochondrial content than type II fibres since they are more 

dependent upon oxidative metabolism for their energy requirements. In comparison, type 

Ha fibres depend upon glycolytic and oxidative metabolism for their energy requirements, 

whilst type lib fibres predominately depend upon glycolysis {see Table 1.5, Section 1.5). 

As the mitochondrial respiratory chain produces free radicals as by-products o f its normal 

metabolic activity (Boveris et al, 1972, Turrens et al, 1980), the generation o f free radicals 

will be expected to be higher in type I fibres compared to type II fibres, under normal 

conditions, and may be further exacerbated during vitamin E deficiency. In rat skeletal 

muscle, the antioxidant defence has been shown to be directly related to the oxidative 

activity o f the muscle cell. Hence, type I (oxidative) fibres contain much higher 

superoxide dismutase, catalase and glutathione peroxidase activities than type II 

(glycolytic) fibres (Ji et al, 1988). Similarly, in rats the levels o f the lipophilic antioxidants, 

a-tocopherol, ubiquinol-9 and ubiquinone-9 were found to be highest in red quadriceps 

(composed predominately o f type I fibres) and lowest in white quadriceps (composed 

predominately o f type II fibres) whilst the gastrocnemius (mixed fibre type composition) 

had intermediate levels o f these antioxidants (Reznick et al, 1992).

The greater sensitivity o f the soleus than the plantaris to vitamin E deficiency, despite its 

higher antioxidant defence capacity, suggests that type I fibres are more vulnerable to 

oxidative damage in the absence o f vitamin E. In type II fibres the lower free radical 

generation may mean that the residual antioxidant defences are better able to protect the
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fibres from damage, even without vitamin E. However, in type I fibres higher levels o f 

free radical production may mean that the antioxidant defences can not cope without 

adequate levels o f vitamin E.

Fibre type composition may not be the only factor involved in determining the sensitivity 

o f the muscles to vitamin E deficiency. The relative usage o f the muscles may also 

influence their vulnerability to free radical damage. The soleus undergoes repeated 

sustained contractions to maintain posture whilst the plantaris is recruited during 

movement and hence is used intermittently. Therefore, the soleus may be exposed to a 

continuous low level generation o f free radicals which may predispose this muscle to 

oxidative damage, especially if its antioxidant defence is compromised, as in vitamin E 

deficiency.

As the soleus and plantaris both contain a mixed population o f fibres and not just one fibre 

type (Table 4.3) the apparent greater sensitivity o f type I fibres to vitamin E deficiency 

observed in this study would need to be confirmed by fibre typing (myofibrillar ATPase 

staining), in order to determine which particular fibres were specifically involved.

Effect of Age

Age-related morphological changes in the control muscle (soleus and plantaris) were 

observed fi"om 9 months, and included dilations o f the terminal cistemae of the 

sarcoplasmic reticulum, non-specific degenerative changes in the mitochondria and the 

accumulation o f myelin figures. As these abnormalities were also observed in the early 

stages o f vitamin E deficiency, this may suggest that vitamin E plays an important role in 

the maintenance o f normal muscle structure. Furthermore, many of the other 

ultrastructural changes observed in the deficient rats, such as focal irregularities o f the 

myofibrillar architecture, proliferation of components o f the T system, and accumulation o f 

intersarcoplasmic membranous aggregates, have also been documented as common 

findings in ageing rat skeletal muscle (Schroder, 1994, Carmeli and Reznick, 1994). This 

may suggest that vitamin E deficiency partially accelerates or mimics the natural process o f 

ageing in skeletal muscle.
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Other Models o f Oxidative Stress

Interestingly, skeletal muscle degeneration (muscle fibre necrosis and macrophage 

infiltration) and mitochondrial damage (swelling, vacuolisation, rupturing of cristae and 

membrane disintegration) have been reported to occur in mice depleted o f the intracellular 

antioxidant glutathione, by treatment with buthionine sulfoximine (Martensson and 

Meister, 1989). As these changes are strikingly similar to those found in vitamin E 

deficiency, this may suggest that increased free radical-mediated oxidative damage is the 

basic pathological mechanism underlying the skeletal muscle degeneration. This is 

supported by the studies o f Haycock ei al (1996) in which exposure o f human skeletal 

muscle tissue sections to reactive oxygen species (superoxide radical and hydroxyl radical), 

resulted in degenerative changes in the mitochondria similar to those described in the 

antioxidant depletion models. Hence, oxidative damage to mitochondria may represent an 

initial/principal route of free radical-induced damage in skeletal muscle degeneration.

L i v e r

Liver, unlike skeletal muscle, did not appear to have an indispensable need for vitamin E. 

It is possible that longer periods o f chronic deprivation are required i.e. greater than 12 

months, to bring about pathological changes in the liver. Morphologically, there were no 

obvious signs o f degenerative changes associated with vitamin E deficiency. This was in 

agreement with an earlier study in which no histopathological change was found in the 

liver o f weanling rabbits maintained on a vitamin E deficient diet, but acute degenerative 

changes were observed in the skeletal muscle (Van Vleet et al 1968). The reason for the 

lack o f pathological manifestations in liver is not known but may be related to the fact that 

the liver has higher levels o f other antioxidants compared to skeletal muscle (see Table 3.8, 

Section 3.5.8) which may be able to compensate for the loss o f vitamin E. In fact, hepatic 

necrosis in rats is usually induced when the diets are simultaneously deficient in vitamin E 

and either selenium or the sulphur amino acid cysteine (Schwarz and Folz, 1957). This 

may be explained by the fact that selenium is required for the catalytic activity o f 

glutathione peroxidase, which catalyses the reduction of hydrogen peroxide and lipid 

hydroperoxides in the presence of reduced glutathione, whilst glutathione is a reducing 

agent which requires cysteine for its synthesis. Thus liver, unlike muscle, does not appear 

to have an essential requirement for vitamin E, the loss of which appears to be adequately 

compensated for by the high levels o f residual antioxidants.
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4.5.3 MRC Dysfunction and Tissue Damage in Vitamin £  Deficiency

The underlying mechanisms involved in vitamin E deficiency-induced necrotizing 

myopathy are not fully understood. As dysfunction o f the mitochondrial respiratory chain 

(MRC) is present in patients with mitochondrial myopathies (Morgan-Hughes, 1982) it is 

tempting to speculate that the myopathy observed in vitamin E deficiency may be related 

to impairment o f MRC function. In an earlier study o f long-term (12 months) vitamin E 

deficiency myopathy in the rat, disturbances in mitochondrial fimction were implicated in 

the pathogenic process (Thomas et al, 1993). In this study, attempts were made to 

correlate the evolution o f defects in MRC function with the onset o f morphological 

changes in the skeletal muscle.

In relation to the biochemical studies, morphological changes in the muscle fibres were 

observed at 3 months, if not earlier, and by 6 months o f vitamin E deficiency were 

affecting relatively large numbers o f fibres in the soleus and plantaris, whereas the MRC 

defect appeared at 6 months. A possible explanation for the lack of correlation between 

the muscle degeneration and MRC dysfunction may be related to the fact that only a small 

number of fibres were affected at the earlier stages o f vitamin E deficiency. As a result, 

the MRC defect could be masked by the greater number of normal fibres with normal 

MRC function and would not be detected until a larger number of fibres were affected. 

Also, in this study, the biochemical analysis was not performed on the soleus and plantaris 

muscles individually but on a mixed fibre type muscle, the gastrocnemius. (The small size 

o f the plantaris and soleus muscles did not allow sufficient mitochondria to be isolated for 

complete biochemical analysis). It is possible that the muscle MRC defect may have been 

more severe in the soleus (type I fibre predominance). This is in agreement with the 

greater vulnerability o f the soleus to MRC dysfimction with age compared to the plantaris 

and gastrocnemius (Holloszy et al, 1991) and suggests that biochemical changes in skeletal 

muscle are dependent on the function and fibre type composition o f the particular muscle 

being investigated. If  this is the case, biochemical changes in gastrocnemius should reflect 

more accurately those o f the plantaris since they are both mixed fibre type muscles with a 

type Ila predominance (Table 4.3). Even then, there is a lack o f correlation between the 

appearance o f degenerate changes in this muscle (3 months) and the onset o f the MRC 

dysfimction (6 months). Furthermore the severity o f the mitochondrial defect only
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becomes significant at 9 months o f deficiency. Therefore it seems unlikely that impaired 

mitochondrial function is the sole causative factor in vitamin E deficiency-induced 

myopathy but rather it may contribute to the skeletal muscle degeneration. The fact that 

the liver had normal morphology and no MRC defect could suggest that the MRC defect 

in muscle was secondary to the muscle degeneration and implies that the loss o f vitamin E 

per se does not impair MRC function. Because the liver maintained normal MRC function 

and was less susceptible to oxidative stress (increased lipid peroxidation and GSSG levels) 

than muscle in the absence o f vitamin E {see Chapter 3.0), this may suggest that the MRC 

defect in muscle was caused by an increase in oxidative stress due to the loss of free 

radical scavenging activity o f vitamin E.

4.5.4 Mechanism of Cellular Degeneration in Vitamin £  Deficiency

In vitamin E deficiency the morphological changes in skeletal muscle are characterised by 

widespread muscle fibre necrosis and macrophage infiltration, and increased accumulations 

of amorphous electron-dense inclusion bodies and myelin figures in degenerating fibres. 

These changes are morphologically distinct from those observed in the mitochondrial 

myopathies, in which dysfunction o f the MRC is associated with characteristic changes in 

the muscle, including peripheral and intersarcomeric aggregations o f abnormal 

mitochondria (ragged red fibres) and intramitochondrial paracyrstalline inclusions 

(Morgan-Hughes, 1982). The contrast between the morphologies o f the two muscle 

disorders lends further support to the proposal that MRC dysfunction is not the primary 

cause o f skeletal muscle degeneration in vitamin E deficiency. In fact, the morphological 

changes in vitamin E deficiency myopathy resemble more closely those observed in other 

models o f oxidative stress, such as glutathione depletion (Martensson and Meister, 1989), 

suggesting that increased free radical activity and oxidative damage are the basic 

mechanisms involved in the skeletal muscle degeneration.

As vitamin E is the major lipid-soluble, chain-breaking antioxidant known to operate in 

vivo (Burton et al, 1983a,b) and is localised in both the surface membrane and the 

sarcoplasmic reticulum of the muscle cell (Salviati et al, 1980), it is conceivable that the 

muscle fibre necrosis observed in vitamin E deficiency is caused by the loss of antioxidant
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protection o f the membrane lipids against peroxidation, resulting in widespread oxidative 

damage o f the extensive cellular and subcellular membrane systems of skeletal muscle. The 

mitochondrial membranes and those of the endoplasmic and sarcoplasmic reticulum would 

be expected to be particularly susceptible to peroxidative damage in vitamin E deficiency 

as they have a relatively higher content of PUFA (Molenaar et al, 1972). Damage to the 

plasma membrane (sarcolemma) would permit an influx o f calcium into the muscle cells, 

upsetting the cellular homeostasis and could lead to activation of calcium-dependent 

degradative pathways, resulting in fibre necrosis (Jackson et al, 1983, Jones et al, 1984).

The increased lipid peroxidation in vitamin E deficiency could also result in oxidation of 

the membrane proteins, undermining the architecture of the muscle cells and resulting in 

increased accumulation o f peroxidised membrane end-products. This is supported by the 

findings o f Reznick et al (1992) who showed that an increase in protein oxidation in 

skeletal muscle after a single bout o f exercise was related to an exercise-induced decrease 

in lipophilic antioxidants such as vitamin E, and that vitamin E supplementation offered 

substantial protection against resting and exercise-induced protein oxidation. Hence, it 

appears that vitamin E is not only directly involved in protecting against exercise-induced 

lipid peroxidation but also indirectly protects against protein oxidation in skeletal muscle. 

Furthermore, Davies et al (1982) have shown that exercising rats to exhaustion results in 

loss of sarcoplasmic and endoplasmic reticulum integrity, with increased levels o f lipid 

peroxidation and free radicals in muscle and that a similar pattern o f damage is observed in 

non-exercised, vitamin E deficient animals, highlighting the importance o f vitamin E in 

maintaining structural integrity o f skeletal musculature under normal conditions.

Apart from its well-known antioxidant function, vitamin E is thought to be an essential 

structural component o f membranes, conferring stability by its physico-chemical 

interaction with PUFA moieties of the membrane phospholipids (Diplock and Lucy, 1973). 

Hence, vitamin E deficiency may also increase the fi'agility o f the muscle membranes, 

making them more susceptible to damage. It is likely that both the structural and 

functional roles o f vitamin E act in concert to protect membranes fi*om damage. The fact 

that vitamin E is ubiquitously located in nearly all cellular membranes, all o f which differ in 

composition and function, may explain why deficiency o f the vitamin leads to a large 

variety o f lesions in different tissues o f the same animal and in different species.
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CHAPTER 5.0 IN VITRO PROTEIN SYNTHESIS IN ISOLATED MUSCLE

MITOCHONDRIA AND VITAMIN E DEFICIENCY

5.1  A im

To determine whether increased levels o f lipid peroxidation associated with vitamin E 

deficiency, affect the function of mitochondrial DNA, and to determine the potential 

involvement o f mitochondrial DNA encoded polypeptide abnormalities in vitamin E 

deficiency-induced mitochondrial respiratory chain dysfunction.

5.2 G e n e r a l  In t r o d u c t io n

Mitochondria are unique among cellular organelles in mammalian cells in that they possess 

their own DNA (mtDNA). MtDNA encodes 37 genes which include 22 tRNAs, 2 rRNAs 

and 13 protein encoding genes, which are components o f the mitochondrial respiratory 

chain (MRC) and oxidative phosphorylation system. A number o f factors suggest that 

mtDNA and therefore, the MRC, maybe more vulnerable to the effects of fi'ee radical 

damage; mtDNA has a high information density with few non-coding regions, is not 

covered with protective histones proteins, is transiently attached to the inner mitochondrial 

membrane where large amounts o f reactive oxygen species are produced, and has an 

inefficient DNA repair system (see Section 1.6.3). The functional significance o f damage 

to mtDNA, whether in the form of base modifications, deletions or point mutations, is the 

formation o f altered mitochondrial translation polypeptide products, which may ultimately 

result in the production o f non-functional or functionally impaired mitochondrial 

respiratory chain proteins.

In vitamin E deficiency, the enhanced risk o f oxidative damage to mtDNA under normal 

physiological conditions may be fiirther exacerbated, as protection against peroxidative 

damage to lipids o f mitochondrial membranes is severely decreased, resulting in increased
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levels of lipid peroxides. This is supported by the findings of Hruszkewycz (1988) who 

not only showed evidence of mtDNA damage caused by lipid peroxidation in rat liver, but 

also reported that mtDNA was protected from lipid peroxidation-mediated damage by 

vitamin E. These findings were corroborated by the work o f Yen et al (1994) who 

showed evidence o f mtDNA damage in the form of deletions associated with enhanced 

generation o f lipid peroxides in human liver.

In this thesis, chronic, long-term vitamin E deficiency was shown to cause an increase in 

lipid peroxidation (Chapter 3.0) and impair MRC function in skeletal muscle (Chapter 4.0). 

To determine the effect of increased lipid peroxidation on mtDNA function, and the 

potential involvement o f mtDNA encoded polypeptide abnormalities in the vitamin E 

deficiency-induced respiratory chain dysfunction, translation o f the mitochondrial genome 

was investigated as follows;

i. quantitatively - by measuring the rates o f  total L-[^^S]methionine incorporation into 

mtDNA encoded polypeptides.

ii. qualitatively - by electrophoretic examination o f the mtDNA encoded polypeptide 

products on SDS-polyacrylamide gels and visualisation by fluorography.

This was performed in gastrocnemius muscle mitochondria at 3, 6, 9, and 12 months of 

vitamin E deficiency to determine the progressive effects of the deficiency on the evolution 

o f abnormally translated mtDNA polypeptides. Prior to assessing the vitamin E deficient 

rats a suitable method for investigating the protein synthetic activity o f rat skeletal muscle 

mitochondria was established in a series o f preliminary experiments.

5.2.1 Measuring Protein Synthesis in vitro

McLean et al (1958) first demonstrated the active incorporation o f radioactively labelled 

amino acids into proteins in isolated rat liver and muscle mitochondria. Since then 

numerous studies have been conducted to characterise this unique translation system in
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isolated liver mitochondria (Roodyn et al, 1961, Towers et al, 1972, Reis et al, 1959), 

skeletal muscle mitochondria (Mockel and Beattie, 1974, Marzuki et al, 1988) and in 

mammalian cells (Bhat et al 1982, Ching and Attardi,1982).

Conditions for optimal rates o f in vitro protein synthesis in mitochondria vary considerably 

in the literature, depending on the species and tissue source o f the mitochondria as well as 

their method o f preparation. Although the composition o f the incubation medium tends to 

vary very little, the recognition that mitochondrial translation is an ATP-dependent process 

(McLean et al, 1958, Reis et al, 1959 and Roodyn et al, 1961) has led to the development 

and use o f various different energy sources to support amino acid incorporation in vitro. 

The energy source may either be supplied by an external ATP-generating system or by an 

endogenous system in which ATP is generated by adding a respiratory chain substrate 

(Table 5.1). In addition, Mockel and Beattie (1975) established an unique internal energy 

system for isolated skeletal muscle mitochondria, consisting o f glutamate as substrate and 

the specific inhibitor o f the adenine translocase, atractyloside. Under these conditions the 

rate of amino acid incorporation was ten fold higher than that obtained with an extemal- 

ATP generating system and 5 fold higher than the rate seen with glutamate and ADP alone 

(endogenous system).

Table 5.1 Energy systems used for in vitro protein synthesis in mitochondria

External ATP-Generating Internal ATP-Generating O ther
System System

Creatine phosphokinase. Succinate and ADP or Glutamate and
creatine phosphate, GTP, a-oxoglutarate and ADP. atractyloside.
sucrose and ATP. (Roodyn et a/,1961). (Mockel & Beattie,
(Lederman & Attardi, 1970). 1975).

Phosphoenolpyruvate, ATP,
pyruvate kinase, oligomycin.
(Towers a/, 1972).
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5.2.2 Electrophoresis of mtDNA Encoded Polypeptides

Information on the nature o f the mitochondrial translation products in animal cells, 

particularly mammalian cells, progressed slowly until the determination o f the complete 

sequence o f the human mtDNA (Anderson et al, 1981) and mouse mtDNA (Bibb et al, 

1981), which revealed the potential o f 13 significant coding regions which could be 

transcribed into functional mRNAs (Ojala et al, 1981, Montoya et al, 1981) and translated 

into polypeptides in the molecular weight range o f 7.9-66.6 kDa. Up until then, the three 

subunits o f cytochrome c oxidase (YatscoflBF et al, 1977) and cytochrome b (Wilson et al, 

1981) were the only recognised translation products o f mammalian mitochondria.

In earlier electrophoretic experiments, four major bands and some minor bands (Haidar et 

al, 1966 and Beattie et al, 1967) had been separated and shown to represent a number o f 

insoluble proteins associated with the inner membrane of the mitochondrion. In later 

experiments, eight to thirteen discrete components in the size range o f 6-55 kDa had been 

resolved in various mammalian cell types by using different systems o f sodium dodecyl 

sulphate (SDS)-polyacrylamide gel electrophoresis (Coote and Work, 1971, Costantino 

and Attardi, 1975, Schatz and Mason, 1974).

With the development o f higher resolution electrophoretic techniques, Ching and Attardi 

(1982) were able to reveal seventeen reproducible discrete bands using urea-SDS- 

polyacrylamide gel electrophoresis and nineteen bands using linear gradient gels, in HeLa 

cells. A bidimensional combination of the two gel systems revealed the existence of as 

many as twenty-six reproducible components. Similarly, Bhat et al, (1982) were able to 

separate nineteen to twenty-four polypeptides by SDS-polyacrylamide gel electrophoresis 

under reducing conditions, in various mammalian cells and speculated that the detection o f 

more than the thirteen polypeptides known to be encoded by mtDNA could be due to the 

import o f cytoplasmic mRNAs, or as a result o f inefficiencies in the translation process 

such as premature translation and ribosome slippage, causing multiplicity o f polypeptides 

translated from the same reading frame (Ching and Attardi, 1982).

Although the variable number of bands reported by different workers can be partly 

explained by tissue and species-specific variations in the polypeptide pattern o f the
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mitochondrial inner-membrane (Bhat et al, 1982, Coote et al, 1979), the use o f  different 

gel systems has also contributed to the problem. Assignment o f  the mitochondrial 

polypeptides on the basis o f  their relative mobility during SDS-polyacrylamide gel 

electrophoresis has been further confounded by their anomalous behaviour during 

electrophoresis (Groot et al, 1978) which has been known to underestimate by 20-40% the 

size o f  the mtDNA-encoded hydrophobic proteins relative to the size expected from the 

DNA sequence (Chomyn et al, 1985a&b, Nobrega and Tzagoloff, 1980, Hare et al, 1980, 

Wallace et al, 1986). Furthermore, owing to their hydrophobic nature the mitochondrial 

polypeptides have a tendency to aggregate during electrophoresis resulting in co-migration 

o f certain bands, particularly subunits II and III o f cytochrome oxidase (Downer et al, 

1976). Attempts to overcome these problems and improve the overall separation have 

included the addition o f  urea in the resolving gel (Kadenbach et al, 1983), the treatment o f  

sample with mercaptoethanol prior to loading, the use o f  high concentrations o f  SDS and 

replacement o f  glycine with tricine in the running buffer (Schagger and Von Jagow, 1987).

However, the mobilities o f  the mitochondrial-encoded polypeptides in urea SDS- 

polyacrylamide gel electrophoresis have been shown to be consistent with their expected 

molecular weights, with the exception o f  COII and ATPase 8 (formerly known as 

URFA6L) which both exhibited a lower than predicted mobility (Figure 5.1), presumably 

due to their lower degree o f SDS binding and their greater water-solubility (Chomyn et al, 

1985b and Mariottini et al, 1986).
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Fig 5.1 Plot of electrophoretic mobility of the human mitochondrial translation products in an SDS-urea- 
polyacrylamide gel versus molecular weight predicted from the DNA sequence. From Chomyn et al 
(1985b).
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5.3 M ethods

5.3.1 Protein Synthesis

5.3.1.1 Sterile Precautions

To prevent bacterial contamination sterile precautions were taken throughout the entire 

procedure. Preparation o f rat skeletal muscle mitochondria was as in Section 2.5.1, but 

performed under sterile conditions. Prior to removal o f gastrocnemius muscle the 

hindlimb o f the rat was rinsed in absolute ethanol. Instruments, glassware and centrifiige 

tubes were sterilised by autoclaving or where this was not practical by rinsing with 

absolute ethanol. Were appropriate, single-use, sterile, plastic ware was used. Isolation 

media, buffers and reagents were sterile filtered by passing through bottle-top filters with 

0.2 pm cellulose acetate membranes (purchased from Costar UK Ltd, High Wycombe, 

Bucks, UK) or for smaller volumes disposable syringe filters (0.2 pm pore size) were used 

(purchased from Sartorius Ltd, Epsom, Surrey, UK). All reagents and substrates used for 

labelling o f mitochondria were prepared as concentrated stock solutions, sterile filtered, 

and stored at -20°C in small aliquots for single use.

5.3.1.2 Labelling of Mitochondrial Proteins In Vitro

As the source o f mitochondria and their method o f preparation may differentially affect the 

efficiency o f the energy system used (Beattie, 1979 and Kroon, 1973) preliminary 

experiments were performed in which the three different types o f energy systems were 

compared for optimal amino acid incorporation rates. Freshly isolated skeletal muscle 

mitochondria, prepared under sterile conditions, were incubated in 2 ml sterile, screw-cap 

tubes (Sarstedt Ltd, Leicester, Leicestershire, UK), in a medium containing final 

concentrations of; 50 mM bicine buffer, pH 7.6, 90 mM KCl, 5 mM MgCL, 10 mM 

potassium phosphate, pH 7.6, I mM KIEDTA, 100 pM complete amino acid mixture 

minus L-methionine (Amersham International pic. Little Chalfont, Bucks, UK) and 

depending on the energy source used to support amino acid incorporation, one o f the 

systems listed in Table 5.2.
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Table 5.2 Composition of energy systems

25 mM glutamate, 

50 |iM  atractyloside

10 mM succinate, 

2 mM ADP

5 mM phosphoenol pyruvate, 

5 U pyruvate kinase,

2m M  ATP

Approximately 0.15 mg o f mitochondrial protein was added to the reaction mixture and 

the final volume made up to 100 pi with sterile ddHiO, allowing for the addition o f 

radioactive label and inhibitors. To determine the volume o f mitochondria to add to the 

reaction mixture the protein concentration of the mitochondrial sample was estimated by 

UV absorption at 280 nm (Section 2.7.2) prior to incubation.

The addition of inhibitors o f protein synthesis, when used, were as in Table 5.3.

Table 5.3 Protein synthesis inhibitors used

Inhibitor Final concentration Site o f Action

Chloramphenicol 200 pg/ml mitochondrial protein synthesis

Cycloheximide 100 pg/ml cytoplasmic protein synthesis

The reaction mixture containing the mitochondria was incubated at 30°C in a shaking 

waterbath for 2 min after which, 50 pCi (1.85 MBq) o f L-[^^S]methionine (specific activity 

>37.0 TBq (1000 Ci)/mmol, purchased from DuPont NEN® Products, Stevenage, Herts, 

UK) was added at time zero. To determine the rate o f L-[^^S]methionine incorporation 5 

pi aliquots were removed from the reaction mixture, in duplicate or triplicate, at 0, 10, 20, 

30 and 60 min (unless otherwise stated) and spotted on to individual Whatman 2.1 cm 

GF/C glass fibre discs. (The remaining reaction mixture was transferred to an Eppendorf 

tube and spun in a microfuge at 13 000 rpm for 10 min to pellet the labelled mitochondria. 

The supernatant was pipetted off and the pellets stored at -70°C for electrophoretic 

separation (Section 5.3.2).

To terminate the reaction and precipitate the proteins the discs were placed in ice-cold 

10% trichloroacetic acid containing an excess (0.5%) o f unlabelled methionine, for at least
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1 hr or overnight. The discs were then boiled for 15 min in fresh 10% trichloroacetic 

acid/0.5% methionine mixture followed by a further 15 min o f boiling in 5% trichloroacetic 

acid/0.5% methionine mixture. The discs were washed in ethanol and air dried before 

placing in scintillation vials containing 7 ml o f Ultima Gold Scintillant (Canberra Packard 

Ltd, Pangboume, Berks, UK) for counting.

5.3.1.3 Radiolabel Counting and Calculation of l-[^^S]Methionine Incorporation 
Rates

Counting was performed in an automated Beckman LS5801 liquid scintillation counter. 

Counts were automatically corrected for quenching and obtained as disintegrations per 

minute (dpm). The protein concentration o f the mitochondrial samples was determined by 

the method of Lowry et a / (1951), Section 2.7.1, and the incorporation rates expressed as 

dpm per minute per mg o f mitochondrial protein.

5.3.1.4 Measurement of l-[^^S]Methionine Incorporation Rates in Vitamin £  
Samples

The glutamate/atractyloside energy system, with 1 mM ATP, was used to measure the 

rates o f L-[^^S]methionine incorporation in the vitamin E deficient and control samples, as 

described in Section 5.3.1.2, since it was shown to be the optimum system (for results see 

Section 5.4.1). Protease inhibitors {see Section 2.6) were added to the isolated 

gastrocnemius muscle mitochondria prior to labelling to prevent proteolytic degradation 

during incubation. For each sample, labelling experiments were performed in triplicate 

plus one additional tube was set up to which the mitochondrial protein synthesis inhibitor, 

chloramphenicol was added at a final concentration o f 200 pg/ml. Cycloheximide was 

added routinely to all labelling experiments at a final concentration o f 100 pg/ml.

It has been previously reported that the rate o f L-[^^S]methionine incorporation declines 

linearly with increasing delay between mitochondrial isolation and commencement o f in 

vitro labelling with L-[^^S]methionine (Rose, 1993). Consequently, labelling experiments
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were always begun within 20 min of mitochondrial extraction, to reduce artefactual 

variations in the rates o f protein synthesis between different samples.

5.3.2 Electrophoresis of mtDNA Encoded Polypeptides

In this study, the system of Kadenbach et al (1983) was initially employed which was 

shown to be able to resolve purified mammalian cytochrome c oxidase into thirteen 

individual polypeptides. The system comprises an 18.5% polyacrylamide gel with 6 M 

urea and uses a glycine buffer system. However, since this system failed to give consistent 

reproducible results, the system o f Schagger and von Jagow (1987) was later adopted in 

which the substitution o f glycine for Tricine in the cathode buffer was claimed to improve 

the resolution o f smaller proteins, especially in the range o f 5-20 kDa. To improve the 

overall separation o f the mitochondrial-encoded polypeptides, linear gradient gels were run 

ranging in acrylamide concentration from 10-18% and 12-16.5%, using the Schagger and 

von Jagow system.

5.3.2.1 Equipment for Urea-SDS-Folyacrylamide Gel Electrophoresis

Electrophoretic separation o f the mitochondrial proteins was performed with 

polyacrylamide gels in the presence o f SDS and urea, using a discontinuous buffer system. 

Slab gels (14 x 18 x 0.075 cm) were run in vertical electrophoretic tanks (Protean™ I 

model, purchased from Bio-Rad Laboratories Ltd, Hemel Hempstead, Herts, UK ) using a 

Bio-Rad power pack (model 1000/50).

Linear gradient gels were prepared using a water-jacketed exponential gradient maker 

(model XP077) purchased from Hoefer Scientific Instruments (Newcastle-under-Lyme, 

Staffs, UK), connected to a Watson-Marlow 202U/AA peristaltic cassette pump (Watson- 

Marlow, Falmouth, Cornwall, UK).
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S.3.2.2 Gel Compositions

Kadenbach Gels: 8% stacking gel containing a final concentration o f 0.1% (w/v) SDS, 0.1 

M Tris base, adjusted to pH 6.8 with HCl, and 0.04% ammonium persulphate. 18.6% 

separating gel containing a final concentration o f 6 M urea, 0.1% (w/v) SDS, 0.375 M Tris 

base, adjusted to pH 8.8 with HCl, and 0.02 % ammonium persulphate. Polymerisation 

was initiated by the addition o f 5 pi o f N,N,N,N'- tetramethylethylenediamine (TEMED).

Schagger/von Jagow Gels: 4% stacking gel containing a final concentration of 0.07% 

(w/v) SDS, 0.74 M Tris base, adjusted to pH 8.45 with HCl, and 0.3% ammonium 

persulphate. Linear gradient separating gels ranging in acrylamide concentration from 10- 

18% or 12-16.5% and containing a final concentration o f 6 M urea, 0.1% (w/v) SDS, 1 M 

Tris base, adjusted to pH 8.45 with HCl, and 0.03% ammonium persulphate. 

Polymerisation was initiated by the addition o f 10 pi o f TEMED.

S.3.2.3 Sample Preparation and Application

Mitochondrial pellets retained from in vitro labelling studies (Section 5.3.1.2) were 

solubilised in the appropriate sample buffer; 62.5 mM Tris base, 20% (w/v) glycerol, 4% 

(w/v) SDS, adjusted to pH 6.8 with HCl, for Kadenbach gels, or 50 mM Tris base, 12 % 

(w/v) glycerol, 4% (w/v) SDS, adjusted to pH 6.8 with HCl, for Schagger/von Jagow gels, 

in a final volume of 100 pi and incubated at room temperature. Samples were not boiled 

since this lead to aggregation o f subunits COI and COIII (Kadenbach et al 1983). An 

hour before loading, mercaptoethanol was added to a final concentration o f 1% and 

bromophenol blue tracking dye to a final concentration o f 0.01%. Samples were 

centrifiiged at 10 000 g  for 10 min and the supernatant used for electrophoresis. Samples 

were corrected for half-life decay and loaded according to radioactivity (equal counts), 

usually 10 000 - 30 000 dpm per lane. Rainbow™[^'^C]methylated molecular weight 

protein markers (Amersham International pic. Little Chalfont, Bucks, UK) ranging from 

14.3-200 kDa were diluted 1; 10 in sample buffer and loaded on each gel.

247



S.3.2.4 Electrophoresis Conditions

All gels were run at room temperature without a cooling system and at constant voltage. 

Kadenbach gels were electrophoresed in electrode buffer containing 25 mM Tris base, 192 

mM glycine, 0.1% (w/v) SDS, adjusted to pH 8.45 and Schagger/von Jagow gels were 

electrophoresed using separate anode (0.2 M Tris, adjusted to pH 8.9 with HCl) and 

cathode (0.1 M Tris base, 0.1 M Tricine, 0.1% (w/v) SDS, pH 8.25.) buffers. Unless 

otherwise stated, Kadenbach gels were run at 80 V (constant) until sample reached the 

separating gel and then raised to 90 V (constant) and run overnight, or for faster runs, 

raised to 200 V (constant) and run until tracking dye reached end o f the separating gel (4- 

6 h). Schagger/von Jagow gels were run at 30 V (constant) for 1 h until sample had 

completely entered stacking gel and then increased to 90 V (constant) and ran overnight, 

or for faster runs, increased to 150 V (constant) and run for 4-6 h.

S.3.2.5 Fixing, Staining and Destaining of Gels

Protein bands were immobilised on gels by shaking overnight in 40% (v/v) methanol, 10% 

(v/v) glacial acetic acid and stained in the same solution containing 0.1% (w/v) Coomassie 

Brilliant Blue R-250, for 1-2 h. Rapid destaining was performed by shaking in several 

changes o f 40% (v/v) methanol, 10% (v/v) glacial acetic acid for 2 h, or for more gradual 

destaining, by soaking in 10% (v/v) glacial acetic acid overnight.

S.3.2.6 Fluorography

Fluorography was initially performed as described by Bonner and Laskey (1974) using the 

water-insoluble fluor 2,5-diphenyloxazole (PPO) and the solvent dimethyl sulphoxide 

(DMSO). After fixing, gels were dehydrated in two changes o f 20 vol. DMSO for 1 h 

each. Gels were then soaked in 4 vol. o f 20% (w/v) PPO in DMSO for 3 h with shaking, 

followed by a 1-2 h soak in water to precipitate the fluor within the gel matrix. Gels were 

then dried as described in Section 5.3.2.7.
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Since the procedure described above was fairly time-consuming, the method of 

Chamberlain (1979) which uses the aqueous fluor, sodium salicylate was compared. Pre

fixed gels were soaked for 30 min in water to remove any acetic acid, followed by a 30 

min soak in 10 vol. o f 1 M sodium salicylate. Although this method was less time- 

consuming, it failed to give satisfactory results, requiring not only much longer exposure 

times (three weeks compared to one week with DMSO/PPO method) but also resulted in 

reduced sharpness o f the bands, and hence was not used.

The DMSO/PPO method o f Bonner and Laskey (1974) was later modified to the shorter 

procedure of Skinner and Griswold (1983) in which acetic acid is used to replace DMSO. 

The gels were soaked for 5 min in glacial acetic acid, followed by immersion in 20% (w/v) 

PPO in glacial acetic acid for 1.5 h and a further 30 min wash in water. This method was 

less time-consuming and gave comparable results to the original method.

5.3.2.7 Gel Drying

Following fluorography, gels were placed onto pre-wetted 3MM Whatman paper, covered 

with Saran-Wrap (cling-film) and dried in a Bio-Rad Gel Dryer (model 583) under vacuum 

at 60°C for 2 h, followed by a fiarther 2 h without heat. After completion of the drying 

process, the Saran-Wrap was removed and the dried gel prepared for autoradiography.

S.3.2.8 Autoradiography

Dried gels attached to filter-paper support, were placed in contact with Fuji RX medical 

X-ray film which had been pre-sensitised by exposure to an instantaneous single-flash from 

a Sensitize™ Flashgun (Amersham International pic. Little Chalfont, Bucks, UK), and 

clamped in a radiographic cassette. Exposure was carried out at -70°C and the time varied 

from several days up to 3 weeks depending on the method o f fluorography. Usually, 

several exposures o f varying duration were performed for each gel to obtain an optimal 

autoradiogram. Exposed film was developed according to  the manufacturer's instructions.
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5.4 Results

5.4.1 Comparison of L-[^^S]Methionine Incorporation Rates Using Different 
Energy Systems

Three different energy systems were evaluated as described in Section 5.3.1.2; an external 

ATP-generating system (phosphoenolpyruvate/pyruvate kinase), an internal ATP- 

generating system (succinate/ADP) and a novel internal system consisting o f glutamate and 

the specific inhibitor o f  the adenine translocase, atractyloside.

All three systems were able to support amino acid incorporation in isolated skeletal muscle 

mitochondria (Figure 5.2). The glutamate/atractyloside system achieved the highest rate 

o f  amino acid incorporation, which was approximately five fold higher than the 

phosphoenolpyruvate (PEP)/pyruvate kinase system and nearly sixteen fold higher than 

that obtained with the succinate/ADP system. The sensitivity o f  each energy system to the 

mitochondrial protein synthesis inhibitor, chloramphenicol was also assessed (Figure 5.2). 

The glutamate/atractyloside system showed the greatest sensitivity (98%) followed by the 

PEP/pyruvate kinase system (94%). The internal ATP-generating system involving 

succinate exhibited the least sensitivity (79%).
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Fig 5.2 Effect of different energy systems on the rate of L-[^^S]methionine incorporation in isolated 
skeletal muscle mitochondria, in the presence and absence of 200 |ig/ml chloramphenicol (CAP). Values 
are mean ± standard deviation, n = 3.

250



As the glutamate/atractyloside system clearly attained the highest rates o f l- 

[^^S]methionine incorporation relative to the other energy systems, it was adopted as the 

system of choice and investigated further. The effects o f the omission o f different 

components o f the glutamate/atractyloside energy system on the rates o f incorporation, 

and the addition o f ATP to the system were assessed (Figure 5.3). The highest rates o f 

incorporation were obtained with the original glutamate/atractyloside system. Glutamate 

on its own was able to support amino acid incorporation but at a greatly reduced rate, 

which was only 5% of that obtained when atractyloside was included. Although the 

addition o f 5 mM ATP to glutamate alone increased the rate nearly five fold, it was still 

24% lower than that obtained with glutamate and atractyloside. The addition o f 5 mM 

ATP to the glutamate/atract>4oside system appeared to have an inhibitory affect on the 

amino acid incorporation rate, resulting in a 58% reduction in the rate (Figure 5.3).
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+5mM ATP

Fig 5.3 The effect of variations to the glutamate/atractyloside based energy system on the rate of L- 
[^^SJmethionine incorporation in isolated skeletal muscle mitochondria. Values are mean ± standard 
deviation, n = 3.

The effect o f exogenous ATP on the glutamate/atractyloside system was investigated 

further by performing an ATP titration (Figure 5.4) The results show that the addition 

o f greater than 2.5 mM ATP has an inhibitory affect, with 10 mM ATP causing a 

reduction o f approximately 70% in the incorporation rates compared to the rate in the
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absence o f any added ATP. Concentrations o f ATP less than 2.5 mM had a slight (-10% ) 

stimulatory effect on the incorporation rates. Consequently, the glutamate/atractyloside 

energy system was modified by the addition o f 1 mM ATP and used to measure the 

incorporation rates in the vitamin E samples.
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Fig 5.4 The effect of the addition of increasing concentrations of ATP to the glutamate/atractyloside 
based energy system on the rate of L-[^^S]methionine incorporation in isolated skeletal muscle 
mitochondria. Values are the mean of two separate experiments.

5.4.2 L-[^^S]Methionine Incorporation Rates in Vitamin £  Deficient Skeletal Muscle

To assess the effects o f chronic vitamin E deficiency on mitochondrial protein synthesis in 

skeletal muscle, incorporation rates of L-[^^S]methionine were determined. The 

incorporation rates were measured at progressive time-intervals in mitochondria isolated 

from vitamin E deficient and control gastrocnemius muscle using the 

glutamate/atractyloside system with the addition o f 1 mM ATP, as described under Section 

5.3.1.4. The results are presented graphically in Figure 5.5.

The L-[^^S]methionine incorporation rates were higher in vitamin E deficient rats at 3, 6 

and 12 months by 42%, 27% and 6%, respectively, relative to controls. At 9 months an
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18% decrease was observed in the deficient rates when compared to controls. However, 

the differences between the rates in the control and deficient animals did not reach 

statistical significance at any time-point, when assessed with the Mann-Whitney U test. 

This may be due to the fact that the data was widely scattered, as evident from the fairly 

large error bars, particularly with the vitamin E deficient samples (Figure 5.5).

3 6 9 12

Time on Diet (months)

Fig 5.5 L-[̂ ‘̂ S]Methionine incorporation rates of mitochondria isolated from gastrocnemius muscle of 
control (open bars) and vitamin E deficient (solid bars) rats at various time points on diet. Values are 
expressed as mean ± standard deviation (n = 5, 4, 6 and 7 at 3, 6, 9 and 12 months, respectively).

The L-[^^S]methionine incorporation of both control and vitamin E deficient mitochondria 

was resistant to cycloheximide (inhibitor of cytoplasmic protein synthesis) but highly 

sensitive to the mitochondrial protein synthesis inhibitor chloramphenicol (CAP). The 

rates in the presence of CAP were severely reduced (98-99%), thus confirming the 

incorporation of labelled methionine into mitochondrially synthesised proteins.

The in vitro glutamate based energy system employed to support amino acid incorporation 

has been demonstrated to be sensitive to the complex I inhibitor, rotenone in a dose- 

dependent manner (Rose, 1993). This is not unexpected given that glutamate is a complex 

I dependent substrate. The relationship between the rate of mitochondrial protein
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synthesis and the rate of glutamate oxidation was examined. Glutamate oxidation was 

measured polarographically in isolated skeletal muscle mitochondria as described 

previously in Chapter 4.0 (Section 4.4.1). No significant correlation was observed 

between the rate of mitochondrial protein synthesis and glutamate oxidation, in control or 

vitamin E deficient animals, using the Spearman non-parametric correlation coefficient 

(data not shown).

The relationship between age and mitochondrial protein synthesis was examined, as shown 

in Figure 5.6. Controls failed to exhibit any correlation between age and protein 

synthesis. In the vitamin E deficient animals there was a decline in mtDNA translation as 

the animals got older, although this did not reach statistical significance. This decline 

however is heavily dependent upon one very high value at 3 months. If this data point is 

removed then deficient animals like controls do not show a decline in mitochondrial 

protein synthesis with age.
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Fig 5.6 Relationship between protein synthesis, determined by L-[ '̂^S]methionine incorporation rates, and 
age in mitochondria isolated from gastrocnemius muscle of control and vitamin E deficient rats, n = 22 
controls and n = 19 vitamin E deficient samples, r = correlation coefficient.
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5.4.3 Electrophoresis of mtDNA-Encoded Polypeptides

To determine the effects o f vitamin E deficiency on the electrophoretic properties of 

mitochondrial translation products, proteins synthesised in mitochondria isolated from 

vitamin E deficient rat skeletal muscle were examined by urea-sodium dodecyl sulphate- 

polyacrylamide gel electrophoresis (SDS-PAGE).

Representative SDS-PAGE polypeptide profiles of mitochondrial translation products at 

progressive stages o f vitamin E deficiency are shown in Figures 5.7a-d At the earliest 

stage of observation (3 months) the urea gel system described by Kadenbach et al (1983) 

was employed. Despite the use of high concentrations o f urea (6 M) in the separating gel, 

resolution o f the subunits was not consistently achieved. Consequently, linear gradient 

gels were adopted using the gel system of Schagger and von Jagow (1987) in which 

Tricine was used to replace glycine in the cathode buffer. The overall separation o f the 

mitochondrial translation products, particularly the lower molecular weight polypeptides, 

was improved by the use of gradient gels, as can be seen by comparing Figure 5.7a with 

Figure 5.7c-d

Although the complete nucleotide sequence o f the rat mitochondrial genome has been 

elucidated (Gadelata et al, 1989) the predicted molecular weights o f the rat mitochondrial 

translation products have not been given in the literature, making direct comparison 

difficult. Instead, the predicted molecular weights o f the human subunits calculated fi*om 

their nucleotide sequences (Anderson et al, 1981) are given in Table 5.4, for reference.

The rat protein bands were tentatively assigned according to their relative mobilities and 

by comparing the profiles with those previously published in the literature for rat skeletal 

muscle translation products separated in SDS-polyacrylamide gradient gels (Attardi et al, 

1989). However, definitive identification o f the mitochondrial translation products would 

require immunoprécipitation o f the proteins by specific antibodies to each protein. The 

relative intensities of the bands were generally comparable to those published in the 

literature for rat skeletal muscle (Attardi et al, 1989). The subunits o f cytochrome oxidase 

(complex IV) were usually the most conspicuous bands (Figure 5.7a-d). COI appeared as 

the first heavily labelled band in the profile whilst COII followed by COIII tended to form
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Fig 5.7 Electrophoretic analysis of mitochondrial translation products from 3 (a), 6 (b) 9 (c) and 12 (d) 
month rat skeletal muscle. Mitochondria were isolated from skeletal muscle, the translation products 
labelled with L-[ '̂̂ S]methionine for 60 min in the presence of 100 p-g/ml cy cloheximide, and separated on 
18.6% polyacry lamide (Kadenbach) gels (a) or 12.0-16.5% linear gradient polyaciy lamide (Schagger/ von
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CAP; translation profile of control mitochondria labelled in the presence of 200 pg/ml chloramphenicol. 
RM; [^^C]methylated molecular weight protein markers. Mitochondrial bands were tentatively assigned 
according to their relative mobilities.
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a close-running doublet, sometimes co-migrating to form a single diffijse band. COII 

exhibits a lower than predicted mobility in urea SDS-PAGE {see Figure 5.1) and hence 

usually appears before COIII in the translation profile despite the fact that it has a lower 

predicted molecular weight than COIII (Table 5.4). Similarly ATPase 8 (A8), appears 

before ND4L in the translation profile even though it has a lower molecular weight than 

ND4L. The reason for the anomalous electrophoretic behaviour o f COII and ATPase 8 in 

urea-SDS polyacrylamide gels is thought to be related to their greater hydrophilicity and 

lower SDS-binding (Chomyn et al, 1985b). ND5, the largest of the mitochondrial 

polypeptides, was not always visible and occasionally presented as a faint band directly 

above COI. Infact all the ND (NADH ubiquinone reductase, complex I) subunits with the 

exception o f ND6 were comparatively fainter than the cytochrome oxidase bands, 

particularly NDl and ND2. ND6 appeared as a heavily labelled band and was usually the 

last o f the prominent visible bands in the profile. Protein bands below ND6 were usually 

difficult to visualise. The ATP6 subunit o f complex V often appeared as a dark band just 

above ND6 whilst subunit 8 o f ATPase tended to be much fainter, if visible at all. 

Cytochrome b o f complex III, although a heavily labelled band was not always easily 

discernible as it tended to run very close to the ND2 subunit.

Table 5.4 Predicted molecular weights o f the human mitochondrial polypeptides

Polypeptide Predicted M olecular W eight (kDa)

ND5 66.6
CO I 57.0
ND4 51.4
CYTb 42.7
ND2 38.9
NDl 35.6
c o m 30.0
c o n 25.5
ATF6 24.8
ND6 18.6
ND3 13.2
ND4L 10.7
ATP8 7.9

From Anderson et al, (1981).
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Translation products from control and vitamin E deficient animals at each time-point were 

run on the same gel in order to directly compare the translation profiles (Figure 5,7a-d). 

Visual examination of the autoradiograms did not reveal any alterations in the translation 

profiles o f the labelled mitochondrial proteins between the vitamin E deficient and control 

skeletal muscle, at any stage. The relative signal intensities of the different subunit bands 

and their electrophoretic mobilities were similar for the control and deficient mitochondria, 

suggesting that vitamin E deficiency had no effect on the electrophoretic mobilities or the 

translation profiles of the mtDNA subunits.

The translation o f mitochondrial genome was highly sensitive to chloramphenicol, a 

specific inhibitor o f mitochondrial ribosomal activity, but resistant to the inhibitor of 

cytoplasmic ribosomal activity, cycloheximide. In the presence o f chloramphenicol 

mitochondrial translation products were uniformly inhibited as shown in Figure 5.7d and 

this reflects the severely reduced rates o f L-[^^S]methionine incorporation observed with 

chloramphenicol (Section 5.4.2). High sensitivity to chloramphenicol was exhibited by 

both vitamin E deficient and control mitochondria.

5 .5  D is c u s s io n

5.5.1 Comparison of Methionine Incorporation Rates Using Different Energy 
Systems

Mitochondrial protein synthesis occurs in the matrix o f the mitochondria and relies on 

intramitochondrial ATP to support amino acid incorporation. The ATP may be generated 

by respiratory-chain linked phosphorylation or may be generated externally and 

transported across the irmer membrane. To obtain optimal amino acid incorporation rates 

in skeletal muscle mitochondria, the efficacy o f the following three energy systems was 

compared; an external ATP-generating system consisting o f phosphoenolpyruvate (PEP) 

and pyruvate kinase, an internal ATP-generating system consisting o f succinate and ADP 

and the energy system of Mockel and Beattie (1975) consisting o f glutamate and 

atractyloside (a specific inhibitor o f the adenine translocase).
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All three systems showed high sensitivity to the mitochondrial protein synthesis inhibitor, 

chloramphenicol (CAP), confirming that L-[^^S]methionine was being incorporated into 

mitochondrially synthesised proteins. The results of the efficacy o f the energy systems 

were in agreement with those found by Beattie (1979), with the glutamate/atractyloside 

system obtaining incorporation rates many fold higher than those obtained by the other 

two systems (refer to Section 5.4.1).

The glutamate/atractyloside system attains optimal rates o f incorporation by maximising 

the internal ATP concentrations. Atractyloside inhibits the exchange o f adenine 

nucleotides (Klingenberg, 1970) and in the presence o f glutamate prevents the efflux o f 

newly synthesised ATP, resulting in high concentrations of ATP in the mitochondrial 

matrix (Mockel and Beattie, 1975). Hence, this system is dependent on respiratory-chain 

linked phosphorylation to generate ATP, utilising glutamate as a substrate.

High concentrations o f added ATP (> 2 .5  mM) appeared to have an inhibitory effect on 

the incorporation rates o f the glutamate/atractyloside energy system (Figure 5.4). It is 

possible that high concentrations of ATP competed more effectively with atractyloside (a 

competitive inhibitor of the adenine nucleotide) for binding sites on the adenine 

translocase, preventing its inhibition and allowing efflux o f ATP from the mitochondrial 

matrix. Because low ATP concentrations (< 2 .5  mM) had a stimulatory effect on the 

incorporation rates, 1 mM ATP was added routinely to the glutamate/atractyloside system. 

The reason for the stimulatory effect of low ATP concentrations on this energy system are 

not clear.

Although the external ATP-generating system (PEP/pyruvate kinase) has the advantage o f 

being independent of oxidative phosphorylation, ensuring that only the reactions o f protein 

synthesis are being studied and not secondary inhibition o f protein synthesis as a result o f 

mitochondrial respiratory chain dysfimction (Towers et al, 1972), the low incorporation 

rates achieved with this system did not make its use feasible. High incorporation rates 

were necessary for subsequent detection o f labelled polypeptides on autoradiograms.
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5.5.2 L-[^^S]Methionine Incorporation Rates in Vitamin E Deficient Skeletal Muscle

The rate o f mitochondrial protein synthesis (expressed as the rate o f L-[^^S]methionine 

incorporation) was higher in the vitamin E deficient muscle relative to controls, at the 

earlier stages o f deficiency (3 and 6 months). As the vitamin E deficiency progressed (9 

and 12 months), the mitochondrial protein synthesis rates were attenuated to levels 

observed in the control muscle. However, the fact that the differences observed between 

control and deficient animals were small and were not statistically significant at any stage, 

suggests that vitamin E deficiency has little effect on the rate o f mitochondrial protein 

synthesis.

Studies on the role of vitamin E in mitochondrial protein synthesis could not be found in 

the literature, and hence it is difficult to comment on the significance o f these results. 

Similarly, the precise role o f vitamin E in protein synthesis in the muscle is not known and 

remains speculative. Increased rates o f protein synthesis in vivo, have been reported in 

the muscle o f vitamin E deficient mammals (Weinstock, 1966, De Villers et al, 1973) and 

may reflect an increase in muscle cell turnover and fibre regeneration in response to the 

necrotizing myopathy induced by vitamin E deficiency. Vitamin E deficiency has been 

shown to increase the specific activity of certain muscle proteins such as creatine kinase in 

rabbits (Catignani, 1980), leading to the suggestion that vitamin E acts as a corepressor for 

the synthesis of specific enzymes/proteins, which in its absence are synthesised in excess 

(Olson, 1965).

During the later stages o f vitamin E deficiency (9 to 12 months) a significant defect in 

mitochondrial respiratory chain (MRC) function in the skeletal muscle was seen {see 

Chapter 4.0). The fact that this was not accompanied by a significant decline in 

mitochondrial protein synthesis may suggest that the energy requirements for 

mitochondrial protein synthesis are considerably less than the total energy (ATP) 

generated by the mitochondria, and that only a very severe defect in MRC function would 

be required to reduce the rates o f mitochondrial protein synthesis. This is supported by the 

fact that no significant correlation was observed between the mitochondrial protein 

synthesis rate and complex I activity (glutamate oxidation) in control or vitamin E deficient 

rat muscle.
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In control muscle, the mitochondrial protein synthesis rate remained fairly constant with 

age. This was in agreement with the findings of Attardi et al (1989) who found that apart 

from an initial decline in the rat muscle mitochondrial protein synthesis rate in the first 5-6 

weeks after birth, the rates showed very little change over the next 10 months. In the 

deficient rats the change in mitochondrial protein synthesis with age will also be influenced 

by the increasing severity o f vitamin E deficiency with age. However, no significant 

correlation was observed between protein synthesis and age in these animals, suggesting 

that the vitamin E status has little influence on the rate o f mitochondrial protein synthesis 

in skeletal muscle.

5.5.3 Electrophoresis of mtDNA-Encoded Polypeptides

The mitochondrial translation products were separated by urea-SDS-PAGE and tentatively 

assigned according to their relative mobilities and by comparison with previously published 

profiles o f rat muscle mitochondrial translation products (Attardi et al, 1989). It is 

important to stress that definitive assignment o f the bands cannot be achieved by this 

method as the mitochondrial polypeptides are known to exhibit abnormal electrophoretic 

mobilities during SDS-PAGE (Groot et al 1978), which results in underestimation o f the 

size o f the hydrophobic membrane proteins when compared to their expected size 

predicted from their nucleotide sequence (Chomyn et al, 1983, Wallace et al, 1986). 

Furthermore, the apparent molecular weights of the subunits vary under different 

electrophoretic conditions and tissue and species specific variations in the polypeptide 

profiles o f the mitochondrial translation products are known to occur (Bhat et al, 1982), 

making direct comparison between different workers difficult. Hence, definitive 

assignment o f the labelled bands can only be achieved by immunoprécipitation of each 

protein by specific antibodies.

The translation profiles obtained in this study were generally comparable to those 

previously published for rat skeletal muscle (Attardi et al, 1989), except for the poorly 

resolved N D l and ND2 subunits o f the NADH dehydrogenase. Also, the ND6 subunit 

often appeared as a prominent band unlike the findings of Attardi et al (1989) where this 

subunit was not clearly identified. These differences may have been due to variations in
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the electrophoresis conditions. Under-representation and in some case complete absence 

o f the ND5 subunit was observed in both control and vitamin E deficient muscle 

mitochondria. This finding was consistent with the marginal level or absence o f labelling 

o f ND5 previously reported in rat muscle and brain synaptosome mitochondria by Attardi 

et al (1989,1990). The under-representation o f ND5 in their study did not appear to be 

due to a reduction in the level o f its corresponding mRNA, suggesting that regulation of 

mitochondrial gene expression may partly occur at the level o f translation i.e. post- 

transcriptionally, in mammalian cells (Attardi et al, 1989,1990).

5.5.4 Vitamin E Deficiency and mtDNA

The mitochondrial translation profiles o f the control and vitamin E deficient muscle were 

comparable and no obvious differences were apparent by visual examination at any stage 

o f vitamin E deficiency. These results and the normal L-[^^S]methionine incorporation 

rates, suggest that the increased oxidative stress (elevated lipid peroxiation and oxidised 

glutathione levels, see Chapter 3.0) associated with vitamin E deficiency in the muscle had 

little deleterious effect on the function of mtDNA or on the electrophoretic mobilities of 

the mitochondrial polypeptides encoded by it. This data is consistent with the fact that an 

increase in oxidative DNA base damage was not observed in the muscle of the vitamin E 

deficient rats (Chapter 3.0). In view of these findings, the mitochondrial respiratory chain 

dysfimction observed in the muscle o f the vitamin E deficient rats {see Chapter 4.0) is 

unlikely to be due to the synthesis o f abnormal or altered mtDNA-encoded subunits o f the 

respiratory chain complexes. Collectively, these findings suggest that the integrity of 

mtDNA in the muscle was not compromised during progressive vitamin E deficiency.

Although the overall synthesis o f the mitochondrial polypeptides did not appear to be 

affected by the vitamin E status, judged by visual comparison o f the autoradiograms, it is 

possible that quantitation o f the individual polypeptide bands by densitometry may have 

been able to detect more subtle quantitative differences between the control and vitamin E 

deficient mitochondrial translation products. However, the high degree o f resolution 

required in order to enable quantitation o f the individual bands was not consistently 

achieved, and hence quantitative analysis o f the bands could not be reliably performed.
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CHAPTER 6.0 UFID PEROXIDATION AND RESPIRATORY CHAIN

INHIBITION IN VITAMIN E DEFICIENT RAT LIVER SMP

6.1 Aim

To determine the effects o f lipid peroxidation on respiratory chain activity in rat liver 

submitochondrial particles (SMP), and to assess the vulnerability of vitamin E deficient 

SMP to lipid peroxidation.

6.2 In t r o d u c t io n

Various studies involving the exposure o f mitochondria to free radical-generating systems 

have shown that the components o f the mitochondrial respiratory chain (MRC) are 

susceptible to inhibition (see Chapter 1.0, Section 1.6.6). In Chapter 4.0, liver MRC 

function, unlike muscle, was shown to be resistant to inhibition by prolonged vitamin E 

deficiency, suggesting that, in vivo, other factors may be involved in protecting against 

free radical damage in the liver. In this chapter, the susceptibility o f liver MRC function to 

lipid peroxidation was compared in the absence and presence o f endogenous vitamin E, by 

exposing mitochondria isolated from 12 month vitamin E deficient and control animals to a 

free radical-generating system, in vitro. As vitamin E is the major lipophilic chain- 

breaking antioxidant in biological membranes, lipid peroxidation mediated damage may be 

expected to be greater in the absence o f adequate vitamin E.

Lipid peroxidation was initiated in the inner mitochondrial membrane of the rat liver 

mitochondria using a NADPH-dependent system, in the presence o f an iron chelate (ADP- 

Fe^ ) [Narabayashi et al, 1982]. The effect o f this enzymatically-induced lipid 

peroxidation on the activities o f complex I (rotenone-sensitive NADH CoQi reductase) 

and complex IV (cytochrome oxidase) o f the mitochondrial respiratory chain was studied, 

and the rate of lipid peroxidation monitored by measuring the formation of 

malondialdehyde. Complexes I and IV were selected for analysis as they have been shown
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to be the predominant lesions involved in respiratory chain dysfunction in radical- 

generating systems, in vitro (Schewe et al, 1981, Narabayashi et al, 1982, Hillered and 

Emster, 1983, Zhang et al, 1990), in vivo (Benzi et al, 1991, Hartley et al 1993) and in 

experimental vitamin E deficiency in rat muscle {see Chapter 4.0 and Thomas et al, 1993). 

These models o f oxidative stress have been discussed previously in Section 1.6.6.

6 .3  M e t h o d s

6.3.1 Preparation of Submitochondrial Particles

Liver mitochondria were isolated from rats fed a vitamin E deficient or a vitamin E 

supplemented (40 mg/Kg) diet for 12 months, as described in Chapter 2.0, Section 2.5.2. 

Isolated mitochondria were used to prepare submitochondrial particles (SMP) by 

sonication, according to the method o f Ragan et al (1987). Sonication has the effect of 

inverting the orientation of the inner membrane, resulting in particles which are essentially 

devoid of matrix enzymes and contain variable amounts o f outer membrane, enabling the 

respiratory chain enzymes located in the inner membrane to be studied more conveniently.

Mitochondria were resuspended to a concentration o f 5-10 mg/ml in ice-cold isolation 

medium (225 mM mannitol, 75 mM sucrose, 10 mM Tris, 100 pM K EDTA, adjusted to 

pH 7.2 with HCl) and sonicated at full speed with a probe sonicator for 6 x 5 sec bursts, 

interspersed with 30 sec cooling periods on ice. The sonicated sample was spun at 15 000 

g  for 10 min at 5°C to pellet the intact mitochondria. The SMP were recovered by 

centrifugation o f the translucent supernatant at 100 000 g  for 45 min at 5°C and the pellet 

resuspended in 100-200 pi o f isolation medium to a final protein concentration of 5-10 

mg/ml. The activity of the matrix enzyme citrate synthase was measured in the presence of 

0.1% Triton-X (Chapter 4.0, Section 4.3.2.2), before and after sonication to check the 

effectiveness o f the sonication procedure. The activity after sonication was found to be < 

10% of the activity prior to sonicating, indicating that the mitochondria were effectively 

sonicated. SMP were aliquoted and stored at -70°C until required.
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6.3.2 Lipid Peroxidation

NADPH was used to support enzymatically-induced lipid peroxidation in SMP in the 

presence o f an iron chelate, according to the method of Narabayashi et al (1982). 0.25 

mg/ml SMP (f.c) were incubated in a reaction mixture containing 25 mM HEPES buffer 

adjusted to pH 7.4 with NaOH, 1 mM ADP and 0.1 mM FeCb 6 H2O in a final volume o f 1 

ml, allowing for the addition o f initiator. The reaction mixture was incubated in a shaking 

water-bath for 3 min to equilibrate the temperature to 25°C. The reaction was initiated by 

the addition o f NADPH (0.1 mM or 0.5 mM, f.c) and aliquots removed fi'om the reaction 

mixture at various time intervals (0 ,10 and 30 min). The reaction was terminated by the 

addition o f 2 0  pM (f.c) o f the chain-breaking antioxidant, butylated hydroxytoluene 

(BHT). A control was set up for each sample in which NADPH was replaced with 

ddH2 0 . The rate o f lipid peroxidation (malondialdehyde formation) was assayed in the 

aliquots by the thiobarbituric acid-HPLC method described in Chapter 3.0, Section 3.3.3.

6.3.3 Respiratory Chain Function

Aliquots o f the peroxidised SMP were used to assay selected respiratory chain 

components. Rotenone-sensitive NADH CoQi reductase activity was determined on 40 pi 

aliquots o f sample as described in Chapter 4.0, Section 4.3.2.3. Cytochrome c oxidase 

(COX) activity was determined on 20 pi aliquots of sample as described in Section 4.3.2 . 6  

but with the addition o f 1.2 mM (f.c) dodecyl P-D-maltoside to fully activate COX 

(Lowerson e /a /, 1992).

6.3.4 Vitamin E Levels

As insufficient SMP were available for direct vitamin E determination, the vitamin E levels 

were measured in the liver mitochondria from which the SMP were prepared. 50 mg o f 

the control and 100 mg o f the vitamin E deficient liver mitochondrial samples were hexane 

extracted and assayed as described in Chapter 3.0, Section 3.3.1.
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6.4 Results

6.4.1 Preliminary Experiments

A series o f experiments were conducted with SMP samples from normal rat liver in order 

to establish the experimental conditions for studying NADPH-dependent lipid peroxidation 

in vitamin E deficient SMP, and its effects on the activities o f complex I (NADH CoQi 

reductase ) and complex IV (cytochrome oxidase) of the respiratory chain.

NADPH Concentrations.

The formation of MDA in SMP with increasing NADPH concentration is shown in Figure 

6.1a. At all NADPH concentrations the formation o f MDA increased linearly over the 

first 30 min. At 0.5 mM NADPH, no further MDA was formed after 30 min. In the 

control system (no NADPH), basal levels o f MDA were detectable but these did not 

exceed more than 13% of the values obtained in the test system, and may be due to the 

presence o f endogenous NADPH. The effect of NADPH concentration on the rate of lipid 

peroxidation (expressed as nmol MDA/min/mg protein) is shown in (Figure 6.1b). The 

rate increased with increasing concentration of NADPH, reaching a maximum at 0.4 mM. 

These findings were in agreement with those reported previously by Takeshige et al, 1980, 

Takayanagi et al, 1980, Narabayashi et al, 1982 and Glinn et al, 1991.

Effect o f Butvlated Hvdroxvtoluene (BHT) on Complex I and IV Activities.

The radical scavenging antioxidant BHT is often used to terminate lipid peroxidation in in 

vitro studies. Separate from its antioxidant function, BHT has also been reported to 

interact with mitochondria in two ways; firstly by uncoupling phosphorylation from 

oxidation, and secondly by inhibiting respiration by direct interaction with the electron 

transport chain (Fusi et al, 1991). In this study it was therefore necessary to determine the 

inhibitory effect o f BHT on the activities o f complexes I and IV and distinguish it from the 

effect o f lipid peroxidation-induced inhibition. A BHT titration was performed against the 

activities o f complexes I and IV. Complex IV activity was essentially unaffected by BHT, 

whilst complex I activity was inhibited by approximately 50% at concentrations o f 1 mM. 

At low BHT concentration (0.02 mM) the inhibitory effects on the respiratory enzymes 

were minimal (approximately 7%) (Figure 6.2a).
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Fig 6.1a MDA formation in rat liver SMP at various concentrations of NADPH. Assay conditions; 0.25 
mg/ml SMP were incubated at 25°C in 25 niM HEPES/NaOH buffer, pH 7.4 with 1 mM ADP/O.lmM 
FeCls and initiated with increasing concentrations of NADPH. The reaction was terminated with 20 pM 
BHT and MDA determined as described under Methods. Data points represent means of at least two 
separate experiments.
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Fig 6.1b Effect of NADPH concentration on the rate of lipid peroxidation in rat liver SMP. Reaction 
mixture consisted of 0.25 mg/ml SMP incubated at 25°C for 10 min in 25 mM HEPES/NaOH buffer, pH
7.4 with 1 mM ADP/0.1 mM FeCb and varying concentrations of NADPH. Data points represent means 
of at least two separate experiments.
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Fig 6.2a Effect of BHT concentrations on complex I ( • )  and complex IV (□) activity in rat liver SMP. 
SMP (0.25 mg/ml) were incubated with varying concentrations of BHT for 5 min at 25°C and activities 
determined as described under Methods, in duplicate. Mean control activities (activities in the absence of 
BHT) were as follows: complex I; 198 nmol/min/mg protein, complex IV; 10.8 Ar/min/mg protein (1st 
order rate constant).
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Fig 6.2b Effect of addition of BHT on MDA formation in rat liver SMP. Assay conditions; 0.25 mg/ml 
SMP were incubated at 25°C in 25 mM HEPES/NaOH buffer, pH 7.4 with 1 mM ADP/0.1 mM FeCb and 
initiated with 0.5 mM NADPH. in the absence of BHT ( • )  or in the presence of 20 pM BHT (control, O). 
The reaction was terminated at the various incubation times with 20 pM BHT and MDA determined as 
described under Methods.
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This concentration o f BHT was found to be sufficient to effectively terminate lipid 

peroxidation under the test conditions employed. When 20 pM BHT was added to the 

SMP in the test system prior to the initiation of lipid peroxidation with 0.5 mM NADPH, 

the formation o f MDA did not exceed more than 10% of the levels obtained when no BHT 

was added (Figure 6.2b), indicating that lipid peroxidation was effectively suppressed at 

this concentration o f BHT. Based on these findings, a final concentration o f 20 pM BHT 

was used to terminate lipid peroxidation in subsequent experiments.

Activation o f Complex IV Activitv with Dodecvl Maltoside.

The activity o f cytochrome oxidase (complex IV) was found to increase markedly (40%) 

when incubated in the lipid peroxidation reaction mixture for periods o f 15 min or longer, 

suggesting that the enzyme was not fully activated under normal assaying conditions. It 

was not feasible to assess the true effects o f lipid peroxidation on cytochrome oxidase 

activity unless the enzyme was fully activated prior to assaying. The detergent dodecyl 

maltoside has been used to activate cytochrome oxidase in isolated fibroblast 

mitochondria, where a final concentration of 0.3 mM was used (Lowerson et al, 1992). 

To determine the optimal concentration of detergent for rat liver SMP, a titration was 

performed against cytochrome oxidase activity (Figure 6.3). Maximal activity was 

observed with concentrations of dodecyl maltoside ranging from 0.6-1.8 mM, and hence a 

final concentration of 1.2 mM was used in subsequent experiments.
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Fig 6.3 Activation of cytochrome oxidase (COX) activity in rat liver SMP with dodecyl maltoside. SMP 
(10 pg/ml) were assayed for COX activity as described under Methods. Various concentrations of dodecyl 
maltoside were added to SMP prior to assaying. Data points are mean values of two separate experiments.
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Effect of Lipid Peroxidation on Complex I Activitv.

The effect of NADPH-induced lipid peroxidation on complex I activity is shown in Table 

6.1. The activity of complex I in the control system was not inhibited, suggesting that the 

presence of NADPH is necessary for inhibition. In the test system, the activity was 

inhibited almost maximally by the first 30 min (89%), and only by a further 4% over the 

next 30 min. The inhibition appeared to correlate with the level of MDA formation, which 

was also maximal at 30 min after which it showed no further increase (see Figure 6.1a). 

Because the inhibition observed at these incubation times was severe, the experiment was 

repeated using shorter incubations (10 and 20 min) and MDA formation was measured in 

the SMP (Figure 6.4). In the test system, the decline in complex I activity (57% at 10 min 

and 73% at 20 min) correlated well with an increase in lipid peroxidation. The control 

activity was effectively unaltered, consistent with the basal rate of lipid peroxidation.

Table 6.1 Effect of lipid peroxidation on complex I activity

Incubation Time 
(min)_________

Complex I Activity (nmol/min/mg protein) 
Control system_______________ Test system

0
30
60

163
191
161

196
22.0
14.5

Rat liver SMP (0.25 mg/ml) were incubated in 25 mM HEPES/NaOH buffer, pH 7.4, with 1 mM ADP/0.1 
mM FeCb and either 0.5 mM NADPH (test), or no NADPH (control), at 25°C. The reaction was stopped 
by the addition of 20 p.M BHT, and the complex I activity determined as described under Methods.
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Fig 6.4 Effect of lipid peroxidation on complex I activity in rat liver SMP. Reaction mixture consisted of 
0.25 mg/ml SMP incubated at 25°C in 25 mM HEPES/NaOH buffer pH 7.4, with 1 mM ADP/0.1 mM 
FeCls and either 0.5 mM NADPH (test) or no NADPH (control). Complex 1 activity (expressed as mnol 
min/mg protein) and MDA were measured as described under Methods. Data points represent means of at 
least two separate experiments. Control (-NADPH); complex 1 activity (□), MDA (O). Test (+NADPH); 
complex I activity (■), MDA(#). Control activity at 0 min (100% activity) was 150 mnol/min/mg protein. 
Test activity at 0 min was 163 nmol/min/mg protein
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Effect o f  Lipid Peroxidation on Complex IV Activity.

The effect o f  NADPH-induced lipid peroxidation on complex IV activity is shown in 

Figure 6.5. As complex IV was previously shown to be less sensitive to inhibition by 

NADPH-dependent lipid peroxidation than complex I (Narabayashi et al, 1982), longer 

incubation times (15 and 30 min) were used to study the effects o f lipid peroxidation on 

complex IV activity. The decline in complex IV activity during lipid peroxidation 

appeared to be less severe than that observed with complex I (Figure 6.4) even though the 

overall rate o f lipid peroxidation was comparable in the two separate experiments. In the 

test system, the activity o f complex IV was inhibited by 23% at 15 min and by 55% at 30 

min, compared to 57% inhibition o f  complex I activity after only 10 min The rate o f  lipid 

peroxidation in the complex I and complex IV experiments was 4.3 and 4.6 nmol 

MDA/min/mg protein, respectively {see Figures 6.4 and 6.5).

100

2
c
8

0 15 30

150

-  100

-  50

g

Incubation time (min)

Fig 6.5 Effect of lipid peroxidation on Complex IV activity in rat liver SMP. Reaction mixture consisted 
of 0.25 mg/ml SMP incubated at 25°C in 25 mM HEPES/NaOH buffer pH 7.4, containing 1 mM ADP/0.1 
mM FeCl) and either 0.5 mM NADPH (test) or no NADPH (control). Complex IV activity’ (expressed as 
the 1st order rate constant, k) and MDA were measured as described under Methods. Data points 
represent means of at least two separate experiments. Control incubation (-NADPH); complex IV activity 
(□), MDA (O). Test incubation (+NADPH); complex IV activity (■), MDA ( • ) .Control activity at 0 min 
(100% activity) was 47.2 /r/min/mg protein. Test activity at 0 min was 50 klvamJmg protein
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Effect of Increasing Rates of NADPH-Induced Lipid Peroxidation on Complex I and IV 

Activities.

In the previous set of experiments, lipid peroxidation was induced with 0.5 mM NADPH. 

At this concentration, the rate o f lipid peroxidation was sufficient to inhibit complex I 

activity (Figure 6.4) and to a lesser extent complex IV activity (Figure 6.5), in rat liver 

SMP. In this experiment, the effects of lower concentrations o f NADPH and hence lower 

rates o f lipid peroxidation on the activities o f the respiratory enzymes was examined to 

determine the sensitivity o f the two enzymes to different rates o f NADPH-induced lipid 

peroxidation. Because complex I appears to be more sensitive to inhibition than complex 

IV from the results of the previous experiments, an incubation time o f 10 min was used for 

complex I and a longer incubation time of 30 min used for complex IV, and the activity o f 

each enzyme plotted against the total level o f lipid peroxidation (MDA formed), as shown 

in Figures 6.6 and 6.7

The level o f lipid peroxidation increased, with increasing NADPH concentration, reaching 

a maximum at 0.4 mM NADPH. Complex I was inhibited at NADPH concentrations > 

O.I mM, with maximal inhibition (35%) at 0.5 mM NADPH (Figure 6.6) The inhibition 

o f complex IV increased with increasing NADPH concentration, reaching a maximum 

(55%) at 0.4 mM NADPH (Figure 6.7). Both complexes were exposed to identical rates 

of lipid peroxidation at a given NADPH concentration. However, complex IV was 

exposed to 3 fold higher levels of total lipid peroxidation at a given NADPH 

concentration, when compared to complex I. When comparing the sensitivity o f complex I 

and complex IV to similar rates of lipid peroxidation, then complex IV was more sensitive 

(Figures 6.6, 6.7). However, a better comparison would be to compare the inhibition at 

similar levels o f total lipid peroxidation i.e. at similar levels o f MDA formation. This 

would be at 0.5 mM NADPH for complex I (21.3 nmol MDA/mg protein) and 0.1 mM 

NADPH for complex IV (28.1 nmol MDA/mg protein). At these levels o f lipid 

peroxidation complex I showed a higher level of inhibition (35%) compared to complex IV 

(28%), suggesting that complex I is more sensitive to NADPH-induced lipid peroxidation. 

These results are in agreement with Figures 6.4 and 6.5, which also suggest that complex 

I is more vulnerable than complex IV to prolonged lipid peroxidation.
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Fig 6.6 Effect of increasing NADPH concentrations on lipid peroxidation and complex I acti\it> in rat 
liver SMP. Reaction mixture consisted of 0.25 mg/ml SMP incubated for 10 min at 25°C in 25 mM 
HEPES/NaOH buffer, pH 7.4 with 1 mM ADP/0.1 niM FeCb and varying concentrations of NADPH. 
The activity of complex 1 (■) and the MDA levels ( • )  were determined as described under Methods, in 
duplicate. Data points represent means of at least two separate experiments. Control activit> represents 
the mean activit> in the absence of NADPH (100% acti\it} ) and was 212 nmol/min/mg protein.
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Fig 6.7 Effect of increasing NADPH concentrations on lipid peroxidation and complex IV activity in rat 
liver SMP. Reaction mixture consisted of 0.25 mg/ml SMP incubated for 30 min at 25°C in 25 mM 
HEPES/NaOH buffer, pH 7.4 with 1 mM ADP/0.1 mM FeCb and varying concentrations of NADPH. 
The activity of complex IV (■) and the MDA levels ( • )  were determined as described under Methods, in 
duplicate. Data points represent means of at least two separate experiments. Control acthity represents 
the mean activity in the absence of NADPH (100% activity) and was 62.8 /:/min/mg protein (1st order rate 
constant).
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6.4.2 Lipid Peroxidation in Vitamin £  Deficient Rat Liver SMP

Vitamin E (g-tocopherol) Status of SMP.

SMP were prepared from liver mitochondria isolated from rats fed a vitamin E deficient 

diet for a period of 12 months. Control SMP were prepared from rats fed a vitamin E 

supplemented (40 mg/Kg) diet for the same period o f time. Because sufficient SMP were 

not available for direct determination, the vitamin E levels were determined in the liver 

mitochondria from which the SMP were prepared. The results are shown in Table 6.2. 

The control values were in good agreement with previously published data, where values 

in the range o f 0.08-0.2 nmol/mg protein were reported for rat liver mitochondria (Lang et 

al, 1986). In the mitochondria isolated from the deficient animals the vitamin E levels 

were below the sensitivity o f the detection system (0.0035-0.007 nmol/mg protein), 

corresponding to levels < 4-8% of the control values.

Table 6.2 Vitamin E concentration in rat liver SMP

Vitamin E Concentration (nmol/mg protein)

Control 0.093 ±0.015

Vitamin E Deficient n.d

Values are expressed as mean ± standard deviation (n = 5). n.d; not detected.

Effect o f Increasing Rates o f Lipid Peroxidation on Complex I and IV Activities in 

Vitamin E Deficient and Control SMP.

Since vitamin E functions as a chain-breaking antioxidant in biological membranes, vitamin 

E depleted SMP may be more susceptible to damage when exposed to a free radical- 

generating system. Rat liver SMP, prepared from control and vitamin E deficient 

mitochondria, were subjected to two different rates o f lipid peroxidation; a relatively low 

rate induced by 0.1 mM NADPH, and a maximal rate induced by 0.5 mM NADPH {see 

Figure 6.1b). The susceptibility o f complexes I and IV of the respiratory chain to 

different levels o f lipid peroxidation was compared in the control and deficient SMP using 

a reaction incubation time o f 10 min for complex I and 30 min for complex IV. A shorter 

incubation time was used for complex I compared to complex IV, to allow for the greater 

sensitivity o f the former to inhibition by NADPH-dependent lipid peroxidation, as can be 

seen in Figures 6.4 and 6.5 and in agreement with the results o f Narabayashi et at, (1982).
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The levels o f lipid peroxidation chosen were fairly mild to prevent the rat liver SMP from 

being overloaded, so that more subtle differences in the susceptibility of the vitamin E 

deficient and control SMP to free radical damage could be detected. The results are 

shown in Table 6.3.

Table 6.3 Effect o f increasing rates of lipid peroxidation on complex I and IV activities in 

vitamin E deficient and control rat liver SMP

Control SMP Vitamin E Deficient SMP

NADPH
(mM)

Rate (nmol 
MDA/min/ 
mg protein)

Activity f% of control) 

Complex I Complex IV

Rate (nmol 
MDA/min/ 
mg protein)

Activity (% of control) 

Complex I (Complex IV

0.1 0.528 92.2 78.8 0.628 94.0 85.8
±0.09 ±11.4 ±8.3 ±0.18 ±5.4 ±4 .7

0.5 1.546 80.0 71.2 1.543 82.0 61.6
±0.31 ± 12.1 ±12.5 ±0.60 ±7.6 ±7.5

Rat liver SMP (0.25 mg/ml) from control and vitamin E deficient animals were incubated at 25°C with 
shaking, in 25 mM HEPES/NaOH buffer, pH 7.4, containing 1 mM ADP/0.1 mM FeCb and lipid 
peroxidation initiated with 0.1 or 0.5 mM NADPH. MDA rates were averaged over the incubation time 
which was 10 min for complex I and 30 min for complex IV. The reaction was terminated with 20 pM 
BHT. The activity of complexes 1 and IV and the MDA levels were determined as described under 
Methods. Values are expressed as mean ± SD ( n = 5). Control (100%) activities were determined in the 
absence of NADPH and are as follows; Control SMP; complex I; 256 ± 57.9 nmol/min/mg protein, 
complex IV; 38.6 ± 4.7 ^/min/mg protein (1st order rate constant). Vitamin E deficient SMP; complex I; 
256 ± 46.7 nmol/min/mg protein, complex IV; 41.3 ± 4.7 ^/min/mg protein.

At low NADPH concentration (0.1 mM) the rate o f lipid peroxidation was approximately 

19% higher in the vitamin E deficient SMP compared to controls (Table 6.3) However, 

this difference was not statistically significant and was not accompanied by increased 

inhibition o f the activity of either complex I or complex IV. At 0.5 mM NADPH, the rate 

o f lipid peroxidation increased approximately 3 fold from the rate observed with 0.1 mM 

NADPH, and was essentially the same in the control and vitamin E deficient SMP. No 

significant difference was observed in the inhibition o f complex I between the control and 

vitamin E deficient SMP at this rate of lipid peroxidation. Although complex IV inhibition 

was 10% greater in the deficient SMP, the difference was not statistically significant.
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Hence, the vitamin E deficient SMP were not more susceptible to peroxidation or to 

respiratory chain inhibition at either low or high rates o f NADPH-dependent lipid 

peroxidation, compared to control SMP containing endogenous amounts o f vitamin E. 

These results suggest that loss of vitamin E did not make the liver mitochondria more 

vulnerable to lipid peroxidation or to respiratory chain enzyme inhibition during fî ee 

radical generation.

At both rates o f lipid peroxidation and in both the control and vitamin E deficient SMP, 

complex IV was inhibited to a greater extent than complex I. This was consistent with the 

longer exposure time of complex IV than complex I to free radical activity (Table 6.3).

6 .5  D is c u s s io n

NADPH-dependent Lipid Peroxidation

The susceptibility of hepatic mitochondrial respiratory chain function to lipid peroxidation 

was assessed, in vitro, using the free-radical generating system described by Narabayashi 

et al (1982). NADPH supports enzymatically-induced lipid peroxidation in SMP in the 

presence o f an iron chelate and is catalysed by the respiratory chain-linked NADH 

dehydrogenase o f the SMP particles (Narabayashi et at, 1982, Takayanagi et al, 1980). In 

this system, electron flow through the respiratory chain is a prerequisite for the initiation of 

lipid peroxidation but the mechanism by which free radicals and reactive oxygen species 

are produced is not completely clear. It is thought that electrons are donated to the ADP- 

Fe^  ̂ complex, the reduction of which is essential for lipid peroxidation to proceed (de 

Hingh et al, 1995). Reduction o f Fe^^ to Fe^^ drives the Fenton reaction resulting in the 

formation o f the highly reactive hydroxyl radical ("OH) which can act as an initiator by 

attacking membrane lipids to initiate peroxidation {see Section 1.1.5.1, Chapter 1.0).

Mechanism of Enzvme Inactivation

In this study, NADPH-dependent lipid peroxidation in rat liver SMP resulted in partial 

inhibition o f the activities o f complex I (NADH CoQl reductase) and complex IV 

(cytochrome oxidase) o f the respiratory chain. In agreement with the findings o f 

Narabayashi et al (1982), complex I exhibited a greater sensitivity to NADPH-dependent
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lipid peroxidation than complex IV, evident from the shorter incubation times required for 

inhibition. After a 10 min incubation period complex I activity was inhibited by 57%, 

whereas complex IV required a 30 min incubation period to achieve a comparable level of 

inhibition (Figures 6.4-6.S). Other workers have also found complex I to be particularly 

vulnerable to inhibition by free-radical generating systems in in vitro models o f oxidative 

stress {see Chapter 1.0, Section 1.6.6).

The inhibition o f the respiratory enzymes in the NADPH/ADP-Fe^^ radical-generating 

system can be mediated by a number o f different mechanisms. Direct oxidative 

modification o f the membrane proteins by reactive oxygen species generated during the 

initiation process o f lipid peroxidation, such as the highly reactive hydroxyl radical, can 

result in enzyme inhibition independently of lipid peroxidation. In addition, changes in the 

lipid environment as a consequence o f lipid peroxidation can also affect the activities of the 

respiratory proteins. Complexes I, III (Fry and Green, 1981) and IV (Fry and Green, 

1980) have all been shown to have an absolute catalytic requirement o f the phospholipid, 

cardiolipin for enzymatic activity {see Introduction, Section 1.6.2.2). Furthermore, 

cardiolipin contains a higher ratio o f unsaturated to saturated fatty acid residues compared 

with other phospholipids of the inner membrane (Daum, 1985) which renders it highly 

susceptible to oxidative damage. In the study by Narabayashi et al (1982), in which the 

effects of NADPH-dependent lipid peroxidation on the electron transfer activity and 

phospholipid profile o f bovine heart SMP were investigated, cardiolipin was found to be 

extensively degraded during lipid peroxidation and this may represent a possible 

mechanism by which enzyme inactivation occurs. In addition, lipid peroxidation is known 

to mediate decreases in the fluidity o f biological membranes and this may also influence the 

activity of the enzymes residing within it (Yu et al, 1992). It is possible that both lipid 

peroxidation-independent and dependent mechanisms are involved in causing enzyme 

inhibition. Direct oxidative modification o f the membrane proteins may be an important 

mechanism of enzyme inhibition at the early stages o f exposure to the NADPH/ADP-Fe^^ 

radical-generating system, before the initiation o f lipid peroxidation has reached significant 

levels to mediate changes in membrane lipid composition.

The differential sensitivity o f complexes I and IV to free radical-mediated inhibition may 

reflect differences in the precise arrangement of the complexes within the membrane and in
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their dependence upon the lipid environment and fluidity o f the membrane for optimal 

activity. Also, the subunit components o f the respiratory complexes may differ in their 

susceptibility to free radical damage.

Susceptibility of Rat Liver SMP to Free Radical Damage in Vitamin E Deficiency 

Vitamin E is the major lipid-soluble chain-breaking antioxidant in biological membranes, 

where it plays a critical role in protecting membrane lipids from peroxidation (Burton et al, 

1983a,b). The effect o f endogenous vitamin E on lipid peroxidation and complex I and 

complex IV inactivation was examined in rat liver SMP. As complex I appeared to be 

more sensitive to inhibition than complex IV at a given rate o f lipid peroxidation, the latter 

was exposed to longer incubation times (30 min) than complex I (10 min), to obtain 

detectable levels of inhibition.

At low and high NADPH concentrations, the rate o f lipid peroxidation and the level o f 

enzyme inhibition were essentially the same in both the vitamin E deficient and control 

SMP, suggesting that under these conditions the endogenous levels o f vitamin E had no 

protective effect in preventing lipid peroxidation or enzyme inhibition. The inhibition o f 

both complexes I and IV at 0.1 mM NADPH was relatively mild (6-22%). When the rate 

of lipid peroxidation was increased 3 fold with 0.5 mM NADPH, the enzyme inhibition 

also increased (18-40%), suggesting that lipid peroxidation was involved in the mechanism 

of enzyme inhibition (Table 6.3) However, the fact that the absence of vitamin E from rat 

liver SMP did not accelerate the rate of lipid peroxidation could suggest that vitamin E is 

only part o f the defence mechanism and that other antioxidants may be involved. This is 

supported by the finding that in the in vivo rat model o f chronic vitamin E deficiency, 

mitochondrial respiratory chain function in the liver was not impaired whereas skeletal 

muscle mitochondria exhibited a severe defect in respiratory chain function {see Chapter 

4.0). In liver, ubiquinone (coenzyme Q) may play a more important role in protecting the 

mitochondria against lipid peroxidation. Reduced ubiquinone (ubiquinol) has been shown 

to be an effective antioxidant in inhibiting lipid peroxidation, not only by maintaining 

vitamin E in its reduced form but also by directly quenching lipid peroxidation 

independently of vitamin E (Solaini et at, 1987, Frei et al, 1990, Kagan et al, 1990, 

Forsmark et al, 1991). Furthermore, rat liver has a high ubiquinol 9/ubiquinone 9 ratio, 

especially when compared to other tissues such as muscle (Lang et al, 1986), and
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ubiquinol has ready access to efficient enzymatic reduction in the form of the Q cycle, 

which can regenerate ubiquinol from the semiquinone in the mitochondrial membrane 

(Mitchell, 1976). These factors may mean that ubiquinol functions as a more effective 

lipophilic antioxidant than vitamin E and may explain why the loss o f vitamin E does not 

make the liver mitochondria more susceptible to lipid peroxidation.

Alternatively, the fact that the levels o f vitamin E in the control SMP were unable to 

suppress the the rate of lipid peroxidation could also suggest that the rate of lipid 

peroxidation was too high for the endogenous vitamin E to cope with and therefore the 

presence of vitamin E appeared to have no detectable beneficial effect. However, the use 

o f lower NADPH concentrations i.e. <0.1 mM would have been too mild for the effects o f 

free radical damage on the respiratory chain enzyme activities to be assessed. Because the 

reaction was studied in isolated inner membrane fractions and not in intact mitochondria 

this may have meant that the vitamin E present was not being efficiently regenerated once 

it had undergone oxidation and consequently was rapidly depleted in the control SMP 

when lipid peroxidation was initiated. This is possible since ascorbate and glutathione are 

thought to be the key reductants involved in the regeneration o f vitamin E (see Section

1.3.4.4) and as they are both water-soluble antioxidants they would not be available for the 

regeneration o f vitamin E in the isolated SMP. Repeating the experiments using SMP 

supplemented with higher concentrations o f vitamin E will be helpful in clarifying this data 

(see Section 8.2.10).

Another possibility is that the enzyme inhibition was mediated via an alternative 

mechanism, independent o f lipid peroxidation. As discussed earlier, the NADPH/ADP- 

Fe^  ̂ system is thought to initiate lipid peroxidation via Fenton chemistry which involves 

the generation of the highly reactive hydroxyl radical. Therefore, it is possible that enzyme 

inhibition was as a result o f direct oxidative modification o f the membrane proteins by the 

hydroxyl radical and may explain why vitamin E had no protective effect in preventing 

enzyme inhibition. However, this explanation seems unlikely in light of the fact that a 

positive relationship was seen between lipid peroxidation and complex I and IV inhibition, 

and suggests that lipid peroxidation was involved in the mechanism of enzmye inhibition, 

in this system.
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CHAPTER 7.0 GENERAL DISCUSSION

7.1 Oxidative Stress and Antioxidants

Aerobic life is characterised by a steady generation o f reactive oxygen species balanced by 

a similar rate of their clearance by antioxidants. To maintain homeostasis, there is a 

requirement for the continuous regeneration o f antioxidant capacity. If  this requirement is 

not met, oxidative stress occurs which can potentially lead to pathophysiological events. 

Cellular protection is organised at multiple levels, with antioxidant defence strategies 

including prevention, interception, replacement and repair, and may be enzymatic or non- 

enzymatic in nature. In the lipid phase, tocopherols, carotenes, vitamin A and ubiquinols 

are considered to be the main defenders whilst in the aqueous phase ascorbate (vitamin C) 

and glutathione are o f primary interest. In addition to these non-enzymatic antioxidant 

molecules the enzymes superoxide dismutase, catalase and glutathione peroxidase 

significantly contribute to the cellular defence system {see Introduction, Section 1.2).

Much evidence has been generated in the literature concerning the pathogenic role of 

oxidative stress and increased free radical activity in a number o f important human 

pathologies such as cancer (Knekt, 1994), cardiovascular disease (Gey, 1993), 

neurodegenerative disorders (Browne and Beal, 1994, Muller, 1994), as well as tissue 

injury after trauma (ischaemia/reperfusion injury) (Janero, 1994) and ageing (Harman, 

1956, Cutler et al, 1995). A potential role for antioxidant supplementation in prevention 

and/or therapeutic intervention of these medical problems has stimulated intense research 

interest in antioxidant micronutrients, particularly o f those already naturally occurring in 

the diet such as vitamin E, vitamin C and carotenoids, and at the same time has raised the 

importance of understanding the biochemical mechanisms o f oxidant stress-related 

processes and the antioxidant defence mechanisms required to suppress and/or counteract 

them.

Antioxidant depletion studies can provide useful models for studying the importance o f 

specific antioxidants. Vitamin E is widely accepted to be the major lipid-soluble, chain-
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breaking antioxidant effective in vivo where it prevents lipid peroxidation by quenching 

lipid peroxyl radicals (Burton et al, 1982, 1983). On the basis o f this proposed function of 

vitamin E as a fondamental antioxidant, long-term deficiency of vitamin E was used as a 

model to study oxidative stress in rat tissues. Although deficiency of vitamin E is known 

to cause a range o f species and tissue specific symptoms in animals, the predominant lesion 

in rats is a necrotizing myopathy o f the skeletal muscle {see Introduction, Section 1.3.5.2) 

and hence this tissue was extensively investigated in addition to the liver. Various 

biochemical, molecular and morphological analyses were performed at the tissue and 

subcellular (mitochondrial) level, the key findings o f which are summarised below.

7.2 Summary of the Vitamin E Deficient Rat Model

Analysis

Tissue: 
Vitamin E 
(a-tocopherol)

Tissue/Month

muscle 
(^,6 ,9, 7̂ 1

Results

Control levels showed an age-related increase from 3 to 12 
months. In rats on deficient diet, vitamin E was not 
detectable at any time-point.

liver Control levels remained constant until 9 months after which
(3,6,9,12) they increased. In deficient rats, vitamin E was not detectable

at any time-point.

MDA m uscle In deficient animals the MDA levels (lipid peroxidation
(3,6,9,12) marker) were significantly raised (33%) at 6 months, and

continued to increase at 9 and 12 months ty  37% and 45%, 
respectively, when compared to control levels.

liver In deficient rats the MDA levels were not significantly raised
(3,6,9,12) until 9 months (22%) and continued to increase at 12 months

(29%), relative to levels in controls.

GSH/GSSG

GSH/GSSG

muscle At 12 months, GSH and GSSG levels were significantly
(3 & 12) increased (50% and 61%, respectively) and the GSH:GSSG

ratio was reduced (21%) in vitamin E deficient rats relative to 
controls, indicating an increase in oxidative stress. Also,
GSH and GSSG levels increased significantly from 3 to 12 
months by 64% and 65%, respectively, in deficient rats.

liver At 12 months, there was a non-significant increase in the
(3 & 12) GSH and GSSG levels but no change in the GSH:GSSG ratio,

in deficient rats relative to controls, suggesting no increase in 
oxidative stress. There was as 32% significant increase in the 
GSH levels in deficient rats from 3 to 12 months.
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Analysis

Mitochondrial:

Polarography

Tissue/Month Results

muscle An MRC defect was observed at 6 months at which time-point
(3 ,6 ,9 ,12 )  the oxygen consumption rates began to decline in the deficient

rats, relative to controls. By 12 months the respiration rates 
were significantly reduced by 40 -50%, with all substrates 
(glutamate, pyruvate, succinate and ascorbate + TMPD), 
suggesting a defect in the terminal complex of the respiratory 
chain (Cx IV) or multiple defects affecting all the complexes. 
No significant change was observed in the respiratory control 
ratios (RCR) at any stage of vitamin E deficiency, suggesting 
that the mitochondria were not uncoupled and had maintained 
their membrane integrity.

liver Little change was observed in the respiration rates at the
(3,6,9,12) earlier stages of vitamin E deficiency. In contrast to

muscle, there was a significant increase (17-36%) in the 
respiration rates with all substrates in deficient rats relative to 
controls, at 12 months. The RCR data showed no change, 
suggesting that uncoupling of the mitochondria was not the 
cause for the increased oxidation rates in the deficient rats.

Enzyme Analysis muscle Consistent with the polarography data, the activities of
(3 ,6 ,9 ,12 ) complexes 1,11/111 and IV began to decline in deficient rats at

6 months. By 12 months, the Cx FV activity was significantly 
reduced (33%) in the deficient rats, confirming Cx IV as the 
predominant site of MRC impairment.

liver No significant change was observed in the enzyme activities
(2,6,9,12) at 3, 6 or 9 months. At 12 months, significant increases were

observed in the activities of Cx 1 (44%) and citrate synthase 
(25%) in deficient rats relative to controls.

Membrane Fluidity muscle There were small but significant reductions in the membrane
(3,6,9,12) fluidity at 9 and 12 months of 6% and 8%, respectively, in

deficient muscle mitochondria.

liver Liver mitochondria from deficient animals showed an initial
(3,6,9,12) significant decline (11%) in fluidity at 6 months. This did not

persist at the later time-points.

Molecular:

DNA Base 
Modification

muscle No significant change was observed in the levels of oxidised
(3 & 12) base products between control and deficient animals at 3 or 12

months, although levels were generally higher in the controls.

liver No significant change was observed in the levels of oxidised
(12) base products between control and deficient animals at 12

months, although levels were generally higher in the controls.
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Analysis

Apoptosis

Tissue/Month

muscle 
(3 & 12)

Results

liver
(12)

Intemucleosomal DNA cleavage (a characteristic hallmark of 
apoptosis) was not seen. Morphological features of apoptosis, 
such as cell shrinkage, chromatin condensation and 
membrane blebbing, were not evident by electron microscopy, 
at any stage of vitamin E deficiency.

There was no evidence of apoptosis by intemucleosomal DNA 
cleavage or ty  electron microscopy.

In vitro Translation,
urea-SDS-PAGE,
autoradiography.

muscle There were no significant differences in the mitochondrial
(3,6,9,12) translation rates or in the translation profiles of the

synthesised polypeptides, between control and vitamin E 
deficient mitochondria at any time-point, suggesting the 
functional integrity of mtDNA was not impaired by vitamin E 
deficiency.

Morphological:

Light and Electron 
Microscopy

muscle Extensive, cumulative myopathic changes were observed in
(3,6,9,12) vitamin E deficient muscle characterised by the presence of

amorphous electron dense degradation bodies, increased 
cellular debris, autophagic vacuoles, degenerate mitochondria, 
focal myolysis, fibre splitting, fibre atrophy and necrosis and 
increased thickening of the interstitial connective tissue. 
Phagocytotic activity was evident from the increased numbers 
of macrophages seen infiltrating and surrounding the 
degenerating fibres. Regeneration and repair was evident 
from the presence of increased numbers of centrally placed 
nuclei and ribosome-like granules. The degenerative changes 
were seen as early as 3 months and became more severe with 
increasing duration on the diet. The changes were more 
pronounced and affected a greater number of fibres in the 
soleus (type I, oxidative fibres) compared to the plantaris (type 
II, glycolytic fibres).

liver
(12)

No obvious signs of degenerate changes associated with 
chronic vitamin E deficiency were apparent at light or 
ultrastructural level.

7.3 Vitamin E Deficiency and Oxidative Stress

The fact that vitamin E was not detectable in the liver or muscle o f the rats fed the vitamin 

E depleted diet, at any time-point, suggested that vitamin E deficiency had been achieved 

in these animals {see Section 3.4.2). Because the vitamin E levels were below the
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sensitivity o f the detection system, the rate o f depletion in the liver and muscle with 

increasing duration on the diet could not be evaluated. However, using the detection 

limits of the vitamin E assay, the vitamin E levels in the muscle and liver o f the rats fed the 

depleted diet were estimated to be < 5-10% of the control values, at the earliest time-point 

(3 months). To evaluate the extent o f oxidative stress incurred during vitamin E 

deficiency, a number o f biomarkers of oxidative damage were assessed in the muscle and 

liver (see Chapter 3.0).

Lipid Peroxidation

Lipid peroxidation, the free radical oxidation o f polyunsaturated fatty acids (PUFA) in 

biological membranes, is the evidence most frequently cited to support the involvement o f 

free radical reactions in cell damage. The increased lipid peroxidation (MDA formation) 

observed in skeletal muscle and liver from the vitamin E deficient rats relative to controls, 

suggested not only that vitamin E deficiency exacerbates lipid oxidation, but also that basal 

levels of lipid peroxidation occur in these tissues even under normal conditions. The 

former finding is in agreement with the well documented role o f vitamin E as a lipid 

peroxidation chain-breaking antioxidant. The low level of lipid peroxidation in the control 

tissues may reflect the presence o f a few dead or dying cells as occurs in normal tissue 

turnover, or a low basal rate o f endogenous peroxidation as a result o f normal metabolic 

activity. In the absence of lipophilic antioxidant protection in the form of vitamin E, this 

low rate o f lipid peroxidation was elevated, especially in the skeletal muscle in which 

significant increases in the rate of lipid peroxidation were not only observed at an earlier 

stage (6-12 months) than those in liver (9-12 months), but were also more pronounced 

than those in liver at any given time-point on the vitamin E deficient diet.

These findings were in agreement with earlier reports o f elevated lipid peroxidation in the 

tissues o f animals fed vitamin E deficient diets (Dillard et al, 1977, Draper et al, 1984, 

Dratz et al, 1989, MacEvilly et al, 1990 and Tokumaru et al, 1997), and support the 

proposed fimction o f vitamin E as a major biological antioxidant, in vivo. The 

biopathological effects o f increased membrane lipid peroxidation have been discussed in 

Section 1.1.5.1 and include loss of membrane fluidity which may affect membrane 

functions, increased membrane permeability leading eventually to membrane rupturing and 

leakage o f cell and organelle contents. Lipid peroxidation can also result in alterations in
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protein structure and fiinction, particularly o f membrane proteins, many of which need to 

form close associations with the membrane phospholipids for their correct function. Also, 

lipid peroxyl radicals can abstract hydrogen atoms from neighbouring proteins, resulting in 

lipid-protein and protein-protein cross-linking. In addition, some end-products of lipid 

peroxidation are highly cytotoxic such as the 4-hydroxyalkenals and can react with amino 

groups o f amino acids, proteins, phospholipids and nucleic acids causing widespread 

damage in the cell {see Esterbauer, 1993 and Comporti, 1993 for reviews). Although 

increased lipid peroxidation has been implicated in a wide variety o f tissue injuries 

(Comporti, 1993) it is often difficult to delineate whether it represents an early event which 

triggers a subsequent cascade of pathological events which culminate in cell death, or 

whether it represents a secondary event which accompanies rather than causes the cell 

damage (Halliwell and Chirico, 1993). The implications o f the increased lipid peroxidation 

associated with vitamin E deficiency in causing skeletal muscle damage are discussed in 

Section 7.6.

Glutathione

Glutathione (GSH) functions as an intracellular antioxidant and reducing agent and 

complements the activity o f vitamin E by acting as a substrate for glutathione peroxidase 

which catalyses the reduction of hydrogen peroxide and lipid hydroperoxides (Section

1.2.2.4). At 3 months no significant differences were observed in the glutathione levels 

between control and vitamin E deficient animals in either muscle or liver, indicating no 

evidence o f oxidative stress. At 12 months, the elevated GSSG (oxidised glutathione) 

levels and reduced GSH;GSSG ratios in the muscle o f the vitamin E deficient rats, 

suggested an increase in oxidative stress, in contrast to the liver which maintained normal 

GSH:GSSG ratios. Marked increases, from 3 to 12 months, in the reduced GSH pool in 

muscle and to a lesser extent in liver o f the vitamin E deficient rats were suggestive o f a 

compensatory mechanism induced by prolonged vitamin E deficiency, in response to the 

increased lipid peroxidation due to the loss o f vitamin E antioxidant protection. However, 

the mechanism by which this compensatory mechanism was induced is not clear and may 

reflect an increase in the activities of enzymes involved in glutathione synthesis and 

regeneration. Interestingly, a similar finding has been documented by Chow ei al (1973) 

who studied the effect o f dietary vitamin E on the activities o f the glutathione peroxidase 

system in rats and reported significant increases in the activities o f glutathione reductase

286



and peroxidase in muscle but not liver, lung or kidney o f rats fed a vitamin E deficient diet 

for two months. As the GSH-dependent glutathione peroxidase enzymes complement the 

activity of vitamin E by reducing lipid hydroperoxides, it is feasible that in the absence of 

lipophilic antioxidant protection from vitamin E, the activities o f these enzymes and the 

total glutathione pool increase to compensate for the loss o f lipid peroxyl scavenging 

activity o f vitamin E. These findings are significant in that they highlight the functional 

interdependence o f vitamin E and glutathione in protecting against oxidative stress. This 

compensatory increase in glutathione may have been effective in preventing tissue damage 

in the liver and may have attenuated the damage in the muscle. However, the fact that this 

compensatory mechanism did not prevent skeletal muscle damage, may indicate that 

vitamin E plays an important role in the maintenance o f normal skeletal muscle structure, 

independent o f its antioxidant function.

DNA Base Damage

Oxidative stress has been shown to produce a range o f modified DNA bases, as shown in 

Figure 1.2 (Section 1.1.5.3). The generation o f superoxide radical by hypoxanthine- 

xanthine oxidase in the presence of ferric ions (Aruoma et al, 1989), and hydrogen 

peroxide in the presence of copper ions (Aruoma et al, 1991) was shown to produce a 

range o f oxidatively modified DNA bases of which 8-hydroxyguanine (80HG) was the 

major product. In addition, membrane lipid peroxidation induced by NADPH and FeCli in 

mitochondria has been shown to increase the 80H G  content o f DNA isolated from the 

peroxidised mitochondria. Furthermore, vitamin E was found to attenuate both lipid 

peroxidation and the formation of 80HG, supporting the theory that lipid peroxidation 

may contribute to DNA base damage caused by oxidative stress (Hruszkewycz and 

Bergtold, 1990).

In this study, oxidised products of all four DNA bases {see Figure 1.2) were detectable in 

the liver (12 months) and muscle (3 and 12 months) o f the vitamin E deficient and control 

rats, suggesting that oxidative attack on DNA is a continual process. However, vitamin E 

deficiency did not cause increased levels o f modified bases which were generally present at 

higher concentrations in the controls. These results may imply that vitamin E deficiency 

induces an increased clearance o f the modified bases, possibly by increasing DNA repair 

activity. However, the purine oxidation product 8-OH guanine was slightly elevated in
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muscle at 3 and 12 months in the deficient animals compared to controls. It was difficult 

to determine the statistical significance o f this result due to the limited sample size. Given 

that 8-OH guanine is one of the major modified base products observed when DNA is 

exposed to oxidative stress (Halliwell, 1993) these findings may be of interest. The 

analysis o f a larger number o f samples would help to clarify this data. In addition the 

analysis o f nuclear and mtDNA individually would help to determine if the latter is more 

vulnerable to oxidative damage as has been reported by Richter et al (1988) and others 

(discussed in Section 1.6.3).

Summarv

Collectively, the markers of free radical activity discussed above indicated that vitamin E 

deficiency was associated with an increase in oxidative stress, in vivo. The severity o f 

oxidative stress increased with increasing duration on the vitamin E deficient diet, and was 

greater in the skeletal muscle compared to liver. In muscle, progressive vitamin E, 

deficiency was associated with increases in the levels of lipid peroxidation and oxidised 

glutathione (GSSG) and a fall in the GSH;GSSG ratio whilst prolonged vitamin E 

deficiency induced a compensatory increase in the reduced glutathione pool. In liver, an 

increase in lipid peroxidation was seen at the end-stages o f vitamin E deficiency but was 

not accompanied by significant changes in the levels o f GSSG or a decline in the 

GSH:GSSG ratio. Although the compensatory increase in the reduced glutathione pool in 

the liver was o f a smaller magnitude to that in the muscle, it may have effectively 

prevented the liver from gross tissue damage as this tissue was histologically normal. In 

contrast, the skeletal muscle exhibited extensive degeneration despite the compensatory 

increase in the total glutathione pool, suggesting that vitamin E is an essential antioxidant 

in muscle.

7.4 Vitamin E Deficiency and Mitochondrial Respiratory Chain Function

Mitochondria, and in particular the respiratory chain enzymes, are known to be particularly 

susceptible to free radical damage for a number o f reasons. Firstly, the MRC generates 

free radicals as a by-product o f its normal function (Boveris and Chance, 1973), which 

increase when the respiratory chain is impaired (Hasegawa et al, 1990, Cleeter et al,
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1992). Secondly, the mitochondrial membranes contain a high proportion o f PUFA and 

vitamin E (Molenaar et al, 1972, Buttriss and Diplock, 1988). Thirdly, mtDNA is located 

near the site o f the free radical-generating electron transport chain, is unprotected by 

histone proteins and has an inefficient DNA repair system {see Section 1.6.3). Finally, the 

MRC complexes, particularly complexes I and IV, are known to be susceptible to 

inhibition by oxidative damage (discussed in Section 1.6.6). Hence, mitochondria are both 

a potent source and significant target o f toxic oxygen radicals, and inhibition of the 

respiratory chain can create a self-amplifying cycle o f free radical generation and 

mitochondrial respiratory chain (MRC) dysfunction.

In this study, vitamin E deficiency was found to induce a MRC defect in the gastrocnemius 

muscle {see Chapter 4.0). At 6 months, the oxygen utilisation rates with all substrates 

(pyruvate, glutamate, succinate, ascorbate plus TMPD) began to decline in the deficient 

rats, relative to controls. By 9 months, significant reductions in the rates were observed 

with glutamate, pyruvate and succinate. By 12 months the rates were significantly reduced 

with all substrates, by 40-50%. Consistent with the polarographic findings, the enzyme 

activities o f complexes I-IV began to decline at 6 months. By 12 months, complex IV 

(cytochrome c oxidase) activity was significantly reduced (33%), confirming the terminal 

complex as the predominant site of impairment. The fact that reductions in the respiration 

rates were seen earlier than the defect in complex IV activity suggests that the complex IV 

defect is not the sole cause for the decline in the respiration rates. Other factors, such as 

changes in the fluidity o f the mitochondrial membranes mediated by vitamin E deficiency 

may affect the respiration rates more than the enzyme activities.

Although the precise mechanism by which vitamin E deficiency induces a defect in muscle 

MRC function is not clear, several factors may be involved including loss of mitochondrial 

membrane integrity, oxidative damage to the mitochondrial membrane lipids, direct 

oxidative damage to the MRC proteins themselves or indirect damage via mtDNA, as well 

as changes in the fluidity o f the mitochondrial membranes.

The fact that the mitochondrial respiratory control ratios (RCR) were not significantly 

altered during progressive vitamin E deficiency suggests that loss o f mitochondrial 

membrane integrity was not responsible for the decline in MRC function. The appearance
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of the MRC defect in the muscle was paralleled by increases in the levels of lipid 

peroxidation and a decline in the GSH:GSSG ratio at the end-stages o f vitamin E 

deficiency (12 months), suggesting that lipid peroxidation-mediated damage and oxidative 

stress were involved in the respiratory chain inhibition in vitamin E deficiency. Free 

radicals and reactive oxygen species generated during the process o f lipid peroxidation 

could result in direct oxidative modification o f the respiratory enzymes. In particular, the 

highly reactive hydroxyl radical can react directly with proteins leading to oxidation of 

amino acid residue side chains, formation o f protein-protein cross-linkages, and oxidation 

o f the protein backbone resulting in protein fragmentation (Berlett and Stadtman, 1997). 

In addition, changes in the lipid environment as a consequence o f oxidation o f the 

membrane phospholipids could be involved in the MRC dysfunction. In this respect, 

oxidation o f cardiolipin appears to be the most likely candidate since it is known to be 

essential for mitochondrial function; complexes I, III and IV all have an absolute 

requirement for cardiolipin for enzymatic activity (Fry and Green, 1980, 1981). Complex 

IV appears to require cardiolipin for correct interaction with cytochrome c, and deficiency 

of cardiolipin is associated with decreases in state III respiration (Shigenaga and Ames, 

1994). Although cardiolipin was not measured in this study, it has been shown to be 

selectively destroyed when exposed to conditions o f oxidative stress such as NADPH- 

dependent lipid peroxidation induced in the presence o f an iron chelate (Narabayashi et al, 

1982) and during ischaemia reperfusion (Smith et al, 1980, Nakahara et al, 1992). The 

greater sensitivity of cardiolipin to oxidative stress is thought to be due to its higher ratio 

o f unsaturated to saturated fatty acid residues compared to other phospholipids o f the 

inner membrane (Daum, 1985). In the absence o f vitamin E, the risk o f oxidative damage 

to cardiolipin may be potentiated, resulting in impaired MRC function.

Lipid peroxidation has been shown to be an important factor in causing decreased 

membrane fluidity. Lipid radicals and highly reactive aldehydic products derived from 

peroxidised lipids are thought to mediate a dechne in membrane fluidity by promoting 

cross-linking interactions between the membrane lipids and protein moieties {see Section 

1.6.5). In muscle, small but significant reductions were seen in the fluidity of the 

mitochondrial membranes o f the vitamin E deficient rats and occurred in parallel with 

increases in lipid peroxidation and the appearance o f the MRC defect in this tissue, 

suggesting that changes in the membrane fluidity may be involved in the decline in MRC
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fiinction. Increased rigidity o f the mitochondrial membranes may interfere with electron 

flow through the respiratory chain enzymes, which could cause a reduction in the 

respiration rates. This is supported by the findings o f Nohl et al (1978) who found that an 

age-related increase in lipid peroxidation in rat heart mitochondria was associated with a 

decrease in mitochondrial membrane fluidity and a decline in MRC fiinction. However, 

loss of vitamin E can also mediate changes in membrane fluidity independently o f lipid 

peroxidation. Vitamin E has been proposed to have a structural role in the membrane 

whereby it interacts with the membrane phospholipids, conferring stability on the 

membranes (Diplock and Lucy, 1973). The fact that only small changes were observed in 

the fluidity of the muscle mitochondrial membranes may be explained by the differential 

structural and fiinctional effects of vitamin E on the membrane; the antioxidant function of 

vitamin E whereby it protects the membranes against lipid peroxidation and hence prevents 

them from becoming rigid, and the structural role o f vitamin E in the membrane, whereby 

it facilitates the close packing o f the membrane PUFA, preventing the membranes from 

become too fluid. These two opposing effects o f vitamin E may explain why only small 

net decreases were observed in the fluidity o f the mitochondrial membranes during 

progressive vitamin E deficiency, and would imply that the decreased fluidity of the 

membranes, due to lipid peroxidation-mediated cross-linkage, was much higher in order to 

surpass the increased fluidity due to the loss of the stabilising effect o f vitamin E.

In addition to damage to the mitochondrial membrane lipids and proteins, damage to 

mtDNA, which encodes some of the polypeptides o f the respiratory chain and oxidative 

phosphorylation system, may also be involved in the MRC defect. Lipid peroxidation has 

been shown to mediate damage to DNA (Hruszkewycz, 1988, Park and Floyd, 1992). 

Furthermore, vitamin E has been shown to be able to prevent mtDNA damage initiated by 

lipid peroxidation in rat liver mitochondria (Hruszkewycz, 1988). In this study, the rates 

o f muscle mitochondrial protein synthesis (L-[^^S]methionine incorporation) and the 

translation profiles o f the mitochondrial polypeptides were normal in the vitamin E 

deficient rats. These results suggest that mtDNA had retained its functional integrity. 

However, these findings do not completely rule out mtDNA damage in vitamin E 

deficiency. Oxidative mtDNA base damage could affect the amino acid composition o f 

some subunits and therefore the function o f their respective respiratory chain complexes 

without affecting the overall rates o f mitochondrial protein synthesis or the electrophoretic
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mobilities o f the translation products. Because mtDNA is known to be highly vulnerable to 

free radical damage (see Section 1.6.3), it would be interesting to see if oxidative mtDNA 

base damage was specifically enhanced in vitamin E deficiency as this could potentially 

contribute to the respiratory chain dysfunction in the muscle.

Although it is likely that lipid peroxidation-mediated damage is the most probable cause of 

the MRC defect in vitamin E deficiency, given that the liver was morphological normal and 

maintained normal MRC function despite having elevated levels o f lipid peroxidation, it 

could be argued that the MRC defect in muscle is secondary to the muscle degeneration. 

On the other hand, these results could suggest that liver MRC function is less susceptible 

to lipid peroxidation and requires higher levels o f oxidative stress for inhibition. In this 

study, lipid peroxidation was measured in the tissue homogenate but not in the 

mitochondria. Hence it is not known if the level of mitochondrial lipid peroxidation was 

higher in the muscle compared to the liver in vitamin E deficiency and whether this was the 

reason for the development o f a MRC defect in the former but not the latter. There is 

some evidence in the literature to suggest that this may be the case; levels o f mitochondrial 

lipid peroxidation have been reported to be 2 fold higher in skeletal muscle mitochondria 

compared to liver mitochondria in normal rats (Ji et al, 1990), suggesting that muscle 

mitochondria are more susceptible to free radical damage under normal conditions. Also, 

the fact that MRC function was not impaired in the liver in vitamin E deficiency may mean 

that vitamin E is less important in protecting the liver mitochondria against free radical 

damage and that other antioxidant/s are involved. The differential sensitivity o f liver and 

skeletal muscle to vitamin E deficiency is discussed in Section 7.7.

Why complex IV should be more susceptible to vitamin E deficiency-induced inhibition 

than other respiratory chain complexes is not certain, particularly since it is not a site of 

free radical generation (Turrens and Boveris, 1980). However, this finding was consistent 

with the significantly reduced activities o f complexes I and IV in skeletal muscle reported 

in an earlier study o f prolonged vitamin E deficiency in rats (Thomas et al, 1993). 

Although complex I usually appears to be the most sensitive site to free radical damage 

when exposed to various free radical-generating systems in vitro, complex IV has also 

been reported as the predominant site o f impairment, especially in in vivo models o f 

oxidative stress (see Table 1.6). Glutathione depletion in rats has been shown to result in
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loss o f complex IV activity first, followed by that o f complexes I and II (Benzi et al,

1991). Similarly, iron overload in rat dopaminergic cells resulted in greater inhibition o f 

complex IV compared to complex I, whilst the combined complex II/UI activity was 

unchanged (Hartley et al, 1993). However, when human skeletal muscle tissue sections 

were exposed to hydroxyl and superoxide radicals, in vitro, complexes IV and II were 

shown to be particularly susceptible to damage whilst complex I was relatively resistant 

(Haycock et al, 1996). The differential sensitivity o f the respiratory components to 

oxidative stress reported by different workers may reflect differences in the nature and 

severity o f the oxidant stress imposed, differences in the species, tissue source and 

preparation, as well as variations in the normal free radical activity and antioxidant defence 

capacity o f different tissues.

7.5 Susceptibility of SMP from Vitamin £  Deficient Rat Liver to Oxidative Stress in 
Vitro

Complex I activity exhibited greater sensitivity to NADPH-dependent lipid peroxidation 

than complex IV activity in normal rat liver submitochondrial particles (SMP), consistent 

with the findings o f Narabayashi et al (1982). This was evident from the fact that complex 

IV had to be exposed to levels of lipid peroxidation giving rise to three times higher MDA 

levels than for an equivalent inhibition o f complex I. The inhibition o f complex I and 

complex IV increased with increasing levels o f lipid peroxidation, suggesting that 

inhibition o f the respiratory enzymes was mediated via lipid peroxidation.

At both low and high NADPH concentrations, the rate o f lipid peroxidation and the level 

of complex I and complex IV inhibition were essentially the same in both the vitamin E 

deficient and control SMP, implying that vitamin E had no protective effect in either 

preventing lipid peroxidation or enzyme inhibition. However, fi-om these results it was 

difficult to ascertain whether the lack o f a protective effect o f vitamin E was due to the 

SMP being overloaded by lipid peroxidation such that the endogenous levels o f vitamin E 

in the control SMP were unable to cope, or due to the fact that vitamin E forms only part 

o f the defence mechanism and that other antioxidants such as ubiquinol are more important 

in protecting the liver mitochondria against lipid peroxidation. The latter argument is
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supported by the results o f the in vivo rat model o f chronic vitamin E deficiency in which 

MRC fimction was impaired in skeletal muscle but normal in liver {see Chapter 4.0). 

Ubiquinol has been shown to be an effective antioxidant in inhibiting lipid peroxidation by 

maintaining vitamin E in its reduced form and also by directly quenching lipid peroxidation 

independently o f vitamin E (Solaini et al, 1987, Frei et al, 1990, Kagan et al, 1990, 

Forsmark et al, 1991), and therefore may be able to protect the liver mitochondria against 

peroxidative damage in the absence o f vitamin E. Repeating these experiments using SMP 

supplemented with higher concentrations o f vitamin E will be helpful in clarifying the role 

o f this antioxidant in protecting the liver mitochondria against peroxidative damage {see 

Chapter 8.0, Section 8.2.10).

7.6 Vitam in £  Deficiency and Skeletal Muscle Damage

Vitamin E deficiency is known to induce a wide range o f tissue- and species-dependent 

lesions in different animals, summarised in Table 1.3 (Section 1.3 .5 .2). Myopathy o f the 

skeletal muscle is usually one of the commonest pathological manifestations (Mason, 

1954). In this study, a progressive, cumulative necrotizing myopathy developed in the rats 

with increasing duration on the vitamin E deficient diet {see Chapter 4.0). The soleus, 

which has a predominance of type I (oxidative) fibres was more severely affected than the 

plantaris, which has a predominance of type II (glycolytic) fibres (Armstrong and Phelps, 

1984), suggesting that type I fibres may be less tolerant to fi’ee radical generation without 

adequate vitamin E.

What is the mechanism o f muscle damage in vitamin E deficiency? Although the exact 

mechanism(s) involved in initiating the myopathy are not clear a number o f factors may 

potentially be involved including increased lipid peroxidation and oxidative stress resulting 

in disturbances in mitochondrial respiratory chain (MRC) function, damage to the cellular 

and subcellular membranes, and the induction o f apoptosis. In addition, vitamin E may 

have a specific role in maintaining normal muscle structure unrelated to its antioxidant 

function. The significance o f these and other factors in contributing to the muscle damage 

in vitamin E deficiency are discussed below and summarised in Figure 7.1.
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Increased lipid peroxidation, resulting from the loss o f lipophilic antioxidant protection of 

vitamin E probably plays a key role in the skeletal muscle degeneration in vitamin E 

deficiency. This is supported by the significantly increased levels o f lipid peroxidation 

(MDA formation) observed in the muscle o f deficient rats, which were more pronounced 

and occurred earlier in response to the deficiency than those in liver. Furthermore, 

induction o f the myopathy has been accelerated in experimental animals by increasing the 

concentration o f dietary PUFA (peroxidisable substrate) in the vitamin E deficient diet 

(Witting and Horwitt, 1964), lending further support to the role o f lipid peroxidation- 

mediated damage as the basic pathogenic mechanism. Moreover, depletion o f the 

intracellular antioxidant, glutathione has been shown to result in skeletal muscle 

degeneration associated with mitochondrial damage, in mice (Martensson and Meister, 

1989). In this mouse model of oxidative stress, the changes observed in the skeletal 

muscle (muscle fibre necrosis accompanied by macrophage infiltration) and the 

mitochondrial damage (swelling, vacuolisation, rupturing o f cristae and membrane 

disintegration) were strikingly similar to those observed in vitamin E deficiency myopathy, 

suggesting that free radical-mediated damage causes the skeletal muscle degeneration. In 

this study, the reduced GSH;GSSG ratios and increased MDA levels were consistent with 

increased levels of oxidative stress in the muscle o f the deficient animals. Because vitamin 

E is ubiquitously located in all membranes and because lipid peroxidation generates highly 

reactive end-products such as the cytotoxic aldehydes which can directly react with other 

biomolecules including proteins and DNA (see Section 1.1.5.1), the loss o f vitamin E can 

lead to widespread oxidative stress and damage in the cell.

The increased lipid peroxidation associated with vitamin E deficiency could mediate 

muscle degeneration by directly damaging the cellular and subcellular membrane structures 

and/or by causing disturbances in mitochondrial function. In this study, increases in hpid 

peroxidation corresponded with the appearance o f an MRC defect in the muscle o f the 

vitamin E deficient rats. Lipid peroxidation may affect MRC function by more than one 

mechanism, as discussed in Section 7.4 (see Figure 7.1). What is the significance o f the 

MRC dysfunction in muscle damage? In light of the observations that a MRC defect was 

seen in the skeletal muscle but not in the liver o f the vitamin E deficient rats and the fact 

that that the liver did not exhibit any obvious signs o f tissue damage in vitamin E 

deficiency, it is tempting to speculate that the myopathy observed in vitamin E deficiency is
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Fig 7.1 Theoretical scheme illustrating how the interplay between lipid peroxidation, increased oxidative 
stress and mitochondrial respiratory chain (MRC) cfysfimction in vitamin E deficiency may lead to skeletal 
muscle damage.

296



related to impairment of MRC function. However, when comparing the onset of the 

muscle degeneration with the MRC defect, the former was observed at the earliest time- 

point o f observation (3 months) whereas the latter did not begin until 6 months. However, 

a number o f reasons may explain the lack o f correlation between muscle degeneration and 

MRC dysfimction in this study. Firstly, at the early stages o f vitamin E depletion, the 

severity o f vitamin E deficiency will vary from fibre to fibre. Hence, the MRC defect will 

be limited to those cells which are severely deficient in vitamin E and have high levels of 

hpid peroxidation. Under these circumstances, the MRC defect will be masked by the 

greater number o f cells which are only slightly deficient in vitamin E and hence have 

normal or only a mildly defective MRC. As a result no defect would be detected until a 

larger number of cells were affected, as will be the case with more prolonged vitamin E 

deficiency. Secondly, the morphological studies and the biochemical studies were 

performed on different muscles. The soleus and plantaris muscles were analysed 

morphologically but their small size did not allow sufficient mitochondria to be isolated for 

complete biochemical analysis. The gastrocnemius was used for biochemical analysis, 

which has previously been shown to exhibit intermediate sensitivity to vitamin E deficiency

i.e. greater than plantaris but less severe than soleus (Thomas et al, 1993). Because all 

three muscles have a different fibre type composition {see Table 4.3, Section 4.4.3), 

vitamin E deficiency may differentially affect MRC function in each muscle. This is 

supported by the findings o f Holloszy et al (1991) who have shown that changes in 

skeletal muscle respiratory chain fijnction with age are dependent on the function and fibre 

type composition of the muscle. Performing the biochemical analysis on the soleus and 

plantaris muscles individually will be more useful in identifying the role o f MRC 

dysfunction in vitamin E deficiency myopathy {see Chapter 8.0, Section 8.2.4).

Further evidence which suggests that MRC dysfunction may not be a primary cause o f the 

skeletal muscle degeneration in vitamin E deficiency is the contrasting morphologies o f 

vitamin E deficiency myopathy and muscle disorders in which there is a primary 

abnormality o f the MRC i.e. the mitochondrial myopathies. In the latter disorders, 

characteristic morphological findings in the skeletal muscle include increased mitochondrial 

numbers, decreased cytochrome oxidase staining and intramitochondrial paracrystalline 

inclusions but no obvious muscle degeneration (Morgan-Hughes, 1982), whereas vitamin 

E deficiency myopathy is characterised by widespread muscle fibre necrosis, suggesting
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that the MRC defect in vitamin E deficiency is not directly responsible for the muscle fibre 

damage.

Nevertheless, even if MRC dysfunction is not a major causative factor in skeletal muscle 

degeneration in vitamin E deficiency, it still is an important consideration. Impaired MRC 

function may result in cellular ATP depletion which will have important consequences for 

the viability o f the muscle cells. Cellular energy deficits can result in suboptimal cellular 

function (Shigenaga and Ames, 1994). For example, energy-dependent processes involved 

in the maintenance o f cells, such as DNA repair, and protein and lipid turnover may 

decline, undermining the muscle cells ability to repair the damage mediated by vitamin E 

deficiency. This in turn could lead to increased levels of mutant DNA and to the 

accumulation o f dysfunctional cellular macromolecules. As discussed in Section 7.4, 

inhibition o f MRC function can result in increased free radical generation and thus promote 

further oxidative damage, thereby contributing to the pathological mechanism of muscle 

degeneration in vitamin E deficiency.

The skeletal muscle has extensive cellular and subcellular membrane systems, which may 

render it more susceptible to lipid peroxidation-mediated damage and hence degeneration. 

In particular, the sarcoplasmic reticulum and the mitochondrial membranes are known to 

have a relatively high content o f PUFA (Molenaar et al, 1972) and vitamin E (Salviati et 

al, 1980, Buttriss and Diplock, 1988) and therefore may be more susceptible to damage in 

the absence o f vitamin E. In this study, the extensive accumulation o f membrane-derived 

structures such as honeycomb bodies, dense elongated inclusion bodies, myelin figures, 

tubular aggregates and abnormal mitochondria seen in the degenerating muscle fibres, 

supported the suggestion that the muscles membranous structures are particularly 

vulnerable to peroxidative damage in the absence o f adequate vitamin E protection.

Lipid peroxidation may also have damaging repercussions on other components o f the 

muscle cell such as DNA and the contractile and cytoskeletal proteins, which may be more 

critical targets o f cell injury than the lipids. In this regard it is interesting to note that 

complete fragmentation o f myosin and actin have been reported to occur when these 

muscle proteins are exposed to increasing doses o f superoxide and hydroxyl radicals, in 

vitro (Haycock et al, 1996). Furthermore, Reznick et al (1992) have shown that an
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increase in protein oxidation in skeletal muscle after a single bout o f exercise was related 

to an exercise-induced decrease in vitamin E and ubiquinol. Moreover, vitamin E 

supplementation was shown to decrease both resting and exercise-induced skeletal muscle 

protein oxidation, supporting the suggestion that vitamin E is not only directly involved in 

protecting against lipid peroxidation but also indirectly protects against protein oxidation 

in skeletal muscle (Reznick et al, 1992). Breakdown o f myoglobin and other iron-binding 

proteins as a result o f the muscle damage could also aggravate the tissue injury fiirther by 

causing the release o f free iron which can promote the production o f toxic hydroxyl 

radicals via Fenton chemistry (Packer et al, 1994).

Another factor which may have potentially been involved in the muscle damage is 

apoptosis (programmed cell death). The reasons for investigating apoptosis in vitamin E 

deficiency were two-fold; firstly apoptosis can be induced by a variety o f diverse stimuli 

some o f which are associated with increased free radical activity and oxidative stress, such 

as exposure to hydrogen peroxide and depletion o f glutathione {see Section 1.6.4). 

Furthermore, increased free radical generation, in response to inhibition o f the 

mitochondrial respiratory chain, has been shown to induce apoptosis in rat dopaminergic 

cells {see Section 1.6.4.1). Secondly, dietary vitamin E supplementation has been reported 

to inhibit apoptosis induced by iron-mediated peroxidation in rat kidney (Zhang et al, 

1997). In view o f these findings, it was o f interest to determine whether the increased 

oxidative stress and MRC dysfunction in the vitamin E deficient muscle were associated 

with apoptosis. In this study, characteristic features o f apoptotic cell death such as cell 

shrinkage, chromatin condensation and cellular fragmentation (Kerr et al, 1972) were not 

evident by electron microscopy. On the contrary, the skeletal muscle degeneration seen in 

the deficient animals was characteristic o f necrotic cell death, where internal dissolution 

and eventual lysis o f the muscle cells resulted in an inflammatory response {see Chapter 

4.0). These findings suggest that apoptosis was not involved in the mechanism of muscle 

degeneration in vitamin E deficiency and imply that free radical damage per se does not 

indicate that apoptosis will occur.

In this study, an increase was observed in the total glutathione pool in response to 

prolonged (12 month) vitamin E deficiency (discussed in Section 7.3) and it is possible that 

this compensatory response may have slowed the progression o f the myopathy. However,
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the fact that increases in this antioxidant were unable to prevent the muscle damage, 

suggests that vitamin E is an indispensable antioxidant in skeletal muscle or it may have a 

specific role in maintaining normal muscle structure, not necessarily related to its 

antioxidant function. Vitamin E is believed to have a stabilising effect on membranes by 

virtue o f its proposed hydrophobic interactions with the PUFA moieties of the membrane 

phospholipids (Diplock and Lucy, 1973). Thus, vitamin E deficiency may increase the 

fragility o f the muscle membranes, rendering them more susceptible to damage. It is likely 

that in vivo both the structural and antioxidant roles o f vitamin E are important in 

protecting membranes against damage, as summarised in Figure 7.1.

7.7 Differential Tissue Susceptibility to Vitamin £  Deficiency

In this study, skeletal muscle and liver exhibited a differential response to vitamin E 

deficiency. The muscle exhibited widespread degenerative changes accompanied by 

mitochondrial respiratory chain dysfunction, whereas the liver was unaffected. The reason 

for this differential sensitivity is not known, but various factors may be involved. The 

differential sensitivity may reflect a difference in the uptake, loss and bioavailability o f 

vitamin E in the two tissues. In this study, vitamin E was not detectable in the liver or 

muscle o f the deficient rats even at the earliest stages o f depletion (3 month), and hence 

the rates o f depletion in the two tissues could not be compared. However, earlier studies 

(discussed in Section 1.3.5.1) have found the rate o f vitamin E uptake, depletion and 

turnover to be very rapid in the liver and slower in skeletal muscle, and have led to the 

suggestion that the liver represents the major storage organ o f vitamin E (Machlin and 

Gabriel, 1982). In a longitudinal study o f vitamin E deficiency in the rat, the loss o f 

vitamin E fi-om various neurological and non-neurological tissues including liver was 

investigated (Goss-Sampson et al, 1988). The liver vitamin E concentrations, expressed as 

a percentage o f the control values, were found to decline rapidly and by 16 weeks levels 

were < 2% of control values and after 24 weeks were undetectable. Furthermore, it was 

found that in all the tissues studied (brain, cord, nerve, serum and liver) depletion o f 

vitamin E occurred in two phases; an initial phase o f rapid loss during the first 4-8 weeks 

o f deficiency, followed by a second phase o f prolonged depletion (Goss-Sampson et al,

1988). This finding has also been documented by other workers. In the vitamin E
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depletion study conducted by Bieri (1972), the liver lost 75% of its initial vitamin E 

concentration within the first 8 days, followed by a slower rate o f decrease, vAth the levels 

falling to approximately 5% of the initial values, at the end o f 6 weeks. In comparison, the 

muscle lost approximately 40% of its initial vitamin E concentration over the first 16 days, 

and showed little fiirther loss over the remaining 4 weeks. Similarly, in a vitamin E 

depletion study carried out in guinea pig, the liver vitamin E levels fell to one-tenth o f their 

normal value after 2 weeks o f depletion. However, the skeletal muscle levels fell to one- 

third o f their normal values after 6-8 weeks o f depletion, at which time a myopathy began 

to develop in the guinea pigs, thus suggesting that the muscle does not need to be 

completely depleted o f vitamin E for muscle damage to occur (Machlin et al, 1979). 

These studies have led to the suggestion that there are two different pools o f vitamin E in 

most tissues, one which is rapidly mobilised when tissue levels are high, and one which 

decreases very slowly when tissue levels are low. The second more stable pool o f vitamin 

E may represent vitamin E bound to membranous or subcellular structures, possibly 

representing the functional and hence more critical component o f vitamin E in the tissue 

(Bieri, 1972). Also, the fact that these studies have shown the liver to lose vitamin E more 

rapidly than muscle may suggest that muscle has a more critical requirement for vitamin E 

than liver and therefore retains the vitamin for longer periods. Hence, in muscle a greater 

component of the total vitamin E may be actively incorporated in the membranes which 

may explain why it loses vitamin E more slowly than liver. In liver the rapid loss o f 

vitamin E may mean that most o f the vitamin E is in storage form and only a very minor 

fraction is incorporated in the membranes, the loss o f which may be less significant than 

that in the muscle. This may help to explain why the two tissues are differentially affected 

by vitamin E deficiency and why muscle undergoes extensive degeneration whilst liver is 

relatively unaffected by the loss o f vitamin E.

In this thesis, the levels of reduced glutathione in the control rats were found to be 

approximately 15-fold higher in the liver compared to skeletal muscle (Section 3.4.6), in 

agreement with the higher levels o f protective antioxidant enzymes such as superoxide 

dismutase, catalase, glutathione peroxidase, glutathione-S-transferase and glutathione 

reductase reported in liver compared to skeletal muscle {see Table 3.8, Section 3.5.8 and 

Ji et al, 1990). In addition, the concentration o f the lipophilic antioxidant ubiquinol-9 has 

been reported to be higher in liver, ranging in concentration from 49-128 nmol/g wet
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weight, compared to 0.5-8.1 nmol/g wet weight in muscle, in normal rats (Lang et al, 

1986). Despite the greater antioxidant defence o f the liver, the tissue levels of lipid 

peroxidation (MDA levels) in both the control and vitamin E deficient rats were found to 

be higher (1.5-2 fold) in the liver compared to muscle (Section 3.4.4). This may suggest 

that liver requires greater levels o f lipid peroxidation and free radical generation before 

gross tissue damage is incurred, and is inherently less sensitive to oxidative stress than 

muscle. However, when comparing mitochondrial lipid peroxidation in the two tissues, 

the muscle mitochondria have been reported to have 2-6 fold higher levels o f MDA 

compared to liver (Ji et al, 1990). This suggests that muscle mitochondria have higher 

levels o f free radical generation than liver mitochondria under normal conditions and is 

consistent with the lower levels o f mitochondrial antioxidants in muscle compared to liver 

{see Table 3.8). Although lipid peroxidation was not measured in the mitochondria in this 

study, the fact that the muscle mitochondria developed an MRC defect and had 

significantly reduced membrane fluidity whilst the liver mitochondria were normal, 

suggests that the muscle mitochondria were more vulnerable to lipid peroxidation in 

vitamin E deficiency.

In rats, liver damage (hepatic necrosis) is usually induced by diets that are simultaneously 

deficient in vitamin E and either selenium or the sulphur amino acid cysteine whereas diets 

free in vitamin E alone are sufficient to induce muscle damage {see Section 1.3.5.2). This 

would suggest that both tissues differ in their essential requirement for different 

antioxidants. The simultaneous requirement for diets deficient in vitamin E and either 

selenium or cysteine to induce damage in the liver can be explained by the fact that 

selenium is required for the catalytic activity o f glutathione peroxidase, which catalyses the 

reduction o f lipid hydroperoxides and hydrogen peroxide in the presence o f the reducing 

agent glutathione, whilst cysteine is required for the synthesis of glutathione. In this thesis, 

prolonged vitamin E deficiency was shown to induce marked increases in the reduced 

glutathione levels in both muscle (64% increase) and liver (32% increase), lending further 

support to the suggestion that the function o f these two antioxidants are inter-related. 

However, in muscle this compensatory increase in the glutathione levels in response to 

vitamin E deficiency was unable to prevent muscle damage but may have been effective in 

preventing damage to the liver. This would imply that muscle, unlike liver, has an essential 

need for vitamin E which can not be adequately compensated for by other antioxidants.
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Furthermore, normal liver submitochondrial particles (SMP), containing endogenous 

amounts o f vitamin E, and SMP depleted o f vitamin E were found to be equally vulnerable 

to lipid peroxidation and respiratory chain inhibition, when exposed to an in vitro free 

radical-generating system {see Chapter 6.0). This data indicates that other antioxidants in 

the liver SMP are sufficient to protect them against peroxidative damage in the absence of 

vitamin E. In this light, ubiquinol has been shown to be an effective lipophilic chain- 

breaking antioxidant and can inhibit lipid peroxidation not only by regenerating vitamin E 

but also by directly quenching lipid radicals in the absence o f vitamin E {see Section 

1.2.2.3). The high concentrations o f ubiquinol-9 in the liver may be sufficient to protect 

the liver mitochondria from damage independently o f vitamin E.

The metabolic rates o f the liver and muscle may also dictate their vulnerability to free 

radical damage as it will affect the endogenous rate o f oxygen radical production in the 

tissues (Boveris et al, 1972). Although muscle has a lower resting metabolic rate than 

liver, muscle is unique in its requirement and ability to undertake very rapid and co

ordinated changes in energy supply and oxygen flux for repeated contractions. As a result, 

rapid and large variations occur in the flow o f electrons through the MRC which may 

enhance the risk o f oxygen-centred free radical generation (Boveris and Chance, 1973), 

and predispose the skeletal muscle to oxygen radical-mediated damage.

In this thesis, the sensitivity o f skeletal muscle to vitamin E deficiency appeared to be 

dependent on the fibre type composition o f the muscle. The soleus, which has a type I 

fibre predominance was more sensitive to damage than the plantaris, which consists 

predominately o f type II fibres {see Chapter 4.0), whilst the gastrocnemius (mixed fibre 

type composition) was shown to exhibit intermediate sensitivity to vitamin E deficiency 

(Thomas et al, 1993). This would suggest that type I fibres are less tolerant to free radical 

activity in the absence o f vitamin E. This may be explained by the fact that type I fibres 

have a higher mitochondrial content than type II fibres since they are dependent upon 

oxidative metabolism for their energy requirements whereas type II fibres depend upon 

glycolysis for their energy requirements {see Table 1.5, Section 1.5). Because the 

mitochondrial respiratory chain produces free radicals as by-products o f its normal 

metabolic activity (Boveris et al, 1972, Turrens et al, 1980), the generation o f free radicals 

will be expected to be higher in type I fibres compared to type II fibres, and this may
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enhance their risk to free radical damage in the absence o f vitamin E. In normal rat 

muscle, type I fibres contain much higher superoxide dismutase, catalase and glutathione 

peroxidase activities (Ji et al, 1988) and have higher levels o f lipophilic antioxidants such 

as a-tocopherol and ubiquinol-9 and ubiquinone-9 (Reznick et al, 1992) compared to type 

II fibres. In this study, the fact that type I fibres appeared to be more sensitive to vitamin 

E deficiency, even though they have a higher antioxidant defence capacity, suggests that 

the endogenous levels o f free radical generation in these fibres were too high for the 

residual antioxidants to cope with in the absence o f vitamin E In type II fibres, lower 

levels o f endogenous free radical production may mean that the residual antioxidants in 

these fibres are better able to protect against damage, even without adequate levels o f 

vitamin E The greater sensitivity o f type I fibres to vitamin E deficiency also implies that 

the mitochondria play an important role in the muscle degeneration, probably by providing 

a major source of free radicals.

In summary, the hver and muscle differ in their essential requirement for vitamin E. In 

muscle, vitamin E appears to be indispensable for maintaining normal structure/function 

whilst in liver other antioxidants (ubiquinol, glutathione) appear to be sufficient to 

adequately compensate for the loss of vitamin E. This in turn may explain why the two 

tissues are differentially affected by vitamin E deficiency.

7.8 Vitamin E Deficiency and Ageing

The process of ageing is characterised by a general decline in physiological function, 

leading to morbidity and mortality. Although specific causes o f this decline are not 

known, cumulative free radical damage to DNA, lipids and proteins have been suggested 

to contribute to the ageing process, and form the basis o f the 'free radical theory o f ageing' 

first proposed by Harman in 1956. More recent postulations have implicated 

mitochondrial free radical production, impaired mitochondrial function, mtDNA damage 

and decreased mitochondrial membrane fluidity as important contributors to the ageing 

process (Miquel, 1992, Richter, 1995, Wei, 1998, Meccoci et al, 1997). The proposed 

role of free radical damage in ageing has generated much interest in the potential role of 

antioxidants in slowing down the ageing process. In support o f this proposal, a positive

304



correlation has been reported between tissue concentrations o f a range o f antioxidants 

such as a-tocopherol, carotenoids, superoxide dismutase (Cu/Zn and Mn) and uric acid, 

and lifespan in mammals (Cutler, 1991). Similarly, in rats and mice an age-related increase 

in oxidative damage to mtDNA has been shown to correlate highly with an increase in the 

ratio o f oxidised: reduced glutathione (de la Asuncion et al, 1996), lending further support 

to the free radical theory o f ageing {see Section 1.7).

In this thesis, the longitudinal design o f the vitamin E deficiency investigation meant that 

the effects o f ageing (3-12 months) could also be studied, in the control rats. In control 

liver, there was an overall increase in the levels o f lipid peroxidation and a decline in the 

mitochondrial membrane fluidity with age, consistent with the free radical theory o f 

ageing, whilst the GSH:GSSG ratios showed an overall increase with age. In control 

muscle, the GSH GSSG ratios and mitochondrial membrane fluidity showed a general 

increase with age, whilst lipid peroxidation and oxidative DNA base damage showed a 

general decUne with age, and mitochondrial protein synthesis showed no change with age. 

These changes in the muscle were generally inconsistent with the free radical ageing 

theory. However, it is possible that these parameters would need to be measured over a 

longer time period (>12 months) in the muscle before the ageing effects become 

significant.

In the vitamin E deficient rats, changes with age will also be influenced by the increasing 

severity o f vitamin E deficiency with age. In the vitamin E deficient muscle, the levels of 

lipid peroxidation showed a general increase with age, whilst the GSH GSSG ratios, 

mitochondrial membrane fluidity and mitochondrial protein synthesis declined with age. 

Hence in muscle, the loss o f vitamin E appeared to mediate ageing effects consistent with 

the free radical theory of ageing. In liver, vitamin E deficiency did not accentuate the 

increase in lipid peroxidation or the decline in mitochondrial membrane fluidity with age. 

These results may suggest that in the absence o f adequate antioxidant protection, skeletal 

muscle is more susceptible to the effects o f ageing than liver.

The most significant age-related changes were observed at the level o f mitochondrial 

respiratory chain (MRC) function. In liver, significant reductions were seen in the 

respiration rates with pyruvate, glutamate, succinate and ascorbate plus TMPD and in the
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specific activities o f complexes I and IV in the control rats, with age {see Figures 4.4 and 

4.8, Chapter 4.0). These findings were in agreement with the age-related decline in MRC 

function reported in human liver (Yen et al, 1989) {see Section 1.7.3). In muscle, a 

significant decline in the specific activity o f complex I and an overall decrease in complex 

IV activity was seen with age in the control rats (Figure 4.6), consistent with the age- 

related decline reported in human skeletal muscle (Trounce et al, 1989, Cooper et al, 

1992, Hsieh et al, 1994). In contrast, the muscle respiration rates with glutamate, 

succinate and ascorbate plus TMPD all showed an increase with age (Figure 4.2). 

However, these age-related increases in the respiration rates were questionable as they 

were heavily dependent on an end-stage increase in the rates i.e. at 12 months and infact 

showed an initial decline fi*om 3 to 9 months, in agreement with the enzyme activities.

In the muscle of the vitamin E deficient rats, the specific activities o f complexes I and IV 

exhibited a significant negative correlation with age which was more pronounced than that 

in the controls. Similarly, the respiration rates with all substrates showed a negative 

correlation with age which was significant in the case o f pyruvate. Hence vitamin E 

deficiency appeared to exacerbate the decline in muscle MRC function seen with 

increasing age. In view of the role o f vitamin E as a major radical-scavenging antioxidant, 

these results are consistent with the involvement o f free radical damage in ageing, and 

suggest that vitamin E deficiency accelerates the ageing process in muscle, at least at the 

level o f mitochondrial damage. These findings lend further support to the 'fi'ee radical' and 

'mitochondrial' theories o f ageing and support the suggestion that antioxidants may play a 

beneficial role in attenuating the ageing process (Cutler, 1991). Conversely, in liver 

vitamin E deficiency appeared to attenuate the reductions in the respiration rates and the 

decline in complex I and IV activity seen with age. Although the mechanisms o f this efifect 

are not clear, it may be related to increased protection in the form of glutathione in 

response to prolonged vitamin E deficiency. However, the fact that vitamin E deficiency 

also increased the glutathione levels in the muscle but failed to prevent a decline in MRC 

function may mean that other factors are involved in protecting liver MRC function from 

damage in vitamin E deficiency.
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7.9 Validity of Vitamin £  Deficiency as a Model of Oxidative Stress

Experimental vitamin E deficiency in rats is a well established and validated model, which 

was originally developed in order to study the neuropathological and neuromuscular 

syndromes associated with vitamin E deficiency in humans (Goss-Sampson et al, 1988, 

Southam et al, 1991, Thomas et al, 1993). In this study, the vitamin E deficient rat model 

was used to study the inter-relationship between lipid peroxidation, oxidative stress and 

mitochondrial dysfimction in tissue damage, in vivo. Understanding the complex inter

relationship between these factors may be useful in relation to studying diseases which are 

thought to have fi'ee radical-mediated aetiologies, such as Parkinson's disease (Jenner et al,

1992), Friedreich ataxia (Rotig et al, 1997) and in establishing the cause o f muscle 

degeneration in vitamin E deficiency.

The advantage o f using an animal antioxidant depletion model, is that it allows the effects 

o f increased free radical activity to be assessed in vivo and at the same time allows the 

histopathological effects o f this increased activity to be examined, which is not always 

possible with in vitro studies. Because antioxidants do not function in isolation but rather, 

may be considered as members o f an actively co-operating family of molecules which are 

functionally interdependent upon each other, in vivo models o f antioxidant depletion are 

likely to reflect more accurately the physiological effects of free radical activity, than in 

vitro studies. This point was highlighted by the observation that chronic vitamin E 

deficiency induced what appeared to be a compensatory increase in the levels o f the 

intracellular antioxidant, glutathione, and it is quite feasible that this may have helped to 

slow down the progression o f the myopathy in the skeletal muscle, and effectively prevent 

the development o f any major pathological symptoms in the liver.

The major drawback o f using experimental vitamin E deficiency as a model o f oxidative 

stress is that it is difficult to delineate whether the effects observed are due entirely to its 

antioxidant function. In light o f increasing evidence suggesting that the vitamin may have 

other functions in the cell independent o f its antioxidant function, such as its proposed role 

in hepatic protein synthesis (Catignani et al, 1974) and its regulatory role in cellular 

proliferation, gene transcription (Azzi et al, 1995, Traber and Packer, 1995) and immune 

function (Meydani, 1995), it may be argued that not all the manifestations o f its deficiency
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can be attributed to its antioxidant function, and therefore may not be mediated by free 

radical and oxidative stress related mechanisms. In this study, there was some indirect 

evidence to suggest that vitamin E influenced hepatic protein synthesis by a mechanism 

that was not related to its antioxidant function. In the liver o f the vitamin E deficient rats, 

the levels o f hypoxanthine and xanthine, putative deamination products o f adenine and 

guanine, were markedly reduced (see Section 3.4.7.1). This finding was consistent with 

earlier reports in which vitamin E deficiency was shown to markedly increase the de novo 

synthesis o f hepatic xanthine oxidase in rabbits (Catignani et al, 1974) and in rats (Olson 

and Dinning, 1954). Because xanthine oxidase catalyses the oxidation o f hypoxanthine 

and xanthine to urate, their decreased levels in the rat liver are probably due to a vitamin E 

deficiency-induced increase in the synthesis o f hepatic xanthine oxidase. These results lend 

further support to the suggestion that vitamin E acts as a corepressor for the synthesis of 

certain enzymes, which in its absence are synthesised in excess (Catignani, 1980). 

However, given that vitamin E is the major lipid-soluble chain-breaking antioxidant in 

biological membranes (Burton et al, 1982, 1983), and the increased levels of lipid 

peroxidation observed in the tissues o f the vitamin E deficient animals in the rat model, it is 

likely that increased fi'ee radical activity and oxidative stress due to the loss o f antioxidant 

protection were major contributory factors in the pathological manifestations o f vitamin E 

deficiency (as discussed in Section 7.6)

Another criticism of oxidative stress studies, in general, is the lack o f sensitive, specific, 

quantitative methods available to study free radical activity. The highly reactive and 

transitory nature o f free radicals makes their direct measurement difficult, and often it is 

secondary products o f free radical reactions which can be measured. Furthermore, the 

techniques available for measuring free radicals in vivo are at present limited to semi- 

quantitative assays of oxidative damage to broad classes o f biomolecules (lipids, proteins, 

nucleic acids). In addition, although it is relatively easy to show experimentally that a 

disturbance in free radical activity has occurred, it is often extremely difficult to prove 

conclusively whether the fi'ee radical perturbation is a primary causative and initiating 

factor in the disease/injury process, or a secondary consequence o f the disease process. 

Hence the need to correlate biochemical observations with histological evidence o f cell 

damage and tissue injury.
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In this study, the vitamin E deficiency myopathy was associated with increased lipid 

peroxidation and oxidative stress and dysfunction o f the mitochondrial respiratory chain 

(MRC). The inter-relationship o f these factors in skeletal muscle degeneration in vitamin 

E deficiency have been discussed in Section 7.6, and summarised in Figure 7.1. In 

summary, increased lipid peroxidation as a result o f loss o f lipophilic antioxidant 

protection appeared to be the basic mechanism underlying the muscle pathology in vitamin 

E deficiency. Because vitamin E is ubiquitously located in all membranes and because lipid 

peroxidation proceeds as a self-perpetuating chain reaction, it is likely that once initiated it 

spreads the damage to other parts o f the cell. The MRC defect may have been caused by 

more than one mechanism including an altered membrane lipid environment, secondary to 

increased peroxidation o f the membrane lipids, or by oxidative damage to the respiratory 

complexes themselves or to mitochondrial DNA. The mitochondria may be particularly 

susceptible to damage in vitamin E deficiency because they are a major site o f free radical 

generation (electron transport chain) and have a high content o f PUFA in their membranes. 

Although the MRC defect is probably not the sole causative factor in the muscle 

degeneration, it could play an important role in the muscle damage by increasing free 

radical generation, thus promoting lipid peroxidation and increasing oxidative stress. This 

proposal is supported by the fact that type I muscle fibres, which have a high 

mitochondrial content, appeared to be more vulnerable to damage in vitamin E deficiency 

than type II fibres, which have a lower mitochondrial content. In addition, MRC 

dysfunction could also cause a decline in mitochondrial ATP production, resulting in 

cellular energy deficits which may compromise normal cellular function. Although other 

subcellular membranes such as the sarcoplasmic reticulum and the nuclear and plasma 

membranes were not investigated in this study, oxidative damage to these membranes is 

also likely to be involved in the muscle pathology.

Increased free radical activity and MRC dysfunction have been implicated in a number o f 

neurodegenerative diseases including Parkinson's disease (Jenner et al, 1992) and 

Friedreich's ataxia (Rotig et al, 1997). Furthermore, vitamin E deficiency in humans is 

associated with the development o f neuropathological symptoms, sometimes accompanied 

by muscular weakness {see Section 1.3.5.3) and a similar disorder can be induced in rats 

by prolonged vitamin E deficiency (Towfighi, 1981, Southam et al, 1991, Thomas et al, 

1993, this thesis). In this study, vitamin E deficiency was shown to be associated with
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increased free radical activity and MRC dysfunction in the muscle. Hence, extension of 

these studies to other tissues such as the brain and peripheral nervous system may provide 

useful models for studying neurodegenerative diseases. Parkinson's disease (PD) is a 

neurological disorder characterised by poor movement, rigidity and tremor, and results 

from the loss o f dopaminergic neurones in the substantia nigra (Jellinger, 1989). Several 

lines o f evidence suggest that oxidative stress is increased in the substantia nigra of 

patients with PD including increased lipid peroxidation (Dexter et al, 1989), lowered 

antioxidant defence mechanisms i.e. decreased reduced glutathione levels (Riederer et al, 

1989) and glutathione peroxidase activity (Kish et al, 1985), elevated iron concentrations, 

reduced levels o f the iron-binding protein, ferritin (Dexter et al, 1992) and an increase in 

mitochondrial superoxide dismutase activity (Saggu et al, 1989), which can lead to 

increased hydrogen peroxide formation and encourage formation o f hydroxyl radicals in 

the presence o f iron. In addition, the complex I activity (NADH ubiquinone reductase) o f 

the MRC has been reported to be selectively reduced in the substantia nigra (Schapira et 

al, 1992) of PD patients, the inhibition o f which can lead to increased free radical 

production (Cleeter et al, 1992). In rats maintained on a vitamin E deficient diet for a 

period o f 52 weeks, the vitamin E concentrations o f whole brain and spinal cord were 

reported to be < 7% of control values (Goss-Sampson et al, 1988). Therefore, the vitamin 

E deficient rat model may be used to investigate oxidative stress and MRC function in 

various regions o f the brain, particularly the substantia nigra, and the findings related to 

changes in PD brain.

The vitamin E deficient rat model may be of particular relevance to Friedreich's ataxia 

(FA), an autosomal recessive degenerative disease, characterised by limb ataxia, areflexia, 

sensory loss and muscle weakness, usually accompanied by skeletal deformities and 

cardiomyopathy. FA is caused primarily by a mutation (intronic GAA triplet repeat) in the 

frataxin gene (Campuzano et al, 1996) which encodes a novel mitochondrial protein, 

thought to be involved in mitochondrial iron metabolism (Foury and Cazzalini, 1997). 

Evidence suggests that iron-sulphur-dependent respiratory enzyme deficiency (complexes 

I, II and III), triggered by increased free radical toxicity secondary to mitochondrial iron 

overload, underlie the pathophysiology o f FA (Rotig et al, 1997). Interestingly, FA has 

been found to bear striking clinical similarity with another autosomal recessive 

neurodegenerative disease, ataxia with isolated vitamin E deficiency (AVED), which is
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caused by mutations in the a-tocopherol transfer protein (Ouahchi et al, 1995). The 

clinical similarity o f the two types o f diseases, links oxidative stress and MRC dysfunction 

due to increased free radical toxicity in FA, with oxidative stress due to loss o f antioxidant 

protection in AVED. This suggests that vitamin E deficiency in human diseases such as 

AVED may give rise to disease pathology by affecting mitochondrial function. In light of 

these observations, the vitamin E deficient rat model may be useful for studying the inter

relationship between increased oxidative stress and MRC dysfunction in these diseases.

Currently, there is a much recognised need for improved methodology to study free radical 

reactions. This problem is being addressed by the development o f more specific 

techniques, such as the use o f antibodies to detect proteins modified by lipid peroxidation 

products e.g. proteins modified by reaction with cytotoxic aldehydes (Steinberg et al, 

1989, Morrow and Roberts, 1991). Such specific analytical techniques will be helpful in 

determining the true role o f free radicals and oxidant stress-related processes in health and 

disease and in evaluating the therapeutic potential of antioxidant nutrients and 

pharmacological agents in protecting against such diseases.
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CHAPTER 8.0 CONCLUSIONS AND FURTHER WORK

8.1 Conclusions

In this study the vitamin E deficient rat model was used to investigate the inter-relationship 

between oxidative stress, mitochondrial respiratory chain (MRC) dysfimction and tissue 

damage (skeletal muscle and liver), in order to understand the role o f free radicals and 

antioxidants in health and disease. The salient findings o f this study can be summarised as 

follows;

In muscle, chronic vitamin E deficiency was associated with the development of a 

myopathy, characterised by widespread muscle fibre necrosis and atrophy o f the hindlimb 

muscles. This was accompanied by an increase in oxidative stress, evident from the 

significantly increased lipid peroxidation (6 to 12 months) and oxidised glutathione 

(GSSG) levels, reduced GSH GSSG ratios (12 month), a disturbance in MRC function (6 

to 12 months) predominately involving the terminal complex o f the respiratory chain 

(cytochrome c oxidase), and a decrease in mitochondrial membrane fluidity (9 to 12 

months). The increased oxidative stress caused by prolonged vitamin E deficiency (12 

months) induced a compensatory increase in the reduced glutathione pool.

In contrast, the liver was relatively insensitive to vitamin E deficiency. Histological 

examination failed to reveal any striking abnormalities in this tissue. The levels o f lipid 

peroxidation were increased at the later stages (9 to 12 months) o f vitamin E deficiency, 

but this was not accompanied by a fall in the GSH GSSG ratio, impairment o f MRC 

function or changes in the fluidity o f the mitochondrial membranes. As in muscle, a 

compensatory increase in the reduced glutathione pool was observed in the vitamin E 

deficient rats at 12 months.

Increased lipid peroxidation and oxidative stress, due to  the loss o f lipophilic antioxidant 

protection, appeared to be the basic mechanism underlying the muscle damage in vitamin E 

deficiency. The MRC defect and the decreased mitochondrial membrane fluidity appeared

312



to be associated with the increased lipid peroxidation. However, the precise cause and 

role of the MRC defect in the muscle damage was not fully established. Although the 

MRC defect did not appear to be the sole factor in the muscle degeneration, it could 

contribute to the muscle damage by increasing free radical generation and by diminishing 

cellular ATP production. The potential involvement o f increased mtDNA damage, 

changes in the mitochondrial membrane lipid composition and oxidative damage o f the 

respiratory proteins, in causing the MRC defect needs to be investigated more 

exhaustively. In addition, the effects o f the increased lipid peroxidation on other 

subcellular membranes and on other components o f the cells (DNA and protein) and their 

involvement in the muscle damage requires further investigation. These and other 

questions which have emerged from this study need to be addressed further, as discussed 

below.

8 .2  F u r t h e r  W o r k  

8.2.1 Antioxidant Status

In this study, prolonged vitamin E deficiency (12 months) was associated with a 

compensatory increase in the levels o f glutathione. The effects o f vitamin E deficiency on 

other antioxidants, especially glutathione peroxidase (Flohe and Gunzler, 1984) which is 

dependent on glutathione for its antioxidant function, and on ascorbate (Riederer et al,

1989) and ubiquinol (Katayama et al, 1980) which are thought to be involved in the 

regeneration o f vitamin E, could be investigated further. Additionally, the effects o f 

vitamin E deficiency on other antioxidants such as cytosolic (Cu/Zn) and mitochondrial 

(Mn) superoxide dismutase (Crapo et al, 1978), and catalase (Aebi, 1984) would be o f 

interest.
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8.2.2 Protein Damage

To determine if vitamin E deficiency was associated with an increase in oxidative damage 

to proteins, the protein carbonyl assay o f Levine et al (1990) can be used to measure the 

levels o f oxidised proteins in the liver and muscle.

8.2.3 Oxidative DNA Damage

As the results o f the DNA base modification studies reported in this thesis were fairly 

inconclusive, these experiments need to be repeated using a larger sample size. It would 

be o f particular interest to perform the gas chromatography-mass spectrometry analysis on 

mtDNA and nuclear DNA separately. This would not only clarify whether vitamin E 

deficiency is associated with an increase in oxidative DNA damage, but will also provide 

information about the relative sensitivities of the two genomes to oxidative stress in 

vitamin E deficiency.

8.2.4 MRC Function and its Relationship to Muscle Degeneration

In this study, the MRC function was determined by polarographic and enzyme analysis in 

the gastrocnemius muscle, which has a mixed fibre type composition, whilst histological 

analysis was performed predominately on the soleus which has a type I fibre composition, 

and on the plantaris which has a type II fibre predominance. Because of the small size o f 

the plantaris and soleus muscles and the limited numbers o f rats available in this study, the 

biochemical analysis could not be performed on these muscles. Consequently, it is not 

known if there are differences in the biochemical effects o f vitamin E deficiency in type I 

and type II fibres. To obtain data on this, the activities o f the respiratory enzymes would 

need to be determined in the soleus and plantaris separately. This will allow changes in 

MRC function in the soleus and plantaris to be directly related to the morphological 

changes in these tissues.
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8.2.5 Causes of MRC Dysfunction

In this study, the precise cause o f the MRC defect induced by vitamin E deficiency in the 

muscle was not established, although it appeared to be secondary to lipid peroxidation- 

mediated damage. The involvement o f alterations in the membrane lipid environment can 

be investigated by determining the effects o f vitamin E deficiency on the lipid composition 

o f the mitochondrial membranes, particularly the polyunsaturated fatty acids (PUFA) 

which are known to be highly susceptible to oxidative damage, and on the levels o f 

cardiolipin which is almost exclusively found in the mitochondrial membranes and is 

required for normal respiratory chain activity (Fry and Green, 1980, 1981). To determine 

if the MRC defect is associated with an increase in fi'ee radical generation, the levels o f 

lipid peroxidation (MDA formation) can be measured in the mitochondria. Oxidative 

damage to the mitochondrial proteins in vitamin E deficiency can be investigated by 

performing the carbonyl assay described in Section 8.2.2. More specifically, damage to 

the respiratory chain components can be evaluated by analysing the proteins using the two- 

dimensional native blue electrophoresis system described by Schagger et al (1991). This 

technique has the ability not only to separate the five complexes from each other, but also 

to resolve many o f their constituent polypeptides on the same gel, thus enabling changes in 

the relative concentrations o f the complexes and their individual polypeptides to be 

determined. MtDNA encodes some o f the polypeptides o f the respiratory chain and 

oxidative phosphorylation system and therefore mtDNA damage may be potentially 

involved in the MRC defect. This can be investigated by determining the levels o f oxidised 

DNA bases, as discussed in Section 8.2.3. Also, structural damage to mtDNA can be 

investigated using a mtDNA probe and Southern blot analysis to detect the presence o f 

any large deletions which may be caused by oxidative damage induced by vitamin E 

deficiency.

8.2.6 Damage of Cellular and Subcellular Membranes

Vitamin E deficiency was associated with an increase in lipid peroxidation (MDA 

formation). Given the fact that MRC dysfunction did not appear to be a major causative 

factor in the muscle degeneration, it would be interesting to determine what happens to the
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lipid composition, vitamin E levels and fluidity o f the various cellular and subcellular 

(nuclear, mitochondrial, lysosomal, microsomal) membranes as a result o f the increased 

lipid peroxidation in vitamin E deficiency. This information will be useful in determining 

which membrane fractions are at greatest risk o f peroxidative damage in the absence of 

adequate vitamin E.

8.2.7 Morphological Studies

A striking feature of late-stage vitamin E deficiency myopathy was the presence o f large 

electron-dense inclusion bodies visible by electron microscopy. The origin and nature of 

these inclusions have not been established, although previous studies have suggested that 

they may represent secondary lysosomes or pigment granules (Lin and Chen, 1982, Neville 

et al, 1983). The chemical nature o f the inclusions can be investigated further by staining 

for acid phosphatase activity (Dubowitz, 1985), and by performing X-ray spectrochemical 

microanalysis of ultrathin sections which will provide information about the ion 

composition o f the inclusions.

Another unresolved question concerning vitamin E deficiency myopathy, is the question of 

fibre type specificity. In this study, the greater severity of the muscle fibre necrosis in the 

soleus (predominately type I oxidative fibres) compared to the plantaris (predominately 

type Ilb glycolytic fibres), suggested that type I fibres may be more sensitive to oxidative 

stress in the absence of vitamin E. However, as both muscles contain a mixed population 

o f fibres and not just one fibre type (Armstrong and Phelps, 1984) the apparent greater 

sensitivity o f type I fibres to vitamin E deficiency would need to be verified by fibre typing 

(myofibrillar ATPase staining at various pH incubations, Dubowitz, 1985), to determine 

which fibres are specifically involved.

Furthermore, histochemical analysis of the oxidative enzymes succinate dehydrogenase, 

NADH-tetrazolium reductase and cytochrome c oxidase (Dubowitz, 1985) would provide 

additional information on the effects o f vitamin E deficiency on the activities and the 

distribution o f the mitochondrial respiratory chain enzymes within the muscle fibres.
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8.2.8 DiiTerential Tissue Specificity to Vitamin £  Deficiency

In this study, liver and skeletal muscle were differentially affected by vitamin E deficiency. 

Furthermore, the sensitivity o f muscle to vitamin E deficiency appeared to be dependent on 

the fibre type composition o f the muscle. In light o f these observations, it would be 

interesting to determine the effects o f vitamin E deficiency on other tissues such as various 

regions o f the brain, the peripheral nervous system, heart etc. In each tissue, the effect o f 

vitamin E deficiency on the various analyses described above i.e. lipid peroxidation, 

antioxidant status, protein damage, nuclear and mitochondrial DNA damage, MRC 

function, cellular and subcellular membrane lipid composition and fluidity changes could be 

investigated and related to morphological changes in the tissue. This will not only provide 

information about the differential tissue sensitivity to vitamin E deficiency, but also allow 

the effects o f oxidative stress on MRC function in vitamin E deficiency to be related to 

diseases in which fi’ee radical damage and MRC dysfunction are thought to be involved in 

the pathological process, such as Parkinson's disease and Friedreich's ataxia (see Section 

7.9).

8.2.9 Antioxidant Function of Vitamin E

The importance o f the antioxidant function o f vitamin E, relative to its non-antioxidant 

functions (discussed in Section 1.3.4.5), in protecting against the abnormalities associated 

with its deficiency syndromes observed in this study, can be investigated by;

i. assessing the effects of adding increased polyunsaturated fatty acids i.e. peroxidisable 

substrate to the diets o f vitamin E deficient and control animals and determining whether 

the development and severity o f the abnormalities are exacerbated.

ii. assessing the effects o f adding an artificial antioxidant, such as ethoxyquin or Trolox 

(water-soluble analogue of a-tocopherol) to the diets o f vitamin E deficient and control 

animals and determining whether the abnormalities are suppressed.
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iii. assessing the effects o f simultaneously inducing a deficiency o f vitamin E and selenium 

in the animals. As selenium complements the activity o f vitamin E by acting as a 

component for glutathione peroxidase, it will be interesting to see if the muscle damage is 

exacerbated and if other tissues such as the liver are also affected.

8.2.10 Susceptibility of Control and Vitamin £  Deficient SMP to Lipid Peroxidation

To establish why vitamin E depleted liver submitochondrial particles (SMP) were not more 

susceptible than normal SMP (containing endogenous levels o f vitamin E) to lipid 

peroxidation or respiratory chain inhibition, when exposed to an in vitro free radical- 

generating system {see Chapter 6.0), these experiments could be repeated using lower 

levels o f free radical exposure to ensure that the normal SMP are not overloaded. In 

addition, the experiments could be performed in SMP supplemented with higher levels o f 

vitamin E and also in SMP supplemented with other free radical scavengers such as 

ubiquinol, catalase and superoxide dismutase. These experiments could then be extended 

to muscle SMP to establish if the protective response of the different antioxidants, 

particularly o f vitamin E, are different in the liver and muscle mitochondria. This may help 

to shed some light on the relative importance o f these antioxidants in the two tissues.
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APPENDIX

Al Diet Compositions

Diets supplied by Dyets Inc, Bethlehem, Pennsylvania, USA.

Modified Draper Tocopherol Deficient Diet (Hoffman-La Roche Diet #8141

Ingredient Grams/Kg

Vitamin-free casein 200.0

Dextrose 653.19

Salt Mix (Draper No. 4164) # 200650* 40.0

Vitamin Mix # 302362** 5.0

Choline bitartrate 1.81

Tocopherol-stripped lard 100.0

(stabilised with 0.02% BHA)

HLR-814 Vitamin E Deficient Diet with 40 mg/Kg Vitamin E (dyed blue)

Ingredient Grams/Ke

Vitamin-free casein 200.0

Dextrose 652.91

Salt Mix (Draper No.4164) # 200650* 40.0

Vitamin Mix # 302362** 5.0

Choline bitartrate 1.81

Vitamin E acetate (500 lU/g) 0.08

Blue Dye 0.2

Tocopherol-stripped lard 100.0

(stabilised with 0.02% BHA)

*163.5 calcium carbonate, 355.56 calcium phosphate (dibasic), 0.08 cupric carbonate, 

16.0 ferric citrate, 40.89 magnesium carbonate, 1.38 manganese sulphate, 236.53
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potassium citrate, 0.04 potassium iodide, 77.33 potassium phosphate (dibasic), 108.19 

sodium chloride, 0.44 zinc carbonate, values are g/Kg.

**10.0 vitamin A acetate (500 000 lU/g) , 0.80 vitamin D2 (500 000 lU/g), 0.32 

menadione sodium bisulphite, 5.00 niacin, 2.00 calcium pantothenate, 1.00 riboflavin, 2.00 

thiamin HCl, 1.00 pyridoxine HCl, 0.20 folic acid, 0.02 biotin, 20.00 vitamin B-12 (0.1%), 

957.66 dextrose, values are g/Kg.

A2 Protein Determination by Ultraviolet Absorption at 280 nm
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Fig A2 Relationship between mitochondrial protein concentration and absorbance at 280 nm. Correlation 
coefficient (r) = 0.99.
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A3 Total Lipid Assay

Reagents:

Stock Ferric Perchlorate - 5 g of ferric perchlorate dissolved in 10 ml of 70% perchloric 

acid and 10 ml of ddHzO, diluted to 100 ml with cold absolute ethanol and stored at 4°C. 

Reagent Ferric Perchlorate - 4 ml of stock ferric perchlorate and 3 ml of 70% perchloric 

acid, diluted to 100 ml with cold absolute ethanol (prepared fresh).

Reagent A - 1.75 g of hydroxylamine hydrochloride dissolved in 2.5 ml ddH2 Û and diluted 

to 50 ml with absolute ethanol.

Reagent B - 1.75 g of sodium hydroxide dissolved in 4 ml of ddH2 Û and diluted to 50 ml 

with absolute ethanol

Alkaline Hydroxylamine - equal volumes of reagents A and B were mixed together and 

spun at 3000 rpm for 5 min to sediment the NaCl. The supernatant was decanted and 

used as alkaline hydroxylamine reagent (prepared fresh).

A4 Membrane Fluidity
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Fig A4 Rate of incorporation of diphenylhe.xatriene probe (1 |iM) into mitochondrial membranes (0.1 
mg/ml), incubated at 37°C.
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